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1. Uvod

Neobvykld kombinace fyzikalnich vlastnosti molekuldrnich materiadli je v poslednich
letech pfic¢inou renesance magnetochemie a molekuldrniho magnetismu, coz doklada velké
mnozstvi neddvno publikovanych piehledovych ¢lankd v této oblasti vyzkumu 1234567891011
Tyto sloucCeniny maji zajimavé magnetické chovani, které napiiklad zahrnuje magnetické
usporadani s kritickou teplotou (T¢) ptekracujici pokojovou teplotu, kvantové efekty
pozorované pro jednotlivé molekuly/fetézce nebo prepinani magnetického/spinového stavu
zménou teploty, tlaku nebo osvétlenim.}>*3!* Tyto pozoruhodné vlastnosti jsou pFicinou
vzniku mnoha revoluénich aplikaci, jako jsou vysokokapacitni pamét'ova média, spintronika,
kvantové pocitace, molekularni prepinade atd.>* Velka &ast téchto materiali je zaloZena na
koordinacnich slouc¢eninach, a proto v tomto ohledu ptedstavuje koordina¢ni chemie velmi
dilezity a nenahraditelny nastroj k dosazeni vyznamného pokroku v této védni oblasti.

Vyuziti makrocyklickych ligandl se v této souvislosti jevi jako velice zajimavy a slibny
zpisob, jakym lze pfipravovat komplexni sloucCeniny se zajimavymi magnetickymi
vlastnostmi, nebot’ tyto specidlni ligandy cCasto umoznuji dosazeni méné béznych
koordinacnich ¢isel nebo geometrii. Proto makrocyklické ligandy ve svych komplexech
predstavuji univerzalni stavebni prvky/bloky, které umoziuji fadu rozlicnych zpisobt
pfipravy ruznych typd komplexnich slou€enin: a) vyména koligandi (typické pro
linedrni/necyklické ligandy) monodentatnich = tvofi se jednojaderné komplexy, bidentatnich
= tvoii se dvoj- nebo vicejaderné¢ komplexy, b) snadnd modifikace makrocyklického skeletu
(donorové atomy, velikost makrocyklické kavity) ve smyslu 1) zmény rigidity ligandu, ii)
ladéni bazicity resp. donor-akceptorovych vlastnosti ligandu (napf. pomoci riznych
pendantnich ramen), iii) poskytujici silnéjSich mezimolekulové interakce (modifikace
riznymi funkénimi skupinami), (iv) propojeni ligandu s jinymi molekulami, které maji dalsi
zajimavé vlastnostmi (multifunkéni materialy). Tuto koordinaéni a chemickou flexibilitu
makrocyklickych ligandll 1ze povaZovat za vynikajici vychozi bod pro navrh novych systému
na bazi komplexnich slouc¢enin kovill s poZadovanymi magnetickymi vlastnostmi.

Z nepieberného mnozstvi magneticky aktivnich latek bude pozornost v této habilita¢ni
praci vé€novana predevSim tzv. jednomolekulovym magnetim (z angl. Single-Molecule
Magnets, SMMs),*>16 jevu tzv. spinového kiizeni (z angl. Spin Crossover, SCO)Y a jejich
ptipadného spojovani do podoby multifunkénich magnetickych materiald. Tato habilitacni
prace je koncipovana jako soubor uvefejnénych védeckych publikaci (Pfiloha P1-P11)

doplnénych komentafem. V uvodnich kapitolach 2, 3 a 4 jsou vysvétleny zakladni pojmy



potiebné pro orientaci v problematice molekulového magnetismu, kapitola 5 se zabyva
nejbéznéjsimi metodami piipravy azamakrocyklickych ligandt a v kapitole 6 a 7 je nastinén
soucasny stav poznani ve vybranych oblastech molekulového magnetismu, konkrétné je
uveden piehled doposud studovanych komplexnich sloucenin s makrocyklickymi ligandy,
které vykazujici SCO nebo které¢ jsou SMMs a maji méné bézné koordinacni ¢islo sedm. Dale
jsou jiz v praci diskutovany vysledky z védeckych publikaci v ramci tii kapitol rozdélenych
podle strukturniho typu studovanych sloucenin a povahy jejich magnetickych vlastnosti,
pfipadné zpusobu ladéni jejich magnetické anizotropie. V kapitole 8 (ptilohy P1-P4) jsou
popisovany Vvlastnosti komplext se stéZejnim ligandem 15-pyNsO2 (3,12,18-triaaza-6,9-
dioxabicyklo[12.3.1]oktadeka-1(18),14,16-trien), v kapitole 9 (pfilohy P5-P8) jsou
diskutovany vlastnosti komplexd s tfemi strukturnimi derivaty ligandu 15-pyNsO:2 a kapitola
10 (ptilohy P9-P11) se zabyva zeleznatymi komplexy S pyridinovym derivatem cyklamu
(1,4,8,11-tetraazacyklotetradekan) vykazujici SCO a syntézou ligandii a ptipadné jejich
zeleznatych komplext s potencidlnim vyuzitim v multifunkénich magnetickych materialech.

V posledni kapitole jsou strué¢né shrnuty dosazené vysledky a obecné zavery.

2. Magneticka anizotropie — kli¢ k tajemstvi jednomolekulovych
magnetu

Z nepieberného mnoZstvi magneticky aktivnich sloucenin je pozornost této prace
primarné zaméfena na tzv. jednomolekulové magnety (SMMs).2>18 Tyto slouceniny se pod
blokovaci teplotou (Tg) vyznacujici velmi pomalou relaxaci magnetizace a magnetickou
hysterezi Cisté molekularniho plivodu. Proto se u nich nepozoruje Zadné uspotradani na
dlouhou vzdalenost typické pro klasické magnetické materialy, na druhou stranu u nich Ize
pozorovat kvantové efekty (kvantové tunelovani magnetizace — z angl. Quantum Tunelling of
Magnetization, QTM) nebo prepinani magnetického/spinového stavu pomoci zmény teploty,
tlaku nebo osvétlenim.1212131516 v poslednich desetiletich byla védecka pozornost vénovana
zkoumani téchto slouCenin z divodu jejich potencialnich aplikaci v nanozafizenich pro
informacni technologie (vysokokapacitni pamét'ové nosice, procesovani kvantové informace,
organizace SMMs na povrsich), Uizce propojenych se spintronikou, magnetickymi senzory
nebo biologickymi spinovymi systémy.2%1® Po chemické strance jsou SMMs zaloZeny na
slouceninach s radikaly nebo na riznych komplexnich slouc¢eninach d- a f-kovi (organicka
,obalka* vétSinou obklopuje ,kovové“ centrum). Fyzikdlni vlastnosti SMMs mohou byt
béhem jejich syntézy vyznamné ovliviiovany cilenou strukturni modifikaci pouzitych ligandd,

coz muze predstavovat molekuldrni pfistup vyroby takovych nanomagnet.



SMMs jsou obvykle charakterizovany tzv. energetickou bariérou Ueff pro zménu orientace
magnetického momentu (pieklopeni/reorientace vektoru magnetizace) (Obr. 1), ktera souvisi s
velkou hodnotou magnetické anizotropie, coz je preferencni orientace magnetického
momentu ve specifickém smeéru (magnetickd odezva vzorku je zavisld na jeho orientaci vici
vnéjSimu magnetickému poli). Pro slouceniny piechodnych kovi je magnetickd anizotropie
obvykle popisovana ve smyslu tzv. §t€peni v nulovém magnetickém poli (z angl. Zero-Field
Splitting, ZFS), které v systétmech scelkovym spinemS>'2 zpusobuje odstranéni
mikrostavové degenerace multipletu (2S+1), tj. rozStépeni energetickych hladin ionti kovl v
nulovém magnetickém poli. ZFS je zplsobeno elektronovymi vlastnostmi molekuly,
predevsim spin-spinovou a spin-orbitalni interakei, které jsou zasadnim zpuisobem zavislé na
druhu a symetrii koordinaéni sféry molekuly (piedevsim vnitini, ale 1 vnéjsi). ZFS se popisuje
pomoci axialniho parametru St€peni v nulovém poli (D) a rombického parametru Stépeni
v nulovém poli (E), pro které plati |[D|>3E >0. Pokud je D <0, jednd se magnetickou
anizotropii typu lehké osy (axialni, z angl. easy-axis), pokud je ovSem D >0, jednd se
magnetickou anizotropii typu lehké roviny (rombickou, z angl. easy-plane). ZFS se projevuje
pfedev§im pfi nizkych teplotach (pozoruje se pokles efektivniho magnetického momentu
Ueftlup resp. soucinu molarni magnetické susceptibility a teploty ymT), kdyZ se KT snizi pod
hodnotu odpovidajici rozstépeni energetickych hladin a dochazi tak k jejich nerovnomérnému
obsazovani (zvySuje se populace zakladniho stavu). Energetickou bariéru Uesr 1ze pro d-kovy
definovat jako Uett = |D|S? nebo Uesr = |D|(S?>~Y%) pro celo¢iselny nebo polodiselny zakladni
spinovy stav S.° Velikost nezavisi na znaménku, ale jak je zndzornéno v levé &asti Obr. 1,
pouze zapornd hodnota vede redlné ke vzniku energetické bariéry pro pfechod mezi stavy

s nejnizsi energii (pro D <0 Ms=+S a Ms =-S, pro D > 0 Ms = 0).
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Obrazek 1 Schématické znizornéni diagramu energetickych hladin v ptipadé zapomné (vlevo) a kladné (vpravo)
hodnoty axidlniho parametru S$t€peni v nulovém poli D ilustrujici energetickou bariéru Uess pieklopeni
magnetického momentu Céstice.




V rané fazi vyzkumu SMMs byly provedeny rozsdhlé studie na polynuklearnich
komplexech 3d kovii (napt. komplex oznaovany jako Mni2 — prvni pozorovany SMM)!® za
ucelem porozumeéni chovani téchto sloucenin. Nasledné byly studovany smiSené systémy 3d—
4202122 yicejaderné a pozddji predeviim jednojaderné 4f komplexy (obvykle obsahujici
Dy'),16:224 tj mononuklearni SMMs nebo tzv. jedno iontové magnety (z angl. Single-lon
Magnets, SIMs).2® V posledni dob& byl védecky zijem soustfedén piedev§im na
mononukledrni komplexy 3d kovil, zndmé také jako 3d-SIMs nebo mononukledrni 3d-
SMMs.34789 Tieti skupinou molekulovych magnetll jsou jednofetézcové magnety (z angl.
Single-Chain Magnets, SCMs)?® zalozené na vicejadernych linearnich komplexech, které tvofi
vice ¢i mén¢ izolované magnetické fetézce. V téchto materidlech je nutné, aby mezi
sousednimi nositeli spinu s velkou magnetickou anizotropii existovaly slabé feromagnetické
nebo antiferomagnetické vyménné interakce.

Protoze byla magneticka hystereze SMMs pozorovana pouze pfi velmi nizkych teplotach,
coz znacn€ omezuje technickou vyuzitelnost SMMs v redlnych aplikacich, bylo vynalozeno
velké Gsili, aby se zvySila Tg obvykle pomoci zvySeni energetické bariéry Uefr. V prvnim
kroku byl co nejvice navySen celkovy spin S zakladniho stavu molekuly tak, ze byly
syntetizovany velké polynuklearni komplexy.?’ Ukazalo se viak, Ze to neni celkovy spin
S zakladniho stavu, ale spiSe magneticka anizotropie (hodnota parametru D), ktera ma pro
zvySovani energetické bariéry Uer zasadni roli.?® Proto byla pozornost rad&ji zaméfena na
mononukledrni komplexy 3d kovi, pro které lze magnetickou anizotropii modulovat
racionalnim designem ligandi. Znacny pokrok ve vyzkumu mononuklearnich SMMs
obsahujicich rtizné prechodné kovy v riiznych oxidaénich stavech (napt. Mn'"', Fe"!!!
Co"" "Ni""" nebo Re'V) a v riiznych koordinaénich geometriich (koordinaéni &isla v rozsahu
2-8) byl jasné¢ dokumentovan rostoucim poctem pfipravenych slouCenin popsanych ve
velkém poétu publikaci a piehlednych ¢lanka. 348789 Asi nejvétsi studovanou skupinu
Vv tomto sméru piedstavuji komplexy Co'",%" u kterych byla pozorovana pomald relaxace
magnetizace 1 presto, ze pro né byly zjistény kladné hodnoty parametru D. Takové chovani
mize byt vysvétleno v ptipadé velké rombicity (E/D se blizi maximalni hodnoté 1/3) zménou
magnetické anizotropie z typu lehka rovina na typ lehka osa?® nebo jinym typem relaxaéniho
mechanismu nez je teplotné aktivovany Orbachiiv relaxacni proces , pro ktery se uvazuje U
(bliz§i popis v nasledujici kapitole).>°

Pted tfemi lety bylo dosazeno vyznamného pokroku diky objevu vysoké Tg = 60 K (Uetf =
1837 K)3! pro dysprosocenium a dnes nejvy$si Tg dokonce piekonala teplotu kapalného

dusiku v dal§im metalocenu s Dy'" (Ts = 80 K, Uess = 1541 cm™2), 32



V rozristajici se skupiné SMMs neni motiv makrocyklickych ligandd tak casty ve
srovnani S ligandy s otevienym/acyklickym fetézcem (malé bidentatni nebo tridentatni
ligandy typu acetaty, oxalaty, acetylacetonaty, N-heterocykly jako jsou bipyridin nebo
fenantrolin, nebo vicedentatni aminy, Schiffovy baze atd.).*® Napiiklad vétsi makrocykly byly
isp&sné& pouzity pii syntéze SMMs na bazi Ln'" obsahujicich ionty kovii 3d (Cu', Zn" atd.) a
4f (To"", Dy, Er'"),3* protoze komplexy s lanthanoidy mivaji mnohem vétsi hodnoty Ues v
disledku jejich velké spinové multiplicity a velké magnetické anizotropie zakladniho stavu. I
piesto cela tato skupina zahrnuje mnoho sloucenin, pokud vezmeme v tvahu moznou
strukturni modifikaci ligandu a rozmanitost moznych komplexovatelnych iontd kovu, a dale
se rozrustd (v kapitole 7 budou blize diskutovany makrocyklické ligandy poskytujici

komplexy s koordina¢nim ¢islem 7).

3. Magneticka méreni

Zakladem interpretace magnetickych vlastnosti je znalost informace o tom, jak reaguje
vnéj§i magnetické pole s magnetickymi momenty komplexnich sloucenin. Pro zikladni
charakterizaci je nutné provést nasledujici méfeni: (i) teplotni zavislost molarni magnetické
susceptibility (ym) v konstantnim magnetickém poli — DC (z angl. direct current) data, Casto
doplnéné o zavislost magnetizace na rostoucim magnetickém poli, (i1) teplotni a frekvenéni
zavislost magnetické susceptibility ve stfidavém magnetickém poli — AC (z angl. alternating
current) data. VySe uvedena meéfeni byvaji provadéna na modernich SQUID (z angl.

Superconducting Quantum Interference Device) magnetometrech s vysokou citlivosti

pracujici od teploty 1.9 K a do magnetickych poli az 7 T, spinovy Hamiltonian
pfipadné pomoci VSM (z angl. Vibrating Sample i
Magnetometer) magnetometra. energeticke hladiny
3.1. Analyza magnetickych DC dat partiér}funkce
Vseobecny postup pii interpretaci magnetickych DC z :iexo[—gi(B)/kBT]
dat je zndzornén na Obr. 2, kdy jsou pomoci aparatu ) i
kvantové chemie a statistické termodynamiky aplikovany mo'émimag”‘z‘:ﬁce
rizné zjednoduSené modely, které umozfiuji popsat M = NakeT 5~
vlastnosti zakladniho energetického stavu molekuly a molérnl'magnetlickésusceptibilita
interpretovat jeji magnetické vlastnosti. Lot = tho %

Pii zpracovani namétfenych dat se pouzivd metody
) ) ] ] Obrazek 2  Znazornéni  postupu
efektivniho spinového Hamiltonidnu, ktery ma rlzny tvar  zpracovani magnetickych DC dat



podle typu studovaného systému. Nejpouzivanéj$i modely pro jednojaderny komplex (H™"),

dvojjaderny komplex (H%") a polymerni fetézec (H'P) jsou uvedeny nize:

ﬁmmo:JD(§5—§2/3>+E(§f—§5)+A@Bg${_ﬂ<§a>§a (1)
HY == (#1' #2)+gDi (SAiz,z _éiz /3)+ E, (SAiz:x _SAiZ,y)+’u':-‘|':3(‘3‘§"a @
R o K-1 L. K A ~ 2 A 2

kde D je axialni a E je rombicky parametr §tépeni v nulovém poli (¢leny obsahujici tyto
parametry popisuji magnetickou anizotropii pomoci ZFS a byvaji oznatovéany jako H%"S), §2
je operator velikosti spinu, S je operator projekce spinu ve sméru osy X (Sx), Y (Sy), Z (S;) nebo
ve sméru vnéjsiho magnetického pole a (Sa), #8BgSa je ¢len popisujici Zeemanovo §tépenti
v magnetickém poli, ¢len obsahujici zj reprezentuje korekci na molekulové pole (modeluje
nespecifické slabé intermolekularni magnetické interakce)® a <Ss> predstavuje teplotni
pramér projekce spinu molekuly do sméru a magnetického pole definovaného pomoci
polarnich soufadnic jako Ba = B-(sin&cose, sin&sing, cosd), v neposledni fadé J je konstanta
izotropni magnetické vymény (Cleny obsahujici tento parametr popisuji izotropni
magnetickou interakci mezi dvéma/vice magnetickymi centry zprosttedkovanou chemickymi
vazbami ptipadné pies prostor).

Molarni magnetizace ve sméru magnetického pole a muze byt potom vypocitdna

Vv piipadé pouziti korekce na molekulové pole pomoci rovnice (4), nebo v piipadé absence

této korekce pomoci rovnice (5)

Z(chi (Z:)u Cn]e}(p (—¢&,,; 1KT)

_ N T\ 4
e Sen(a, k) ?

dinz
dB

M, =N, KT (5)

kde v rovnici (4) je Za maticovy element Zeemanova ¢lenu pro smér magnetického pole a
a C jsou vlastni vektory ziskané diagonalizaci kompletni matice spinového Hamiltonianu, a
v rovnici (5) je Z tzv. parti¢ni funkce.

Celkova molarni magnetizace praskového vzorku je spocitana jako integral vSech riznych

orientaci:

10



2w 27 .
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Teplotni i polovd zavislost jsou analyzovany soubézné, aby bylo dosazeno lepSich

vysledka.

3.2. Analyza magnetickych AC dat

Me¢teni stfidavé magnetické susceptibility (magnetickh AC data) je jednim
zméteni magnetické hystereze. Signal stfidavé moldrni magnetické susceptibility v sobé
obsahuje fdzovou (realnou, yrea) @ mimofdzovou (imaginarni, yimag) slozku a je méten jako
funkce teploty a jako funkce frekvence oscilujiciho magnetického pole (AC frekvence)

V (ne)nulovém statickém magnetickém (DC) poli (Obr. 3 vlevo). Pfitomnost nenulové

" / cm® mor™
7" /em® mol™

Zs

lT

" : - 0

1 10 100 1000 0 T 2
vl Hz 7'/ ecm” mol”

Obrazek 3 Vlevo: Realna (yreal) @ imaginarni (yimag) KOmponenta sttidavé magnetické susceptibility jako funkce
frekvence (v) stfidavého magnetického pole spoleéné s indikaci izotermické (yr) a adiabatické (ys)

susceptibility. Vpravo: Argandiv nebo Cole-Cole diagram jednoho relaxa¢niho procesu charakterizovaného
jedinym relaxaénim ¢asem. Obrazek prevzat z literatury.?

mimofazové slozky byva povazovédna za dikaz SMM chovani. Pokud je magneticky systém
charakterizovatelny jednim relaxacnim procesem popsanym jedinym relaxacnim casem
7= o= 1/(2nv), byva v Argandové diagramu (Cole-Cole diagram, zavislostyimag Na freal,
Obr. 3 vpravo) pozorovan pulkruh a matematicky mutize byt systém popsan pomoci tzv.

Debyeova modelu:

Xt = Xs

Kac(@) = ys + 57—
1+iwr

(7)

ktery zavadi tzv. izotermalni (yr) a adiabatickou (ys) susceptibilitu (Obr. 3), pomoci

kterych je mozné definovat fazovou i mimofazovou slozku nasledujicim zptisobem:

X1~ Xs

=y +
Zreal ZS 1+ (0)2')2 (8)

11



X1~ Xs

Ximag— @7 m %)

Nicméné ve vétsiné magnetickych vzorkil neni relaxacni proces charakterizovan pouze
jedinym relaxaénim ¢asem, ale dochazi k distribuci relaxacnich cast a rovnice (7) mize byt
piepsana do obecnéjsiho tvaru:

Xt = Xs

w)=ys +———"2—
Zac( ) ZS 1+(ia)r)1_“

(10)

kde a predstavuje parametr distribuce relaxacnich ¢ast (dosahuje hodnot od 0 do 1, ¢im je
vEtsi, tim $irsi je distribuce Cast).

Pro popis slozitych relaxacnich procestt v SMMs byly vyuZity rizné teorie relaxace —
napi. QTM nebo teorie spin-miizkové relaxace. Druhd zminéna teorie vychazi z predpokladu,
7ze spinovy systém (paramagneticky ion) vyménuje energii s vibrujici mfizkou
prostfednictvim fonont, a proto byva relaxacni ¢as Casto modelovdn pomoci nize uvedené

rovnice:

T =AH"T +CT" + 7,  exp(-U,, /KT) (11)

kde parametry A, C a m jsou konstanty a prvni ¢len odpovida jednofononovému piimému
relaxacnimu procesu (H je intenzita aplikovaného vnéjsiho DC pole, m = 4 nebo 2 pro
Kramersovy nebo ne-Kramersovy dublety), druhy ¢len odpovida dvojfononovému Ramanovu
relaxaénimu procesu zahrnujici virtualni excitovany stav (teoreticky n = 7 nebo 9 pro ne-
Kramersovy nebo Kramersovy dublety, prakticky pozorované ptijatelné hodnoty jsou n > 4) a
treti Clen odpovidd dvojfononovému Orbachovu relaxacnimu mechanismu zahrnujicimu
redlny excitovany stav. Orbachiiv relaxa¢ni mechanismu uvazuje energetickou bariéru Uess,
diskutovanou vyse, ktera byva tak ¢asto zminovana v souvislosti s SMMs. Z rovnice (11)
ovsem vyplyva, ze Uesr popisuje pouze jeden z moznych relaxacnich d&ji a proto (i) existuje
cela fada systémi s vysokou hodnotou Uesr, které ovSem nevykazuji pomalou relaxaci
magnetizace, protoZe ostatni relaxa¢ni mechanismy (pfimy, Ramantiv nebo QTM) vyrazné
urychluji proces relaxace magnetizace a snizuji realnou anizotropni bariéru, coz muize byt
omezeno modulaci ligandového pole ve snaze 0 zvySeni axidlni anizotropie, aplikaci
nenulového statického DC pole nebo tzv. magnetickym zifedénim, (ii) existuje pomala
relaxace magnetizace v ptipadé Co'' komplexi s kladnym parametrem D (systém relaxuje

pomoci pfimého a Ramanova mechanismu).
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4. Spinové kiiZeni neboli spin crossover

Fenomén spinového kiizeni neboli spin crossover (SCO)Y je jednim z
nejpozoruhodnéjSich pfikladd molekuldrni bistability, kterd muize byt chapana jako
monomolekularni reakce mezi nizkospinovym (z angl. low-spin (LS)) a vysokospinovym (z
angl. high-spin (HS)) izomerem piedev$im oktaedrickych komplexti obsahujicich centralni
ion kovu s elektronovou konfiguraci valenéni vrstvy 3d*-3d’ (na Obr. 4 ilustrovano pro
zeleznaty komplex). Takova zména spinového stavu mize byt vyvolana urcitymi chemickymi
(efektu ligandi nebo rozpoustédla) a fyzikalnimi podnéty jako jsou napf. zména teploty,
svételné ozafenim (z angl. Light-Induced Excited Spin-State Trapping, LIESST),®® zména
vngjsiho tlaku nebo magnetického pole.'? Prechod elektronu({) z nevazebnych tog orbital (LS
stav) do protivazebnych ey orbitali (HS stav) je doprovazen prodlouzenim vazebnych

vzdalenosti kov-ligand (Obr. 4). S=0

s=2
Takova objemova expanze — —— & 41, 41, &g
AT, hv, Ap
-

moduluje mezimolekulové interakce |
| Y

a dava vznik tzv. kooperativnimu

efektu,’” ktery je odpovédny za Q 9 Q AVES < AVRS Q ? Q

strmost a kompletnost prechodu O/ d\o g

zLS do HS konfigurace (primarné

pozorovany v pevném stavu), jenZ Obrazek 4 Zména elektronové konfigurace pii prechodu z LS do

) ) . HS stavu komplexu s centrdlnim atomem s elektronovou
je obvykle doprovazen teplotni konfiguraci d® (napt. Fe') spole¢né s expanzi objemu

hysterezi. koordina¢niho polyedru.

Pro praktické vyuziti sloucenin s SCO je potieba: a) aby byl pfechod strmy a mél
kritickou teplotou ptechodu (T1/2, Xus = XLs = 0.5) okolo laboratorni teploty s Sirokou teplotni
hysterezi (asi 50 K), b) aby byla zména méfené vlastnosti dostateCna (napf. magneticky
moment, barva) pro rozliSeni mezi LS a HS stavem, c) aby byla dostate¢na chemicka stabilita
materidlu a ptechod byl dostatecné stabilni béhem naslednych opakujicich se teplotnich
cykla.t”¥" Kdyz jsou tyto podminky splnény, lze sloudeniny s SCO vyuzit v mnoha
pozoruhodnych aplikacich vcetné miniaturizace soucastek pouZivanych pii konstrukci
elektronickych zatizeni, jako jsou velkokapacitni paméti (na molekularni irovni), molekuldrni
prepinade nebo nizkoenergetické displeje (termochromismus).t’383% Dnesni pokrok ve vyvoji
takovych zafizeni mlze byt ilustrovan na rychlém rozvoji v oblastech koordina¢nich

vvvvvv

v oblasti aplikaci SCO se stal dizajn a vyzkum novych hybridnich funkénich material*
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kombinujicich synergickym zptisobem SCO s dalsi zajimavou vlastnosti (magneticky kaplink,
vlastnost kapalnych krystalt, interakce ,host-guest”, nelinearni optika, elektricka vodivost
nebo luminiscence).*? Na druhou stranu bylo nedavno publikovano, Ze spinovy piechod pro
Fe(II) komplex mize byt v roztoku vyvolan také chemickym ¢inidlem.*® Takova spinova
odezva systému na piitomnost konkrétni chemické latky ptinasi velmi perspektivni aplikace,

napfiklad detekci enzymil nebo enzymatickych drah.

5. Syntéza makrocyklickych ligandi

Makrocyklicky ligand je definovan jako sloucenina s deviticlennym nebo viceclennym
kruhem/cyklem (v&etné heteroatomtl), ktery v sob& obsahuje alespoii t¥i donorové atomy.**
Do této skupiny patii cela fada strukturné odliSnych sloucenin typu crownethery, porfyriny,
ftalokyaniny, kryptandy, katenany a piipadné¢ dalsi slouCeniny spadajici do oblasti
makromolekularni a supramolekuldrni chemie.®® Tato price je ovSem zaméfena na
azamakrocykly (makrocyklické ligandy obsahujici dusikové atomy), ve kterych mohou byt
nékteré atomu dusiku zaménény za atomy kysliku nebo siry.

Azamakrocyklické ligandy*® se nejcast&ji pfipravuji pomoci tzv. templatové syntézy’
nebo pomoci reakci vyuzivajicich rtzné protektivni skupiny, ptfedevsim tedy Richman-
Atkinsovu syntézu*® (Obr. 5).

Schopnost iontl kovli ovliviiovat pribéh organickych reakei byla zndma jiz od 60. let. 20.
stoleti a jeji konkrétni podoba byla formulovana jako tzv. efekt templatujiciho kovu, ktery
miize byt bud’ kineticky nebo termodynamicky.* Kineticky efekt znamen4, Ze iont kovu se
koordinuje na reaktant(y) a vytvofi snim(nimi) komplex o takové geometrii, ktera
umoznuje/usnadiiuje prubéh naslednych reakci vedouci k takovému produktu, ktery by bez
pfitomnosti iontu kovu nevznikal. Kineticky efekt tedy ovliviluje mechanismus reakce
(dochazi k aktivaci molekuly pomoci koordinace iontu kovu), kterym vétSinou vznikaji
cyklické produkty. Tento efekt byl pfedevsim pozorovan pii reakcich, kdy dochazi k uzavieni
cyklus v pivodnim chelatovaném prekurzoru. Na druhou stranu termodynamicky efekt
znamena, ze iont kovu se preferencné koordinuje na jeden z vice rovnovaznych produktl
reakce, a tim posunuje rovnovahu ve prospéch tohoto vétSinou cyklického produktu.
V ptipadé syntéz azamakrocykli se jako templatujicich iontl nejéastsji vyuziva Ni%* a Cu?*,
nicméné bylo pouzito i Mn?*, Fe?*, Mg?*, Zn?*, Ba®*, Pb?* a dalsich.*® Faktort, na kterych
zavisi, jaky vznikne vysledny produkt, je n€kolik — elektronové (zatfazeni reaktantli mezi tvrdé

a mekké kyseliny a baze, donor-akceptorové vlastnosti reaktanti obecné) a geometrické
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faktory (rigidita reaktantl, meziprodukt apod.) ovlivijici stabilitu vznikajiciho komplexu,
chelatovy efekt, makrocyklicky efekt atd.*>4

Templatové reakce, z pohledu jejich mechanismu, nejcastéji zahrnuji substitu¢ni
alkylacni reakce, kondenzace za vniku Schiffovy baze (iminy), Mannichovy kondenzacni
reakce, samokondenzace nitrili pfipadné tvorbu samousporadanim (z angl. self-assembly).*
Ptikladem vzniku Schiffovy baze na templatujicim iontu je na Obr. 5 popsané syntéza ligandu

15-pyN3sOz, ktery je stézejnim ligandem pro tuto habilitaéni praci.*

2+

78 78
i A ]| |
N ) ~ . ~
ol ol M N (i) N
+ - ! -
NH, N N M4N> —— > NH HN
& j O © O O
o} 0 / /
N
=
| = =
< | |
N SN SN
B B (iif) R > (iv)
e o+ rTS T, Ty NS 7 o NH HN
“NNa* Na*N~
<—/N NJ &NH HNJ
& j T \_/ Ts v/

TS ~— Ts

Obrazek 5 Nahore: Piiklad templatové syntézy ligandu 15-pyNsO: diskutovaného dale v textu. (i) MnCly,
MeOH, 60 °C, 2 h; (ii) 1. NaBHa; 2. H,O/O,. Dole: Piiklad Richman-Atkinsovy syntézy pouZité pro piipravu
ligandu 15-pyNs: (iii) DMF, 130 °C, 16h; (iv) 96% H,SOa, 100 °C, 24h.%°

Richman-Atkinsova syntéza vyuziva reakci halogenidu s bis(sulfonamidovou) soli ve
vysokém ziedéni (Obr. 5). Amin se b&Zné chrani pomoci riznych sulfonovych skupin (p-
toluensulfonyl = tosyl (Ts), methylsulfonyl = mesyl (Ms), o- nebo p-nitrobenzensulfonyl =
nosyl (Ns), 5-dimethylamino-1-naftalensulfonyl = dansyl (Dns)) za vzniku sulfonamidu,
protoze tyto pomérné¢ objemné chranici skupiny podporuji v podminkach velkého ziedéni
vznik makrocyklického produktu oproti acyklickému polymeru. Nasledné byl tento postup
modifikovan tak, Zze byl halogenid nahrazen estersulfonovou skupinu (OTs, OMs) a
bis(sulfonamidova) stl byla generovana in situ ptidavkem baze (nejcastéji bezvodym K.COs),
coz poskytlo vyssi vytézky cyklickych produkti.*®®! Touto metodou byly piipraveny 9—

4% oviem

24¢lenné makrocykly s 3-7 heteroatomy bez pouziti templatujiciho iontu kovu,
odstranéni chranicich skupin, pfedevs§im potom tosylové skupiny, vyzaduje pomérné drastické
reakéni podminky (typicky koncentrovana H,SOs za teploty 160-180 °C),%? které mohou

zpusobit az Stépeni a degradaci cyklu.
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Kromé¢ studovaného ligandu 15-pyNsO2 byla vyse popsanymi syntetickymi metodami

ptipravena také cela fada ligandt diskutovanych v nasledujicich kapitolach (napt. zakladni a

vvvvvv

6. Komplexni slou¢eniny vykazujici SCO

Makrocyklické ligandy byly pouzity v komplexech s SCO jiz od zacatku vyzkumu v této
oblasti. Nejvice byly zkoumany komplexy Fe', ale znaéna pozornost byla také vénovana

W Mn'"" nebo Co'". Knizni trilogie v ,,Topics in Current Chemistry* o

komplextim Fe
fenoménu SCO komplexné shrnula vyvoj v této oblasti az do roku 2004.17 V posledni dobé
bylo publikovano také nékolik piehledovych ¢lankt a knih popisujicich SCO komplexy nejen

makrocyklickych ligand(.239°3 Stru¢né shrnuti diive studovanych komplex je uvedeno nize.

6.1. Fe' komplexy

Nejznaméjsi Fe'' komplexy s makrocyklickymi ligandy vykazujici SCO maji v pevném
stavu spiSe postupny tepelny spinovy ptechod, ktery je podobny ptechodim bézné
pozorovanym spiSe v roztocich (znaci nizkou kooperativitu). Spinové stavy téchto systému
jsou primarné¢ urcovany silou ligandového pole vytvoieného prvni koordinacni sférou ligandu,
ktera tzce koreluje s hodnotou teploty ptechodu Ti». Siln€ bazické alifatické aminy jsou
lep$imi o-donory a obvykle tvoifi HS komplexy ve srovnani s heterocyklickymi aminy (7-
akceptory), které ¢asto poskytuji LS nebo SCO komplexy. Proto vétsina SCO komplext s Fe'
zahrnuje polydentatni ligandy kombinujici jak N-heterocyklické, tak alifatické aminové
skupiny, zejména pyridin je preferovana skupina pfitomna téméi v 90 % systému z oblasti
SCO.

Vice nez tfinactiClenné tetradentatni tetraazamakrocykly se koordinuji na ion kovu
v ramci ekvatorialni roviny (konfigurace trans) a SCO komplexy byly pfipraveny s jednim
izomerem hexamethylcyklamu A1 (Obr. 6) studovanym Bushem a spolupracovniky®* a
S dvakrat zaporn¢ nabitou N4 makrocyklickou Schiffovou bazi A3 (T2 se méni se
substituentem R1-R3 = H, Me nebo karboxylat).® Na rozdil od vyse uvedeného byla u
koordinujicich se 12-¢lennych tetraazacyklt pozorovana cis geometrie v SCO komplexech s
A2a-A2c¢.}"? Dalsi znamou tiidou N4 ligandd jsou porfyriny a ftalocyaniny, které tvori
velkou skupinu riznych komplext, jejichz popis je vSak nad ramec toto kratkého shrnuti.
Pentadentatni ligand Ada s jednim SCN- poskytly Fe'' komplex v LS stavu, kdyz byl NH
proton nahrazen benzylovou skupinou (A4b),!” vznikal jiz SCO komplex. Zajimavé vlastnosti

byly nalezeny pro komplexy Schiffovych bazi 15-pydienNsO2 a 15-pydienNs s koordina¢nim
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Obrazek 6 Strukturni vzorce dfive studovanych makrocyklickych ligandii v SCO komplexech ptechodnych

kova.

Cislem sedm a se dvéma kyanidovymi ionty v axialnich polohach. Oba studované komplexy
[Fe(15-pydienN3O2)(CN).].H.0%® a [Fe(15-pydienNs)(CN)2].H20%" vykazovaly SCO efekt
spojeny navic se zménou spinového stavu indukovanou svételnym ozarenim (T(iesst) = 135
Kpro prvni zminovany komplex, Twiessty = 105 Kpro druhy komplex) zapti¢inénou
disociaci jedné vazby mezi atomem Fe a atomem kysliku/dusiku z etherové/aminové funk¢ni
skupiny v LS formé& s koordina¢nim ¢&islem $est.”®>® Hexadentatni ligandy jsou vétSinou
odvozeny od mensich makrocyklu (tacn, cyklen, cyklam, Obr. 6) modifikovanych riznymi
pendantnimi rameny. Silné ligandové pole zptisobené A4c® v LS komplexech bylo snizeno
expanzi makrocyklického kruhu o jednu ptidanou CH2 skupinu v A4d, se kterym vznikal
SCO komplexu (T2 = 282 K v roztoku propionitrilu).5! Dalsiho zptisobu jemného ladéni
intenzity ligandového pole bylo dosazeno zavedenim methylové skupiny (stericky efekt) do
polohy 6 jednoho z pyridinovych ramen.!” Nedavno byly zkoumany derivaty cyklenu (A5) a
cyklamu (A6a) modifikované 2-pyridylmethylovym ramenem v protéjSich polohach, avsak
pouze komplex cyklamového derivatu vykazoval SCO piechod (T1z ~ 150 K).2628% Unikatni
fada klecovych ligandi (A7) umoziujici enkapsulaci Fe!' byla vyvinuta Martinem et al.
.64

(spinovy pfechod pozorovan pouze v roztoku).” Zatim neni znamo, ze by existovaly SCO

komplexy s vice nez hexadentatnimi makrocyklickymi ligandy.
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6.2. Fe''' komplexy

Existuje pouze nékolik prikladii Fe'"

komplexi s makrocyklickymi ligandy, které
vykazuji SCO. Pro [Fe(cyklam)Br2](ClOs) byly pozorovany dvé sady EPR signalt
jejichz relativni intenzity zavisely na teplotné (CI- i SCN~ koligandy vytvarely LS
komplex).®® Prechod S = 1/2 <> S = 3/2 (dokumentovano EPR a °’Fe Méssbauerovymi
spektry) byl pozorovan pro Fe'' komplex (deformovana tetragonalni pyramida) tetra-N-
methylovaného cyklamu (A6b) s NO v apikalni poloze.®® Déle bylo zjisténo, ze komplex s tri-
N-methylovanym cyklamem s jednim acetatovym pendantnim ramenem (A6C) a S
koordinovanym azidovym aniontem prochazi neuplnym spinovym piechodem (60% vzorku

).%7 Zajimavym piikladem byl Fe""" komplex s deprotonizovanym ligandem

zustava HS stavu
A8, ktery obsahoval FeN3S3 chromofor a u kterého byl pozorovany postupny a nekompletni

SCO ani pti 500 K.8

6.3. Komplexy ostatnich ionti kovii

Jednim piikladem SCO komplexu s jinymi ionty kovll je manganity komplex obsahujici
porfyrinovou jednotku,®® ktery v pevném stavu podléha postupnému SCO pii teploté klesajici
pod teplotu laboratorni. Druhym piikladem je nitrosylovy manganity komplex s A9 (Hotmtaa
= dibenzotetramethyltetraaza[ 14]anulen) s netplnym neobvyklym ptechodem S=2 <> S =10
(Tiz = 213 K).”® Zaclenéni mistkujicich pyridazinovych jednotek poskytlo planarni ligand
A10 tvorici dvojjaderny systém s Co'. Komplex s SCN™ a MeCN jako axidlnimi ligandy
prochdzi nelplnym pozvolnym spinovym piechodem s antiferomagnetickou vyménnou
magnetickou interakci.”* Podobnym netplnym postupnym spinovym piechodiim podléhala
také série kobaltnatych komplext s ligandy A2a (obsahujici navic koligand 3,5-di-terc-butyl-
1,2-dioxolen nebo dva koligandy SCN-) a A2b (dva koligandy SCN").>

7. Magnetické vlastnosti komplexi s koordinacnim ¢islem sedm

71.1. Komplexy prechodnych kovii s koordinacnim Cislem sedm

Velka skupina mononukledrnich 3d-SMMs sestava vétSinou z komplext s niz§imi
koordina¢nimi &isly (v rozmezi mezi 2-6, nejéastéji oviem 4 a 5),2 a proto komplexy
S koordina¢nim cislem 7 pifedstavuji relativné malou, ale o to vice zajimavou skupinu
sloucenin.’? Poget takovych sloudenin nicméné rychle roste, a proto jsou dale uvedeny pouze
nejnovejsi vysledky. Komplexy s koordinacnim ¢islem 7 a pentagonalné bipyramidalni
geometrii byly ve vét§ing piipadi studovany s nasledujicimi ionty kovii: Mn', Fe!'| Co",

Ni",\” a nejnovéji také s Mo"V,"47 nebo Cr'"® a s nasledujicimi ligandy typu
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polyaminti/polyoxaamini nebo Schiffovych bazi s necyklickou, napt. B177787980 neho
makrocyklickou strukturou, napt. 15-pydienNzO2,”® 15-pydienNs (Obr. 6),”% B2, 8! B3,%2 B4%3
a B5% (Obr. 7). Nikelnaté a Zeleznaté komplexy jsou vétiinou charakteristické svou velkou
magnetickou anizotropii typu lehké osy (D < 0) a u nékterych jednojadernych komplexu byla
dokonce pozorovana pomald relaxace magnetizace, napf. [Fe(H:B1a)Cl;]”° a
[Fe(H2B1c)ClI2].2% Oproti tomu kobaltnaté komplexy piedstavuji nejvétsi a asi nejvice
prozkoumanou skupinu komplexii s koordina¢nim ¢islem 7 a jsou charakteristické vysokou
mirou magnetické anizotropie typu lehké roviny (D > 0). Navzdory kladné hodnoté parametru
D, ktera dle teorie neumoznuje vznik energetické bariery Uesr @ nedovoluje pomalou relaxaci
magnetizace, mnoho kobaltnatych komplexti ov§em takovou relaxaci vykazuje a chovaji se
jako SMMs, napt. [Co(15-pydienNs)(H20)2]Cl2,2°  [Co(H2B1a)(H20)NO3]NO3,858
[Co(Bla)(imidazole);],25 [Co(H2B1a)(NCS)2],8” [Co(Bla)(H20)2],8" [Co(B4)(X)]*"° (X =
H20, CN-, NCS~, SPh"),2 [Co(15-pydienNz0O2)(CH3CN).](BPhs)2.%8

X R. R N
| N O N |
~ \ / '\ / ~
N 1 &o oJ N (oY
H/l, j\H _/ Q N N, NH  HN
R0 0” >R o o
r@ HN__N N/
= = H,B1
R=Ph Hpdapb=HB1a = |\, J/ toda = B5
R = biPh H,B1b R= R= tdmmb = B4

R =NH, H,B1c

R=0-PhOH H4B1d
Obrazek 7 Strukturni vzorce diive studovanych acyklickych/makrocyklickych ligandd v komplexech s
koordina¢nim ¢islem 7.

B2 B3

Pozorovani pomalé relaxace magnetizace pro Kramersovy ionty s dominantni anizotropii
typu lehké roviny, jako je pravé Co?*, vysvétlili E. Ruiz, F. Luis a spolupracovnici v roce
2014%° a navrhli nékolik mechanismii pro proces relaxace magnetizace (pfimy, Orbachiiv,
Ramantiv nebo kvantové tunelovani magnetizace — QTM, viz kapitola 3.2).2 Mira piispévku
kazdého mechanismu k celkovému relaxa¢nimu procesu je stale otazkou debat a zlstava
otevienou vyzvou pro magnetochemiky, ktefi se snazi nalézt odpovéd s pomoci
sofistikovanych technik, jako je napf. infraCervena spektroskopie Vv proménlivém
magnetickém poli nebo HF-EPR (z angl. High-Frequency Electron Paramagnetic
Resonance).® U téchto Co' komplexi byla pozorovana pomala relaxace magnetizace pouze v
ptitomnosti malého vnéjsiho magnetického (DC) pole, které muselo byt aplikovano za ucelem

potlaceni QTM, a proto se tyto slouc¢eniny nazyvaji polem indukované SMMs.
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Jak bylo diive publikovano, ve snaze o vylepseni vlastnosti SMMs miize byt magneticka
anizotropie uspé$n¢ ladéna pomoci adekvatnich (,na miru“) zmén elektronové struktury
centralniho atomu kovu zptisobené vyménou donorovych atomt ligandu a/nebo zmeénou
koordinac¢nich ¢isel a geometrie komplexu. Tento pfistup byl uspéSné pouzit
v pseudotetraedrickych komplexech [Co''(A)212] (A = chinolin, PPhs, AsPh3)*® a
[Co"(APh)4]* (A = O, S, Se),”* [Co(L1)2X2] (L1 = tetramethylthiomo&ovina, X = CI", Br,
1% nebo trigonalné-bipyramidalni komplexech [Co'(NSs®Y)X]CIOs (X = CI, Br, NCS;
NSsBY = 2-(terc-butylthio)-N-(2-(terc-butylthio)ethyl)-N-((neopentylthio)methyl)ethan-1-
amin),® ve kterych pfitomnost téz§iho a mékéiho (ve smyslu Pearsonovy teorie) donorového
atomu vedla ke zvySeni magnetické anizotropie (vice negativni hodnoty parametru D) a
k pozorovani SMM chovani i v nulovém externim magnetickém poli.

" komplexii s koordina¢nim &islem 7 s pentagonalng bipyramidalni

V ptipadé¢ Co
geometrii predikovaly teoretické vypocty, tykajici se prispévkil excitovanych magnetickych
stavll k hodnoté parametru D, nejvyssi magnetickou anizotropii takovych komplext, které
maji v axialnich polohach koordinované slabé c-donory a vice symetrické ligandové pole v
ekvatorialni pentagonalni roving.”” Uspéch tohoto piistupu (variace axialnich koligandt) byl
potvrzen v Co' komplexech [Co(H2B1a)(NCS).;] a [Co(Bla)(H20)2],%" a nejnovéji také v
[Co(B4)(X))*"®, kde X = H20, CN, NCS, SPh® a v sérii komplexd
[Co(H2B1d)(CH30H);], [Co(H4B1d)(CHsOH)(NCS)]CIOs, [Co(HsB1d)(NCS).],** ackoli
ucinek nebyl tak dramaticky jako pro pseudotetraedrické komplexy diskutované vyse.

Komplexy piechodnych kovii (predevsim Mn'!, Fe'', Co''a Ni'') s ligandy 15-pydienNzOz,
15-pydienNs a dalsimi uvedenymi na Obr. 7 byly dfive také pouzity jako anizotropni stavebni
bloky a byly intenzivné studovany v souvislosti s magnetickymi vyménnymi interakcemi ve
vicejadernych komplexech s riiznymi kyanometalaty ((M'(CN)2]~, [M'(CN)4]>, [M"(CN)e]*,
[MV(CN)s]*, M' = Ag, Au; M" = Ni, Pd, Pt; M"' = Fe, Cr; M'Y = Nb, Mo, W) nebo jinymi
mustkujicimi skupinami.” Velka &ast z nich se chovala jako SMMs nebo SCMs, napf.
{[Ni(B1a)]s[W(CN)s]2},"® {[{Fe(15-pydienN302)(H20)}2{Cr(CN)s}1(ClO4)}»,*
[{(H20)Fe(15-pydienNs) H{Nb(CN)s}{Fe(15-pydienNs)}]n,% {[Fe(B1a)][Ni(CN)4]}n,"®
{[Co(B4)(bpe)](BFs)2}n (bpe = 1,2-bis(4-pyridyl)ethan),®” {[Co(B5)]s[M(CN)e]2}n (M"' = Co,
Cr),

7.2. Komplexy lanthanoidii s koordinacnim Cislem sedm

Navzdory neddvnému pokroku v chemii metalocenti lanthanidd, ktery poskytl SMMs

31,32,98

s rekordnimi blokovacimi teplotami, zustavaji pentagondlné bipyramidalni komplexy
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predevsim Dy

S koordina¢nim ¢islem 7 stale velmi zajimavymi kandidaty pro dalsi vyzkum
jejich vlastnosti jako SMMs/SIMs.*® Vykazuji velmi vysoké hodnoty energetické bariéry Uess
a poskytuji, krom¢ metalocenti, nejlep$i blokovaci teploty. Idealni symetrie Dsh (ve

skute¢nosti se blizi linearnimu uspoiadani) okolo Dy

poskytuje vhodné krystalové pole
zpusobujici pro Kramersovy dublety silnou axialni anizotropii.!® Redukce pfti¢né slozky
anizotropie je odpovédna za minimalizaci QTM, které muze zpusobit vymizeni SMM chovani
1 pro systémy s vysokymi energetickymi bariérami. Velky zajem o tuto skupinu slouc¢enin se

datuje od roku 2016.1%* Od té¢ doby byly prostudovany rtizné komplexy Dy'" s koordina¢nim

&islem 7 obvykle zalozené na jednoduchych monodentatnich ligandech, napt. fosfin-oxidu, 192
alkoxidu,'® pyridinu!®® nebo polydentatnich ligandech s otevienym fetézcem.%1% Nicméng
komplextim lanthanoidii s makrocyklickymi ligandy byla vénovana jen velmi mala pozornost,
protoze doposud bylo studovano jen nékolik piikladii obsahujicich napt. 15-pydienNs,'% 15-
pydienN302,1% nebo derivat cyklenu (tetra(3,5-dimethyl-2-hydroxybenzyl)-1,4,7,10-

tetraazacyklododekan).1%’

8. Ladéni magnetické anizotropie I: komplexy s 15-pyNsO:

Na zacatku vyzkumu systémui s makrocyklickym ligandem 15-pyNsO2 (Obr. 5 a 8) bylo
potieba zjisti, jaké jsou konkrétni strukturni a magnetické vlastnosti komplexi vybranych 3d
pfechodnych kovili s ligandem 15-pyNsOz, protoze do té doby byla zndma pouze molekulova
struktura dvou pentagondln€ bipyramidalnich ~manganatych komplexii [Mn(15-
pyN3O2)(H20)CIJ(CIOs) a [Mn(15-pyN3Oz2)(Cl)2][Mn(15-pyN3O2)(H.0)CI1]CI-1.5H,0,%
které¢ byly zkoumdny pro své vyuziti v MRI, a ptfedpoklddala se podobnost s dalSimi
komplexy Schiffovych bazi 15-pydienNsO2 a 15-pydienNs popsanymi v piedchozi kapitole.
Z tohoto diivodu byla nejdiive piipravena série komplexti [M'"(15-pyN3O2)Cl.], kde M = Mn
(1a), Co (1c), Ni (1d), Zn (1f), [Fe"'(15-pyN3O2)CI;]CI (1b) a [Cu'"(15-pyNsO2)CI]CI (1e)

Obrazek 8 Molekulovéd struktura la (vlevo) a [Cu'(15-pyNsO2)CI]* (vpravo) spoleéné se zndzornénim
koordina¢niho polyedru nalezeného pro komplexy kovli popsanych v hornim fadku a se strukturnim vzorem
pouzitého ligandu 15-pyNsO2 (uprostied).
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s jednoduchymi chloridovymi koligandy (pfiloha P1), u nichz bylo zjisténo koordina¢ni ¢islo
7 (Mn, Fe, Co), 5+2 (Ni) a dale 4+1 (Cu) a 5 (Zn) (Obr. 8).

Pfi zmenSovani iontového poloméru komplexovaného kovu zacala byt makrocyklicka
kavita pfilis ,,velikd*“ a dochazelo ke zkrouceni makrocyklického skeletu, k prodluzovéani
vazeb M-O (vedouci az k uplné dekoordinaci obou kyslikovych atomii v zine¢natém
komplexu 1f) a tomu odpovidajicimu snizeni koordina¢niho ¢isla ze 7 nebo 5+2 na 5 nebo
4+1, které bylo doprovazeno zménou geometrie z axialn¢ prodlouzené pentagonalné
bipyramidalni (1a, 1b, 1c, 1d) na ¢étvercové planarni (le, 1f). Kvili neobvykle dlouhym
vzdalenostem M-O byl jejich vazebny charakter prozkouman pomoci teoretickych vypocti
(Mayeriv tad vazby, elektronova lokalizac¢ni funkce), které potvrdily (i) semikoordinaci dvou
atomiti kysliku v piipadé nikelnatého komplexu 1d (M—O vzdalenosti 2.506 a 2.663 A) diky
silnému Jahn-Tellerovu efektu, (ii) semikoordinaci jednoho atomu kysliku v ptfipadé
méd’natého komplexu le (M—O vzdalenost 2.721 A), (iii) kompletni dekoordinaci jednoho
nebo dvou atomu kysliku v méd’natém resp. zine¢natém komplexu le resp. 1f. Aby bylo
mozné postihnout nejen parametry magnetické anizotropie, ale 1 také pitipadnou
intermolekularni magnetickou vymeénu, bylo pro fitovani magnetickych DC dat vyuZito
ruznych modeld spinového Hamiltonidanu (pro monomerni komplex, dimerni komplex nebo
1D polymerni fetézec, viz kapitola 3.1). Vysledky pro nejlepsi fit s poslednim z nich (AP
popsan rovnici (3)) jsou uvedeny v Obr. 9. Manganaty a zelezity komplex 1la a 1b vykazovaly
zanedbatelnou magnetickou anizotropii (parametr D nebyl ve fitu uvazovan), zatimco pro
kobaltnaty a nikelnaty komplex 1c a 1d byl parametr D pomémé velky (D(Co) = 40 cm ',
D(Ni) =6.0 cm™!). U nikelnatého a méd'natého komplexu 1d a le byla pozorovana slaba

antiferomagnetickd ~ vyménna  interakce  (Inini=-0.48cm™,  Jeycu=-2.43 cm™)

J/iem? g D/icm?! E/D xTie /
10° m3 mol!
Mn -0.051 2.05 - — -
Fe -0.16 2.05 - - 9.5
Co -0.018 2.48 40.0 - 10

Ni -048 227 -6.02 0.15 -
Cu -243 203 - - 0.5
2 odpovida gxy, 9z fixovano na 2.0

0 T T T T T T T 0 : “W—I—T%r
0 50 100 150 200 250 300 00 05 10 15 20 25
T(K) BIT(T/K)

Obrazek 9 Vysledky analyzy magnetickych DC dat (tabulka). Magnetickd data pro studované komplexy:
teplotni zavislost efektivniho magnetického momentu (uprostred) a izotermalni molarni magnetizace méfené pii
2 a5 K (vpravo). Plné ¢ary odpovidaji nejlepsimu fitu podle rovnice (3).
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zprostiedkovana vodikovymi vazbami (piedev§sim NH:---Cl nebo CH:--Cl). Nakonec byly
jesté pomoci cyklické voltametrie nalezeny kvazireverzibilni dvojce Mn"!") pti potencialu
1.13/0.97 V a téméf reverzibilni dvojce Fe!"(") pii 0.51/0.25 V (rozpoustédlo acetonitril).

Z této prvotni studie byla ziskany dilezité informace, a to, ze (i) 15-pyNsO2 vytvaii s
Mn', Fe'', Co'" a Ni" pentagonalng bipyramidalni komplexy, ve ktery se makrocyklicky
ligand koordinuje Vv pentagonalni ekvatorialni roviné a axialni polohy jsou obsazeny
halogenidovymi koligandy, (ii) z hlediska dalSiho zkoumani magnetickych vlastnosti budou

"a Zn" nemaji Zadnou

predeviim vhodné komplexy Co" a Ni", zatimco komplexy Cu
zajimavost pro vyzkum SMMs.
V ramci dalsiho studia byla tedy pozornost zaméfena na

pentagonalné bipyramidalni komplexy s koordina¢nim cislem 7. _
. C . “N

Jak byl(? vuve.deno .V, lfapltole 7, Qma.g.gnf:tl(fke. vlastnosti C(;)>'\|A\;_;_N)>‘§

pentagonalné bipyramidalnich komplexd s jinymi ligandy byly —

zkoumany jiz diive a bylo zjisténo, ze pokud se pentadentatni @

ligand (acyklicky nebo makrocyklicky) véze v pentagonalni

Obrazek 10 Ilustrace pouziti
roving, jednovazné koligandy v axidlnich polohdach mohou byt prvni  strategie  ladéni

magnetické  anizotropie na
jednoduse vyménovany (Obr. 10), ¢imZz muze byt ovlivilovdna komplexech s 15-pyNsO:; a
sila axidlniho ligandového pole, a to miize mit zasadni vliv na ;if:ﬁ?r:n ko”;:l?]g;d(%t_émimi
velikost magnetické anizotropie.’’

V ramci dal§iho zkoumani komplext s 15-pyNsO2 byla pouzita vySe zmin€nd strategie
ladéni (zvySeni) magnetické anizotropie, a to vyména koligandi v axidlnich
pozicich pentagonalné bipyramidalnich komplexd (Obr. 10). Nejdiive byla pfipravena série
manganatych komplexti [Mn(15-pyN3O2)X2] (X = Br~ (2a), I" (2b), N37, (2¢), NCS™ (2d)) a
polymerni komplex {[Mn(15-pyNsO2)(1-CN)](ClO4)}n (2€) (ptiloha P2), predevsim kvuli
dobré syntetické dostupnosti a ziskani informaci a zkuSenosti s pouZitym typem substitu¢nich
reakci koligandii, piestoze pro vysokospinovy systém s elektronovou konfiguraci 3d° se
neoc¢ekavala vyraznéj$i magneticka anizotropie. VSechny komplexy mély koordinaéni ¢islo 7
s geometrii pentagondlni bipyramidy a diky vodikovym vazbam NH---X tvofily

supramolekulérni 1D fetézce (Obr. 11).
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komplex la?

uhel (°) 41.6 45.6 60.2 8.2,13.5,5.3
Mn---Mn (A) 6.627 7.335,7.337° 7.655(1) 7.880(1), 8.024(1), 8.499(1) °

Obrazek 11 Nahove: Molekularni struktura koordinaéni sféry Mn'" v diskutovanych komplexech. Dole: Cast
krystalové struktury studovanych komplexii znazoriiujici prabéh vodikovych vazeb, diky kterym se tvoii 1D
supramolekularni fetézce spole¢né s dal§imi parametry (thlem mezi rovinami prolozenymi atomy MnN3O; a
zjisténou vzdalenosti Mn---Mn v ramci 1D fetézce). ? data prevzata z P1. ® 2 nebo 3 krystalograficky nezavislé
molekuly byly nalezeny v asymetrické jednotce komplexu 2b nebo 2d.

Z hlediska magnetickych vlastnosti se Mn' komplexy opravdu ukazaly jako neprilis
zajimavé, protoze vykazovaly velice malou magnetickou anizotropii (D] < 0.7 cm™). Za
zminku stoji jen posledni komplex 2e, protoZe pribéh izotermalnich molarnich magnetizaci
odpovidal jeho ptfedpokladanému polymernimu charakteru a navic mistkujici kyanidovy
ligand zap#i¢inil piitomnost slabé antiferomagnetické vyménné interakce Juvn-mn = —1.72 cm?

potvrzené teoretickym vypoctem (Obr. 12).
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Obrazek 12 Teplotni zavislost efektivniho magnetického momentu (vlevo), teplotni zavislost molarni
magnetizace méfené pii B = 0.1 T (inset) a redukované izotermalni molarni magnetizace métené pii 2, 5 a 10 K
(uprostied). Cerné body reprezentuji naméfena data a Gervené kiivky nejlepsi fit s parametry J = —1.72(1) cm,
g = 1.992(2), xp1 = 1.3(1) %. DFT optimalizovana geometrie fragmentu [(CN)(15-pyN3O2)Mn(z-CN)Mn(15-
pyNsO2)(CN)]* komplexu 2e a vypocitané plochy kladné (modrou barvou) a zaporné (Eervenou barvou) spinové
hustoty (vpravo).

Nasledné byly vyménovany axidlni koligandy u komplexti kobaltnatych, protoze v té dobé

2930 7e se pravé kobaltnaté komplexy velmi &asto chovaji jako polem

bylo zjisténo,
indukované SMMs navzdory kladné hodnoté parametru D, pro kterou nebyla relaxace
magnetizace vibec pifedpokladéna. Proto byla pfipravena série kobaltnatych komplext
[Co(15-pyN3O2)X2], s riznymi halogenidovymi koligandy X = CI” (1b), Br~ (3a), I (3b)
(ptiloha P3). Ve vSech tfech komplex mél centralni atom kobaltu opét koordinacni ¢islo 7 s
geometrii pentagondlni bipyramidy (Obr. 13 nahore). Analogicky jako manganaté komplexy
diskutované vyse (Obr. 11) tvotily kobaltnaté komplexy 1D supramolekularni fet€zce pomoci
NH: - X vodikovych vazeb (Obr. 13 dole).

V tomto ptipad€ uz ale podle ocekavani byla zjiSténa velka magnetickd anizotropie typu
lehké roviny, kdy kladny parametr D nartistal v potadi 3b < 1b < 3atj, 35 cm™ (1) < 38 cm™?
(CI) < 41 cm™ (Br). Tento trend ovSem neodpovidal ocekdvanim zalozenym na diive
provedenych teoretickych vypodtech,’” a to Ze s téz§im halogenidovym aniontem by se méla
snizovat sila axidlniho ligandového pole (dle spektrochemické fady) a hodnota parametru D
by méla naruistat. Na zaklad¢é vypocti AOM (z angl. Angular Overlap Model), DFT (z angl.
Density Functional Theory), CASSCF/NEVPT2 a CASSCF/CASPT2 (z angl. Complete
Active Space Self-Consistent Field/ N-Electron Valence second order Perturbation Theory/
Complete Active Space Perturbation Theory) se ovSem ukazalo, Zze v pfipad¢ koordinace
téz8tho halogenidu zafina naristat piispévek kovalence, ktery zpiisobuje zvySovani sily
vazby. Diky tomu lze vysvétlit nejvétsi hodnotu D parametru pro komplex 3a s bromidovymi

koligandy, protoZe hodnoty parametru D dobte koreluji se sniZzujicim se Mayerovym fadem

vazby v poradi Co—I > Co—Cl > Co—Br.
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komp lex

thel () 41.6 43.2 44.6
Co:--Co (A) 6.5656(6) 6.914(1), 7.006(1)° 7.1714(7), 7.1899(7)°

Obriazek 13 Nahore: Molekularni struktura koordinaéni sféry Co'' v diskutovanych komplexech. Dole: Cast
krystalové struktury studovanych komplexti znazornujici pribéh vodikovych vazeb, diky kterym se tvoii 1D
supramolekularni fetézce spolecné s dal§imi parametry (Ghlem mezi rovinami proloZzenymi atomy CoN3O; a
zjisténou vzdalenosti Co---Co v ramci 1D fetézce). @ data pievzata z P1. ® 2 krystalograficky nezavislé molekuly
byly nalezeny v asymetrické jednotce komplexu 3a a 3b.

Vsechny tfi komplexy se také chovaly jako polem indukované jednomolekulové magnety
(Obr. 14). Debyetiv model pro zpracovani AC dat mohl byt ovSem pouzit pouze pro
komplexy 3a (zo = 1.12x107° s, Uesr = 6.1 K) a 3b (10 = 1.12x107° s, Uesr = 6.5 K), protoZe jen
ty obsahovaly dobie definovana maxima ve frekvenéni zavislosti imaginarni slozky molarni
magnetické susceptibility (Obr. 14, nahore uprostied). Z tohoto divodu byly AC data pro
vSechny tfi komplexy také analyzovany pomoci zjednoduSeného modelu. Ten je zaloZen na
piedpokladu, Ze se v SMMs adiabaticka susceptibilita pro dostatecné vysoké teploty blizi nule
(xs > 0), a kdyz uvazujeme realnou a imaginarni slozku magnetické susceptibility
rozepsanou podle rovnic (8) a (9), tak potom pomér téchto slozek je dan nasledovné:

Ximag | Xvea = @07 = 2767 (12)

Pokud se do rovnice (12) dosadi z Arrheniovy rovnice (rovnice (11) pouze se tfetim

¢lenem), dostane se zjednoduseny vztah:

N/ Zrer) = IN(2774) +U IKT (13)
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Z fitovani AC dat podle rovnice (13) se pro Ctyfi nejvyssi frekvence ziskaly vyrazné vyssi
hodnoty Ues (7.9—11.2 K pro 1c, 13.4—17.6 K pro 3a, 18.6—30.6 K pro 3b), které¢ i ptesto byly
vyrazné¢ nizsi nez piedpokladana teoreticka hodnota 2D. Proto byla AC data také analyzovana
s vyuzitim Ramanova relaxa¢niho procesu, ktery je pro systém s anizotropii typu lehké roviny
vice pravdépodobny,®® coz poskytlo srovnatelné dobré vysledky (Obr. 14 vpravo dole).
Bohuzel porovnavani ziskanych parametri C a n je slozité, protoze zatim neni znam vztah,
jak struktura komplexnich slouc¢enin ovliviiuje hodnoty téchto parametra.

Obecné lze ale Fici, Ze pozorovany trend zmény hodnot parametru D nekorespondoval s
trendem zvysujicich se hodnot relaxacnich ¢asi pravdépodobné z toho diivodu, Ze zmény

hodnoty parametru D jsou pomérné malé a nikoliv Orbachiv, ale pravé Ramantv relaxaéni
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Obrazek 14 Nahore zleva: Frekvencni zavislost fazové (redlné, yrea) a mimofazoveé (imaginarni, yimag) molarni
susceptibility v externim magnetickém poli 0.1 T, Argandtv (Cole-Cole) diagram. Plné ¢ary piedstavuji fit podle
Debyeova modelu. Dole zleva: Fit vyslednych relaxacnich ¢asti podle Arrheniovy rovnice uvazujici Orbachiv
relaxacni proces (pouze tieti ¢len rovnice (11)), fit dle rovnice uvazujici Ramantv relaxacni proces (pouze druhy
¢len rovnice (11)).

Dalsi provedené AOM vypocty ukdzaly, ze modifikace ligandového pole v ekvatoridlni
roviné (snizeni jeho sily) by méla mit zadsadni vliv na zvySeni hodnoty parametru D, ovSem
tento zptisob ladéni magnetické anizotropie, kdy pti zachovani stejnych axidlnich liganda by
byly modifikovany ekvatoridlni donor-akceptorové vlastnosti makrocyklického ligandu, nebyl
zatim experimentalné zkouman.

Ve stejném Casovém obdobi, kdy byla publikovana prace P3, byly studovany i dalsi
pentagonalné bipyramidalni Co' komplexy a ziskané hodnoty magnetické anizotropie byly

isp&sné ladény v nasledujicich systémech: (i) [Co(Bla)(H20);] (D = 13.1 cm™1)¥ a
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[Co(H2B1a)(NCS),] (D = 15.9 cm™),% (ii) [Co(B4)(X)2]**"°, kde parametr D nartistal v pofadi
X = H20, CN°, NCS-, SPh~% od 34.5 cm™? do 39.7 cm™, (iii) [Co(H2B1d)(CH3sOH)],
[Co(H4B1d)(CHsOH)(NCS)]CIOs a [Co(HsB1d)(NCS),] (D = 43.1, 41.5 a 38.8 cm ), (iv)
série Co'' komplexti s H2B1c a riiznymi koligandy NCS~, NCSe™, N(CN)2~, C(CN)s", Ns3,
H20, CI",)% o rizném sloZzeni s nejvyssi hodnotou D = 40.4 cm™ pro komplex s azidovym
koligandem.

U vSech vyse zminénych Co"

komplexi byla také pozorovana pomald relaxace
magnetizace pii aplikaci externiho DC magnetického pole (vSechny komplexy se chovaji jako

polem indukované SMMs) a byla snaha o to zjistit, jaké jsou dominantni procesy relaxace.

wevr

8387.108 3 pro nékteré systémy, napf. vyse popsany systém (ii),

mechanismem pomalé relaxace,
bylo pozorovéno prodlouzeni relaxa¢niho ¢asu se zvySujicim se parametrem D, tedy ma smysl
snazit se ladit magnetickou anizotropii.®* Nicméné& aby mohla byt nalezena presnéjsi magneto-
strukturni korelace a bylo jednoznacnéji zjisténo, jakym zplisobem struktura komplexu
ovliviiuje mechanismy relaxace magnetizace (coz je velice komplexni a komplikovany
problém), bude za potiebi jesté prozkoumat vétsi mnozstvi Co' komplexil.

Ze skupiny zeleznatych komplext s 15-pyNsO2 byl doposud pfipraven a charakterizovan
pouze jediny a navic polymerni komplex {[Fe(15-pyN3O2)(u1,3-N3)](ClO4)}n (4a) (pfiloha P4,
Obr. 15). Ten ovsem piekvapil nejzajimavéjsimi magnetickymi vlastnostmi. Atom zeleza ma
v tomto komplexu koordinacni ¢islo 7 s geometrii pentagondlni bipyramidy a v axialnich
polohach jsou azidové anionty koordinovany mustkujicim zpisobem ,,end-to-end* (Obr.
15B). Komplex tedy vytvati zig-zag 1D polymerni fetézec, protoze roviny FeN3O2 resp.
vektory Nazic—Fe—Nazig jsou vici sobé pootoceny a Fe'--Fe meziatomova vzdalenost v fetézci
je 5.847 A (Obr. 15C). Tyto fetézce jsou mezi sebou spojeny nevazebnymi interakcemi
aromatickych kruht (,,m-m stacking) a vytvaii tak 2D vrstvy, které jsou mezi sebou izolovany
chloristanovymi anionty (Obr. 15C a D).

Mé¢ifeni magnetickych DC dat (Obr. 15 vpravo) ukazalo na (i) pfitomnost slabé
antiferomagnetické vyménné interakce (Jre-re=-2.14 cm™) mezi Zeleznatymi ionty v ramci
1D fetézce (zprostiedkovavaji mistkujici azidové ligandy) indikované poklesem efektivniho
magnetického momentu (uefr) S klesajici teplotou do 26 K, (ii) nastup feromagnetického
chovani s kone¢nym antiferomagnetickym uspotfadanim na dlouhou vzdalenost indikovany

prudkym nartstem gefr pod 26 K k maximu pii 6.2 K nasledovany prudkym poklesem.
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Obrazek 15 Vlevo: (A) Schematicka ilustrace komplexniho kationtu v 4a, (B) ¢ast polymerniho 1D fetézce s mistkujicimi
azidovymi ligandy nalezena v krystalové struktufe 4a, (C) nevazebné interakce aromatickych kruhti zptisobujici tvorbu 2D
vrstev, (D) pohled na 1D fetézce ve 2D vrstvé podél krystalografické osy c. Vpravo: Teplotni zavislost efektivniho mag.
momentu pro 4a. Cervena plnd &ra odpovida fitu podle rovnice (3) s parametry J = —2.14 cm a g = 2.13. Inset: Analyza
teplotni zavislosti T s vyuZitim rovnice y'T = Ceff X exp(44KT) pro AC data v nulovém DC poli a AC frekvenci f=1Hz
(vlevo) a DC data v poli Bec = 0.1 T (vpravo).

Me¢fteni stiidavé magnetické susceptibility ukdzala, ze 4a se chova jako jednofetézcovy
magnet (Obr. 16) s hodnotou efektivni bariéry 4 = 87.5 K (o = 5.27x10719), coz bylo také
potvrzeno zmétenim hystereznich smycek do teploty 6 K (Obr. 17).
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Obrazek 16 Zleva: Frekvenéni zavislost fazové (realné, pra) a mimofazové (imaginarni, yimag) molarni
susceptibility v nulovém externim magnetickém poli, Argandiv (Cole-Cole) diagram, fit vyslednych
relaxaénich ¢ast podle Arrheniovy rovnice uvazujici Orbachiv relaxaéni proces. PIné ¢ary predstavuji fit podle
Debyeova modelu.

Na zaklad¢ méteni ZFC/FC kiivek (z angl. Zero-Field-Cooled / Field-Cooled) se ukazalo,
ze v latce dochazi k antiferomagnetickému uspotfadani pod teplotou 6.2 K, které se ovsem
Vv pfitomnosti jiz slabého externiho mag. pole (=0.05 T) méni na feromagnetické, jak je
znazornéno na magnetickém fazovém diagramu (Obr. 17), proto Ize danou latku povazovat za
metamagnet.

Velmi neobvykld kombinace zjisténych magnetickych chovani (jednofetézcovy magnet,
metamagnet, antiferomagnetické uspotadani a tzv. ,,spin canting) byla jiz dfive pozorovana
pro analogické komplexy {[Fe(15-pydienNs)(CN)][BF4]}n a [Fe(15-
pydienN3O2)(CN)](ABSA)}» (ABSA~ = 4-aminoazobenzen-4’-sulfonat) s kyanidovym

mustkujicim ligandem, kde byla sice silngjSi antiferomagneticka vymeéna diky kratsi
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meziatomové vzdalenosti Fe---Fe, ale energeticka bariéra 4. byla mnohem niz8i spolecné
s menSi mirou magnetické anizotropie systému. Celkové vzato se jednd o prvni piiklad

homonukledrniho jednofetézcového magnetu zalozeném na komplexu Fe(Il) s pouze

azidovymi mistkujicimi ligandy.
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Obrazek 17 Vlevo: Hysterezni smycky pfi riznych teplotach. Uprostied: ZFC/FC kiivky pro rlizna magneticka

pole. Vpravo: Diagram magnetickych fazi (¢erné body ziskany ze ZFC méfeni, Cervené z kiivek dMma/dB.
Vsechna data pro komplex 4a.

Problém s ptipravou Zeleznatych komplext je jejich nizka stabilita viici oxidaci vzdusnym
kyslikem, a proto musi byt pfipravovany a krystalizovany pod inertni atmosférou. To je
divod, pro¢ zatim nebyla pfipravena vétsi série zeleznatych komplexti se substituovanymi
koligandy, pfestoze lze ocfekavat zvySovani magnetické anizotropie pifi pouziti axialnich
koligand zesilujicich ligandové pole.

Dale bylo timto zplsobem vyzkouSeno ladéni magnetické anizotropie 1 na nikelnatych
komplexech, kde byla v souladu s teoretickou piedpovédi’’ potvrzena zaporngjsi (vétsi)
hodnota D parametru s rostouci silou axialnich koligandl, ovSem ziskana data nebyla
doposud publikovana. Nicméné tyto vysledky dobie koresponduji s praci publikovanou v roce
2019, kde se viibec poprvé ladila magnetické anizotropie v pentagonalné bipyramidalnich Ni'"
komplexech pomoci axialnich koligandd. Ptipraveny komplex s imidazolovymi koligandy
[Ni(H2B1c))(imidazol)2](NO3)2:2H,0 mé&l mnohem vétsi D = -28.2 cm! v porovnani
s komplexem s NCS~ koligandy [Ni(H2B1c)(SCN)2]-2H0, ktery mé&l D = -11.5 cm.1%°

Celkové lze tici, Ze prvni zplsob ladéni mag. anizotropie v pentagonalné€ bipyramidalnich
komplexech zalozeny na substituci axialnich koligandi funguje a v zavislosti na sile
produkovaného ligandového pole (donor/akceptorové vlastnosti koligandl) je mozné
magnetickou anizotropii zvySovat. V pochopeni toho, jakym zplsobem modifikovat
ligandové pole, vyznamnym zptisobem pomohly teoretické CASSCF vypocty. BohuZzel pro
to, aby se tento efekt projevil v prodlouzeni relaxacnich ¢ast relaxace magnetizace, je potieba

prozkoumat vétsi pocet systému a lépe vysvétlit, co konkrétné ovliviiuje efektivitu
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jednotlivych relaxacnich procest a jaké konkrétni strukturni zmény je potieba udélat pro to,

aby byly tyto relaxa¢ni procesy co nejvice eliminovany.

9. Ladéni magnetické anizotropie II: komplexy s derivaty 15-

PYN3O2

Druhym zptusobem, jak mutze byt dosazeno zvySeni/ladéni magnetické anizotropie, je
ptfipad pentagonalné bipyramidalnich komplext znamend, ze musi byt pfipraven takovy
ligand, ktery bude obsazovat vSech 7 koordina¢nich mist a zaroven bude zachovana geometrie
pentagondlni bipyramidy. Zajistit tuto podminku v praxi neni viibec snadné, nastésti v tomto
sméru vyraznym zpusobem poméaha pouziti makrocyklického skeletu. Takze v ramci této
druhé strategie ladéni magnetické anizotropie bylo pfistoupeno ke strukturni modifikaci
makrocyklického skeletu 15-pyNsO2 pomoci dvou pendantnich ramen, ktera obsahovala

rizné funkéni skupiny (Obr. 18). Piedpokladem bylo, Ze vhodnou volbou téchto funkénich

X X X
W P L
N N \ N N
G, D0 " YT ORGS0
N O O N= © O O © O O
__/ __/ __/
L1 L2 L3

Obrazek 18 Strukturni vzorce pfipravenych ligandd diskutovanych v této kapitole.

skupin v zavislosti na jejich donor-akceptorovych vlastnostech bude mozné ovliviiovat silu
ligandového pole v axidlnich polohéch (skupiny se budou vazat do axialnich poloh, jak je
znazornéno na Obr. 19).

Doposud bylo pfipraveno jiz minimalné Sest takovych

ligandl, které by splnovaly vyse uvedené podminky, ovSem O// \/N
. , v v , . P ° \ —
publikovany, véetné nezbytné charakterizace jejich komplex, CO /I\’I\N—N N>
byly zatim pouze tfi z nich uvedené v Obr. 18 — L1 (pfiloha P5), —
L2 (priloha P6) a L3 (pfiloha P7). Vzhledem ktomu, ze .
strukturni 1 magnetické vlastnosti pfipravenych komplexd jsou
Obrazek 19 Schematické

si podobn¢, budou slouceniny vSech tfi ligandd diskutovany ,.:,0meni koordinacniho médu
pfipravovanych ligandi (F =
koordinujici se funkéni skupina

ptvodnim cyklem 15-pyNsO: a 2-chlormethylpyridinem (L1), S ruznymi donor-akeeptorovymi
vlastnostmi).

spolecné. Ligandy byly pfipraveny substitu¢nimi reakcemi mezi
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kyselinou bromoctovou (L2) a 2-chloromethylbenzimidazolem (L3) a byly pfecistény
krystalizaci (L1), iontovou chromatografii (L2) a extrakci (L3). S uvedenymi ligandy byly
piipraveny nasledujici tfi série komplexti [M'(L1)](ClO4)2 (M" = Mn (5a), Fe (5b), Co (5¢),
Ni (5d) a Cu (5e)), [Fe""L2]ClO: (6a), [M'"L2]-H,O (M" = Fe (6b), Co (6c), Ni (6d) ),
[M'"(L3)](ClO4)2-1.5CH3NO, (M = Mn (7a), Fe (7b), Co (7c) a Ni (7d)).

Molekulové struktury potvrdily pentagonalné bipyramidalni uspotfadani s koordina¢nim
gislem 7 nebo 6+1 u vsech uvedenych komplexti kromé 5e, ve kterém mél centralni atom Cu"
koordinac¢ni Cislo 5 s Ctvercové pyramidalni koordinacni geometrii. V piipadé nikelnatych
komplexu, piedev§im 5d a 6d, dochazelo diky Jahn-Tellerovu efektu k prodluzovani jedné
Ni—O vazby (analogicky se choval i Ni' komplex 1d popisovany v piedchozi kapitole) a k

deformaci pentagonalni ekvatorialni roviny koordinovaného makrocyklu (Obr. 20).

Obriazek 20 Molekularni struktura komplexniho kationtu [NiL1]?* nalezena v krystalové struktute 5d (vlevo),
komplexu 6d (uprostied) a komplexniho kationtu [NiL3]** nalezena v krystalové struktuie 7d (vpravo).
Termalni elipsoidy jsou zakresleny s 50% pravdépodobnosti, vodikové atomy nejsou zobrazeny z diivodu
prehlednosti.

Déale budou porovnavany pouze komplexy Fe!', Co' a Ni', které maji z hlediska
magnetické anizotropie nejvetsi vyznam. Porovnani vazebnych délek v jejich komplexech se
vSemi tfemi ligandy L1-L3 je zndzornéno na Obr. 21.
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Obrazek 21 Porovnani vazebnych délek pro Fe'' (vlevo), Co" (uprostied) a Ni"' (vpravo) komplexy studovanych
ligandu L1, L2 a L3. @ Primérné odchylka vSech ekvatorialnich donorovych atoma ligandu (N3O.) od roviny
prolozené témito atomy a centralnim atomem (MN3O3, jeji poloha byla spocitana metodou nejmensich ¢tverci).
Data pro dve krystalograficky nezavislé molekuly nalezené v asymetrické jednotce byly z divodu piehlednosti
zprimérovany (pro komplexy ligandti L1 a L3).

0.173 0.152 0.176 0.166 0.145 0.175 0.163 0.143 0.190
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Vazebnd vzdalenosti se v ramci zmény ligandu L3—L1—L2 (dle strukturni podobnosti
funkénich skupin: benzimidazol—pyridin—karboxylat) méni nasledovné: (i) M—Npy se témét
neméni, (i) vazba k alifatickym dusikovym atomium M-N1 se lehce zkracuje, (iii) M-O se
lehce zkracuje pro L3—L1 (krom¢ 5d), ale vyrazné prodluzuje pro L1—>L2, (iv) vazby
k axialnim donorovym atomt se zkracuji, dochéazi k axialni kompresy pentagonalni
bipyramidy, a zkracuji se také v pofadi Fe—>Co—Ni. Vazebné vzdalenosti M—O jsou v
porovnani s M—N1 kratsi v ptipadé Fe!' komplext, srovnatelné v ptipadé Co' komplexti a
delsi pro komplexy s Ni'. Jak dochazi k axialni kompresy v pofadi L3—L1—L2, dochazi
k symetrizaci ekvatoridlni roviny (délky jsou si vice podobné) v piipadé Fe', ale naopak
k deformaci této roviny (délky jsou vice odli§né) v piipadé Co'' a predevsim Ni''.

Porovnani téchto strukturnich parametri je velice dulezité pro pochopeni nasledujici

magneto-strukturni korelace zobrazené na Obr. 22.
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Obrazek 22 Magneto-strukturni korelace pro studované komplexy Fe'' (vlevo), Co" (uprostied) a Ni' (vpravo) s
ligandy L1, L2 a L3 zobrazujici zménu axidlniho parametru §tépeni v nulovém poli D.

V piipad¢ zeleznatych komplexti ma jako jediny komplex 7b neobvyklou kladnou
hodnotu parametru D, ktera ovSem byla potvrzena HF-EPR méfenim, protoze vétSina
pentagonalné bipyramidalnich komplexu, véetné 5b a 6b ma hodnotu parametru D zapornou.
Pro kobaltnaté komplexy magneticka anizotropie vyjadiend parametrem D roste (vys$si kladna
hodnota) v pofadi ligandi L2—L1—L3 stejné jako roste v pfipadé komplext nikelnatych
(vy$si zaporna hodnota parametru D). Takové chovani neni mozné vysvétlit na zakladé
uvazovani pouze axidlniho ligandového pole, protoze jak bylo dfive ptredpovézeno
vypoétem’’ (a potvrzeno celou fadou experimentii, viz predchozi kapitola), s rostouci silou
axialniho ligandového pole ma hodnota |D| nartstat v pfipad¢ pentagonalné bipyramidélnich
Fe!' a Ni"' komplexti a klesat v piipadé komplexii s Co'. Kdyby se tedy uvazoval prispévek
pouze axialniho ligandového pole, musel by byt trend u Co'" a Ni'" komplexti popsany
v Obr. 22 opaény. V tomto ptipadé je proto nutné uvazovat i piispévek ligandového pole
ekvatorialniho, které pfispiva ke zvyseni hodnoty D parametru pokud je symetrické a slabé.’’
Jak je zfejmé z Obr. 21, zména funk¢ni skupiny v axialni poloze totiz ovliviiuje i délky vazeb

a silu/symetrii ligandového pole v ekvatoridlni rovin¢€. TakzZe trend pozorovany na Obr. 22
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v poradi L2—L1—L3 lze vysvétlit tim, ze (i) sila axialniho ligandového pole se spiSe snizuje,
coz koreluje srostouci vazebnou vzdalenosti axialnich donorGi a tomu odpovida nartst
parametru D pro Co' komplexy, (ii) sila ekvatorialniho pole se snizuje a jeho symetrie se

zvy$uje, coz ma za nasledek zvétseni |D| pro Ni' komplexy a zménu znaménka pro Fe'

komplexy.

V ramci studia vSech komplexi byly pouzity pokrocilé CASSCF vypocty k ziskani
parametri spinového Hamiltonidnu, které ve vSech ptipadech velmi dobfe korespondovaly
s experimentalné zjisténymi hodnotami. Dale také bylo vyuzito teoretickych vypocth
k posouzeni vlivu sily axialniho a ekvatorialniho ligandového pole na parametry magnetické
anizotropie D a E/D (Obr. 23) na ptikladu modelového komplexu zobrazeného také na Obr.
23 (ménily se vazebné vzdalenosti jak v ekvatoridlni roving, tak v axidlnich polohach).
Z uvedeného Obr. 23 vyplyva, ze vliv ekvatoridlniho ligandového pole méa velmi vyznamny
vliv na hodnotu D parametru predevsim u Ni'' a Fe!' komplext a na hodnotu rombicity E/D u

komplexi s Fe''.
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Obrazek 23 Nahoie: Obecna molekulova struktura modelového komplexu [M(NH3)2(NCH)3(H20)2]** (M =
Fe', Co" and Ni') spole¢n& se zndzornénim ménicich se strukturnich parametri pouZitych pro vypoclty
CASSCF/DCD-CAS(2). Dole: Konturové diagramy spocitané pomoci CASSCF/DCD-CAS(2) ukazujici vliv
vazebné délky axialnich a ekvatoridlnich ligandi na hodnoty parametrii axialniho a rombického S§tépeni
v nulovém poli D a E/D pro vy$e uvedenou modelovou slouc¢eninu.
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Vsechny kobaltnaté komplexy 5c, 6¢ a 7c vykazovaly chovani polem indukovanych
SMMs. Hodnoty efektivni bariéry Uesr ziskané fitovanim dat s pomoci Arrheniova vztahu
(Orbachtv proces) ovSem byly nerealné¢ malé, proto bylo nutné uvazovat 1 dalsi relaxacni
mechanismy a data byla analyzovana pomoci Ramanova nebo piimého a Ramanova
relaxaéniho mechanismu, coz poskytlo mnohem lepsi shodu s experimentalnimi daty (Obr.
24).

U vsech sloucenin byly také zkoumany redoxni vlastnosti pomoci cyklické voltametrie,
ktera ukazala, Ze (i) u komplexu s ligandy L1 a L3 byly pozorovany spiSe reverzibilni déje a
ptitomnost m-akceptorovych skupin (pyridin a benzimidazol) zptsobovala stabilizaci nizsich
oxidac¢nich stavi, predevs§im stavu +II, (ii) u komplexu s ligandem L2 byly pozorovany dé&je
spiSe kvazireverzibilni a dochazelo ke stabilizaci vysSich oxidacnich stava (+III) v souladu

s n-donorovymi vlastnostmi karboxylovych skupin.
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Obrazek 24 Nahove: Argandiv diagram (Cole-Cole plot) pro 5¢, 6¢ a 7¢ (brdno zleva), plné ¢ary piedstavuji fit
podle Debyeova modelu. Dole: fit vyslednych relaxa¢nich ¢ast pro 5¢, 6¢ a 7¢ (brdno zleva) podle Arrheniovy
rovnice uvazujici Orbachiv relaxa¢ni proces (Cervena ¢ara pro 5¢ a 7¢), uvazujici piimy (modra ¢arkovana ¢ara
pro 6¢) a Ramaniiv relaxa¢ni proces (oranzova ¢arkovana ¢ara pro 6¢, modra ¢ara pro 7¢).

Protoze komplexy lanthanoidi s koordinaénim ¢islem 7 patii mezi jedny
z nejefektivnéjSich jednomolekulovych magneti (krom€ neddvno objevenych derivati
disprosocenia),®1*2% byly pripraveny a studovany komplexy [Ln(L1)(H20)(NO3)](NO3)2 (Ln
= Tb'"" (8a), Dy"" (8b), Er'" (8¢c)). Na zakladé molekulovych struktur bylo pro vSechny t¥i
komplexy zjisténo koordinacni ¢islo 11 s geometrii muffinu (Obr. 25). Lze tedy piedpokladat,
ze makrocyklicka kavita je pro koordinaci lanthanoidi pfili§ mald. Pomalou relaxaci
magnetizace vykazovaly vSechny tii komplexy avSak az v externim magnetickém poli 0.1 T.

Vypocty CASSCF/SINGLE ANISO umoznili zndzornit schéma energetické bariéry pro
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zménu orientace magnetizace, které poukazuje na pravdépodobnou relaxaci magnetizace
pomoci mechanismu QTM (koresponduje snulovym signalem mimofazové/imaginarni
molarni susceptibility v nulovém externim poli) a na teplotné aktivovanou relaxaci
prostfednictvim prvniho excitovaného stavu (Obr. 25). TakZze komplexy lanthanoidi s vySsimi
koordina¢nimi ¢isly, jako je v tomto ptipad¢ 11, nejsou z pohledu magnetismu tolik zajimavé,
protoze v nulovém externim magnetickém poli dochdzi k tunelovani magnetizace, ktera

vyrazn¢ urychluje relaxaci magnetizace.

Al

Obrazek 25 Vlevo: Molekularni struktura komplexniho kationtu [Dy(L1)(H20)(NOs)]?* v komplexu 8b.
Termalni elipsoidy jsou zakresleny s 50% pravdépodobnosti. Vodikové atomy nejsou zobrazeny kvuli
piehlednosti. Uprostied: Koordinaéni geometrie chromoforu DyNsO4 v komplexu 8b. Vpravo: Ab initio vypocet
energetické bariéry pro zménu orientace magnetizace pro komplex 8b. Tu¢né modré/Cervené Carky indikuji
Kramersovy dublety jako funkci magnetického momentu. Barevné cary zndzoriiuji mechanismy navratu
magnetizace: pfimy (zelend), Orbachiiv proces (magenta), kvantové tunelovani QTM/TA-QTM (Cerna).

Na zavér lez shrnout, ze ladéni magnetické anizotropie pomoci strukturni modifikace
makrocyklického ligadnu, tj. pomoci vySe popsané druhé strategie, se jevi jako Uspésné, avSak
pomérmn¢ narocné, protoze strukturni modifikace ligandu ovliviiuje 1 jeho koordina¢ni
schopnosti v ekvatorialni roving (tj. donorové vlastnosti samotného makrocyklu), coz ma za
nasledek nesnadno piedvidatelné zmény v magnetické anizotropii. Diky teoretickym
vypoctim jiz ale existuje predstava, jakym smérem se vydat pii zvySovani magnetické
aniozotropie v pentagonalné bipyramidalnich komplexech — tj. je potfeba uvazovat a ladit

ligandové pole nejen v axidlnich smérech, ale predevs§im také v ekvatorialni roving.

10. SCO komplexy a potencialni multifunkéni magnetické

materialy

Prehled makrocyklickych ligandi, které v komplexech s dvojmocnym Zelezem vykazuji

SCO efekt, byl piehledné shrnut v tvodni kapitole 6. Z pohledu syntetické dostupnosti se jevil

vvvvvv
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syntézou ligandi odvozenych od cyklamu (Obr. 6) bylo pfistoupeno k pifipravé jeho
ptfemosténého derivatu Py2-CB (Obr. 26) a prozkoumani toho, jestli v ptipadé takové
strukturni modifikace bude zachovan SCO (Ptiloha P9). Jak bylo ukdzano na mnoha dfive
studovanym systémech (viz kapitola 6), SCO (pfitomnost nebo absence, strmost piechodu,
teplota prechodu apod.) je velice citlivy K mnoha riznym parametriim, a to predevsim (i) sile
ligandového pole, tj. poctu a druhu donorovych atoml a geometrii koordinacni sféry, (ii)
druhu protiiontu (aniontu kompenzujiciho naboj, ,.counter aniontu), (iii) pfitomnosti
kokrystalizovanych molekul rozpoustédla, (iv) pfitomnosti a sile nevazebnych interakci, (v)
na celkovém usporadani atomi v krystalu (tzv. crystal packing).

Py2-CB byl po n¢kolika netspéSnych pokusech zalozenych na syntéze kvarterni
dialkylované bis(amoniové) soli A (Obr. 26, R = CH2Py) ptipraven piimou alkylaci CB (ten
byl pfipraven z cyklamu podle literatury,'*® Obr. 26) pomoci 2-chlormethylpyridinu.
Vzhledem ktomu, Ze vSechny derivaty cross-bridged cyklamu se diky své unikatni
konformaci (vSechny c¢tyfi volné elektronové pary dusikovych atomii smétuji doprostied
makrocyklické kavity) chovaji jako tzv. protonové houby (velmi siln¢ vazi proton, pKaz je

obvykle vétsi nez 12),!!

piiprava Zeleznatych komplex musela byt provedena ve striktné
bezvodém a inertnim prostiedi. Syntéza komplexd vychazela z bezvodého FeClz a posléze
byly halogenidové protiionty vyménény reakci s NaBF4 nebo NaBPhs a tak byla ptipravena
série nasledujicich komplexi [Fe(Py2-CB)][FeCls]-H20 (9a-H20), [Fe(Py2-CB)]Cl>-4H.O

(9b-4H,0), [Fe(Py2-CB)](BF4)2-0.5CHsCN (9¢-0.5CHsCN) a [Fe(Py2-CB)](BPhs)2-CHsOH

(9d-CH3OH).
e i?(\

5 )
D ey (U E”I”‘J SO ey I

Py,-C Py,-CB A L-(NH,),

P4

p=4

NH,
Obrazek 26 Strukturni vzorce sloucenin diskutovanych v textu v ramci této kapitoly.

Ve viech komplexech 9a-9d mély komplexni kationty [Fe(Py2-CB)]?* cis-V uspoiadani
(Obr. 27, vlevo) scis konfiguraci pyridinovych ramen a deformovanou oktaedrickou
geometrii koordinacni sféry (Obr. 27, uprostred). Teplotni zavislost ymT, kterd je znazornéna

na Obr. 28, potvrdila SCO chovani vSech studovanych komplext s teplotou piechodu (T12)
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rostouci v zavislosti na aniontu BF4~ (9¢) < [FeCls]* (9a) < BPhs (9d). Nicméné piitomnost
SCO pro komplex 9¢-0.5CH3CN byla pozorovana az po tom, co doslo diky zvyseni teploty
k odstranéni kokrystalizovanych molekul acetonitrilu, tj. doslo ke zméné krystalografické faze
a vytvoreni nového solvatomorfu (bylo potvrzeno i rozdilnym praskovym RTG zdznamem) a
navic komplex piesel z LS do HS stavu (Obr. 28, vpravo), coz bylo doprovazeno zménou

zbarveni ztmavé hnédo-zelené na svétle zelenou. Takova pfreména, nazyvana

solvatomorfismus, vramci jednoho monokrystalu (,,single-crystal to single-crystal
I

transformation) doprovazena zménou spinového stavu je pro skupinu Fe" komplext

pomémé vzacna. 112113

Obrazek 27 Vlevo: llustrace cis-V konfigurace, jedné z Sesti moznych konfiguraci pro komplexy cyklamu.
Uprostied: Molekularni struktura komplexniho kationtu [Fe(Py2-CB)]?* nalezena v krystalové struktuie
9b-4H,0 (termalni elipsoidy jsou nakresleny s 50% pravdépodobnosti, vodikové atomy nejsou zobrazeny
z divodu prehlednosti). Vpravo: Fotografie krystala 9c¢-0.5CH3CN dokumentujici postupnou ztratu
kokrystalizovaného solventu spojenou se zménou spinového stavu (tmavé hnédo-zelena = LS, svétle zelena =
HS).
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Obrazek 28 Vlevo: Teplotni zavislost ymT pro 9a-Hz0 (cernd), 9b-4H,0 (modrd), 9¢ (druhy cyklus 5 K — 400
K, cervend) a 9d-CH3OH (prvni cyklus 5 K — 400 K, zelend). Vpravo: Teplotni zavislost ymT pro
9¢-0.5CH3CN, kdy se teplota méni z 300 K na 5 K (cernd), z 5 K na 400 K (modrdt), zpét z 400 K na 5 K
(Cervend) a zpét z 5 K na 400 K (zelend).

Ztrata kokrystalizovaného acetonitrilu v 9¢-:0.5CH3CN probihala pozvolna uz pfi
pokojové teplote, coz bylo prokdzano fotografii velkych krystalii postupné ménicich barvu
(Obr. 27, vpravo). SCO pro desolvatovany komplex 9¢ byl také doprovazen zménou zbarveni

ze svétle zelené (HS) na tmavé zelenou (LS), jak je ukédzano na Obr. 28 vpravo. Pritomnost
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SCO pro komplex 9c byla také prokazana rozdilnou hodnotou primérné vzdalenosti (Fe—N)
pozorované v molekulovych strukturdch 9¢ zméfenych pii rtiznych teplotach 120 K (2.086 A)
vs. 293 K (2.197 A).

Pro moderni aplikace ovsem cCisté SCO komplexy jiz nestaci, protoze je snaha kombinovat
efekt SCO s dalsimi vlastnostmi (napf. magnetickou vymeénou, kapalnymi krystaly, interakci
»host-guest”, nelinedrnimi  optickymi  vlastnostmi, elektrickou vodivosti pfipadné
luminiscenci),*? kdy jednou z nejzajimavéjsich vlastnosti se jevi pravé jednomolekulovy
magnetismus (SMM), a pfipravovat tzv. multifunkéni magnetické materialy.®**! V ramci
takového postupu byly pouzity nésledujici strategie: (i) spojeni dvou komplext, z nichz jeden
poskytuje SCO a druhy SMM vlastnosti, pomoci jednoduchého mistkujiciho ligandu za
tvorby 1D polymerniho fetézce, ' (ii) ptiprava jednojaderného Fe'"!"' komplexu, ktery v sobé
kombinuje jak SCO, tak i SMM vlastnosti,}*>118117 (iii) tzv. kokrystalizace nebo také tzv.
fedéni iontl kovdl (z angl. ,metal dilution*), kdy Fe'' komplex poskytujici SCO efekt je
kokrystalizovan s Co" komplexem poskytujicim polem indukovany SMM.M® V ramci
ptipravy skupiny potencidlnich multifunkénich magnetickych materiald byla vénovéana
pozornost predevsim modifikaci prvni strategie, ktera spocivala v piipravé dvoj-
/vicejaderného komplexu, ve kterém by byl ale pouzit specidlné navrzeny mustkujici ligand
obsahujici dvé specifickd vazebnd mista umoznujici selektivni komplexaci jak Zeleznatych
iontll (mely by poskytovat SCO), tak dalSich 3d nebo 4f iontd (mély by poskytovat dalsi
vlastnost, napt. SMM). Takovy specidlni ligand by tedy mél zajiStovat kovalentni spojeni
mezi obéma zakomplexovanymi kovovymi ionty.

Jako prvni krok v ramci takovém pokusu byl pfipraven polydentatni bifunkéni ligand 10
(Obr. 29)) zalozeny na cyklenovém derivatu DO3A (Piiloha P10). Makrocyklicka kavita
DO3A, ktera je vhodna pro selektivni komplexaci lanthanoidd, byla propojena s N-(2-
aminoethyl)propan-1,3-diaminem pomoci rigidniho uhlikatého xylylenového mustku.
Lanthanoidovy ion zakomplexovany do makrocyklické kavity by m¢l fungovat jako SMM a
triaminova ¢ast sama o sobé&, ptipadné po dalsi modifikaci (napt. na Schiffovu bazi s vyuzZitim
o-hydroxynaftaldehydu), by mohla po zakomplexovéani Fe!' nebo jinych iontd pfechodnych
kovi poskytovat SCO efekt. Pétikrokova syntéza, zndzornéna na Obr. 29, byla zaloZena na
reakci N-(2-aminoethyl)propan-1,3-diaminu ochranéného ve formé bis(ftalimidu) 10b s 1,4-
bis(brommethyl)benzenem, ktera vedla ke vzniku brom-derivatu 10c. Tento brom-derivat byl
dale vyuzit v substituéni reakci s DO3A ve formé terc-butyl esteru vedouci k tvorbé
intermediatu 10d. V nasledujicich dvou krocich byly odstranény chranici ftalimidové a terc-

butylové skupiny, aby mohl byt ziskén vysledny ligand 10 ve form¢ hydrochloridu. Jednotlivé
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meziprodukty stejné jako vysledny ligand byly detailn€ charakterizovany pomoci elementarni
analyza, hmotnostni spektrometrie, multinukledrni (*H, 3C) a vicedimenzionalni NMR
spektroskopie. V ramci této publikace byla podrobné popsana pouze tato Casové naro¢na
pétikrokova syntéza ligandu 10, avSak prostudovani koordinac¢nich vlastnosti pfipravené¢ho

ligandu by si vyzadalo mnohem vice ¢asu a mize byt pfedmétem dal§iho vyzkumu.
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Obrazek 29 Schéma syntézy ligandu 10. Reaktanty a podminky: (i) ftalanhydid, CH3COOH, reflux 1 h; (ii) 1,4-
bis(brommethyl)benzen, K,COs3, MeCN, reflux 0.5 h; (iii) DO3A-tris(t-butyl ester), K,COs, MeCN, reflux 4 h;
(iv) hydrazin, EtOH, 25 °C, 12 h; (v) kyselina trifluoroctova, dichloromethan, 25 °C, 12 h.

Na zékladé zjisténi z prace P9, tj. 7e si Fe'' komplexy se strukturné modifikovanym
ligandem Py2-CB (NH skupiny jsou modifikovany ethylenovym mustkem) SCO zachovavaji,
byl navrzen novy bifunkéni ligand L-NH2 (Obr. 26) odvozeny od Py2-C a vyuzitelny v prvni
fazi vyvoje multifunkénich magnetickych materialtt (Ptiloha P11). Pivodni makrocyklicka
gast Py>-C (méla by selektivné komplexovat Fe!' a poskytovat SCO efekt) byla pomémé
jednoduse substituovana dvéma p-aminobenzylovymi pendantnimi rameny (v prvnim kroku
byly zavedeny dvé p-nitrobenzylové skupiny, v druhém kroku byly zredukovany obé nitro
skupiny pomoci hydrazinu a Raneyova niklu). Aminova funk¢ni skupina je totiz vhodna pro
dalsi transformaci na jiné funkéni skupiny, které by mohly komplexovat dalsi pfechodné kovy
nebo lanthanoidy a poskytovat tak druhou magnetickou zajimavost. Bohuzel naméfena
magnetickd DC data ukazala, Ze pripraveny Fe'' komplex [Fe(L-NH2)]Clz-2.5H,0 (11) je
vysokospinovy. Navic se ani od komplexu 11 nepodafilo zjistit jeho krystalovou strukturu

(mnoho pokust o krystalizaci komplexu koncilo vznikem oleje nebo amorfni sraZzeniny) a
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proto byly provedeny teoretické vypocCty s cilem objasnit pti¢inu absence SCO. Pomoci DFT
vypodtl, vyuzivajicich hybridni meta-GGA TPSSh funkcional*'® vhodny pro studium SCO
systémil a bazi def2-TZVP, byly optimalizovany molekulové struktury Fe'' komplexi
s ligandy Py2-C, Py2-CB a L-NHz2 v jejich cis/trans konfiguraci a LS/HS uspotadani a byl
vypocitan energeticky rozdil (A = ens —eLs) mezi LS a HS stavy daného komplexu (Obr. 30).

cis-[Fe(L-NH,)]>* cis-[Fe(L-NH,)|2*
L

©
£
®
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/\/ a5
\J 3
|
i7 :. !’ 2+ ¢-| Fell N 2+ w
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(HS) @ 04
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Obrazek 30 Vlevo: DFT optimalizované geometrie cis/trans-[Fe(L-NH2)]>* pro LS a HS stav. Vpravo:
Energeticky rozdil HS a LS stavii cis/trans-[Fe'(Py.-C)]%*, cis-[Fe"(Py.-CB)]** a cis/trans-[Fe(L-NH2)]?".
Oboji vypocitano pomoci TPSSh/def2-TZVP.

Kladné hodnoty A vypoéitané pro cis/trans-[Fe''(Py2-C)]** a cis-[Fe'|(Py.-CB)]*", tj.
komplexy vykazujici SCO, indikuji preferenci LS stavu, zatimco zaporné hodnoty A
vypoétené pro cis/trans-[Fe(L-NH2)]?* ukazuji na preferenci HS stavu nezavisle na cis/trans
konfiguraci, coz je v souladu se zjiSténym experimentalnim vysledkem. Na zaklad¢ kratSich
vazebnych délek Fe—Nbpenzyi Oproti Fe—Nn nebo Fe—Nethyiene V optimalizovanych strukturach
muze vysvétleni HS chovani komplexu 11 spocivat v tom, ze dvé p-aminobenzylova ramena,
diky svym elektrony-odcerpéavajicim vlastnostem, snizuji elektronovou hustotu na dusikovych
makrocyklickych atomech, na kterych jsou navadzany, a tim snizuji silu ligandového pole.
Samoziejmé 1 jiné mozné efekty mohou hrat v tomto piipadé svou roli.

Zéaveérem lze shrnout, Ze tento ,,kovalentni* zptsob ptipravy multifunkénich magnetickych
materiali za pomoci specidlné navrzeného mustkujiciho ligandu je velice naro¢ny nejen
zpohledu jeho zdlouhavé syntézy (nejen ligandu, ale i vicejaderného bimetalického

komplexu), ale ptedevSim z pohledu toho, Ze mira SCO efektu (pfitomnost ¢i dokonce
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absence) je zavisla na celé fad€ parametrd, které jsou diskutovany v tvodu této kapitoly, a
které jsou zdsadnim zplUsobem ovlivnény strukturni modifikaci ligandu. Proto se bohuzel
zatim nepodafilo nalézt takovy ligand nebo takovou strukturni zménu, pro ktery/kterou by byl

SCO u zeleznatého komplexu s takovym bifunkénim ligandem zachovan.
11. Zavér

Cilem této habilita¢ni prace bylo piredlozit nékolik moznosti, jak 1ze vyuzit komplexy
makrocyklickych ligandi v oblasti molekulového magnetismu. Vybrany a studovany
makrocyklicky ligand 15-pyNsO: vytvatel Mn'", Fe'"""!| Co' a Ni"' komplexy s méné b&éznym
koordina¢nim ¢islem sedm s pentagonalné bipyramiddlni geometrii koordinacni sféry a
piedevsim komplexy Fe'!!, Co'" a Ni' vykazovaly velkou miru magnetické anizotropie. Jeji
velikost je mozné ovliviiovat zménou sily a symetrie ligandového pole, ¢ehoz bylo dosazeno
pfedev§im dvéma zplsoby: (i) vyménou axidlnich koligandi a (ii) modifikaci
makrocyklického skeletu 15-pyNs3O:2 pendantnimi rameny obsahujici funkéni skupiny
S riznymi donor-akceptorovymi vlastnostmi (raciondlni design ligandu). V ramci prvniho
postupu bylo piipraveno nékolik Co!' komplexi, které se chovaly jako polem indukované
SMMs a také byl pripraven jeden SCM na bézi polymerniho Fe'!' komplexu s miistkujicim
azidovym koligandem. Se zménou axidlnich ligandl dochazelo ke zméné magnetické
anizotropie (Co" komplexy), ovsem tento efekt nedosahoval takové efektivity, jak se
predpokladalo. Druhym postupem byly zatim pfipraveny tii derivaty ligandu 15-pyNsOz,
které vytvately také pentagonalné bipyramidalni komplexy (Mn'", Fe' Co" a Ni'")
S funkénimi  skupinami  pendantnich ramen (pyridin, benzimidazol, karboxylat)
koordinovanymi v axialnich polohach. Zménou funk¢ni skupiny byla ovlivnéna/zvysSena
magnetickd anizotropie vyrazngj$im zpiisobem. Vsechny Co!' komplexy se také chovaly jako
polem indukované SMMs, ovSem bliz§i vysvétleni rizné zastoupenych/intenzivnich
pfispévkl jednotlivych mechanismi relaxace magnetizace (pfimy, Ramaniv, Orbachiv,
QTM) bude jeste vyzadovat dalsi studium.

Pro vétsinu studovanych komplexi byly provedeny teoretické ab initio vypoéty, které
pomohly vysvétlit vztah mezi velikosti ligandového pole v axidlnim a ekvatoridlnim sméru a
velikosti magnetické anizotropie vyjadiené parametry D a E. Vysledkem je zjisténi, Ze aby
bylo dosazeno vétsi magnetické anizotropie pro komplexy Fe', Co' a Ni', bude zapottebi
piredevSim snizovat a symetrizovat silu ekvatoridlniho ligandového pole (konkrétni zplsob

realizace bude spocivat v racionalnim navrhu vhodnych/novych ligandi).
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Déile bylo prokdzano, ze Fe'' komplexy s makrocyklickymi ligandy, konkrétng
S pyridinovym derivatem cross-bridged cyklamu, zachovavaji SCO efekt i pro razny typ
protiiontu. Také byly pfipraveny dva bifunk¢ni ligandy (jeden ve formé prekurzoru), které by
mohly byt vhodné pro komplexaci Fe'' a dalsiho iontu pfechodného kovu nebo lanthanoidu, a
tim by byl SCO efekt zkombinovan s jinou magnetickou vlastnosti v tzv. multifunkénim
magnetickém materidlu. Bohuzel Fe!' komplex prvniho ligandu byl ve vysokospinovém stavu
a SCO efekt nevykazoval, koordina¢ni vlastnosti druhého ligandu nebyly prozatim podrobnéji
prozkoumany. Vyzkum zabyvajici se ptipravou takovych multifunk¢nich materialti i nadale
pokracuje, pfestoze se tato cesta celkove jevi jako pomérné naro¢na.

Zavérem lze obecné fici, ze se potvrdil Gvodni piedpoklad, a to Ze studované
makrocyklické ligandy 1ze chapat jako vhodné univerzalni stavebni prvky, protoze samotné
ligandy, jakoz i ptfipravené¢ komplexy, Ize jednoduse modifikovat a tim ovliviiovat, v tomto
konkrétnim piipad€é, magnetické vlastnosti pfipravovanych komplexnich sloucenin. Diky
tomu muze byt uz tak Siroké spektrum aplikaci makrocyklickych ligandl jesté rozsifeno.
Navic jsou vysledky této prace dulezité v tom smyslu, ze piispivaji k pochopeni a nalezeni
vztahu mezi strukturou latky/komplexu a ZFS parametry popisujici magnetickou anizotropii,
tj. prispivaji k nalezeni klice, pomoci kterého by bylo mozné racionalné upravovat/ladit tyto
parametry, protoze zatim (piestoze uz byly publikovany urcité magneto-strukturni korelace)

se takovy kli¢ stale hleda.
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ABSTRACT: A series of first-row transition metal complexes
with 15-membered pyridine-based macrocycle (3,12,18-triaza-
6,9-dioxabicyclo[12.3.1]octadeca-1(18),14,16-triene = L) was
prepared ([M"(L)Cl,], where M = Mn, Co, Ni, Zn (1, 3, 4, 6);
[Fe"(L)CL]CI (2), [Cu™(L)CI]Cl (5)) and thoroughly
characterized. Depending on the complexated metal atom,
the coordination number varies from 7 (Mn, Fe, Co), through
S + 2 for Ni and 4 + 1 for Cu, to S for Zn accompanied by
changes in the coordination geometry from the pentagonal
bipyramid (1—4) to the square pyramid (S and 6). Along the
series, the metal—oxygen distances were prolonged in such
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manner that their bonding character was investigated, apart from X-ray structural analysis, also by ab initio calculations (Mayer’s
bond order, electron localization function), which confirmed that, in 4 and S, two and one oxygen donor atoms are
semicoordinated, respectively, and one and two oxygen atoms are uncoordinated in $, and 6, respectively. On the basis of the
temperature variable magnetic susceptibility measurements, 1 and 2 behave as expected for 3d® high-spin configuration with
negligible zero-field splitting (ZFS). On the other hand, a large axial ZFS (D(Co) ~ 40 cm™', D(Ni) ~ —6.0 cm™") was found for
3 and 4, and thombic ZFS (E/D = 0.15) for 4. Antiferromagnetic exchange coupling was observed for 4 and § (J(Ni) = —0.48
cm™, and J(Cu) = —2.43 cm™’, respectively). The obtained results correlate well with ab initio calculations of ZFS parameters as
well as J-values, which indicate that the antiferromagnetic exchange is mediated by hydrogen bonds. The complexes were also
investigated by cyclic voltammetry in water or acetonitrile. A quasi-reversible couple Mn(II)/Mn(III) at 1.13/0.97 V, an almost
reversible couple Fe(II)/Fe(III) at 0.51/0.25 V, and a one-step/multistep reduction/oxidation of Cu(II) complex 5§ at —0.33 V/

0.06—0.61 V were detected.

Bl INTRODUCTION

Pyridine-containing macrocycles, in which the pyridine unit
represents a part of the macrocyclic scaffold, are widely studied
compounds due to their specific coordination abilities. Among
such a large number of macrocycles with a different size of the
macrocyclic cavity, that is, varying from 12 to 20 ring members
and variable donor atoms, our attention has been devoted
mainly to the derivatives of 15-membered macrocyclic ligands
containing three nitrogen and two oxygen donor atoms in the
ligand scaffold. The most common representatives of these
ligands are in complexes whose X-ray crystal structures are the
most abundant in the Cambridge Structural Database (CSD) ;!
they are shown in Figure 1. According to the decreasing
number of references regarding each of the compounds,
including the metal complexes, they can be ordered as follows:
15-pydienN;0,°""*  3,12,18-triaza-6,9-dioxabicyclo[12.3.1]-
octadeca-1(18),14,16-triene (15-pyN;0,, L),"”>* 15-pydion-
N302,23_26 Me2—15pyN302,27’28 (15—pydienN302)2,29 L1, and
L2.*° The above-mentioned ligands were used to complex
different d-block transition metals as well as f-block lanthanides,
and usually crystal structures and magnetic properties in the

-4 ACS Publications  © 2015 American Chemical Society
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solid state were investigated, but also some experiments in
solution regarding their redox properties,” their thermody-
namic/kinetic stabilities,”® or their efficiency as magnetic
resonance imaging (MRI) contrast agents were performed.22
The most variable group of compounds is that of the metal
complexes of 15-pydienN;O,. The mononuclear complexes
with Mg(II), Fe(II), Mn(II), and Co(II), as well as with Y(1)°
or few lanthanides,” were prepared. Usually the coordination
number (CN) of 7 was found in the complexes, and the two
axial positions of the pentagonal bipyramidal coordination
sphere were occupied by different small monovalent ligands, for
example, CI~, H,0, SCN~, or CN~ (Figure 2). Concerning the
mononuclear complexes, the main attention was devoted to
[Fe(15-pydienN;0,)(CN),]-H,0, which shows spin crossover
with the spin transition temperature of 159 K** and light-
induced electron spin state trapping effect (LIESST) at
Tussst) = 135 K related to one reversible iron—oxygen bond
break.”> The most recent research has been focused on
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Figure 1. Structural formulas of the most common and discussed 15-membered pyridine-containing ligands with five donor atoms in the ligand
scaffold and other selected ligands providing heptacoordination in their metal complexes.
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Figure 2. Schematic illustration of coordination modes of discussed
ligands previously observed in mononuclear (left) and polynuclear
(right) complexes. The dashed lines connecting the donor atoms
represent the ligand scaffold. Z = a small monodentate ligand, M =
variable metal atom, spheres represent different types of cyanidome-
tallates: [M'(CN),], [M"(CN),]*", [M™(CN)(]*~ (M" = Ag, Au; M"
= Ni, Pd, Pt; M = Fe, Cr, Co).

polynuclear heterometallic one-dimensional (1D) chains or
two-dimensional (2D) layers formed upon axial coordination of
bidentate bridging units particularly based on cyanidometallates
(Figure 2). The cyanido-bridged [Mn"— MYM_Mn"] hetero-
trinuclear complexes were prepared by bridging the [Mn(15-
pydienN;0,)] building block by [M(CN)¢]*/*>~ where M =
Fe(n),9 Fe(IlI), Cr(1I), Co(III).” An antiferromagnetic
exchange interaction was found between Mn(II) and Cr(IIl),
and a ferromagnetic one was found between Mn(II) and
Fe(III). When the same [Mn(15-pydienN;0,)] building block
was bridged by [M(CN),]”, where M = Au(I) or Ag(I),"°
heterometallic 1D chains were formed, and a very weak
antiferromagnetic interaction between neighboring Mn(1I)
atoms bridged by the diamagnetic NC—M—CN unit was
observed. Using [M(CN),]*~, where M = Ni(II), Pd(II), Pt(II)
as a bridging unit, gave rise to a 1D chain without any
significant magnetic interaction between Mn(II) atoms.”
Besides Mn(II), other metal ions were also complexated by
15-pydienN;0,; for example, Fe(II) in a cyanido-bridged Fe''—
Mn" 1D chain exhibited spin crossover as well as LIESST
effect,'” and Co(Il) in [Co(15-pydienN;0,)],[Cr™(CN)]
trinuclear complex, which self-assembled into chiral nano-
tubular structure, which consists of interlocked single and
double helices, exhibited ferromagnetic coupling between
Co(II) and Cr(III) (J =12 cm™) and ferromagnetic ordering
below 12 K.'” The trinuclear complex based on two [Fe'(15-
pydienN;0,)(H,0)] units bridged by [Cr(CN),]*~ was found
to be the first Fe(II) cyanido-bridged single-molecule magnet
(SMM) with a large anisotropy barrier (U = 44.3 K). '® Except
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for cyanidometallates, other bridging units were used to
connect the pentagonal [M(15-pydienN;0,)] planes (deriva-
tives of 1,2-bis(pyridine-2-carboxamido)benzenate'* or [Fe-
(salen)(CN),] ™, where Hysalen = N,N’-bis(salicyl)-ethylenedi-
amine).

To the best of our knowledge, there exist only two Mn(II)
complexes of L.*> Their structures are similar to those with 15-
pydienN;O, with the coordination number of 7 for Mn(II) and
two chlorides or one chloride and one water molecule
coordinated in the axial positions of the pentagonal bipyramid.
Additional characterization of the complexes was performed
only in solution (characterization of potential MRI contrast
agents), magnetic properties were described by NMR measure-
ments, and quasi-reversible oxidation at high potential 1.2 V (vs
standard hydrogen electrode (SHE)) in aqueous solution was
found.”* Only one complex of a bimacrocyclic ligand (15-
pydienN;0,), with Mn(II) was previously described,” with
CN of 7 for Mn(II) and one water molecule and one chlorido
ligand in axial positions. The investigation of magnetic
properties revealed a weak intramolecular antiferromagnetic
exchange between the two Mn(II) atoms. In the case of more
rigid ligands L1 and L2, their Cu(II), Co(II), and Ni(II)
complexes were studied; mainly, the influence of the arrange-
ment of the donor atoms in the ligand on the thermodynamic
stability of Cu(Il) complexes (complex with L1 was more
stable than that with L2) and crystal structures of Cu(1I) and
Ni(II) complexes of L2 with CN of 6 for both metals was
described.*

The 15-pydionN;0, ligand was studied previously only in
the case of a Ca(Il) complex, in which Ca(Il) is situated
outside the macrocyclic cavity and coordinated by four amide-
oxygen atoms coming from four ligands.** Next work was done
on structurally similar ligand 15-pydionN; having five nitrogen
donor atoms in the ligand scaffold whose Fe(1I) and Fe(III)
complexes with pentagonal bipyramidal geometry were
prepared.’** In the Fe(IIl) complex, a high-spin (HS) state
and spin crossover to a long-range antiferromagnetic order at T
< 3.2 K occurred. The negatively charged deprotonated amide
groups stabilized the oxidation state +III of iron (E(Fe™L/
FelL) = —0.57 V vs standard calomel electrode (SCE)).*!
Similarly in the Fe(Il) complex, Fe(II) was found in HS state
all over the temperature range without any long-range magnetic

DOI: 10.1021/ic503054m
Inorg. Chem. 2015, 54, 3352—-3369


http://dx.doi.org/10.1021/ic503054m

Inorganic Chemistry

ordering at low temperature, and the measured redox potential
was identical to that for Fe(IIl) complex.*>

Besides the 15-membered pyridine-based macrocycles
discussed above, other ligands (Figure 1, L3—L6), whose
complexes have a rather unusual heptacoordinated central
transition metal atom, were described previously. It has been
found that mononuclear Co(II) and Ni(II) complexes of the
pyridine-based Schiff bases L3 and L4>***or derivatives of 1,10-
diaza-15-crown-5 LS and L6>° show large magnetic anisotropy
demonstrated by a large positive and negative value of axial
zero-field sphttmg (ZFS) parameter for Co(II), and Ni(Il),
respectively.>>> On the basis of the negative D-value for Ni(II)
complexes of L3 and L4, the building unit [Ni(L3)]**/
[Ni(L4)]** was combined with [W(CN)g]*~ forming a
pentanuclear {N13W2} complex that behaved as a single-
chain-magnets (SCM). 36

In this paper, the coordination ability of a rarely utilized 15-
membered pyridine-based macrocyclic ligand L is investigated
on a new series of complexes of selected first-row transition
metals (Mn(II), Fe(III), Co(II), Ni(II), Cu(II), and Zn(II)),
because no complexes of this ligand, except for two complexes
with Mn(II),”> were described previously. The determined
molecular and crystal structures of all the complexes are
discussed in detail and correlated with their magnetic properties
in the solid state. The experimentally obtained findings are
compared with results of ab initio calculations regarding the
chemical bonding between metal atoms and the ligands donor
atoms, the ZFS tensor parameters, and the intermolecular
magnetic interactions. The magnetic data in solid state are
compared with those in solution, and the redox behavior of the
studied complexes is investigated by cyclic voltammetry.
Thorough characterization of this series possesses an
observation of several well-marked trends and correlations,
which could give better insight into the coordination chemistry
and magnetochemistry of complexes with pyridine-based
macrocyclic ligands and which would help in the seeking of
compounds with desirable magnetic properties and application
potential.

B EXPERIMENTAL SECTION

Materials and Syntheses. The ligand L was synthesized
according to the literature procedure described elsewhere.”” All the
solvents (Penta, Prague, Czech Republic) and other chemicals were
purchased from commercial sources (Across Organics, Geel, Belgium
and Sigma Aldrich, St. Louis, MO, USA) and used as received.

[Mn(L)CI,] (1). L (0.250 g, 1.00 mmol) was dissolved in 25 mL
round-bottom flask in 2.5 mL of methanol (MeOH). The solution of
MnCl,-4H,0 (0.195 g, 1.00 mmol) in 2.5 mL of MeOH was added,
and the mixture was heated under reflux for S min. If any precipitate
formed, it was filtered through Millipore syringe filter (0.4S um).
Diethylether (Et,O) was slowly added dropwise to a stirred solution of
the complex until precipitate formed and the color of the solution
faded. The precipitate was removed by filtration on a glass frit, washed
twice with 10 mL of Et,O, and stored in vacuum desiccator over KOH
for 2 d. The complex was obtained as pale brown powder (0.22 g, yield
55.7%). Mass spectrometry (MS) m/z (+): 341.08 [Mn(L)CI]*. Anal.
Calced (%) for Ci3H,,CL,N;0,Mn-H,0 (1-H,0): C, 39.51; H, 5.87;
N, 10.63. Found C, 39.65; H, 5.48; N, 10.19.

[Fe(L)CI,]JCI (2). All the complexes were prepared similar to the
procedure described above for the Mn(II) complex (1). The product
was obtained as a dark yellow crystalline solid (0.26 g, yield 55.6%).
MS m/z (+): 305.02 [Fe(L—2H)]*, 340.98 [Fe(L—H)CI]*, 376.94
[Fe(L)CL]*. Anal. Caled (%) for C;3H,,Cl;N;0,Fe-3H,0-CH,0H
(2:3H,0-CH,0H): C, 33.66; H, 625; N, 8.41. Found: C, 33.40; H,
6.12; N, 8.53.
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[Co(L)Cl] (3). The product was obtained as a violet powder (0.24 g,
60.1%). MS m/z (+): 345.05 [Co(L)CI]*. Anal. Caled (%) for
C,5H,,CLN;0,Co-H,0 (3-H,0): C, 39.12; H, 5.81; N, 10.53. Found:
C, 39.14; H, 546; N, 10.13.

[Ni(L)Cl,] (4). The product was obtained as a green powder (0.20 g
yield 52.5%). MS m/z (+): 344.02 [Ni(L)Cl]*. Anal. Calcd (%) for
C,5H,,CLLN;0,Ni (4): C, 40.99; H, 5.56; N, 11.03. Found: C, 40.72;
H, 5.66; N, 10.62.

[Cu(L)CIICI (5). The product was obtained as a dark blue crystalline
solid (0.20 g, yield 51.8%). MS m/z (+): 349.00 [Cu(L)Cl]*, 734.89
[Cu,(L),CL]". Anal. Caled (%) for C;3H,,CL,N;0,Cu (8): C, 40.47;
H, 5.49; N, 10.89. Found: C, 40.11; H, 5.80; N, 10.66.

[Zn(L)Cl,] (6). The product was obtained as a white microcrystalline
solid (0.21 g, yield 68.2%). MS m/z (+): 314.24 [Zn(L—H)]*, 350.27
[Zn(L)CI]*. Anal. Calcd (%) for C;3H,,CL,N;0,Zn (6): C, 40.28; H,
546; N, 10.84. Found: C, 40.26; H, 5.55; N, 10.27.

Physical Methods. Elemental analysis (C, H, N) was performed
on a Flash 2000 CHNO-S Analyzer (Thermo Scientific, Waltham, MA,
USA). Infrared (IR) spectra of the complexes were recorded on a
Thermo Nicolet NEXUS 670 FT-IR spectrometer (Thermo Nicolet,
Waltham, MA, USA) employing the ATR technique on a diamond
plate in the range of 400—4000 cm™". The mass spectra were collected
on an LCQ Fleet Ion Mass Trap mass spectrometer (Thermo
Scientific, Waltham, MA, USA) equipped with an electrospray ion
source and three-dimensional (3D) ion-trap detector in the positive
mode. Simultaneous thermogravimetry (TG) and differential thermal
analysis (DTA) were carried out using an Exstar TG/DTA 6200
thermal analyzer (Seiko Instruments Inc., Torrance, CA, USA) with a
dynamic air atmosphere (100 mL min™") in the temperature interval
of 25—900 °C with the heating rate 5.0 °C min~'. Temperature
dependence of the magnetization at B = 0.1 or 1.0 T from 1.9 to 300 K
and the isothermal magnetizations at T=2.0and .0 KuptoB=5T
were measured using MPMS XL-7 SQUID magnetometer (Quantum
Design Inc, San Diego, CA, USA). The experimental data were
corrected for diamagnetism.

X-ray Diffraction Analysis. Single crystals of complexes 1-
2CH;0H, 2-2H,0, 3-2CH;0H, 4, $, and 6 suitable for X-ray analysis
were prepared by a vapor diffusion of Et,O into the MeOH solution of
the appropriate complex at 5 °C, except for the complex 6, which
crystallized when its hot aqueous solution cooled to room temper-
ature. X-ray single-crystal diffraction experiments for all the complexes
were performed on an Oxford Diffraction Xcalibur2 diffractometer
equipped with a Sapphire2 CCD detector using Mo Ka radiation. The
CrysAlis software package (Version 1.171.33.52, Oxford Diffraction
Ltd.)*® was used for data collection and reduction. The molecular
structures were solved by direct methods and refined by full-matrix
least-squares techniques using SHELX97.>® All non-hydrogen atoms of
all the complexes were refined anisotropically. Hydrogen atoms of all
the compounds were found in the difference Fourier maps and refined
using a riding model, with C—H = 0.95 (CH),, C—H = 0.99 (CH,),
and C—H = 0.98 (CH;) A and with U, (H) = 1.2Ueq(CH, CH,) and
1.5U,(CH;), except for those belonging to N—H groups, which were
reﬁned freely in most cases. The Ni, Cl1, and CI2 atoms in 4 are
disordered over two positions with the occupancy factors of 0.876(7)
and 0.124(7). The structures of all the studied complexes, depicted in
Figures 3, 4, S, 6 and Supporting Informatlon, Figure S3, were drawn
using the Mercury and Diamond software.*’

Theoretical Methods. The ab initio theoretical calculations were
performed using the ORCA 3.0.1 computational package.*' The
relativistic effects were included in all the calculations using the scalar
relativistic contracted version of def2-TZVP(-f) basis functions** and
with zero order regular approximation (ZORA). 3

The single-point energy calculations based on X-ray geometries
were done using the B3LYP functional.** The isotropic exchange
constants | were calculated by comparing the energies of HS and
broken-symmetry (BS) spm states utilizing both Ruiz’s approach® and
Yamaguchi’s approach*® by comparing the energies of HS and BS spin
states. In all the cases the calculations were based on the experimental
X-ray structures, but the hydrogen atom positions were optimized
when these atoms were involved in a magnetic coupling path using the
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Figure 3. (A) Molecular structure of [Mn(L)CL]-2CH;OH (1
2CH;O0H). The solvent molecules were omitted for clarity. Non-
hydrogen atoms are drawn as thermal ellipsoids at the 50% probability
level. (B) Part of the crystal structure of 1-2CH;OH showing 7—rx
stacking and N—H:--Cl, O—H--Cl, and C—H---Cl noncovalent
contacts (red dashed lines, view along ¢ axis). (C) View on the
packing of the 2D-sheet structure in 1-2CH;OH (red dashed lines
represent the above-mentioned contacts). Hydrogen atoms not
involved in these contacts were omitted for clarity.

B3LYP functional and atom-pairwise dispersion correction to the
density functional theory (DFT) energy with the Becke—Johnson
damping (D3BJ).*

The calculations of ZFS parameters were performed using state
average complete active space self-consistent field (SA-CASSCF)*
wave functions complemented by N-electron valence second order
perturbation theory (NEVPT2).* The active spaces of the CASSCF
calculations on metal-based d-orbitals were defined as follows:
CAS(S,5) for Mn(II) and Fe(IIl), CAS(7,5) for Co(II), CAS(8,5)
for Ni(II), and CAS(9,S) for Cu(II). In the state-averaged approach all
multiplets for given electron configuration were equally weighted. The
ZFS parameters, based on dominant spin—orbit coupling contribu-
tions from excited states, were calculated through quasi-degenerate
perturbation theory (QDPT),* in which an approximation to the
Breit—Pauli form of the spin—orbit coupling operator (SOMF
approximation)®" and the effective Hamiltonian theory®” were utilized.

All the above-mentioned calculations utilized the resolution of
identity (RI) approximation with the decontracted auxiliary def2-
TZV/] or def2-TZV/C Coulomb fitting basis sets and the chain-of-
spheres approximation to exact exchange.*® Increased integration grids
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Figure 4. (A) Molecular structure of the [Fe(L)CL]* complex cation
in [Fe(L)CL]Cl-2H,0 (2:2H,0). The crystal water molecules and
chloride counterion were omitted for clarity. Non-hydrogen atoms are
drawn as thermal ellipsoids at the 50% probability level. (B) Part of the
crystal structure of 2-2H,0 showing 7—7 stacking and N—H---O, O—
H---Cl, and C—H:--Cl noncovalent contacts (red dashed lines, view
along b axis). (C) View on the packing of 2-2H,0 down the ¢ axis (red
dashed lines represent the above-mentioned contacts). Hydrogen
atoms not involved in these contacts were omitted for clarity.

(GridsS for DFT and Grid4 for CASSCF in ORCA convention) and
tight SCF convergence criteria were used in all calculations.

The Multiwfn 3.3.5 (A Multifunctional Wavefunction Analyzer)>*
was used to analyze the results from single-point energy calculations
(B3LYP+ZORA/def2-TZVP(-f)) to quantify bond order using
Mayer’s bond analysis®> and also by electron localization function
(ELF)*® based on topology analysis technique proposed by Bader.*”

The spin densities were visualized with the help of program
GABEDIT>® and POV-Ray.*’

Solution Studies. The bulk magnetic susceptibility (BMS)
measurements were performed on a 400 MHz Varian spectrometer
at 298 K. Samples in 5 mm NMR tubes contained S mM complex and
5% t-butanol by volume in D,O (or CD;0D) and an insert NMR tube
containing 5% t-butanol by volume in D,0 (or CD;0D).

The cyclic voltammetry was performed on electrochemical analyzer
CHI600C (CH Instrument Inc., Austin, TX, USA). A conventional
electrochemical three-electrode-type cell was used with a Ag/AgCl or
Ag/Ag" reference electrode, a platinum wire auxiliary electrode, and a
glassy carbon working electrode. The final potential values referred to
SHE were obtained using the relation between the two reference
electrodes: Ag/AgCl electrode (saturated KCIl) versus SHE = +198
mV or using internal ferrocene/ferrocenium standard (E, ;, = 0.665 V).
The measurements were performed in aqueous solutions in the
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Figure 5. (A) Molecular structure of [Ni(L)CL] (4), the second parts
of the disordered Ni and ClI atoms are omitted for clarity. The dashed
lines between Ni and O atoms represent semicoordination. Non-
hydrogen atoms are drawn as thermal ellipsoids at the 50% probability
level. (B) Part of the crystal structure of 4 showing N—H:-Cl
hydrogen bonds (red dashed lines). (C) View on the packing of 4 (red
dashed lines represent N—H:-Cl and C—H---Cl noncovalent
contacts). Hydrogen atoms not involved in these contacts were
omitted for clarity.

presence of 0.1 M KCI or in acetonitrile (MeCN) solution in the
presence of 0.1 M tetrabutylammonium perchlorate (TBAP) as a
supporting electrolyte with scan rate of 100 mV s™' for § X 107> M
concentration of the complexes.

B RESULTS AND DISCUSSION

Syntheses and General Characterization. The ligand L
was synthesized according to the previously described literature
procedure.”” All the complexes were prepared by the same
procedure based on mixing free L and the appropriate metal
halide in MeOH in an equimolar ratio and heating to reflux.
Solid complexes precipitated from the solution upon addition
of excess of Et,O. The solubility of Mn(II), Co(II), Ni(II), and
Zn(II) complexes (1, 3, 4, and 6) in MeOH was higher than
that of Fe(III) and Cu(II) complexes (2 and 5), which partially
crystallized from MeOH after the solutions cooled to room
temperature. Measured IR spectra of the ligand L and all the
complexes revealed a similar pattern, as it is shown in
Supporting Information, Figure S1 (a complete list of peaks
for each complex can be found in Supporting Information),
showing the presence of L within the complexes. They all
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contain two medium peaks at ~1440 and ~1470 cm™' and a

sharp doublet at 1600 and 1580 cm™' corresponding to the
wagging vibrations of the pyridine ring. Multiplets at ~2900
cm™! correspond to the CH, stretching vibrations, and the
medium signal assigned to the stretching mode of the two NH
groups is found at ~3200 cm™" (shifted by ~100 cm™ to lower
wavenumbers upon coordination to the metal). Only in the
spectrum of 2, strong absorption bands between 3300 and 3500
cm™! corresponding to the stretching vibrations of crystal water
molecules and broad absorption band at 586 cm™', which could
be assigned to the rocking vibration of water molecule
connected to NH group via hydrogen bond,* have been
observed. The results of simultaneous TG/DTA analyses in a
dynamic air atmosphere are shown in Supporting Information,
Figure S2 for two representative complexes 1 and 2. In the
temperature range of 25—170 °C, a weight loss corresponding
to the elimination of half water molecule, one MeOH molecule,
and half water solvate molecule(s) was observed for Mn(II)
(1), Fe(1II) (2), and Co(II) (3) complexes, respectively (endo
effect in DTA curve at 120 °C was found only for 2). Further
thermal decomposition including loss of the rest of water
solvate molecules proceeded in two/one step without
formation of thermally stable intermediates but with several
endo and exo effects. The decomposition was finished above
600 °C, and the final products were not studied in detail. The
obtained results also indicated that the fast synthetic method (a
precipitation by addition of Et,0) gave complexes with
different types and/or numbers of crystal solvent molecules,
and thus this discrepancy can be seen looking to results of TG/
DTA and X-ray structural data.

Description of Crystal Structures of 1—6. The molecular
structures of all the complexes were determined using single-
crystal X-ray diffraction analysis, and selected crystallographic
data and structural refinement parameters are listed in Table 1.

Mn(ll), Fe(lll), and Co(ll) Complexes (1, 2, and 3).
Complexes 1—3 revealed similar molecular structures. The
molecular structure of 1 is depicted in Figure 3a, while that of 2
is depicted in Figure 4a and that of 3 is in Supporting
Information, Figure S3a. Selected structural parameters are
listed in Table 2. In all three complexes, the central metal atom
adopts pentagonal bipyramidal geometry with the N;O, donor
set forming a planar equatorial plane and two chlorido ligands
coordinated in axial positions. The observed CN of 7 is typical
for Mn(II) and Fe(Ill) complexes with the 1S5-membered
pyridine-based macrocycles with five donor atoms (Figures 2,
33, and 4a), while this CN is rather exceptional for Co(Il)
complexes. The M—N(pyridine) bond is the shortest from all
coordination bonds in 1-3 (2.218(2), 2.155(2), and 2.136(2)
A for 1, 2, and 3, respectively) which is a typical feature also for
all other studied complexes 4—6. In 1, the M—N (aliphatic) and
M-O0 bonds have very similar lengths (2.30—2.32 A), while in
2 and 3 the M—N (aliphatic) distances are a bit shortened
(~0.05—0.1 A) in comparison with the M—O distances. On the
other hand, the pentagonal bipyramid is a little distorted in all
the cases, because the axial M—Cl bonds are ~0.1—0.2 A longer
than the other five coordination bonds to the central metal
atom. Additionally, only Fe(IIl) complex unit has a real twofold
rotation axis (C,) lying on the Fe—N(pyridine) coordination
bond.

The deformation of the pentagonal bipyramidal coordination
environment around the central metal atom in the complex is
usually described by the mean deviation value of all ligand
donor atoms from the least-squares plane formed by central
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A

Figure 6. (A) Molecular structure of the [Cu(L)CI]* complex cation in [Cu(L)CI]Cl (S). (B) Molecular structure of [Zn(L)CL] (6). Non-
hydrogen atoms are drawn as thermal ellipsoids at the 50% probability level. (C, D) Part of the crystal structure of § or 6 showing 7— stacking and
N—H--Cl and C—H:--Cl noncovalent contacts (red dashed lines). Hydrogen atoms not involved in these contacts were omitted for clarity.

Table 1. Crystallographic Parameters of the Studied Complexes

compound

formula
Ml'

color

crystal system
space group
a (A)

b (A)

c (A)

a (deg)
 (deg)

7 (deg)

U A

VA

Deiy g em™
1

3

#, mm~
F(000)
reflections collected

independent reflections

data/restraints/
parameters

goodness-of-fit on P
Ry, wR, (I > 26(I))"
R;, wR, (all data)®

largest diff. peak and
hole, A3

CCDC number

“R, = Y(IF| — IF))/ YIF); wR, = [Xw(E> — E2)*/Zw(F,*)*]"2

1-2CH,;0H
C,sH,,CLN;0,Mn
441.25
colorless
monoclinic
P2,/n
10.1808(2)
16.0983(3)
12.7156(3)
90.00
110.430(3)
90.00
1952.92(8)
4
1.501
0.974
924
18 083
3435
[R(int) = 0.0243]
3435/0/228

1.064
0.0233/0.0633
0.0282/0.0646
0.318 and —0.276

1038350

2:2H,0
C,3H,<CLN,O,Fe
449.56
yellow plate
monoclinic
C2/c
9.2600(2)
22.2181(6)
9.0231(2)
90.00
90.231(2)
90.00
1856.40(8)
4
1.609
1.267
932
8957
1640
[R(int) = 0.0154]
1640/2/133

1.091
0.0190/0.0524
0.0206/0.0531
0.298 and —0.168

1038349

3-2CH,0H
C,5H,6CLN,0,Co
44524

violet
monoclinic
P2,/n
10.0967(5)
16.0801(5)
12.6714(6)
90.00
110.714(6)
90.00
1924.30(14)

4

1.537

1.194

932

17 481

3378

[R(int) = 0.0206]
3378/0/238
1.060
0.0221/0.0584
0.0248/0.0593

0.332 and —0.232

1038347

4
C5H,,CLN,O,Ni
380.94

green
monoclinic
P2,/c
13.0687(3)
7.63859(19)
16.8592(4)
90.00
101.070(3)
90.00
1651.69(7)

4

1.532

1.504

792

14 842

2893

[R(int) = 0.0269]
2893/0/220
1.116
0.0609/0.1689
0.0677/0.1729

2.320 and —0.441

1038351

S
C,3H,,CLN;0,Cu
385.77
dark blue
triclinic
PT
9.3950(3)
9.6921(2)
9.8499(2)
82.7007(19)
65.535(3)
77.518(2)
796.38(4)

2

1.609

1.713

398

7573

2805

[R(int) = 0.0182]
2805/0/198

1.048

0.0226 /0.0586
0.0263/0.0594
0.337 and —0.212

1038348

6
C,3H,,CLN;0,Zn
387.60
colorless
triclinic
PT
7.6819(4)
9.1387(4)
11.5537(4)
91.215(3)
92.602(3)
105.474(4)
780.42(6)

2

1.649

1.923

400

7293

2736

[R(int) = 0.0151]
2736/0/190

1.083
0.0197/0.0528
0.0209/0.0531
0.309 and —0.252

1038352

metal and the donor atoms of the ligand. Its value for 1, 2, and
3 is 0.14, 0.05, and 0.13 A, respectively, which documents that
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the best planar location of the plane-forming atoms is for 2
(Fe(111)), while in 1 and 3 (Mn(II) and Co(II)) it is ~2.5
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Table 2. Selected Bond Lengths (A) and Angles (deg) for All the Studied Complexes

distances 1-2CH,;0H 2-2H,0 3-2CH;0H 4 S 6
M-N1 2.2182(13) 2.1553(17) 2.1363(13) 1.987(4) 1.9250(15) 2.0855(13)
M-N2 2.3086(13) 2.2010(12) 2.2183(13) 2.132(3) 2.0258(15) 2.1858(13)
M-N3 2.3081(13) 2.2224(13) 2.118(3) 2.0305(15) 2.2363(13)
M-01 2.3204(11) 2.2467(10) 2.3382(11) 2.663(3) 2.721(2) 3.113(1)
M-02 2.2980(11) 2.3119(11) 2.506(3) 3.816(2) 4.030(1)
M-Cl1 2.5347(4) 2.3085(3) 2.4637(4) 2.3804(16) 2.2113(5) 2.2966(4)
M-CI2 2.5573(4) 2.4721(4) 2.3908(14) 2.3275(4)

angles
N(1)-M(1)-N(2) 71.86(5) 71.75(3) 73.30(5) 80.05(15) 82.70(6) 77.13(5)
N(1)-M(1)-N(3) 72.43(S) 73.92(5) 80.12(15) 82.27(6) 76.40(S)
N(2)-M(1)-0(1) 73.15(4) 73.28(4) 72.58(4) 69.1(1) 75.20(6)
0(2)-M(1)-N(3) 73.15(4) 72.60(4) 71.7(1)
0(2), 0(1)“-M(1)-0(1) 70.96(4) 70.15(5) 68.94(4) 61.3(1)
N(1)-M(1)-CI(1) 90.74(3) 93.697(10) 91.33(4) 94.95(11) 169.89(5) 159.71(4)
0(2), 0(1)*-M(1)-CI(1) 95.53(3) 88.68(3) 93.58(3) 92.61(9)
N(3), N(2)-M(1)—CI(1) 88.89(4) 89.58(3) 88.97(4) 88.00(10) 98.20(4) 100.48(4)
N(2)-M(1)-CI(1) 94.10(4) 92.74(3) 94.17(4) 93.19(11) 97.26(5) 99.13(4)
O(1)-M(1)-CI(1) 84.30(3) 85.27(3) 83.67(3) 79.59(8) 107.12(3)
N(1)-M(1)-Cl(2) 90.87(3) 92.60(4) 92.00(11) 98.01(4)
0(2)-M(1)-Cl(2) 83.10(3) 83.21(3) 81.56(9)
N(3)-M(1)-Cl(2) 91.52(3) 92.21(4) 93.76(10) 94.62(4)
N(2)-M(1)-Cl(2) 86.47(3) 86.87(4) 87.44(10) 103.68(4)
O(1)-M(1)-CI(2) 94.43(3) 93.04(3) 94.17(9)
CI(1)-M(1)-CI(2) 178.388(16) 172.60(2) 176.070(15) 173.02(6) 102.234(16)
dihedral angles—macrocyclic conformation

N1-CS5—C6—N2 25.0(2) (N1-C3—-C6—N2) 32.5(2) 24.8(2) 24.4(5) —24.4(2) —21.4(2)
N2-C7-C8-01 —60.4 (2) —56.6(2) —58.6(2) —63.0(5) 66.2(2) 72.7(2)
01-C9—-C10-02 59.5(2) (01-C9—C9-01) 55.8(2) 58.1(2) 56.5(5) —65.8(2) —66.8(2)
02-C11-C12-N3 —59.8(2) (01-C8—C7-N2) —56.6(2) —57.8(2) —59.7(4) 64.8(2) 64.7(2)
N3-C13-C1-N1 32.5(2) (N2—-C6—-C3—N1) 27.7(2) 29.8(2) 20.7(5) —4.7(2) -33(2)

“Symmetry code for 3:2CH;0H: —x + 1, y, —z + 3/2.

times higher. The difference in the donor atom arrangement
around the central metal atom could be explained by higher
oxidation state of iron atom, which has smaller ionic radius
resulting in shorter and stronger bonds forcing the more rigid
and thus more planar arrangement. The better planarity of the
ligand-donor atoms is, on the other hand, compensated by
larger twisting of the ethylene and benzylene bridges, which is
apparent from the deviation of the benzyl carbon atoms (C6
and C13) under and above this plane: 0.55 A for 1, 0.74 A for
2, 0.56 and 0.55 A for 3. The obtained deviation values can be
compared only in the case of Mn(II) with the value for complex
with the corresponding Schiff base [Mn(15-pydienN;0,)Cl,]-
H,0 (0.049 A), which illustrates much higher flexibility of the
macrocyclic scaffold of L in comparison with more rigid 15-
pydienN;O,, but in general, good planar location of these six
atoms. The coordination environment of Mn(II) in [Mn(15-
pydienN;0,)CL]-H,0" is very similar and differs only in
shorter Mn—N(imine) distances (~2.25 A).

The molecular structure of Mn(II) complex is very similar to
the previously determined structure of [Mn(L)CL][Mn(L)-
(H,0)Cl]Cl-1.5H,0% in which the same structural unit
[Mn(L)Cl,] was found. The length of Mn—N(pyridine)
bond was found to be nearly identical to that determined for
2:2H,0, that is, 2.218 A, and all the other bonds differed only
negligibly. Crystal structures of other Mn(II) complexes
[Mn(15-pydienN;0,)(NCS),],> [Mn(15-pydienN,0,)(H,0)-
Cl1]ClO,-CH,0H,"* [Mn(15-pydienN;)(H,0),]-4H,0,° Mn-
(15—pydienN5)(HZO)2]~CI(CIO4),61 and [Mn(15-pydienN;)-
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Cl,]-H,0" were previously described as well (for the structural
formulas of the ligands, see Figure 1).

Complexes of L with other transition metals, except for
Mn(II), have not been reported yet; thus, there is no crystal
structure of structurally similar Fe(IIl) complex, despite few
Fe(III) complexes prepared with 15-pydienN;0, and chlorido
coligands.” In CSD, there are deposited some X-ray structures
of Fe(Ill) complexes with different ligands, for example,
[Fe,(15-pydienN;),(OH),0](ClO,),,** [Fe(15-pydienN;)-
(NCS),]Cl0,,%*%* or some Fe(II) complexes, namely, [Fe-
(15-pydienN;0,)(CN),]-H,0,* ([(Fe(15-pydienN;0,)-
(H,0)),Cr(CN)4](C10,]-3H,0,'® [Fe(15-pydionNy)-
(CH;0H),]-CH;0H,** or [Fe(15-pydienN;)(H,0),]-
CI(ClO,).”* The total number of previously described
Co(II)/(IlI) complexes of different 15-membered pyridine-
based macrocycles is much lower than in the case of Mn(II) or
Fe(1II)/Fe(Il). The crystal structures deposited with the CSD
are as follows: [(Co(15-pydienN;0,)),Cr(CN),]ClO,-8H,0"
with CN of 7 for Co(Il) and [Co(15-pyN,-Me,)Cl](ClO,),*
in which CN of Co(III) is only 6.

Noncovalent contacts, especially hydrogen bonds and 7—n
stacking, play a crucial role in the final crystal packing of 1-3.
The crystal structures of 1-2CH;O0H and 3-2CH;OH are very
similar, and both are stabilized by intermolecular hydrogen
bond network. The [M(L)ClL,] units are connected together
through the N—H:--Cl hydrogen bonds into a zigzag 1D chain,
while two CH;OH crystal solvent molecules are linked to the
[M(L)CL] unit via O—H--Cl hydrogen bonds (Figure 3b,
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Table 3. Selected Hydrogen Bond Parameters (A, deg) for Complexes 1—6

D-H- - -A® d(D-H) d(H- - -A) d(D---A)  «(DHA)

1-2CH;0H

N(2)-H(2N)--CI(1)® 0.93 274 3.5555(14) 146
N(3)—H(3N)--Cl(2)“ 0.93 2.50 3.3415(14) 151
0(3)—-H(3V)--CI(1) 0.84 231 3.1302(15) 166
O(4)—H(4W)--CI(2) 0.84 2.34 3.1538(15) 164
C(3)—H(3A)--CI(1)" 0.95 2.8269(4) 3.5276(17) 131
C(3)-H(3A)--Cl(2)* 0.95 2.9172(5) 3.6770(18) 138
2:2H,0

N(2)-H(2N)--0(2) 0.854(18) 2.105(18) 2.8905(17) 153
0(2)—H(2Vv)--Cl(2) 0.822(18) 2.375(19) 3.1951(12) 176
0(2)—H(2W)--Cl(2)* 0.80(2) 2.40(2) 3.1971(13) 174
C(1)-H(1A)--CI(1)™ 0.94(3) 2.86(2) 3.4886(15) 125
3-2CH,0H

0(3) —H(3W)--CI(1) 0.79 2.35 3.1344(15) 172
O(4) —H(4W)--Cl(2) 0.95 221 3.1514(16) 170
N(2) —H(2N)---CI(1)? 0.871(19) 2.843(19) 3.5929(15) 145
N(3) —H(3N)---CI(2)* 0.842(19) 2.597(19) 3.3675(15) 153
C(3)—H(3A)--CI(1)* 0.95 2.8284(4) 3.5376(16) 132
C(3)—-H(3A)--Cl(2)" 0.95 2.9289(4) 3.6930(18) 138

D-H- - -A d(D—H) d(H: - -A) d(D---A) «(DHA)

4

N(2)-H(2N)---CI(2)¢ 0.75(5) 2.69(4) 3.305(4) 142
N(3)-H(3N)--CI(1)° 0.92(5) 2.55(5) 3.290(4) 138
C(3)-H(3A)--CI(1) 0.95 2.8058(16) 3.511(5) 132
C(4)—H(4A)--Cl(2)% 0.95 2.8490(23) 3.630(5) 140
C(3)-H(3A)--0(1) 0.95 2.504(3) 3.289(6) 140
S

N(3)-H(3N)--Cl(2) 0.87(2) 2.29(2) 3.1170(17) 158
N(2)-H(2N)--Cl(2Y 0.89(2) 2.39(2) 3.2140(17) 155
C(2)-H(2A)--CI(1)’ 0.95 2.7499(5) 3.476(2) 134
C(3)-H(3A)--Cl(2)" 0.95 2.7966(5) 3.595(2) 142
6

N(2)—-H(2N)--CI(2)° 0.929(1) 2.5474(4) 3.3254(13) 141
C(3)-H(3A)--Cl(2)? 0.95 2.7446(4) 3.5024(15) 137
C(4)—H(4A)--Cl(2)" 0.95 2.7728(4) 3.7028(18) 166

“Symmetry transformations used to generate equivalent atoms: “x — 1/2, —y + 3/2, z2—=1/2.%=x,—y+ 1, -z + L I+ 1/2, —y+3/2,z+1/2.°—x
+L,—y+ L, —z+ L —y+3/2, 2+ 1/2.%,y+ 1, 2. "—x+3/2,y+ 1/2, =2+ 3/2. —x+ |, =y + 2, —z+ L7—x + 1, =y, —z + 1. 5=, =), —z + L.
lx,y +1,z"—x,—y+1,—z."—x+1,—y+1,—z+ L%—x+2,—y+ 1, —zP—x+1,—y,—z. W+ 1/2, =y + 1/2,z2+ 1/2. "« — Ly, z.x — 1/2, =y +

1/2,z — 1/2. '=x + 1/2, y+1/2, —z+1/2.%=x+ 1, —y+ 1, —z +

1.

Supporting Information, Figure S3b, and Table 3). The two
neighboring infinite chains are connected by face-to-face 7—7
stacking interactions between two pyridine rings of two
[M(L)CL,] units (the centroid---centroid distance = Cg---Cg
= 3.5658(1) A for 1, Cg--Cg = 3.5834(2)A for 3), and the
crystal structure is further stabilized by bifurcated C3—H3A---
ClI1(CI2) noncovalent contact (with the C--Cl distances of
3.528(2) and 3.677(2) for 1, 3.538(2) and 3.693(2) for 3,
respectively) resulting in a separated 2D sheet without any
noncovalent contacts between each other (Figure 3c and
Supporting Information, Figure S3c).

In the case of 2, one positive charge of the complex
[Fe(L)CL]* cation is compensated by one uncoordinated
chloride counterion, which is together with the crystal water
molecules involved in an extensive system of intermolecular
hydrogen bonds (Table 3).

It is clearly shown in Figure 4b that the crystal water
molecules and uncoordinated chloride ions form 1D chain
mediated bY O_Hwater."Cluncoordinated hydrogen bODdS, and the
macrocyclic units [Fe(L)Cl,]* form second 1D chain mediated
by weak z—x interactions (Cg--Cg = 4.5205(1) A) and C—
H, omatic**Cl contacts. These two chains are connected to each
other by a strong N—H-O, hydrogen bond (N:-O =
2.891(2) A), and they alternate in the crystal structure as
shown in Figure 4c.

Ni(ll) Complex (4). The molecular structure of 4 is shown
in Figure Sa, and selected interatomic distances and angles are
given in Table 2. The coordination sphere of Ni(II) differs from
the above-described complexes, because Ni(Il) reveals a
markedly distorted pentagonal bipyramidal geometry. Its CN
could be classified as 5 + 2, because the Ni—N (1.987(4)—
2.132(3) A) and Ni—Cl distances (2.380(2) and 2.391(2) A)
are shortened in comparison with the above-described
structures of complexes 1—3, while the Ni—O distances are
much more elongated (2.506(3) and 2.663(3) A) indicating
strong decrease in stability of Ni—O coordination bonds,
because the mean value of the Ni—O bond distance is only
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2.055 A, and 90% of all the observed Ni—O bonds, as found in
CSD, have length in the range of 1.964—2.144 A. Nevertheless,
there are some examples of Ni(II) complexes in which the Ni—
O distance is close to or exceeds 2.50 A.*

Additionally, Ni(II) atom and both chloride atoms are
disordered between two positions with the occupancy factors of
0.876(7) and 0.124(7). (Note: atoms with higher occupancy
factors were taken into account in connection with the above-
described interatomic parameter evaluations.) The mean
deviation value from the NiN;O, least-squares plane is 0.17
A illustrating the worst planar location of these atoms in
comparison with the all three above-described complexes. The
most deviated atoms from this plane are surprisingly aliphatic
carbon atoms C7 and C12 (0.39 A) together with the benzyl
carbon atoms C6 and C13 (0.37 and 0.38 A).

In the crystal structure of 4, there are N—H---Cl hydrogen
bonds, whose presence results in the formation of 1D chainlike
structure depicted in Figure Sb.

These chains are connected to each other by additional
bifurcated C3—H3A---O1(Cl1) (with C--O and C---Cl
distances of 3.289(6) and 3.511(5)) and C—H,maic-Cl
noncovalent contacts, and thus, these chains form two
alternating layers with parallel arrangement of these chains,
which are rotated by 78° in these two layers (Figure Sc, Table
3). Moreover, there is no evidence for any 7—7 interactions
between any pyridine rings in the crystal structure. Surprisingly,
there is no Ni(II) complex of 15-membered pyridine-
containing macrocycle deposited in the CSD although several
Ni(II) complexes of different 15-membered pyridine-based
macrocycles have been previously prepared.®®®”

Cu(ll) and Zn(ll) Complexes (5 and 6). The molecular
structures of 5 and 6 are depicted in Figure 6a,b, respectively.
In these two cases, drastic change in the coordination
environment of the central metal atom occurs, and the
macrocyclic ligand is markedly folded. All Cu—N bond lengths
are the shortest from all the metal—nitrogen distances within
the studied complexes; Cu—N(pyridine) is the shortest one
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(1.925(2) A), while the other two Cu—N/(aliphatic) bonds have
the length of ~2.03 A. All these distances are ~0.02 A longer in
6. The Cu—O distances are much more elongated, one distance
is 2.721(2) A, resulting in a weak semicoordination bond
(Jahn—Teller effect), usually found for coordination of water,
perchlorato and nitrato ligands or special carboxylates/
sulfonates in Cu(I) complexes (CSD)," and the second
distance is 3.816(2) A, which clearly demonstrates that this
second oxygen atom is not coordinated to Cu(II). The Zn—O
distances are longer than 3 A (3.113(2) and 4.030(2) A), which
indicates no coordination of these atoms to Zn(II). According
to these facts, Cu(Il) and Zn(II) adopt distorted square
pyramidal geometry with CN 4 + 1 and S, and the N;OCI and
N;Cl, donor atom set, respectively. The calculated value of
Addison’s 7 parameter helped us to describe the coordination
geometry more precisely and to distinguish between the square
pyramidal and trigonal bipyramidal arrangement.®® The values
were determined to be 0.09 for § and 0.17 for 6, which suggest
the square pyramidal geometry for each complex. In accordance
with this fact, Cu(Il) or Zn(Il) atom is located only 0.06 or
0.30 A above the MN,Cl least-squares plane.

Similarly to that of 4, the structures of § and 6 do not contain
any solvent molecules; nevertheless, chloride counterions or
chlorido ligands play an important role in the formation of
hydrogen bonds network (Figure 6¢,d and Table 3). Four N—
H:+Clcounterion) hydrogen bonds connect two macrocyclic units
[Cu(L)CI]* into a pseudodimer (similarly two N—H--
Clicoordinatea) hydrogen bonds connect two neutral [Zn(L)Cl,]
units), and these dimers are additionally coupled via 7—x
interaction between the pyridine rings (Cg--Cg = 3.8377(1) A
for § and Cg--Cg = 3.9266(1) A for 6) and via C—H, i+ Cl
noncovalent contact(s) into a 1D chainlike structure (Figure
6¢,d). The crystal structures of the following Cu(II) complexes
with penta-aza macrocyclic ligands have been published to date:
[Cu(15-pyNy)](PF),” and [Cu(15-pyNs-Me,)](PFy),* in
which Cu(II) has CN of 5, while the crystal structures of similar
Zn(II) complexes were determined only for [Zn(1S-
pydienNs)(SCN)2]~C2H4C1270 and [Zn(15-pyNs-Me,)]-
(ClO,),*” with CN of 7 and 5 for Zn(II), respectively.

Comparison of the Crystal Structures of Complexes
1—6. Several trends can be observed when all the determined
crystal structures of the studied complexes are compared. The
metal—donor atom distances depend on the complexated metal
atom, and their variations are displayed in Figure 7. When the
central metal atom is changing from Mn(II) to Cu(Il), the
metal—nitrogen distances are shortening, while they are a little
bit elongated going from Cu(II) to Zn(II). On the other hand,
the metal—oxygen distances are elongating within the whole
series going from Mn(II) to Zn(II). A consequence of these
differences in metal—oxygen and metal-nitrogen distances is the
shifting of the metal from the center of the cavity of the
macrocyclic ligand closer to its part containing nitrogen atoms.
This trend is also illustrated by the value of O—M—O angle
(Table 2), which decreases, depending on the metal atom, from
Mn(II) to Ni(II) (from complex 1 to 4). The above-mentioned
changes could be related to the changing ionic radius of the
complexed metal ion (Table 4),”" and the observed trend is in
good correlation with the Irving—William series. Furthermore,
it was published recently that the Jahn—Teller effect operating
in Ni(II) complexes with CN of 7 could be another reason for
the increase of the metal—oxygen distances.”” Changing the
metal from Mn(II) to Zn(1I) (complex 1 to 6), the macrocyclic
cavity becomes too large for smaller cations, which results in a
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Figure 7. Variation of the metal—donor atom distances (A), Mayer’s
bond order (B), and electron localization function (C) in the studied
complexes depending on the central metal atom.

folding of the macrocycle and reduction of the coordination
number from 7 to 5. Mn(II), Fe(IIl), and Co(II) complexes 1—
3 reveal CN of 7 with the N3O,Cl, donor atom set; Ni(II)
complex 4 is somewhere between this transformation with two
semicoordinated oxygen atoms (CN S + 2, N;0,Cl, donor
atom set) as well as Cu(II) complex § with CN 4 + 1 and one
semicoordinated oxygen atom (N;OCI donor atom set). CN of
S was found in the last-in-row Zn(II) complex 6 with the N,Cl,
donor atom set.

To support our conclusions, the molecular structures of
complexes 4—6 were analyzed by program Shape 2.1 providing
continuous shape measures.”” Any coordination sphere can be
described by an ideal polyhedron that has the lowest deviation
from the real geometry. Thus, the lowest value of deviation for
4 was found for pentagonal bipyramid (from all possible
polyhedra for CN = §, 6, and 7, Supporting Information, Table
S1), square for S, and square pyramid for 6 (all possible
polyhedra for CN = 4, S, and 6, Table S1). Except for 5, the
calculated results are in agreement with our previous
presumption; nevertheless, low values of deviations were
observed also for tetragonal pyramid or octahedron for § or
6, respectively. Therefore, additional ab initio calculations
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Table 4. Dihedral Angles between Planes 1—3“ Together with Donor Atom Deviations and Mean Deviation from the Least-
Square Plane Defined by the Ligand Donor Atoms and the Central Metal Atom

complex 1-2CH,;0H 2:2H,0 3-2CH;0H 4 S 6
dihedral angle (deg)

planel /planeza 12.86 19.86 12.98 7.02 11.73 10.33

planel/plane3” 77.71 70.53 77.10 82.81 85.89 85.95

plane2/plane3” 89.36 89.61 89.59 88.68 77.63 85.47

deviation from the least-squares plane” (A)

metal 0.024 0.000 0.012 0.000 0.057 0.302

N1(py) 0.024 0.000 0.031 0.005 0.144 0.073

N2 0.155 0.047 0.146 0.151 0.095 0.068

N3 0.101 0.047°¢ 0.088 0.167 0.095 0.067

Ol/Cllb 0.215 0.076 0.198 0.251 0.102 0.093

02 0.209 0.076° 0.184 0.262

mean 0.141 0.049 0.129 0.167 0.109 0.075
Mn(1T) Fe(TIT) Co(1D) Ni(11) Cu(1D) Zn (1)

Fon A2 0.83 (6) 0.645 (6) 0.745 (6) 0.69 (6) 0.73 (6) 0.74 (6)
0.90 (7) 0.63 (5) 0.65 (5) 0.68 (5)

“Plane 1 defined by pyridine ring, plane 2 defined by donor atom set (N;0,, N; for § and 6), plane 3 defined by CI-M—Cl bond (Cl-Cu—01 bond

for §). "For 1—4 the least-squares plane defined by MN;0,, for § and 6 by MN;Cl atoms. “In 2 only N2 and O1 are present. “r,.,

= ionic radius for

the ions in HS state, the value in parentheses stands for coordination number, ref 71.

concerning the strength of coordination bonds and coordina-
tion geometries were performed and are discussed later.

In accordance with this finding is the progress of the values
of atom deviations and mean deviation from the least-squares
plane MN;0, listed in Table 4. This deviation is the lowest for
Fe(III) (0.049 A) and increases for Co(II) and Mn(II) (0.129,
and 0.141 A, respectively) to finally reach the largest value for
Ni(II) (0.167 A). The observed trend in the deviations can be
related not only to the changes in the ionic radius of the
complexated metal ions but also to a different charge of the ions
and a different overall symmetry of the coordination spheres.
When Fe(IIl) and Ni(Il) complexes 2 and 4 are compared, the
ionic radii of the ions are similar (Table 4), but Fe(III) has a
larger change than the other ions providing stronger electro-
static attraction between the ion and ligand and thus has the
most symmetrical coordination sphere of the series (the
difference between the maximal and minimal metal—ligand
donor atom distances is only 0.16 A). On the other hand,
Ni(II) complex 4 has lower charge and the most unsymmetrical
coordination sphere in the series, related to the expected Jahn—
Teller effect (the difference in metal-ligand donor atom
distances is even 0.67 A). The two oxygen atoms in 4 are only
semicoordinated and thus have the largest deviation from the
least-squares plane MN;O,. It could be also suggested that, for
smaller cations, the donor atoms need to be closer to the metal,
which could be accomplished by increased folding (rotation) of
the macrocylic scaffold. Other parameters describing the
geometric properties of the complex molecules are dihedral
angles between three planes 1—3 listed in Table 4 (planes
defined by (i) pyridine unit, (i) nitrogen-oxygen donor atom
set, (iii) CI-M—Cl or Cl-Cu—01 bonds). The plane2/plane3
dihedral angles are close to 90°, indicating almost perpedicular
coordination of both chlorido ligands (no side-deformation of
pentagonal bipyramid in axial position), except for S, in which
the lower value of the angle indicates side-deformation of the
apex of the tetragonal pyramid, which is in accordance with the
low value of N2—Cu—O1 angle (75.20°). The planel/plane3
dihedral angles are in the range of 70—85° which illustrates
that the pyridine ring is not perpedicular to ClI-M—Cl or Cl—
Cu—O01 vectors but is turned by 15—30°, and the highest value
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was found in 2, while the lowest value was found in 6. This
twisting of pyridine ring to CI-M—CI(O1) vectors as well as to
nitrogen—oxygen donor atom set is documented by values of
planel/plane2 dihedral angles. The highest torsion was found
in 2 (corresponding to the highest deviation of C6 benzyl
atoms from the plane formed by central metal and all donor
atoms) and the lowest value in 4. This is in correlation with the
mean deviation from the plane defined by all donor atoms and
central metal atom, which has an opposite trend. This finding
confirmed our presumption that the planar arrangement of the
five donor atoms of the macrocycle around the metal center
results in a big torsion of all other bonds in terms of higher
deviation of the whole macrocycle scaffold from the planarity.
This trend can be also illustrated by the values of dihedral
angles listed in Table 2.

Concerning the noncovalent contacts, important intermo-
lecular hydrogen bonds network was found in each crystal
structure. The most important hydrogen bonds were N—H:--O,
O-H--Cl, and N—H--Cl with donor--acceptor distances
ranging from ~3.1 to ~3.6 A indicating their weak bonding
character. Only one strong hydrogen bond N—H-O, ey (N
O distance 2.89 A) was found in 2. The complex units were
usually connected together via these hydrogen bonds or weak
C—H---CI (C--Cl distances from ~3.5 to ~3.7 A) or C—H:--O
(C-+O distance 3.289(6) A) hydrogen bonds as well as via 7—7
interaction between the pyridine rings (not found in 4) always
in slipped (offset) face-to-face alignment (Cg-+Cg from ~3.6 to
~4.5 A), which significantly contribute to the final 3D crystal
packing. Finally the metal---metal distances in each complex
were investigated, and the value of the shortest distance in each
structure increases going from Cu(II) to Fe(III); it later drops
for Mn(II) (see later in magnetic measurements section). In
context of involved noncovalent contacts, the shortest metal---
metal distances were found for complex units connected with
hydrogen bonds (1, 3, 4, and S) or other noncovalent contacts
(2). Thus, these noncovalent contacts play an important role in
additional investigation of magnetic properties of these
compounds (vide infra).

Ab Initio Calculations. Nowadays, there are many
properties that can be thoroughly studied by ab initio
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Table 5. Comparison of Selected ZFS Parameters and g-Factors Determined for Complexes 1—5 Together with the Results of
Magnetic Analysis Using Different Models of the Spin Hamiltonian

compound 1 2 3 4 S
complexed metal Mn(11) Fe(III) Co(11) Ni(11) Cu(II)
electron configuration 3d’ 3d° 3d’ 3d® 3d°
spin state S S/2 5/2 3/2 1 1/2

ZFS values based on CASSCF/NEVPT2 calculations
D (em™) 0.0171 —0.394 45.0 —6.08
E/D 0.112 0.235 0.0433 0.245
&Q 2.000 2.000 2.004 2218 2.068
3 2.000 2.000 2421 2.239 2.071
& 2.000 2.000 2.465 2.275 2.349
The largest isotropic exchange J values based on DFT calculations
7 (em™) —0.11 —0.11 —0.02 —-0.52 —2.49
d(M--M) (A) 6.6268(4) 7.5084(2) 8.6291(4) 6.528(2) 9.6921(4)
Magnetic analysis with the Curie—Weiss law*”
g 2.04 2.10 248 2.28 2.07
0 (K) —0.05 -3.1 -95 -16 -3
Magnetic analysis with a monomeric model”

g 2.05 2,05 Gy = 248 227
D (em™) 40.0 -5.13
E/D 0.33
zj (em™) —0.11 —-0.35 —0.045 —0.84
v (1 X 107° m® mol™) 9.5 10.0

Magnetic analysis with a dimeric model”
J (em™) ~0.093 -027 —0.028 —075 -3.39
g 2.05 2.05 &y = 248 2.27 2.03
D (em™) 40.2 —6.78
E/D 0.12
v (1 X 1072 m® mol™") 9.5 10.0 0.50

Magnetic analysis with a 1D chain model”
T (em™) —0.051 -0.16 —0.018 —048 —243
g 2.0S 2.05 8y = 248 2.27 2.03
D (cm™) 40.0 —6.02
E/D 0.15
v (1 X 107° m® mol™) 9.5 10.0 0.5

“Values for 3 (M = Co) were derived for susceptibility above 50 K. “In case of 3 (M = Co) g, was fixed to 2.0. “Model was not applicable to 5 (M =

Cu), estimated zj < =5 cm™".

theoretical methods, and in this work we used them with the
aim (i) to evaluate the chemical bonding between metal atoms
and ligand donor atoms within this series of compounds 1-6,
(ii) to evaluate the ZFS tensor parameters D and E, and (iii) to
evaluate the intermolecular magnetic interactions. In all these
calculations, the relativistic effects were included with the help
of the scalar relativistic contracted version of def2-TZVP(-f)
basis functions and with zero order regular approximation
(ZORA) using ORCA computational software (see details in
Experimental Section).

From the discussion related to X-ray structures of 1—6
follows that the CN varies between 4 + 1 and 7 within the
reported series of compounds, and there are some cases in
which the assignment based on bond length only is ambiguous.
Therefore, the strength of donor—acceptor bonds within all the
coordination chromophores in complexes 1—6 was evaluated
by DFT calculations using the well-established B3LYP
functional. The single-point energy calculations (B3LYP
+ZORA/def2-TZVP(-f)) were performed for neutral complex
units [M(L)CL,] (1, 3, 4, 6) and complex cations of
[Fe(L)CL]* (in 2) and [Cu(L)CI]* (in §), and subsequently
the geometry-basis-wave function (GBW) file was transformed
to MOLDEN format and analyzed using the Multiwfn program.
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To quantify donor—acceptor bonds within the complexes, the
Mayer’s bond analysis was the first choice, and the results are
summarized in Figure 7b. According to this bond index, the
strongest bonds were calculated between the central metal
atoms (M) and chlorido ligands (M—Cl), medium strength
bonds were between M and nitrogen atoms of the L ligand, and
the weakest ones were found for the M—O bonds. In general,
the pattern found in this plot copies the trend found for M—
Cl/N/O bond lengths very well, which means the shorter bond
length correlates with the higher Mayer’s bond order.
Furthermore, the bond order of the M—O bond type
systematically decreases from iron to zinc metal centers,
crossing to semicoordination (M—O1 for M = Cu) or lacking
any bond at all (M—O1 for M = Zn and M—O2 for M = Cu,
Zn).

Moreover, topological analysis was performed using the total
molecular electronic density p(r) and the Laplacian of
p(r)(V*p(r)) based on atom in molecule (AIM) calculations.
The so-called bond critical points of the type (3,—1) were
located between M—CI/N/O bonds, and in these points, the
ELF was calculated to quantify these donor—acceptor bonds.
The results are plotted in Figure 7c and essentially complement
Mayer’s bond analysis showing the same trends within the
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Table 6. Metal--"Metal Distances Found in the Crystal Structures of Complexes 1—5 in Context of Noncovalent Contacts
Accompanied by Results of DFT Calculations of Magnetic Exchange®

complex 1-2CH;0H 2:2H,0

hydrogen bonds 6.6268(4)

A (ecm™) [—1.346]

J/T (em™) —0.09/-0.11

m—7 interactions 8.7238(4) 8.5920(4)

A (em™) [-0.367] [—0.499]

T/ (em™) —0.02/-0.03 —0.03/-0.04

interchain 7.9151(4) 7.4859(2)

A (ecm™) [-0.173] [—0.845]

/Y (em™) —0.01/-0.01 —0.06/—0.07
7.5084(2)
[-1.435]
—0.10/-0.11

3-2CH,0H 4 5
6.5656(6) 6.528(2) 42366(3)
[-0.008] [-1.046] [-0.318]
0.00/0.00 —0.35/—-0.52 —0.32/-0.64
8.6291(4)

[-0.079]

—0.01/-0.02
7.9998(4) 7.639(2) 7.3285(4)

[0.377] [-0.627] [+0.027]

+0.06/+0.08 —0.21/-0.31 +0.03/+0.05
9.6921(4)
[—1.244]
—124/-2.49
9.8135(4)
[-0.072]
—0.07/-0.14

“M---M distances in angstroms, [A] = Egs — Eyq in inverse centimeters, the isotropic exchange values J?/J¥ in inverse centimeters rounded to two

decimal places.

series. The M—CI/N types of bonds are again the strongest
ones, but now ELF values of M—Cl and M—N bonds are much
closer than in Mayer’s bond analysis. Again, ELF of M—O
bonds decreases from iron to zinc, but in the case of M =
Cu(II), Zn(I), the bond critical points of the type (3,—1) were
not found between M and O2 atoms, simply confirming no
coordination. Despite the absence of sharp drop in ELF values,
we may conclude that the analysis showed that (i) Mn(IL),
Fe(III), and Co(II) atoms have CN 7 with the N;O,Cl, donor
atom set, (ii) the Ni(I) has 5 + 2 coordination mode with the
N;0,Cl, donor atom set, (iii) the Cu(Il) has 4 + 1
coordination mode with the N;OCI donor atom set, and (iv)
the Zn(II) has S coordination mode with the N;Cl, donor
atom set with both the O atoms situated outside the inner
coordination sphere despite the critical point of the type (3,—1)
was found for Zn and Ol indicating ~twofold weaker
interaction in comparison with the Ol semicoordination in
Ni(Il) and Cu(Il) complexes 4 and S.

Such various coordination modes and geometries found in
this series have of course substantial impact also on magnetic
properties of the ground state for the reported compounds 1-5
(M = Mn, Fe, Co, Ni, Cu). (Note: the Zn(II) complex 6 was
excluded form magnetic study owing its diamagnetism.) This is
why we employed the ab initio calculations of ZFS parameters
based on state-averaged complete-active-space self-consistent
field (SA-CASSCF) wave functions accompanied by N-electron
valence second-order perturbation theory (NEVPT2). The
active space of these CASSCF calculations was composed of the
appropriate number of electrons according to metal atom in
five metal-based d-orbitals. The dominant spin—orbit coupling
contributions from excited states led to ZFS tensors and hence
to the determination of axial and rhombic single-ion parameters
D and E, respectively (Table S). The contributions of the
excited states to ZFS terms are summarized in Tables S2—S5
(see Supporting Information). The quasi-degenerate perturba-
tion theory was used to extract information about ZFS, but also
values calculated by second-order perturbation theory are listed
for comparison in Table S6 (see Supporting Information).

The largest D-parameters were found in compound 3 (M =
Co), D = 45.0 cm™, and in compound 4 (M = Ni), D = —6.08
cm™’, while 1 and 2 have IDI less than 1 cm™". The largest
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rhombicity was found for compound 4 (M = Ni), E/D = 0.24S.
The nature and magnitude of the magnetic anisotropy of
Co(Il) and Ni(II) complexes 3, and 4, respectively, is
completely in accordance with the theoretical and experimental
investigations of other heptacoordinated complexes of ligands
L3 and L4.* The origin of the large positive and negative D-
values for Co(II), and Ni(II) complexes, respectively, is related
to the different contribution of excited states to the ground
state; for Co(II) complex all excited states contribute to a
positive D-value, whereas for Ni(II) the contributions are
opposite.”> The axes of ZFS and g-tensors together with
molecular structures are visualized in Supporting Information
(Figure S4). In all cases, both g-tensor and ZFS-tensor axes
coincide; only in the case of compound 1 (M = Mn) there is a
little discrepancy, which however can also be related to a very
small value of the ZFS tensor parameters, hence, to enhanced
numerical noise in extracting ZFS orientation axes. In general,
the main axes of ZFS tensors for M = Mn, Fe, Co, Ni are
approximately located along the CI-M—Cl, N2—M—N3, and
N1—M bonds (Supporting Information, Figure S4). In the case
of M = Cu, the two components of g-tensors lies in the
CuNIN2N3Cl1 plane, almost along N2—Cu—N3 and N1-
Cu—Cl1 bonds, and the last g-component is perpendicular to
this plane. If the main magnetic axis is defined by D-tensor,
then the g-axes for compounds 3 and 4 can be assigned as g,
& =2421,8, =g, =246S, g =g, =2.004for3and g, =g, =
2.239, g, = g =2.218, g, = g3 = 2275 for 4 (Figure, S4, see
Supporting Information).

The last topic to discuss before focusing on experimental
magnetic properties of the reported compounds is the
possibility that intermolecular interactions may lead to non-
negligible magnetic exchange among mononuclear complexes
in solid state. With the aim to estimate such magnetic
interactions through noncovalent superexchange pathways
(hydrogen bonds, m—r stacking), the isotropic exchange
constants | were calculated for various dinuclear moieties
using the BS state approach at the B3LYP+ZORA/def2-
TZVP(f) level of theory. Then, the spin Hamiltonian
postulated for such dimer

A =-J(5S,) (1)
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and the energy difference A between the BS spin state and the

HS state
A = Epg — Eyg ()

were used to calculate J-value either by the Ruiz’s approach

Jt = 20/[(S; + (S + S, + 1)] (3)
or by a more general Yamaguchi’s approach
¥ = 28/[(S%)ps — (S7)ss] (4)

in which also spin-expectation values of HS and BS states are
used.

The outputs of these calculations are summarized in Table 6,
in which A, J& and J¥ are listed for all the relevant dimers
according to the X-ray discussion. The relevant molecular
fragments are visualized in Figure SS (Supporting Information).
To compare the strength of magnetic exchange for systems
with different spins ranging from S; = 1/2 to §; = 5/2, we must
note that J-parameter is not the best one, because we would like
to compare the overall splitting of S-levels resulting from the
isotropic exchange, which means the energy difference between
Smin = 1S; — Syl =0and S, = (S; + S,) levels, which correlates
with above-defined A from DFT calculations. The largest A
values, Al > 1 cm™", were found (i) in a dinuclear fragment of 1
(d(Mn--Mn) = 6.6268(4)), where the N—H---Cl hydrogen
bonds dominates, (i) in a dinuclear fragment of 2 (d(Fe—Fe) =
7.5084(2)), where weak C—H---O and C—H--Cl noncovalent
contacts are present, (iii) in a dinuclear fragment of 4 (d(Ni—
Ni) = 6.528(2)), where N—H---Cl hydrogen bond exists, and
(iv) in a dinuclear fragment of § (d(Cu—Cu) = 9.6921(4)),
where C—H--Cl noncovalent contacts are found. The spin
densities of the last case are depicted for BS spin state in Figure
8. The important output emerged from these calculations is

Figure 8. Calculated spin-density distribution using B3LYP+ZORA/
def2-TZVP(-f) for {[Cu(L)Cl],}*" of 5 (Cu--Cu distance 9.6921(4)
A) for the BS state. Positive and negative spin densities are represented
by violet and yellow surfaces, respectively. The isodensity surfaces are
plotted with the cutoff values of 0.005 eag>.

that the strength of magnetic exchange cannot be solely judged
by metal---metal distance and by type of noncovalent contacts.
This is nicely demonstrated in the case of Cu(II) complex $, in
which the strongest antiferromagnetic exchange was found for
almost the largest Cu--Cu distance (Table 6). To summarize
the J-values, the compounds in presented series can be sorted
by increasing expected antiferromagnetic exchange as follows: 3
<1 <2 <4 <5, which means minimal magnetic exchange J is
estimated for compound 3 (M = Co) and the largest ] for
compound 5§ (M = Cu).

Magnetic Properties. With the aim to extract the spin
Hamiltonian parameters describing the magnetic anisotropy
and eventually intermolecular magnetic exchange from
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experimental magnetization data, several models were applied.
First, the mononuclear spin Hamiltonian (H™°) with
molecular field correction parameter was postulated

A mono

A™ = DS = §7/3) + EG = §) + uyBeS, — 5(8)S,

(42)
where D and E are the single-ion axial and rhombic ZFS
parameters, the next part is the Zeeman term, and the last
component represented with the zj variable is the common
molecular-field correction parameter, which is due to
intermolecular interactions. The (S,) is a thermal average of
the molecular spin projection in a direction of magnetic field
defined as B, = B(sin(6)cos(¢), sin(8)sin(¢p), cos(d)) with the
help of the polar coordinates. Then, the molar magnetization in
a-direction of magnetic field can be numerically calculated as

- _N Zi (Zk Zz Ci-l:(za)klcli) eXP(_ga,i/kT)
ot X, exp(—¢,,/kT) (s)

where Z, is the matrix element of the Zeeman term for the a-
direction of the magnetic field, and C are the eigenvectors
resulting from the diagonalization of the complete spin
Hamiltonian matrix. The inclusion of zj means that iterative
procedure must be applied’” Then, the averaged molar
magnetization of the powder sample was calculated as integral
(orientational) average

2r 3
M, = 1/4n / f M_sinfd0de
0 0

M

(6)

The second model used to interpret experimental data sets
we based on the dinuclear spin Hamiltonian (H)

2
A di = = A 2 A2 A 2 A 2
A= -JG5:8) + 1D, - 87/3) +EG, - 8,)
i=1

+ #pBg. S (7)
where the first term describes the isotropic exchange between
paramagnetic metal atoms with spin S, and the rest of terms
were already explained.

The last model tries to mimic 1D uniformly coupled spin
chain by finite-sized closed ring with following spin
Hamiltonian (H'P)

K-1 K

A 1D 2= =2 A 2 a2
H = —J(5:Sy) - Z J(S:Si0) + Z Di(Si,z -57/3)
i=1 i=1

A 2 A 2 A
+ Ei(Si,x - Si,y ) + ﬂBBgl-Si,a (8)
In the case of the spin Hamiltonians H* and H'P, the molar
magnetization in g-direction of magnetic field was calculated as
d(In(Z
M, = NAkTM
dB )
where Z is the partition function.

To provide the trustworthy parameters by magnetic analysis,
both temperature- and field-dependent magnetization data were
fitted simultaneously and are summarized in Table 5 for all the
discussed models. In some cases, the temperature-independent
magnetism correction yrp; was applied to describe the effect of
either the contribution of excited electronic states, the so-called
temperature-independent paramagnetism (yrpp), or the con-
tribution of traces of magnetic impurities. The magnetic data
for all the compounds 1—5 are depicted in Figure 9 for H'P
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model, and the results for other two models can be found in
Figure S6 (H™") and Figure S7 (H%) in Supporting

Information.

O 1(Mn)
2 (Fe)

0 50 100 150 200 250 300

T(K)

00 05 1.0 1.5 2.0 25
BIT(TIK)

Figure 9. Magnetic data for compounds 1—S. Temperature depend-
ence of the effective magnetic moment (left) and the isothermal molar
magnetizations measured at 2 and S K (right). The empty circles
represent the experimental data points, and the full lines represent the
best fits calculated by H'® model (eq (8)) with parameters listed in
Table S. All data are scaled per one paramagnetic ion.

Mn(ll) Complex (1). Temperature dependence of the
effective magnetic moment for 1 is presented in Figure 9
together with the isothermal molar magnetization data
measured at low temperature (2 and S K). The value of
effective magnetic moment (Ue/1p) is 6.05 at room temper-
ature, and is close to the spin-only value p.q/pp = 5.92 for the
system with S = 5/2 and g = 2.0. A gradual decrease in i g/ g is
observed below 30 K, which can be attributed mainly to the
presence of weak intermolecular noncovalent contacts in the
solid state. The theoretical calculations predicted that the ZFS
on the Mn(II) atom is very small, in a scale undetectable with
magnetometry; thus, we simplified the spin Hamiltonian
models and fitted experimental data with isotropic models (D
=0 and E = 0 were fixed). All applied models described
experimental data in conformity with experimental data; g-
parameter was equal to 2.05, which is expected value for 3d°
spin configuration. In case of HY, the fitted J-value —0.093 cm™
is very close to that derived by DFT (]R/]Y = —0.09/-0.11
cm™"). However, when 1D chain model (H'?) was applied with
K = 7,”* the smaller isotropic exchange was found (J = —0.051
ecm™).

Fe(lll) Complex (2). The magnetic data for 2 are essentially
similar to those for 1 (Figure 9), but the effective magnetic
moment is linearly decreasing from the room temperature value
of 6.20 pp to the value of 5.87 ug at 50 K, which suggests the
presence of a small amount of unknown magnetic impurity.
Subsequent drop of pg/py to 449 g at T = 1.9 K can be
attributed to antiferromagnetic intermolecular interactions and
eventually also to ZFS as evidenced by CASSCF/NEVPT2
calculations. We already demonstrated that in case of weak-
exchange limit also the ZFS parameters of Fe(III) ion can be
estimated from magnetic analysis;”> however, in this case when
the experimental data are affected by unknown magnetic
impurity, we restricted spin Hamiltonians only to the isotropic
case, and the effect of impurity was described by yrp. The zj
and J-values were found a little higher than those for analogous
Mn(II) compound (Table S) despite DFT J-values that were

3365

found similar for both systems, which possibly suggests that the
neglecting of ZFS terms led to overestimation of the isotropic
exchange. This is also supported by the fact that the calculated
isothermal magnetization data at saturation limit are a bit
higher than the experimental ones.

Co(ll) Complex (3). The .4 adopts the value of 4.76 pg at
room temperature, which is considerably higher than the spin-
only value for S = 3/2 and g = 2.0 (u5/ps = 3.87) owing to
substantial contribution of the orbital angular momentum.
When the material cooled, the p /g continuously decreases to
value of 3.65 at T = 1.9 K, which can be explained by a large
ZFS and possibly also by intermolecular interactions. According
to theoretical calculations, the large anisotropy of g-tensor is
expected; thus, g, was fixed to value of 2.0 and g,, was left to be
varied during the fitting procedure. Also, the theoretical
rhombicity of this compound was found negligible, so the
constraint E = 0 was set. In case of monomeric model H™"°,
the zj value of —0.045 cm™' is the smallest one within the
reported series, and in the case of dimeric model HY, the J-
value is equal to —0.028 cm™', which is pretty close to the
theoretical prediction (]R/]Y = —0.01/-0.02 cm™). The Sy =
2.48 is also in good accordance with the calculated average of
2.44 from CASSCF/NEVPT2. The positive D ~ 40 cm™' is
close to calculated value of D = 45 cm™". The 1D chain model
was applied for K = 5, which resulted in 1024 magnetic states.
Because many matrix diagonalizations are needed in calculating
powder average of magnetization, the spin permutational
symmetry of the spin Hamiltonian was applied to construct
new set of symmetry-adapted spin basis set using D point
group.”® Such procedure split the total interaction matrix into
submatrices Al (N = 136), A2 (N = 72), E1 (N = 408), E2 (N
= 408), labeled with the irreducible representations.”” As a
result, ] = —0.018 cm™), Sy = 248, and D = 40.1 cm™! were
found, all parameters close to HY model and also to ab initio
calculated parameters. Additionally, little lower positive D-
values and values of g, were observed for other complexes of
heptacoordinated Co(II) listed in Table 7.

Table 7. Comparison of Selected ZFS Parameters and g-
Factors Determined for Previously Studied Complexes with
Heptacoordinated Central Metal Ion

complex cnlz”1 E/D Ziso Sy ref
[Co(L3)(H,0)(NO;)](NO;) 31 0 222 35
[Co(L5)](NO,),2CH,CN 25 222 33
[Co(L5)](ClO,), 26 2.15 33
[Co(L6)](CIO,), 231 221 34
[Ni(L3)(H,0),](NO,),2H,0 139 011 226 38
[Ni(L4) (NO,)(CH,0H)](NO,) —125 010 222 36

-CH,OH

[Ni(LS)](NOs),-H,0 15 227 33

Ni(ll) Complex (4). The effective magnetic moment at
room temperature, f.q/Ug = 3.22, is significantly higher than
the spin-only value for the system with S = 1 and g = 2.0 (y g/
up = 2.83) for Ni(II) due to orbital momentum contributions.
The abrupt decrease of its value at low temperature below 30 K
is observed ending with 2.07 uy at T = 1.9 K in response to ZFS
effect and intermolecular interactions. The mononuclear H™*"°
and dinuclear H* confirmed important role of intermolecular
interactions, zj = —0.84 ecm™ and J = —0.75 ecm™’, respectively,
even indicating larger antiferromagnetic exchange than DFT
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calculations (J*/J¥ = —0.35 cm™'/—0.52 cm™). However, both
models provided different values of rhombicity, E/D = 0.33 (D
= —5.13 cm™) for H™™ model in contrast with E/D = 0.12 (D
= —6.78 cm™!) for H¥ model. In case of the 1D chain model
H'P, the calculations were done for K = 5, and resulted in ] =
—048 cm™, D = —6.02 cm™', and E/D = 0.15. In all cases, the
axial parameter D of ZFS was found close to value of —6.08
cm™" derived from CASSCF/NEVPT2 procedure. In compar-
ison with other complexes with heptacoordinated Ni(II), the
obtained values of discussed parameters are in the same range
(Table 7), but only the axial parameter D of ZFS is ~2 times
lower than for Ni(II) complexes of nonmacrocyclic Schiff bases
L3 and L4.

Cu(ll) Complex (5). The last paramagnetic compound in
this series is 5, which shows magnetic behavior far from Curie-
like behavior expected for an isolated mononuclear complex
with S = 1/2 (Figure 9). The effective magnetic moment
changes from 1.88 pp (T = 300 K) to 1.08 pp (T = 1.9 K) and
also the isothermal magnetizations do not resemble Brillouin
function. All these deviations from Curie behavior must be the
outcome of intermolecular interactions, which is also supported
by DFT calculations, where largest antiferromagnetic exchange
was found to be J*/J¥ = —1.24 cm™'/~2.49 cm™". Furthermore,
the H™" model was not capable of describing this behavior
(the iteration procedure failed for zj < —S cm™"). The dinuclear
model HY resulted in J = —3.39 cm™, while the application of
H'™ model, with K = 19,”® provided J = —2.43 cm™, which is
close to Yamaguchi’s isotropic exchange constant.

Bulk Magnetic Susceptibility Measurements. To
compare the magnetic properties of complexes 1—5§ in solid
phase and in solution, the effective magnetic moment of each
complex in D,0 or CD;OD was calculated from the BMS
measurement using Evans method.”” Obtained results are in
good agreement with the data in solid state, and thus no change
or decomposition of studied complexes occurred upon
dissolution in D,0 or CD,0D (Table 8). The small differences

Table 8. Comparison of Effective Magnetic Moments®
Obtained from SQUID Measurement in Solid State and
BMS” Measurements in Solution

complex 1 2 3 4 S
tio/ i (solid) 6.05 620 476 322 1.79
s/t (in D,0) 5.63 634 450 2.90 161

Hei/ iy (in CD;0D) 5.67 6.07 435 3.00 1.66

“Values are expressed in Bohr magnetons at 25 °C. PBMS = bulk
magnetic susceptibility.

between the effective magnetic moments in liquid and solid
states could be related to the chlorido ligand substitution by
water molecules in aqueous solution.

The stability of the solution samples was checked by
measurement after one week, and no change in effective
magnetic moment was observed except for 2 in water, for which
the reduced p4 = 3.5 pg was found. This difference is in
correlation with a drop of pD for solution of 2 from initial pD =
7.4 (same for all complex) to 2.3, which would suggest some
complex decomposition resulting in precipitation of some
hydroxo- or oxo-bridged species. Small drop of pD to 5.9 was
observed for §; otherwise, the values of pD were constant for all
other complexes.

Redox Properties. The redox properties of the complexes
1—6 were probed by cyclic voltammetry measurements. The

cyclic voltammograms of Mn(II), Fe(III), and Cu(II)
complexes 1, 2, and S in aqueous solution are depicted in
Figure 10 and in MeCN in Figure 11; other complexes were in

— Mn(1)
---- Fe(2)
~~~~~~ Cu(s)

1/710° A

T T T
-1.0 -0.5 0.0 0.5 1.0 1.5
E/V

Figure 10. Cyclic voltammograms of S mM Mn(II) (1, black), Fe(III)
(2, red), and Cu(II) (5, blue) complexes in 0.1 M KCl (glassy carbon
working electrode, potential referred to Ag/AgCl reference electrode).

Mn(1)
Fe(2)

<

°

- Cu(s)

: . ;
-0.5 0.0 0.5 1.0 1.5
E/V
Figure 11. Cyclic voltammograms of S mM Mn(II) (1, black), Fe(III)

(2, red), and Cu(Il) (5, blue) complexes in 0.1 M TBAP in MeCN
(glassy carbon working electrode, potential referred to SHE).

the measured range electrochemically silent. The obtained
results are listed in Table 9. Quasi-reversible couple Mn(1I)/
Mn(III) was found at relatively high potential E,, = 1.13 V
with a large AE, = 0.28 V in aqueous solution, which is in
agreement with the previously published data for similar
complex,22 andatE;,, =097V (AEP =0.13 V) in MeCN. For
2, a quasi-reversible couple Fe(II)/Fe(IIl) was found in water

Table 9. Results of Cyclic Voltammetry Measurements

water MeCN
complex E, " AEP“ E, " AEP“
1 1133 285 967 129
2 514 221 248 81
S E,, =65 E.q1 = =333 E . q = —141
By = 223
E,; = 609

“All potential values are given in millivolts for a scan rate of 0.1 V
-1
min™".
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(Eij, = 0.51 'V, AE, = 0.22), whereas in MeCN this reduction
wave became reversible (E,/, = 0.25 V, AE, = 81 mV). This
value of E;;, in MeCN is the same as that for [Fe(ls-
pydienN,;0,)CL]CIO, (E, ), = 0.25 V, AE, = 110 or 60 mV)?,
which documents the same redox stability of Fe(III) complex of
L and complex with corresponding Schiff base 15-pydienN;O,.
In case of 5 in water, the cyclic voltammogram describes
complex system with irreversible behavior providing three
oxidation peaks (E,, = 0.06 V, E,, = 022V, E_; = 0.61 V)
and one reduction peak (E,.q = —0.33 V). This peak at negative
potential could be ascribed to the reduction of Cu(Il) to Cu(I),
which is shifted +0.4 V to positive potential in comparison with
Cu(lI) complex with analogous penta-aza-ligand [Cu(1S-
pyNg)]*.% The oxidation of Cu(I) complex is a multistep
process, or probably some chemical reactions proceed on a
Cu(I) complex, because the chlorido ligand can be substituted
by water molecule (in all the complexes); thus, some hydroxo-
or oxo- polynuclear complexes may be formed, and therefore
their oxidation potentials differ significantly. There is only one
irreversible reduction peak at E, 4 = —0.14 V for § in MeCN
corresponding to the reduction of Cu(II) to Cu(I). The quality
of the voltammogram is low due to the low solubility of § in
MeCN, and the irreversibility of the Cu(I)/Cu(I) process
could be mostly caused by insolubility of the Cu(I) product.
Furthermore, the voltammograms of 2 and § in MeCN were
accompanied by almost irreversible oxidation peak (E,, = 1.33
V) together with low-intense reduction peak (E,4; = 1.05 V)
corresponding to the oxidation of chloride anions/reduction of
chlorine, because free chloride counter-ions are presented in
these two complexes, and therefore these peaks have much
higher intensity than in case of the results for 1.

In all the cases the peak potentials for observed couples in
MeCN have lower values than in aqueous solution, which
points to a more facile oxidation of Mn(II) or Fe(Il) in MeCN
than in water. The separation of the oxidation/reduction peaks
was much lower in MeCN than in water. This behavior could
be related to the substitution of the chlorido ligands in axial
positions by solvent molecules, which is much more efficient in
water than in MeCN and which could lead to a formation of
differently substituted aqua-/hydroxo-/oxo- species (some
chemical reactions can take place) in aqueous solution resulting
in quasi-/irreversible behavior of the system.

B CONCLUSIONS

In this work, new complexes of a pentadentate macrocyclic
ligand L with Mn(II), Fe(III), Co(II), Ni(Il), Cu(II), and
Zn(II) (1—6) were prepared and thoroughly characterized. In
the molecular structures of the first four complexes 1—4, the
metal atom is five-coordinated in a relatively planar macrocyclic
cavity with two chlorido ligands in apical positions forming
distorted pentagonal bipyramidal coordination sphere, while in
complexes 5 and 6 the ligand is extensively folded, and the
metal, with coordinated one and two chlorido ligands,
respectively, adopts distorted square pyramidal geometry.
Along the series of the complexes (1—6), the metal—nitrogen
atom distances are reduced from ~2.2 to ~2.0 A, while the
metal—oxygen atom distances are elongated, so that both the
oxygens are semicoordinated (2.506(3) and 2.663(3) A) in 4.
On the other hand, one oxygen is semicoordinated (2.721(2)
A), and the second one stays uncoordinated (3.816(2) A) in 5,
whereas both oxygen atoms are considered as uncoordinated
(3.113(2) and 4.030(2) A) in 6. Therefore the coordination
number is reduced from 7 for 1-3 or S + 2 for4 to 4 + 1 for §
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or § for 6. The findings regarding the bond character were also
supported by DFT calculations using the Mayer’s bond order
and electron localization function. The observed changes in
stereochemistry may be related to a variation of the ionic radius
of the changing metal ion within the series going from Mn (1)
to Zn (6), because the macrocyclic cavity becomes too large for
smaller metal ions, and thus, the ligand is folded with
liberation/decoordination of the oxygen donor atom(s). The
type of the central metal atom as well as its ionic radius also
influences significantly magnetic properties of the complexes
from which the parameters describing magnetic anisotropy and
intermolecular magnetic exchange were extracted. Complexes 1
and 2 behave as expected for 3d°* spin configuration. For 3, a
large positive value of D ~ 40 cm™" was found, also with a very
small negative J-value. For 4, the best fit of data was obtained
for 1D chain model giving a relatively large negative value of D
—6.02 cm™, non-negligible value of rhombicity (E/D =
0.15), and small antiferromagnetic exchange coupling, with ] =
—0.48 cm™". In the case of 5, the best fit was provided using 1D
chain model, which revealed the largest antiferromagnetic
exchange, with ] = —2.43 cm™". According to the obtained
results, the discussed complexes can be sorted by increasing
antiferromagnetic exchange as follows: Co(II) < Mn(Il) <
Fe(1II) < Ni(I) < Cu(II). The obtained ZFS parameters were
correlated well with ab initio calculations (SA-CASSCF
NEVPT2), and the energy difference A between BS and HS
states as well as exchange constants | (B3LYP+ZORA/def2-
TZVP(-f)) were calculated for all the possible M---M distances
to reveal the magnetic interactions through noncovalent
superexchange pathways. The strongest magnetic interactions
were found for the shortest M:--M distances where the two
complex units are connected via a network of strong hydrogen
bonds (complexes 1, 2, and 4). On the other hand, the largest
antiferromagnetic exchange in Cu(Il) complex § was found for
the almost largest Cu---Cu distance, mediated by C—H---Cl
hydrogen bond. To conclude, the presented work showed that
mutual cooperation between experimental techniques and
theoretical methods is essential for better understanding of
electronic and magnetic properties of coordination compounds
based on 15-membered pyridine-based macrocycle ligand L.
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Structural and magnetic properties of
heptacoordinated Mn" complexes containing a 15-
membered pyridine-based macrocycle and halido/
pseudohalido axial coligands+

Bohuslav Drahog, Radovan Herchel and Zdenék Travnicek*

A series of heptacoordinated Mn'" compounds with a pentadentate 15-membered pyridine-based
macrocycle 15-pyNz0,(3,12,18-triaza-6,9-dioxabicyclo[12.3.1]octadeca-1(18),14,16-triene) and two axially
coordinated halido/pseudohalido coligands (X), having a monomeric [Mn(15-pyNzO2)X5] (X = Br™ (1), I~
(2), N3~ (3), NCS™ (4)) or polymeric {[Mn(15-pyNzO2)XI(ClO4)}, (X = CN™ (5)) composition, was prepared
and thoroughly characterized. Single crystal X-ray analysis of 2, 3 and 4 determined the distorted
pentagonal-bipyramidal geometry of the complexes. The analysis of the magnetic data of complexes 1-
4 revealed non-zero values of the axial zero-field splitting parameter D (D] < 0.7 cm™?) and weak
antiferromagnetic intermolecular interactions (molecular field correction parameter zj = —0.1 cm™3). As
for the 1D polymeric complex 5, a small antiferromagnetic exchange coupling was found between Mn"
centres, with J = —1.72 cm™%, The experimentally obtained magnetic parameters (J or zj) were compared
with those theoretically calculated at the DFT level in order to reveal the magnetic exchange pathways in
2-4 and to support the polymeric structure of 5 (J&° = —279 cm™ vs. JR/JY = —2.54/-3.06 cm™%,
when the dinuclear spin Hamiltonian was used). It has been also found that extensive systems of
hydrogen bonds, non-covalent contacts and - stacking interactions present in the crystal structures
of 2, 3 and 4 have an impact on the formation of supramolecular 1D chains, and as a consequence of
this on the magnetic properties of the complexes. Contrary to non-covalent contacts, the influence of

www.rsc.org/advances

Introduction

Despite a long history of chemistry of 15-membered pyridine-
based macrocycles with five donor atoms, which date from
the 1960s and have been recently reviewed,™* these macrocyclic
ligands (mainly those with five nitrogen or three nitrogen and
two oxygen donor atoms) still attain strong interest of coordi-
nation chemists and magnetochemists as well as theoreticians
due to their application potential in molecular magnetism,
various types of sensors, and spintronics.®* Among this rather
extensive group of compounds, our attention has been mainly
focused on the 15-membered macrocycles with a pyridine
moiety incorporated into the macrocyclic ligand scaffold and

Department of Inorganic Chemistry & Regional Centre of Advanced Technologies and
Materials, Faculty of Science, Palacky University, 17. listopadu 12, CZ-771 46
Olomouc, Czech Republic. E-mail: zdenek.travnicek@upol.cz; Fax: +420 585634954;
Tel: +420 585634352

T Electronic supplementary information (ESI) available: Comparison of IR spectra
of the complexes 1-5, TG/DTA results for complex 4, additional X-ray diffraction
analysis data (for complexes 2, 3 and 4) and magnetic data for the complexes
1-5. CCDC 1442331-1442333. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c6ra03754b
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the axial ligands on the magnetic nature of the complexes seems to be negligible.

two oxygen and two secondary nitrogen atoms (15-pyN;O, = L
in Fig. 1). The synthesis of 15-pyN;0, is well known* and it is
based on the cyclization of pyridine-2,6-dicarbaldehyde with
1,8-diamino-3,6-dioxaoctane using Mn" as a template providing
a macrocyclic Schiff base followed by reduction with NaBH,.*
The structural, magnetic and redox properties of the selected
transition metal complexes containing 15-pyN;O, and chlorido
coligand(s), i.e. [M"LCl,] where M = Mn, Co, Ni, Zn, [Fe"™LCl,]Cl
and [Cu"LCI|C], were described recently.’> The coordination
number of 7 was found in [MLCL,]"" (M = Mn", Fe', Co") and
5+ 2 in [Ni"LCl,], where the two chlorido ligands occupied two
axial positions in the pentagonal bipyramid, whereas the
tetragonal-pyramidal coordination environment in [Cu™LCI|CI
and [Zn"LCl,] corresponded to the coordination number of 4 +
1 and 5, respectively.> All metals in the above-mentioned
complexes were in high-spin (HS) states, with § = 5/2 for Mn"
and Fe™, S = 3/2 for Co", S = 1 for Ni", and S = 1/2 for Cu™.
Moreover, a large axial anisotropy was found for Co™ and Ni"
complexes, with D(Co) = 40 cm ™', and D(Ni) = —6.0 cm™*.*
Many Mn" complexes with the structurally similar Schiff
base ligand 15-pydienN;O, (Fig. 1) were studied previously. For
example, the [Mn(15-pydienN;0,)(NCS),]° complex with two

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Structural formulas of the studied ligand (15-pyNzO, = L) and other ligands discussed in the text.

isothiocyanato ligands coordinated in axial positions of the
pentagonal-bipyramid was described. Indeed, the [Mn(15-
pydienN;O,)]** complex unit has been usually coupled into
heteronuclear oligomers of polymeric complexes with different
cyanidometallates [M'(CN),]~,” [M"(CN),]>",® or [M™(CN)¢ ]~ ,**
(M" = Ag, Au; M" = Ni, Pd, Pt; M™ = Fe, Cr, Co), showing
antiferromagnetic exchange interactions between Mn" and
Cr'" ® or ferromagnetic exchange interactions between Mn" and
Fe".® Furthermore, other bridging units like azido or dicya-
namido!! ligands were used to link the Mn" complex of the
pentaaza Schiff base analogue 15-pydienN; (Fig. 1), forming
a similar polymeric 1D chain with antiferromagnetic exchange
coupling between adjacent Mn" centres (J = —4.8 cm ' for
azide,"® J = —0.49 cm ' for dicyanamide)."* Additionally, the
Mn" complex of the bimacrocyelic ligand L1 (Fig. 1) [Mn,(L1)
Cl,(H,0),]Cl, revealed a very weak antiferromagnetic intra-
dimer coupling (Jox = —0.51 K) between the two Mn'" metal
centres in the dimeric unit.*> Nevertheless, the influence of the
ligands in axial positions (X) in mononuclear heptacoordinated
complexes of the general composition [MLX,] (M = manganese
or other transition metals, L = a pentadentate pyridine-based
macrocyclic ligand) on the magnetic properties of these
complexes has not been systematically studied. On the other
hand, Mn" complexes showing other interesting magnetic
properties, e.g. spin crossover (spin transition induced by
external stimuli, usually by changing temperature or upon light
irradiation), are very rare. The known examples including
Prussian blue analogue Rb™n"[Fe™(CN)s], manganocene
derivatives (n°-CsH4R),Mn (with R = H, Me, Et), or complexes
with nitrosyl and dibenzotetramethyltetraaza[14]annulene
(tmtaa), [(tmtaa)Mn{NO}]-THF, were already reviewed in the
literature.™

As has been shown previously for many examples of transi-
tion metal complexes with Schiff bases,"*® the magnetic
properties, especially the spin transition (spin crossover),*
single molecule magnet (SMM)" behaviour, or magnetic
anisotropy also for the 3d° configuration,'®* can be tuned by
substitution of the small coligands providing a different ligand
field which has an impact on the electronic structure of such
systems. Such a strategy has been employed in this work in
order to reveal the influence of the axial ligands on the crystal
structure, on the system of non-covalent contacts and conse-
quently on the magnetic properties. Therefore a series of Mn"
complexes with macrocyclic ligand 15-pyN;O, and various

This journal is © The Royal Society of Chemistry 2016

coligands (i.e. Br (1), 1" (2), N3~ (3), SCN™ (4) and CN™ (5)) is
studied. The synthesis and thorough characterization of the
prepared compounds by different techniques is described. The
X-ray structures of the complexes with two I (2), N;~ (3) and
SCN™ (4) coligands are described in detail. The variable-
temperature and variable-field magnetization measurements,
which were performed for all the compounds, are discussed in
order to reveal the magnetic properties of the complexes, such
as magnetic anisotropy and magnetic exchange interactions.
The results following from the magnetic data are supported by
DFT calculations which helped us to identify the magnetic
exchange pathways. This is the first example of a systematic
investigation of pentagonal bipyramidal Mn" complexes where
the influence of the axial ligands is studied simultaneously by
comparing the molecular structures, temperature/field-
dependent magnetic data and DFT calculations.

Experimental
Synthesis

The ligand 15-pyN;O, = L (3,12,18-triaza-6,9-dioxabicyclo
[12.3.1]octadeca-1(18),14,16-triene) was synthesized according
to the previously described literature procedure.* All other
chemicals and solvents were purchased from commercial
sources (Across Organics, Geel, Belgium and Sigma Aldrich, St.
Louis, MO, USA and Penta, Prague, Czech Republic) and used as
received.

[MnLBr,] (1). L (100 mg, 0.40 mmol) and MnBr,-4H,0 (114
mg, 0.40 mmol) were dissolved in 5 mL of methanol (MeOH) at
room temperature. The obtained yellow solution was filtered
through a Millipore syringe filter (0.45 pm) and the filtrate was
left to a vapour diffusion of diethyl ether (Et,O) at 5 °C. After
several days, crystals of the desired complex were formed. They
were collected by filtration on a glass frit and dried open to air at
room temperature. The product was obtained in the form of
pale yellow crystals (127 mg, yield 68.6%).

MS m/z (+): 385.21 [MnLBr]". Anal. calcd (%) for C;3H,,N3-
0,MnBr,: C, 33.50; H, 4.54; N, 9.02. Found: C, 33.54; H, 4.75; N,
8.59.

[MnLL,] (2). L (100 mg, 0.40 mmol) and Mn(ClO,),-6H,0
(144 mg, 0.40 mmol) were dissolved in 3 mL of MeOH at room
temperature. NH4I (173 mg, 1.20 mmol, 3 eqv.) was dissolved in
a 10 mL vial in 2.5 mL of MeOH, and this solution was added to
the solution of the Mn" complex prepared in the first step. The

RSC Adv., 2016, 6, 34674-34684 | 34675


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c6ra03754b

Open Access Article. Published on 24 March 2016. Downloaded on 28/07/2016 13:53:54.

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

(cc)

RSC Advances

yellow solution obtained was filtered through a Millipore
syringe filter (0.45 pum) and the filtrate was left to a vapour
diffusion of Et,O at 5 °C. After several days, well-shaped crystals
of the complex were formed. They were collected by filtration on
a glass frit and dried open to air at room temperature. The
product was obtained as yellow needle-shaped crystals (148 mg,
yield 66.4%).

MS m/z (+): 433.17 [MnLI]". Anal. calcd (%) for C;3H,;N30,-
MnlL;: C, 27.88; H, 3.78; N, 7.50. Found: C, 28.21; H, 3.85; N,
7.40.

[MnL(N3;),] (3). L (100 mg, 0.40 mmol) and Mn(OAc),-6H,0
(101 mg, 0.40 mmol) were dissolved in a 25 mL dropping flask
in 5 mL of MeOH at room temperature. A suspension of NaN;
(65 mg, 1.00 mmol, 2.5 eqv.) in 2.5 mL of MeOH was added. The
obtained mixture was heated to reflux and a clear yellow solu-
tion was formed. The hot solution was filtered through a Milli-
pore syringe filter (0.45 um) and the filtrate was left to a vapour
diffusion of Et,0O at 5 °C. After several days, well-shaped crystals
of the complex were formed, collected by filtration on a glass frit
and dried open to air at room temperature. The product was
obtained in the form of yellow-brown block-shaped crystals (98
mg, yield 63.2%).

MS m/z (+): 347.96 [MnL(N;)]". Anal. caled (%) for
C,13H,,NoO,Mn: C, 40.00; H, 5.42; N, 32.30. Found: C, 39.60; H,
5.19; N, 32.77.

[MnL(NCS),] (4). L (100 mg, 0.40 mmol) and MnCl,-4H,0 (79
mg, 0.40 mmol) were dissolved in 4 mL of MeOH at room
temperature. To this yellow solution, NH,SCN (151 mg, 2.00
mmol, 5 eqv.) dissolved in 2 mL of MeOH was added. After the
mixing of both solutions, a white crystalline precipitate was
formed and filtrated under reduced pressure on a glass frit,
washed twice with 2 mL of MeOH and twice with 4 mL of Et,O
and dried open to air at room temperature. The obtained pale
yellow crude product (139 mg) was recrystallized from a hot
MeOH/water mixture. The pure product was isolated in the form
of yellow block-shaped crystals (96 mg, yield 57.1%).

MS m/z (+): 364.22 [MnL(SCN)]". Anal. caled (%) for Cy5Hy;-
N;0,S,Mn: C, 42.65; H, 5.01; N, 16.58; S, 15.18. Found: C, 42.78;
H, 5.02; N, 16.27; S 15.52.

{IMnL(p-CN)](ClO,)}, (5). L (100 mg, 0.40 mmol) and
Mn(ClO,),6H,0 (144 mg, 0.40 mmol) were dissolved in 3 mL of
MeOH at room temperature. A solution of NaCN (49 mg, 1
mmol, 2.5 eqv.) in 2.5 mL of MeOH was added and a white
precipitate immediately formed. A small amount of ascorbic
acid (6 mg, 0.04 mmol) was added to prevent the oxidation of
Mn" by air. The suspension was heated to reflux and an addi-
tional 2 mL of MeOH was added, but the precipitate did not
dissolve. After 10 minutes of reflux, the suspension was cooled
down to room temperature. The yellow precipitate was filtered
under reduced pressure on a glass frit, washed with 2 mL of
MeOH and twice with 2 mL of Et,O and dried open to air at
room temperature. The product was obtained as a yellow
powder (129 mg, yield 75.0%).

MS m/z (+): 332.06 [MnL(CN)]", 405.10 [MnL(ClO,)]". Anal.
caled (%) for Cy4H,N4O¢CIMn: C, 38.95; H, 4.90; N, 12.98.
Found: C, 38.88; H, 5.01; N, 12.99.

34676 | RSC Adv., 2016, 6, 34674-34684
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Physical methods

Measurement of elemental analysis (C, H, N) was carried out
using a Flash 2000 CHNO-S Analyzer (Thermo Scientific,
Waltham, MA, USA). Mass spectrometry (MS) was recorded on
a LCQ Fleet Ion Mass Trap mass spectrometer (Thermo
Scientific, Waltham, MA, USA) equipped with an electrospray
ion source and 3D ion-trap detector in the positive mode.
Infrared (IR) spectra of the complexes were collected on
a Thermo Nicolet NEXUS 670 FT-IR spectrometer (Thermo
Nicolet, Waltham, MA, USA) employing the ATR technique on
a diamond plate in the range of 400-4000 cm ™. Simultaneous
thermogravimetric (TG) analysis and differential thermal
analysis (DTA) were performed on a Exstar TG/DTA 6200
thermal analyzer (Seiko Instruments Inc., Torrance, CA, USA)
with a dynamic air atmosphere (100 mL min~') in the
temperature interval of 25-900 °C with a heating rate of 5.0 °C
min~'. The magnetic data were measured on powder
samples using a SQUID magnetometer MPMS-XL7 (Quantum
Design) for 1 and a PPMS Dynacool system (Quantum Design)
with the VSM option for 2-5. The experimental data were
corrected for the diamagnetism and signal of the sample
holder. The X-ray powder diffraction pattern for complex 1
was recorded on a MiniFlex600 (Rigaku) instrument equipped
with the Bragg-Brentano geometry and iron-filtered Cu Ko,
radiation.

X-ray diffraction analysis

Single crystals of complexes 2, 3 and 4 suitable for X-ray
structure analysis were prepared by vapour diffusion of Et,O
into a MeOH solution of the appropriate complex at 5 °C.
Moreover, some other recrystallization or diffusion experi-
ments were performed in the case of complexes 1 and 5, but
suitable single crystals were not prepared. X-ray diffraction
data of 2 and 4 were collected with a Rigaku HighFlux
HomeLab™ universal dual wavelength (Mo Ko and Cu Ka)
single crystal diffractometer at 120(2) K, while the Mo Ka
radiation (1 = 0.71075 A) was used to obtain the diffraction
data. The diffractometer was equipped with the Eulerian 3
circle goniometer and the Rigaku Saturn724+ (2 x 2 bin mode)
detector. Data reduction and correction of the absorption
effect were performed using the XDS software package.*® The
X-ray diffraction data of 3 were collected on a Bruker D8
QUEST diffractometer equipped with a PHOTON 100 CMOS
detector using Mo Ka radiation. The APEX3 software package®
was used for data collection and reduction of 3. The molecular
structures of 2-4 were solved by direct methods and refined by
the full-matrix least-squares procedure SHELXL (version 2014/
7).>> Hydrogen atoms of all the structures were found in the
difference Fourier maps and refined (except for N-attached H
atoms) using a riding model, with C-H = 0.95 (CH),, and C-
H = 0.99 (CH,) A, and with Uiso(H) = 1.2Ueq (CH, CH,, NH).
The highest peak of 5.82 e A~ is located 1.61 A from I1b in 2,
while the peak of 4.01 e A~ is located 0.82 A from Mn1b in 4.
The molecular and crystal structures of all the studied
complexes, depicted in Fig. 2 and 3, respectively, were drawn
using the Mercury software.”

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Molecular structures of [MnLlI] (2) (left), [MnL(Nz),] (3) (middle), and [MnL(NCS),] (4) (right). Non-hydrogen atoms are drawn as thermal
ellipsoids at the 50% probability level. Only one of two (for 2) and three (for 4) crystallographically independent molecules are shown for clarity.

Computational details

The theoretical calculations were carried out with the ORCA
3.0.3 computational package.** The calculations of the isotropic
exchange parameters J were done by the broken symmetry
approach® using the hybrid B3LYP functional®® and polarized
triple-{ quality basis set def2-TZVP(-f) proposed by Ahlrichs and
coworkers for all atoms.” The calculations utilized the RI
approximation with the decontracted auxiliary def2-TZV/]
Coulomb fitting basis sets and the chain-of-spheres (RIJCOSX)
approximation to exact exchange as implemented in ORCA.*®
Increased integration grids (Grid5 in ORCA convention) and
tight SCF convergence criteria were used in all calculations. In
all the cases the calculations were based on the experimentally
determined X-ray molecular structures, but the all hydrogen

atom positions were optimized using the B3LYP functional and
atom pairwise dispersion correction to the DFT energy with
Becke-Johnson damping (D3BJ).* In the case of the molecular
fragment [(CN)MnL(p-CN)MnL(CN)]" of 5, the whole geometry
was optimized using B3LYP/def2-TZVP(-f)+D3BJ. The spin
densities were visualized with the program VESTA 3.%°

Results and discussion
Synthesis

Previously, Mn" complexes with L containing coordinated two
chlorido coligands® or one chlorido coligand and one water
molecule® were prepared by direct mixing of manganese(u) salt
and L. This simple procedure was employed in the preparation
of complex 1, for which MnBr, was directly complexated by L.

complex [MnLCL]* [MnLL] (2) [MnL(N3),] (3) [MnL(NCS)2] (4)
Q
angle (°) 416 45.6 60.2 82,135,53
Mn:~Mn (A) 6.627(1) 7.337(2), 7.355(2) ® 7.655(1) 7.880(1), 8.024(1), 8.499(1)"

Fig. 3 Part of the crystal structure of [MnLCl,],® 2, 3 and 4 showing the N-H:--Cl, N-H---I, N-H--:N, and N-H---S non-covalent contacts (red
dashed lines), respectively, forming 1D chain supramolecular structures together with the values of angles between the MnNzO, least-square
planes and the Mn---Mn distances in the 1D chains. ?Data adopted from ref. 5. °Two and three crystallographically independent molecules were

found in the asymmetric unit of 2 and 4, respectively.

This journal is © The Royal Society of Chemistry 2016

RSC Adv., 2016, 6, 34674-34684 | 34677


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c6ra03754b

Open Access Article. Published on 24 March 2016. Downloaded on 28/07/2016 13:53:54.

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

(cc)

RSC Advances

During the synthesis of compounds 2-5, various manganese(u)
salts, with anions with a low coordination ability (e.g. perchlo-
rate or acetate), were complexated by L in the first step forming
the [MnL]** complex unit, while an excess of the appropriate
coligand in the form of sodium or ammonium salt was added in
the second step, during which this anion was coordinated to the
manganese(n) centre. These two steps were designed in such
a way that the side products were well soluble in MeOH (i.e.
NH,ClO,, NH,Cl, CH3;CO,Na or NaClO,) and did not contami-
nate the product during its consequent crystallization induced
by Et,O vapour diffusion.

X-ray diffraction analysis

The molecular structures of the complexes 2, 3 and 4 are similar
(Tables 1 and 2, Fig. 2, Tables S1 and S2, Fig. S1 and S27). The
crystal structures of 2 and 4 involve two and three, respectively,
crystallographically independent molecules in the asymmetric
units. However, the data for one of those independent mole-
cules are discussed in the main text and listed in Table 2 (full
data sets are available in Table S1,7 all independent molecules
are shown in Fig. S1 and S2 in the ESI¥).

In all the cases, the Mn" central atom adopts pentagonal-
bipyramidal geometry with the coordination number of 7
(Fig. 2). The pentadentate macrocycle L is coordinated in an
equatorial pentagonal plane with the shortest Mn-N,,, distances

View Article Online
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~2.10-2.20 A in comparison with the Mn-Ny; distances, ranging
from 2.27 to 2.33 A, and the Mn-O distance ranging from 2.28 to
2.33 A (Table 2). The two axial positions are occupied with two
iodido ligands in 2, for which the Mn-I distances are much
longer (2.95 and 3.03 A, Table 2) in comparison with the Mn-N
and Mn-O distances providing elongation of the pentagonal-
bipyramidal coordination sphere in the axial directions. This
is in accordance with the larger ionic radius of the iodide
anions. Consequently the Mn-I distances are also longer in
comparison with the same complex with coordinated chlorido
coligands described previously having Mn-Cl distances of 2.53
and 2.55 A.°

On the other hand, in the case of coordination of two azido or
thiocyanato ligands in 3 or 4, the M-N,, distances are shorter
than those to the macrocyclic donor atoms (Table 2) providing
axial compression of the pentagonal-bipyramidal coordination
sphere. A further interesting feature of complexes 3 (with N; ™) and
4 (with NCS™) is associated with the value of the Mn-N-N(C)
angle, which is 119.6/121.2° for 3 indicating a similar coordina-
tion fashion of both azido ligands, and 145.7/165.0°, 141.1/142.9°
or 165.1/149.1° for 4 (Table 3) pointing to a different coordination
mode in each independent molecule found in the asymmetric
unit, which shows that the coordination of NCS™ to the Mn"
centre is closer to linear in comparison with the N;™ ligand. For 3,
the observed Mn-N-N angles are very similar to the value 118.8°
found in the 1D chain structure of ([Mn(15-pydienNs)(N;)]"),.*°

Table 1 Crystal data and structure refinements for the studied complexes

Compound 2 3 4

Formula C13H,;1,MnN;0, Cy3H3:MnNgO, C15H21;MnN;0,S,
M, 560.07 390.33 422.43
Colour Yellow Orange Pale brown
Temperature (K) 120(2) 120(2) 120(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Triclinic
Space group P24/n P24/n P14

a (A) 14.6223(10) 9.8283(6) 10.1382(7)
b (&) 16.5304(12) 12.8416(7) 11.3567(8)
c(A) 15.2077(11) 13.4703(9) 14.0782(10)
a (%) 90 90 103.348(2)
8 (%) 98.7810(10) 100.300(2) 110.850(2)
v () 90 90 101.570(2)
U (A% 3632.8(4) 1672.70(18) 1400.79(17)
zZ 8 4 3

Deae (g cm™) 2.048 1.550 1.502
w(mm™1) 4.133 0.819 0.949

F (000) 2136 812 657

6 range for data collection (°) 1.800-24.998 2.375-27.173 1.640-25.000
Refl. collected 27 041 116 071 14 537
Independent refl. 6390 3720 8526

R (int) 0.0311 0.0554 0.0156
Data/restrains/parameters 6390/0/379 3720/0/226 8526/3/677
Completeness to 6 (%) 99.8 100.0 98.1
Goodness-of-fit on F* 1.093 1.088 1.057

R1, wR2 (I > 20(D))

R1, wR2 (all data)

Largest diff. peak and hole (A~%)
CCDC number

0.0641, 0.1746
0.0653, 0.1756
5.82 and —2.74
1442331

“ The value of the Flack parameter is 0.54(3).
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0.0258, 0.0578
0.0330, 0.0608
0.24 and —0.28
1442332

0.0676, 0.1737
0.0677, 0.1738
4.01 and —1.02
1442333

This journal is © The Royal Society of Chemistry 2016
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Table 2 Selected bond distances (A) and angles (°) for the studied complexes 2—4“

Distances 2 3 4 Angles 2 3 4 Torsion angles 2 3 4
Mn-N1  2.218(7) 2.2020(11) 2.195(6) N1-Mn-N2  73.03)  72.15(4) 72.8(3) N1-C-C-N2 —29.7 —22.0 —25.7
Mn-N2  2.274(7) 2.3040(11) 2.308(7) N1-Mn-N3  72.3(3)  73.37(4) 72.3(3) N2-C-C-O1 57.0 55.8 56.6
Mn-N3  2.292(8) 2.2953(11) 2.334(7) N2-Mn-O1  72.8(3)  72.87(4) 72.2(3) 01-C-C-02 —56.0 —59.1 —54.8
Mn-O1  2.293(6) 2.3019(9) 2.294(6) 02-Mn-N3  73.8(3)  73.32(4) 73.7(2) 02-C-C-N3 581 59.0 61.4
Mn-0O2  2.285(6) 2.3271(10) 2.310(6) 02-Mn-O1  69.6(2)  70.57(3) 71.3(3) N3-C-C-N1 —24.1 —33.0 —27.6
Mn-X,1 2.9493(14) I1A 2.2339(12)N4  2.238(7) N4A X, 1-Mn-X,.2 178.80(5) 174.68(5) 176.7(3)

Mn-X,2 3.0329(15) I2A  2.2293(12) N7 2.210(8) N5A

“ Entire list of bond distances and angles is available in Table S1 in the ESL}

For 4, the observed Mn-N-C angles are little bit higher in
comparison with those found in [Mn(15-pydienN;0,)(NCS),]
(126.1° and 130.4°).° On the other hand, the X-Mn-X angles (X
represents the donor atom of the axial ligand) are close to the
ideal linear arrangement (178.8°, 174.7° and 176.7° for 2, 3 and 4,
respectively, Table 3).

In the crystal structure of all the compounds, an extensive
system of N-H---X and C-Haromatic "X hydrogen non-covalent
contacts (X = I, N, or S atom of the axial ligand) as well as 7
7 stacking interactions were found. These non-covalent
contacts and interactions strongly influenced the final crystal
packing of the complexes (Table S2 in the ESI}) as well as the
magnetic properties (see the sections of magnetic properties
and DFT calculations). In the crystal structure of 2, a zig-zag 1D
chain is formed by two N-H---I hydrogen bonds between the
two [MnLI,] units (Fig. 3). Furthermore, these infinite chains are
connected to each other by two C-Haromatic'*'] non-covalent
contacts as well as by face-to-face m-m interactions
(centroid---centroid distance = Cg---Cg = 3.758(1) A), which all
together form almost planar 2D sheets (layers) separated from
each other (i.e. no non-covalent contacts observed).

The 1D chain motif can be also found in the crystal struc-
tures of 3 and 4, where again the complex units are connected
by N-H--*N and N-H:--S hydrogen bonds, respectively. In 3,
similarly as in 2, this chain can be considered as a zig-zag, while
it is almost linear in 4. This trend can be clearly demonstrated
by the values of the dihedral angle between the two MnN;O,
least-square planes in the chain which are 45.6°, 60.2°, and 8.4°
for 2, 3, and 4, respectively (Fig. 3). As for 2, this angle of 45.6° is
slightly higher than the 41.6° observed in [MnLCl,].* Addition-
ally, in the crystal structure of [Mn(15-pydienN;O,)(NCS),],*
there are no NH groups and thus, only C-Haromatic'**S non-
covalent contacts and m-m stacking are present, and thus,
a completely different arrangement of the complex units was
found in comparison with 4.

On the other hand, the linking of these chains is different in
3 and 4. In 3, these 1D chains are linked by C-Haomatic'**N non-
covalent contacts and face-to-face w—7 interactions (Cg---Cg =
3.467(1) A) forming zig-zag bent 2D sheets which are not con-
nected to each other by any non-covalent contacts, whereas in 4,
these 1D chains are linked by C-Hgjromatic':*S non-covalent
contacts and face-to-face -7 interactions (Cg---Cg = 3.698(1)

Table 3 Detailed description of the coordination sphere of Mn'" atoms in the molecular structures of complexes 2, 3 and 4

Complex [MnLL] (2)

[MnL(N3),] (3)

[MnL(NCS),] (4)

Illustration of the coordination sphere
of Mn"

Metal-axial donor atom distance (A)  T1A 2.9493(14)

12A 3.0329(15)

Angle (°) — 119.6
121.2
Mn-N-N(S) —
Angle (°) X-Mn-X* 178.80(5), 174.68(5)
177.25(5)°

a

This journal is © The Royal Society of Chemistry 2016

N4 2.2339(12) N4A 2.238(7)”

N7 2.2293(12)

N6

N4B 2.194(7)"

N5B 2.202(8)°
141.1(8)°

142.9(8)
(Mn1B-N4B-C223)"
(Mn1B-N5B-C220)”
179.1(3)°

N4C 2.200(7)°

N5C 2.233(7)°
165.1(8)°

149.1(7)°
(Mn1C-N4C-C323)
(Mn1C-N5C-C320)°
174.9(3)°

N5A 2.210(8)?
145.7(7)°

165.0(8)"
(Mn1A-N4A-C123)”
(Mn1A-N5A-C120)°
176.7(3)"

X = axial donor atom. ? Two and three crystallographically independent molecules in the asymmetric unit of 2 and 4, respectively, were found.
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A) forming almost planar 2D sheets which are linked to each
other by C-Hyomatic'**S non-covalent contacts, thus giving rise
to a supramolecular 3D network. Despite many crystallization
attempts, single crystals of 1 and 5 suitable for X-ray diffraction
analysis were not prepared. But nevertheless, at least a powder
diffraction pattern for 1 was recorded (Fig. S31) and it showed
that 1 and 2 are isostructural.

IR spectroscopy

The vibration characteristics for the coordinated ligand L were
present in the IR spectra of all the complexes (Fig. S4 in the
ESIt), ie. a strong broad signal at ~3230 cm ™' (stretching
vibrations of the two NH groups), strong doublets at ~2900
em ! (stretching CH, vibrations), a medium sharp doublet at
1600 and 1575 cm ™', and a medium broad signal(s) at ~1460
em ' (wagging vibrations of the pyridine ring). Furthermore,
characteristic strong absorption bands at 2023, 2059 and 2123
cm ! assigned to the asymmetric stretching vibrations of the
N;~ group in 3, NCS™ group in 4, and CN™ group in 5, respec-
tively, were observed. The position of this band in 4 was almost
the same as that observed for [Mn(15-pydienN;0,)(NCS),] (2058
em ') or [Mn(cyclam)(NCS),]" (2060 cm ™, cyclam = 1,4,8,11-
tetraazacyclotetradecane).** The position of the broad absorp-
tion band of N;~ in 3 was found at lower wavenumbers than
in the case of the end-to-end p-1,3-bridged azide between two
Mn" centres in ([Mn(15-pydienN;)(N;)]"), (2049 cm™*)* as well
as in the case of other azido complexes with manganese
[Mn(saldien)(N;)] (2067 and 2056 cm ™', saldien = N,N'-bis(sa-
licylidene)diethylenetriamine)®® or [N(afa®);Mn(N;)] (2067
em ', N(afa®); = tris(5-cycloaminoazafulvene-2-methyl)-
amine).>* On the other hand, the absorption band of the CN™~
group in 5 corresponded to the bridging mode of its coordina-
tion, whose position was comparable with the 2113 cm™*
observed in  [Mn(15-pydienN;0,)(H,0)],[Mn(CN)g](ClO,)-
3H,0* and 2110 cm ' observed in [Mn(salen)(CN)],,** (H,-
salen = bis(salicylidene)-ethylenediamine). These findings
together with the broad character of the signal®*® suggested the
1D chain polymeric structure of complex 5.

TG/DTA analysis

The results of the simultaneous TG/DTA analyses in a dynamic
air atmosphere are similar for complexes 1, 2, 4 and 5. The data
for the representative complex 4 are shown in the ESI in
Fig. S5.1 No weight loss was observed until a temperature of
~180 °C, showing the absence of any coordinated/
uncoordinated solvent molecules. Above 180 °C (1 and 5) or
280 °C (2 and 4), the decomposition proceeded in two (1, 2 and
4) or three (5) steps without formation of thermally stable
intermediates and it was accompanied with a few exo-effects.
The decomposition was completed above 600 °C, except for
complex 4, in which an additional weight loss of 5.0% occurred
between 613 and 766 °C. The products of thermal decomposi-
tion were not studied in detail, but the remaining weight
percentage corresponds with the formation of Mn,O5 (% found/
calcd: 16.1/16.9, 14.7/14.1, 19.7/18.7 and 18.3/18.3 for 1, 2, 4,
and 5, respectively).
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Magnetic properties

For all the prepared Mn" complexes 1-5, temperature and field
dependent magnetic data were acquired and they are depicted in
Fig. 4 and S6-510 (in the ESIt). The room temperature values of
the effective magnetic moment (ucg) Span the 5.9-6.1 ug interval,
which means that they are close to the theoretical spin-only value
for S = 5/2, equal to 5.9 ug (g = 2.0). On lowering the temperature,
there is a drop of u.g below 30 K down to 5.3-5.9 ugat T= 1.9 K

7 6
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Fig. 4 Magnetic data for compounds 2 (top), 4 (middle) and 5
(bottom). Temperature dependence of the effective magnetic
moment and molar magnetization measured at B = 0.1 T in the inset
(left), and reduced isothermal magnetization measured at T = 2, 5 and
10 K (right). The empty circles represent the experimental data points
and the full lines represent the best fits calculated with D = —0.44(3)
cm™, g = 2.046(1), and zj = —0.099(4) cm™ for 2, and D = 0.12(4)
cm™t g = 1.996(1), and zj = —0.066(1) cm™! for 4 using egn (1),
and with J = —1.72(1) cm™, g = 1.992(2), and xp, = 1.3(1) % for 5 using
eqgn (6).

This journal is © The Royal Society of Chemistry 2016
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for 1-4, which is most probably the result of weak intermolecular
magnetic interactions mediated by non-covalent contacts
(hydrogen bonds/m—m stacking) and also by the small magnetic
anisotropy of Mn'" atoms in the heptacoordinated environment.
In the case of 5, the overall magnetic behaviour is different to 1-4,
the g is continuously decreasing from room temperature down
to 1.37 ug at T = 1.9 K, and there is also a maximum of the M,
vs. T curve at T = 9.5 K, which is a fingerprint of antiferromag-
netic exchange either in a homo-spin dimer or uniformly coupled
1D chain. Moreover, the isothermal magnetization also signifi-
cantly deviates from the Brillouin function. We can speculate that
this is the result of the isotropic exchange mediated by the cya-
nido ligands in the bridging mode.

First, the magnetic data of 1-4 were treated with the spin
Hamiltonian for a monomeric system

H™" = D(S.” — $°/3) + upBgS, — zj(S4)Sa (1)

where the single ion zero-field splitting parameter D, isotropic g-
factor and molecular field correction zj parameters are present.
(S,) is a thermal average of the molecular spin projection in the
a-direction of the magnetic field defined as B, = B(sin  cos ¢,
sin 6 sin ¢, cos §) with the help of the polar coordinates. Then,
the molar magnetization in the a-direction of the magnetic field
can be numerically calculated as:

z(zzaﬁ@mewM—%wn
k 1

M, = —Nj-
. S exp( — e /kT)

(2)

where Z, is the matrix element of the Zeeman term for the a-
direction of the magnetic field and C is the eigenvectors
resulting from the diagonalization of the complete spin
Hamiltonian matrix. The inclusion of zj means that an iterative
procedure was applied.*” Then, the averaged molar magnetiza-
tion of the powder sample was calculated as an integral
(orientational) average:

21T T
Moo = 1/4TEJ [ M _sin 6d6de (3)
o Jo

We also tested both signs of the D parameter during fitting
procedures and the results are summarized in Table 4. It is
evident that similarly good fits were obtained for both signs of
D. The largest magnetic anisotropy, |D|, was found in complex 1
(D= 0.67(7) em " or D = —0.55(5) cm '), while a negligible D

Table 4 The spin Hamiltonian parameters (eqn (1)) for 1-4¢

View Article Online
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parameter was found in 3 (D = 0). Moreover, non-negligible
magnetic intermolecular interactions seem to be present in
compounds 1, 2 and 3, where zj = —0.1 cm ' and slightly
weaker interactions were found in 4 (zf = —0.07 ecm™"). More-
over, it must be stressed that we also tried to fit experimental
data with simplified models, either by neglecting ZFS (D) or the
molecular field correction (zj), but these models were unable to
properly describe simultaneously both the temperature and
field dependent magnetic data of 1, 2 and 4.

In the case of compound 5, where the exact structural motif
is unknown, the two spin Hamiltonian models were tested.
First, the experimental data were treated with the dinuclear spin
Hamiltonian (H4™"):

e <§| -S‘}) n in(Si,:2 3 Sf2/3> + upBgiS, (4)

where the first term describes the isotropic exchange between
paramagnetic manganese(n) atoms within the dimer and the
rest of the terms were already explained. Now, the molar
magnetization in the a-direction of the magnetic field was
calculated as:

dln Z
aB (5)

M, = NakT

where Z is the partition function and again the integral average
was calculated using eqn (3). In this case, the best fit was ob-
tained only for the positive D parameter, which resulted in J =
—2.79(4)em ', D = 0.6(3) cm™ !, g = 1.978(3), and xp; = 2.2(2)%
(Fig. S107), where also the monomeric paramagnetic impurity
(P) was included in order to describe a low temperature
increase of the mean susceptibility. A second model attempts to
mimic the 1D uniformly coupled spin chain by a finite-sized
closed ring with the following spin Hamiltonian (H'"):

ﬂm.ﬁggyJﬁ@a@+iw%i )

The number of centres was set to seven (N = 7), which resulted
in already 279 936 magnetic levels. In order to be able to deal
with such a large system, the zero-field term was neglected and
then the coupled basis set could be utilized, which significantly
simplifies the calculation of the magnetic properties.** The
advantage of this procedure is that both the temperature and
field dependent data can be fitted simultaneously. As a result,
these parameters were obtained: J = —1.72(1) cm ™', g = 1.992(2),

Complex 1 2 3 4

D>0 g =2.035(2) g = 2.046(1) g = 1.996(1)
D = 0.67(7) D = 0.45(5) g =2.054(2) D = 0.12(4)
7j = —0.109(7) 7/ = —0.099(4) D=0 7j = —0.066(1)

D<0 g = 2.034(2) g =2.046(1) 7/ = —0.099(5) g = 1.996(1)
D = —0.55(5) D = —0.44(3) D = —0.11(4)
7/ = —0.104(7) 7/ = —0.099(4) 2j = —0.066(6)

“ values of D and zj parameters are in cm™ "%

This journal is © The Royal Society of Chemistry 2016
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and xp; = 1.3(1)% (Fig. 4). As far as we know, Mn"-CN-Mn"
systems are very rare, because usually one or both Mn atoms are
in the oxidation state +III. One described example is a Mn"
complex with 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane
(dmptacn) [{Mn(dmptacn)},CN](ClO,); for which only the nega-
tive value of the Weiss constant, # = —0.31 K,* was observed, as
well as in some Mn" Prussian blue analogues.*"*?

DFT calculations

The analysis of the experimental magnetic data revealed weak
magnetic interactions among Mn" atoms in the solid state.
With the aim to continue in our effort in recognizing/
characterizing efficient magnetic exchange pathways mediated
by non-covalent contacts,>** we performed theoretical calcula-
tions of the isotropic exchange parameter j in selected molec-
ular fragments based on the X-ray structures of 2-4. Both the
interactions within supramolecular 1D chains visualized in
Fig. 3 and interchain interactions (shown in the ESI in Table
S37) were calculated using the B3LYP functional together with
the def2-TZVP(-f) basis set utilizing the ORCA computational
package. The values of J parameters were calculated by two
approaches, either using Ruiz’s formula:**

TN = 240[(Sy + S)(S) + S5+ 1)] @)
or Yamaguchi’s formula:*®
TV = 241[(S*) s — (S%)ms] (8)

where 4 is the energy difference between the broken symmetry
spin state (BS) and high-spin state (HS):

4 = Egs — Eps ©)

using this form of the spin Hamiltonian for the dinuclear
system:
H=—J(S)-S)) (10)

The resulting J values are listed in Table 5. It is evident that
in the crystal structure of 2, the strength of the intrachain and

Table 5 The calculated J parameters for selected dinuclear molecular
fragments of 2—4 using B3LYP/def2-TZVP(-f)*

Complex 2 3 4 4 4
Intrachain

d(Mn---Mn) (A) 7.337 7.655 7.880 8.024 8.499
4(em™) —0.335 —1.476  —0.413  —0.348  —0.653
JR(em™) —0.022  —0.099  —0.028  —0.023  —0.044
J (em™) —0.027  —0.12 —0.033  —0.028  —0.052
Interchain

d(Mn---Mn) (A) 7.729 6.947 6.918

4 (em™) —0.348  +0.002  +0.023

J(em™) —0.023 0.0 +0.002

J (em™) —0.028 0.0 +0.002

“ The respective molecular fragments are shown in the ESI in Table S3.7
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Fig.5 The DFT optimized geometry of the [[CN)LMn(u-CN)MnL(CN)]*
molecular fragment of 5 and calculated isodensity surfaces of the
broken symmetry spin states plotted with the cut-off values of 0.003
eao . Positive and negative spin densities are represented by dark blue
and dark red surfaces, respectively. Selected bond lengths (A): Mn—
Npy = 2.228/2.251, Mn—Ny = 2.346/2.337/2.350/2.352, and Mn-O =
2.327/2.469/2.358/2.332. Hydrogen atoms are omitted for clarity.

interchain antiferromagnetic interactions is almost equal. In
contrast, in 3, there is the strongest antiferromagnetic exchange
within the supramolecular chain among compounds 2-4, and
negligible interchain interaction. A similar situation is found in
4, where again intrachain interaction is pronounced. Further-
more, apparently the strength of antiferromagnetic exchange is
not a simple function of the metal-metal distance (Table 5), so
it is obvious that the utilization of theoretical methods is an
inevitable tool for better understanding of magnetic interac-
tions in the solid state.

Furthermore, we also tried to support our presumption that
in the case of compound 5, a polymeric structure of {{MnL(p-
CN)](ClO,)},, is formed, in which cyanide anions act as bridging
ligands. Therefore, the dinuclear molecular fragment of [(CN)
LMn(p-CN)MnL(CN)]" was constructed and its geometry opti-
mized at the B3LYP/def2-TZVP(-f) level of theory (Fig. 5). The
metal-donor atom distances were found to be similar to those
determined in the X-ray structures of 2-4. Afterwards, the J
parameters were calculated for this fragment, which resulted in
JR¥ = —2.54/—3.06 cm ™', These values are in good agreement
with J = —2.79 cm ' determined from the experimental
magnetic data using the spin Hamiltonian for a dinuclear
system. Thus, this finding indirectly supports the formation of
a polymeric species, where dominant magnetic exchange is
mediated by the cyanido bridging ligands.

Conclusions

A series of heptacoordinated Mn" complexes 1-5 containing
a pentadentate 15-membered pyridine-based macrocycle L and
two axial coligands with different coordination abilities (Br—, 1",
N3, NCS™ or CN ") was prepared and thoroughly characterized.
The pentagonal-bipyramidal coordination sphere of Mn" was
axially elongated (in 2) or compressed (in 3 and 4) depending on
the type of coligand. Based on an analysis of structural and
magnetic data for 1-4, the single ion magnetic anisotropy of

This journal is © The Royal Society of Chemistry 2016
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Mn" with a 3d® configuration in the pentagonal-bipyramidal
coordination environment is very small (ID| < 0.7 ecm™ %),
which prevented us from drawing a quantitative conclusion
about the impact of the axial coligands on D. Therefore no
magneto-structural correlation could be carried out reliably in
contrast to other studies on complexes with different metal ions
or different coordination geometries. On the other hand, the
magnetic nature of 1-4 was more markedly influenced by
noticeable non-covalent contacts, which are responsible for the
1D chain supramolecular crystal structures of the complexes.
Moreover, the performed DFT calculations supported the
experimental results and identified that the weak antiferro-
magnetic exchange in 3 and 4 was exclusively mediated via
intrachain hydrogen bonds, while it was equally mediated by
intrachain as well as interchain hydrogen bonds in 2. In addi-
tion to this, the calculations showed that the Mn---Mn distance
cannot be considered as the main criterion for the prediction of
the intensity of the magnetic exchange. The polymeric character
of 5 was suggested by fitting the magnetic data with a dimeric/
polymeric model providing a weak antiferromagnetic exchange
coupling, which was subsequently supported by DFT calcula-
tions based on the theoretically optimized structure of the
dimeric fragment [(CN)LMn(u-CN)MnL(CN)]" as well. To
conclude, this is the first attempt to correlate the structure of
Mn" heptacoordinated complexes with their magnetic proper-
ties. It is evident that the magnetic anisotropy is little affected
by the axial ligands within the pentacoordinate bipyramidal
chromophore, but the presented [MnL]** fragment can be
successfully employed as a high-spin (S = 5/2) building block
for the synthesis of structurally more complex polymeric species
with eventually more interesting magnetic properties.
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ABSTRACT: The structural and magnetic features of a series
of mononuclear seven-coordinate Co" complexes with the
general formula [Co(L)X,], where L is a 1S-membered
pyridine-based macrocyclic ligand (3,12,18-triaza-6,9-
dioxabicyclo[12.3.1]octadeca-1(18),14,16-triene) and X = CI~
(1), Br (2), or I" (3), were investigated experimentally and
theoretically in order to reveal how the corresponding
halogenido coligands in the apical positions of a distorted
pentagonal—bipyramidal coordination polyhedron may affect
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the magnetic properties of the prepared compounds. The thorough analyses of the magnetic data revealed a large easy-plane type
of the magnetic anisotropy (D > 0) for all three compounds, with the D-values increasing in the order 35 cm™ for 3 (I7), 38
em™ for 1 (CI7), and 41 cm™ for 2 (Br™). Various theoretical methods like the Angular Overlap Model, density functional
theory, CASSCF/CASPT2, CASSCF/NEVPT2 were utilized in order to understand the observed trend in magnetic anisotropy.
The D-values correlated well with the Mayer bond order (decreasing in order Co—I > Co—Cl > Co—Br), which could be a
consequence of two competing factors: (a) the ligand field splitting and (b) the covalence of the Co—X bond. All the complexes
also behave as field-induced single-molecule magnets with the spin reversal barrier U, increasing in order 1 (C17) <2 (Br™) < 3
(I7); however, taking into account the easy-plane type of the magnetic anisotropy, the Raman relaxation process is most likely
responsible for slow relaxation of the magnetization. The results of the work revealed that the previously suggested and fully
accepted strategy employing heavier halogenido ligands in order to increase the magnetic anisotropy has some limitations in the

case of pentagonal—bipyramidal Co" complexes.

B INTRODUCTION

Single-molecule magnets (SMMs)' ™ represent a class of
compounds that exhibit a slow relaxation of magnetization
based on a pure molecular origin (without any long-range
ordering typical for “bulk” magnets) and that have appeared in
the center of scientific attention during the last three decades
due to their promising application potential in ultradense
information storage, quantum computing, and spintronics.4
The characteristic parameter for SMMs is an energy barrier U
for the magnetic moment reversal, which is caused by a large
axial magnetic anisotropy (described by the axial zero-field-
splitting (ZFS) parameter D within the spin Hamiltonian
formalism) splitting the metal ion energy levels in zero
magnetic field, and this energy barrier can be defined as U =
IDIS* or U = IDI(S* — 1/4) for integer or noninteger ground
spin state S."” In order to understand the behavior of these
compounds, extensive studies of polynuclear 3d metal
complexes (such as a Mn,, complex as the first SMM)® were
performed in the earlier stages of SMM research. Then
investigations of 3d—4f mixed systems®™® or mononuclear 4f
complexes (usually containing Dy™),>” so-called mononuclear
SMMs or single-ion magnets (SIMs), were followed. More
recently, mononuclear complexes of 3d metals, also known as
3d-SIMs or mononuclear 3d-SMMs, were studied as well.'*™"3

-4 ACS Publications  © 2017 American Chemical Society 5076

In order to increase the very low temperature for which the
magnetic hysteresis of SMMs occurs, and thus to allow feasible
technological applications of SMMs, many efforts have been
done to increase the energy barrier U. In the first step, the
attention was focused on increasing the total ground spin S of
the molecule as possible, usually by synthesis of large
polynuclear complexes. However, it turned out that not the
total ground spin S but rather the magnetic anisotropy
(represented by the D-parameter) has a crucial role in this
research.”'* Therefore, attention has been devoted to the
mononuclear complexes of 3d metals, for which the magnetic
anisotropy can be modulated by a rational ligand design. The
considerable progress in the group of mononuclear SMMs
containing various transition metals in different oxidation states
(e.g, Mn™, FeV/H CoV/MM NI or Re') and coordination
geometries (the coordination numbers ranging from 2 to 8)
may be clearly documented by an increase in the number of
prepared compounds as well as the number of publica-
tions. ™"

In a large group of mononuclear 3d-SMMs, which usually
consist of complexes with lower coordination numbers (ranging
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Figure 1. Structural formulas of the used ligand L and the ligands discussed in the text.

between 2 and 6), the seven-coordinate complexes' represent
a relatively small and interesting family of compounds in
comparison with a large group of tetra-/pentacoordinate
complexes.'” In most cases, seven-coordinate complexes of
Ni", Fe", and Co" with pentagonal—bipyramidal geometry
involving polyamino/oxo or Schiff base ligands with an open-
chain structure, e.g, HZLla,m_18 Hleb,19’20 HZLlc,19 and
H,L2,*' or macrocyclic, e.g, 15—pydienN302,22’23 15-py-
dienNy,** 15-pyN;0, = L,>* L3,”° L4,”” L5,”® L6,”” and L7’
(Figure 1) were investigated. Ni'! and Fe"' complexes revealed
usually large easy-axis magnetic anisotropy (D < 0) with slow
relaxation of magnetization observed in the case of hetero-
nuclear complexes [{Ni(Hlea)h{W(CN)g}z]20 (below the
blocking temperature Ty = 3.6 K, 7, = 1.6 X 107 s, U4 = 30
K) and [Fe(H,L1a)Ni(CN),], (polymeric one- dlmenswnal
(1D) chain with 7, = 2 X 107 s and U,z = 34 cm™"),"” and
more recently also in the case of mononuclear complexes
[Fe(H,L1a)Cl,] and [Fe(H,L1c)Cl,] (1, =5 X 107" s and U,
=53 cm™')." On the other hand, Co" complexes represent the
largest and the most studied group of seven-coordinate
complexes and reveal a large easy-plane magnetic anisotropy
(D > 0). In spite of the positive value of D-parameter, for which
according to the theory should not exist any spin reversal
barrier and which should not allow the SMM behavior, many of
these Co" complexes show slow relaxation of magnetization,
e.g, Col! complexes with 15—pydienN5,31 H,L1a,>'** H,L1b,"”
L3,”° L7%° and also with 4-tert-butylpyridne®* or isoqunoline®*
(for more details, see Table 3 in the section Static Magnetic
Properties). The explanation of the presence of the slow
relaxation of magnetization for Kramer’s ions with dominant
easy-plane magnetic anisotropy, such as Co®', was given by
Ruiz, Luis, and co-workers in 2014, and several mechanisms
for the magnetic relaxation dynamics (Orbach, direct, Raman,
or quantum tunneling) have been proposed.’® To distinguish
among the above-mentioned mechanisms, which one contrib-
utes dominantly to the overall relaxation process is still a matter
of debate and a challenge for other sophisticated techniques
such as variable-field far-infrared spectroscopy.”” On the other
hand, the slow relaxation of magnetization was observed for
some complexes in the presence of a small external magnetic
field, which had to be applied in order to suppress the quantum
tunneling, and therefore these compounds are called field-
induced SMMs.

5077

In order to tune the magnetic anisotropy and to improve the
SMM properties, the electronic configuration of the metal
center in the complex should be changed. This can be achieved
by a variation of the donor atoms in ligands and/or the
coordination numbers. Such an approach has been successfully
employed in pseudotetrahedral complexes [Co"(A)L] (A =
quinoline, PPh;, AsPh,)** or [Co"(APh),]>” (A = O, S, Se),*
where the heavier (in accordance with the proton number) and
softer (in accordance with the hard—soft acid base theory)
donor atoms enhanced the magnetic anisotropy (more negative
D-value was achieved), and led to observation of SMM
properties even in zero static magnetic field. More recently,
impact of the halogenido coligands has been also studied in
trigonal-bipyramidal Co(II) complexes with Megtren (tris[2-
(dimethylamino)ethylJamine),** NS, (2-(tert-butylthio)-N-
(2-(tert-butylthio)ethyl)-N- ((neopentylthlo)methyl)ethan 1-
amine),”" and tris(2-pyridylmethyl)amine.”* In the case of the
first two systems, D-values were more negative for the
complexes with NS,;® ligand containing heavier sulfur donor
atoms in comparison with Megtren and D-values were
increasing (less negative) for the halogenido coligand in the
order CI™ < Br™ < NCS™. On the other hand, for the complexes
with the latter ligand, the local symmetry and crystal packing
influenced the final magnetic anisotropy and SMM properties
more significantly than the coordinated halogenido coligands
themselves. In the case of seven-coordinate Co" complexes
with the pentagonal— blpyramldal geometry, and according to
ab initio calculations,'® the positive D-value should increase
with weaker o-donors coordinated in the axial positions and
with a more symmetrical ligand in the equatorial plane (to be
intended in connection with the structure of the ligand). This
assumption was already confirmed for Co" complexes [Co-
(H,L1a)(NCS),]** and [Co(L1a)(H,0),],>®> and more
recently also for [Co(L7)(X),]**/°, where X = H,0, CN~,
NCS~, SPh~,*° although the effect of the donor atom on the D-
value was not as dramatic as for the pseudotetrahedral
complexes discussed above. Surprisingly, no systematic study
of how the halogenido coligands affect the D-values in seven-
coordinate Co" complexes has been performed yet, although
the magnetic anisotropy enhancement via the heavy halogenido
ligand utilization has been described in the case of
pseudotetrahedral Ni',** octahedral Cr"/™** square-pyramidal
Fe'** and octahedral*® or pentagonal—bipyramidal Mn"
complexes.*”

DOI: 10.1021/acs.inorgchem.7b00235
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In this paper, a series of seven-coordinate Co' complexes 1—
3 with a 15-membered pyridine-based macrocycle 15-pyN;0,
(L) and two chlorido (1), bromido (2), or iodido (3) coligands
in the axial positions of the pentagonal—bipyramidal coordina-
tion sphere is studied. The structural aspects of all the herein
described complexes are discussed in the context of the results
of temperature- and field-dependent DC/AC magnetic
measurements, which were performed in order to reveal the
impact of the halogenido coligands on the magnetic anisotropy
and consequently also on relaxation of the magnetization.
Theoretical calculations were performed as well in order to
elucidate the trend in a ligand-field strength depending on the
type of the halogenido coligand and its impact on the magnetic
anisotropy.

B EXPERIMENTAL SECTION

Synthesis and General Characterization. The ligand L*® and
complex [Co(L)CL]-2CH;OH (1)** were synthesized according to
literature procedures. All the solvents (Penta, Prague, Czech Republic)
and other chemicals were purchased from commercial sources (Across
Organics, Geel, Belgium and Sigma-Aldrich, St. Louis, MO, USA) and
used as received.

Elemental analysis (C, H, N) was performed on a Flash 2000
CHNO-S analyzer (Thermo Scientific, Waltham, MA, USA). Infrared
(IR) spectra of the complexes were recorded on a Thermo Nicolet
NEXUS 670 FT-IR spectrometer (Thermo Nicolet, Waltham, MA,
USA) employing the ATR technique on a diamond plate in the range
of 400—4000 cm™". The mass spectra were collected on an LCQ Fleet
ion mass trap mass spectrometer (Thermo Scientific, Waltham, MA,
USA) equipped with an electrospray ion source and three-dimensional
(3D) ion-trap detector in the positive mode. Temperature dependence
of the magnetization at B = 0.1 T from 1.9 to 300 K and the isothermal
magnetizations at T = 2, 5, and 10 K up to B = 9 T were measured
using PPMS Dynacool using the VSM module (Quantum Design Inc.,
San Diego, CA, USA). The experimental data were corrected for
diamagnetism and signal of the sample holder. Dynamic magnetic
properties were studied by measuring AC susceptibility on an MPMS
XL7 SQUID magnetometer (Quantum Design Inc., San Diego, CA,
USA).

[Co(L)Br,] (2). CoBr,:6H,0 (131 mg, 0.40 mmol) and L (110 mg,
0.44 mmol) were dissolved in S mL of CH;OH to give a red solution,
which was filtered. The diffusion of diethyl ether vapors into the red
filtrate at S °C resulted in formation of dark green crystals after several
days, which were filtered off on a glass frit and dried on air at room
temperature (146 mg, yield 78.5%). MS m/z (+): 309.12 ([CoL—H]*,
calcd. 309.09); 389.01 ([CoLBr]*, calcd. 389.01); elemental analysis
for [Co(L)Br,], C;3H,;CoN;0,Br,, M, = 470.07, found (calculated):
C 33.56 (33.22); H 4.86 (4.50); N 8.56 (8.94). IR mid: v(N—
H)a_Plhpham = 3214 em™ (s), Y(C—H) piphatic = 2913 cm™" (s) and 2893
cm (s)) U(C_N)p idine = 1604 (m)) y(C_C)aromatic =1579 (m)) 1466
(s) and 1444 cm’i’r (s). Full IR spectra are available in Supporting
Information in Figure SI.

[Co(L)l,] (3). Co(ClO,),-6H,0 (73 mg, 0.20 mmol) and L (55 mg,
0.22 mmol) were dissolved in 2.5 mL of CH;CN to give a red
solution. KI (75 mg, 0.42 mmol, 2.1 equiv) was dissolved in 2.5 mL of
CH;0H, and this solution was added to the complex solution
prepared in the first step. Immediately a white precipitate of KCIO,
(33 mg) formed which was filtered off on a glass frit and washed with
0.5 mL of CH;CN. The diffusion of diethyl ether vapors into the
filtrate at 5 °C resulted in formation of cube-shaped green crystals after
several days, which were filtered off and dried in air at room
temperature (66 mg, yield 58.4%). MS m/z (+): 309.11 ([CoL—H]",
calcd. 309.09); 436.98 ([CoLI]*, calcd. 437.00); elemental analysis for
[Co(L)L], Ci3H,;CoN;0,L,, M, = 564.07, found (calculated): C
28.10 (27.68); H 3.96 (3.75); N 7.39 (7.45). IR mid: v(N—H)
=3192 em™ (s), v(C—H)
V(C_N)pyridine

apliphatic
apliphatic = 2909 cm™! (s) and 2866 cm™! (s),
= 1604 (m), v(C—C) yomatic = 1578 (m), 1465 (s) and
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1443 cm™ (s). Full IR spectra are available in Supporting Information
in Figure S1.

X-ray Diffraction Analysis. The molecular structure of 1 was
published previously.”® Single crystals of complexes 2 and 3 suitable
for X-ray structure analysis were prepared by a vapor diffusion of
diethyl ether into the complex solution in CH;OH/CH;NO, and
CH;O0H/CHj;CN, respectively, at 5 °C. X-ray diffraction data of 2 and
3 were collected with a Bruker D8 QUEST diffractometer equipped
with a PHOTON 100 CMOS detector using Mo—Ka radiation. The
APEX3 software package®® was used for data collection and reduction.
The molecular structures of 2 and 3 were solved by direct methods
and refined by full-matrix least-squares procedure SHELXL (version
2014/7).50 Hydrogen atoms of all the structures were found in the
difference Fourier maps and refined using a riding model with C—H =
0.95 (CH),, C—H = 0.99 (CH,) A, and with U,,(H) = 1.2U(CH,
CH,). The molecular and crystal structures of the studied complexes,
depicted in Figures 2 and 3, and S2 and S3, respectively, were drawn
using the Mercury software.”'

Figure 2. Molecular structure of [Co(L)Br,] (2, top) and [Co(L)L,]
(3, bottom). Non-hydrogen atoms are drawn as thermal ellipsoids at
the 50% probability level. Hydrogen atoms were omitted for clarity.
Only one of two crystallographically independent molecules present in
the asymmetric unit of 2 and 3 is shown for clarity.

Computational Details. The theoretical calculations regarding the
complexes 1, 2, and 3 were carried out with the ORCA 3.0.3
computational package®> accounting for the relativistic effects using
the scalar relativistic contracted version of the def2-TZVP(-f) basis
functions®® and zero order regular approximation (ZORA).”* The
calculations of ZFS parameters were done using state average complete
active space self-consistent field (SA-CASSCF)>® wave functions
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Figure 3. Part of the crystal structure of 1, 2, and 3 showing the N—H---X (X = Cl, Br, [, respectively) hydrogen bonds (blue dashed lines), forming
supramolecular 1D chain structures completed by the values of angles between the pentagonal CoN;0, least-squares planes and Co--Co distances in
the 1D chains. *Data adopted from ref 25. “In the crystal structure of 2 and 3 two crystallographically independent molecules were found in the

asymmetric unit (one of them is shown only).

complemented by N-electron valence second order perturbation
theory (NEVPT2).*° The active spaces of the CASSCF calculations on
metal-based d-orbitals was defined as CAS(7,5) for Co(II). In the state
averaged approach, all multiplets for given electron configuration were
equally weighted. The ZFS parameters, based on dominant spin—orbit
coupling contributions from excited states, were calculated through the
quasi-degenerate perturbation theory (QDPT),”” in which an
approximation to the Breit-Pauli form of the spin—orbit coupling
operator (SOMF approximation)®® and the effective Hamiltonian
theory®® were used. All the above-mentioned calculations utilized the
RI approximation with the decontracted auxiliary def2-TZV/C
Coulomb fitting basis sets. Increased integration grids (GridS in
ORCA convention) and tight SCF convergence criteria were used in
all calculations. Second, MOLCAS 8.0 was used for analogous
calculations.” The active space of the CASSCF calculations®
comprised of seven electrons in 10 d-orbitals to account for the
double-shell effect.”> The RASSCF method was employed in CASSCF
calculations with 10 quartets and 40 doublets. The dynamical
correlation was included in the next step, by the CASPT2 method,*
keeping the standard IPEA shift (0.25) and imposing an additional
imaginary shift (0.1) to exclude any possible intruder state problems.
The spin—orbit coupling based on atomic mean field approximation
(AMFI)** was taken into account using the RASSI-SO module. The
relativistic effects were treated with the Douglas-Kroll Hamiltonian.®®
The following basis sets were employed: Co.ANO-RCC-VTZP,
X.ANO-RCC-VDZP (X = Cl, Br, I, N, O), CANO-RCC-VDZ, and
H.ANO-RCC-VDZ.%® Cholesky decomposition for two-electron
repulsion integrals was used with a threshold of 0.50 X 107°. Then,
the SINGLE_ANISO module was used to calculate g-tensors and D-
tensors.”’” In all the cases the calculations were based on the
experimentally determined X-ray molecular structures (the data
regarding the structure of 1 were taken from the literature).”

The density functional theory (DFT) single-point energy
calculations were performed again with ORCA 3.0.3 using the hybrid
B3LYP functional,”® and including the relativistic effects with ZORA
together with the scalar relativistic contracted version of the basis
functions def2-TZVP(-f) for all atoms. The Multiwfn 3.3.9 (a
multifunctional wave function analyzer)® software was used to
analyze the results from single point DFT energy calculations to
quantify the bond order using Mayer’s bond analysis.”” Finally, the
program AOMX"" was used to calculate energies of ligand field terms
and multiplets for the idealized geometry of pentagonal—bipyramid
(Dg), symmetry). The Co" atom was modeled with these Racah’s
parameters: B = 989 cm™', C = 4.3-B, and with spin—orbit coupling
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constant & = 515 cm™". The effect of the axial ligands was modeled

with e,(equatorial) = 3000 cm™!, ¢,(equatorial) = 0 cm™, and by
varying €,(axial) = 2000—10000 cm™" for pure o-donors, whereas
&,(axial) = +0.20-¢,(axial) and ¢,(axial) = —0.20-¢,,(axial) relationships
were used to model 7-donor and m-acceptor properties, respectively
(Figure 9a). The effect of equatorial ligand was modeled with &,(axial)
= 3000 cm™’, ¢,(axial) = 0 cm™, and by varying €,(equatorial) =
2000—10000 cm™" for pure o-donors, whereas &, (equatorial) =
+0.20-¢,(equatorial) and ¢,(equatorial) = —0.20-¢,(equatorial)
relationships were used to model 7-donor and 7-acceptor properties,
respectively (Figure 9b). The covalency effect was modeled by varying
Kk, = 0.5—1.0, where ; is the orbital reduction factor of the spin—orbit
interaction (Figure 9c). In these calculations the effect of axial ligands
was modeled with &,(equatorial) = 3000 cm™!, &,(equatorial) = 0
cm™, g, (axial) = 3000 cm™ for pure o-donors, whereas ¢,(axial) =
+0.20-¢,(axial) and ¢,(axial) = —0.20-¢,(axial) relationships were used
to model 7-donor and 7-acceptor properties, respectively.

B RESULTS AND DISSCUSSION

Synthesis and General Characterization. The ligand L
and complex 1 were synthesized according to the literature
procedures.”** The complex 2 was prepared by direct mixing
of CoBr,6H,0 with L in CH;OH. The complex 3 was
synthesized in a different manner. In the first step, Co" complex
of the macrocyclic ligand L was prepared by direct mixing of a
slight excess of L and Co" perchlorate in CH;CN, and then the
obtained complex was coupled with 2.1 mol equiv of KI in
CH;OH resulting in precipitation of KCIO, and a solution of
the required product. The crystalline forms of the complexes 2
and 3 were prepared by diethyl ether vapor diffusion into their
CH;0H and CH;0H/CH,CN solutions, respectively. The IR
spectra of obtained complexes 1—3 (Figure S1) have a similar
pattern, as was described previously on structurally similar
systems,””” confirming the similar coordination mode of L
within the complexes.

Structural Features of the Complexes. The molecular
structure of complex 1 was described previously,” and it is very
similar to those determined for the complexes 2 and 3 (Figure
2, Table 1). The asymmetric unit in both crystal structures of 2
and 3 contains two crystallographically independent molecules,
and the data for both of them are discussed in the main text and
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Table 1. Crystal Data and Structure Refinements for
Complexes 2 and 3

compound 2 3
formula Cy3H,,Br,CoN;0,  Cy3H,,CoLL,N;0,
M, 470.08 564.06
color dark green green
temperature (K) 120(2) 120(2)
wavelength (A) 071073 0.71073
crystal system monoclinic monoclinic
space group P2,/n P2,/n
a (A) 13.8834(8) 14.3121(7)
b (A) 15.9755(9) 16.4346(8)
c (A) 14.9548(8) 15.0998(7)
a (deg) 90 90
B (deg) 95.121(2) 97.895(2)

7 (deg) 90 90

U, A3 3303.6(3) 3518.0(3)
V4 8 8

Do g cm™ 1.890 2.130

41, mm™! 5.884 4493
F(000) 1864 2152

0 range for data collection (deg)  2.303—27.552 2.217-27.175
refln collected 83592 192265
independent refl. 7608 7807

R(int) 0.1001 0.0365
data/restraints/parameters 7608/0/379 7807/0/379
completeness to 6 (%) 99.9 99.9
goodness-of-fit on F* 1.156 1.113

R, wR, (I > 26(I))
R;, wR, (all data)
largest diff peak and hole/A™>

0.0650, 0.0825
0.0903, 0.0887
0.575 and —0.816

0.0244, 0.0587
0.0296, 0.0622
0.676 and —2.259

CCDC number 1529637 1529636

listed in Table 2 (the two independent molecules are shown in
Figure S2 in Supporting Information).

In both cases, the coordination number of the central Co
atom is 7, and it adopts distorted pentagonal—bipyramidal
geometry. The pentadentate macrocycle L is coordinated in the
pentagonal equatorial plane, while the two halogenido ligands
occupy the axial (apical) positions. The Co—N,, distance,
ranging from 2.136(4) to 2.142(4) A, is the shortest in the
equatorial plane in comparison with the Co—Ny distances,
ranging from 2.190(4) to 2.214(4) A, and the Co—O distances,
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ranging from 2.274(3) to 2.361(4) A (Table 2), which is a
typical feature for both complexes 2 and 3 as well as for the
previously studied complex 1. When a heavier halogenido
ligand X~ is coordinated, the Co—X distance is significantly
elongated (~2.47 A for 1,° ~2.64 A for 2, ~2.85 A for 3, Table
2), which corresponds to the increasing ionic radius of the
corresponding halide ion and which consequently causes axial
elongation of the pentagonal—bipyramidal coordination sphere.
The X—Co—X angles (X = halogen) are close to the ideal linear
arrangement (177.6°/175.7° and 176.7°/179.0° for 2 and 3,
respectively; see Table 2).

The final crystal packing of complexes 2 and 3 is strongly
influenced by an extensive system of N—H:--X hydrogen bonds,
C—H,omatic'*X noncovalent contacts (X = Br, I) and also by
m—7n stacking interactions (Figure 3, S3 and Table S1 in
Supporting Information). The crystal structure of 1 was
described previously in the literature; see ref 25. In the crystal
structure of 2, zigzag 1D chains are formed by connection two
[Co(L)Br,] units by two N—H---Br hydrogen bonds (Figure
3). Additionally, these infinite 1D zigzag chains are connected
to each other by C—H_, .4 Br noncovalent contacts (one of
them is bifurcated for one crystallographically independent
unit) as well as by face-to-face 7—7 stacking interactions (the
centroid-+-centroid distance = Cg--Cg = 3.585(1) A, Figure S3
and Table S1 in Supporting Information) all together forming
almost planar 2D sheets (layers) separated between each other
(i, no noncovalent contacts observed). Similar zigzag 1D
chains are formed by N—H:-I hydrogen bonds (Figure 3) and
are connected together by C—H, I noncovalent contacts
as well as by face-to-face 7—x stacking interactions (Cg--Cg =
3.721(1) A, Figure S3 and Table S1 in Supporting Information)
altogether resulting in similar almost planar and separated 2D
sheets (layers). The crystal structure of 1°° is similar to those
observed for 2 and 3.

Comparison of the crystal structures of 1-3 (Figure 3)
nicely illustrates the increasing distance between two Co atoms
within chains in the order Cl < Br < I. On the other hand, the
angle between the pentagonal CoN;O, least-squares planes is
only slightly affected by the nature of the coordinated halide
(slightly increasing in the order 41.6° < 43.2° < 44.6° for 1, 2,
and 3, respectively). It has been also revealed that the
noncovalent contacts in complexes 2 and 3 have a negligible

Table 2. Selected Bond Distances (A) and Angles (deg) for Complexes 2 and 3

distances 2° 3“ angles

Co-N1 2.208(4) 2.210(3) NI1-Co—N2
2213(4) 2202(3)

Co—N2 2.142(4) 2.136(3) N2—-Co—N3
2.136(4) 2.137(3)

Co—-N3 2.193(4) 2.202(3) N3-Co-01
2.214(4) 2.190(3)

Co-01 2.306(3) 2.347(2) 01-Co-02
2.274(3) 2.313(2)

Co—-02 2.327(4) 2277(2) 02—Co-N1
2.361(4) 2.317(2)

Co—X,1 2.6441(9) 2.8985(5) X, 1-Co—X,2
2.6502(9) 2.8919(5)

Co—X,2 2.6434(9) 2.8155(5)
2.6153(9) 2.8493(5)

2 3¢ torsion angles 2° 3¢
72.9(2) 73.8(1) NI-C-C-N2 23.3(6) —22.0(4)
73.6(2) 73.5(1) 22.4(6) 21.8(4)
74.0(2) 74.2(1) N2—-C—-C—N3 31.2(6) —26.8(4)
73.8(2) 74.3(1) 29.4(6) 28.2(4)
72.7(1) 72.8(1) N3-C-C-01 —58.1(5) 54.9(3)
72.9(1) 72.4(1) —56.4(5) —56.7(4)
68.5(3) 68.2(1) 01-C-C-02 57.5(5) —56.4(3)
68.7(1) 67.8(1) 57.5(5) 55.8(4)
72.9(1) 72.2(1) 02-C-C-N1 —58.7(5) 56.1(3)
72.3(1) 73.1(1) —58.3(5) -57.3(3)

177.62(3) 176.74(2)
175.67(3) 179.01(2)

“Two values are given for two crystallographically independent molecules found in the asymmetric unit.
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effect on the magnetic properties (vide infra). The same was
already shown previously for complex 1.°

Static Magnetic Properties. Temperature and field
dependent DC magnetic data were acquired for complexes 2
and 3, and they are depicted in Figure 4 (DC magnetic data for

g, 3
3 818 2
12
£ g :
S ]
2 A = 882 1&
£ ]
= 0024 &n&uﬁ-ﬂﬂ
; 0 +———r7
T 0 10 20 30 40 50
T(K)
0 4 T T T T T T ——T—T
0 50 100 150 200 250 300 o 1 2 3 4
T(K) BIT (TIK)
6 3
54
D
32 3 4 g
< 0.14 £
$ %4 :
Py 2 008 i
5|8
= 002 ] S
; 0 +——T—T
T 0 10 20 30 40 50
T(K)
04 T T T T T T T T T T T
0 50 100 150 200 250 300 o 1 2 3 4
T(K) BIT (TIK)

Figure 4. Magnetic data for compounds 2 (top) and 3 (bottom).
Temperature dependence of the effective magnetic moment and molar
magnetization measured at B = 0.1 T in the inset (left) and reduced
isothermal magnetizations measured at T = 2, S, and 10 K (right). The
empty circles represent the experimental data points, and the full lines
represent the best fits calculated by using eq 1 with parameters listed
in Table 3.

complex 1 were described in ref 25 and are also available in
Figure S4). The room temperature values of the effective
magnetic moment (yi.q) for 1—3 span the interval of 4.57—4.76
Ugp, and they are much higher than the theoretical spin only
value for high-spin Co" with g = 2.0 and S = 3/2 (g = 3.87
Ug), which can be ascribed to a substantial contribution of the
orbital angular momentum. On lowering the temperature, the
Mg continuously decreases to the values 3.30—3.65 pgp at T =
1.9 K, which is attributed to a large ZFS.

In order to evaluate the ZFS parameters describing the
magnetic anisotropy from experimental magnetization data, the
following spin Hamiltonian was postulated

N A2 A2 A2 a2 A

H=D(S, —87/3) +E(S, —S,) + uyBgs, (1)
where D and E are the single-ion axial and rhombic ZFS
parameters, and the last part is the Zeeman term calculated for
the a direction of the magnetic field defined as B, = B-(sin 6 cos
@, sin @ sin @, cos 0) with the help of the polar coordinates.
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Then, the molar magnetization in the a-direction of magnetic
field can be numerically calculated as

M, = N3z
d B, (2)

where Z is the partition function.”” Then, the averaged molar
magnetization of the powder sample was calculated as integral
(orientational) average

2r L3
M., = 1/4n fo fo M, sin 0 40 dg .

With the aim to obtain trustworthy parameters, both
temperature and field dependent magnetization data were
fitted simultaneously. It was found that it is sufficient to take
into account only axial ZFS parameter D, which is also
supported by our theoretical calculations (see next section).
Also, we considered g-anisotropy by fixing g, to 2.0 and only g,,
was varied. The analysis resulted in following parameters: D =
38(3) em™, g, = 2.47(1), yrpp = 11(1) X 10~ m* mol™" for 1
(Figure S4), D = 41(1) em™, g,, = 2.284(S), yrp = 14(S) X
1077 m® mol™ for 2 (Figure 4), D = 35(1) ecm™, &y =
2.355(6), yrp = 12.2(6) X 107 m® mol™" for 3 (Figure 4),
where yppp is the temperature-independent paramagnetism.
Interestingly, compound 2 possesses the largest positive D-
parameter for nonpolymeric seven-coordinate Co' complexes
(Table 3) reported up to now.

The D-values not only for complexes 1—3 can be seen from
Table 3. It is evident that the D-values for compounds 1 and 2
are much closer as compared to complex 3. However, most
surprising is the trend of the corresponding D-parameter values
(D(I") < D(CI") < D(Br™)) in context of the halogenido ligand
field strength, which is in contrast to the theoretically predicted
trend in seven-coordinate Co" complexes with different axial
ligands.'® It was expected that the decreasing o-donor ability of
the axial coligands should stabilize/decrease the energy of d,’
orbital and thus amplify the positive contributions of the
excited doublet/quartet states to D.'® The ligand strength of
the halogenido ligands increases as follows: I < Br™ < CI7,
according to the spectrochemical series, and therefore we
would expect that the D-parameter should decrease in this
order. However, the trend seems to be opposite. First, the
influence of the symmetry of the ligand field provided by the
donor atoms coordinated in the equatorial plane, which has an
impact on the energy levels of orbitals and contributions to D,
can be directly excluded because in our case the same
macrocyclic ligand L is ensuring the same chromophore with
the same symmetry (described in the X-ray section). A similar
lack of a clear trend between the ligand field strength of the
axial ligands and the D-value was recently reported for
[Co(L7)(A),]**"°, where A = H,0O, CN~, NCS~, and SPh~.*°
Therefore, the theoretical calculations were performed in order
to better understand this behavior, and they are discussed in the
section Theoretical Calculations.

Dynamic Magnetic Properties. Due to a large magnetic
anisotropy of the compounds 1—3, the dynamic magnetic data
were also measured. It was found that upon applying static
magnetic field, the nonzero out-of-phase component of AC
susceptibility is detected (Figures SS—S7). Therefore, the
temperature and frequency dependent AC susceptibility was
measured in a small static field and a typical pattern of the slow
relaxation of the magnetization in SMMs was observed, Figure
5. Several maxima in Y, vs T plot were observed in the case of
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Table 3. Collection of Mononuclear Seven-Coordinate Co(II) Complexes Together with the Obtained ZFS Parameters and
Parameters Describing SMM Properties

complex D/cm™! E/D 75/107% s Ug/cm™ (K) ref

[Co(H,L1a)(H,0)(NO,)]NO, 324 0 0.6 56.3 (81.2) 16, 31
[Co(15-pydienN;)(H,0),]Cl, 24.6 —0.00057 1200 20.7 (29.8) 31
[Co(L1a)(im),] 24.8 0.00006 0.087 62.3 (89.6) 31
[Co(tbp);(NO;),]¢ 35.8 0.006 768 17.7 (25.5) 34
[Co(isq);(NO;),1” 357 0.0006 701 11.0 (15.8) 34
[Co(L3)](ClO,), 34 0 99 16.9 (24.3) 26
[Co(H,L1a)I(H,0)]1 30 0.01 18
[Co(H,L1a)Br(H,0)]Br 30 0.01 18
[Co(HL2)(H,0)(EtOH)] BPh,-3EtOH 27.65 21
[Co(Ls)](ClO,), 26 28
[Co(L5)](NO,),-CH,CN 25 28
[Co(L6)](ClO,), 23.1 29
[Co(H,L1a)(SCN),] 15.9 0 33
[Co(L1a)(H,0),] 13.1 0 33
[Co(H,L1b)(CH;0H)(NO;)]NO;-CH;0H 334 0.141 19
[Co(L7)(H,0),](BF,), 25.6 —0.039 1100 42.2 (29.3) 30
[Co(L7)(CN),]-2H,0 17.4 —0.034 3200 48.9 (34.0) 30
[Co(L7)(NCS),] 26.3 —0.004 1000 49.2 (34.2) 30
[Co(L7)(SPh),] 34.5 —0.052 2100 54.7 (38.0) 30

1 = [Co(L)CL]-2CH;0H 38(3) 0 this work
2 = [Co(L)Br,] 41(1) 0 1120 42 (6.1) this work
3 = [Co(L)L] 35(1) 0 1120 4.5 (6.5) this work

“tbp = 4-tert-butylpyridne. bisq = isoquinoline.
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Figure 5. Temperature and frequency dependence of in-phase ., and out-of-phase y,,, molar susceptibilities in a small applied external magnetic
field for complexes 1 (Bg. = 0.3 T, left), 2 (Bg = 0.1 T, middle), and 3 (B, = 0.2 T, right) (full lines are only guides for eyes).

the complexes 2 and 3 and thus, one-component Debye’s 107° s and the spin reversal barrier U,s= 6.5 K (4.5 cm™) for 3
model was applied based on equation (Figure S8). However, the values of 7, &~ 107° s are rather large
T = X for SMMs and U, are very small in comparison with |D| values.

x(w) = ————— +x Furthermore, in the case of easy plane anisotropy (D > 0, E/D
1+ (iar) ) = 0), it is hard to justify that the Orbach process is the single

which resulted in isothermal (y) and adiabatic (yg) process governing the relaxation mechanism, because there is
susceptibilities, relaxation times (7), and distribution parame- no energy barrier for spin reversal originating from ZFS
ters (a) (Tables S2—S3). This enabled us to construct the parameters defined as U = 2(D* + 3E*)"? for S = 3/2 spin
Argand (Cole—Cole) plots (Figure 6 for 2 and Figure S8 in system. Therefore, other relaxation processes must be present,

Supporting Information for 3). Usually, the obtained temper-
ature-dependence of the relaxation times is fitted with the
Arrhenius equation

namely, direct term induced by the hyperfine interaction
dominating at low temperatures and a Raman term dominating
at higher temperatures.'’ Consequently, temperature depend-
= Tereﬁ“/ kT (s) ence of the relaxation times was fitted with following equation

containing the Raman term
which resulted in 7, = 1.12 X 107> s and the spin reversal
barrier U= 6.1 K (4.2 cm™) for 2 (Figure 6), and 7, = 1.12 X 7=CT™ (6)
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Figure 6. Top: frequency dependence of in-phase ., and out-of-
phase Yin,, molar susceptibilities of 2 in an external magnetic field 0.1
T; full lines—fitted data using eq 4. Middle: the Argand (Cole—Cole)
plot with full lines fitted with eq 4. Bottom: the fit of resulting
relaxation times according to the Arrhenius eq 5 under assumption of
Orbach relaxation process (left) and fit according to eq 6 under the
assumption of Raman relaxation process (right).

and these parameters were found for compound 2: C = 1.63 X
1073 and n = 2.79 (Figure 6) and for compound 3: C = 2.00 X
1073 and n = 2.82 (Figure S8). Similar parameters, C = 2.12 X
107° and n = 2.84, were obtained for previously reported seven-
coordinate Co(II) compound comprising analogous macrocylic
ligand [Co(L3)] (ClO,),*® and slightly higher Raman coef-
ficients were found in other seven-coordinate Co(II) complexes
with easy plane anisotropy (n = 4.9—8.7).>°7*

In contrast to compounds 2 and 3, compound 1 exhibits only
one maximum on the frequency-dependent imaginary part of
the molar susceptibility (Figure S), and therefore similar
analysis is unfeasible. However, the simplified model can be
utilized to analyze AC susceptibility data, which is derived
under the assumption that the adiabatic susceptibility is usually
approaching zero in the single-molecule magnets (ys — 0),”
thus the ratio of imaginary and real susceptibilities expressed as
in eqs 7—8

Y = M X +x
1+ o*z? S (7)
” )(T - )(S
= Wr———
X 1+ o’c? (8)
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can approximated as
x"/x = wr=2nft (9)

This approximation was already used to analyze magnetic
data for other SMM compounds’®”’ in order to extract
information about Orbach relaxation processes parameters as

In(y"/y') = In(2xfz,) + U/KT (10)

Therefore, the experimental data for 1—3 were analyzed with
this procedure, Figure 7 and Figure S9 and S10, and as a result,

] f(Hz)

= 14881
e 7156
A 3447
v 166.2
-6 T T T T -6 T T T T T
0.2 0.3 04 0.5 06 08 10 12 14 16 18
1T (1/K) In(T) (In(K))

Figure 7. Simplified analyses of the AC susceptibility data for 2 based
on eq 10 (Orbach process, left) and based on eq 11 (Raman process,
right).

we obtained a list of parameters summarized in Table 4. The
spin reversal barrier parameters were found to be in the range
Uy =79-112 K for 1, Uy = 13.4—17.6 K for 2, and Uy =
18.6—30.6 K for 3, where only highest four frequencies were
taken into account. The variations in the fitted parameters can
be also ascribed to the distributions of relaxation processes,
which are reflected in eq 4 by parameter @, but are neglected in

this simplified model.

Table 4. Parameters Resulting from the Analysis of AC
Susceptibility Data for Orbach Relaxation Process Using
Equation 10 for Complexes 1—3

f (Hz) 1488.1 715.6 344.7 166.2
1 7o (107¢ s) 2.01 1.89 1.69 1.54
U4 (K) 7.9 8.8 9.8 11.2

f (Hz) 1488.1 715.6 344.7 166.2
2 7 (1077 s) 2.57 6.22 3.33 3.18
U4 (K) 17.6 13.4 16.6 17.2
f (Hz) 1488.1 597.1 239.8 96.2
3 7, (1077 s) 1.06 2.69 6.02 8.32
U (K) 30.6 244 19.6 18.6

Analogously, we used eq 9 to derive also linearized equation
suitable for the Raman relaxation process as

In(y"/y') =In 2afC) — n-In T (11)

The application of this procedure resulted in parameters
listed in Table S; see also Figure 7, Figures S9 and S10. The
Raman parameters were found to be in the range n = 1.76—2.59
for 1, n = 2.86—3.21 for 2, and n = 2.98—4.50 for 3. These
factors are close to those extracted with eq 6 for 2 and 3. To
summarize, the AC susceptibility data for 1—3 can be analyzed
both by Orbach and Raman processes; however, due to the
presence of the easy-plane type of the magnetic anisotropy, the
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Table 5. Parameters Resulting from the Analysis of AC
Susceptibility Data for Raman Relaxation Process Using
Equation 11 for Complexes 1—-3

f (Hz) 1488.1 715.6 3447 166.2
1 27 x C 1.62 1.76 1.01 0.986
n 1.76 224 225 2.59
f (Hz) 1488.1 715.6 3447 166.2
2 21f x C 11.8 415 2.90 1.83
n 3.10 2.86 3.09 321
f (Hz) 1488.1 597.1 239.8 96.2
3 21f x C 501 45.6 925 2.39
n 4.50 371 3.30 2.98

Raman relaxation processes seems to be a favorable
interpretation.

Theoretical Calculations. In order to better understand
the impact of the axial coligands on the electronic structure of
the seven-coordinate complexes under study, especially on their
magnetic anisotropy, the post-Hartree—Fock CASSCF calcu-
lations were performed. First, the ORCA 3.0.3 computation
package was utilized to perform CASSCF/NEVPT2 calcu-
lations for CAS(7,5) using the scalar relativistic contracted
version of def2-TZVP(-f) basis functions together with the zero
order regular approximation (ZORA). Second, MOLCAS 8.0
computational package was employed for CASSCF/CASPT2
calculations with respective relativistic ANO-RCC basis set and
Douglas—Kroll-Hess (DKH) approximation. Now, the
double-shell effect was also encountered by enlarging the
number of active orbitals (3d + 3d") as CAS(7,10). In such way,
we can compare two traditional theoretical methods in the
realm of the SMMs used for calculation of the zero-field
splitting and g-tensors. The first approach done with ORCA
resulted in a small variation of D-values, D = 43.3—44.8 cm™},
for 1-3, and D is very slightly decreasing toward heavier
halogenido ligands. Also, the calculations performed for
different complexes of 2 and 3 found in their respective
asymmetric units show practically no variation for D (Table 6).
On the contrary, there is a much larger variation of D calculated
with MOLCAS, D = 45.0—52.1 cm™" for 1—3 with CAS(7,3)
and D = 37.0—47.5 cm™" for 1—3 with CAS(7,10), and also this
procedure seems to be much more sensitive to small variations
of geometry found in two complexes of 2 and 3 in their
asymmetric units. The expanding the active space, thus
accounting for the double-shell effect, led in all cases to lower
D-values with following trend, D(X = Br, 2) < D(X =1, 3) =
D(X = Cl, 1). To summarize, all three theoretical methods
confirmed large positive D, almost negligible rhombicity, |E/DI
< 0.08, thus the easy-plane type of the magnetic anisotropy.
Moreover, the both calculation methods, ORCA with CAS(7,5)
and MOLCAS with CAS(7,10), resulted in very similar
orientations of the axes of respective D-tensors as visualized
in Figure S11, and moreover, z-axes coincide with Co-X axial
bonds in all cases. Also, there is large anisotropy of g-tensors
from which is obvious that g, = 2.0 and g, ~ g, ~ 2.4—2.5. The
energy levels and the contributions of the excited spin states to
D-tensor are listed in Tables S4 and SS. It is evident that first
four excited quartets have a significant contribution to D, and
the first two doublets contribute to D as well.

However, there is evidently no obvious trend of the D-values
reflecting the analysis of the magnetic data. Therefore, we also
performed DFT calculations with B3LYP/ZORA/def2-TZVP(-
f) for each complex unit of 1—3 and calculated Mayer bond
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Table 6. Comparison of the Spin Hamiltonian Parameters
for Complexes 1—3 Derived from the Experimental
Magnetic Data and from CASSCF Calculations”

compound 1 2 3
CASSCF/NEVPT2/ZORA/def2-TZVP(-f) with CAS(7,5) (ORCA)
D (em™) 44.8 44.0/44.0 43.4/43.3
IE/DI 0.0444 0.0615/0.0701 0.0665/0.0560
2 2.466 2.457/2.469 2.457/2.447
& 2421 2.396/2.398 2.390/2.391
g 2.005 1.994/1.999 1.993/1.992
CASSCF/CASPT2/DKH2/ANO-RCC with CAS(7,5) (MOLCAS)
D (ecm™) 50.1 49.8/44.9 45.0/52.1
IE/DI 0.0499 0.0724/0.0628 0.0625/0.0789
g 2.497 2.506/2.455 2.435/2.541
8 2.441 2.421/2.384 2.377/2.442
g 2.000 1.992/2.004 1.997/1.986
CASSCF/CASPT2/DKH2/ANO-RCC with CAS(7,10) (MOLCAS)
D (ecm™) 47.5 38.6/37.0 44.3/474
IE/DI 0.0473 0.0766/0.0617 0.0598/0.0665
I 2.488 2.472/2.424 2.447/2.498
8 2.435 2.399/2.366 2.388/2.418
% 2.002 1.997/2.006 1.996/1.991
Experimentally Determined Magnetic Parameters
D (ecm™) 38(3) 41(1) 35(1)
IE/DI (fixed) 0.0 0.0 0.0
- 247(1) 2.284(5) 2.355(6)
g, (fixed) 2.0 2.0 2.0
v (107 m® mol™) 11(1) 14(5) 12.2(6)

“The details of the theoretical calculations are described in the
Experimental Section.

orders between cobalt and the corresponding donor atoms.
The results are graphically visualized together with the bond
distances and the D-values (both experimental and theoretical)
in Figure 8.

The DFT calculations revealed that (i) Mayer bond order of
the donor—acceptor Co—N/O bonds with the macrocyclic
ligand L is almost constant for all the complexes 1-3, thus
ensuring that variation of ZFS parameters is solely due to the
variation of the axial ligands X; (ii) Mayer bond order of the
donor—acceptor Co—X bonds increases in this order: Co—Br <
Co—Cl < Co—1, thus these bond orders do not follow the ligand
field strength from the general spectrochemical series. Now it is
evident that D derived from the analysis of the experimental
magnetic data correlates with the axial ligand Mayer bond order
(Co—X, X = Cl, Br, I) and not with the ligand field strength
which means that the stronger axial donor—acceptor bond is
connected with the lower D-value. In order to confirm and
generalize this conclusion we used the Angular Overlap Model
(AOM) and AOMX program. Here we supposed idealized
geometry of the pentagonal bipyramide (Dg;, symmetry) and
modeled effect of the axial and equatorial ligands on the zero-
field splitting of the ground spin state S = 3/2. We have also
considered all three types of ligands, which means o-donors
with z-donor properties, pure o-donors, and o-donors with z-
acceptor properties. The calculated energy splitting A of the
Kramers doublets is equal to 2D in this idealized geometry. The
results are depicted in Figure 9a,b, and the conclusions can be
summarized as follows: (i) decrease of the ligand field strength
both in axial and equatorial positions lead to an increase of the
magnetic anisotropy; (ii) increase of D is much pronounced for

the equatorial ligands; (iii) the type of the ligand (6-donor and
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Figure 8. Variation of the cobalt—donor atom distances (top), Mayer’s
bond order (middle), and ZFS D-parameter (bottom) for 1—3. The
solid lines represent just a guideline for the eyes to better follow the
trends.

n-donor; o-donor; o-donor and m-acceptor) in the axial
positions affects the D-parameter much more than that in the
equatorial plane. Furthermore, the impact of the covalency
effect was also calculated for three types of the axial ligands as
depicted in Figure 9c by varying the orbital reduction factor of
the spin—orbit interaction in axial positions (k,), and we can
conclude that D decreases with increasing covalency of the
Co—X donor—acceptor bond for all types of the axial ligands.

B CONCLUSIONS

In summary, a thorough investigation of the influence of the
halogenido coligands occupying the apical positions in seven-
coordinate pentagonal-bipyramidal Co" complexes [Co(L)X,]
(L = pentadentate macrocyclic ligand, X = CI™ (1), Br™ (2), or
I" (3)) on their magnetic anisotropy is reported. All three
compounds possessed a large easy-plane anisotropy with the D-
values increasing in the order: 35 cm™ (3) <38 cm™ (1) < 41
ecm™' (2), thus D(I") < D(CI") < D(Br™) in contrast to the
expected trend based on the position of the corresponding X
ligand in a general spectrochemical series (A decreases in the
order CI” > Br™ > I" and thus D should increase in the order
D(CI7) < D(Br~) < D(I"))."® In order to explain this trend, ab
initio calculations were performed, but they were found to be
inefficient to understand the phenomenon. This discrepancy
led us to an inspection of the nature of Co—X bonds via DFT
calculations, which surprisingly showed that the Mayer bond
order decreases in the order: Co—I > Co—Cl > Co—Br most
likely as a consequence of interplay between the Co—X bond
covalency and the ligand field splitting A induced by the X~
ligands. This Mayer bond orders actually nicely correspond
with the unexpected trend in the experimental D-values.
Furthermore, all the complexes behave as field-induced
mononuclear SMMs with the slow relaxation of the magnet-
ization depending on the corresponding halogenido coligand,
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Figure 9. Energy splitting of Kramers doublets for Co(II) seven-
coordinate complexes with idealized pentagonal-bipyramidal geometry
calculated with the Angular Overlap Model using AOMX program. (a)
The effect of the axial ligand strength; (b) the effect of the equatorial
ligand strength; (c) the impact of the covalency effect expressed by the
orbital reduction factor of the axial ligands (x,).

which can be characterized most likely with the Raman
relaxation process.

Altogether, we can conclude that tuning of magnetic
anisotropy is still a very challenging process in which
substitution of coligands based simply on their position in
spectrochemical series can be misleading and need not give
anticipated results, especially when heavier donor atoms (4p
and Sp elements) are employed. Moreover, based on additional
AOM calculations, further progress in tuning of the magnetic
anisotropy in pentagonal—bipyramidal Co(II) complexes would
be achieved by structural changes of ligand(s) coordinated in
the equatorial plane rather than in the axial positions.
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ABSTRACT: Peculiar magnetic behavior was found for 1D-polymeric seven- 85"
coordinate pentagonal bipyramidal Fe(II) complex {[Fe(L)(,3-N3)](ClO,)},
(1) with a pentadentate macrocyclic ligand L (3,12,18-triaza-6,9-
dioxabicyclo[12.3.1]octadeca-1(18),14,16-triene) coordinated in the pentago-
nal equatorial plane and with end-to-end bridging azido ligands in axial
positions. The static and dynamic magnetic data revealed that spin-canting in
the 1D-chain of 1 results in the single-chain magnet (SCM) behavior with high
spin-reversal energy barrier Uy (A,) = 87.5 K, exhibiting magnetic hysteresis
below 4 K and coexistence with the metamagnetism altogether resulting in
weak 3D-ferromagnetic behavior. This is the first reported example of the

exclusively azido-bridged homospin Fe(II)-based SCM.

B INTRODUCTION

Seven-coordinate complexes of pyridine-based macrocyclic/
acyclic ligands (Figure 1) with various transition metals"? as
well as lanthanides™ have become a growing group of
compounds due to their utilization as versatile building blocks
in advanced magnetic materials. Among them, an interesting
class of compounds represents single-chain magnets (SCMs)
which display slow relaxation of rnagnetlzatlon and magnetic
hysteresis of purely molecular origin.”~’ Strong magnetic
anisotropy carries (metal centers preferably with Ising type of
anisotropy) as well as strong intrachain magnetic coupling
between them are essential requirements for rational design of
SCMs.*” Previously it was believed that the interchain
magnetic coupling should be minimized in order to prevent
3D magnetic ordering, but with discovery of SCMs in the
antiferromagnetic (AF) or ferromagnetic (F) ordered phase,
new types of high-temperature SCM have been achieved.'’
However, the design and control of these interchain
interactions together with the design of SCMs itself (intrachain
interactions) remains a big challenge and therefore the number
of SCM-based magnets is rather rarely documented. The
majority of SCMs is constructed by using the ferrimagnetic
ordering among heterometallic centers, because AF coupling is
usually stronger and more common than the F one, with the
utilization of different bridges between the spin centers, e.g.
phosphonates, 1 carboxylates,12 3 azides,' etc. Moreover,
other well-known magnetic coupler cyanide has been
employed more recently in the development of multifunctional
magnetic materials based on photoswitchable SCMs"~""
important for the fabrication of the photorecording devices.
As was mentioned above, pentagonal bipyramidal Fe(II),
Co(Il), and Ni(II) complexes with pentadentate ligands

-4 ACS Publications  © 2018 American Chemical Society
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coordinated in the equatorial plane represent attractive carriers
of large magnetic anisotropy.'® The weakly coordinated axial
ligands can be easily substituted by various bridging units, and
therefore these complexes could be used as excellent building
blocks in preparation of different clusters, chains, or net-
works.'® The most studied systems were based on complexes
with Schiff bases L1 and L2,"**° their reduced analogue
L™ and acyclic derivatives H,L3-R (R = phenyl (Ph),
biphenyl (biPh), NH,, etc.)**™*" as well (Figure 1).

A large group of different magnetically ordered polymeric
complexes of [M(L1)]** or [M(L2)]** (usually M = Mn", Fe',
Co") with various cyanometallates was recently reviewed
elsewhere.'® But there are only a few examples of the
previously described 1D-chain complexes containing seven-
coordinate Fe(II) and showing slow relaxation of magnet-
ization. This group includes heteronuclear SCMs [{(H,O)Fe-
(L2) H{Nb(CN)gHFe(L2)}], (U = 74 K, 75 = 4.6 X 107"
s)," {{{Cr(L3-Ph)(CN),}{Fe(H,L3-NH,)}](PFe)}, (Ues =
113 K, 7, = 1.62 X 107! 5);*” furthermore, SMMs organized in
1D chains with the help of diamagnetic hnkers [{Fe(H,L3-
Ph) }{Ni(CN),}], (Ugs=49K, 7, = 2.0 X 107 5),°° and SMM
combined with the spin-crossover unit in [{Mn(saltmen)},-
{Fe(L2)(CN),}](ClO,),-0.5C,H,,0-0.5H,0 (U4 = 139 K,
7o = 1.1 X 1077 s, saltmen = N,N’-(1,1,2,2-tetramethyl-
ethylene)bis(salicylideneiminate)).31 Concerning the homo-
nuclear SCMs, there are only two seven-coordinate Fe!'
complexes, first {{Fe(L2)(CN)][BE,]},,”* for which SCM
behavior (U, = 35.9 K, 7, = 5.6 X 107° s), together with AF
ordering below Ty = 5.4 K, “hidden“ spin-canting (canting
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angle ~ 7°), and metamagnetism, has been observed.
Additional suppressing of the magnetic interactions among
the 1D-chains has been achieved by anion exchange in
structurally related complex {[Fe(L1)(CN)](ABSA)}, (U =
26.1 K, 7, = 8.3 X 1071% 5, ABSA™ = 4-aminoazobenzene-4 -
sulfonate),*® for which only pure SCM behavior was found. To
the best of our knowledge, there are no other examples of
SCMs based on homonuclear seven-coordinate transition
metals; nevertheless, interesting behavior corresponding to
SIM organized in 1-D coordination polymer has also been
recently observed for a homonuclear Co" complex {[Co(L4)-
(bpe)][BF,]-3CH;CN}, (Ug = 19.0 K, 7, = 7.5 X 107 s, bpe
= 1,2-di(4-pyridyl)ethane).**

Inspired by the above-mentioned SCMs based on seven-
coordinate Fe(Il) complexes and the fact that azide is well-
known as a bridging li§_and with a high ability to mediate
magnetic interactions,'#”>~** the polymeric end-to-end azido-
bridged Fe(II) complex {[Fe(L)(u,3-N3)](ClO,)}, (1) was
prepared and its synthesis and structural and magnetic
properties are described in detail herein.

B EXPERIMENTAL SECTION

Synthesis and General Characterization. The ligand L
(3,12,18-triaza-6,9-dioxabicyclo[12.3.1]octadeca-1(18),14,16-tri-
ene)*”*® was synthesized according to the literature procedures.
Oxygen-free CH;OH and water were prepared by their distillation
under argon atmosphere. All other chemicals (Sigma Aldrich, St.
Louis, MO, USA) and solvents (VWR International, Fontenay-sous-
Blois, France) were purchased from commercial sources and used as
received.

{[Fe(L)(u; 3-N3)I(CIO)}, (1). All manipulations were done under
inert argon atmosphere. L (50 mg, 0.199 mmol) and Fe(ClO,),:
6H,0 (72 mg, 0.199 mmol) were dissolved in 2.5 mL of oxygen-free
CH,;O0H to produce a green solution. The solution of NaNj; (13 mg,
0.199 mmol) in 0.25 mL of oxygen-free water was added to the
solution prepared in the previous step. Obtained green-red solution
was heated at 60 °C for 5 min and left to cool down to room
temperature. A small amount of emerged precipitate was filtered off.
The filtrate was allowed to crystallize by diffusion of vapors of diethyl
ether at 5 °C. The product was obtained in a form of black crystals
(41 mg, yield 46.1%).

MS m/z (+): 34891 ([Fe(L)+(N;)~]%, caled. 349.11), 405.95
([Fe(L)+(Cl0,)7]*, calcd. 406.05).

Anal. Caled (%) for [Fe(L)N,;](ClO,) (C,3H,,CIFeN,Oq). C,
34.43; H, 477; N, 19.11. Found C, 34.80; H, 4.72; N, 18.73. IR
(ATR, cm™): 620 (m), 797 (m), 842 (w), 882 (m), 919 (m), 942
(m), 980 (w), 1013 (s), 1070 (s), 1216 (w), 1236 (w), 1278 (w),
1298 (w), 1337 (w), 1352 (w), 1465 (m), 1576 (m), 1600 (m), 2067
(s), 2881 (m), 2925 (m), 3270 (m), 3410 (w).

Caution! Although we have experienced no difficulties, perchlorate
salts of metal complexes with organic ligands are potentially explosive and
should be handled with great care even in small quantities.

Physical Methods. Elemental analysis (C, H, N) was performed
on a Flash 2000 CHNO-S Analyzer (Thermo Scientific, Waltham,
MA, USA). The mass spectra were recorded on an LCQ Fleet Ion
Mass Trap mass spectrometer (Thermo Scientific, Waltham, MA,
USA) equipped with an electrospray ion source and 3D ion-trap
detector in the positive mode. Infrared (IR) spectra of the complexes
were collected on a Thermo Nicolet NEXUS 670 FT-IR spectrometer
(Thermo Nicolet, Waltham, MA, USA) employing the ATR
technique on a diamond plate in the range of 400—4000 cm™". The
transmission *’Fe Mossbauer spectrum was collected employing a
Mossbauer spectrometer operating at a constant acceleration mode
and equipped with a 50 mCi *’Co(Rh) source. For fitting the
Méssbauer spectra, the MossWinn software program was used.*' The
isomer shift values are referred to a-Fe at room temperature. The
temperature-dependent and field-dependent magnetization measure-
ments at static magnetic field were performed on PPMS Dynacool
with the VSM option. The measurement of the alternating current
(AC) susceptibility was done on a MPMS XL-7 SQUID magneto-
meter. The magnetic data were corrected for the diamagnetism of the
constituent atoms and for the diamagnetism of the sample holder.
The SI units are employed thorough the work.

X-ray Diffraction Data. Single crystals of complexes 1 suitable for
X-ray diffraction analysis were prepared by a vapor diffusion of Et,O
into the solution of the complex at 5 °C. The X-ray diffraction data
were collected on a Bruker D8 QUEST diffractometer equipped with
a PHOTON 100 CMOS detector using Mo Ka radiation at 120 K.
The APEX3 software package® was used for data collection and
reduction. The molecular structure of 1 was solved by direct methods
and refined by the full-matrix least-squares procedure SHELXL
(version 2014/7).* Hydrogen atoms of the complex were found in
the difference Fourier maps and refined using a riding model, with C—
H = 0.95 (CH),, and C—H = 0.99 (CH,) A, and with U, (H) =
1.2Ueq(CH, CH,). The molecular and crystal structure of the studied
complex depicted in Figure 2 was drawn using the Mercury
software.**

Theoretical Calculations. The ORCA 4.0 computational package
was used for all theoretical calculations.” The calculations of ZFS
parameters were done using state average complete active space self-
consistent field (SA-CASSCF)*® wave functions complemented by N-
electron valence second-order perturbation theory (NEVPT2)* using
the triple-¢ basis set def2-TZVP(-f)*® for all atoms. The active space
of the CASSCF calculations was composed of six electrons in five
metal-based d-orbitals, CAS(6,5), and all S quintet and 45 triplet
states contributing to ZES and stemming from 3d° electronic
configuration were calculated. The ZFS parameters, based on
dominant spin—orbit coupling contributions from excited states,
were calculated through quasi-degenerate perturbation theory
(QDPT),* in which an approximation to the Breit-Pauli form of
the spin—orbit coupling operator (SOMF approximation) and the
effective Hamiltonian theory®' were utilized. The calculations utilized
the RIJCOSX approximation with the auxiliary coulomb basis def2/
JK>* Increased integration grids (Grid6é and GridX6 in ORCA
convention) and tight SCF convergence criteria were used in all
calculations. The ab initio ligand field analysis (AILFT) was done as
implemented in ORCA to obtain the energies of d-orbitals.”*™>*
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~18.5°

Figure 2. (A) Schematic illustration of the complex cation in 1, (B) a
part of the 1D polymeric azido-bridged structure in 1, (C) 7—x
stacking interactions forming a 2D layered crystal structure, and (D) a
view of the 1D chains arrangement in the 2D layers of 1. Hydrogen
atoms were omitted for clarity.

B RESULTS AND DISCUSSION

Com(?lex 1 was prepared via mixing of Fe(ClO,),-6H,0 and
L*** in methanol followed by addition of aqueous solution of

Table 1. Crystal Data and Structure Refinements for
Complex 1

Compound 1
Formula C,3H,,ClFeN4O¢
M, 448.66
Temperature (K) 120(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2,/c
a (A) 9.6616(6)
b (A) 16.8895(10)
¢ (A) 11.6736(6)
a (deg) 90
B (deg) 104.850(2)
7 (deg) 90
v, A3 1841.27(18)
VA 4
Do g cm™ 1.618
u, mm™ 1.009
F(000) 928
O range for data collection (deg) 2.412—26.498
Refl. collected 27381
Independent refl. 3820
R(int) 0.0770
Data/restraints/parameters 3820/0/250
Completeness to 6 (%) 99.9
Goodness-of-fit on F* 1.121

R1, wR2 (I > 26(1))"
R1, wR2 (all data)®
Largest diff. peak and hole/A™3 0.408 and — 0.464
CCDC number 1852392

“R, = Y(IF| — IE))/XIE); wR, = [Yw(F,> — F2)*/ Y w(F2)*]V2

0.0461, 0.0810
0.0657, 0.0882

NaNj; under inert argon atmosphere (see Experimental Section
for details). The presence of Fe(Ill) species was excluded by
measurement of the *’Fe Mossbauer spectrum (Figure SI,
Table S1). The X-ray analysis (Table 1, Table 2, and Figure 2)
revealed the molecular structure of the complex, which

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Complex 1

Distances
Fe(1)—-N(1) 2.256(3)
Fe(1)-N(2) 2.238(2)
Fe(1)-N(3) 2.181(2)
Fe(1)—0(1) 2.3181(19)
Fe(1)-0(2) 2.283(2)
Fe(1)—-N(4) 2.155(2)
Fe(1)-N(6)™* 2.156(2)
Angles
N(3)—Fe(1)-N(1) 73.18(9)
N(3)—Fe(1)-N(2) 73.46(9)
N(1)—Fe(1)—0O(1) 73.18(8)
N(2)—Fe(1)-0(2) 72.79(8)
0(2)—Fe(1)—0(1) 69.49(7)
N(4)—Fe(1)-N(6)"* 172.60(10)
N(5)-N(6)—Fe(1)*? 128.1(2)
N(5)—N(4)—Fe(1) 127.5(2)
Torsion angles
N(6)-N(4)—-N(6)*"—N(4) 174.8(2)
Fe(1)—N(4)—-N(6)"* —Fe(1)"? 124.9(2)

A =y +1/2, 2+ 1/2. %%, —y + 1/2, 2 — 1/2.
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Figure 3. Temperature dependence of the effective magnetic moment
for 1. The red full line corresponds to the fit according to eq 1 with J
= —2.14 cm™" and g = 2.13. Inset: The analysis of yT data with 'T =
Cer X exp(A./kT) using zero-field ac susceptibility measured at f = 1
Hz (left) and dc susceptibility measured at By, = 0.1 T (right).

contains seven-coordinate Fe(II) atoms having pentagonal
bipyramidal geometry with the macrocycle L coordinated in
the equatorial pentagonal plane with an N3O, donor set, and
the azido ligands coordinated in axial positions (Figure 2A,B).
The Fe—N,, distance 2.181(2) A is significantly shorter than
other Fe—N distances (2.238(2) and 2.256(3) A) in the
equatorial plane, while the Fe—N,,;;, distances (2.155(2) and
2.156(2) A) are the shortest of all the Fe—N bond lengths.
Concerning also the Fe—O distances (2.3181(19) and
2.283(2) A), the pentagonal bipyramid is slightly axially
compressed. The azido ligands have end-to-end (y-1,3 or 2.11
in Harris notation)'* coordination mode and act as bridging
ligands between the pentagonal Fe(II) units to provide a 1D
zigzag chain (Figure 2C). The metal-azido-metal unit has a
large Fe—N(4)—N(6)—Fe torsion angle of — 124.9° with the
Fe—N,,i40—Nayigo angles of 127.5(2)° and 128.1(2)°. The Fe---
Fe intrachain distance is 5.847 A and the dihedral angle
between the pentagonal FeN;O, least-squares planes is 37.0°,
and thus, the angle between the ¢ axis and N,,;4,—Fe—N,,4,
vector can be reckoned as 18.5° (Figure 2C). Moreover, the
angle of ~ 75° was found between the projections of these
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Figure 4. Analysis of ac susceptibility data for 1. Temperature
dependence of in-phase y’ and out-of-phase '’ molar susceptibilities
in zero external magnetic field (top). Frequency dependence of in-
phase ¥’ and out-of-phase y’’ molar susceptibilities in zero external
magnetic field (middle); the Argand (Cole—Cole) plot (left-down, full
lines—fitted data using Debye’s model). Fit of resulting relaxation
times according to the Arrhenius equation (right-down).

vectors into the ab plane (Figure 2D). These 1D-chains are
connected to each other via 7—7 stacking interactions (Cngg
= 3.626 A) between the pyridine units (Figure 2C), providing
the shortest interchain Fe---Fe distance 8.437 A and, thus,
forming a supramolecular 2D-layered structure. Perchlorate
anions are located in between these 2D layers and separate
them (Figure S2, Table S2). The crystal structure is stabilized
by a network of the N---N, N---O, N-H:--O, C-H:--O, and C-
H:--N noncovalent contacts (Table S2).

The results of dc magnetic measurements are displayed in
Figure 3 as the temperature dependence (2—300 K) of the
effective magnetic moment (pt.g/i5). The value of piog/pg =
5.12 (4T = 3.28 cm™® K mol™") at room temperature is slightly
higher than the theoretical spin only value (p.q/ps = 4.90, T
=3.00 cm™> K mol™ for S = 2 and g = 2.0) due to a substantial
contribution of the orbital angular momentum resulting in high
magnetic anisotropy of the Fe' atom in the pentagonal
bipyramidal environment. Upon cooling, the p.g/pp value
slightly decreased to a minimum of 4.34 at 26.0 K, which is due
to weak AF interactions within the chain; then it sharply
increased to a maximum of 9.80 at 6.2 K, suggesting onset of
the ferromagnetism; and it finally dropped down to 6.29 at 2.0
K indicating saturation of the magnetization.

To estimate the AF exchange interactions within the chain,
the temperature-dependent dc data above 25 K were fitted via
the spin Hamiltonian for closed finite size ring (N = 7)
mimicking 1D infinite chain magnetic behavior

. N-1
H = —J(S-Sn) — ]Z (Sl'si+1) + ﬂBBgiSz W
i=1 1

which provided J = — 2.14 cm™" and g = 2.13 confirming the
AF interaction between the Fe(II) centers mediated by end-to-
end azido bridges (Figure 3).

To further explore the nature of the magnetic behavior of 1,
additional ac and dc magnetic measurements were performed.
First, the ac susceptibility was measured in zero static magnetic
field as shown in Figure 4. Both in-phase (') and out-of-phase
(¥'') magnetic susceptibility signals below 9 K go through a
maximum with a strong frequency dependence reflecting the

d-orbitals
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Tg 4000
o —-
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LFT Terms LFT Multiplets
10000 700 —_—
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600 - = ™
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Figure S. Left: the molecular structure of [N3(L)Zn(u, 3-N3)Fe(L) (s, 3-N3)Zn(L)N;] derived from the experimental X-ray geometry of 1 used for
CASSCE/NEVPT2 calculation overlaid with the three-dimensional plot of the calculated molar magnetization at T = 2 K and B = 0.5 T and
showing also the easy axis of the D-tensor with the arrow. Right: The plots of d-orbitals splitting calculated by ab initio ligand field theory (AILFT)
using the CASSCF/NEVPT2 method, low-lying ligand-field terms and ligand-field multiplets. Comment: the first excited LFT quintet term (548

cm™!) dominantly contributes to the D-parameter (see Table S4—S6).
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Table 3. Comparison of Selected Structural and Magnetic Parameters of Studied Complex 1 and Previously Published

Complexes 2 and 3

Fe:--Fe intrachain Fe---Fe interchain

canting angle (deg)

canting angle (deg)  torsion angle (deg)” eff (1076

complex distance (A) distance (A) X-ray) dc data) X-ray m> mol™! K)
1 5.847 8.437 18.5 11 —124.9 9.71 (ac)/11.11(dc)
2% 5.387 8.471 7 6.3 —54 8.29 (dc)
3% 5.296 12.0 6 7.5 +9.8 10.68
complex J (em™) g U, (K) 7o (10710 5) A: (K) C.g (cm® mol™! K) Ay (K)
1 —2.14 2.13 87.5 19.0/20.2 0.77 (ac)/0.88 (dc) 67.3
2% —4.35 2.20 359 15.8 0.66 (dc) 20.1
3% —4.13 2.13 26.1 6.0 0.85 (dc) 20.0
“Defined as Fe—N(4)—N(6)—Fe in 1 and Fe—N—C—Fe in 2 and 3.
14 5=
4 -\

0.01

Figure 6. ZFC/FC magnetization curves at various magnetic fields for
complex 1.

|/ NA'UB

mol

B(TM)

Figure 7. Magnetic hysteresis loops at various temperatures for
complex 1.

slow relaxation of the magnetization typical for SCMs. Several
maxima in the y’’ vs T plot were found and using the one-
component Debye’s model allowed us to calculate isothermal
(1) and adiabatic (yg) susceptibilities, relaxation times (7),
and distribution parameters (@) (Table S3) and to construct
the Argand (Cole—Cole) plot (Figure 4).

The relaxation times were fitted to the Arrhenius law 7 = 7,
exp(A,/kT), which provided the effective energy barrier A, =
87.5 K with the pre-exponential factor 7, = 5.27 X 107'% s and
confirmed that the Orbach process is the single process
governing the relaxation mechanism. The SCM behavior of 1
originates in a spin-canting structure within the homospin

B(T)
/

24 "
1 F AF
0 . e

20 25 30 35 40 45 50 55 60 65
T(K)

Figure 8. Magnetic phase diagram for 1. The black points were
obtained from ZFC magnetization curves and red points from dM, .,/
dB curves. The lines are a guide for the eyes.

chain, and the spin canting angle equal to 11° was estimated
from the isothermal magnetization data (Figure S3). This value
is slightly lower than that obtained from the X-ray analysis
(18.5°) probably because the magnetic axis is slightly tilted
away from the N,,;q,—Fe—N,,4, vector (Figure S).

To further explore the SCM properties of 1, the temperature
dependence of the correlation length (£) was calculated from
the magnetic susceptibility data. The analysis was based on the
fact that in 1D spin chains (Ising-like or anisotropic
Heisenberg chains), the product of y'T obeys a thermally
activated behavior according to y'T = Cg X exp(A./kT),
where C.q is the effective Curie constant and A, 1s the energy
needed to create a domain wall within the cham ® The linear
regression yielded C,g=9.71 X 107 m® mol™' K and A;=202
K for ac susceptibility measured at f = 1 Hz, and similar values,
Cor= 11.11 X 107 m® mol™! K and A; = 19.0 K, were also
obtained from dc susceptibility (Figure 3 inset). The values of
Cg are similar to those found for two other Fe(II) homospin
SCM reported so far — Table 3. Both A; and A, were
determined at low temperatures; thus, we can presume that
thlS SCM behaves Jn the finite-chain size limit for which holds

= A + A,.>® Here, the first term is connected to the
1sotrop1c exchange as A; = 2 I7IS* and using the fitted J-value
from eq 1 (J = — 2.14 em™"), A is calculated to be 24.6 K
(17.1 em™), which is close to the values determined from ac
and dc susceptibility data, A; = 19.0—20.2 K. The second term,

Ay orlgmates from the single-ion anisotropy and it holds A

= IDIS.*>® Then, Ay = A, — A; = (87.5 — 202) K = 673 K
(46.8 cm™), so the axial ZFS parameter IDl = 11.7 cm™
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Table 4. Comparison of ZFS Parameters and Parameters Describing SMM/SCM Properties for so Far Studied Seven-

Coordinate Fe(II) Complexes

Mononuclear complexes D/cm™!
[Fe(L2)(H,0),]Cl, -17.2
[Fe(H,L3-Ph)Cl,] -133
[Fe(H,L3-Ph)(H,0)(CH,0H)]Cl, —4.0
[Fe(H,L3-biPh)(CH,OH)CI]CI -63
[Fe(H,L3-NH,)CL] ~13.0
[Fe(L5)](CIO,),” —7.4
[Fe(L6)] —96

Homonuclear complexes

{{Fe(L2)(CN)][BE,]}, (2)
{[Fe(L1)(CN)](aBSA)}, (3)

Heteronuclear complexes

[{Fe(H,L3-Ph) }{Ni(CN),}], —-10.7
{[{Cr(L3-Ph)(CN),}{Fe(H,L3-NH,) }](PF4)},
[{Fe(L1)(H,0)},Cr(CN)4](ClO,) —4.7
[{(H,0)Fe(L2) {Nb(CN)}{Fe(L2)}], ~—16
[{Fe(H,L3-NH,) }{Ni(CN),}], -83

[ {Fey(H,L3-biPh),(H,0), {W(CN)4},] —11.0/—4.5°

E/D g 7o/10710 s Ug4/K ref.
0.209 2.12 30
0.001 2.31 “ @ 26
0.005 2.28 27
0.025 2.14 27
0.254 2.16 S50 53 27
0 2.13 40
0.006 2.11 4 d 54
56 35.9 32

8.3 26.1 33

0.011 222 20 49 26
0.162 113 29

2.09 14 44.3 SS

0.46 74 30

0.217 2.18 27
2.07 4.6 35 27

“Ac susceptibility data were measured, but no parameters were given. “L5 = 3,12-bis(2-methylpyridine)-3,12,18-triaza-6,9-dioxabicyclo[ 12.3.1]-
octadeca-1,14,16-triene. L6 = 3,12-bis(carboxymethyl)-3,12,18-triaza-6,9-dioxabicyclo[12.3.1]octadeca-1,14,16-triene. dVery weak out-of phase
signal of ac susceptibility was detected upon applying static magnetic field — no parameters obtained. “Two chemically nonequivalent Fe(II) units

are present.

To endorse this estimate, the post-Hatree-Fock calculations
of ZFS parameters were done using the state-averaged
complete-active-space self-consistent field (SA-CASSCF)
method complemented by N-electron valence second-order
perturbation theory (NEVPT2) employing ORCA 4.0
software. The calculations were done for linear trinuclear
molecular fragment [N;(L)Zn(u,3-N;3)Fe(L) (s, 3-N3)Zn(L)-
N;] derived from the experimental X-ray geometry of 1
(Figure S), in which two terminal iron(II) atoms were replaced
by diamagnetic zinc(II) atoms. As a result, D = —11.4 cm™"
and E/D = 0.131 were calculated. The computed D-value is in
a very good agreement with the above calculated value of IDI| =
11.7 cm™!, indirectly supporting our analysis. Moreover, the
CASSCF/NEVPT?2 D-value suggests large magnetic anisotropy
with the easy axis located perpendicular to the macrocylic
ligand L plane and close to the N,,4,-Fe-N,,;4, direction as
visualized in Figure 5. The magnetic anisotropy is also
visualized by a three-dimensional plot of the molar magnet-
ization, which was calculated using matrices from CASSCE/
NEVPT? calculation of the spin—orbit coupling H*°, the spin
momentum operators (S,, S, S,), and the orbital momentum
operators (L,, L,, L,). Then, energy levels for any strength and
orientation of the magnetic field are derived by diagonalization
of the matrix H defined as

soc
H=H"+p,(L +¢S)B )

However, the inspection of calculated energy spectrum also
revealed low-lying excited spin states ~ 600 cm™, which to
some part limits the utilization of the spin Hamiltonian
formalism (Figure S, right). In ideal symmetry of the ligand
field corresponding to the pentagonal-bipyramid, Dy, the 3d°
electronic configuration for Fe(II) results in the orbitally
degenerate ground state of E-type due to the degeneracy of the
lowest d,; and d,, orbitals. In the complex 1, this degeneracy is
only partially quenched as is evident from the energy spectrum
of d-orbitals calculated by ab initio ligand field theory (AILFT)
using the CASSCF/NEVPT2 method (Figure S, left).

Therefore, there is a close lying LFT term (548 cm™') above
the ground state (Figure S, middle), which is split upon
including the spin—orbit interactions to quintet located close
to 600 cm™'. Further inspection also revealed that the first
excited quintet dominantly contributes to the D-parameter
(Table S4—S6), which emphasizes the role of the orbital
angular momentum for ZFS. To summarize, the SCM
properties of 1 were established and since ID/JI > 4/3, the
SCM behaves close to the Ising limit.

The inspection of the isothermal susceptibility yr vs T curve
from fitted zero-field ac susceptibility data revealed the
maximum at Ty = 6.3 K (Table S3). This indicates AF
ordering, mostly caused by the interchain interactions in the
solid state. The coexistence of AF ordering and SCM behavior
has already been reported’ for some heterospin'® and
homospinu'32 SCM compounds. Therefore, additional zero-
field-cooled magnetization (ZFCM) and field-cooled magnet-
ization (FCM) were measured at different static magnetic
fields (Figure 6). Both ZFCM/FCM curves measured at B =
0.05 T show a maximum at T = 5.9 K, confirming AF ordering,
and furthermore these curves diverge at blocking temperature
Ty = 4.3 K, indicating onset of the ferromagnetism. Analogous
ZFCM/FCM curves measured at higher magnetic fields, B =
0.1, 0.2, 0.5, 1.0 and up to § T, showed no maxima for FCM
curves, just a small shift of T to lower temperature as depicted
in Figure 6. Such behavior is characteristic for the
metamagnets; thus, the hysteresis loops were measured at
various temperatures (Figure 7), which revealed S-shaped
curves for T = 3—6 K. On further cooling, the hysteresis loop is
opening at T = 3 K, showing the butterfly hysteresis loops, and
the typical hysteresis loop for the ferromagnets is observed at T
= 2 K with the coercive field 0.48 T. The critical field was
calculated from dM,,,/dB virgin magnetization curves and
spans the interval B, = 0.067—0.106 T. This data helped us to
construct the magnetic phase diagram for 1 shown in Figure 8.

Finally, the results obtained for compound 1 were compared
with those for previously studied cyanido-bridged SCMs
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{[Fe(L2)(CN)][BF,]}, (2) and {[Fe(L1)(CN)](ABSA)},
(3)—selected structural and magnetic parameters are listed
in Table 3.

The isotropic exchange parameter ] = — 2.14 cm™ (g =
2.13) in 1 is about one-half of that found in 2 (J = —4.35
em™)* orin 3 (J = —4.13 cm™3).** This is in accordance with
the longer Fe---Fe distance found for the azido brid§e (5.847
A) in comparison with the cyanido one (5.387 A).’

The energy needed to create a domain wall within the chain,
Ay, is the highest for 1, while it is lower for 2 and 3. Therefore,
not only the highest A, but rather the largest A = 67.3 K,
which is more than three-times larger than in case of 2 and 3,
could account for the highest A, for 1 in this group, which
means that the pentagonal-bipyramidal Fe(II) unit in 1 shows
the largest magnetic anisotropy. The obtained value of the axial
ZFS parameter IDI = 11.7 cm™' for 1 is moderate in
comparison with other seven-coordinate mono-/polynuclear
Fe(II) complexes (Table 4), for which IDl-values were found in
the range 4—17 cm™".>*>> Compound 1 has the largest canting
angle, which is a result of the different coordination fashion of
the azido ligand having significantly higher torsion angle in
comparison with the cyanido one. Large canting angle is
furthermore manifested in magnetic properties as can lead to
larger noncompensated magnetization of individual chains,
which then results in stronger interchain dipolar interactions.
This would explain ferromagnetic hysteresis in 1 measured in
static magnetic field in contrast to compound 2 with similar
interchain distance, where ZFC/FC curves did not bifurcate
down to 2 K and magnetic hysteresis was found only upon
sweeping magnetic field with a sweep rate of 500 Oe/s.

B CONCLUSIONS

To conclude, the reported Fe(II) 1D chain compound
possesses a large axial anisotropy and weak intrachain AF
coupling, which result in spin-canted chain magnetic structure
acting as homospin SCM with A, = 87.5 K. The most likely,
the highest A, among homospin seven-coordinate Fe(II) SCM
is related to significant single-ion zero-field splitting of the
Fe(II) complex subunit, thus emphasizing the role of rational
design for improving magnetic anisotropy properties. More-
over, the SCM feature coexists with metamagnetic behavior
characterized with the Neel temperature of 6.3 K and the
critical field of 0.07—0.11 T, probably caused by weak
interchain interactions. The 3D ferromagnetic ordering
manifests itself in magnetic hysteresis at 2 K with large
coercive field 0.48 T. To the best of our knowledge, this is the
first example of the exclusively azido-bridged homospin Fe(II)-
based SCM.
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ABSTRACT: The 2-pyridylmethyl N-pendant-armed hepta- |
dentate macrocyclic ligand {3,12-bis(2-methylpyridine)- PRPAS " AN
3,12,18-triaza-6,9-dioxabicyclo[12.3.1]octadeca-1,14,16-triene mo oﬂ)
=L} and [M(L)](ClO,), complexes, where M = Mn(II) (1), m:m —

Fe(II) (2), Co(Il) (3), Ni(II) (4), and Cu(Il) (5), were
prepared and thoroughly characterized, including elucidation Nil) D =-12.4¢ o’
of X-ray structures of all the compounds studied. The
complexes 1—5 crystallize in non-centrosymmetric Sohncke
space groups as racemic compounds. The coordination
numbers of 7, 6 + 1, and 5 were found in complexes 1—3, 4, and S, respectively, with a distorted pentagonal bipyramidal
(1—4) or square pyramidal (5) geometry. On the basis of the magnetic susceptibility experiments, a large axial zero-field splitting
(ZFS) was found for 2, 3, and 4 (D(Fe) = —7.4(2) cm™, D(Co) = 34(1) cm™, and D(Ni) = —12.8(1) cm™, respectively)
together with a rhombic ZFS (E/D = 0.136(3)) for 4. Despite the easy plane anisotropy (D > 0, E/D = 0) in 3, the slow
relaxation of the magnetization below 8 K was observed and analyzed either with Orbach relaxation mechanism (the relaxation
time 7, = 9.90 X 107'% s and spin reversal barrier U,g = 24.3 K (16.9 cm™")) or with Raman relaxation mechanism (C = 2.12 X
107° and n = 2.84). Therefore, compound 3 enlarges the small family of field-induced single-molecule magnets with pentagonal-
bipyramidal chromophore. The cyclic voltammetry in acetonitrile revealed reversible redox processes in 1—3 and 5, except for the
Ni(Il) complex 4, where a quasi-reversible process was dominantly observed. Presence of the two 2-pyridylmethyl pendant arms
in L with a stronger o-donor/z-acceptor ability had a great impact on the properties of all the complexes (1—5), concretely: (i)
strong pyridine—metal bonds provided slight axial compression of the coordination sphere, (ii) substantial changes in magnetic

Field-induced SMM

pubs.acs.org/IC

anisotropy, and (iii) stabilization of lower oxidation states.

B INTRODUCTION

Polyaza and polyoxa-aza macrocyclic ligands are very well-
known for their specific coordination ability toward transition
metals as well as lanthanides resulting in extraordinary
properties of their complexes including high thermodynamic
and kinetic stability,l’2 stabilization of unusual oxidation states
and coordination geometries,” catalytic properties,” and many
others. Therefore, they have found many applications, for
example, imagin§ agents’ and therapeutics in medicine,>
various catalysts,” and agents for metal recovery.” In recent
years, more attention has been devoted to their magnetic
properties in solid state and not only in context of this, seven-
coordinate complexes have become a center of the interest,
because they may behave as single-molecule magnets (SMM:s),”
single-chain magnets (SCMS),9 or show spin-crossover
(SCO)." Surprisingly, the seven-coordinate first-row transi-
tion-metal ions are not common'"'? in comparison with other
coordination geometries, and furthermore their distribution
along the series is not uniform. Seven-coordination is more
abundant for Mn, Fe, and Co complexes (4.5%, 1.5%, and 0.8%,

-4 ACS Publications  © 2016 American Chemical Society
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respectively, of the total number of structures for given metals
found in the Cambridge Structural Database (CSD)), while it is
rather rare for Cu and Zn (0.12%, and 0.35%, respectively).
And it is the least common in case of Ni complexes (0.08%),"
because the Jahn—Teller theorem predicts a large distortion
and a low stability of regular stereochemistry for seven-
coordinate Ni(II) complexes.'*™ ">

In the enormous group of polyaza and polyoxo-aza
macrocyclic ligands, our attention has been focused on those
with 2-pyridylmethyl pendant arm(s) or those providing seven-
coordination in their metal complexes (Figure 1). The
disubstituted cyclam (tpy,-C, cyclam = 1,4,8,11-tetraazacyclote-
tradecane) was studied in six-coordinated complexes with first-
row transition metals Fe(II),' Ni(1I),'” or Cu(ll),"® and
[Fe(tpy,-C)](BF,),-H,O with a distorted octahedral geometry
showed SCO behavior with the spin transition temperature of
150 K.'® Extended pentaaza macrocycles with two 2-
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Figure 1. Structural formulas of the prepared ligand L with the atom numbering, together with selected 2-pyridylmethyl armed ligands and other

ligands mentioned in this work.

pyridylmethyl pendant arms (L1-LS) were studied only in
Mn(II) complexes.19’20 Seven-coordinate central atoms were
confirmed by X-ray analysis in [Mn(L1)](ClO,),-CH;CN,"
and [Mn(L4)](ClO,),-H,O only,” in which the corresponding
pentaaza macrocycle was coordinated in an equatorial plane
and two nitrogen atoms from pyridine pendant arms in apical
positions. Surprisingly, the magnetic properties of latter
complexes in solid state were studied only sporadically in
contrast to another group of seven-coordinate complexes of
structurally related 15-membered macrocycles 15-pydienN;0,
and 15-pydienNs, which have been extensively studied since
1960s>"*'%* and recently reviewed.””** On the one hand,
SCO with transition temperature of 159 K associated with one
Fe—O bond break was observed in [Fe(15-pydienN,0,)-
(CN),]'H,0O together with light-induced electron spin state
trapping effect (LIESST) at temperature 135 K.'%** On the
other hand, structurally similar complex [Fe(15-pydienNy)-
(CN),]'H,0 was found only in low-spin state but also with
LIESST at temperature 105 K.*° Transition-metal complexes of
these two Schiff-base ligands were previously often coupled into
heteronuclear oligomeric of polymeric complexes with different
cyanidometallates [M'(CN),],?” [M'"(CN),]>",”"
[MT(CN)J~ 2 or [MY(CN)g** (M = Ag, Au; MY =

Ni, Pd, Pt; M = Fe, Cr, Co; MY = Nb, Mo, W) providing
information about the magnetic exchange (anti-ferromagnetic
for Mn"—Cr"™" or ferromagnetic for Mn"—Fe"), o2 showing
ferromagnetic ordering below 12 K in [Co(15-pydienN;0,)],-

[Cr(CN)4] (CIO4)'8HZO,29 SCM behavior in three-dimen-
sional (3D) polymeric [Fe(1S-pydienN;0,)(H,0)],[Cr-
(CN)](Cl0,)-3H,0% (U4 = 44.3 K) and in one-dimensional
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(1D) polymeric {[Fe(lS-pydlenNs)(HzO)][Nb(CN)g][Fe(IS-
pydienN;) ]}, with U, = 74 K,”® or SCO and LIESST effect in
[Fe(15-pydienN;0,)(CN),][Mn(hfac),] (where hfac = hexa-
fluoroacetylacetone).*

This revived interest in the seven-coordinate Fe(II), Co(II),
and Ni(II) complexes of 15-pydienN;O,, 15-pydienN;, and
ligands L6—L9 (Figure 1) during the past decade can be
attributed to their high magnetic anisotropy, which is
prerequisite for their SMM behavior. For Co(II) and Ni(II)
complexes of L8 and L9, it has been predicted theoretically®'
and consequently also confirmed practically,*>* that the value
of magnetic anisotropy, usually expressed as axial zero-field
splitting (ZFS) parameter D, can be tuned/increased by o-
donor/z-acceptor properties of ligands in axial positions”* and/
or by the symmetry of the equatorial plane (more details are
described in Discussion—Static magnetic properties). Recently,
the field-induced SMM behavior was also observed/confirmed
in various seven-coordinate Co(II) complexes [Co(1S-
pydienN;) (H,0),] Cl,-2H,0,” [Co(L8)(H,0)(NO;)]-
(NO,),” [Co(L8-2H")(imidazole),)]-H,0,** and as well as
in Fe(II) complex {[Fe(L8)][Ni(CN),]},.*

In our previous study, the complexes of a 15-pyN;0, (Figure
1) with the selected first-row transition metals were
investigated in detail.”® The coordination number of 7 was
observed in [M(15-pyN;0,)ClL,]”*, where M Mn(II),
Fe(1ll), and Co(Il), while in [Ni(15-pyN;0,)CL] it was
found to be 5 + 2. In all the cases, the central atom adopts a
distorted pentagonal bipyramidal geometry, with the chlorido
coligands in the axial positions. For [Cu(15-pyN;0,)Cl]Cl and
[Zn(15-pyN;0,)CL,], the coordination numbers of 4 + 1 and §
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were observed, respectively, with a distorted square pyramidal
geometry (7 = 0.09 and 0.17, respectively). Large axial
anisotropy for Co(II) and Ni(II) complexes (D(Co) = 40.0
and D(Ni) = —6.02 cm™') and anti-ferromagnetic exchange
coupling in the case of Ni(II) and Cu(II) complexes (J(Ni) =
—0.48 cm™!, and J(Cu) = —2.43 cm™") were observed.” Very
recently, a series of seven-coordinate Mn(II) complexes
[Mn(15-pyN;0,)X,], where X = Br™, I, N7, NCS~, and
{IMn(15-pyN;0,)(u-CN)](ClO,)}, was published,’” and it
was found that the influence of the axial coligands on the
magnetic anisotropy was very small (IDI < 0.7 cm™), and a
weak anti-ferromagnetic exchange coupling (J = —1.72 cm™")
was observed in the latter polymeric complex.”

To tune the magnetic properties of seven-coordinate first-
row transition metal complexes based on macrocyclic ligands, a
structurally new derivative of 15-pyN;0, modified with two 2-
pyridylmethyl pendant arms (py,-15-pyN;0, = L = 3,12-bis(2-
methylpyridine)-3,12,18-triaza-6,9-dioxabicyclo[12.3.1]-
octadeca-1,14,16-triene) was synthesized and characterized, and
its Mn(II), Fe(II), Co(IL), Ni(I), and Cu(II) complexes were
studied in detail to reveal how the modification of 15-pyN;0,
with additional pendant arms with different coordination ability
influences the structural, magnetic, and redox properties of the
prepared complexes.

B EXPERIMENTAL SECTION

General Methods. Elemental analysis (C, H, N) was performed
on a Flash 2000 CHNO-S Analyzer (Thermo Scientific, Waltham,
MA). Infrared spectra (IR) were recorded on a Thermo Nicolet
NEXUS 670 FT-IR spectrometer (Thermo Nicolet, Waltham, MA)
employing the ATR technique on a diamond plate in the range of
400—4000 cm™". The mass spectra (MS) were collected on an LCQ
Fleet Ion Mass Trap mass spectrometer (Thermo Scientific, Waltham,
MA) equipped with an electrospray ion source and three-dimensional
ion-trap detector in the positive mode. The 'H and *C NMR spectra
were recorded at 298 K on a Varian 400 MHz (Varian, Palo Alto, CA).
The signal assignments in 'H and '*C NMR spectra were based in part
on two-dimensional COSY, HMBC, and HMQC experiments. The
cyclic voltammetry was performed on an electrochemical analyzer
CHI600C (CH Instrument Inc, Austin, TX). A conventional three-
electrode type of cell was used with a Ag/Ag" reference electrode, a
platinum wire auxiliary electrode, and a glassy carbon working
electrode. The final potential values referred to standard hydrogen
electrode (SHE) were obtained by using internal ferrocene/
ferrocenium standard (E(Fc/Fc*) 0.655 V vs SHE).*® The
measurements were performed in argon atmosphere in CH;CN
solution in the presence of 0.1 M tetrabutylammonium perchlorate
(TBAP) as a supporting electrolyte with scan rate of 100 mV-s™" for 2
mM concentration of the complexes. The temperature-dependent (T
=1.9-300 K, B = 0.1 T) and field-dependent (B=0-9 T, T =2, S,
and 10 K) magnetization measurements were performed on PPMS
Dynacool (Quantum Design Inc, San Diego, CA). Dynamic magnetic
properties were studied by measuring alternating current (AC)
susceptibility on an MPMS XL-7 SQUID magnetometer (Quantum
Design Inc., San Diego, CA).

X-ray Diffraction Analysis. Single crystals of L suitable for X-ray
diffraction analysis were prepared by recrystallization of the compound
from CH;CN, and single crystals of complexes 1—$ were formed upon
slow diffusion of diethyl ether vapors into the CH;CN solutions of the
appropriate complex at room temperature. X-ray diffraction data of L
and 1-S5 were collected on a Bruker D8 QUEST diffractometer
equipped with a PHOTON 100 CMOS detector using Mo Ka
radiation (1 = 0.71073 A) at temperature of 120 K. The APEX3
software package®” was used for data collection and reduction. The
molecular structures were solved by direct methods (SHELXS) and
refined by full-matrix least-squares procedure SHELXL (version 2014/
7),*® and with XShell software package.”” Hydrogen atoms of all the
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structures were found in the difference Fourier maps and refined using
a rigid model, with C—H = 0.95 (CH),, and C—H = 0.99 (CH,) A,
and with Ug(H) = 1.2Ueq(CH, CH,). The molecular and crystal
structures of all the studied compounds, depicted in Figures 3, 4, S, 6,
S2, and S3, were drawn using Diamond software.!

Synthesis. 2-(Chloromethyl)pyridine hydrochloride was prepared
according to the literature.*” The starting macrocycle 15-pyN;0,
(3,12,18-triaza-6,9-dioxabicyclo[12.3.1]octadeca-1,14,16-triene) was
prepared as described previously,” but with some small modifications
including increased temperature (60 °C) during the addition of 1,8-
diamino-3,6-dioxaoctane to solution of pyridine-2,6-dicarbaldehyde
and MnCl,-4H,0, and a different mobile phase (CH;Cl/CH;OH/
NH; (aq), 70:15:3) during product purification via column
chromatography. Other chemicals were purchased from commercial
sources and used without further purification. Caution! Although we
have experienced no difficulties, perchlorate salts of metal complexes with
organic ligands are potentially explosive and should be handled with care
even in small quantities.

Synthesis of 3,12-Bis(2-methylpyridine)-3,12,18-triaza-6,9-
dioxabicyclo[12.3.1]octadeca-1,14,16-triene (L). 15-pyN,0,
(405 mg, 1.61 mmol) was dissolved in CH;CN (20 mL), and
potassium carbonate (1.77 g, 12.8 mmol) was added while stirring at
room temperature. Then, the suspension was heated to 50 °C and
stirred, and 2-(chloromethyl)pyridine hydrochloride (531 mg; 3.24
mmol) was added in small portions; the reaction mixture was heated
to reflux with stirring for 14 h. After the filtration of a light brown
solid, the orange filtrate was obtained, and solvent was removed by
rotary evaporation. The brown oily residue was dissolved in water (20
mL) and extracted with chloroform (3 X 20 mL). The organic layer
was evaporated to dryness to give a brownish oily residue. The pure
ligand L was obtained in the form of colorless crystals after
recrystallization from CH;CN (386 mg). Yield: 62%.

"H NMR (DMSO): § 8.50 (H13, d,2H, *J;yy; = 4.8 Hz), 7.77 (H11,
t, 2H, *Juy = 1.7 Hz), 7.67 (H1 + H10, m, 3H) 7.25 (H12, t, 2H, ¥4y
=6.9, 5.5 Hz), 7.22 (H2, d, 2H, %],y = 7.6 Hz), 3.99 (H6, s, 4H), 3.72
(H7, s, 4H), 3.35 (HS, t, 4H, ¥,y = 7.1 Hz), 3.31 (H8, s, 4H), 2.70
(H4, s, 4H). *C{'H} NMR: § 159.7 (C9), 158.2 (C3), 148.7 (C13),
136.5 (C11), 136.4 (C1), 122.8 (C10), 122.1 (C12), 121.9 (C2), 69.4
(C7), 67.8 (C6), 61.7 (CS), 60.3 (C8), 53.0 (C4). The numbering of
atoms in molecule L is depicted in Figure 1. MS, m/z (+): 434.28 [L
+H]* (I = 33%); 456.27 [L+Na]* (I = 100%). Elemental analysis
for C,sH;;N;O, found (calculated): C, 69.26 (69.22); H, 7.21 (7.58);
N, 16.15 (16.22)%.

General Procedure for the Preparation of Complexes (M" =
Mn, Fe, Co, Ni, and Cu). Equimolar amounts of L and M(ClO,),-
6H,0 were dissolved in CH;CN (15 mL) and then stirred and heated
to 50 °C for 30 min. The obtained solution was evaporated to a half
volume and allowed to crystallize by diffusion of diethyl ether vapors at
room temperature. The crystals were isolated by filtration, washed with
cold diethyl ether (2 X S mL), and dried in a vacuum desiccator over
NaOH for 2 d.

[MnL](CIO,), (1). Colorless crystals were isolated after one week (78
mg, yield 66%). Elemental analysis for C,sH3N5O,,CL,Mn;: C, 43.67
(43.68); H, 492 (4.55); N, 10.30 (10.19)%. MS m/z (+): 244.30
[MnL]>* (I, = 2.7%); $87.22 [MnL+(ClO,)]* (I, = 100%;
Supporting Information, Figure S1).

[FeL](CIO,), (2). Greenish-yellow crystals were isolated after 3 d
(125 mg, yield 76%). Elemental analysis for C,sH;N;O,,CL,Fe;: C,
43.51 (43.63); H, 4.65 (4.54); N, 10.04 (10.17)%. MS m/z (+):
244.73 [FeL]** (I, = 3.4%); 588.14 [FeL+(ClO,)]* (I, = 100%;
Supporting Information, Figure S1).

[CoL](CIO,); (3). Brownish-orange crystals were isolated after 2 d
(109 mg, yield 81%). Elemental analysis for C,sH;,N5O;,CLCo;: C,
43.51 (4343); H, 4.68 (4.52); N, 10.11 (10.13)%. MS m/z (+):
24628 [CoL]** (Ly = 6.3%); $91.19 [CoL+(ClO,)]* (Ly = 100%;
Supporting Information, Figure S1).

[NiL](CIO,); (4). Green crystals were isolated after 2 d (93 mg, yield
68%). Elemental analysis for C,sH;,N;O,,CL,Ni;: C, 43.50 (43.45); H,
4.67 (4.52); N, 10.11 (10.13)%. MS m/z (+): 245.79 [NiL]** (I =
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1.3%); 590.19 [NiL+(ClO,)]* (Iq = 100%; Supporting Information,
Figure S1).

[CuL](CIO,), (5). Dark blue crystals were isolated after 3 d (80 mg,
yield 66%). Elemental analysis for C,H;N;O,,Cl,Cu; found
(calculated): C, 43.26 (43.14); H, 4.48 (4.49); N, 9.99 (10.06)%.
MS m/z (+): 403.19 [CuL-H—CH,py] (L = 94.3%); 496.21 [CuL]*
(I = 26.5%); 595.06 [CuL+(ClO4)]* (I = 100%; Supporting
Information, Figure S1).

Theoretical Methods. The ORCA 3.0.3 computational package
was used for all ab initio theoretical calculations.** The relativistic
effects were included in the calculations using the scalar relativistic
contracted version of def2-TZVP(-f) basis functions™ and with zero
order regular approximation (ZORA).** The calculations of ZFS
parameters were done using state average complete active space self-
consistent field (SA-CASSCF)*” wave functions complemented by N-
electron valence second-order perturbation theory (NEVPT2).*® The
active spaces of the CASSCF calculations on metal-based d-orbitals
were defined as follows: CAS(6,5) for Fe(Il), CAS(7,5) for Co(II),
and CAS(8,5) for Ni(II). In the state-averaged approach all multiplets
for given electron configuration were equally weighted. The ZFS
parameters, based on dominant spin—orbit coupling contributions
from excited states, were calculated through quasi-degenerate
perturbation theory (QDPT),* in which an approximations to the
Breit—Pauli form of the spin—orbit coupling operator (SOMF
approximation)*” and the effective Hamiltonian theory®" were utilized.
All the above-mentioned calculations utilized the RI approximation
with the decontracted auxiliary def2-TZV/C Coulomb fitting basis
sets. Increased integration grids (GridS in ORCA convention) and
tight SCF convergence criteria were used in all calculations. The
calculations were done on molecular fragments [M(L)]** of 2—4
extracted from experimental X-ray structures.

B RESULTS AND DISCUSSION

Syntheses and General Characterization. The ligand L
was prepared by N-alkylation of 15-pyN;O, using a small excess
of 2-chloromethylpyridine, and purified by recrystallization
from CH;CN. During the synthesis of 15-membered macro-
cyclic precursor ligand (15-pyN;0,), two side-products were
isolated by column chromatography (see Experimental
Section), and their composition and structure were confirmed
by NMR and MS spectra (Supporting Information). The side-
product 1 was determined as a 30-membered macrocycle of the
formula 3,12,20,29,35,36-hexaaza-6,9,23,26-tetraoxatricyclo-
[29.3.1.11%"*Jhexatriaconta-1(36),14(35),15,17,31,33-hexaene
(Figure 2), while the side-product 2 was characterized as a
noncyclic derivative {6-[({2-[2-(2-aminoethoxy)ethoxy]ethyl}-
amino)methyl]pyridine-2-yl}methanol (Figure 2).

All the complexes were prepared by the same synthetic
procedure based on mixing of L with the corresponding metal
perchlorate in CH;CN in an equimolar ratio and heating to 50

/ N\
IV (o™
o NH,
C/g Ng\_/> ENH OH
NH NH | S
(NN 7

side-product 1 side-product 2

Figure 2. Structural formulas of side-products 1 and 2 identified
during the preparation of the 15-membered macrocyclic precursor
ligand 15-pyN;0,.
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°C. Compounds in crystalline form were obtained by diffusion
of diethyl ether vapors into these solutions.

The infrared spectra of the ligand L and complexes 1-§
show similar patterns. The characteristic bands of the
coordinated L were present in the IR spectra of all the
complexes, that is, medium bands at ~2900 cm™! (stretching
CH, vibrations), a medium doublet at 1600 and 1580 cm™,
and medium bands at ~1470 cm™" (wagging vibrations of the
pyridine ring).'”*>** In addition, the spectra of all the
complexes exhibit a very strong and broad band at ~1070
cm™' assignable to the stretching vibrations of the (ClO,)~
anions.

X-ray Structures. Selected crystallographic data and
structural refinement parameters for the free ligand L and
complexes 1—3 are listed in Table 1, while selected interatomic
distances and angles for complexes 1—5 can be found in Table
2.

Crystal Structure of L. The 15-membered macrocycle L is
partially twisted with the pyridine rings in pendant arms
pointing to opposite directions, and thus, the molecule has a
butterfly-like shape (Figure 3A). The individual molecules of L
are connected by C—H--N noncovalent interactions formed
between pairs of the pyridine rings from macrocycles (d¢.x =
3.482(3) A) and pairs of the pyridine rings from pendant arms
of neighboring ligand molecules (dc. = 3.510(3) and
3.440(3) A), thus forming 1D chains along the crystallographic
axis a (Figure 3B, Supporting Information, Table S1). These
chains are further interconnected by weak C—H--O non-
covalent interactions between aliphatic hydrogen (H10B and
H12A) and oxygen (O2) atoms of neighboring 15-membered
rings (dc..o = 3.318(3) and 3.261(3) A; Figure 3C).
Surprisingly, no 7— stacking was found in the crystal structure
of L.

Molecular Structures of Complexes 1-5. Complexes
1-3 have similar molecular structures (Figure 4A and
Supporting Information, Figures S2A and S3A). The central
atoms are seven-coordinate and adopt pentagonal bipyramidal
geometry with the N;O, donor set. Equatorial positions are
occupied by three macrocyclic nitrogen (one from pyridine
ring—N,,, and two from aliphatic chain—NahPh) and two oxygen
atoms, thus forming a pentagonal pseudoplane. The pentagonal
bipyramidal coordination sphere is completed by two nitrogen
atoms (Ne,q) from 2-pyridylmethyl pendant arms in axial
positions. The M—N,;;,, bond lengths are longer than those of
M-N,, or M—N,q (Table 2). The M-N,, bond is the
shortest in 1 (2.215(7) and 2.238(8) A), while in 2 (2.166(2)
and 2.156(2) A) and 3 (2.120(3) and 2.110(3) A) the shortest
bonds are M—N,.q-

The molecular structure of 4 is depicted in Figure SA. The
coordination sphere of Ni(Il) in 4 differs from the above-
described complexes, because it has a markedly distorted
pentagonal bipyramidal geometry. The coordination number
could be classified as 6 + 1, because one of the M—O bonds is
signficantly elongated (Ni—02, 2.653(2) A, Table 2), more
than other bond lengths of such type. The mean value of the
Ni—O bond distance is 2.055 A, and 90% of all the observed
Ni—O bonds, as found in CSD, have lengths in the range of
1.964—2.114 A."° Similar elon%ation of Ni—O bonds was
observed in [Ni(15-pyN;0,)CL,]*° or [Ni(L6)](ClO,),," with
Ni—O bond lengths of 2.506(3), 2.663(3), or 2.554(3) A,
respectively.

The unit cell contains two crystallographically independent
entities of 5. The molecular structure of 5 is depicted in Figure
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Table 1. Crystal Data and Structure Refinements for the Ligand L and Complexes 1-5

compound L 1 2 3 4 S
formula CysH3N50, CysH3N;040CLMn, CysH; NsO,CLFe, CysH31N3040CLCo, CysHy N5O,,CLN, CysH31N50,0CLCuy
Mr 433.55 687.39 688.30 691.38 691.16 695.99
Color colorless colorless yellow brownish-orange green dark blue
crystal system triclinic monoclinic monoclinic monoclinic monoclinic monoclinic
space group (space  P-1(2) P2, (4) P2, (4) P2, (4) Cc (9) P1 (1)
group no.)

a (A) 6.1891(3) 18.4837(11) 18.3758(9) 18.3060(11) 17.425(4) 9.7677(5)

b (A) 12.1423(9) 9.1361(5) 9.1185(4) 9.1269(5) 10.684(2) 10.6130(6)

c (A) 15.9337(9) 18.7481(11) 18.8090(8) 18.7659(10) 15.272(3) 15.3827(8)

a (deg) 106.402(2) 90 90 90 90 80.106(2)

B (deg) 97.170(3) 113.011(1) 113.237(1) 113.500(2) 96.54(3) 84.709(2)

7 (deg) 93.392(3) 90 90 90 90 65.812(2)

U (A% 1134.40(12) 2914.1(3) 2896.0(2) 2875.3(3) 2824.8(10) 1432.59(13)

V4 2 4 4 4 4 2

A (A), Mo Ka 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

Dy (grem™) 1.269 1.567 1.579 1.597 1.625 1.613

u (mm™) 0.083 0.701 0.770 0.848 0.942 1.014

F (000) 464 1420 1424 1428 1432 718

reflections collected 34 964 89125 179792 73378 16418 63137

independent 4833 [R(int) = 12897 [R(int) = 13356 [R(int) = 12757 [R(int) = 5634 [R(int) = 12 644 [R(int) =
reflections 0.1026] 0.0731] 0.0416] 0.0417] 0.0214] 0.0401]

data/restraints/ 4833/0/289 12.897/1/746 13356/1/776 12757/1/776 5634/2/389 12 644/3/776
parameters

goodness-of-fit on F*  1.067 1.040 1.058 1.047 1.008 1.093

R, wR, (I > 26(I))  0.0630/0.1226  0.0656/0.1449 0.0274/0.0664 0.0329/0.0730 0.0257/0.0628 0.0372/0.0835

R, wR, (all data) 0.1051/0.1370 0.0951/0.1583 0.0310/0.0681 0.0424/0.0777 0.0273/0.0637 0.0459/0.0873

Iaigelst C}\IE peak and  0.290/-0.323 1.076/-0.961 0.386/—0.456 0.443/-0.453 0.555/—-0.487 0.731/-0.562

ole, A™
CCDC no. 1451957 1451958 1451956 1451954 1451959 1451985

6A. The copper atom is five-coordinated by four nitrogen (N

two Naliph) Npend

) and one oxygen (O2) atoms of L, and it

py

explained by Jahn—Teller effect operating in seven-coordinate
Ni(II) and five-coordinated Cu(II) complexes.12 Indeed, the

adopts a distorted square pyramidal arrangement (7 = 0.02 for
Cul, and 0.08 for Cu2). The M-N,, bond in § is the shortest
(1.933(3) A (Cul), 1.909(4) A (Cu2)) from all M—N
coordination bonds within the studied series, while the other
two M—N,;;;, bonds in § are longer than 2 A. On the one hand,
one of the M—N,,,q distances in § is the shortest from all M—
Npenq distances in the studied series, but on the other hand,
second M—N,,.,4 distance in § is longer than 3 A (3.042(4) A
(Cul) and 3.160(4) (Cu2)), which clearly demonstrates that
this atom is not coordinated to Cu(II) as well as one oxygen
atom (one of the M—O distances is 2.750(3) A for Cul and
2.840(3) A for Cu2).

When all the structures of the prepared complexes are
compared between each other, several trends can be observed.
The metal—donor atom distances depend on the central metal
atom as it is depicted in Figure 7. The M—N,,, M—N_, as
well as M—N,,,q distances are shortened with decreasing ionic
radii of central atoms in order going from Mn(II) (1) to Cu(II)
(5), except for one M—N,4 distance (>3 A) of one
uncoordinated pendant arm in 5. The pyridine—metal atom
bonds (M—N,, and M—N,,,q) are the shortest from all
coordination bonds in 1—5 (Figure 7). On the other hand, the
M-O coordination bonds are similar in 1-3, but there are
significantly elongated in Ni(II) complex 4 and Cu(II) complex
5, so that one oxygen atom can be considered as semi-
coordinated in 4 (2.653(2) A) and uncoordinated in 5
(2.8401(3) A), respectively (Table 2, Figure 7). In accordance
with this, the value of the O—M—O angle for 4 and $§ was
significantly decreased (Table 2). This observed trend could be
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complexes 1—3 revealed coordination number of 7 with the
N;O, donor atom set, Ni(Il) complex 4 with one semi-
coordinated oxygen atom revealed coordination number of 6 +
1 (the NO, donor atom set), while the molecular structure of
Cu(Il) complex is completely different (coordination number
of 5, the N,O, donor atom set). To support our conclusions,
the geometries of coordination polyhedra of 1—$ were analyzed
by program Shape 2.1 providing continuous shape measure-
ments (deviation of the real geometry from an ideal
polyhedron).>* On the one hand, the lowest value of deviation
for complexes 1—4 was found for pentagonal bipyramid (from
all possible polyhedra for coordination numbers of 6 and 7,
Supporting Information, Table S3), which was in complete
agreement with suggested coordination numbers. On the other
hand, for § the lowest deviation was found for trigonal prism
and square pyramid (from all possible polyhedra for
coordination numbers of 5 and 6, Supporting Information,
Table S3). The lowest value of deviation for trigonal prism was
unexpected, due to the long Cu—O2 distance (2.8401(3)A),
but it could be caused by a very weak unspecified interaction
between Cu(Il) and the second macrocyclic O2 atom.

In comparison with the previously published complexes
containing unsubstituted macrocycle 15-pyN;O, and two
axially coordinated chlorido ligands [M(15-pyN,0,)ClL]"*
(M = Mn(II), Fe(III), Co(II), Ni(II)),*° the axial coordination
bonds to pyridine in the pendant arms of L are shorter (~2.1—
2.2 A) than in the case of two axially coordinated Cl~ (~2.4—
2.5 A), and thus, the coordination sphere of the studied
complexes is more axially compressed. However, if [Cu(1S-
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Table 2. Selected Interatomic Distances (A) and Angles (deg) in Compounds 1—5

distances 1 2

M-N1 2.215(7) 2.189(2)
2.238(8) 2.185(2)
M-N2 2.371(7) 2.321(2)
2.334(8) 2.311(2)
M-N3 2.361(7) 2.307(2)
2.347(7) 2.320(2)
M-N4 2.220(7) 2.166(2)
2.219(7) 2.156(2)
M-NS 2.235(7) 2.171(2)
2.242(7) 2.167(2)
M-01 2.240(6) 2223(2)
2.267(6) 2.231(2)
M-02 2.286(6) 2.285(2)
2.279(6) 2274(2)

angles
NI1-M-N2 71.4(3) 71.4(1)
71.2(3) 71.4(1)
N1-M-N3 71.0(3) 71.33(8)
70.6(3) 71.07(9)
N1-M—-N4 94.7(3) 94.7(1)
95.7(3) 95.0(1)
N1-M-N5 91.5(3) 91.9(1)
90.2 (3) 90.8(1)
N1-M-01 143.3(3) 144.10(9)
144.1(3) 144.68(9)
N1-M-02 144.1(2) 144.60(9)
144.0(3) 144.40(9)
N4—M-N2 75.7(3) 76.9(1)
76.0(3) 76.68(9)
N4—-M-N3 107.8(3) 106.43(9)
107.8(3) 106.09(9)
N4—M-N5$ 173.6(3) 173.2(1)
173.8(3) 174.0(1)
N4-M-01 88.0(3) 87.10(9)
87.3(3) 87.09(8)
N4—-M-02 89.3(2) 88.92(9)
89.2(3) 89.51(9)
01-M-02 72.4(2) 71.17(7)
71.6(2) 70.72(8)

3 4 5
2.162(3) 2.010(2) 1.909(4)
2.158(4) 1.933(3)
2.287(3) 2.179(3) 2.127(4)
2.265(4) 2.122(4)
2.273(3) 2.253(2) 2.085(4)
2.284(3) 2.083(4)
2.120(3) 2.077(3) 3.042(4)
2.110(3) 3.160(4)
2.120(3) 2.091(3) 1.985(4)
2.114(3) 1.979(4)
2.231(3) 2.325(2) 2.387(3)
2.236(3) 2.480(4)
2.288(3) 2.653(2) 2.840(3)
2.281(3) 2.750(3)

71.8(1) 77.02(9) 81.8(2)
71.8(1) 82.0(2)
71.7(1) 75.61(9) 83.0(2)
71.5(1) 83.2(2)
94.0(1) 98.2(1) 70.8(2)
94.5(1) 68.5(1)
91.9(1) 97.1(1) 160.6(2)
90.7(1) 153.7(2)
144.3(1) 151.02(9) 113.5(2)
145.0(1) 118.4(1)
144.7(1) 144.26(9) 83.3(2)
144.3(1) 93.9(1)
78.9(1) 80.64(9) 72.4(2)
78.3(1) 69.8(1)
102.4(1) 103.40(9) 89.8(2)
103.7(1) 89.9(2)
174.0(1) 164.68(9) 96.4(2)
174.7(1) 89.9(1)
86.4(1) 84.81(9) 142.4(1)
88.1(1) 142.0(1)
87.5(1) 83.75(8) 150.4(1)
88.8(1) 154.9(1)
70.9(1) 64.66(7) 61.5(1)
70.5(1) 61.7(1)

pyN;0,)CI]CI*° and § are compared, their molecular
structures are similar, with square pyramidal geometry and
comparable values of 7 parameter (0.09 vs 0.02/0.08).
Crystal Structures of Complexes 1-5. The [M(L)]*
complex cations (M = Mn, Fe, Co, Ni, Cu) in the crystal
structures of all the complexes 1—S$ are chiral (Figure 8). The
first source of chirality is related to the presence of two
stereogenic centers on two substituted aliphatic nitrogen atoms
(N,jipn). The second one is related with the conformations of
the five-membered chelate rings formed upon coordination of
ligand in equatorial plane; it can be denoted as left- () or right-
handed (6) depending on the sign of the N(O)—C—C—N(O)
torsion angles (4 for negative, and § for positive). In the crystal
structures of 1, 2, 3, and 4, equal amounts of [M(R,R)-L)]**
complex cations with the (6A645) conformation and [M(S,S)-
L)]** with the (A5A64) conformation of five-membered chelate
rings are present (Figure 4B, Figure SB, and Supporting
Information, Figures S2B and S3B). Nevertheless 1, 2, and 3
crystallize in the non-centrosymmetric Sohncke space group
P2, (Table 1). Crystallization of racemic mixture as racemic
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compound in non-centrosymmetric space groups is rare.”
Compound 4 crystallizes in the centrosymmetric space group
Cc, and its crystal structure is composed of two types of
alternating homochiral layers parallel with (001) (Figure SB).
The perchlorate anions are distributed among the layers. In the
case of § the crystal structure is different because it contains
only [Cu(R,S)-L]** complex cations but with two types of
conformation (66644 and A6644).

Noncovalent interactions have a crucial role in the final
crystal packing of 1—5. The crystal structures are stabilized by
weak C—H---O interactions (Supporting Information, Table S1
and S2), which hold together cations and anions, and create
extended 3D supramolecular network (Figure 4C, SC, and 6B,
Supporting Information, Figure S2C and S3C). The C--O
separations occur in the range of 3.132(2)—3.411(14) A for 1,
3.161(5)—3.438(5) A for 2, 3.194(5)—3.463(6) A for 3,
3.115(4)—3.451(4) A for 4, and 3.135(8)—3.541(7) A for 5,
the smallest C—H--O angle is 125 (1), 124 (2), 123 (3), 121
(4), and 127° (5). Anion-r interactions were observed between
the pyridine rings of pendant arms and oxygen atoms of
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Figure 3. (A) Molecular structure of L. The thermal ellipsoids are drawn with the 50% probability level. (B) Part of the crystal structure showing
supramolecular 1D chain of individual L molecules connected together by C—H--"N noncovalent interactions (blue dashed lines). (C) These chains
are interconnected by C—H:--O interactions (red dashed lines). Hydrogen atoms not involved in these interactions are omitted for clarity.

perchlorate anions in 1—4, with the oxygen---centroid (Cg)
distances in the range of 3.0018(3)—3.5155(7) A, the Cl---Cg
distances are in the range of 3.9086(9)—4.6792(8) A, and the
Cl-O--Cg angles in the range of 119—176° (Supporting
Information, Table S2). Despite of presence of many aromatic
rings, 7—x stacking interactions were observed only in S, with
the Cg-Cg distance 3.5364(2) A and with angle between the
planes of the centroids 22.5°.

Theoretical Calculations. The ab initio calculations are
very helpful in molecular magnetism for identifying magnetic
exchange mediated by noncovalent interactions™ or covalent
bonds®” and also for calculation of ZES D and g tensors.*>**
Furthermore, the predictive role of such theoretical calculations
can be utilized for trustworthy postulation of spin Hamiltonians
for analysis of the experimental magnetic data.”” Herein, we
focused on calculations of magnetic anisotropy parameters (D
and E) for Fe(Il), Co(1I), and Ni(Il) complexes 2—4, which
have higher pre-disposition for the ZFS.”” We employed the ab
initio calculations using ORCA software based on SA-CASSCF
wave functions accompanied by NEVPT2. The relativistic
effects were also included with the help of the scalar relativistic
contracted version of def2-TZVP(-f) basis functions and with
ZORA (see more details in Experimental Section). The active
space of these CASSCF calculations was composed of the
appropriate number of electrons according to metal atom in
five metal-based d-orbitals. The dominant spin—orbit coupling
contributions from excited states led to ZFS tensors, hence to
the determination of axial and rhombic single-ion parameters D
and E, respectively (Table 3). The energy levels resulting from
CASSCE/NEVPT?2 calculations are tabulated in Tables S4—S6
(Supporting Information). Also, the contributions of the
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excited states to ZFS terms are summarized in Tables S7—S9
(Supporting Information). The effective Hamiltonian theory
was used to extract information about ZFS parameters (Table
3), but also values calculated by second-order perturbation
theory are listed for comparison in Table S10 (see Supporting
Information). In case of compounds 2 and 3, all calculations
were performed for both molecular fragments present in their
asymmetric units. The largest positive D-parameter was found
in Co(II) compound 3, D = 30.69 cm™’, and largest negative D-
parameters was found in Ni(II) compound 4, D = —19.11
cm™", The largest rhombicity was found for Fe(II) compound
2, E/D = 0.316. However, in the case of 2, the extraction of spin
Hamiltonian parameters is questionable, because there are
close-lying excited states (Supporting Information, Table $4),
which means that the spin-Hamiltonian formalism may not be
applicable. This is also demonstrated in Table S11 (see
Supporting Information), where lowest energy levels resulting
from CASSCE/NEVPT?2 calculations are calculated with the
extracted spin-Hamiltonian parameter. There is perfect match
for complexes 3 and 4, but there is evident discrepancy for
complex 2 (Supporting Information, Table S11). Moreover, the
axes of D- and g-tensors together with molecular structures are
visualized in Figure S$4 (Supporting Information). In the cases
of 2 and 3, both g-tensor and ZFS-tensor axes coincide; only in
the case of compound 4, there is a little mismatch. Interestingly,
only in Co(II) compound 3, the z-axis of D-tensor is
approximately located along the N—M-N bonds, where
these two nitrogen atoms are from pyridine groups in apical
positions (Figure S4). In all other cases, the main axes of D- or
g-tensors cannot be aligned with specific donor—acceptor
bonds. If the main magnetic axis are defined by D-tensor, then
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Figure 4. (A) Molecular structure of the [Mn(S,S)-L]** cation in 1. Thermal ellipsoids are drawn with the 50% probability level. The second
crystallographically independent molecule, perchlorate anions, and hydrogen atoms are omitted for clarity. (B) Representation of arrangement of
[Mn(L)]** enantiomers in the crystal structure of 1 ([Mn(R,R)-L)]** = red, [Mn(S,S)-L)]** = blue). (C) Representation of 3D packing of 1 with
the C—H---O noncovalent interactions (blue dashed lines) and anion—7 interactions (red dashed line). Hydrogen atoms not involved in these
interactions are omitted for clarity.

=g3 g =gy while g. = g, 8 =818&&=8& holds for 4 (Table 3,
Supporting Information, Figure S4).

Static Magnetic Properties. To extract the spin-
Hamiltonian parameters describing the magnetic anisotropy

the g-axes for compounds 2 and 3 can be assigned as g, = g, g, (() In Z]
M, = kT
T

a @)
where Z is the partition function resulting from energy levels.

Then, the averaged molar magnetization of the powder sample
from the experimental magnetic data of 2—4, the mononuclear was calculated as integral (orientational) average.

spin Hamiltonian was postulated
1 2 3
. o ) M0=—/ fMasianHd
H= D(SZ2 - 52/3) + E(SxZ - Syz) + pyBgS, (1) T an Joo Jo ¢ 3)

In case of compounds 1 and § with negligible or absent ZFS,

here D and E the single-i ial and rhombic ZFS
whete = an are The singierlon axial and Thomble the following spin Hamiltonian was used

parameters and the last component, Zeeman term defined in a

direction of me?gnetic field as B, = B(sin(e)c?s(cp), sin(#)sin- = luBnga _ Zj<‘§z>§z )

(@), cos(0)) with the help of the polar coordinates. Then, the

molar magnetization in a-direction of magnetic field can be where zj represents the molecular-field correction parameter

numerically calculated as characterizing possible weak intermolecular interactions. The
5964 DOI: 10.1021/acs.inorgchem.6b00415
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Figure 5. (A) Molecular structure of the [Ni(R,R)-L)]** cation in 4. The dashed line between Ni and O atoms represents a semicoordination.
Thermal ellipsoids are drawn with the 50% probability level. The second crystallographically independent molecule, hydrogen atoms, and perchlorate
anions are omitted for clarity. (B) Arrangement of homochiral layers in the crystal structure of 4 ([Ni(R,R)-L)]*" = red, [Ni(S,S)-L)]** = blue).
Perchlorate anions and hydrogen atoms are omitted for clarity. (C) Representation of 3D packing of 4 with the C—H---O noncovalent interactions
(blue dashed lines) and anion-7 interactions (red dashed line). Hydrogen atoms not involved in these interactions are omitted for clarity.

(S,) is a thermal average of the molecular spin projection. The
molar magnetization is calculated by an iterative procedure as

N Z,v (Zk 21 Ci-l‘c—(Z)leli)eXP(_Ei/kT)
" 2 exp(—¢&/kT) (s)

where Z is the matrix element of the Zeeman term, and C are
the eigenvectors resulting from the diagonalization of the
complete spin-Hamiltonian matrix.”

Mn(ll) Complex (1). Temperature dependence of the
effective magnetic moment (u.4/pp) and the isothermal
molar magnetization data measured at low temperatures (2,
S, and 10 K) for 1 are presented in Figure 9. The value of y.q/
Ug is 5.88 at room temperature, which is close to the spin-only
value p.g/pp = 5.92 for the system with S = 5/2 and g = 2.0. A
very small decrease in ¢/ iy observed below 10 K resulted in a
final value of 5.82 at 1.9 K, which points to the fact that the
intermolecular magnetic interactions in the solid state are
negligible as well as possible ZFS. This is also supported by the

M,

mol —
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fact that isothermal magnetizations are overlapping. Therefore,
spin Hamiltonian in eq 4 was used and resulted in g = 1.995(1)
and negligible zj = —0.009(2) cm™". The value of zj was found
almost zero, which confirms no presence of any kind of
magnetic exchange between [MnL]*" units.

Fe(ll) Complex (2). The value of y.g/py at room temperature
is 5.27, which is significantly higher than the theoretical spin-
only value (p.q/pp = 4.90 for S = 2 and g = 2.0) due to orbital
momentum contributions. The abrupt decrease of yg/up below
50 K ending with the value 4.16 at T = 1.9 K can be attributed
mainly to the ZFS effect. The magnetic analysis using spin
Hamiltonian in eq 1 resulted in negative value of D = —7.4(2)
cm™ with the absence of rhombicity (E/D = 0.0).

The negative value of D-parameter is approximately one-half
smaller than those for other seven-coordinate Fe(II) complexes
(Table 4); however, it contradicts ab initio calculations (D =
8.12—8.18 cm™, E/D = 0.312—0.316). Therefore, we calculated
magnetic properties of 2 with CASSCF/NEVPT?2 energy levels
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Figure 6. (A) Molecular structure of the [Cu(R,S)-L)]** cation in 5. Atoms are drawn as thermal ellipsoids with 50% probability level. The second
crystallographically independent molecule, hydrogen atoms, and perchlorate anions are omitted for clarity. (B) Representation of 3D packing of §
with the C—H---O noncovalent interactions (blue dashed lines) and 7—7 stacking interactions (red dashed lines). Hydrogen atoms not involved in

these interactions are omitted for clarity.
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Figure 7. Variation of the metal—donor atom distances in the
complexes 1—5 depending on the type of the central metal atom.
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Figure 8. Representations of the enantiomeric forms of [ML]**
complex cation present in crystal structures of 1—4. The [M(R,R)-
L]** cation with the (§A618) conformation of five-membered chelate
rings (red), and [M(S,S)-L)]** with the (A6A64) conformation (blue).

. .58 .
and corresponding matrices,”" and in such a way calculated

magnetic data are both in agreement with the experimental one
and also with calculated one with eq 1, and Supporting
Information, Figure SS. This means that ab initio calculations
correctly predict magnetic properties of 2 and that the
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discrepancy of spin-Hamiltonian parameters’ values between
theory and magnetic analysis lies in the fact that orbital angular
momentum is not completely quenched and strongly influence
low-lying energy levels. Therefore, more sophisticated model
beyond the spin-Hamiltonian approximation is needed for
magnetic analysis of this compound. Unfortunately, such theory
is not available for Fe(II) high-spin complexes yet.

In comparison with an SCO Schiff-base complex [Fe(15-
pydienN,0,)(CN),]-H,0,” complex 2 remained in high-spin
state through whole temperature range, which could be
attributed to the different strengths of Fe—O bonds. By
comparing the bond lengths in the pentagonal planes in both
complexes, the stronger Fe—N(imine) bonds decrease the
strength of Fe—O bond(s) in the case of the Schiff-base
complex, and as a consequence of this, one of the Fe—O bonds
is broken, which is responsible for the SCO behavior.”
However, the Fe—N(amine) bonds in 2 were found to be
longer (i.e, weaker) as compared to the Fe—N(imine) bond
lengths in the SCO complex, and therefore the Fe—O bonds in
2 are stronger (ie., shorter). The above-mentioned discrep-
ancies in both the coordination spheres may be connected with
the absence of SCO in complex 2.

Co(ll) Complex (3). The observed pg/pty at room temper-
ature, pi.q/pUp = 4.34, is significantly higher than the spin-only
value for system with S = 3/2 and g = 2.0 (peg/ps = 3.87)
owing to substantial contribution of the orbital angular
momentum. During the cooling, the pu./pp continuously
decreases to value of 3.35 at T = 1.9 K, which can be explained
by a large ZFS. The effect of ZFS is also demonstrated in the
isothermal magnetization data, where saturation limit is well
below theoretical value equal to M,,,/Napg = gS (Figure 9).
The monomeric model in eq 1 was used for the data fitting, and
the best fit was obtained for the positive D and negligible
rhombicity. The fitted D = 34(1) cm ™" for complex 3 is close to
the ab initio calculated value of D ~ 30.60—30.69 (Table 3). In
comparison with structurally similar complex [Co(15-pyN;0,)-
CL] (D = 40.0 cm™"), the value of D for 3 is less positive, as a
result of coordination of axial ligand providing stronger ligand
field (pyridine groups in 3 vs chlorido ligands in [Co(15-
pyN;0,)CL,]), which was predicted in ref 31. As a consequence
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Table 3. Comparison of Ab Initio Calculated and Fitted Spin Hamiltonian Parameters for Complexes 1—5°"

compound 1 2 3 4 S
the central metal atom Mn(1II) Fe(II) Co(II) Ni(1I) Cu(II)
the electron configuration 3d° 3d¢ 3d’ 3d8 3d
the spin state S 5/2 2 3/2 1 1/2

ZFS and g values based on CASSCF/NEVPT?2 calculations
D (em™) 8.12/8.18 30.69/30.60 —19.11
E/D 0.312/0.316 0.046/0.035 0.152
& 2.007/2.007 2.023/2.022 1.998
o 2.062/2.061 2.270/2.271 2.101
& 2.207/2.208 2.304/2.298 2.189

magnetic analysis of the experimental data

g 1.995(1) 2.131(5) 2.208(5) 2.181(2) 2.109(1)
D (em™) —7.4(2) 34(1) —12.8(1)
E/D 0.0 0.0 0.136(3)
zj (em™) —0.009(2) —0.12(2)
Zrp (1 X 1072 m® mol™) 3(1) 1.3(6) 22(2)

T T T T T T T
0 50 100 150 200 250 300
T (K)

BIT (TIK)

Figure 9. Magnetic data for compounds 1—S. Temperature depend-
ence of the effective magnetic moment (left) and the isothermal molar
magnetizations measured at 2, S, and 10 K (right). The empty circles
represent the experimental data points, and the full lines represent the
best fits calculated with spin Hamiltonians in eqs 1 and 4 with
parameters listed in Table 3.

of this substitution, destabilization of the d orbital occurred
(its energy increased), and the coupling between the magnetic
ground state and the higher excited quartet/doublet states,
which contribute only positively to the D-value, was reduced.
And consequently the D-value was decreased as well. The
obtained value of D is comparable with the values found for
other seven-coordinate Co(II) complexes in Table 4. For these
complexes similar trend can be found only when the complexes
containing the same ligand are compared (equatorially five-
coordinated ligand affects the D-value as well); otherwise, no
evident effect of axial ligands on D-value can be observed.
Ni(ll) Complex (4). The effective magnetic moment at room
temperature, fi.q/pg = 3.16, is significantly higher than the spin-
only value for the system with S = 1 and g = 2.0 (p.g/p = 2.83)
due to the orbital momentum contributions to the ground spin
state. The abrupt decrease of its value at low temperature below
20 K is observed ending with 2.01 yg at T = 1.9 K as a result of
ZFS effect. A large and negative axial anisotropy, D = —12.8(1)
cm™}, was found, and this complex is the only one for which
also significant rhombicity, E/D = 0.136(3), was detected. The
fitted value is in agreement with the ab initio calculated value of
D —19.11 ecm™' (Table 3). In comparison with the
structurally similar complex [Ni(15-pyN;0,)CL] (D = —6.02
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cm™"), the value of D is more than 2 times larger. This is again
a consequence of the stronger ligand field of the two pyridine
groups of L coordinated in axial positions. Similarly, as it was
explained for Co(Il) complex 3 above, destabilization of the d
orbital occurred, and the coupling between the magnetic
ground state and the excited states resulted in much weaker
positive contributions to the D-value than in [Ni(15-pyN;0,)-
Cl,]; thus, more negative overall D-parameter was found in 4.
This can be understood as a confirmation of the theoretically
predicted behavior of D-parameter in pentagonal bipyramidal
Ni(II) complexes upon substitution of ligands in axial
positions,®’ as was also mentioned in the Introduction.

Cu(ll) Complex (5). The effective magnetic moment at room
temperature (.q/pg) is 1.84, which is slightly higher than the
spin-only value 1.73 for S = 1/2 and g = 2.0, and its decrease
below 30 K is very small (1.77 at 1.9 K) and it is most probably
caused by very weak intermolecular interactions, which was
confirmed by successful fitting of the magnetic data with g =
2.109(1) and zj = —0.12(2) cm™.

Dynamic Magnetic Properties. The coordination com-
pounds with high magnetic anisotropy are interesting
candidates for single-molecule magnets, for which the slow
relaxation of magnetization is observed. Therefore, the AC
susceptibility measurements were performed in zero and
nonzero static magnetic field for 2—4, however, only Co(II)
complex 3 showed nonzero out-of-phase signal of AC
susceptibility — Figure 10 and Figure S6 (Supporting
Information).

The AC susceptibility was measured at Bpc = 0.1 T and
various frequencies of alternating small AC magnetic field.
Evidently, there are maxima of out-of-phase susceptibility
dependent on applied frequency, which is typical behavior of
SMM. These susceptibility data for each temperature were then
analyzed with the one-component Debye model

1(@) = g + (g = 2)/[1 + (iwz) ™" (6)
which resulted in isothermal (yy) and adiabatic (yg)

susceptibilities, relaxation times (z), and distribution parame-
ters (a)—Supporting Information, Table S12. This enabled us
to construct the Argand (Cole—Cole) plot (Figure 10).
Applying the Arrhenius equation on the temperature depend-
ence of the relaxation times, the relaxation time 7, = 9.90 X
107" s and the spin reversal barrier U,z = 24.3 K (16.9 cm™)
was calculated (Figure 10) when only data having maxima in
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Table 4. Comparison of Selected Zero-Field Splitting Parameters Determined for 2—4 and Previously Studied Complexes with

Seven-Coordinate Central Metal Ions

compound” D [em™]
[Fe(L)](CIO,), -74(2)
[Fe(1S-pydienN;)(H,0),]Cl, —17.2
[Fe(L8)Cl,]-0.5CH,0H ~133
[CO(L)](CIOzt)z 34(1)
[Co(15-pydienN;)(H,0),]Cl,-4H,0 24.6
[Co(15-pyN,0,)Cl,]-2CH,0H 40.0
[Co(L6)](NOs),-CH,CN 25
[Co(L6)](ClO,), 26
[Co(L7)](ClO,), 23.1
[Co(L8)(H,0) (NO3)](N03) 31
[Co(L8)(SCN),] 15.9
[Co(1L8)(H,0),] 13.1
[Co(L8)I(H,0)]1 30.0
[Co(L8)Br(H,0)]Br 30.0
[Co(L8-2H")(imidazole),]-H,0“ 24.8
[Co(L10)3(NOs),]* 358
[Co(L11);(NO;),]¢ 35.7
[Ni(L)](CIO,), —12.8(1)
[Ni(15-pyN,0,)CL,] —6.02
[Ni(L6)](NO,),H,0 15
[Ni(L8)(H,0),](NO3),2H,0 ~139
[Ni(L9)(NO;)(CH;0H)](NO;) -12.5

E/D ref
0 this work
0.21 32
0 8d
0 this work
0 35
0 36
15
15
63
0 31
0 34
0 34
0.3 32
0.3 32
0 35
0.21 8b
0.02 8b
0.136(3) this work
0.15 36
15
0.10 31
0.10 33

“L10 = 4-tert-butylpyridine, L11 = isoquinoline. Structural formulas of other ligands mentioned in this table are depicted in Figure 1.

the Argand diagram were used. Here it should be stated that
even for the highest temperatures only a few points fulfilled the
linear behavior of In(z) versus 1/T and thus, the obtained
values of 7, and U,y are most probably determined with large
errors. The effective value of Uy is 4 times lower than the
theoretical prediction based on the parameters derived from
magnetic analysis, Uy, = 2(D? + 3E*)"? = 67.9 cm™), or from
the CASSCF/NEVPT?2 calculations, Uy, jiio = 61.6 cm™.
However, this kind of discrepancy is observed also in other
SMM, because there are also other relaxation processes in play
(direct, Raman, and quantum tunneling) except Orbach
process.”* Main source of this discrepancy could be explained
by the fact that the analysis based on eq 6 is limited only to AC
susceptibility data having maxima in the Argand diagram, which
means data measured between T = 1.9 and 4.6 K. However,
nonzero out-of-phase AC susceptibility is already observed
below 8.5 K (Figure 10). As U should reflect only thermally
activated Orbach mechanism, it is important to analyze also
data above 4.6 K.**° Therefore, we used simplified model®
based on eq 7

In(y"/y') = In(2afry) + U/kT (7)
where higher-temperature AC data for higher applied
frequencies were included as visualized in Figure 11. As a
result, we obtained sets of following parameters: 7, = 6.13 X
10725, U=73.6 cm™ (105.9 K) for f = 1488.1 Hz, 7 , = 9.36
X 1075, U =47.6 cm™" (68.4 K) for f= 597.1 Hz, 7 , = 5.99 X
1075, U=38.7 cm™" (55.8 K) for f = 239.8 Hz, and 7, = 4.32
X 107%s, U=29.5 cm™ (42.4 K) for f = 96.2 Hz. Herein, the
variation of fitted parameters can be due to omitting the
distribution of relaxation processes (parameter a in eq 6).
Nonetheless, such derived U parameters are much higher (e.g.,
U = 73.6 cm™" for f = 1488.1 Hz) and very close to values
predicted by spin-Hamiltonian parameter (U, = 67.9 cm™).
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However, it was recently pointed out that in case of easy
plane anisotropy (D > 0, E/D = 0), the Orbach process should
not be governing relaxation mechanism but direct term induced
by the hyperfine interaction dominating at low temperatures
and a Raman term dominating at higher temperatures.*®

That is why we also analyzed relaxation times with eq 8
containing the Raman term

(8)

for data in temperature range between 2.2 and 4.0 K, which
resulted in C = 2.12 X 107° and n = 2.84 (Figure 12). The fitted
n-value is lower than n = 4.9 or 8.7 found in other seven-
coordinate Co(II) complexes with easy plane anisotropy.” To
conclude, the analyses of AC susceptibility data and relaxation
times showed that both Orbach and Raman processes could be
present in 3.

Electrochemical Properties. The redox properties of L
and its complexes 1—35 were investigated by cyclic voltammetry
in CH;CN solutions only, because of their low solubility in
water. The cyclic voltammograms of complexes 1—5 are
depicted in Figure 13, and obtained electrochemical data are
listed in Table S.

The cyclic voltammogram of the ligand L shows irreversible
behavior providing two oxidation peaks at E;; = 1.22 V and
Eow = 1.38 V (Supporting Information, Figure S7), which may
be assigned to the oxidation of both pyridine pendant arms.
Reversible couples of Mn(III)/Mn(II), Fe(IIl)/Fe(I), and
Cu(II)/Cu(I) were found at the potentials of E,,, = 1.75, 1.26,
and 0.17 V in CH,;CN solutions of 1, 2, and S, respectively.
These obtained values of E;,, are much higher than those
previously found for complexes containing unsubstituted
macrocyclic ligands 15-pyN;O, or 15-pydienN;O, and axial
chlorido coligand(s), that is, [Mn(15-pyN;0,)CL] (E,,, = 0.97
V, AE, = 0.13 V),*® [Fe(15-pyN;0,)CL]CI (E,), = 025V,
AE, = 81 mV),* [Fe(15-pydienN;0,)CL]CIO, (E;/, = 025V,

T=CT™"
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AE, = 110 or 60 mV),”* or [Cu(15-pyN;0,)CI]Cl, for which
irreversible reduction peak (E,.q = —0.14 V) corresponding to
the reduction of Cu(II) to Cu(I) was observed.*® In the cyclic
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Figure 13. Cyclic voltammograms of complexes 1 (brown), 2 (red), 3
(purple), 4 (green), and 5 (blue) (2 mM) recorded in argon
atmosphere with a glassy carbon working electrode in 0.1 M TBAP in
CH,CN.

Table S. Results of Cyclic Voltammetry Measurements

redox E, ) [V] vs E), [V] vs AE

compound process Ag/Ag* SHE [mV]
L E,, = 0.564 1.219
E,, = 0.727 1.382

1 Mn**/Mn>* 1.096 1.751 93

2 Fe*/Fe?* 0.603 1.258 86

3 Co**/Co'* -1.971 -1.316 65

Co*/Co?* 1.239 1.894 86
4 Ni**/Nit* E,q = —1811 -1.156
E,. = —1.355 —0.700

5 Cu**/Cu* —0.489 0.166 104

voltammogram of 3, two reversible couples of Co(III)/Co(1I)
at 1.89 V and Co(II)/Co(I) at —1.32 V were found. For 4, a
quasi-reversible couple Ni(Il)/Ni(I) was found with the
reduction peak at —1.16 V and less intense oxidation peak at
—0.70 V. The quasi-reversibility of this redox process could be a
result of low solubility of the Ni(I) product or its fast
consequent decomposition. On the one hand, the much higher
redox potentials in comparison with the previously studied
similar complexes clearly demonstrate the ability of L to
stabilize reduced species (lower oxidation states), which is a
consequence of the modified structure of L containing two
tertiary amino groups and two pyridine pendant arms, because
it was shown previously on many transition complexes with
different linear or macrocyclic polyamines, for example, Ni(II)
complexes of cyclen derivatives (Supporting Information, Table
S$13),'”'® that when their primary/secondary amino groups
were substituted by the tertiary ones®’ and/or the pyridine
group with s-acceptor ability were implemented into their
structure, the lower oxidation states were stabilized, and the
value of E,/, increased. On the other hand, when strong -
donors were coordinated, just as in the case of the chlorido
coligands®® in the above-mentioned complexes of 15-pyN;0,
or pendant arms with anionic or electron rich groups,'” the
oxidized species (higher oxidation states) were stabilized, and
the value of E;;, decreased.
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B CONCLUSIONS

The heptadentate 15-membered macrocyclic ligand modified
with two 2-pyridylmethyl pendant arms (L) was successfully
prepared to stabilize the coordination number of 7, which was
subsequently confirmed by X-ray analysis of Mn(II) 1, Fe(II) 2,
Co(II) 3, and Ni(II) 4 complexes (one macrocyclic oxygen
atom was semicoordinated in 4), except for Cu(II) complex §
with the coordination number of S.

It has been shown that the ligand L has a strong impact on
the structural, magnetic, as well as redox properties of the
studied late first-row transition-metal complexes and that the
stronger z-acceptor ability of the axially coordinated pyridine
moiety in comparison with the chlorido ligands is reflected in
several general aspects, which are as follows: (i) the pyridine—
metal bonds are shortened in comparison with all the other
coordination bonds; that is, the pentagonal bipyramidal
coordination sphere was slightly axially compressed; (ii)
substantial changes in values of the axial ZFS parameters (D)
for Co(II) complex 3 and for Ni(Il) complex 4 were observed;
and (iii) the high values of determined redox potentials showed
significant stabilization of the lower oxidation states (Mn", Fe,
Co', Ni', and Cu'). All these aspects help to improve our
understanding of the electronic structure and the magnetic
anisotropy in seven-coordinate complexes. Moreover, the
Co(II) complex 3 enlarges the small and interesting group of
SMMs, in which easy plane anisotropy was observed (D =
34(1), E/D = 0). The detailed analysis of the dynamic magnetic
data revealed that both Raman and/or Orbach relaxation
mechanisms are involved and are responsible for slow
relaxation of the magnetization below ~8 K. To the best of
our knowledge, this is second work, when the slow relaxation of
the magnetization in a seven-coordinate Co(II) complex with
macrocyclic ligand is reported.

It has been also shown that the targeted structural
modification of the macrocyclic scaffold in the organic ligand
L can serve for tuning of different properties of transition metal
complexes, especially those regarding the magnetic anisotropy
in seven-coordinate Co(II) and Ni(II) complexes via
substitution of the axial coligands with different coordination
ability in accordance with the previously formulated theoretical
predictions. Nevertheless, for a serious magneto-structural
correlation, more ligands with different functional groups in
pendant arms would be needed. But anyway, the obtained
results could have a beneficial influence on a progress in design
of more sophisticated and efficient SMMs and in consequent
applications in magnetochemistry or catalysis.
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Structure and Magnetism of Seven-Coordinate Fe'', Fe', Co"
and Ni" Complexes Containing a Heptadentate 15-Membered
Pyridine-Based Macrocyclic Ligand

Peter Antal,’® Bohuslav Drahog,’? Radovan Herchel,’® and Zdenék Travnicek*[?

Abstract: A heptadentate macrocyclic ligand, H,L (3,12,18-
triaza-6,9-dioxabicyclo[12.3.1]octadeca-1,14,16-triene-3,12-di-
acetic acid) with two acetate pendant arms, and its complexes
[Fe''L]ICIO, (1), [Fe'"L]-H,0 (2), [Co"L]-H,0 (3), and [Ni"L]-H,O (4)
were synthesized. The complexes possess an axially compressed
pentagonal bipyramidal geometry with the coordination num-
bers of 7 for 2 and 3, and 6 + 1 for 4. The magnetic susceptibil-
ity measurements revealed magnetic anisotropy for compounds
\1—4 expressed by axial zero-field splitting (ZFS) parameters (D =

~

-1.3 cm™ for 1, -9.6 cm™' for 2, 29.1 cm™' for 3, and -8.5 cm™'
for 4), with a rhombic ZFS (E/D = 0, 0.006, 0, and 0.193, respec-
tively). Field-induced slow relaxation of magnetization was ob-
served for the Co" complex 3 only. The structural and magnetic
features of 1-4 were compared with those of similar complexes
containing ligand with two 2-pyridylmethyl pendant arms.
Magnetic features of the complexes were also evaluated using
theoretical calculations (DFT, CASSCF/NEVPT2).

/

Introduction

Design and synthesis of new macrocyclic ligands of different
sizes, structures, donor atoms sets and properties represent a
very topical area of research due to their applications in many
fields of chemistry,!"! biology™® and medicine.! Macrocyclic li-
gands can serve as suitable ligands for coordination to a variety
of metal ions depending on the cavity size, ring structure and
type of metal ion. Due to the high thermodynamic stability and
kinetic inertness of their transition metal complexes, macrocy-
cles can be utilized for metal separation, as radiopharmaceuti-
cals in radiotherapy,™ as contrast-enhancing agents in mag-
netic resonance imaging (MRI),!®! or as models to study the
magnetic phenomena, such as spin-crossover (SCO) or molec-
ular magnetism.”!

In the last decade, more attention has been devoted to the
study the complexes with interesting magnetic properties such
as SCO or molecular magnetism [single-molecule magnets
(SMMs) and single-chain magnets (SCMs)] due to their potential
applications in high-density data storage devices'® and quan-
tum computing.!”’ The SMMs are compounds showing slow re-
laxation of magnetization and magnetic hysteresis below the
critical temperature. There are several mechanisms for the dy-
namics of the relaxation of the magnetization (Orbach, direct,
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Raman, or quantum tunnelling) and elucidation which mecha-
nism contributes dominantly to the overall relaxation process is
still very challenging. Previously, the Orbach mechanism was
usually considered as the most important one and therefore
SMMs were often characterized by the parameter called energy
barrier U for the magnetic moment reversal, which appears as
a consequence of a large axial magnetic anisotropy [described
by the axial zero-field splitting (ZFS) parameter D within the
spin Hamiltonian formalism], which splits the metal ion energy
spin levels in zero magnetic field, and this energy barrier can
be defined as U = |D|S? or U = |D|($* - 1/4) for integer or non-
integer ground spin state S.

In order to significantly increase the magnetic anisotropy in
transition metal complexes,!'® which is the crucial tuneable pa-
rameter for SMMs improvement, the modification of the coordi-
nation environment, provided by higher coordination numbers
(seven or eight), and/or axial symmetry were employed.'"! The
coordination number of seven is not common for first-row tran-
sition metals and its abundance along the series is irregu-
lar.['2'3] |t is most abundant for Mn, Fe, and Co complexes,
while in the case of Ni complexes is very rare due to the Jahn-
Teller effect, which cause strong deformation of coordination
sphere and low stability of these type of. geometry.l'*'%] Never-
theless, several examples of linear (H,dabph)!"® or macrocyclic
ligands (15-pydienN;0,,""”?  15-pydienN;,'®1  15-pyN;0,,['¥!
tdmmb,'2% or more recent TODA)2"! (Figure S1) provided seven-
coordinate pentagonal bipyramidal complexes with a penta-
dentate ligand in the equatorial plane, which show a large easy-
axis magnetic anisotropy (D < 0) in the case of Fe' and Ni"
complexes, and on the other side, a large easy-plane magnetic
anisotropy (D > 0) in the case of Co" complexes. Slow relaxation
of magnetization was observed for [Fe(H,dabph)Cl,] and
[Fe(H,dabph-NH,)Cl5] (15 = 5 x 10 s and Ugg = 53 cm™"),1"®! for
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[{Ni(H,dabph)}s{W(CN)g},] (below the blocking temperature
Tn=3.6K, 70=1.6x%x 105, Uegr = 30 K),?2 and for many differ-
ent Co" complexes.!'®'823241 Fyrthermore, the magnetic an-
isotropy has been tuned by playing with donor/acceptor prop-
erties of two axial coligands, as was shown on series of Co"
complexes, e.g. [Cotdmmb)(X),]>*/,2% where X = H,0, CN-,
NCS-, SPh~, with the more pronounced anisotropy for the
complex with SPh™ (D = 39.7 cm™), or [Co(15-pyN30,)X,],1>3!
where X = CI7, Br~ and I~ with the highest D = 41 cm™ for
the dibromido complex, and also on Mn" complexes [Mn(15-
pyN30,)X],12°! where X = Br, I, N5, NCS~, with a small influence
of axial coligands on the magnetic anisotropy (|D| < 0.7 cm™).

The recent results suggest that also seven-coordinate
lanthanide complexes with pentagonal bipyramidal geometry
show remarkable properties,?® concretely a very high magneti-
zation reversal barrier was found for [Dy(OPCys)(H,0)s]3*,12”
[Dy(tBUPO(NHiPr),),(H,0)s13*,128"  [Dy(bbpen)Cll, and [Dy-
(bbpen)Br]2%! with Ueg = 543, 735, 708, and 1025 K, respectively.

A different approach how to tune desired structural and
magnetic properties of complexes can be associated with modi-
fication of the original pentadentate macrocycle, e.g. 15-
pyN3O,, with two pendant arms containing different functional
groups providing heptadentate ligand and seven-coordinate
complexes. Variations in the functional groups of the pendant
arms can provide fine tuning of the ligand field for the com-
plexed metal ions. Such approach was successfully employed in
our previous study concerning the seven-coordinate Mn", Fe',
Co", and Ni" complexes of py,-15-pyN;O, (Figure 1) with two
2-pyridylmethyl pendant arms.>®’ Magnetic measurements re-
vealed noticeable values of magnetic anisotropy for [Fe(py,-15-
pyNs0,)1(ClO,), (D = -7.4 cm™), [Co(py,-15-pyN30,)1(ClO,), (D =
34 cm™), and [Ni(py,-15-pyN3;0,)1(ClO,4), (D = -12.8 cm™, E/D =
0.136). Moreover, the slow relaxation of the magnetization was
observed [1, = 9.90 X 10710 s, Uy = 24.3 K (16.9 cm™)] for
[Co(py,-15-pyN30,)1(CI0,),.13”

® ® ®
P>
N NP N NZ .
HOOC™ SN NI cooH NH  HN = N X
G0 G oSG I
Q 0 0 o Q o0
/ s s
H,L: (HAC),-15-pyN,O, 15-pyN.O, py.-15-pyN.O,

Figure 1. Structural formula of the 15-pyN;O, ligand and its derivatives
(HAC),-15pyN30, (H,L) and py,-15-pyN3O,.

In order to tune of the magnetic anisotropy via different axial
coligands and to investigate the effect of axial coligands also
on the structural and redox properties of the selected first-row
transition metals, the original unsubstituted 15-pyN;O, was
modified with two acetate pendant arms, which have a differ-
ent si-donor/acceptor ability in comparison with the previously
studied pyridine functional groups. The motif of linear or mac-
rocyclic acetate N-pendant-armed ligands is well known from
the literature and even several seven-coordinate complexes of
di- and trivalent first-row transition metal were previously pre-
pared, e.g. [{Mn(Hedta)(H,0)}{u-Mn(H,0)1-4H,0,3" [Co-
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(Hedta)(H,0)1-2H,0,32  [Mn(1,4-DO2A)1,-2CH;0H,B331  [Fe,(1,4-
DO2A),ll; 534 [Fe(DO3A)I:3H,0,5%  Na[Fe(DOTA)I-5H,0,53!
[Cu((HAC),-15-N,05)]-2H,0.53% Surprisingly, their magnetic prop-
erties were studied only sporadically or even not at all.

In this work we describe the synthesis and characterization
of pentagonal bipyramidal Fe, Fe, Co', and Ni" complexes
with a macrocyclic ligand containing two acetate pendant arms
[HoL = 3,12-bis(carboxymethyl)-6,9-dioxa-3,12,18-triazabicyclo-
[12.3.1]octadeca-1(18),14,16-triene] and we discuss the impact
of the axial ligands on the structural, magnetic and redox prop-
erties. Moreover, we compare these newly obtained data with
those for the previously reported complexes with py,-15-
pyN3O, and 15-pyN;O,. Moreover, we also performed various
theoretical calculations with the aim to better understand the
effect of modification of pendant arms on physical properties
of the complexes.

Results and Discussion

Syntheses and General Characterizations

The ligand H,L was prepared by N-alkylation of 15-pyNsO, us-
ing a small excess of bromoacetic acid,’®”! and purified by ion-
exchange chromatography. The complexes were prepared by
direct mixing of H,L with the corresponding metal perchlorate
or chloride in acetonitrile/methanol (1) or water/methanol mix-
ture (2-4) in an equimolar ratio and heating to 60 °C. The com-
pounds in their crystalline forms were obtained by slow diffu-
sion of diethyl ether (1) or acetone vapors (2-4) into these solu-
tions.

The diffuse-reflectance spectra were measured for all the
studied complexes and are shown in Figure S2. Moreover, they
are compared to the electronic absorption spectra of the se-
lected complexes 2 and 3 measured in 5 mm aqueous and
methanolic solutions (Figure S3). Each of the diffuse-reflectance
spectrum contains one or more intense bands at various posi-
tions, but all spectra correspond well to those of the previously
studied seven-coordinate complexes of Fe'!,[3839 Fell [401 Collt41]
or Ni" 2431 Fyrthermore, the solution spectra of 2 and 3 in both
solvents well correspond to the diffuse-reflectance spectra,
which demonstrate that the coordination sphere of both com-
plexes in solution is similar to that in solid-state. Based on the
values of molar absorption coefficients for the most intense
bands [e.g. £(534 nm) = 8.4 m~' cm™ for 3 in H,0, (400 nm) =
88 M~ cm™' for 2 in H,0], the observed bands could be as-
signed to d-d transitions.

Crystal Structure Analysis

X-ray diffraction data for compounds 2-4 indicate that the Fe',
Co'" and Ni'" complexes are isostructural, and crystallize in the
monoclinic space group P2,,. (Table 1). The compounds crystal-
lize as racemic compounds with both enantiomeric forms of
the [M(L)] complexes in the unit cell (Figure S4).

Molecular Structures of Complexes 2, 3 and 4

The complexes 2 and 3 have similar molecular structures (Fig-
ure 2 and Figure S5). The central atoms of Fe" in 2 and Co" in

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Compound 2 3 4

Formula Cy7H,5N30,Fe, C,y7H,5N30,Co, C;7H,5N50,Ni;
Mr 439.24 442.33 442.11

Colour Orange Dark purple Green

Crystal system Monoclinic Monoclinic Monoclinic
Space group (space group no.) P2,/c (14) P2,/c (14) P2,/c (14)
alA] 11.535(10) 11.490(3) 11.465(3)

b IA] 12.107(11) 12.037(4) 12.017(3)

c Al 13.935(12) 13.929(4) 14.047(4)

a 7] 90 920 90

AN 107.25(3) 107.149(11) 108.255(8)

y [l 90 920 90

U A3 1859(3) 1840.7(10) 1837.9(8)

Z 4 4 4

A IAl, Mo-K,, 0.71073 0.71073 0.71073

Dearc [g cm=3] 1.570 1.596 1.598

u [mm™] 0.858 0.979 1.103

F (000) 920 924 928
Reflections collected 29566 55323 52902
Independent reflections 4268 [R(int) = 0.0817] 5690 [R(int) = 0.0832] 4771 [R(int) = 0.0508]
Data/restraints/parameters 4268/3/259 5690/3/259 4771/3/259
Goodness-of-fit on F? 1.024 1.033 1.017

Ry, wRy [I'> 20(N] 0.0363/0.0713 0.0362/0.0659 0.0262/0.0630
R,, WR, (all data) 0.0618/0.0796 0.0683/0.0747 0.0369/0.0679
Largest diff. peak and hole [A-3] 0.288/-0.523 0.417/-0.469 0.332/-0.520
CCDC no. 1811164 1811163 1811165

3 are seven-coordinate and for that reason just X-ray structure
of complex 2 is shown in the main text, while the molecular
structure of complex 3 is depicted in Figure S5. The coordina-
tion environment can be described as pentagonal bipyramidal,
with the equatorial pentagonal plane defined by three nitrogen
atoms (one from the pyridine ring - N, and two from the ali-
phatic chains — N,jipn) and two oxygen atoms (Ogyipn) from the
macrocyclic ring of the ligand. The axial positions are occupied
by two oxygen atoms (Openg) from the carboxylate groups of
the pendant arms. The M-Op.nq bonds are the shortest coordi-
nation bonds in 2 and 3 (Table 2), and at the same time the
Co-Openg bonds are the shortest axial coordination bonds in
series of [Co(15-pyN;0,)CL1"" and  [Co(py,-15-pyN;0,)I-

(Cl0,4),B3% (Table 3).

Figure 2. (A) Molecular structure of 2. Thermal ellipsoids are drawn with the
50 % probability level. The water molecules of crystallization and hydrogen
atoms are omitted for clarity. (B) Representation of 1D chain in the crystal
structure of 2. The individual [FeL] molecules are connected by the O-H---O
hydrogen bonds (dark blue dashed lines) going through the crystal water
molecules. Hydrogen atoms not involved in these interactions are omitted
for clarity.

The central atom of Ni" in 4 is coordinated by the N3O, do-
nor set of the ligand (Figure 3A). The coordination number

Eur. J. Inorg. Chem. 2018, 4286-4297 www.eurjic.org
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Table 2. Selected interatomic distances (A) and angles (°) in compounds 2, 3,
and 4.

Distances 2 3 4

M-N1 2.191(2) 2.1503(15) 2.0150(12)
M-N2 2.295(2) 2.2416(14) 2.1463(12)
M-N3 2.317(2) 2.2705(14) 2.2132(12)
M-01 2.287(2) 2.3156(13) 2.4313(11)
M-02 2.312(2) 2.3489(13) 2.6754(11)
M-03 2.078(2) 2.0429(13) 1.9886(11)
M-05 2.083(2) 2.0460(13) 1.9918(11)
Angles

N1-M-N2 72.54(8) 73.64(5) 78.37(5)
N1-M-N3 71.67(9) 72.49(5) 76.51(5)
N1-M-01 145.61(7) 146.34(5) 151.72(5)
N1-M-02 144.23(7) 146.34(5) 145.12(4)
N1-M-03 92.92(7) 92.84(5) 95.33(4)
N1-M-05 94.53(7) 94.48(5) 96.59(4)
N2-M-01 74.31(6) 74.00(5) 74.55(4)
N3-M-02 73.93(8) 73.50(5) 63.16(4)
01-M-02 70.16(7) 68.98(4) 70.15(4)
03-M-05 172.40(6) 172.45(5) 167.80(4)

could be classified as 6+1, because one of the Ni-O,j,, bond
is significantly elongated [Ni-O2, 2.6754(11) A, Table 2. It is
more elongated than the other bond lengths of such type, be-
cause the mean value of the Ni-O bond length is 2.055 A, and
90 % of all the observed Ni-O bonds have lengths in the range
of 1.964-2.114 A. Similar elongation of the Ni-O bonds was
observed in other Ni'" complexes with macrocyclic ligands (Fig-
ure 1 and S1), [Ni(Acy-15N505)1(ClO4),,">! [Ni(15-pyN30,)Cl5]!
or [Ni(py>-15-pyN;0,)1(Cl0,),,13? with the Ni-O bond lengths of
2.554(3), 2.506(3) and 2.663(3), and 2.653(2) A, respectively.
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Table 3. Comparison of the selected interatomic parameters in complexes Fe' (2), Co" (3), and Ni" (4) with H,L, and their analogues containing 15-pyN;0,

and py,-15-pyN;0,.

IM(15-pyN30,)Cl 1 [M(py>-15-pyNs0,)1*+1! ML)

central atom-axial donor atom distances (A)

Fe 2.165(6) 2.081(3)
Co 2.468(4) 2.116(4) 2.044(2)
Ni 2.386(6) 2.084(7) 1.991(3)
deviation of central atom from the least-square plane (A)!

Fe 0.026!¢ 0.000
Co 0.012 0.0191 0.001

Ni 0.000 0.007 0.008
mean deviation of equatorial donor atoms from least-square plane (A)"

Fe 0.104L¢ 0.111
Co 0.088 0.098'! 0.111

Ni 0.105 0.092 0.123

[a] Ref."). [b] Ref.P% [c] This work. [d] The least-squares planes are defined by the MN;O, atoms. [e] Mean deviation for both enantiomeric forms. [f] The

equatorial donor atoms are Np,, Najipn, and Ojiph.

Figure 3. (A) Molecular structure of 4. Thermal ellipsoids are drawn with the
50 % probability level. The water molecules of crystallization and hydrogen
atoms are omitted for clarity. (B) Representation of 1D chain in the crystal
structure of 4 formed by the individual [NiL] molecules connected by the O-H---
O hydrogen bonds (dark blue dashed lines) going through the crystal water
molecules. Hydrogen atoms not involved in these interactions are omitted
for clarity.

When the molecular structures of complexes 2, 3, and 4 are
compared among each other, similar trends can be observed
as well as in the series of previously studied complexes of Fe',
Co", and Ni" with 15-pyN;0,!" and py,-15-pyN;0,.5% The
metal-nitrogen atom distances are shortening, while metal-
oxygen atom distances are elongating with decreasing ionic
radii of central atoms in order from Fe' (2) to Ni"' (4) (Table 3).

In the case of Ni", one of the Ni-Oy,n bonds is significantly
elongated. It could be explained by Jahn-Teller effect operating
in seven-coordinate Ni" complexes."® The M-Openg bonds are
the shortest coordination bonds in complexes 2, 3, and 4
(Table 2), and at the same time the shortest axial coordination
bonds in series of [M(15-pyN;0,)CLI" and [M(py,-15-
pyN30,)1(Cl0,),3% complexes (Table 3). The significant shorten-
ing of M-O,.nq bonds lead to axial compression of coordination
sphere. The deformation of coordination sphere around the
central atom can be described as mean deviation value of all
the donor atoms from the least-square plane defined by central
atom and donor atoms in the equatorial positions (the MNsO,
set). Its value is the highest for complexes of L%~ (Table 3),
which also documents the stronger deformation of coordina-
tion sphere in comparison with other discussed compounds.

The geometry of coordination polyhedra of complexes 2, 3,
and 4 were analysed by the Shape 2.1 software.**! The lowest
value of the deviation between the real geometry and the ideal
coordination polyhedron (all the possible polyhedra for the co-
ordination numbers of 6 and 7, in the case of complex 4 also
for coordination number of 5) for complexes 2, 3, and 4 was
found for pentagonal bipyramid (Table S1).

Crystal Structures of Complexes 2, 3 and 4

The crystal structures of compounds 2, 3, and 4 are stabilized
by O-H:-O hydrogen bonds between the uncoordinated oxy-
gen atoms of the carboxylate group and water molecules (Table
S2), which hold together [M(L)] molecules and create 1D chains
along the crystallographic axis b (Figure 2B and Figure 3B). In
addition, the 1D chains are mutually connected by weak
C-H---C and C-H---O interactions (Table S2).

Magnetic Properties

Static Magnetic Measurements

The temperature- and field-dependent experimental magnetic
data for 2-4 are depicted in Figure 4. Firstly, the magnetic prop-
erties of M" compounds 2-4 will be discussed.

The effective magnetic moments at room temperature
(Uefi/Ug = 5.2 for 2, per/Ug = 4.4 for 3 and uen/ g = 3.2 for 4) is
slightly higher than the spin-only values (uc¢/pg = 4.9 for S = 2,
Uet/Ug = 3.9 for S = 3/2 and ue/ug = 2.8 for S = 1) calculated
with g = 2.0, which indicates non-negligible contribution of
spin-orbit coupling to the ground state and g > 2.0. The drop
of the effective magnetic moment is observed for all the com-
pounds 2-4 at low temperature, which indicates significant
zero-field splitting. Further evidence of ZFS is visible from the
isothermal magnetization data (Figure 4) were M ,o//Napig at T =
2 Kand B = 9 T reached values much lower than theoretical
limit value of M,,o//Napig —g-S.
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coordinates.> Then, the molar magnetization in a-direction
of magnetic field can be numerically calculated as in Equa-
tion (2).

A
M, = k'f’["]”z}
B, ), 2

where Z is the partition function resulting from energy levels.
Afterwards, the averaged molar magnetization of the powder
sample was calculated as integral (orientation) average [Equa-
tion (3)1.

M

mol

1 p2rpr
— M sin 6 ed
Ar .[0 .[n o S 4 (3)

It must be stressed that both temperature and field-depend-
ent magnetic experimental data were fitted simultaneously in
order to get most trustworthy parameters. The fitted parame-
ters are summarized in Table 4. The negative d-values, D =
-9.6 cm~' and D = -8.5 cm™', were found for compounds 2, and
4, respectively, with considerable rhombicity in case of 4 (E/D =

0 10 20 30 40
0.19).
04 T T T T T T
0 50 100 150 200 250 300
T(K) Table 4. Comparison of Ab initio calculated and fitted spin Hamiltonian pa-
rameters for complexes 1-4.
4

(4)

Miof (Nttg)

0.00
0 10 20 30 40

Compound 1 20 3 4
central metal atom Fe'l Fe' Co" Ni'"
electron configuration 3d°® 3d° 3d” 3d8®
spin state S 5/2 2 3/2 1

ZFS and g values based on CASSCF/NEVPT2 calculations with CAS(n,5)

D (cm™) -15.1 +25.7 -11.5
E/D 0.194 0.070 0.192
Jx 2.070 2378 2.243
gy 1.999 2.429 221
g, 2.331 2.193 2.308

0 T T T T T T T

100 150 200 250 300
T(K)

Figure 4. Magnetic data for 2 (top), 3 (middle), and 4 (bottom). Left: tempera-
ture dependence of the effective magnetic moment and molar magnetization
measured at B = 0.1 T. Right: isothermal magnetizations measured at T = 2,
5, and 10 K. The empty circles represent the experimental data, red full lines
represent the fitted data using Equation 1 with parameters listed in Table 4.
The blue full lines represent the calculated data using the CASSCF/NEVPT2
energy levels from CAS(n, 10) calculations.

Therefore, the spin Hamiltonian describing the magnetic ani-
sotropy was postulated to extract ZFS parameters from the ex-
perimental magnetic data as

H=D(S. -5*/3)+E(S,” -5+ u,BeS, )

where D and E are the single-ion axial, and rhombic ZFS param-
eters, respectively, and the last component represents the
Zeeman term defined in a direction of magnetic field as B, =
Blsin(6)cos(¢), sin(B)sin(g), cos(A)] with the help of the polar
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ZFS and g values based on CASSCF/NEVPT2 calculations with CAS(n,10)

D (cm™) -12.8 +28.5 -133
E/D 0.221 0.048 0.183
gy 2.069 2.407 2.274
gy 2.001 2.446 2.239
g 2.307 2.190 2.351
Magnetic analysis of the experimental data

g 1.99 2.11 213 2.20
D (cm™) -1.3 -9.6 +29.1 -85
E/D 0 0.006 0 0.19
e (1x 107 m3 mol™) 0 0 12.7 3.2

[a] The first excited state is relative close to the ground state.

On contrary, Co" complex 3 provided positive and large axial
ZFS parameter, D = +29.1 cm~". In comparison with previously
studied similar complexes with 2-pyridylmethyl pendant arm
[M(py,-15-pyNs0,)1(ClO,), (Table 5), we observe that utilization
of the acetate N-pendant arm resulted in larger magnetic an-
isotropy for Fe'" (d-value shifted from -7.4 cm™ to -9.6 cm™),
whereas smaller magnetic anisotropy was found for Co" (d-
value shifted from +34.0 cm™ to +29.1 cm™') and Ni" (d-value
shifted from -12.8 cm™ to -8.5 cm™") analogues.
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Table 5. Comparison of Ab initio calculated and fitted spin Hamiltonian pa- Z ZZC(Z ),C exp(—s ”(T)
rameters for [M(py,-15-pyN;0,)1(ClO,), complexes 2PY-4PY, M =N T\F4 AT o

a = Va
Compound 2pylal 3Py 4py Z exp(— £, IkT) )
central metal atom Fe' Co" Ni'
] i 6 7 8 . R
electron configuration 3d 3d 3d where Z, is the matrix element of the Zeeman term for the a-
spin state S 2 3/2 1

ZFS and g values based on CASSCF/NEVPT2 calculations with CAS(n,5)

D (cm™) +8.70 +32.9 -14.7
E/D 0.321 0.051 0.132
Jx 2.068 2.288 2.227
9y 2.219 2.327 2.203
g, 2.008 2.026 2314
B 990.3 1035.9 1260.2
@ 3672.1 3998.0 4675.4
SOC constant zeta 4123 523.9 654.9

ZFS and g values based on CASSCF/NEVPT2 calculations with CAS(n,10)

D (cm™) +7.85 +33.9 -17.8
E/D 0.278 0.050 0.120
x 2.067 2.302 2.258
gy 2.204 2.343 2.231
g, 2.009 2.024 2.365
Magnetic analysis of the experimental datal®

g 213 2.21 2.18
D (cm™) -74 +34.0 -12.8
E/D 0.0 0.0 0.14
e (1% 1072 m3 mol™") 3 13 22

[a] The first excited state is relative close to the ground state. [b] The value

adopted from ref. 30.

In the case of Fe'

Equation (4).

=D(87 =87 13)+ 1, Bg8, 21 (8,)8,

complex 1 the experimental data shown
in Figure 5 could not be satisfactorily fitted with the spin Hamil-
tonian in Equation (1). Thus, the modified spin Hamiltonian in

0 1020 30 40

0

T(K)

Figure 5. Magnetic data for 1. Left: temperature dependence of the effective

T T T T T T
0 50 100 150 200 250 300

magnetic moment and molar magnetization measured at B = 0.1 T. Right:
isothermal magnetizations measured at T = 2, 5, and 10 K. The empty circles
represent the experimental data, and the red full lines represent the fitted
data using Equation 4 with g = 1.99, D = -1.3 cm™' and zJ = -0.11 cm™.

where, except for the single-ion zero-field splitting parameter
D, the molecular field correction zJ parameter is present. The
<Ss> is a thermal average of the molecular spin projection in
a-direction of magnetic field. Then, the molar magnetization is
calculated as in Equation (5).
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direction of the magnetic field and C are the eigenvectors re-
sulting from the diagonalization of the complete spin Hamilto-
nian matrix. The inclusion of zj means that iterative procedure
was applied. The averaged molar magnetization of the powder
sample was calculated as integral (orientational) average de-
fined in Equation (3). The best-fit was found for g = 1.99, D =
-1.3 cm™" and zJ = -0.11 cm™ (Figure 5) suggesting weak anti-
ferromagnetic intermolecular interactions in solid state.

Dynamic Magnetic Measurements

The temperature- and frequency-dependent alternating current
(AC) susceptibly measurement was performed for 2-4. We did
not find out-of-phase signals in a zero static magnetic field, but
upon turning on the magnetic field, the imaginary susceptibility
became non-zero for compounds 2 and 3, while there were no
non-zero out-of-phase signal for compound 4 (Figures S6-S8).
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Figure 6. Top: in-phase - and out-of-phase y~ molar susceptibilities for 3 at
the applied external magnetic field Boc = 0.1 T (full lines are only guides for
eyes). Middle: frequency dependence of in-phase x- and out-of-phase y~ mo-
lar susceptibilities for 3 at the applied external magnetic field Bpc = 0.1 T.
The full lines represent the fitted data using Equation 6. Bottom: the Argand
(Cole-Cole) plot with full lines fitted with Equation 6 and the fit of resulting,
relaxation times 7 with direct and Raman spin-lattice relaxation processes
according to Equation 7.
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In the case of compound 2, a weak out-of-phase signal of AC
susceptibility was detected at stronger static magnetic field,
thus temperature and frequency ac susceptibility data were ac-
quired at Bpc = 0.4 T as showed in Figure S9. Finally, clearly
defined maxima of out-of-phase signal of AC susceptibility de-
pended on applied frequency were found for compound 3 al-
ready at a weak static field Bpc = 0.1 T, which is the typical
behaviour of SMMs (Figure 6), and thus one-component De-
bye's model was applied based on Equation (6).

Ar — Xs + 7
S

®)=
#(@) ]+(iwr)liﬂ ©)

which resulted in isothermal (y1) and adiabatic (ys) suscepti-
bilities, relaxation times (r) and distribution parameters (a)
(Table S3). This enabled us to construct the Argand (Cole-Cole)
plot (Figure 6).

In general, there are several processes in solid state responsi-
ble for the observation of the slow relaxation of the magnetiza-
tion: one-phonon direct process, two-phonon Raman and
Orbach processes and quantum tunnelling. Recently, we have
shown that temperature-dependence of the relaxation times
for seven-coordinate Co" complexes can be fitted either with
the Orbach or Raman relaxation process.?>2% |n case of 3, large
and positive D together with negligible £/D ratio means that
the easy-plane type of the magnetic anisotropy is present,
and therefore the existence of the spin reversal barrier Uy =
|D|x(5%71/4) is hard to imagine.

However, 7 vs. T can be well fitted by considering direct and
Raman spin-lattice relaxation processes using Equation (7).

1 . S

—=AT +CT

T 7)
where the former is operative at lower temperature and the

latter is active at higher temperatures (Figure 6). The fitting pro-

cedure resulted in A =969 K' s, C=0535K"s"and n =

5.49. In general, the Raman coefficient n is expected to be be-

tween 5 and 9 for Kramers ions depending on energy separa-

tion of the doublets.[]

Electrochemical Properties

The redox properties of H,L and its complexes 1, 3 and 4 were
investigated by cyclic voltammetry in acetonitrile solutions. The
experiments could not be performed for complex 2 owing its
low solubility. However, it can be expected for complex 2 that
it should provide nearly identical qualitative data as complex 1
(the same Fe"/"' couple is present). The cyclic voltammograms
of H,L and complexes 1, 3, and 4 are depicted in Figure 7, and
the obtained electrochemical data are listed in Table 6. The
cyclic voltammogram of the ligand H,L solution in acetonitrile
(Figure 7) shows irreversible behaviour providing two oxidation
peaks at very high potentials (Eox; = 1.06 V and E,,, = 1.61 V)
and two reduction peaks at very low potentials (E,eq; = -1.46 V
and E,.q> = —-1.76 V), which may be assigned to the oxidation/
reduction of both carboxylate pendant arms. One reversible
couple Fe''/Fe" was found at the potentials of E;,, = 0.23 V in
acetonitrile solution of 1 together with the irreversible reduc-
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tion peak at E,.q = -1.94 V corresponding probably to the re-
duction of Fe" to Fe' and consequent reaction/decomposition
of the complex.

1(10° A)

I T T T T T T T T T T T T T T T T T 1
-25 -20 15 -10 -05 00 05 10 15 20
E (V) vs. SHE

Figure 7. Cyclic voltammograms of the ligand H,L (black) and complexes 1
(red), 3 (purple), and 4 (green) (ca. 1 mm) recorded in argon atmosphere with
a glassy carbon working electrode in 0.1 m TBAP in acetonitrile.

Table 6. Results of cyclic voltammetry experiments.

Compound Redox process Ey/5 [V] vs. SHE
H,L Eopn = 1.063
Eovo = 1.609
Ereqr = —1.463
Ereqz = -1.761
1 Fe3t/Fe?* 0.226
(AE, = 85 mV)
Fe?*/Fe* Ereq = —-1.943
3 Co3*/Co** Eox = 1.167
Ereq = 0318
4 Ni+/Ni2 E,. = 1485
Niz*/Ni* Ereq = -1.932

In the case of 3, a quasi-reversible couple Co'"/Co" with the
oxidation peak at £y, = 1.17 V and reduction peak at E,.q = 0.32
V and a very large peak separation AE, = 849 mV were ob-
served. In the cyclic voltammogram of 4, an irreversible oxid-
ation peak corresponding to the oxidation of Ni'" to Ni" was
found at E,, = 1.48 V together with the irreversible reduction
peak corresponding to the reduction of Ni'" to Ni' at E,.q = -1.93
V. The obtained values of E;,, Eg, or E..q are much lower (cca.
0.7-1.0 V) than those previously found for complexes with
structurally similar ligand py,-15-pyNs;O, containing two 2-
methylpyridine pendant arms; [M(py,-15-pyNs0,)1(CIO,4),, M =
Fe', Co'" and Ni'; E(Fe3*/Fe®*),, = 1.26 V, AE, = 86 mV; £, ,(Co>*/
Co?*) = 1.89 V,AE, = 86 mV, E;5(Co?**/Co™) = -1.32V, AE, = 65
mV; Eeq(NiZ*/Ni*) = -1.16 V.BY Thus, in comparison with the
complexes containing pyridine as axial ligands, the lower E;,,
Eox OF Eoq values in the case of complexes 1, 3 and 4 clearly
indicate that L2 stabilizes higher oxidation states in its com-
plexes, because the carboxylate group has rather weak m-donor
ability in comparison with the pyridine functional groups in
py>-15-pyNsO, with m-acceptor ability. Additional important
factor is the negative charge of the carboxylate group, because
it was shown previously that negatively charged ligands stabi-
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lizes higher oxidation states."*”! In accordance with this is obser-
vation that E,,, for Fe'/Fe" couple is similar to that found for
complexes with unsubstituted macrocyclic ligand 15-pyNsO,
and two axial chlorido coligands, [Fe(15-pyN30O,)Cl,ICl
[E,2(Fe**/Fe**) = 0.25 V, AE, = 81 mV].l'?

Another observed aspect based on irreversibility of many
processes is fact that the ligand L%~ cannot stabilize complexes
in very high or low oxidation states (Ni", Ni', Fe'), because its
carboxylate group(s) are more electrochemically active in com-
parison with the coordinated pyridine group(s) in [M(py,-15-
pyN30,)1(CIO,), and cannot provide electrochemically stable
coordination sphere (reduction or oxidation of the carboxylate
group may occur) or the complexes are subject to consequent
decomposition.

Theoretical Calculations

With the aim to elucidate the effect of alternation of the pyrid-
ine N-pendant arm with the acetate N-pendant one on elec-
tronic properties of the seven-coordinate complexes, the DFT
and post-Hartree-Fock CASSCF calculations were performed
with the ORCA 4.0.0 computation package. Firstly, the DFT was
employed to assess bonding properties in both series of M"
complexes using B3LYP functional and def2-TZVP(-f) basis set
(Figure 8). Interestingly, the bond lengths M-N_, are very similar
in both series, but the bond order is much enhanced for
the series with the pyridine N-pendant arm (2PY-4PY), eg.
d(Ni-Np,) = 2.015 A in 4 and d(Ni-N,,) = 2.010 A in 4P, but the
bond orders are 0.47 and 0.58, respectively. On the contrary,
the bond lengths M-0,i;n seem to be slightly longer for 2-4
than for 2PY-4PY, which is also reflected in slightly weaker bond
orders (Figure 8). The bond lengths M-Op.,q in 2-4 are shorter
than M-Npenqg in 2PY-4PY, but the bond orders are almost simi-
lar, e.g. d(Co-Openg) = 2.043/2.046 A in 3 and d(Co-Nyena) =
2.120 A in 3PY result in bond orders 0.43/0.41 in 3, and 0.42/
0.45 in 3P, respectively. To conclude, the change of the N-pen-
dant arm from pyridine to acetate resulted also in changes of
bond lengths and donor properties of the core macrocyclic part
(15-pyNs0,), and thus both axial and equatorial donor atoms
influence the changes in electronic structures, and hence mag-
netic properties observed between two series of M complexes
with  (HAC),-15-pyNsO, and py,-15-pyN3O, ligands. Next,
CASSCF/NEVPT2 calculations were performed with the same
basis set def2-TZVP(-f) for all the atoms. Firstly, the active space
of each complex with a metal ion of the 3d” configuration was
defined by n-electrons in five d-orbitals - CAS(n,5). Secondly,
the double-shell effect was also encountered by enlarging the
number of active orbitals (3d + 4d) as CAS(n,10). For both type
of the calculations, the number of multiplets were as follows: 5
quintets and 45 triplets for Fe', 10 quartets and 40 doublets for
Co'", and 10 triplets and 15 singlets for Ni'. The energies of
lowest terms and multiplets for both series derived from
CAS(n,10) calculations are depicted in Figure 9. In general holds
for Fe" and Ni" complexes that a perfect ligand field symmetry
of a pentagonal bipyramid (Ds;) would result into orbitally de-
generate ground state. However, the orbital degeneracy is lifted
by a lower symmetry ligand field induced by (HAc),-15-pyNs0O,
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and py,-15-pyNs0, ligands in real complexes 2, 4, 2PY, and 4PY.
The declination from ideal symmetry is more pronounced in Ni"
complexes 4 and 4PY, which results into well separated ground
state term with the first excited terms energies larger than
6000 cm™' (Figure 9). Thus, the subsequent splitting of the
ground term into (25 + 1) multiplet can be adequately de-
scribed by the spin Hamiltonian formalism. The situation is
different in Fe" complexes of 2 and 2PY, where first excited
terms are very close to the ground state (948 cm™' for 2 and
1086 cm™' for 2PY), which means that spin Hamiltonian model
is not adequate anymore, and fitted or calculated ZFS parame-
ters must be considered with great care. The variation of the
molecular geometries and the ligand field in studied series is
reflected also in splitting of d-orbitals, which energies calcu-
lated by ab initio ligand field theory (AILFT)8 from CAS(n,5)
multireference computations are plotted in Figure S10.
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Figure 8. Variations of the metal-donor atom distances (top) and Mayer's
bond orders (bottom) calculated with B3LYP/de2-TZVP(-f) in the studied com-
pounds 2-4 and their analogues 2PY-4FY,
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Figure 9. The lowest energy levels based on the CASSCF/NEVPT2 calculations
with CAS(n,10) active space for 2-4 and 2PY-4PY complexes - ligand field
terms (top) and ligand field multiplets (bottom).

The analysis of CASSCF/NEVPT2 calculated multiplets with
effective Hamiltonian theory resulted in ZFS parameters D and
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E, and g-tensors listed in Table 4 and Table 5. In general, the
enlarging the active space from CAS(n,5) to CAS(n,10) resulted
in smaller |D| values for Fe'" complexes, while for Co" and Ni"
complexes the double shell effect resulted in larger |D| values.
Furthermore, the calculations supported trend of d-values in-
duced by the alternation of the pendant arms as found from
the analysis of the experimental magnetic data: |D| of 2 > |D|
of 2PY, |D| of 3 < |D| of 3, and |D| of 4 < |D| of 4PY. Moreover,
the axes of d-tensors together with molecular structures are
visualized in Figure S11. Interestingly, the z-axis of d-tensor is
approximately located along the Ogeng=M-Openg and Npeng—M-
Npena axial bonds, except for compound 2PY. Other axes are
roughly located within the plane of the macrocyclic ligand with
one axis directed to the M-Ny, bond (Figure S11). Finally, the
calculated CAS(n,10)-CASSCF/NEVPT2 matrices of the spin-orbit
coupling H*9%, the spin momentum operators (S,, S,, S,) and
the orbital momentum operators (L,, L, L,) were used to calcu-
late energy levels for any strength and orientation of the
magnetic field by diagonalization of the matrix H defined as in
Equation (8).

H=H+y,(L+gS)-B ®)

which enabled us to calculate the partition function Z and
finally the integral average of the molar magnetization M, for
2-4. The great advantage of this procedure is the fact that no
restriction of spin Hamiltonian formalism is applied, thus no
ZFS or g-tensors parameters are used. The calculated data are
displayed in Figure 4. There is almost perfect agreement with
the experimental data for compound 2 for which fitting with
ZFS parameters using Equation (1) show deviation in the iso-
thermal magnetization (Figure 4). This particularly demon-
strates the strength of this approach for the coordination com-
pounds with unquenched orbital angular momentum. The simi-
larly good agreement was obtained for compound 3 as shown
in Figure 4.

Only for the compound 4, the deviation of the calculated
magnetic data from the experimental ones is noticeable, which
is expected as the calculated d-value is much more negative
than the fitted one (Table 4).

In order to better understand the effect of the axial ligands,
herein different pendant arms, the model complexes of the
general formula [M(NHs)3(H,0)5(OH),] (M = Fe', Co" and Ni")
were treated with CASSCF/NEVPT2 using CAS(n,5) active space.
The amino and aqua ligands were placed into fixed positions
within the equatorial plane, whereas the distance between the
central atom and the hydroxido ligands in axial positions was
varied to modulate the ligand field strength of potential pen-
dant arms. The dependence of D and E/D on d(M-OH) is de-
picted in Figure 10. The d-parameters are large and positive for
a Co" model complex within whole range of d(Co-OH) values,
the D is increasing with decreasing ligand field in the axial posi-
tions, which agrees with our previous AOM prediction.[?3! The
rhombicity is very small down to d(Co-OH) = 2.1 A, and then
starts to increase up to almost £/D = 1/3, which suggest that
for very strong axial ligand field, the D could be negative.

In the case of a Ni'" model complex, the D is negative and
very large (-76 cm™" < D < -52.3 cm™"), whereas the rhombicity
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Figure 10. The calculated variations of the ZFS parameters using CASSCF/
NEVPT2 with CAS(n,5) (left) for model compounds [M(NH;)s(H,0),(0OH),],
where M = Fe, Co or Ni (right). The dotted line for M = Fe means that there
are close lying excited states and the spin Hamiltonian model with ZFS may
not be adequate.
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is very small (E/D < 0.1), which means that such complexes
could be ideal candidates for study of SMM behaviour.[67-70
The Fe" model complex exhibit small and positive D for strong
axial ligand field, which is switched to negative values for d(Fe-
OH) > 2 A. However, for larger distance of axial hydroxide li-
gands, the ground state is not sufficiently separated from the
excited states, so the spin Hamiltonian formalism, hence ZFS
parameters, must be taken with great care.

Conclusions

In summary, we report on the investigation of tuning of the
magnetic anisotropy in pentagonal bipyramidal Fe", Fe', Co",
and Ni'" complexes 1-4 with a heptadentate pyridine-based
macrocyclic ligand (H,L) containing two N-pendant arms with
the acetate functional groups. The obtained structural, mag-
netic and redox features of complexes 2-4 were compared with
those of structurally similar and recently published complexes
2PY_4PY containing an analogous 2-pyridylmethyl N-pendant-
armed ligand (py,-15-pyNsO,). Larger axial compression of the
pentagonal bipyramidal coordination environment was ob-
served in the complexes 2-4 as compared to 2PY-4PY, probably
due to the negative charge of the carboxylate group providing
an extra “charge assisted” component to the coordination
bonds. Surprisingly, this bond shortening was not reflected in
the Mayer bond orders, which were similar or slightly higher for
2PY-4PY, The largest magnetic anisotropy within the series of
2-4 and 2PY-4PY was found for the Co" complexes, where the
d-value value changed from +34.0 cm™ (3PY) to +29.1 cm™' (3).
As for the Fe'' and Ni'" complexes, their d-values changed from
74 cm™ (2PY) to -9.6 cm™! (2), and from -12.8 cm™' (4PY) to
-8.5 cm™' (4), respectively. In order to better understand such
an ambiguous trend, the CASSCF/NEVPT2 calculations were
performed and they showed that an increase of the magnetic
anisotropy could be achieved by stronger axial ligand field for
Ni" complexes, whereas by weaker axial ligand field in the case
of Fe" and Co" complexes. Considering these findings during
comparison of the magnetic anisotropy of 2-4 and 2PY-4PY, the
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increase in |D|-value for Fe'" complexes (2PY—2) and decrease
for Ni'' complexes (4PY—4) is in good agreement with the ex-
pected weaker ligand field provided by two axially coordinated
carboxylate pendant arms of L2~ in comparison with the pyrid-
ine ones of py,-15-pyNs0,. On the other hand, the |D|-value for
Co" complex 3 should be higher than that of 3P, but it is not.
Anyway, field-induced slow relaxation of magnetization was ob-
served for Co" complex 3 only, which can be characterized most
likely using direct and Raman relaxation mechanisms without
considering Orbach relaxation mechanisms due to the easy-
plane type of the magnetic anisotropy. Very weak out-of-phase
signal of AC susceptibility was detected upon applying static
magnetic field for compound 2.

Altogether we can conclude that the substitution of the pyr-
idine by carboxylate group coordinated in axial positions of
pentagonal bipyramidal first-row transition metal complexes re-
sulted in changes in bond lengths, donor/acceptor properties,
electrochemical properties and also in rather complicated
changes in magnetic anisotropy. These changes in magnetic
anisotropy could be explained by the fact that the modification
of the functional group in the ligand pendant arm influences
also the donor properties of the equatorial macrocyclic part
and thus, both axial and equatorial donor atoms contribute to
the final electronic structure of the complexes (the axial effect
cannot be exclusively distinguished from the equatorial one),
which is responsible for their magnetic behaviour. Therefore,
only part of the obtained data correlates with the expected
trends observed previously or calculated theoretically.

Experimental Section

Materials and Methods: The starting macrocycle (15-pyN;O, =
3,12,18-triaza-6,9-dioxabicyclo[12.3.1]octadeca-1,14,16-triene) was
prepared as described in the literature.'3%4°! All the solvents, chemi-
cals and ion-exchange resins (DOWEX 50, DOWEX 1 x 8) were pur-
chased from commercial sources (Lachner, Neratovice, Czech Re-
public; Penta, Prague, Czech Republic; Across Organics, Geel, Bel-
gium, and Sigma Aldrich, St. Louis, MO, USA) and used without
further purification.

Elemental analysis (C, H, N) was performed on a Flash 2000 CHNO-
S Analyzer (Thermo Scientific, Waltham, MA, USA). Infrared spectra
(IR) were recorded on a Thermo Nicolet NEXUS 670 FT-IR spectrome-
ter (Thermo Nicolet, Waltham, MA, USA) by using the ATR technique
on a diamond plate in the range 400-4000 cm™'. The mass spectra
(MS) were collected on an LCQ Fleet lon Mass Trap mass spectrome-
ter (Thermo Scientific, Waltham, MA, USA) equipped with an elec-
trospray ion source and three-dimensional ion-trap detector in the
positive mode. The "H and "3C NMR spectra were registered at 298
K on a JEOL JNM-ECA 600Il (JEOL, Tokyo, Japan) operating at
600.00 MHz ('H) and 150.86 MHz ('3C). The signal assignments in
"H and "3C NMR spectra were based in part on two-dimensional
COSY, HMBC and HMQC experiments. The temperature-dependent
(T =1.9-300 K, B=10.1T) and field-dependent (B =0-9 T, T = 2,
5, 10 K) magnetization measurements were performed on PPMS
Dynacool (Quantum design Inc.,, San Diego, CA, USA). Dynamic
magnetic properties were studied by measuring alternating current
(AC) susceptibility on an MPMS XL-7 SQUID magnetometer (Quan-
tum design Inc.,, San Diego, CA, USA). The cyclic voltammetry was
performed on electrochemical analyser CHI600C (CH Instrument
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Inc., Austin, TX, USA). A conventional electrochemical three-elec-
trode-type cell was used with Ag/Ag* reference electrode (0.01M
AgNOs in 0.1 m TBAP), a platinum wire auxiliary electrode, and a
glassy carbon working electrode. The final potential values referred
to SHE were obtained using internal ferrocene/ferrocenium stan-
dard (E;, = 0.220 V vs. our Ag/Ag* electrode, E;,, = 0.624 V vs.
SHE).5%! The measurements were performed in acetonitrile solution
in the presence of 0.1 m tetrabutylammonium perchlorate (TBAP)
as a supporting electrolyte with the scan rate of 100 mV s~ for
1 x 1073 m concentration of the complexes. The diffuse-reflectance
spectra (400-1000 nm, Nujol mull technique) and electronic absorp-
tion spectra (350-1000 nm, 5 mm complex solutions in water or
methanol) were recorded on a Lambda-40 spectrophotometer
(Perkin—-Elmer, Waltham, MA, USA) at room temperature.

Crystal Data: Single crystals of complexes 2, 3, and 4 suitable for
X-ray diffraction analysis were formed upon a slow diffusion of acet-
one vapors into the solutions of the appropriate complex at room
temperature. X-ray diffraction data were collected on a Bruker D8
QUEST diffractometer equipped with a PHOTON 100 CMOS detector
using Mo-K,, radiation (1 = 0.71073 A) at temperature of 120 K.
The APEX3 software packagel®"! was used for data collection and
reduction. The molecular structures were solved by direct methods
(SHELXS) and refined using the SHELXTL software package.l’?! All
the hydrogen atoms were found in the difference Fourier maps and
refined using a rigid model, with C-H = 0.95 (CH),, and C-H = 0.99
(CH,) A, and with Uio(H) = 1.2Ueq(CH, CH,). The crystallographic
data and structure refinement parameters for complexes 2-4 are
listed in Table 1, while selected interatomic distances and angles
can be found in Table 2. The molecular and crystal structures of all
the studied compounds, depicted in Figure 2 (complex 2), 3 (com-
plex 4), S4 and S5 (complex 3), were drawn using Diamond soft-
ware.3! The attempts to prepare crystals of complex 1, suitable for
a single X-ray analysis, were unsuccessful.

CCDC 1811164 (for 2) and 1811163 (for 3) and 1811165 (for 4) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.

Synthesis of the H,L ligand

The H,L ligand was synthesized according to the modified literature
procedure.3”! 3,12,18-triaza-6,9-dioxabicyclo[12.3.1]octadeca-
1,14,16-triene (2.20 g, 8.75 mmol) was dissolved in water (10 mL)
and then solid bromoacetic acid (4.87 g, 35.0 mmol) was added.
The solution of sodium hydroxide (1.50 g, 37.5 mmol) in water
(20 mL) was added dropwise, and the pH value of the obtained
solution was corrected to pH = 10 with an aqueous solution of
sodium hydroxide (1 mol/L). The reaction mixture was refluxed 4
hours and then hydrochloric acid (6 mL, final pH = 3) and methanol
(10 mL) was added. White precipitate of sodium bromide and chlor-
ide was filtered off and the obtained brownish yellow filtrate was
evaporated under reduced pressure to give a yellow oil. The crude
product was purified by cation-exchange chromatography (DOWEX
50, H* form, eluted by 5 % ag. NH3) for removal of bromide, chlor-
ide, and bromoacetate anions, followed by anion-exchange chroma-
tography (DOWEX 1 x 8, OH™ form, eluted by 5 % ag. HCI) for re-
moval of sodium cations, and finally cation-exchange chromatogra-
phy (DOWEX 50, H* form, eluted by 5% aq. NH3) was used for
obtaining of the zwitterionic form of ligand (H,L). The eluate con-
taining the desired product was evaporated to dryness in vacuo.
The obtained colourless oil crystallized in the form of hygroscopic
colourless crystals at 5 °C (refrigerator) after 48 hours. Yield: 1.67 g
(52 %). "H NMR (DMSO): 6 = 7.76 (t, 3Jyy = 7.6 Hz, 1 H, CH arom.),
7.32 (d, ZJyy = 7.6 Hz, 2 H, CH arom.), 3.93 (s, 4 H, pyCH,N), 3.50 (s,
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4 H, OCH,CH,0), 3.29 (t, 4 H, OCH,CH,N), 3.24 (s, 4 H, NCH,COOH),
2.85 (m, 4 H, OCH,CH,N) ppm. '3C{'"H} NMR: 6 = 172.7 (2 C, COOH),
158.4 (2 C, CCH,), 137.6 (1 C, CH arom.), 121.9 (2 C, CH arom.), 69.8
(2 C, OCH,CH,N), 68.4 (2 C, OCH,CH,0), 60.3 (2 C, NCH,py), 58.0
(2 C, NCH,COOH), 54.4 (2 C, NCH,CH,0) ppm. MS, m/z (+) found
(calculated, relative intensity): 368.21 [H,L+H]* (368.18, I,y = 100 %);
390.20 [H,L+Nal* (390.16, I, = 53 %). MS, m/z (-): 366.31 [HL]~
(366.17, I,¢; = 100 %). Elemental analysis for H,L-5H,0 (C;;H35N50;)
found (calculated): C, 44.29 (44.63); H, 7.89 (7.71); N, 9.56 (9.19). IR
(ATR): ¥ = 861 (w), 910 (w), 1104 (m), 1118 (m), 1150 (m), 1320 (sh),
1335 (s), 1361 (m), 1387 (m), 1493 (w), 1577 (m), 1601 (s), 1626 (s),
1643 (s) cm™.

Synthesis of complexes 1-4

[FeL1(ClO4) (1): Solid Fe(ClO4)3:6H,0 (0.171 g, 0.37 mmol) was
added to a solution of H,L (136 mg, 0.37 mmol) in a mixture of
acetonitrile/methanol (20 mL; V/V = 1:1). The obtained solution was
stirred and heated at 60 °C for 1 hour, and resulting yellow solution
was left to crystallize by slow diffusion of diethyl ether vapors into
the acetonitrile/methanol mixture at room temperature. The yellow
crystals  were isolated after 24 hours (166 mg, 86 %).
C;7H53N30,Cl;Fe, found (calculated): C, 39.13 (39.21); H, 4.46 (4.45);
N, 7.90 (8.07) %. MS: m/z = (+) found (calculated, relative intensity):
421.04 [FeLl* (421.09, I, = 100 %).

[FeL]-H,0 (2): Solid FeCl, (0.033 g, 0.26 mmol) and H,L (0.095 g,
0.26 mmol) were dissolved in a mixture of methanol (2 mL) and
water (0.5 mL) under inert argon atmosphere. BusN (150 mg,
0.81 mmol) was added to this solution and the mixture was stirred
and heated at 60 °C for 10 minutes. The obtained yellow solution
was filtered via 45 um teflon syringe filter and allowed to crystallize
by slow diffusion of acetone vapors at room temperature. The or-
ange crystals were isolated after 48 hours (91 mg, 80 %).
C;7H,5N50Fe; found (calculated): C, 46.44 (46.49); H, 6.00 (5.74); N,
9.50 (9.57) %. MS: m/z (+) found (calculated, relative intensity):
422.15 [Fe(L+H)]* (422.10, I, = 100 %); 843.06 [Fe,L,+H]* (843.19,
lo = 29 %); 865.07 [Fe,L,+Nal* (865.18, I, = 70 %).

[CoL]-H,0 (3): Solid CoCl,:6H,0 (119 mg, 0.50 mmol) was added
to a solution of H,L (0.184 g, 0.50 mmol) in 15 mL of a water/
methanol mixture (V/V = 1:1). The obtained solution was stirred and
heated at 60 °C for 1 hour, and then was evaporated to dryness. The
solid residue was dissolved in minimal volume of water/methanol
mixture (V/V = 1:1) and allowed to crystallize by a slow diffusion of
acetone vapors at room temperature. The dark purple crystals were
isolated after 48 hours (155 mg, 70 %). C;,H,5N30,Co; found (calcu-
lated): C, 46.06 (46.16); H, 5.47 (5.70); N, 9.44 (9.50) %. MS: m/z (+)
found (calculated, relative intensity): 425.09 [Co(L+H)]* (425.10, /¢ =
94 %); 848.94 [Co,L,+H]* (849.19, I, = 100 %).

[NiL]-H,O (4): The compound was prepared by the same procedure
as described above for 2, but using NiCl,-6H,0 (120 mg, 0.50 mmol)
instead of CoCl,:6H,0. The green crystals were isolated after 48
hours (201 mg, 91 %). C;7H,5N30,Ni; found (calculated): C, 46.16
(46.19); H, 5.74 (5.70); N, 9.41 (9.50) %. MS: m/z (+) found (calculated,
relative intensity): 424.15 [NiL+H]" (424.10, /o = 100 %); 846.95
[Ni,Ly+HI* (847.20, I, = 80 %).

Theoretical Methods: The ORCA 4.0.0 computational package was
used for all the theoretical calculations.>¥ The Mayer's bond orders
were calculated with the B3LYP functional®! and triple-C basis set
def2-TZVP(-f).5¢) The auxiliary def/J basis set was also utilized®”!
together with the chain-of-spheres (RIJCOSX) approximation to ex-
act exchange!®® as implemented in ORCA. The calculations of ZFS
parameters were done using state average complete active space
self-consistent field (SA-CASSCF)>! wave functions complemented
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by N-electron valence second-order perturbation theory
(NEVPT2).1°% |n the state-averaged approach all multiplets for given
electron configuration were equally weighted. The ZFS parameters,
based on dominant spin-orbit coupling contributions from excited
states, were calculated through quasi-degenerate perturbation the-
ory (QDPT),’®" in which an approximations to the Breit-Pauli form
of the spin-orbit coupling operator (SOMF approximation)? and
the effective Hamiltonian theory®3! were utilized. The calculations
utilized the RIJCOSX approximation with the auxiliary coulomb ba-
sis def2/JK.%4 Increased integration grids (Grid6 in ORCA conven-
tion) and tight SCF convergence criteria were used in all calcula-
tions. The calculations were done on molecular fragments [M(L)] of
2-4 and [M(py,-15-pyN;0,)1?* of 2PY-4PY extracted from experi-
mental X-ray structures. The model compounds [M(NHs;)s-
(H,0),(0OH),] (M = Fe', Co" and Ni') were constructed in such a way
that d(M-N) and d(M-0) of amino and aqua ligands were fixed to
2.1 A, and d(M-0) of axial hydroxide ligand was varied between 1.9
and 2.5 A. Only the positions of hydrogen atoms were optimized
using the BP86 functionall>>6l and def2-TZVP(-f) basis set together
with Grimme's atom-pairwise dispersion correction and Becke-
Johnson damping (D3BJ).[5¢!
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coordinate first-row transition metal complexes with macrocyclic ligand
containing two benzimidazolyl N-pendant arms

Bohuslav Draho3,* Ivana Cisarova,” Oleksii Laguta,® Vinicius T. Santana,® Petr Neugebauer® and
Radovan Herchel®

3}

Structurally new heptadentate derivative of 15-membered pyridine-based macrocycle containing
two benzimidazol-2-yl-methyl N-pendant arms (L = 3,12-bis((1H-benzimidazol-2-yl)methyl)-6,9-
dioxa-3,12,18-triazabicyclo[12.3.1]octadeca-1(18),14,16-triene) was synthesized and its complexes
10 with general formula [M(L)](CIO4)2-1.5CH3NO2 (M = Mn"' (1), Fe" (2), Co" (3) and Ni' (4)) were
thoroughly investigated. X-ray crystal structures confirmed that all complexes are seven-
coordinate with axially compressed pentagonal bipyramidal geometry having the largest distortion
for Ni'' complex 4. Fe'', Co'" and Ni" complexes 2, 3 and 4 show rather large magnetic anisotropy
manifested by moderate to high obtained values of axial zero-field splitting parameter D (7.9, 40.3,
15 —17.2 cmL, respectively). Magneto-structural correlation for Fe'', Co'' and Ni'' complexes with L
and with previously studied structurally similar ligands revealed significant impact of the
functional group in pendant arms on the magnetic anisotropy especially of Co'' and Ni'' complexes
and some recommendations concerning the ligand-field design important for anisotropy tuning in
future. Furthermore, complex 3 showed field-induced single-molecule magnet behavior described
2 with Raman (C = 507 K™"s! for n = 2.58) relaxation process. Magnetic properties of studied
complexes were supported by theoretical calculations, which very well correspond with the
experimental data for magnetic anisotropy. Electrochemical measurements revealed high positive
redox potentials for M3*/2* couples and high negative potentials for M2*/* couples, which indicate
stabilization of oxidation state +II expected for o-donor/m-acceptor ability of benzimidazol

25 functional groups.

a

Introduction for transition metal complexes as Uer = |D|S2 or Uefr =|D|(S2—

%) for integer or non-integer ground spin state S,
ss respectively,?”.2® while for lanthanides with inner shell 4f
electrons, large unquenched orbital moments and strong spin-
orbit coupling (total momentum J is used) it is based on
strong single-ion anisotropy and can not be described in terms
of ZFS spin Hamiltonian parameters, and to (ii) slow down
the relaxation of magnetization by understanding of all
potential relaxation mechanisms including Orbach, direct and
Raman mechanisms or quantum tunneling, and by their
consequent elimination. Nevertheless, because the relaxation
processes are rather complex, the approach (ii) is quite
complicated and despite some first attempts,®? still many
questions remain unclear in this field. On the other hand, it
was found out that for high Uesr, not the total spin (S) of the
magnetic ground state, but the axial magnetic anisotropy (D)
is in fact the key parameter, which has to be tuned and
enlarged in order to construct more efficient SMMs.

In the last decade, a growing attention has been devoted to the
seven-coordinate pentagonal bipyramidal complexes of
transition metals! as well as lanthanides?345¢ due to their
interesting magnetic properties, which was demonstrated on
an increasing number of published papers and reviews
concerning this topic.”®° These seven-coordinate pentagonal
bipyramidal complexes especially of Fe! 0111213141516
Co'!1217,1819,2021,22 NjI1 12.17.23 and more recently also 4d/5d
metals like Mo'V/"'!' 2425 possess a large magnetic anisotropy,
which is commonly expressed in terms of axial and rhombic
zero-field splitting (ZFS) parameters D and E for transition
metal complexes.?®® Due to their large axial magnetic
anisotropy, they have been successfully employed in the
construction of Single-Molecule Magnets (SMMs).?":22 SMMs
are compounds showing slow relaxation of magnetization
based on pure molecular origin (no long range ordering
typical for bulk magnets) and therefore they behave as
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“nanomagnets” which could find many applications in
different field of interest, e.g. in high-density storage media,
in spintronics or quantum computing etc.?® Unfortunately,
SMMs operate at very low temperatures. The biggest progress
has been obtained for dysprosium metallocenes with the
blocking temperature of 60 K, and the current record
breaking the liquid nitrogen temperature is 80 K.3 In order to
increase this temperature, it is necessary to (i) increase the
energy for magnetic moment reversal (Ueff), which is defined

Such tuning can be provided by modification of the
coordination environment of the metal centre, i.e. rational
ligand design. In case of pentagonal bipyramidal complexes,
two strategies have been successfully employed previously. In
the first one, the pentadentate acyclic (L4,1%2%% L5)1° or
macrocyclic ligand (L1, Fig. 1)?%%* is coordinated in the
equatorial plane (these ligands differ in donor atoms, rigidity,
electron distribution, cavity size) while the two apical
monodentate co-ligands (varying in o-donor/z-acceptor

g0 properties) are exchanged. The second strategy is based on
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structural modification of the pentadentate macrocyclic ligand
(e.g. L1 or 1,10-diaza-15-crown-5)33% with two pendant arms
containing various functional groups with different
coordination ability (2-pyridylmethyl in L2,1237 acetate in
L3, 2-aminobenzyl in L6% and 2-benzimidazolylmethyl in
L7, Fig. 1).%6 Significant influence on the magnetic anisotropy
of Fe'""' Co'" and Ni" complexes with L22 and L338 has been
observed (Fig. 1), but unfortunately, no clear trend could be
elucidated because of very complex description of bond
character in the complexes and various contradictory
structural parameters.

In order to further investigate the effect of different functional
group in pendant arms and to obtain any reasonable magneto-
structural correlation,® the macrocyclic ligand L1 has been
modified with two 2-benzimidazolylmethyl pendant arms to
give structurally new ligand L (Fig. 1). In fact,
benzimidazolyl group can act as a better o-donor in
comparison with pyridine moiety*4 and thus, it could

o
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provide stronger axial ligand field, which according to the
» theoretical predictions'” could beneficially influence the
magnetic anisotropy especially in case of pentagonal
bipyramidal Fe'' and Ni'' complexes.l” Moreover, this ligand
is a new member of a relatively small family of rarely
documented macrocycles modified with benzimidazolyl
» pendant  arms  (Fig. 1, L7,% differently-substituted
triazacyclononanes L8,%>* tetraazacyclododecanes (cyclenes)
L9,%45 its dioxa-derivative L10,%® tetraazacyclotetradecanes
(cyclames) L1147 and DO3A derivative L12).4
Thus, in this paper, structurally new ligand L has been
% synthesized and its Mn", Fe'', Co'" and Ni'' complexes have
been prepared and studied in details. Their structural,
magnetic as well as redox properties were thoroughly
investigated and compared with previously studied systems
containing ligands L2 and L3. Obtained results were
35 supported by extensive theoretical calculations.

L5 L6 L7

HOC™\ /7 T\ R

kT

HN_ __N
N N\R j/ HO,C— \__ / \—COH
U R=Hor R=H DO3A

L11 L12

Fig. 1 Structural formulas of studied ligand L together with its atom numbering (applied for assignment of NMR signals) and ligands discussed in the text.

Experimental section
Materials and methods

« The ligand L1%%12 and 2-chloromethylbenzimidazole®® were
synthesized according to the literature procedures. All the
solvents (VWR International, Fontenay-sous-Blois, France)
and other chemicals were purchased from commercial sources
(Across Organics, Geel, Belgium and Sigma-Aldrich, St.

45 Louis, MO, USA) and used as received.

Elemental analysis (C, H, N) was performed on a Flash 2000
CHNO-S analyzer (Thermo Scientific, Waltham, MA, USA).
The mass spectra (Fig. S1) were collected on an LCQ Fleet

mass spectrometer (Thermo Scientific, Waltham, MA, USA)
s equipped with an electro spray ion source and three-
dimensional (3D) ion-trap detector in the positive/negative
mode. Infrared (IR) spectra of the ligand and studied
complexes (Fig. S2) were recorded on a Thermo Nicolet
NEXUS 670 FT-IR spectrometer (Thermo Nicolet, Waltham,
ss MA, USA) or Jasco FT/IR-4700 spectrometer (Jasco, Easton,
MD, USA) using the ATR technique on a diamond plate in the
range of 4004000 cm™'. 'H and *C NMR spectra were
recorded on a 400-MR NMR spectrometer (Varian, Palo Alto,
CA, USA) at 25 °C: 'H 399.95 MHz, chloroform-d (CDCls,
e tetramethylsilane) & = 0.00 ppm, *C 100.60 MHz, (CDCls,
residual solvent peak) 6 = 77.0 ppm. Multiplicity of the
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signals is indicated as follows: s — singlet, d — doublet, t —
triplet, m — multiplet, bs — broad singlet. Deuterated solvent
CDCls containing 0.03 % of TMS purchased from Sigma
Aldrich was used as received. The atom numbering scheme
used for NMR data interpretation is shown in Fig. 1. The
carbon as well as hydrogen atoms were assigned according to
the spectra obtained from two-dimensional correlation
experiments 'H-H gs-COSY, 'H-3C gs-HMQC and H-3C
gs-HMBS (see Fig. S3 and S4). Temperature dependence of
the magnetization at B = 0.1 T from 1.9 to 300 K and the
isothermal magnetizationsat T=2,5,and 10 KuptoB=9 T
were measured using PPMS Dynacool with the VSM module
(Quantum Design Inc., San Diego, CA, USA). The
experimental data were corrected for diamagnetism and signal
of the sample holder. Dynamic magnetic properties were
studied by measuring AC susceptibility on an MPMS XL7
SQUID magnetometer (Quantum Design Inc., San Diego, CA,
USA). High frequency/field electron paramagnetic resonance
spectroscopy (HFEPR) was performed at CEITEC (Brno, CZ)
in a home-built spectrometer equipped with a cryogen-free 16
T superconducting magnet (Cryogenics Ltd., London, UK),
microwave source for measurements from 90 GHz to 500 GHz
(Virginia Diodes Inc., Charlottesville, VA, USA), and quasi-
optics components for the same range (Thomas Keating Ltd.,
Billingshurst, UK). The samples were milled with a 20%
eicosane and made into a @5 mm pellet to be placed insed the
sample holder for induction mode HFEPR with modulation
frequency of 10 kHz and amplitude of 0.4 mT. Spectra were
obtained at 4 K and 15 K. Simulations were performed using
EasySpin®* in MATLAB.>? The cyclic voltammetry was

measured on electrochemical analyzer CHI600C (CH
Instrument Inc., Austin, TX, USA). A conventional
electrochemical three-electrode-type cell with Ag/Ag*

reference electrode (0.01M AgNOs in 0.1IM TBAP), a
platinum wire auxiliary electrode and a glassy carbon working
electrode was used during the measurements with the scan
rate of 100 mV s7'. The internal ferrocene/ferrocenium
standard (E12 = 0.452/0.478 V vs. our Ag/Ag* electrode, E12
= 0.624 V vs. SHE)% was employed in order to obtain final
potential values referred to SHE. The measurements were
performed under inert argon atmosphere in acetonitrile
solution containing tetrabutylammonium perchlorate (TBAP)
as a supporting electrolyte (0.1 M) and appropriate complex
(2x1073 M).

Crystal data

Single crystals of studied complexes 1-4 suitable for X-ray
structure analysis were prepared as described in the
experimental section. X-ray diffraction data were collected on
Nonius Kappa CCD diffractometer equipped with Bruker
APEX-II CCD detector by monochromatized MoKa radiation
(A = 0.71073 A) at the temperature of 150(2) K. The
molecular structures of studied complexes were solved by
direct methods and refined by full matrix least squares based
on F? (SHELXL 2014/07).5 The hydrogen atoms on carbon
atoms were fixed into idealized positions (riding model) and
assigned temperature factors either Hiso(H) = 1.2 Ueg(pivot
atom) or Hiso(H) = 1.5 Ueq (pivot atom) for methyl moiety.

60

6!

@

70

7

a

80

85

9

S

9

@

10

15}

105

110

The hydrogen of H-N moieties were found on difference
electron density map and refined as riding on corresponding
pivot atom. All four crystals were isostructural, differing
mostly in their quality with regard of degree of disorder of
perchlorate anions as well as solvating nitromethane
molecules. One of the nitromethane is situated near inversion
center of the P-1 space group and is disordered over four
positions at least. To improved precision of important part of
the structures, PLATON® / SQUEEZE procedures were
applied to correct the diffraction data for its contribution in all
structures. The molecular and crystal structures of the studied
complexes, depicted in Figures 2 and 4 were drawn using the
Mercury software. 56

Syntheses

3,12-bis((1H-benzimidazol-2-yl)methyl)-6,9-dioxa-3,12,18-
triazabicyclo[12.3.1]octadeca-1(18),14,16-triene (L)

Ligand L1 (0.50 g, 1.99 mmol), 2-
chloromethylbenzimidazole (0.70 g, 4.20 mmol, 2.1 eqv.),
K2COs (2.74 g, 19.9 mmol, 10 eqv.) and Nal (0.30 g, 1.99
mmol) were suspended in 60 mL of CH3CN and refluxed for
12h. The hot suspension was filtered on a glass frit and the
filtrate was evaporated under reduced pressure to give 1.16 g
of yellow solid foam. This solid was redissolved in 50 mL
CHCls, obtained solution was extracted three times with 50
mL of deionized water, dried with anhydrous Na2SOs, filtered
on a grass frit and evaporated under reduced pressure. The
product was obtained in form of pale yellow foam (0.84 g,
82.3%).

MS mfz (+): 512.24 ([L+H*]*, calcd. 512.28), 534.29
([L+Na*]*, calcd. 534.26), 550.22 ([L+K*]*, calcd. 550.23).
IH NMR(CDCls): 8 3.19 (H5, t, 3Jun = 4.9 Hz, 4H), 3.41 (H7,
s, 4H), 3.50 (H6, t, 3Jun = 4.9 Hz, 4H), 3.94 (H4, s, 4H), 4.04
(H8, s, 4H), 6.93 (H2, d, 3Jun = 7.8 Hz, 2H), 7.14 (H12, m,
4H), 7.39 (H1, t, 3Jun = 7.8 Hz, 1H), 7.48 (H11, m, 2H), 7.60
(H11, m, 2H), 11.55 (NH, bs, 2H)

BC{*H} NMR (CDClIs): § 53.75 (C8), 57.76 (C5), 62.85 (C4),
68.41 (C6), 69.79 (C7), 111.26 (C11), 118.66 (C11), 121.39
(C12), 121.82 (C2), 121.90 (C12), 133.77 (C10), 136.92 (C1),
143.96 (C10), 155.34 (C9), 158.50 (C3).

General procedure for the preparation of complexes 1-4.

Ligand L (100 mg, 0.195 mmol) and appropriate amount of
M(CIO4)2-6H20 (0.186 mmol, 67 mg of Mn(ClO4)2-6H20 and
Fe(ClO4)2:6H20 or 68 mg of Co(ClO4)2:6H20 and
Ni(ClOa4)2-6H20) were dissolved in 4 mL of CHzOH and left
to diethyl ether vapor diffusion at 5 °C. After several days, the
well-shaped crystals of complex were formed, isolated by
filtration and re-dissolved in 1 mL of CHsNO2. Obtained
solution was filtered via Millipore syringe filter (0.45 pm).
The diffusion of diethyl ether vapors into the filtrate at 5 °C
resulted in formation of well-shaped crystals, which were
filtered off and dried in air at room temperature. These
crystals were also suitable for X-ray diffraction analysis.
Caution! Although we have experienced no difficulties,
perchlorate salts of metal complexes with organic ligands are
potentially explosive and should be handled with great care
even in small quantities.

This journal is © The Royal Society of Chemistry [year]
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[MnL](ClOa4)2-1.5CHsNO? (1)

Product was isolated in form of light yellow crystals (84 mg,
52.7 %).

MS m/z (+): 565.11 ([Mn(L-H")]*, calcd. 565.20), 664.89
(MnL+(ClO4)]*, calcd. 665.16).

MS m/z (-): 864.24 ([MnL+3x(ClOs)]-, calcd. 863.05),
1628.86 ([2x(MnL)+5x(Cl0O4)], calcd. 1629.15).

Anal. Calcd (%) for [MnL](ClO4)2-1.5CH3NO2
(C30.5H37.5Cl2MnNg 5013, My = 857.02): C, 42.74; H, 4.41; N,
13.89. Found C, 43.12; H, 4.58; N, 13.80.

[FeL](ClOa4)2-1.5CHsNO: (2)

Product was isolated in form of green-brown crystals (61 mg,
yield 38.2 %).

MS m/z (+): 566.09 ([Fe(L-H*)]*, calcd. 566.20), 665.84
([FeL+(ClO4)T*, calcd. 666.15).

MS m/z (-): 865.02 ([FeL+3x(ClO4)]", calcd. 864.05),
1631.01 ([2x(FeL)+5x(ClO4) ], calcd. 1631.15).

Anal. Calcd (%) for [FeL](ClOa4)2-1.5CHsNO2
(C30.5H37.5Cl2FeNs 5013, Mr = 857.92): C, 42.70; H, 4.41; N,
13.88. Found C, 42.22; H, 4.25; N, 13.40.

[CoL](ClO4)2-1.5CH3NO:2 (3)

Product was isolated in form of pink crystals (98 mg, yield
61.2 %).

MS m/z (+): 569.12 ([Co(L-H*)]*, calcd. 569.19), 668.83
([CoL+(CIO4)]*, calcd. 669.15).

MS m/z (-): 869.27 ([CoL+3x(ClO4)7]", calcd. 869.05),
1637.11 ([2x(CoL)+5x(Cl04) ], calcd. 1637.15).

Anal. Calcd (%) for [CoL](ClO4)2-1.5CH3NO:2
(C30.5H37.5CI2CoNs.s013, My = 861.01): C, 42.55; H, 4.39; N,
13.83. Found C, 42.65; H, 4.32; N, 13.52.

[NiL](ClOa4)2-1.5CH3sNO2 (4)

Product was isolated in form of green crystals (65 mg, yield
40.6 %).

MS m/z (+): 568.17 ([Ni(L-H*)]*, calcd. 568.20), 667.78
([NiL+(ClO4)7]*, calcd. 668.15)

MS m/z (-): 868.62 ([NiL+3x(ClO4)]", calcd. 868.05),
1637.42 ([2x(NiL)+5x(ClO4)]", calcd. 1635.15).

Anal. Calcd (%) for [NiL](ClO4)2-1.5CH3NO2
(Cs0.5H37.5Cl2N8 sNiO13, Mr = 860.77): C, 42.56; H, 4.39; N,
13.83. Found C, 42.30; H, 4.52; N, 13.72.

Theoretical methods

The ORCA 4.1 computational package was used for quantum
chemical calculations.5”%8 The calculations of ZFS parameters
were done using state average complete active space self-
consistent  field (SA-CASSCF)*®  wave  functions
complemented by  N-electron valence  second-order
perturbation theory (NEVPT2)606162 ysing triple-¢ basis set
def2-TZVP® for all atoms. In the state-averaged approach all
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multiplets for given electron configuration were equally
weighted. The ZFS parameters, based on dominant spin-orbit
coupling contributions from excited states, were calculated
through quasi-degenerate perturbation theory (QDPT),% in
which an approximation to the Breit-Pauli form of the spin-
orbit coupling operator (SOMF approximation)% and the
effective Hamiltonian theory®® were utilized. The calculations
utilized the RIJCOSX approximation with the auxiliary basis
sets def2/J%7 and def2-TZVP/C.%8 Increased integration grids
(Grid5 and GridX5 in ORCA convention) and tight SCF
convergence criteria were used in all calculations. Moreover,
recently introduced dynamic correlation dressed CAS with the
second-order treatment (DCD-CAS(2)) were also utilized to
calculate ZFS parameters, where the spin-orbit and the spin-
spin interactions were included.®® VESTA 3 program was used
to visualize results of the calculations.™

Results and Discussions
Syntheses and general characterizations

The ligand L was prepared by a common Sn2 substitution
reaction of  parent macrocycle L1 and 2-
chloromethylbenzimidazole in CHsCN with K2COs as a base.
Synthesis of all studied complexes was simply based on
mixing of L with perchlorate of appropriate metal ion in
CH3OH. Products in crystalline form obtained after diethyl
ether vapors diffusion at 5° C were sensitive to loose co-
crystallized CH3OH solvent molecule(s) and therefore they
were re-crystallized from CHsNO2. Obtained complexes with
co-crystallized CHsNO2 molecules were stable on air and
were thoughtfully characterized by elemental analysis, mass
spectrometry (Fig. S1) and IR spectroscopy. Measured IR
spectra of studied complexes 1-4 are displayed in Fig. S2 and
they are identical, which is in accordance with their similar
composition and isostructurality (see later). The spectral
pattern of all studied complexes 1-4 contains vibrations of
perchlorate anion at 1070 cm™, stretching C=C and C=N
aromatic vibrations at ~1450 cm™, vibration of MeNO: at
1550 cm?, aliphatic CH stretching vibrations at 2880, 2920
and 3090 cm~?, and NH stretching vibrations at 3560 cm~2.

Crystal structure analysis

Molecular structures of complex cations of all studied
complexes 1-4 are shown in Fig. 2 and crystal data and
structure refinements for studied complexes 1-4 can be found
in ESI in Table S1. All the complexes 1-4 are isostructural,
they all crystallized in triclinic P-1 space group and their
molecular structures have a similar structural pattern. The
macrocyclic part of the ligand is coordinated in the pentagonal
equatorial plane, while the two benzimidazolyl pendant arms

100 are coordinated in apical positions. Thus, all the central atoms

are seven-coordinate with pentagonal bipyramidal geometry
and NsO2 donor atom set.
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This journal is © The Royal Society of Chemistry [year]



Fig. 2 The molecular structures of the cation [ML]?* cation in complex 1 (M = Mn'"!, A), complex 2 (M = Fe'", B), 3 (M = Co", C) and 4 (M = Ni", D).
Non-hydrogen atoms are drawn as thermal ellipsoids at the 50% probability level. Hydrogen atoms and anions were omitted for clarity. Only one of two
crystallographically independent molecules present in the asymmetric unit of each complex is shown for clarity

s The comparison of M—donor atom distances is shown in Fig.
3, listed in Table 1 and indicates several trends. M-
N (benzimidazole) distances are comparable to those of M—Npy and
are much shorter than other bonds in equatorial pentagonal
plane, and thus, the pentagonal bipyramid can be considered

w0 as slightly axially compressed. Furthermore, in the order
going from Mn'" to Ni' complex 1—4 all M-N distances
decrease, which is in agreement with decreasing ionic radius
of complexated metal ions. On the other hand, M—O distances
remain the same for 1-3 and significantly increase in case of

15 Ni'' complex 4 due to the Jahn-Teller effect,”* which is typical
for structurally similar seven-coordinate  pentagonal
bipyramidal Ni" complexes [NiL1Cl2],”> [NiL2](CIO4)2,*?
[NiL3],%8 [NiL6](Cl04)2%®> for which Ni-O distances often
exceed 2.5 A. And thus, the pentagonal bipyramidal geometry

2 of Ni'' centre in 4 is the most distorted (Ni—O is 2.413(2) and
2.416(2) A) and this distortion for the second
crystallographically independent molecules present in the
asymmetric unit is even more pronounced (Ni-O is 2.357(2)
and 2.486(2) A, see Table 1 and Fig. 3 — empty symbols).

25 This observation was confirmed by the analysis of the
geometry of coordination polyhedra of all complexes 1-4
based on comparison of continuous shape measures obtained
by program Shape 2.1 (deviation between the real and ideal
geometry of the polyhedron, Table S2),737* because the lowest

2 deviation values were obtained for pentagonal bipyramidal
arrangement.
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Fig. 3 Comparison of the metal—donor atom distances in the complexes
1-4 depending on the type of the central metal atom. The empty symbols
35 and dashed lines correspond to the values for the second
crystallographically independent molecule present in the asymmetric unit
in 4. Lines serve as guides.

The final crystal packing of all studied complexes 1-4 is
influenced by m—m stacking interactions between the
benzimidazol units in the pendant arms (centroid---centroid
distance Cg-Cq = 3.664/3.665/4.016/4.563 A (1),
3.672/3.673/4.035/4.549 A (2), 3.679/3.680/4.060/4.605 A
(3), 3.668/3.678/4.057/4.620 A (4)), which are responsible for
formation of supramolecular linear 1D chains along c-axis
s (Fig. 4). Each supramolecular 1D chain contains only one
enantiomeric form of the complex cation and these 1D chains
regularly alternate in the final crystal packing as shown in
Fig. 4. Furthermore, these 1D chains are connected to each
other by large number of hydrogen bonds (N-H---O-CI, C-
50 Haromatic:--O—Cl, C—Haromatic:-*O—N) among the perchlorate
counter-ions, complex cations and nitromethane solvent
molecules.
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Table 1 Selected interatomic distances [A] and angles [°] in compounds
1-4.

distances 1 2 3 4
2230Q)  2184@3)  2.166(2)  2.084Q2)
M-NIVZL - 9006(3)  2481(3)  2458(3)  2.037(2)
VNipe | 23BG)  233Q)  2300Q)  2217(2)
2376(3)  2339(3)  2302(2)  2.265(2)
ViNigps  2378Q)  2340Q) 230420 2.298(2)
2380(3)  2339(3)  2305(2)  2.255(2)
2278(2)  22602)  2.264(2)  2.357(2)
M-OLV2L  9o672)  2250(2)  2260(2)  2.413(2)
2281(2)  2280(2)  2281(2)  2.486(2)
M-O12122 o832y  2273(2)  2273(2)  2.416(2)
2241(3)  21783)  2.147(2)  2.097(2)
M-N16/24  oa73)  2191(3)  2456(2)  2.110(2)
ViNtps 22513 2186Q)  2145()  2.102(2)f
2229(3)  2471(3)  2135(2)  2.084(2)

angles®

NII-M_N12 715409)  71959) 720909  76.10(8)
N12-M-O11 74.89(8)  7489(9)  7454(8)  75.04(7)
OI1-M-012 7200(8)  70.698)  70.74(7)  66.44(6)
N13-M-O12 73.63(8)  7347(9)  73208)  70.45(7)
N11-M-N13 70.99(9)  7154(9)  71.75(9)  74.08(8)
N11-M-N15 9262(9)  9360(10)  9311(9)  9563()
N12-M-N15 10457(9)  104.88(9) 103.06(9)  103.57(8)
N13-M-N15 76.39(9)  77.27(9)  78.89(9)  79.54(8)
O11-M-N15 8443(9)  8478(9)  84.66(9)  82.46(8)
O12-M-N15 8754(9)  8651(9)  87.658)  85.22(7)
N11-M-N16 97.83(9)  97.76(9)  97.07(9)  99.13(8)
N12-M-N16 75.600)  7661(9)  78.11(9)  79.99(8)
N13-M-N16 110.42(9)  10859(9)  106.42(9)  104.64(8)
O11-M-N16 8498(9)  8453(9)  8571(9)  84.71(8)
O12-M-N16 86.19(9)  8560(Q)  8542(8)  82.98(7)
N15-M-N16 168.95(10) 168.39(10) 169.58(9)  165.24(8)

2 Values for one of two crystallographically independent molecules
present in the asymmetric unit of each complex are present.

s Comparison of obtained molecular structures with those of
previously studied complexes containing L2 and L3

The molecular structure of metal complexes is crucial for
understanding of their magnetic anisotropy (see next section
Magnetic analysis) and therefore it is important to compare

10 obtained molecular structures of Fe'', Co' and Ni'' complexes
containing L with those of previously studied complexes
containing structurally similar ligands L2 and L3 (Fig. 5) in
order to reveal any trends which could explain observed
magnetic properties.

Fig. 4 (top) Part of the crystal structure of 1 showing supramolecular 1D
chain of individual [MnL]?* complex cations connected together by n—r
stacking interactions (red dashed lines). (bottom) View along c axis on the
20 arrangement of supramolecular 1D chains of [ML]?* complex cations in 1
with indication of their enantiomeric forms (red for [Mn(S,S)-L)]?*, blue
for [Mn(R,R)-L]%).

The Npy—M distance is not much changing going from L to L3
for all three metals, but its value decreases from Fe'' to Ni"
25 according to decreasing ionic radius. The N(1,2-aliphatic)-M
distances almost always decrease for L—L3 (only N2-M
distance slightly increases in case of Fe'' complex when going
from L2 to L3). On the other hand, the effect on O-M
distances is opposite. When going from L to L2, one distance
30 decreases while the other increases for all metals (but the
mean values for both crystallographically independent
molecules slightly decrease), but both values increase when
going from L2 to L3. The most significant increase is
observed for Ni'' complex due to the operating Jahn-Teller
s effect. The distances between metal and axial donor atoms
decrease when going from L to L3 for all three metals. This
indicates, in comparison with L, stronger axial binding in case
of pyridine analogue L2 (both L and L2 are neutral) and
significant electrostatic contribution in case of negatively
« charged carboxylate analogue L3.
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Fig. 5 Comparison of bond distances for Fe'" (left), Co" (middle) and Ni" (right) complexes of studied ligand L as well as complexes of previously studied
structurally similar ligands L2 and L3. # Mean deviation of all equatorial donor atoms (N;O_) from the least-squares plane defined by the ligand donor
atoms in equatorial plane and the central metal atom (MNsO,). Lines serve as guides. Data for both crystallographically independent molecules (indicated
by apostrophe) found in the asymmetric unit are given.

Thus when going from L to L3 in all Fe'", Co" and Ni"
complexes, the metal in equatorial plane is shifted towards the
N-donor containing part and moving away from the O-donor
part of the macrocycle, and the axial donor atoms are getting
closer to the metal atom. One has to also pursue the variation
of the distances in the equatorial plane, because observed
axial compression of pentagonal bipyramid (L—L3) resulted
either in more symmetric equatorial plane in case of Fe'
complex of L3 (N-M and O-M distances are close to each
other) or more asymmetric equatorial plane in case of Co" and
especially Ni"" complex of L3 (N-M and O-M distances are
very different). From Fig. 5 is also evident, that M-O
distances in comparison with M—N(aliphatic) are shorter in
case of Fe'' complexes, are comparable in case of Co'
complexes and longer in case of Ni'' complexes, which is in
accordance with the oxophilic character of Fe'' and N-donors
preference of Ni'l.

Moreover, additional interesting parameter is the planarity of
the equatorial plane, which can be described by the mean
deviation of equatorial donor atoms (N3O2) from the least-
squares plane defined by the central metal atom and all
equatorial donor atoms (MN3O2). Complexes with the most
planar equatorial plane form pyridine ligand L2 followed by
benzimidazol ligand L and carboxylate ligand L3 (Fig. 5). In
the series of complexes with L and L2, planarity increases
from Fe'' to Ni"' (mean deviation decreases), while in the case
of complexes with L3, the lowest planarity (highest mean
deviation) is observed for Ni'' complex. But in general, it can
be concluded, that the equatorial planarity for all complexes
(similar structural type) is comparable.

Magnetic analysis

Static magnetic measurements

The temperature- and field-dependent experimental magnetic
data for 1-4 are depicted in Fig. 6. The room temperature
values of the effective magnetic moment (uefi/ug) are close to
the theoretical values for the high-spin divalent metal
complexes (ueri/us = 5.92 for S = 2.5 (Mn"), pert/us = 4.90 for
S =2 (Fe"), perr/us = 3.87 for S = 3/2 (Co") and pert/us = 2.83
for S = 1 (Ni')). On lowering the temperature, there is a
significant drop of the effective magnetic moment observed
for compounds 2-4 indicating significant magnetic
anisotropy, hence the zero-field splitting (ZFS). This is also
supported by lower values of the isothermal magnetizations at
highest applied magnetic field in comparison with
theoretically expected values derived by Brillouin function as
Mmol/Nags = g-S, where S =2 for 2, S=3/2for3and S =1
for 4. On contrary, the situation for 1 is much different, the
Lett is almost constant in the whole temperature range and also
the isothermal magnetization is close to the Brillouin function,
which indicates minute ZFS in 1 as expected for 3d°
electronic configuration.
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Fig. 6 Magnetic data for compounds 1-4. Temperature dependence of the
effective magnetic moment and the isothermal magnetizations measured
at T=2,5, and 10 K. The empty circles represent the experimental data
points, and the full lines represent the best fits calculated by using eq. 1

with parameters listed in Table 2.

Thus, the experimental magnetic data were treated with the
spin Hamiltonian comprising the ZFS terms describing the
magnetic anisotropy and Zeeman term postulated as

H=D(S,” -S?/3)+E(S,” - S,?) + 145 BgS, ®

where D and E are the single-ion axial, and rhombic ZFS
parameters, respectively, and the last component represents
the Zeeman term defined in a direction of magnetic field as Ba
= B(sin(B)cos(p), sin(0)sin(p), cos(0)) with the help of the
polar coordinates.” Then, the averaged molar magnetization
corresponding to the powder samples was calculated.

To obtain reliable parameters, both temperature and field-
dependent magnetic experimental data were fitted
concurrently. The best-fitted parameters are listed in Table
2.® The large and negative D-value was found for Ni"
compound 4 (-17.2 cm™1) whereas the large and positive D-
values were found for Co" and Fe'' compounds 3 (40.3 cm™?)
and 2 (7.9 cm™), respectively. This is in accordance with the
different low temperature values of uefi/us observed for 2-4
(Fig. 6).

When the obtained D-values are compared with those for
previously studied complexes with L2 and L3 (Table 2),238
they are very similar for Mn'" and Fe'' complexes 1 and 2, but
they are much higher for Co" and Ni'" complexes 3 and 4
revealing their larger magnetic anisotropy. The sign of D-
value for 2 is positive and thus, different from previously
studied Fe! complexes of L2 and L3 (Table 2), but it is in
accordance with CASSCF/NEVPT2 calculations for 2 (Table
2) and also with previously performed calculations (see Fig.
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10 in ref. 38). These calculations showed, that strong axial
ligand field in seven-coordinate Fe'' complex can provide
small positive D-values while when this ligand field is
reduced, D becomes larger and negative. Moreover, HF-EPR
measurements (Fig. S5) confirmed the positive sign of D. The
data for 180 GHz, 321 GHz and 415 GHz at 4 K were
successfully simulated for a spin S = 2 with D = +8.2 cm™ and
E/D = 0.29 and the g values from Table 2. The EPR signal
vanishes at 15 K in agreement with simulated data, which
predicts a significant decrease of the absorption intensity with
increasing temperature. Both complexes 3 and 4 show among
the highest magnetic anisotropies reported for pentagonal
bipyramidal Co'"' (Table 3) or Ni'"" complexes (Table 2). If the
calculations previously reported by Sutter and Mallah are
considered,'” the stronger axial ligand field should provide
larger magnetic anisotropy in case of Ni'' complexes while an
opposite effect on magnetic anisotropy is expected for Co"
complexes. Similar trend as for Ni'' complexes was recently
observed for Fe'' complexes,!! but the description/explanation
was more complex concerning contribution(s) to the D value
from different excited states and also differential 7-
interactions Fe''-axial ligands between the x and y directions.
Thus, according to the large magnetic anisotropy of Co
complex 3, the axial field should be weaker, but on the other
hand according to the large magnetic anisotropy of Ni"
complex 4 and the positive sign of D for Fe'' complex 3, the
axial field should be stronger. So, not only the axial, but also
the equatorial effect (more symmetric field provides larger
anisotropy) should be taken into account, which makes the
elucidation of any trend for complexes of N-pendant armed
macrocycles not as straightforward as expected. We tried to
establish such a magneto-structural correlation as shown in
Fig. 7, where the average equatorial and the axial metal to
donor atom distances together with values of D-parameter are
displayed for each metal ion as a function of coordinated
ligand (L, L2 and L3). The D is becoming more positive both
for Fe" and Co" complexes, while D is becoming more
negative for Ni'' complexes considering the change of ligands
L3—L (Fig. 7).

If we consider that the increasing average distance of axial
donor atoms (L3—L) can be interpreted in term of weaker
axial ligand field (although benzimidazole is stronger c-donor
than pyridine, it is also a weaker r-acceptor),*° the increasing
magnetic anisotropy of Co' complexes is in agreement with
theoretically predicted trend. This is in contrast to the
behavior of Ni' complexes, where the magnetic anisotropy
twice increased (L3—L), which can be rather explained by
the more symmetric equatorial ligand field (Fig. 5 right) and
this can be quantified by deviations from PBPY-7 ideal
symmetry obtained by the program SHAPE (1.112 and 1.201
for L, Table S2, 1.237 for L2,'2 2.988 for L3)%. As the
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change in equatorial ligand field has more dramatic impact on
value of D than the variation of the axial ligand field in Ni'"
complexes (see Fig. 12 later in the section Theoretical
calculations), the increase of negative D for Ni'' complexes
(L3—L), is more likely governed by the decreasing the
deviation from ideal Dsh symmetry. The absolute values of D,
ID|, for Fe'' complexes is almost the same, which is in
agreement with our theoretical simulations (vide infra)
showing small impact of the ligand field change on the size of
the magnetic anisotropy. Moreover, the variation of ZFS
parameters for Fe'' complexes must be taken with great care,
because usually the low lying excited states reduce validation
of the spin Hamiltonian approach.

In conclusion, both axial as well as equatorial ligand fields
have to be considered when analyzing the magnetic
anisotropy, because change in each field has differently strong
and sometimes opposite impact on the resulting anisotropy.
Moreover these effects have different extent for different
central metal ions and thus, general analysis for more metals
appears to be intricate.

Table 2 Comparison of ab initio calculated and fitted spin Hamiltonian
parameters for complexes 1-42 and for complexes with L2 and L3.

compound 1 2 3 4
central metal Mn(ll) Fe(I1) Co(Il) Ni(I1)
atom
electron 3d® 3d°® 3d’ 3d®
configuration
spin state S 512 2 312 1
ZFS and g values based on CASSCF/NEVPT?2 calculations
D (cm™) -0.071/-0.076 7.41/7.55 34.4/34.0 -23.8/-25.6
E/D 0.101/0.087 0.200/0.183 0.082/0.085 0.067/0.043
Ox 2.000/2.000 2.079/2.081 2.320/2.312 2.251/2.245
Oy 2.000/2.000 2.172/2.175 2.383/2.378 2.233/2.234
0z 2.000/2.000 2.017/2.016 2.042/2.041 2.404/2.414
ZFS values based on CASSCF/DCD-CAS(2) calculations
D (cm™) -0.114/-0.122 7.67/7.80 38.4/37.9 -23.6/-25.5
E/D 0.069/0.070 0.145/0.122 0.067/0.074 0.062/0.040
magnetic analysis of the experimental data®
D (cm™) -0.30(3) 7.90(6) 40.3(1.5) -17.2(2)
E/D 0.0 0.220(4) 0.10(3) 0.076(1)
g 1.9538(9) 2.057(1) Oxy = 2.156(6) 2.165(3)
9:=2.00
sme (109 m® 0.0 0.0 5.3(5) 7.5(2)
mol™)
Data for complexes with L2'?
D (cm™) 0 7.4 34.0 -12.8
E/D 0.0 0.0 0.136
Data for complexes with L3%
D (cm?) - -9.6 29.1 -85
E/D 0.006 0 0.19

2 the theoretical calculations were done for both crystallographically independent
molecules present in the asymmetric unit. ® detailed procedure of calculation of
standard deviations is described ref. 76.
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Fig. 7 Magneto-structural correlation for Fe" (left), Co" (middle) and Ni" (right) complexes of studied ligand L and previously studied structurally similar
ligands L2 and L3. Variation of the average bond distance in equatorial plane and in axial positions (top) and variation of the axial zero-field-splitting
parameter D (bottom). Lines serve as guides. In case of two crystallographically independent molecules were found in the asymmetric unit, average values
5 are given.

Dynamic magnetic measurements
The alternating current (AC) susceptibly measurement was
performed for 2—4, however, the non-zero out-of-phase signal
was found only for Co" compound 3 upon applying weak
10 Static magnetic field (Fig. S6). Therefore, temperature and
frequency AC susceptibility data were acquired at Bboc =0.1 T
(Fig. 8) and clearly defined maxima of out-of-phase signal of
AC susceptibility depended on applied frequency were found
for compound 3, which is the characteristic behavior of
1s SMMs. Next, the one-component Debye’s model was applied
based on the equation

Xt — X
x(w):u(Tiw )i’“ T
T
@
which resulted in isothermal (yr) and adiabatic (ys)
susceptibilities, relaxation times (z) and distribution

20 parameters (a) (Table S3). Afterwards, the Argand (Cole-
Cole) plot was constructed as showed in Fig. 8. The
application of Arrhenius law to the temperature dependence of
the relaxation times revealed wm = 6.04x10° s and Uerr =
6.0 cm™ (8.7 K). Such physically unreasonable value of Uest

s can be ascribed to the fact that D-parameter is positive and
E/D very small, hence, the easy-plane type of magnetic
anisotropy is operational, which means that there is no energy
barrier U defined by |D|(S?>-%). Origin of the slow relaxation
of magnetization in Kramers ions (such as Co") with

30 dominant easy-plane magnetic anisotropy was investigated in
detail by E. Ruiz, F. Luis et al.,”” and such spin-lattice
relaxation was rather described by one-phonon direct
processes and two-phonon Raman processes. Therefore, the
temperature dependence of the relaxation times was

35 successfully fitted considering Raman relaxation mechanism
described by following equation

I_cr
T

®)

with C = 507 K"sland n = 2.58 (Fig. 8). Similar values of n
were also reported for other seven-coordinate Co' complexes

w (Table 3).1221 Here we also note that inclusion of the direct
term in eq. 3 did not lead to better fit.
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Fig. 8 AC susceptibility data of 3. Top: in-phase x’ and out-of-phase x>’
45 molar susceptibilities at the applied external magnetic field Boc =0.1 T
(full lines are only guides for eyes). Middle: frequency dependence of in-
phase x” and out-of-phase y’’ molar susceptibilities. The full lines
represent the fitted data using eq. 2. Bottom: the Argand (Cole-Cole) plot
with full line fitted with eq. 2 and the fit of resulting relaxation times =
so  with Arrhenius law (red line) and Raman relaxation process (blue line).
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Table 3 List of mononuclear seven-coordinate Co" SMMs together with the obtained ZFS parameters and parameters describing the relaxation of

magnetization.

complex ZFS Orbach Direct Raman

Dicm™? E/D  1/107°s Uer/cm™! (K) AKs?  C/KMst n ref.
[Co(H,L4-Ph)(H,0)(NO;)]NO; 324 0 0.6 56.3 (81.2) 17,18
[Co(15-pydienNs)(H,0),]Cl 246 -0.014 1200 20.7 (29.8) 18
[Co(L4-Ph)(im),] * 24.8 0.0016 0.087 62.3 (89.6) 18
[Co(tbp)s(NO3),]* 358 0.006 768 17.7 (25.5) 78
[Co(isq);(NO3),]* 357 0.0006 701 11.0 (15.8) 78
[Co(LL5)(H,0),](BFy), 256 —0.039 1100 42.2(29.3) 19
[Co(L5)(CN),]2H,0 174 —0.034 3200 48.9 (34.0) 19
[Co(L5)(NCS),] 263 —0.004 1000 49.2 (34.2) 19
[Co(L5)(SPh),] 345 -0.052 2100 54.7 (38.0) 19
[Co(L1)Cl,]-2CH;0H 383) 0 b 5578(7.9-11.2)° 0.99-1.62° 1.76-259° 21
[Co(LL1)Br,] 41(1) 0 1120 42(6.1) 613 2.79 21
[Co(L1)L] 35(1) 0 1120 4.5 (6.5) 500 2.82 21
[Co(LL2)](ClO,), 34 0 990 16.9 (24.3) 47.3 2.84 12
[Co(L3)]-H,0 29.0 0 - - 96.9 0.535 5.49 38
[Co(15-pydienNz0,)(CH3CN)](BPha), 36.9 0.005 0.034(2) 62 (89) 131(9) 2.1(1) 79
[Co(L4-PhOH)(CH;0H),] 431 0077 7400 23.3(33.5) 47 22
[Co(H2L4-PhOH)(NCS)(CHsOH)]CIO,-CHs0H 415 0036 5600 19.7 (28.4) 4.2 22
[Co(H2L4-PhOH)(NCS),]-2CH;0H 38.8 054 4800 16.4 (23.6) 3.7 22
[Co(H,L4-NH;)(NCS),]-0.5C,HsOH 356 0.17 - - 1.03x103¢ 0.00106 9d 33
[Co(H,L4-NH,)(NCSe),]-0.5C,HsOH 38.2 0 - - 4.10x10*¢  0.02 74 33
[Co(HL4-NH2){N(CN)2}.]-2H.0 353 0.101 - - 1.29x10%¢  0.017 73 33
[Co(HzLA4-NH2)(H.0){C(CN)s}INOs 1.16H,0 336 0.149 - - 7.7x10%¢ 04 5.6 33
{[Co(H,L4-NH2)(H20)(N3)][Co(H2L4-NH,)(N3)2]}Ns-4H,0  40.4 0 - - 29x104c  0.26 5.8 33
[Co(L)](ClO04), 1.5CH3NO, 403 0.1 6040 6.0 (8.7) 507 2.58 this work

2 im = imidazole, top = 4-tert-butylpyridne, isq = isoquinoline; ® calculated by simplified model described in corresponding literature; ¢ in the unit Oe 2K~

Is%; 9 fixed during the fitting procedure

s Obtained values of to and Uesr for Orbach relaxation process
or C and n for Raman relaxation process are compared with
previously studied pentagonal bipyramidal Co! SMMs in
Table 3. Uerr values are comparable with those for Co
complexes of structurally similar ligands L1, L2, L3, but are

10 sSmaller in comparison with other ligands having more rigid
macrocyclic part (15-pydienN3O2, L4-Ph, L5). This
“equatorial rigidity” effect appears to have a more significant
influence on the relaxation times than the magnetic anisotropy
represented by D-value. Thus, there is no clear relationship

1s between the magnetic anisotropy (D) and the values of
relaxation times, which can be attributed to the fact that
Orbach relaxation mechanism is not active for such easy-plane
systems and the direct and Raman relaxation processes should
stand at the centre of our focus. Therefore, in order to increase

2 the relaxation time, the C and n parameters of Raman
relaxation process should be decreased. However, the lack of
these parameters from literature means that further
investigation of Co' complexes has to be done to better
understand the relationship between the molecular structure

25 and relaxation properties.

Electrochemistry

In order to investigate the electrochemical properties of
prepared complexes 1-4, the measurement of cyclic
voltammetry was performed in acetonitrile solution. Obtained
2 cyclic voltammograms are depicted in Fig. 9 and the redox
potentials are listed in Table 4. All E12 potentials for Mn3+/2*,
Fe3*2* and Co%2* couples are very high (1.596, 1.043 and
1.853V, respectively), which indicate that the lower oxidation
states (Mn2*/Fe?*/Co?*) are stabilized due to the m-acceptor
s ability of axially coordinated two benzimidazolyl pendant

arms. Moreover, Ni3*2* redox couple is even not visible in the
range of available potentials during the measurement. Thus,
the oxidation state +111 for Ni'' complexes is not accessible,
which is in accordance with the m-acceptor properties of

a0 benzimidazole functional groups. On the other hand, lower
oxidation states Mn*/Fe*/Co*/Ni* are accessible in quasi-
reversible/quasi-reversible/reversible/quasi-reversible
processes at relatively high negative potentials (see Table 4).
Furthermore, irreversible reduction peaks at ca —1.25 and —

45 1.40 V were detected and correspond to the reduction of
CH3NO2 co-crystallized solvent molecule as was confirmed
by measurement of MeCN solution with extra addition of
CH3NO:2 (Fig. S7).

Mn(1)
Fe(2)
<
9 Co(3)
r T T T T T T T T T T T T T T T T T T
25 20 15 -10 -05 00 05 10 15 20
E (V) vs. SHE

s0 Fig. 9 Cyclic voltammograms of complexes 1 (black), 2 (red), 3 (purple),
and 4 (green) (~2 mM) recorded under argon atmosphere in 0.1 M TBAP
in acetonitrile with a glassy carbon working electrode. Complex 2 was the
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only one used for the measurement in its form prior to recrystallization
from CH3NO..

The cyclic voltammogram of the ligand L was measured as
well and it shows one irreversible oxidation peak at Eox =
5 1.450 V (Fig. S8), which may be assigned to the oxidation of
both benzimidazolyl pendant arms, and one irreversible
reduction peak at Ered = —2.063 V.
When obtained results are compared with those for complexes
containing structurally similar pyridine analogue L2, several
1 aspects can be found. Ei2 potentials for Mn3+2* and Fe3*2*
couples are slightly lower than those found for complexes
with L2 (Exz(mn) = 1.624V, Evzre) = 1.132V vs. SHE, see Fig.
S9 and S10), but Eu2 potential for Co3*/2* couple is slightly
higher than that for complex of L2 (Ew2co = 1.744 V vs.
1s SHE, see Fig. S11).8° Therefore the oxidation states Mn?* and
Fe?* are more stabilized in complexes with L2, while the
oxidation state Co%* is more stabilized in complex with L. On
the other hand, lower oxidation states Mn*/Fe*/Co* are easily
accessible in complexes with L2 because complexes 2-4 with
20 L have more negative reduction potentials (see Figs. S9-S11).
This is in accordance with weaker w-acceptor ability of
benzimidazol moiety in comparison with pyridine one. In
conclusion the electrochemical behavior of complexes with L
and L2 is rather similar, but in case of complexes with L the
s lower oxidation states are less accessible and thus, the
oxidation state +I1 is more stabilized.

Table 4 Results of cyclic voltammetry experiments.

Compound Redox process Eyjp [V] vs. Fc/Fc* Eypp [V] vs. SHE AE [mV]

1 Mn**/Mn?* 0.972 1.596 84
MnZ/Mn* —2.604 -1.980 91

2 Fe**/Fe* 0.419 1.043 70
Fe®'/Fe* —2.496 -1.872 93

3 Co*/Co* 1.229 1.853 76
Co?*/Co* —2.584 -1.960 80

4 Ni%*/Ni* —2.375 -1.751 140

Theoretical calculations

The electronic structure of reported complexes was also
30 studied by theoretical methods using computational package
ORCA 4.1. First, the post-Hartree-Fock multireference
calculations based on the state-averaged complete active space
self-consistent field method (SA-CASSCF) were employed
together with def2-TZVP basis set to reveal the impact of the
35 spin-orbit coupling and ligand field on the spin Hamiltonian
parameters, especially on the zero-field splitting parameters D
and E. The active space was defined by n-electrons in five d-
orbitals, CAS(n,5) and we have used two methods to cover
dynamic electron correlation effect, well-known N-electron
a0 valence state perturbation theory (NEVPT) and also recently
introduced dynamic correlation dressed CAS with the second-
order treatment (DCD-CAS(2)). The ab initio ligand field
theory (AILFT)88 was used to calculate the energy of the d-
orbitals as depicted in Fig. 10. The ideal Dsn ligand field
45 symmetry leads to splitting of the d-orbitals into three sets,
e1” (dxz, dyz), €2’ (dxy, dx2y2) and a1’ (dz2), and such pattern is

visible in case of 1, but even in this complex, the degeneracy
of d-orbitals is removed due to non-homogenous ligand field.
Evidently, the pattern of the splitting of the d-orbitals is

so continuously changing from 1 to 4 and is interconnected with
weakening of M-O donor-acceptor bonds.

2S+1r

d-orbitals LF terms LF multiplets
25+1=123456
10000 25000 — 80 4
-_ = o 70
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Fig. 10 Graphical output of the CASSCF/NEVPT2 calculations for the

mononuclear molecular fragments [ML]?" of 1-4. Plot of the d-orbitals

55 splitting calculated by ab initio ligand field theory (AILFT) (left), low-

lying ligand-field terms with various multiplicities (middle), and ligand-
field multiplets (right).

Subsequently, the ligand-field terms are showed in Fig. 10 and
it is evident that except for 1, there are close lying terms with
e the same or lower multiplicities which do contribute to the
zero-field splitting of the ground spin state multiplet (Fig. 10,
right). The calculated ZFS and g-tensor parameters are
summarized in Table 2, where calculations for both metal
complexes within asymmetric units were done. The reported
es values are in very good agreement with the fitted ones,
especially for compounds 2 and 3, e.g. D = 38.4/37.9 cm™! for
3 derived by DCD-CAS(2) and the fitted value of D is 40.2
cm, The main axes of calculated D-tensors for complexes
with large magnetic anisotropy, 2-4, are showed in Fig. 11
70 together with three-dimensional plot of the calculated molar
magnetization. Evidently, the easy-plane type of the magnetic
anisotropy is present in Co" complex and coincides with the
equatorial pentagonal plane, while easy-axis type is found
both in Fe'' and Ni'"" complexes. In case of Ni", this behavior
75 1S natural due to negative value of D-parameter, however, in
case of Fe', D-parameter is positive but due to large
rhombicity, the easy-axis type of the magnetic anisotropy is
operational.

Fig. 11 The molecular structures of 2—4 derived from the experimental X-
so  ray geometries used for CASSCF/NEVPT2 calculation overlaid with
three-dimensional plot of the calculated molar magnetizationat T=2 K
and B =1 T and showing also principal axes of D-tensors (x/y/z-axes
colored as red/green/blue arrows). The hydrogen atoms are not shown.

This journal is © The Royal Society of Chemistry [year]
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With the aim to get more insight into the role of the equatorial depiction of the varied structural parameters used for the CASSCF/DCD-
and the axial ligand field strength on the zero-field splitting in CAS(2) calculations.
such pentagonal bipyramidal complexes of late transition
metal complexes, we performed the CASSCF/DCD-CAS(2)
s calculation for model complexes [M(NH3)2(NCH)3(H20)2]%*
(M = Fe", Co" and Ni") — Fig. 12. Both the in-plane and the
axial metal-donor interatomic distances were varied in the
range 1.9 to 2.5 A, which enabled creation of the contour plots
of the axial and rhombic ZFS parameters — Fig. 13.

1s Evidently, there is small impact on ZFS parameters in Fe'
complexes, relatively small and positive D prevail, but the
axial type of the magnetic anisotropy in the model complex
can be achieved by increasing the rhombicity (E/D — 1/3) by
weakening the ligand field in the equatorial plane and
2 strengthening the ligand field in the axial positions. In case of
Co'' complexes, the D is definitively positive and large, its
value can be increased by weakening the ligand field in both
axial and equatorial directions, which also leads to escalation

d(M-Uga of E. The model of Ni'" complex provided very large and
s negative D almost in the whole simulation range, which in

general makes such complexes good candidates for observing

/ the axial type of the magnetic anisotropy taking into the

d(W@*—'—" account also very small rhombicity. The equatorial ligands
/ \ have indisputably the larger impact on the value of D, thus
a0 weakening of the equatorial ligand field would increase |D|

substantially. To summarize, the careful and rational design of
the macrocyclic ligands and the axial pendant arms is crucial
to prepare magnetically interesting complex compounds,

10 - however, the design of the rigid ligands may be necessary to
Fig. 12 The general moleztzular StrUC”ture ?.f the m_ﬂdel complexes s suppress the deformation of the ideal Dsn symmetry induced
[M(NH3)2(NCH)3(H,0).]** (M = Fe', Co" and Ni") together with by the Jahn-Teller effect.

D (em™) D(em™) D(cm™)
25 25
30 7
24 = o 24
7 15 61 7
E 23 8 EE 7 E 23
;C_> 0 E 52 é
g 22 7 ] 48 —:-v 22
£ £ 4
_‘, -14 _él 43 :II
Q—‘i 21 o 39 %
hel hsl
-20 34
-36 30
-43 25
1.9 2‘[) 2!1 2‘2 2?3 2!4 25 19 20 21 22 23 24 25 V 19 2‘[) 2!1 2‘2 2‘3 2‘4 25
d(Fe-L)y (107 m) A(C0-L) iz (10717 m) d(Ni-L )iy (107° m)
EID EID
0.06
0.06
0.05
E E £ ™
t % e oo
.-:; E ‘-'g 0.03
g g 7
) ) o 002
L;E, @ g 0.02
° k=1 =
001
001
[§ 2.00E-04
23 . . 19 20 21 22 23 24 25 ’ 19 20 21 22 23 24
d(Fe-L)ya (1070 m) ACO-L)yyiq (1077 m) d(Ni-L)yyq (1071 m)

Fig. 13 The contour plot showing the impact of variation of the ligand field of the axial and the equatorial ligands on the axial and rhombic ZFS
parameters D and E/D for model compounds [M(NH;)2(NCH)3(H20),]?* (M = Fe"', Co'" and Ni") calculated at CASSCF/DCD-CAS(2) level of theory.

large magnetic anisotropy was confirmed for Fe', Co" and
Conclusions Ni'' complexes 2—4 and Co" complex 3 behaved as a field-
induced SMM with preferential Raman mechanism of
relaxation of magnetization. Obtained results were supported

4

S

Structurally new macrocyclic ligand with two 2-
benzimizazolyl pendant arms (L) has been synthesized and it wby theoretical CASSCF calculations, which very well

i i H i 1
provided axially compressed pentagonal bipyramidal Mn”, correspond to the obtained values of magnetic anisotropy. The

I 1 ill H H H
Fe”, Co . and_”Nl ccl)mplexes W';h thﬁ IargI]Iest ;jflstortur)ln CASSCF/CAS-DCD(2)  based  theoretical  simulations
« observed for Nl complex 4 due to the Jahn-Teller effect. The provided detailed information about the effect of equatorial
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and axial ligand field on the magnetic anisotropy in this class
of the seven-coordinate Fe'', Co" and Ni" complexes.
Furthermore, they provide important information on how to
tune/increase the magnetic anisotropy in future: (i) for Co"
complexes the equatorial as well as axial ligand field should
be decreased and the effect of changing each of them is rather
equal, (i) for Ni'" complexes the equatorial field should be
decreased while the axial field increased, but the effect of the
equatorial one is much more pronounced, (iii) for Fe"
complexes the changes in both ligand fields alter |D| to lesser
extent, but large variation of the rhombicity E/D is observed.
With this respect, more rigid macrocycle containing rather
five nitrogen donor atoms could be a reasonable way how to
fulfill above-mentioned requirements for magnetic anisotropy
enhancement. Furthermore, deprotonization of L is even
possible, so this could be another way how to additionally
increase the axial ligand field and enhance the magnetic
anisotropy at least for Ni'' complexes, and how to utilize these
complexes as building blocks for the synthesis of more
complex polymeric coordination compounds.

According to the electrochemical measurements, ligand L
stabilizes the oxidation state +II in contrast to +I or +I1I due
to its weaker m-acceptor ability in comparison with its
pyridine-analogue L2. The trend in redox potentials for M3+/2*
couples (M = Mn, Fe, Co and Ni) in complexes of L and L2
was found as Ev2([ML2]%*2*) > E12([ML]**?* for M = Mn
and Fe, while it is opposite for Eiz([CoL2]3?*) <
E12([CoL]®*2* and could be related to the different
stabilization of high spin Mn''/Fe"" and low spin Co'
complexes as well as stronger o-donor/weaker m-acceptor
ability of benzimidazole group.

In conclusion, modification of the macrocycle with the two
benzimidazolyl moieties has a beneficial effect on the
magnetic anisotropy of especially Co' and Ni'" complexes and
also modifies the redox properties of the prepared complexes.
But altogether can be concluded that the tuning of magnetic
anisotropy in seven-coordinate pentagonal bipyramidal late-
first-row transition metal complexes with macrocyclic ligands
modified by pendant arms is a rather complex problem. More
factors including not only strength of the axial ligand field,
but mainly strength and symmetry of the equatorial ligand
field have to be considered with great care during rational
design of new suitable ligands.
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Three mononuclear lanthanide complexes of a 2-pyridylmethyl pendant-armed 15-membered ligand
{(3,12-bis(2-pyridylmethyl)-3,12,18-triaza-6,9-dioxabicyclo-[12.3.1]Joctadeca-1,14,16-triene); L} with
general formula [Ln(L)(H,O)(NO=)I(NOs), (Ln = Tb (1), Dy (2), and Er (3)) are reported. Based on X-ray diffrac-
tion analysis of 1 and 2, the central lanthanide atoms are nine-coordinated with the NsO,4 donor set origi-
nating from the ligand L and one coordinated water molecule and one monodentate-bonded nitrato
ligand. The coordination geometry of the [LnNsO4] cores can be described as a muffin-like shape. Magnetic
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measurements revealed that all three compounds show field-induced single-molecule magnet behaviour,
with estimated energy barriers U ~ 44-82 K. The experimental study was complemented by CASSCF
calculations showing a trend of an increasing first excited energy gap (Tb — Dy — Er) within the muffin-like
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Introduction

Lanthanide ions reveal many unique physical and photo-
physical properties, such as large magnetic moments and mag-
netic anisotropy as well as long-life luminescence with sharp
emission lines." Therefore, their complexes have found many
applications in luminescent sensors,”> MRI contrast agents,’
radionuclide therapy, and magnetically active liquid crys-
tals.® In the past few decades, more attention has been
devoted to the magnetic properties of lanthanide complexes,
because they were found as ideal candidates for single mole-
cular magnets (SMMs)”*® or single ion magnets (SIMs)* " due
to their large magnetic moments and high magnetic an-
isotropy, and because of their potential applications in
quantum computing,'* high-density memory storage devices
and molecule spintronics'® and single molecule transistors.'*
Many complexes of lanthanides with pthalocyanines,'
Schiff bases,'® p-diketones,"” and polyoxometalates'® show a
high effective spin-reversal energy barrier (Ues) and blocking
temperature (Tp), iLe. parameters usually characterizing
the SMM/SIM properties.” ' An attractive alternative to the
above-mentioned ligands may be macrocycles with a variable
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geometry with the lowest magnetization tunnelling probability for the Dy

" complex 2.

cavity size and donor atom set favouring the desired types/
sizes of metal ions.

In the past, only a few complexes of lanthanides with 2-pyri-
dylmethyl pendant armed polyaza- or polyoxa-aza macrocyclic
ligands were prepared and studied (Scheme 1). The tetrakis(2-
pyridylmethyl) derivative of cyclen L1 was studied in com-
plexes with select lanthanides (La, Pr, Nd, Eu, Gd, Tb,
Er, and Yb),">?*° which were nine-coordinated with approxi-
mately monocapped square-antiprismatic geometry (twisted
for Pr, Nd and Eu). The complex cations were chiral and they
crystallized as racemic compounds.'®*® An extended 18-mem-
bered hexaaza macrocyclic ligand with four 2-pyridylmethyl
pendant arms (L2) and its complexes with general formula
Ln[Ln(L2)](NOs)e-nH,0, where n = 2-4, Ln = La, Ce, Pr, Gd, Tb,
Er and Tm, were studied.*’ Lanthanide atoms in [Ln(L2)]**
were ten-coordinated and showed a distorted bicapped square
antiprismatic geometry. The 18-membered tetraoxa-diaza
macrocyclic ligand L3 was studied only in its La** complex and
only in solution.”* Surprisingly, no magnetic or luminescence
properties of the above-mentioned complexes have been inves-
tigated in detail to date. On the other hand, our attention was
more devoted to rather unusual seven-coordinate lanthanide
complexes, because they may represent a very promising geometry
for optimal/effective preparation of lanthanide-based SMMs/SIMs.
As it was published recently, the highest magnetization
reversal barrier, even higher than 1000 K (U.g = 708 or 1025 K),
was observed in seven-coordinate Dy™ complexes [Dy(L4)X],*
where X = CI” or Br~, with a pentagonal bipyramidal coordi-
nation sphere confirmed by X-ray analysis. Among these seven-
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Scheme 1 The structural formulae of the ligand L (this work) and other
ligands L1-L6 mentioned within the text.

coordinate complexes, to the best of our knowledge, there are
only three studies dealing with lanthanide complexes of 15-
membered macrocyclic ligands (L5,>* and 16)*>*° and lantha-
nides (Dy",>**® Er'™", Tm", Lu™),** in which the central atom
should adopt the pentagonal bipyramidal geometry, which
unfortunately have not been confirmed by X-ray analysis yet.
Nevertheless, the Dy™ complexes [Dy(L5)Cl,]Cl-6H,0,>**® and
[Dy(L6)CL,]C1-4H,0> revealed large magnetic anisotropy which
was reflected in their SMM/SIM behavior (Ues = 7.75 and
23.7 K; 79 = 7.52 x 1077 and 6.4 x 107° s, respectively).”® In this
perspective, herein, we report the syntheses, X-ray crystal struc-
tures and magnetic properties of three mononuclear lanthanide
complexes (Tb™, Dy™, and Er™) with the 2-pyridylmethyl
pendant-armed 15-membered macrocyclic ligand (L), which was
recently synthesized and proved to provide seven-coordinate late
first-row transition metal complexes, and even a Co(u) mono-
nuclear SMM.?” In this work, we tested the coordination mode
of L in lanthanide complexes and their magnetic properties.

Experimental section

Materials and methods

3,12-Bis(2-pyridylmethyl)-3,12,18-triaza-6,9-dioxabicyclo-[12.3.1]
octadeca-1,14,16-triene (L) was prepared according to the
literature.”” Other chemicals were purchased from commercial
sources and used without further purification. Elemental ana-
lysis (C, H, N) was performed on a Flash 2000 CHNO-S
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Analyzer (Thermo Scientific, Waltham, MA, USA). Infrared
spectra (IR) were recorded on a Thermo Nicolet NEXUS 670
FT-IR spectrometer (Thermo Nicolet, Waltham, MA, USA)
employing the ATR technique on a diamond plate in the range
of 200-4000 cm™". The mass spectra (MS) were collected on a
LCQ Fleet Ton Mass Trap mass spectrometer (Thermo
Scientific, Waltham, MA, USA) equipped with an electrospray
ion source and a three-dimensional ion-trap detector in the
positive mode. The temperature dependent (7 = 1.9-300 K, B =
0.1 T) and field dependent (B=0-9 T, T =2, 5, and 10 K) mag-
netization measurements were performed on a PPMS Dynacool
(Quantum Design Inc., San Diego, CA, USA). Dynamic mag-
netic properties were studied by measuring ac susceptibility on
a MPMS XL-7 SQUID magnetometer (Quantum Design Inc.,
San Diego, CA, USA). Powder XRD patterns were recorded with
a MiniFlex600 (Rigaku) using Cu Ko radiation (4 = 1.5418 A).
Emission spectra were recorded in an acetonitrile/methanol
mixture (V/V = 1:1) at room temperature using an AvaSpec-
HS1024x122TE spectrometer. The excitation source was a deu-
terium arc lamp.

Synthesis of [Th(L)(NO;)(H,0)](NOs), (1)

To a stirred solution of L (71.0 mg, 0.16 mmol) in 10 mL of
acetonitrile, Tb(NO3);-5H,0 (71.2 mg, 0.16 mmol) was added.
The resulting solution was refluxed under stirring for 2 h. The
obtained clear colourless solution was allowed to crystallize by
diffusion of diethyl ether vapour at room temperature. After 3
days, colourless crystals (66 mg, yield 52%) were isolated by fil-
tration on a glass frit, washed with cold diethyl ether (2 x
1 mL) and dried under vacuum over NaOH for the next 2 days.
Anal. Caled for Cp5H35Ng01,Thy: C, 37.70; H, 4.18; N, 14.07%.
Found: C, 37.81; H, 4.22; N, 13.88%. MS, mj/z (+): 434.28
[L + H]" (Ie; = 100%); 456.29 [L + Na]" (Ire; = 61%); 653.08 [(TbL
(NO;),)—40 + H]" (Irel = 53%); 685.06 [(TbL(NO;),)—20 + H]"
(Ie1 = 32%); 716.08 [TbL(NO3),]" (Ier = 39%). IR (ATR, cm™):
831 (m), 950 (m), 1011 (m), 1033 (s), 1057 (m), 1082 (m), 1283
(s), 1296 (s), 1322 (s), 1370 (s), 1445 (m), 1605 (m), 2893 (s),
2909 (s), 2952 (s).

Synthesis of [Dy(L)(NO;)(H,0)](NOs), (2)

The synthesis follows the same procedure as described for 1
except that Dy(NO;);-6H,O was used as the starting material
instead of Tb(NO;);-5H,0. Colourless crystals were isolated
after 1 day (121 mg, yield 84%). Anal. Caled for
C,5H;33Ng0,,Dy;: C, 37.53; H, 4.15; N, 14.01%. Found: C, 37.64;
H, 4.19; N, 13.89%. MS, m/z (+): 434.28 [L + H]" (I,e; = 100%);
456.28 [L + Na]" (Ie; = 67%); 658.08 [(DyL(NOs),)—40 + H]' (I, =
16%); 690.07 [(DyL(NO3),)—20 + H]'(Ie; = 11%); 721.08 [DyL
(NO3),]" (Iet = 12%). IR (ATR, cm™"): 832 (m), 950 (m), 1011 (m),
1032 (s), 1057 (m), 1082 (m), 1281 (s), 1296 (s), 1323 (s),
1370 (s), 1446 (m), 1605 (m), 2894 (s), 2909 (s), 2954 (s).

Synthesis of [Er(L)(NO3)(H,O0)](NO3), (3)

The synthesis follows the same procedure as described for 1
except that Er(NO;);-5H,0 was used as the starting material
instead of Tb(NO;);-5H,0. Light pink crystals were isolated
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after 3 days (92 mg, yield 67%). Anal. Caled for
C,5H33N0,Er: C, 37.31; H, 4.13; N, 13.92%. Found: C, 37.29;
H, 4.27; N, 13.78%. MS, m/z (+): 434.27 [L + H]" (I,e; = 100%);
456.28 [L + Na]" (Ie; = 77%); 662.07 [(ErL(NOs),)—40 + H] (I, =
15%); 694.04 [(ErL(NO;),)-20 + H]' (y = 10%); 725.06
[ErL(NO3),]" (et = 10%). IR (ATR, cm™): 833 (m), 951 (m),
1012 (m), 1033 (s), 1058 (m), 1082 (m), 1282 (s), 1296 (s), 1324
(s), 1369 (s), 1446 (m), 1606 (m), 2869 (s), 2910 (s), 2956 (s).

X-ray structure analysis

Single crystals of 1 and 2 suitable for X-ray diffraction analysis
were prepared by slow diffusion of diethyl ether vapour into
the acetonitrile solutions of the appropriate complex at room
temperature. Crystallographic data were collected at 120 K on a
Bruker D8 QUEST diffractometer equipped with a PHOTON
100 CMOS detector using Mo-Ka radiation (4 = 0.71073 A). The
APEX3 software package*® was used for data collection and
reduction. The molecular structures were solved by direct
methods (SHELXS) and refined by full-matrix least-squares
procedure SHELXL (version 2014/7),>° and using XShell soft-
ware package.”® Hydrogen atoms of both structures were found
in the difference Fourier maps and refined using a rigid
model, except for O-attached hydrogens whose positions were
refined freely, with C-H = 0.95 (CH),, and C-H = 0.99 A (CH,),
and with Ujso(H) = 1.2U.q(OH, CH, CH,). The molecular and
crystal structures of the studied compounds, depicted in Fig. 1
and Fig. S2,T were drawn using Diamond software.*°

Theoretical calculations

The post-Hartree-Fock calculations performed on the [Ln(L)
(NO3)(H,0)](NO3), complexes 1-3 using the geometries experi-
mentally determined by X-ray analysis were done with the
MOLCAS 8.0 program package.”’ The active space of the
CASSCF calculations®® comprised of eight, nine and eleven
electrons in seven metal-based f-orbitals for 1, 2, and 3,
respectively. The Restricted Active Space Self-Consistent Field
(RASSCF) method was employed in CASSCF calculations with
the following numbers of multiplets: 7 septets, 140 quintets,
306 triplets and 245 singlets for Tb', 21 sextets, 224 quartets
and 490 doublets for Dy, 35 quartets and 112 doublets for
Er'". The spin-orbit coupling based on atomic mean field

Fig. 1 (A) Molecular structure of the [Tb(L)(H,O)(NO3)I** complex
cation in 1. The thermal ellipsoids are drawn with the 50% probability
level. The hydrogen atoms are omitted for clarity. (B) The muffin-like
coordination geometry of the [TbNsO4] core in 1.
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approximation (AMFI)** was taken into account using
RASSI-SO with the following numbers of multiplets: 7 septets,
110 quintets, 180 triplets and 180 singlets for Th™, 21 sextets,
128 quartets and 130 doublets for Dy™, 35 quartets and 112
doublets for Er'™. The relativistic effects were treated with the
Douglas-Kroll Hamiltonian.>* The following basis sets were
employed: Ln-ANO-RCC-VQZP (Ln = Tb, Dy and Er for 1-3),
0O-ANO-RCC-VDZP, N-ANO-RCC-VDZP, C-ANO-RCC-VDZ and
H-ANO-RCC-VDZ.*® Then, the SINGLE_ANISO module®® was
used to calculate all relevant information and magnetic data.

Results and discussion
Description of crystal structures

Single-crystal X-ray diffraction analysis (for 1 and 2) and
powder diffraction analysis (for 3) revealed that all the three
compounds are isostructural (Fig. S17), and crystallize in the
tetragonal non-centrosymmetric P4, space group. The crystal-
lographic data and structure refinements for complexes 1 and
2 are given in Table 1, and the selected bond lengths and
angles are listed in Table 2. The asymmetric units of 1 and 2
contain one [Ln(L)(H,0)(NO;3)]** complex cation and two
nitrate anions. The central Ln™ atom is coordinated by the
heptadentate ligand (L) with the N5;O, donor set, which is
twisted due to its high flexibility and because the large size of
the Ln*" ion does not fit into the small macrocyclic cavity, and
by one oxygen atom from the water molecule (0O3), and one
oxygen atom from the nitrato ligand (04) (Fig. 1A and S2AfT).

Table 1 Crystal data and structure refinements for the complexes
land 2

Compound 1 2

Formula C,5H33Ng0,,Th, C,5H;33Ng01,Dy;
M; 796.50 800.08
Color Colorless Colorless
Crystal system Tetragonal Tetragonal
Space group (no.) P4, (76) P4, (76)
a(A) 11.4208(4) 11.4177(4)
b (A) 11.4208(4) 11.4177(4)
c(A) 22.4435(11) 22.4321(11)
a () 90 90

B(°) 90 90

7 () 90 90

U (A% 2927.4(3) 2924.3(3)

zZ 4 4

2 (A), Mo Ka 0.71073 0.71073

T (K) 120 120

Deate (g cm™) 1.807 1.817

u (mm™) 2.494 2.634

F (000) 1600 1604
Reflections collected 125618 98029
Independent reflections 6717 [R(int) = 0.0351] 6670 [R(int) = 0.0285]
Data/restraints/ 6717, 3, 421 6670, 3, 421
parameters

Goodness-of-fit on F* 1.110 1.126

Ry, WR, (I > 20(1))
Ry, WR, (all data)

0.0127, 0.0311
0.0138, 0.0315

0.0151, 0.0361
0.0161, 0.0365

Largest diff. peak 0.184, -0.632 0.581, -0.768
and hole, A~
CCDC number 1487176 1487175

This journal is © The Royal Society of Chemistry 2016
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Table 2 Selected interatomic distances (A) and angles (°) in complexes
land 2

Distances 1 2

Ln-N1 2.510(2) 2.500(3)
Ln-N2 2.599(2) 2.567(2)
Ln-N3 2.579(2) 2.591(3)
Ln-N4 2.671(2) 2.522(3)
Ln-N5 2.528(2) 2.659(3)
Ln-0O1 2.4847(18) 2.489(2)
Ln-02 2.4961(18) 2.479(2)
Ln-03 2.3468(19) 2.331(2)
Ln-04 2.3611(19) 2.348(2)
Angles

03-Ln-N1 135.01(7) 135.08(9)
03-Ln-N2 77.87(7) 146.84(9)
03-Ln-N3 146.96(8) 77.74(9)
03-Ln-N4 75.74(7) 81.08(9)
03-Ln-N5 81.35(7) 75.89(8)
03-Ln-01 73.90(6) 132.74(8)
03-Ln-02 132.85(6) 73.68(8)
03-Ln-04 81.97(7) 81.82(8)

Thus, the coordination number of the Ln"™ atom in both com-

plexes is nine. The geometries of the coordination polyhedra
of lanthanide ions in 1 and 2 were analysed by the program
Shape 2.1.>” The lowest value of deviation was found for a
muffin shape (Table S17), with the basal trigonal plane formed
by 02, N1, and N3 atoms in 1 (O1, N1, and N2 in 2), the equa-
torial pentagonal plane (01, O4, N2, N4, and N5 in 1; 02, O4,
N3, N4, and N5 in 2), and an O3 atom at the vertex of the
muffin (Fig. 1B and S2Bt).

The Tb-N bond lengths are in the range of 2.510(2) to
2.671(2) A and Tb-O bonds vary from 2.347(2) to 2.496(2) A in 1.
The Dy-N bond lengths are in the range of 2.500(3) to 2.659(3)
A, while the Dy-O bonds vary from 2.331(2) to 2.489(2) A.

Crystal structures of 1 and 2 are stabilized by networks of
strong O-H:--:O hydrogen bonds and weak non-covalent C-
H---O and C-H:--N interactions. The O-H---O hydrogen bonds
connect the coordinated water molecules and non-coordinated
nitrate anions, with the O---O separations of 2.746(3) and
2.660(3) A for 1. Selected non-covalent contacts are summar-
ized in Table S2 (ESI}).

Photoluminescence properties

While many lanthanide complexes show interesting lumine-
scence properties, the luminescence spectra of all the com-
plexes 1-3 were measured. In accordance with the literature®®
a reasonable signal was obtained only in the case of complex
1. Its photoluminescence spectrum in the acetonitrile/metha-
nol mixture (c =1 x 10~ mol dm™?) recorded at room tempera-
ture exhibited a broad minor peak at 306 nm assignable to the
n — n* transition and intensive peaks with the maxima at 492,
547, 587 and 622 nm, attributable to the °D, — "F, °D, — Fs,
°D; — ’F4, and °D, — ’F; transitions, which are typically
observed in spectra of Tb™ complexes.*® In order to investigate
an “antenna effect” of the 2-pyridylmethyl pendant arms in L,
a comparison of 1 with the Tb™ complex with a parent macro-
cycle 15-pyN;0,>° without pendant arms was performed. As is

This journal is © The Royal Society of Chemistry 2016
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shown in Fig. S3,T complex 1 exhibits a strong characteristic
emission in the visible region. This observation is in accord-
ance with the fact that the pyridine moiety is well known for
sensing of lanthanide emission.***°

Magnetic properties

Static magnetic properties. The temperature and field
dependent static magnetic data were acquired on polycrystal-
line samples of 1-3 as shown in Fig. 2. The value of u.g/ug at
room temperature is 9.68 for 1, 10.39 for 2, and 9.16 for 3, and
is close to the expected paramagnetic value of 9.72 (Tb™, “Fy),
10.65 (Dy", ®Hys/), and 9.58 (Er'", *I;3/,). There is a gradual
decrease of pe/us upon cooling the samples to 1.9 K for all
compounds 1-3, which is due to depopulation of ligand field
multiplets arising from ground atomic terms effected by spin-
orbit coupling and a ligand field of the chromophores. There
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Fig. 2 Magnetic data of complexes 1-3. Temperature dependence of
the effective magnetic moment (left) and the isothermal molar magneti-
zations measured at 2 (O), 5 (O0) and 10 () K (right). The full lines corres-
pond to ab initio CASSCF calculations done with MOLCAS/
SINGLE_ANISO, and were scaled by the factors: f = 0.990 for 1, f =
0.947 for 2 and f = 0.877 for 3.
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are no maxima on susceptibility, which excludes the existence
of significant intermolecular contacts of the antiferromagnetic
nature. The reciprocal susceptibilities were analysed using the
Curie-Weiss law in the temperature range of 25-300 K
(Fig. S41), which resulted in € = 1.49 x 10™* m® mol ™' K, @ =
-4.9 K and g = 1.50 for 1, C = 1.73 x 107" m® mol™* K, O =
-7.9 Kand g = 1.31 for 2, C = 1.38 x 10°* m® mol™" K, @ =
-16.3 K and g = 1.17 for 3. All the Weiss constants are of nega-
tive values and g-factors are close to theoretical Landé
g-factors, ie. 1.50, 1.33, and 1.20 for Tb™, Dy™, and Er'™,
respectively. The isothermal magnetization data, Mu,o/Naps,
measured at T = 2 K saturate to 5.1 for 1, 5.6 for 2 and 4.6 for 3
and these values are well below theoretically predicted values
based on J and Landé g-factors, which are 9.0 for Tb™, 10.0 for
Dy™ and 9.0 for Er'™. This points out to large magnetic an-
isotropy of these complexes.

Dynamic magnetic properties

In order to examine the possible SMM properties of the herein
studied coordination compounds 1-3, the ac susceptibility
measurements were performed first in zero and nonzero static
magnetic fields as depicted in Fig. S5.f None of the com-
pounds showed a nonzero out-of-phase signal of ac suscepti-
bility at zero static magnetic field, but evidently, a small
magnetic field must be applied to observe slow relaxation of
magnetization and suppression of the tunneling effect.
Therefore, the temperature dependence of ac susceptibility
was measured at Bpc = 0.1 T for frequencies of 1-1500 Hz as
shown in Fig. 3. Only in the case of the Dy""" compound 2, we
observed clearly maxima of out-of-phase susceptibility depen-
dent of the applied frequency and these data were then ana-
lysed with the one-component Debye model

2(@) = s + (rr —x5)/11 + (iw2) | (1)

which resulted in isothermal (y;) and adiabatic (ys) suscepti-
bilities, relaxation times (z) and distribution parameters (a)
(Table S31) and construction of the Argand (Cole-Cole) plot
(Fig. S67). Then, the Arrhenius equation was applied to the
temperature dependence of the relaxation times, which
resulted in the relaxation time 7, = 2.63 x 10~% s and the
effective magnetization reversal barrier U = 24.4 K (16.9 ecm™")
- Fig. S6.1 The ac susceptibility data for 1 and 3 cannot be ana-
lysed with eqn (1) due to the absence of maxima on imaginary
susceptibility. Therefore, we used a simplified model*" accord-
ing to eqn. (2)

In(y"/x") = In(2nfz¢) + U/kT (2)

where higher temperature ac data for higher applied frequen-
cies were included as shown in Fig. S7.1 The linear regression
analysis resulted in sets of parameters listed in Table 3. The
variations in the fitted parameters refer to the distributions of
relaxation processes, which are reflected in eqn (1) by para-
meter a. Maximal U were found as U = 43.5 K for 1, U = 64.1 K
for 2 and U = 82.2 K for 3. In the case of 2, U = 64.1 K is 2.7
times larger than U = 24.4 K derived from eqn (1), which can
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bilities for 1-3 at the applied external field Bpc = 0.1 T. Lines serve as
guides.

Table 3 The parameters resulting from the analysis of ac susceptibility
data using eqn (2) for complexes 1-3

f(Hz) 1488.1 597.1 239.8 96.2
1 (Tb) 70 (1070 5) 2.33 2.68 20.1 38.6
U(em™) 30.2 29.2 23.9 24.0
U (K) 43.5 42.0 34.4 34.6
2 (Dy) 70 (1070 5) 0.00368 0.0204 17.9 434
U(em™) 44.6 39.4 22.0 16.3
U (K) 64.1 56.7 31.6 23.5
3 (Er) 70 (1070 5) 0.00288 0.340 4.45 58.1
U(em™) 57.1 39.3 31.3 23.6
U (K) 82.2 56.5 45.0 34.0

be explained by the fact that the analysis based on eqn (1) is
limited only to ac susceptibility data having maxima in the
Argand diagram, which means data measured between 7'= 1.9
and 2.8 K. However, a non-zero out-of-phase ac susceptibility
is already observed below 4 K (Fig. 3) and especially high temp-
erature data should correspond to the Orbach relaxation mech-
anism, thus eqn (2) could lead to a better estimate of the
relaxation barrier.

Theoretical calculations

In order to better understand the magnetic properties of these
compounds, the CASSCF calculations were performed using

This journal is © The Royal Society of Chemistry 2016
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MOLCAS 8.0 together with the SINGLE_ANISO program on
complexes [Ln(L)(NO;)(H,0)](NO3), 1-3 using geometries fol-
lowing from experimental X-ray data. The resulting wave func-
tions and the energies of the molecular multiplets were used
for the calculation of the magnetic properties, g tensors of the
lowest Kramers doublet states (Tables S4-S6,} Fig. S87). In the
case of Tb™ compound 1, a priori there are no Kramers doub-
lets arising from atomic multiplet "Fq, however, the two lowest
energy states are almost degenerate, and treating them as
Kramers doublets with S.¢ = 1/2 resulted in g, = 16.7 and g, =
gy ~ 0.00 (Table S47), which means that there is large axial
magnetic anisotropy. In the case of Kramers doublet ions, Dy
and Er'", we were able to construct a scheme of the magnetiza-
tion blocking barrier as shown in Fig. 4. The values displayed
on each arrow are the mean absolute values for the corres-
ponding matrix elements of the transition magnetic moment
and for values larger than 0.1 an efficient relaxation mechan-
ism is expected.’ Evidently, the tunnelling mechanism is prob-
able in both compounds 2 and 3, and also thermal relaxation
through the first excited state. The coefficients are slightly
lower in the case of 2, which probably explains slower relax-

)
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Fig. 4 The ab initio computed magnetization blocking barrier for com-
plexes 2 and 3. The thick blue/red bars indicate the Kramer's doublets
(KDs) as a function of magnetic moment. Green lines indicate the mag-
netization reversal mechanism. The magenta lines show the possible
pathway of the Orbach process. The black lines represent the presence
of QTM/TA-QTM between the connecting pairs.
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ation of the magnetization in the case of the Dy™ compound
in spite of the larger U in the Er'"" compound. The maximal U
values extracted from ac susceptibility data with eqn (2), U =
43.5 K for 1, U = 64.1 K for 2 and U = 82.2 K for 3, follow the
trend from the calculated energies of the first excited state
within this series by CASSCF, 33.3 K for 1, 55.0 K for 2 and
69.0 K for 3 (Tables S4-S67). Also, the magnetic properties
were calculated with the SINGLE_ANISO module, and are com-
pared to the experimental ones in Fig. 2.

Conclusions

In summary, we have successfully prepared three mononuclear
lanthanide complexes (Tb™ 1, Dy" 2, and Er'" 3) with a
macrocyclic ligand {(3,12-bis(2-pyridylmethyl)-3,12,18-triaza-
6,9-dioxabicyclo-[12.3.1]octadeca-1,14,16-triene; L} containing
two 2-pyridylmethyl pendant arms, and these complexes were
characterized structurally and magnetically. In all the cases, a
central lanthanide(m) atom was coordinated by a N5O,-donor
set of L, but due to the high ligand flexibility, the coordination
sphere was completed by one water molecule and one nitrato
ligand. Thus, the lanthanide(u) atom revealed a coordination
number of nine with the N;O,-donor set, with a muffin-like
geometry. The ac susceptibility measurements showed that all
three compounds behave as field-induced single-molecule
magnets with the estimated energy barriers U ~ 44-82 K. The
CASSCEF calculations analysed with the SINGLE_ANISO module
were helpful in understanding this behaviour, and the reasons
for that are as follows: (i) the same increasing trend (Tb — Dy
— Er) for the first excited state energy gap was found as
resulted from the analysis of ac susceptibility; (ii) the lowest
transition probabilities for the relaxation of the magnetization
were found for 2, for which several maxima out-of-phase ac
susceptibilities were already observed; (iii) a relatively small
energy splitting and large non-colinearity of the easy axes
explain why this series of SMMs shows fast relaxation of mag-
netization. To summarize, the herein reported compounds 1-3
are the first lanthanide-based SMMs comprising a 2-pyridyl-
methyl pendant-armed macrocyclic ligand. Nevertheless, the
herein reported 15-membered macrocyclic ligand L was proved
to be prospective for the synthesis of magnetically interesting
coordination compounds, and the investigation of alternative
arm-groups is underway.
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A cross-bridged cyclam derivative containing two 2-pyridylmethyl pendant arms (L = 4,11-bis((pyridin-2-
yllmethyl)-1,4,8,11-tetraaza-bicyclo[6.6.2]hexadecane) was synthesized by dialkylation of the cross-
bridged cyclam with 2-chloromethylpyridine. A series of Fe(i) complexes with L and different counter-
anions of the formulas [Fe(L)][FeCly]-H,O (1-H,0), [Fe(L)ICl,-4H,O (2:4H50), [Fe(L)I(BF4),-0.5CHsCN
(3:0.5CH3CN) and [Fe(L)](BPhy),-:CHsOH (4-CH3zOH) was prepared and thoroughly characterized. In all the

cases, the [Fe(L)]?*

cation adopts a cis-V configuration with a distorted octahedral geometry, and with the
FeNg donor set. The magnetic measurements within the temperature interval of 5-400 K revealed the
spin crossover (SCO) behaviour of all the complexes with the transition temperature T3/, increasing with
the counter anion in the order BF,~ (3) < [FeCly)?~ (1) < BPh,~ (4). However, the SCO process was com-
plete in the case of compound 3 only, with Ty, = 177 K, which proceeded after removal of co-crystallized
CH=CN molecules accompanied by a change of the crystallographic phase. The SCO behaviour of 3 was
also confirmed by a single crystal X-ray analysis providing the average (Fe—N) distances of 2.086 A at
120 K and 2.197 A at 293 K typical of low-spin, and high-spin Fe'' complexes, respectively. The obtained
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results clearly showed that the nature of the counter anion and the presence/absence of co-crystallized
solvent molecule(s) significantly affected the temperature as well as the abruptness of the spin transition.
This is the first report of SCO behaviour observed for iron complexes containing a cross-bridged cyclam

rsc.li/dalton derivative.

due to their various properties and application potential as

Published on 27 March 2018. Downloaded by Univerzita Palack& #233;ho v Olomouci on 01/05/2018 18:01:38.

Introduction

The structural motif of 12- and 14-membered tetraazamacro-
cycles called cyclen (1,4,7,10-tetrazacyclododecane) and cyclam
(1,4,8,11-tetraazacyclotetradecane), respectively, is very well-
known and transition metals as well as lanthanide complexes
containing the derivatives of the above-mentioned ligands
have found many different applications."™ On the other hand,
the reinforced modifications of cyclen and cyclam with ethyl-
ene-bridged adjacent (side-bridged) and opposite (cross-
bridged) nitrogen atoms known since 1980s and 1990s,’
respectively, are not so common in comparison with the
parent macrocycles.® Many of these derivatives and their com-
plexes have been investigated since that time.*”"® Nevertheless,

Department of Inorganic Chemistry, Regional Centre of Advanced Technologies and
Materials, Faculty of Science, Palacky University, 17. listopadu 12, CZ-771 46
Olomouc, Czech Republic. E-mail: zdenek.travnicek@upol.cz; Fax: +420 585 634 954
; Tel: +420 585 634 352

tElectronic supplementary information (ESI) available: Different 2D NMR
spectra, results of TG/DTA and XRD measurements, IR spectra and additional
X-ray diffraction data. CCDC 1820712-1820714 and 1828318. For ESI and crystal-
lographic data in CIF or other electronic format see DOI: 10.1039/c8dt00414e

6134 | Dalton Trans., 2018, 47, 6134-6145

oxidation catalysts,”'® rapid ®'Cu/*’Cu chelators important
for positron emission tomography (PET) imaging/
radiotherapy,"”'* contrast agents for magnetic resonance
imaging (MRI),">™"” or biologically active species,"®'® are still
in focus. Among these classes of compounds, our attention is
mainly focused on the ethylene cross-bridged cyclam (EBC)
and ethylene cross-bridged cyclen (EBCN, Fig. 1) derivatives
with pendant arm(s) containing pyridine moiety(s). These
derivatives are shown in Fig. 1 (py,-EBCN,*° Me,Py-EBC,*" pic-
EBC," pic,-EBC,** and also unbridged Py,~CN*° and Py,-
C***%), Surprisingly, the disubstituted Py,-EBC derivative has
not been prepared and studied yet.

Two synthetic strategies were employed for the preparation
of the above-mentioned pyridine-derivatives of EBC or EBCN.
The first approach is based on alkylation of the protected
macrocycle in the form of bis-aminal A (Fig. 2)****° providing
the exo-monoalkylated quaternary ammonium salt B*” in non-
polar solvents (e.g. toluene). In polar solvents (e.g. acetonitrile),
a highly regioselective second alkylation® provides the dialky-
lated bis(ammonium) salt C. The consequent synthetic step is
a double-ring expansion using reduction with NaBH, in
ethanol in order to obtain the cross-bridged macrocycles'* or

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Structural formulas of the prepared ligand L with the atom numbering together with structurally similar ligands studied previously and dis-

cussed in the text.
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Fig. 2 The two most common synthetic strategies for the preparation of EBC derivatives (particular experimental conditions can be varied depend-
ing on the substituent R). RX can be Mel, BzBr or PyCH,CL R'X can be BrCH,COOEt, CICH,CONH,, CICH,PyCOOMe, etc.2%-28

complete deprotection using aqueous NaOH solution,>® hydra-
zine hydrate,” hydroxylamine or ethylenediamine® to
produce unbridged macrocycles.

The second synthetic approach is based on a direct substi-
tution of the secondary amino groups in EBC usually using 2
equivalents of alkylating agent and excess of a base in aceto-
nitrile.">'* This approach is suitable for the modification of
EBC with pendant arms containing various functional groups

This journal is © The Royal Society of Chemistry 2018

in those cases when either the formation of C is slow and
accompanied by undesirable side reactions or NaBH,
reduction could change/modify the functional group in the
pendant arm.'>'"** Particularly, for the preparation of the
above-mentioned pyridine or picolinate derivatives, syntheti-
cally more available alkyl chlorides (e.g. 2-chloromethyl-
pyridine/2-picolyl ~ chloride®® or  methyl(6-chloromethyl-
pyridine)-2-carboxylate/methyl  6-(chloromethyl)picolinate)**
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were employed and in this case, KI or Nal was added in order
to increase the low reactivity of alkyl chlorides toward Sy2
substitution.>>?*

Both categories of EBC and EBCN derivatives have a very
strong ability to bind one proton or small cations (such as Li"),
which is a result of the ligand conformation with all four nitro-
gen lone electron pairs convergent on a cavity for the com-
plexation of metal ions. Due to this fact, very high values of
pKy, usually higher than 12, are observed.” Therefore, these
ligands are often called “proton sponges” and only some
metals (Co", Ni"!, Cu" or Zn") are capable of forming the com-
plexes with these ligands in their protonated forms (i.e. they
are able to substitute the proton from the macrocyclic cavity),
whereas the complexes of other metals (Mn"™, Fe"™) have
to be prepared by using deprotonated ligands under strictly
dry/inert conditions.

In the beginning, it was Weisman and co-workers who
started to investigate EBC and its derivatives Me,-EBC> and
Bz,-EBC*® (Fig. 1). Hubin et al. continued the systematic study
of these ligands and revealed the cis-V configuration (in the
Bosnich-Tobe nomenclature, Fig. 3)** for their complexes with
Mn"""™Y and Fe'™ (with two chlorido,**® aqua or hydroxido
co-ligands),”” and that the complexed metals (Mn" and Fe™)**
remained in the high-spin (HS) state throughout the temp-
erature range. On the other hand, the coordination number of
5 was found for Cu'" complexes.?®

Some attention was also devoted to Py,-EBCN whose coordi-
nation ability towards Co", Cu™ and Zn" was studied and com-
pared with the unbridged analogue Py,~CN.*° Tripier et al. sys-
tematically studied different macrocycles with picolinate
pendant arm(s) including Pic-EBC'* and Pic,-EBC** in com-
plexes with Cu™* and lanthanides(ur),>* respectively.

The newest ligand prepared is Me,Py-EBC. The redox behav-
iour together with the testing of catalytic oxidation properties
of its Mn", Fe", Co", Ni"" and Cu" complexes was studied
recently.”! The coordination number of 6 with the cis-V con-
figuration (Fig. 3) was observed for all the complexes; one
coordination position was occupied by the chlorido ligand.*!
For the Cu" complex, the coordination number of 5 was
found.*!

On the other hand, unbridged Py,-C represents an interest-
ing pyridine-based derivative, mentioned mainly because of
comparison with its bridged analogue. Surprisingly, its Fe'

Fig. 3 lllustration of cis-V configuration, one of the six possible
configurations for metal complexes with cyclam.
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complex [Fe(Py,-C)]|(BF4),-H,O showed the spin transition
between the low-spin state (LS, S = 0) and the high-spin state
(HS, S = 2), so called spin crossover (SCO) which can be
induced by different external constraints (in general e.g. by
temperature, pressure or light), with the critical temperature of
the spin transition (73, defined as the temperature when the
fraction of the complex in the HS state is equal to that in the
LS state) around 150 K (ref. 24) in this case, whereas the analo-
gous Fe'' complex of Py,~CN remained in the HS state over the
whole temperature range.”* More recently, [Fe(Py,-C)]
(C(CN);),-2H,O with Ty,)/Ty1t = 136/145 K and [Fe(Py,-
C)|[Ni(CN),]-H,O with Ty,|t = 85 K have been described
together with the modulation of T;,, by the presence/absence
of crystal water molecules.*® On the other hand, there are only
few examples of SCO Fe(u) complexes with other macrocyclic
N6 ligands. The Fe(u) complex of L1 (Fig. 1) showed SCO with
Ty, of 282 K in propionitrile solution while [Fe(L2)](ClO,),
(Fig. 1) showed SCO in the solid state with T}, of 380 K.**

The critical temperature Ty, as well as the abruptness of
the spin transition are strongly dependent on many para-
meters (e.g. counter ions, crystal solvent molecules, types of
non-covalent contacts between the molecules and the crystal
packing in general) and finding the relation how these para-
meters influence SCO in order to rationally design/tune new
advanced SCO materials is still in a strong interest of many
chemists and magnetochemists. Recently, it has been demon-
strated on several Fe(un) systems that the spin transition and
even its occurrence can be significantly influenced by trans-
formation between the polymorphs®® or can be induced by
loss of crystal solvent molecule(s), i.e. transformation between
the solvatomorphs.*'™**

In this paper, the synthesis of Py,-EBC (L), the last in the
series of pyridine-based EBC derivatives, is described and the
two above-mentioned common synthetic approaches, which
have been used for its preparation, are compared and dis-
cussed in detail. The synthesis of its Fe'' complexes with
different anions is reported together with their thorough
characterization including description of their molecular and
crystal structures determined using a single crystal X-ray ana-
lysis. The magnetic properties, namely the SCO behaviour of
the complexes with respect to the particular counter anion and
the solvatomorphism, are also discussed. Moreover, a compari-
son with the Fe'' complex of an analogous unbridged ligand
Py,-C is given in order to elucidate the effect of the cross-
bridge on the SCO behaviour.

Experimental

2-Chloromethylpyridine hydrochloride®® and EBC*”*® were
prepared according to the literature procedures. Dry CH;CN
was prepared by distillation using P,Os under argon, whilst
dry DMF was prepared by distillation using BaO under
argon.”® All other chemicals (Across Organics, Geel, Belgium
and Sigma Aldrich, St. Louis, MO, USA) and solvents (Penta,
Prague, Czech Republic) were purchased from commercial

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8dt00414e

Published on 27 March 2018. Downloaded by Univerzita Palack&#233;ho v Olomouci on 01/05/2018 18:01:38.

Dalton Transactions

sources and used as received. The stability of the anhydrous
FeCl, towards oxidation was provided by a negative test on
Prussian blue formation.

4,11-Bis(( pyridin-2-yl)methyl)-1,4,8,11-tetraaza-bicyclo[6.6.2]
hexadecane (Py,-EBC = L)

2-Chloromethylpyridine hydrochloride (1.44 g, 8.8 mmol, 2
equiv.) and anhydrous K,CO; (3.50 g, 25.4 mmol, 6 equiv.)
were suspended in 50 ml of CH;CN and heated to 70 °C for
10 minutes. EBC (1.00 g, 4.4 mmol, 1 equiv.) was dissolved in
20 ml of hot CH3CN and it was added to the hot suspension
prepared in the previous step. The red colour of the mixture
changed to yellow in several minutes and the reaction mixture
was refluxed overnight. The progress of the reaction was moni-
tored by mass spectrometry (MS); an additional amount of
2-chloromethylpyridine hydrochloride (0.14 g, 0.8 mmol, 0.1
equiv.) was added until no peak of unsubstituted as well as
monosubstituted EBC was detected in the mass spectrum. The
obtained mixture was filtered on a glass frit, washed with
10 ml of CH;CN and the volume of the filtrate was reduced to
1/3 under reduced pressure. The product was obtained upon
cooling of this hot solution in the form of colourless crystals,
which were filtered on a glass frit, washed with a small
amount of cold CH;CN, diethyl ether (Et,O) and dried in air.
The product was isolated in a form of colourless crystals
(1.28 g, yield 70.7%).

MS m/z (+): 409.36 [L + H]".

Anal. caled (%) for C,,HzeNg: C, 70.55; H, 8.88; N, 20.57.
Found C, 70.42; H, 8.70; N, 20.95.

'H NMR (CDCl;): § 1.32-1.42 (H8, m, 2H), 1.49-1.58 (HS,
m, 2H), 2.27-2.38 (H9 + H11, m, 4H), 2.42-2.50 (H7 + H10 +
H11 + H12, m, 10H), 2.79 (H9, ddd, 2H, Jy = 13.0, 10.7,
4.1 Hz), 3.11-3.20 (H12, m, 2H), 3.44 and 3.84 (H6, AX, 4H,
’Jqu = 14.5 Hz), 3.97 (H7, ddd, 2H, Juy = 12.4, 10.5, 4.5 Hz),
7.10 (H2, m, 1H), 7.46 (H4, d, 1H, *Jyyy = 7.6 Hz), 7.62 (H3, td,
1H, *Jyy = 7.6, 2.0 Hz), 8.47 (H1, m, 1H).

BC{'H} NMR (CDCl,): § 27.8 (C8), 52.1 (C9), 54.0 (C7), 56.5
(C12), 57.4 (C10), 57.6 (C11), 61.8 (C6), 121.6 (C2), 123.0(C4),
136.1 (C3), 148.8 (C1), 161.1 (C5).

[Fe(L)][FeCl,]-H,O (1-H,0)

L (100 mg, 0.24 mmol) and anhydrous FeCl, (62 mg,
0.49 mmol, 2 equiv.) were suspended in 5 ml of dry CH;CN
under an argon atmosphere. The obtained suspension was
stirred at room temperature overnight and a yellow fine pre-
cipitate formed. The solid was filtered on a glass frit, washed
with 2 ml of CH;CN, 5 ml of Et,0O and dried in air. The
product was obtained in the form of yellow powder (140 mg,
yield 83.9%).

MS m/z (+): 232.33 [Fe(L)]**, 499.27 [Fe(L) + C1]".

Anal. caled (%) for [Fe(L)][FeCly]-H,O (Cy4H35Cl,Fe,NO): C,
42.38; H, 5.63; N, 12.36. Found C, 42.72; H, 5.53; N, 12.57.

[Fe(L)]Cl,-4H,0 (2-4H,0)

L (100 mg, 0.24 mmol) and anhydrous FeCl, (38 mg,
0.30 mmol, 1.2 equiv.) were suspended in 2.5 ml of dry DMF

This journal is © The Royal Society of Chemistry 2018
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under an argon atmosphere. The obtained suspension was
stirred at 150 °C for 1 h while the colour changed to yellow
and most of the solid dissolved. In order to redissolve the
remaining solid, 2.5 ml of CH3CN and 2.5 ml of CH;0H were
added. The obtained mixture was left to cool down to room
temperature and the small amount of yellow precipitate was fil-
tered off. 40 ml of Et,O was added to the filtrate and a brown
oily solid formed. The solution was poured out and then the
brown product was triturated with additional 10 ml of Et,O.
The solid was filtered on a glass frit and left in a vacuum desic-
cator overnight. The product was obtained in a form of brown-
green powder (58 mg, yield 38.9%).

MS m/z (+): 499.27 [Fe(L) + CI7]".

Anal. caled (%) for [Fe(L)]Cl,-4H,0 (Cy4H,4CLFeNgO,):
C, 47.46; H, 7.30; N, 13.84. Found C, 46.97; H, 7.31; N, 13.61.

[Fe(L)](BF,),:0.5CH;CN (3-0.5CH;CN)

L (50 mg, 0.12 mmol), anhydrous FeCl, (20 mg, 0.16 mmol, 1.3
equiv.) and NaBF, (34 mg, 0.31 mmol, 2.5 equiv.) were sus-
pended in 5 ml of dry CH3CN under an argon atmosphere.
The obtained suspension was heated to 60 °C for 10 minutes
and then stirred overnight at room temperature. The yellow/
dark green precipitate was filtered off on a glass frit and the
filtrate was allowed to crystallize by diffusion of Et,O vapours
at 5 °C. The product was obtained in the form of dark green
block shaped crystals (38 mg, yield 48.7%).

MS m/z (+): 232.29 [Fe(L)]*", 551.33 [Fe(L) + BF, |".

Anal. caled (%) for [Fe(L)](BF,4),-0.5CH;CN
(CysHj, sB,FgFeNg 5): C, 45.59; H, 5.74; N, 13.82. Found
C, 45.67; H, 6.21; N, 13.66.

[Fe(L)](BPh,),-CH;0H (4-CH;0H)

L (50 mg, 0.12 mmol) and anhydrous FeCl, (20 mg,
0.16 mmol, 1.3 equiv.) were suspended in 10 ml of dry CH;CN
under an argon atmosphere and stirred overnight at room
temperature. The small amount of orange precipitate was fil-
tered through a Millipore syringe filter (0.45 pm) and a suspen-
sion of NaBPh, (84 mg, 0.25 mmol, 2 equiv.) in the mixture of
2.5 ml CH3CN and 1 ml of CH;0H was added to the filtrate. The
suspension was stirred at room temperature overnight. The pre-
cipitate was filtered through a Millipore syringe filter (0.45 pm)
and the filtrate was allowed to crystallize by diffusion of Et,O
vapours at 5 °C. The product was obtained in a form of dark
green block shaped crystals (26 mg, yield 18.7%).

MS m/z (+): 783.37 [Fe(L) + BPh, ]

Anal. caled (%) for [Fe(L)](BPh,),-CH;0H (C;3HgoB,FeNO):
C, 77.25; H, 7.11; N, 7.40. Found C, 77.70; H, 7.60; N, 7.57.

Physical methods

'H and "C NMR spectra were recorded on a 400 MHz NMR
spectrometer (Varian, Palo Alto, CA, USA) at 25 °C: 'H
399.95 MHz, chloroform-d (CDCl;, residual solvent peak) § =
7.26 ppm, *C 100.60 MHz, (CDCl;, residual solvent peak) § =
77.2 ppm. The multiplicity of the signals is indicated as
follows: s - singlet, d — doublet, t - triplet, m - multiplet. The
deuterated solvent CDCl; from Sigma Aldrich was used as
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Fig. 4 The molecular structures of the complex cation [Fe(L)]>* in the crystal structure of 2-1.5H,0 (A) and 3 at 120 K (B) and 3 at 293 K (C) together
with the overlay of the structures of 3 (D, blue — 3 at 120 K, red — 3 at 293 K, Root Mean Square Deviation (RMSD) was 0.1706 for the overlay). Non-
hydrogen atoms are drawn as thermal ellipsoids at the 50% probability level. Hydrogen atoms were omitted for clarity. Only one of the two crystallo-
graphically independent molecules found in the asymmetric unit of 2 is shown for clarity.

received. The atom numbering scheme used for NMR data
interpretation is shown in Fig. 1. The carbon as well as hydro-
gen atoms were assigned according to the spectra obtained
from two-dimensional correlation experiments 'H-'H gs-
COSY, "H-"’C gs-HMQC and 'H-"C gs-HMBS (see Fig. S1-S3
in the ESIt). Elemental analysis (C, H, and N) was performed
on a Flash 2000 CHNO-S Analyzer (Thermo Scientific,
Waltham, MA, USA). The mass spectra were recorded on an
LCQ Fleet ion trap mass spectrometer (Thermo Scientific,
Waltham, MA, USA) equipped with an electrospray ion source
and a 3D ion-trap detector in the positive mode. Infrared (IR)
spectra of the complexes were collected on a Thermo Nicolet
NEXUS 670 FT-IR spectrometer (Thermo Nicolet, Waltham,
MA, USA) employing the ATR technique on a diamond plate in
the range of 400-4000 cm™". Simultaneous thermogravimetry
(TG) and differential scanning calorimetry (DSC) were per-
formed on a TG/DSC analyser STA449 F1 (Netzsch GmbH & Co.
KG, Selb, Germany) under a dynamic air atmosphere (100 mL
min™") in the temperature interval of 25-900 °C with the
heating rate of 5.0 °C min~'. The magnetic data were
measured on powder samples using a PPMS Dynacool system
(Quantum Design, San Diego, CA, USA) with the VSM option.
The experimental data were corrected for the diamagnetism
and signal of the sample holder. The heating/cooling rate was
1 K min~". The X-ray powder diffraction patterns were recorded
with a MiniFlex600 (Rigaku) using Cu Ka radiation (1 =
1.5418 A).

X-ray diffraction analysis

Single crystals of complexes 2-1.5H,0 and 3-0.5CH;CN suitable
for X-ray diffraction analysis were prepared by a vapour
diffusion of Et,O into the MeCN solution of the appropriate
complex at 5 °C. Single crystals of 3 were obtained by allowing
3-0.5CH;CN to stand at room temperature in air. During the
recrystallization of 1-1H,O from CH3;CN/CH3;0H solution, oxi-
dation of the [FeCl,]>” anion occurred and single crystals of
the complex [Fe(L)][FeCl,], (1a) were obtained. The X-ray diffr-
action data were collected on a Bruker D8 QUEST diffracto-

6138 | Dalton Trans., 2018, 47, 6134-6145

meter equipped with a PHOTON 100 CMOS detector using
Mo-Ka radiation. X-ray diffraction experiments at 120 and
293 K were performed on the same single crystal of complex 3.
The APEX3 software package®® was used for data collection
and reduction. The molecular structures of 1a, 2-1.5H,0 and 3
were solved by direct methods and refined by the full-matrix
least-squares procedure of SHELXL (version 2014/7).*
Hydrogen atoms of the complexes were found in the difference
Fourier maps and refined using a riding model, with C-H =
0.95 (CH),; and C-H = 0.99 (CH,) A, and with Uj,(H) =
1.2U.q(CH, CH,). The molecular and crystal structures of the
studied complexes and the molecular overlay (calculated by
using the smallest difference between two sets of atom posi-
tions in two molecules characterized by Root Mean Square
Deviation (RMSD)) are depicted in Fig. 4, and S8-S12,} respect-
ively, and were drawn using the Mercury software.*® We also
tried to prepare single crystals of 4-CH;OH suitable for X-ray
analysis. Unfortunately, we were able to prepare crystals of only
poor quality and although we measured a few of them on the
diffractometer, the refinement of the molecular structure was
possible only with parameters unacceptable for publication.
Therefore, the best structural model obtained is shown in the
ESI as Fig. S9t only, from which the composition and the
molecular structure of 4 are clearly seen.

Results and discussion
Synthesis and general characterization

Many different types of ethylene-cross-bridged cyclam (EBC)
derivatives were synthesized previously,””® but a derivative con-
taining two 2-pyridylmethyl pendant arms (Py,-EBC = L) has
not been prepared yet, although several structurally similar
compounds also containing a pyridine moiety are known, e.g.
Me, Py-EBC, Pic-EBC, and Pic,-EBC (see Fig. 1). Both synthetic
strategies described in Fig. 2 were used during the synthesis of L.
The first one based on the dialkylated bis(ammonium)
salt C (Fig. 2, R = CH,Py) was the first choice.
2-Chloromethylpyridine was used as an alkylating agent and

This journal is © The Royal Society of Chemistry 2018
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various iodides (Nal, KI, and NBuyl) were added in order to
increase the reactivity of 2-chloromethylpyridine toward Sy2
substitution. Although the reaction was performed in many
types of solvents with different polarities (i.e. toluene, CHCl;,
CCly, tetrahydrofurane, acetone, and propylene carbonate) at
room or increased temperature, only the monoalkylated
product B (Fig. 2, R = CH,Py) or an unidentifiable mixture of
red-coloured by-products was obtained without any indication
of the formation of the desired product C. Thus, it can be con-
cluded that the self-alkylation reaction of 2-chloromethyl-
pyridine under employed experimental conditions is much
faster than the alkylation of the second macrocyclic nitrogen
atom and that only the monoalkylated product B can be pre-
pared via this approach (recently it was successfully used in
the synthesis of Me,Py-EBC).>! Therefore, the second synthetic
approach based on the direct alkylation of EBC was used. EBC
was prepared according to the previously described literature
procedure'” based on the synthesis of Bz,~EBC according to
the approach 1 as shown in Fig. 2 and its consequent debenzy-
lation using N,H,/Pd-C.* In this case, the desired product L
was formed according to the expectation with a good yield of
71% and furthermore, it crystallized from the CH;CN reaction
solution, which helped to obtain the ligand in very good
purity. The obtained 2D NMR spectra ("H-'H gs-COSY, 'H-"3C
gs-HMQC and 'H-"*C gs-HMBC), which were used for the final
signal-atom assignment (Fig. 1), can be found in the ESI in
Fig. S1-S3.7

The syntheses of Fe™ complexes 1-H,O, 2-4H,0,
3-0.5CH3CN and 4-CH3;0H were done according to the modi-
fied literature procedures used for the syntheses of [Fe(Me,-
EBC)Cl,],** [Fe(Bzy-EBC)CL]*® or [Fe(Bz,-EBCN)CI,]*® under
dry conditions and an inert argon atmosphere. Anhydrous
FeCl, was used as a starting material in all the cases and the
complete complex formation was checked using mass spectra.
When FeCl, and L were directly mixed and reacted in dry
CH;CN, the complexation of Fe** by L caused the release of
the chlorido ligands, which consequently reacted with free
FeCl, to form the [FeCl,]*” anions, which induced the precipi-
tation of [Fe(L)]*" in the form of [Fe(L)][FeCly] (1) from the
solution. In the case when equimolar amounts of FeCl, and L
were used, a free L always remained in the reaction mixture
because of the above-mentioned Fe-consuming reaction.
Thus, a slight excess of FeCl, was used together with pro-
longed heating in a different solvent (DMF) for the preparation
of the complex 2-4H,0 with the chloride counter ions, which
was capable to better dissolve FeCl,. The chloride counter ions
were replaced by BF,” and BPh, during the preparation of
complexes 3-0.5CH3;CN, and 4-CH3;OH, respectively, by the
addition of 2.5 and 2 equivalents of NaBF, and NaBPh,,
respectively, to the FeCl, and L reaction mixture. Direct syn-
thesis of 3 from Fe(BF,),-6H,0O and L was unsuccessful even
after prolonged reflux in CH;CN.

In order to reveal the thermal stability of the studied com-
plexes, simultaneous TG/DSC measurements were performed
under a dynamic air atmosphere and the obtained results are
shown in Fig. S4 (ESIf). For each of the compounds, the fol-
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lowing weight losses, demonstrating solvent molecule elimin-
ation, were found: 2.7% (1-H,O, 2.6% calcd), 11.6% (2-4H,0,
11.9% caled), 3.1% (3:0.5CH3;CN, 3.1% caled) and 2.5%
(4-CH;0H, 2.8% calcd) occurred in the temperature range of
25-200 °C, which well corresponded to the elimination of the
appropriate number of solvent molecules of crystallization.
Further thermal decomposition proceeded in several steps
without the formation of thermally stable intermediates
accompanied by several exo effects. The decomposition was
finished above 550-600 °C.

The measured IR spectra of the ligand L are compared with
those of the studied Fe" complexes (see Fig. S5 in the ESI{)
and their similar patterns confirm the presence of L within
the complexes. Broad multiplets at ~2800 and ~2900 cm™*
correspond to the CH, stretching vibrations of L, which are
shifted to ~2850 and ~2950 ¢cm™' upon the ligand coordi-
nation to Fe' in the spectra of all the complexes. The spectra
also contain medium bands at ~1430, ~1450, and ~1480 cm ™"
and a strong sharp peak(s) at 1600 and 1580 cm™" which can
be assigned to stretching vibrations of the aromatic C=C and
C=N bonds together with CH, bending vibrations and
wagging vibrations of the pyridine ring. Characteristic absorp-
tion bands due to the presence of free counter ions were found
in the spectra of 3 (a strong broad band at 1035 cm™" and a
weak band at 520 cm™" corresponding to BF,)*° and 4-CH;OH
(strong bands at 703, 733 and 749 cm™' corresponding to
BPh, and strong bands at ~3000 cm ™" of aromatic CH stretch-
ing vibrations).”® A strong broad signal at ~3300 cm™" corres-
ponding to the stretching vibration of the water molecules was
observed only for 2-4H,0, while a weak broad signal was
visible in the spectrum of 1-H,0, which well corresponded to
the presence of water of crystallization in these compounds.

Powder X-ray diffraction patterns of all the studied com-
plexes (Fig. S6 and S7 in the ESIt) confirmed good crystallinity
for complexes 1-H,0, 3:CH3;CN and 3 and lower crystallinity
for complexes 2:4H,0 and 4-CH;OH. This fact may affect,
among others, the SCO behaviour of the complexes (see later
in the section of Magnetic properties).

X-ray analysis

The molecular structures of compounds 2-1.5H,0, 3 (at 120 K
and 293 K) and 1a (a product of the oxidation of 1-H,O,
vide infra) were determined by single crystal X-ray analysis
(Fig. 4, Fig. S8-S12 in the ESI}) and the crystal data and struc-
ture refinements are listed in Table 1 and Table S1 in the ESL.}
The single crystals of 3-0.5CH3;CN were prepared as well, but
the solvent molecules were bound very weakly within the
crystal structure because their loss occurred slowly also at
room temperature and not only above ca. 350 K as indicated by
the TG curve (see Fig. S4 in the ESIt) and magnetic measure-
ments (see later in the section of Magnetic properties). This
process of solvent loss was accompanied by a colour change
from dark brown-green to light green, which is shown in Fig. 5
containing the picture of the crystals of 3-0.5CH;CN during
their gradual single-crystal-to-single-crystal (SCSC) transforma-
tion (can be followed by naked eye on big crystals).
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Table 1 Crystal data and structure refinements for complexes 2:1.5H,0 and 3

Compound 2:1.5H,0 3 3

Formula C4gH75Cl Fe,N;,05 C,,H;6B,FsFeNg C,4H;6B,FgFeNg
M, 1124.72 638.06 638.06
Temperature (K) 120(2) 120(2) 293(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/n P21/n

a(A) 23.5964(15) 11.072(5) 11.0789(10)
b(A) 13.0895(9) 11.983(6) 12.0262(11)
c(A) 17.5179(12) 21.198(11) 21.201(2)
a(°) 90 90 90

B9 111.314(2) 102.346(17) 102.212(3)
7 (9 90 90 90

vV, A® 5040.6(6) 2747(2) 2760.8(4)

zZ 4 4 4

Deate, g M > 1.482 1.543 1.535

i, mm 0.843 0.631 0.628
F(000) 2376 1320 1320

6 range for data collection (°) 2.325-24.999 2.303-24.217 2.531-24.999
Refl. collected 78326 33934 35819
Independent refl. 8866 4268 4608

R(int) 0.1303 0.0966 0.1771
Data/restrains/parameters 8866/0/650 4268/0/407 4608/0/407
Completeness to 0 (%) 99.9 96.6 94.8
Goodness-of-fit on F* 1.022 1.035 1.040

Ry, WR, (I> 20(I)°

Ry, WR, (all data)”

Largest diff. peak and hole/A™
CCDC number

0.0451, 0.0911
0.0747, 0.0986
1.341 and —0.658
1820712

0.0372, 0.0734
0.0567, 0.0797
0.346 and —0.277
1820713

0.0569, 0.1310
0.1303, 0.1489
0.562 and —0.470
1820714

“Ry = Y(|Fo|=|Fe) X |Fe|; WRy = [ZW(FOZ - FCZ)Z/ZW(FOZ)Z]I/Z-

Fig. 5 Photograph of crystals of 3-:0.5CH3CN (dark brown-green = sol-
vatomorph |, in the LS state) during their transformation to 3 (light green
= solvatomorph Il, in the HS state) induced by the loss of crystal solvent
molecules.

Furthermore, this solvent loss was accompanied by a
change of the crystallographic phase, which was confirmed by
a different X-ray powder diffraction pattern of freshly prepared
3-0.5CH;CN (solvatomorph I) and a desolvated form of 3 (sol-
vatomorph II) depicted in Fig. S7 in the ESI,T and it was associ-
ated with a transition of the complex from the LS to the HS
state (see the section of Magnetic properties) as well. Despite
many attempts to determine the molecular structures of
several different single crystals of 3-:0.5CH3CN (solvatomorph I),
they could not be elucidated due to a very low quality of the
obtained diffraction data, which can be related to the occur-
ring loss of the crystal solvents in the crystals. Furthermore,
the recrystallization of complex 3 from CH;CN resulted in the
formation of light yellow [Fe(L)]F; (confirmed by MS m/z (+):

6140 | Dalton Trans., 2018, 47, 6134-6145

502.21 [Fe(L) + 2F]") as a product of complex oxidation and
decomposition.

Such solvatomorphism has been previously observed for
other Fe(n) SCO systems, e.g. [Fe(bpp)(H,L)](ClO,4),:1.5C3HsO
(bpp = 2,6-bis( pyrazol-3-yl)pyridine, H,L = 2,6-bis(5-(2-methoxy-
phenyl)pyrazol-3-yl)pyridine) with a kinetically slow extrusion of
0.5 acetone molecule above 375 K (SCSC transformation from
the LS to the HS state),”> which was reversible and allowed
determination of different ordered phases in one crystal.**

The recrystallization of 1-1H,0 from CH3;CN/CH3;0H solu-
tion by the diffusion of Et,O vapours was accompanied by the
oxidation of the [FeCl4]*” anion to the [FeCl,]” one, which led
to the formation of [Fe(L)][FeCl,], (1a). Its molecular structure
was determined and is shown in Fig. S8 in the ESL{ The
complex cation [Fe(L)]*" reveals symmetric (C, axis) and
slightly distorted octahedral cis-V geometry with an average
(Fe-N) distance value of 2.060 A (Fig. S8 and Table S2 in the
ESI}) corresponding to the LS state of the Fe(un) atom. Apart
from the [Fe(L)]** cation, the molecular structure consists of
two tetrahedral [FeCl,]” anions. The crystal structure is further
stabilized by the C-H---Cl non-covalent contacts (Table S37)
connecting individual molecule ions into a 3D supramolecular
structure.

The molecular structures of compounds 2-1.5H,0 (120 K), 3
(solvatomorph II at 120 K) and 3 (solvatomorph II at 293 K) are
very similar (Fig. 4). The complex cation [Fe(L)]*" reveals dis-
torted octahedral geometry with a cis-V ligand coordination
mode (Fig. 4). The largest bite angle is provided by the coordi-
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nation of two macrocyclic nitrogen atoms connected by a pro-
pylene bridge (~92-97°, N(1)-Fe-N(3) and N(2)-Fe-N(4),
Table 2), while it decreases for the nitrogen atoms connected
by an ethylene bridge (~81-88°, N(1)-Fe-N(2), N(3)-Fe-N(4),
and N(2)-Fe-N(3), Table 2) and it is the smallest for the co-
ordinated pendant pyridines (~79-81°, N(1)-Fe-N(5) and N(4)-
Fe-N(6), Table 2).

In the case of the molecular structures of 2-1.5H,O and 3
(120 K), the Fe-N,;r bonds range from 2.022(3) A to 2.126(3)
A, while the significantly shorter Fe-N,,, bond ranges from
2.004(3) A to 2.078(3) A (Table 2). On the other hand, this
difference in the Fe-Ny and Fe-Np, bond lengths is not
observed in the molecular structure of 3 at 293 K. The average
(Fe-N) distance value is 2.051 and 2.086 A (Table 2) for 2 and
3 (120 K), respectively, which clearly indicates that both
complexes were in the LS state at 120 K. It is because the
typical Fe-N distances for octahedral Fe(u) complexes in the
HS state are ca. 0.15 A longer, i.e. ~2.2 A.*° Such a value of
the average (Fe-N) distance, concretely 2.197 A (Table 2), was
found for 3 at 293 K which confirmed the HS state of the
complex 3 at room temperature. The obtained values are very
close to the (Fe-N) bond distances of 2.077 A (the LS state at
90 K) and 2.197 A (the HS state at 293 K) observed in [Fe(Py,~
C)](BF,),,>* the SCO complex of a structurally similar
unbridged ligand Py,~C. The overlay of the molecular struc-
tures of 3 in the LS (120 K) and HS (293 K) state is depicted in
Fig. 4D, which clearly shows the shorter Fe-N distances at
120 K (especially for pyridine N5 and N6 atoms) and a small

Table 2 Selected bond lengths (A) and angles (°) for the studied
complexes

Distances 2¢ 3P 3¢
Fe-N(1) 2.092(3)/2.108(3) 2.126(2) 2.200(3)
Fe-N(2) 2.036(3)/2.022(3) 2.072(2) 2.195(3)
Fe-N(3) 2.041(3)/2.032(3) 2.048(2) 2.188(3)
Fe-N(4) 2.099(3)/2.111(3) 2.125(2) 2.213(4)
Fe-N(5) 2.034(2)/2.004(3) 2.067(2) 2.205(3)
Fe-N(6) 2.017(3)/2.015(3) 2.078(2) 2.183(4)
(Fe-N) 2.051 2.086 2.197
Angles 24 3? 3°
N(3)-Fe-N(1) 95.22(10)/94.62(10) 95.99(9) 92.60(13)
N(2)-Fe-N(4) 94.65(10)/94.80(10) 96.51(9) 91.64(14)
N(2)-Fe-N(1) 84.21(10)/84.18(10) 82.43(9) 81.99(13)
N(3)-Fe-N(4) 84.01(10)/84.31(10) 82.85(10) 81.04(13)
N(2)-Fe-N(3) 86.51(10)/87.65(11) 87.50(9) 80.99(13)
N(5)-Fe-N(1) 80.46(10)/81.30(10) 79.86(9) 78.74(13)
N(6)-Fe-N(4) 81.05(10)/81.06(10) 79.50(9) 79.28(13)
N(6)-Fe-N(5) 86.54(10)/85.25(10) 92.76(9) 93.08(13)
N(6)-Fe-N(2) 175.66(10)/175.49(10) 175.52(9) 170.13(14)
N(5)-Fe-N(2) 93.78(10)/93.73(11) 90.01(9) 93.39(13)
N(6)-Fe-N(3) 93.51(10)/93.70(11) 89.97(9) 93.56(13)
N(5)-Fe-N(3) 175.61(10)/175.53(10) 175.42(9) 170.32(13)
N(6)-Fe-N(1) 100.11(10)/99.99(10) 101.52(9) 106.61(13)
N(5)-Fe-N(4) 100.33(10)/99.79(10) 101.26(9) 107.14(12)
N(1)-Fe-N(4) 178.66(10)/178.56(11) 178.47(9) 171.70(13)

“Two values are given for two crystallographlcally independent mole-

cules found in the asymmetric unit.

5 For 120 K. “ For 293 K.
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shift of the metal atom outside the cross-bridged cyclam
macrocyclic cavity.

The spin transition of 3 from the LS to the HS state was
accompanied by additional structural changes. Firstly, the cell
volume was increased from 2747(2) A® to 2760.8(4) A® (Tables 1
and 3). Secondly, the degree of the deformation of the coordi-
nation polyhedron expressed in the case of the octahedron by
the structural parameter ¥,°>*! which is equal to zero for an
ideal octahedral geometry and increases with the deformation,
was increased for about 20° (Table 3), which is slightly lower
than the typical value (30% of X for the HS state) observed for
the spin transition in other Fe() SCO complexes.”

Unfortunately, the single crystals of 4 were of very poor
quality, and therefore the molecular structure of 4 is only
reported in the ESI in Fig. S9.7 Nevertheless, it clearly confirms
a similar distorted octahedral geometry of [Fe(L)]*" as observed
in 2-1.5H,0 or 3 and the presence of the appropriate counter
ions as well. Moreover, the Fe-N bond lengths of 4 are within
the interval of 2.030-2.072 A, thus supporting the presence of
the Fe(u) atom in the LS state at 120 K.

In the crystal structure of 2-1.5H,0, two crystallographically
independent [Fe(L)]*" cations were found in the asymmetric
unit (Fig. S10 in ESI}) together with four chloride counter ions
as well as three water molecules. The chloride anions as well
as water molecules participate in an extensive system of the O-
H---Cl hydrogen bonds and C-Hgromaties:+Cl/O non-covalent
contacts (Fig. S11, Table S4 in the ESIT) altogether helping to
form a 3D supramolecular structure. The difference in the
number of co-crystallized solvent molecules in complex 2
determined using X-ray analysis (2-1.5H,0), and by elemental
analysis and thermogravimetric analysis (2:4H,0) is most
likely caused by a slightly different synthetic procedure used
for the preparation of the polycrystalline solid sample
(product precipitation induced by direct Et,O addition) and
single crystals (recrystallization using a slow diffusion of Et,O
vapours into CH3;CN solution) suitable for X-ray analysis.

In the crystal structure of 3 determined at 120 K as well as
at 293 K, the [Fe(L)]*" cations were accompanied by two BF,~
counter anions and the F5, F6, F7 and F8 atoms were dis-
ordered over two positions with the occupancy factors as
follows: 0.55/0.45 (120 K) and 0.38/0.62 (293 K) for F5a, F6a,
F7a, F8a/F5b, F6b, F7b, and F8b. The crystal structure of 3 is

Table 3 Structural, shades of colour and spin changes for complex 3

Complex 3:0.5 CH3CN 3 3
Solvatomorph I 1I 1I
Space group — P2,/n P2,y/n
Spin state LS HS LS
Temperature (K) 120/293 293 120
Cell volume (A*) — 2760.(4) 2747(2)
(Fe-N) — 2.197 2.086
=t — 96.0 75.9
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stabilized by a variety of the C-Haromatic'**F non-covalent con-
tacts (Fig. S12 in the ESI¥).

Magnetic properties

The magnetic measurements for 1-H,O, 2-4H,0, 3-0.5CH;CN
and 4-CH;OH in the temperature range of 5-400 K were per-
formed and the obtained results are expressed as the tempera-
ture dependence of y,,T in Fig. 6. The values of y,,,T as well as
values of effective magnetic moment (ue/ug) for the studied
compounds at selected temperatures are listed in Table 4.
There are two types of Fe™ centres present in 1-H,0O, ie. the
complex cation [Fe(L)]*" and complex anion [FeCl,*". The
initial y,,T value of 7.24 ecm™ K mol™" at 400 K is almost the
same as the theoretical value of 7.26 cm™ K mol™" for two Fe'"
centres with S = 2 and g = 2.2 (higher values of g-factor close to
2.2 are usually found for HS Fe'' complexes due to a substan-
tial contribution of the orbital angular momentum from
excited states).>>”>* The y,,,T value gradually decreases between
400 and 300 K, while below 300 K, it decreases abruptly to

x T(cm‘3 K mol'1)

m

T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
T(K)

Fig. 6 Temperature dependence of y,,T for compounds 1-H,0O, 2-4H,0,
4-CH3OH (1% cycle 5 K — 400 K) and 3 (2™ cycle 5 K — 400 K).

Table 4 The values of y,T and effective magnetic moments at the
selected temperatures

Compound T[K] ZmT [em® K mol™] Hest [1s]”
1 400 7.24 7.61
1-H,0 100 3.55 5.33
1-H,0 5 1.86 3.86
2 400 3.94 5.61
2-4H,0 5 0.06 0.68
3.0.5CH;CN 300 0.42° 1.82°
3 400 3.72 5.45
3 5 0.04 0.56
4 400 3.57 5.35
4-CH,OH 5 0.06 0.67

“ ug is the Bohr magneton. The formula of pieg = (87mT)"* was used for

the recalculation. ” The initial values obtained before heating to 400 K.

6142 | Dalton Trans., 2018, 47, 6134-6145

View Article Online

Dalton Transactions

reach a plateau between 150 and 50 K at the y,,T value of
3.66-3.42 cm~® K mol ™", which is in accordance with the spin-
only value of 3.63 cm™ K mol ™" for one Fe" with § =2 and g =
2.2. An additional decrease of y,,7 below 50 K can be attribu-
ted mainly to the zero field splitting and/or any intermolecular
non-covalent interactions. Observed magnetic behaviour can
be explained by considering the [Fe(L)]** unit responsible for
the spin transition with Ty, ~ 245 K, estimated from the first
derivative of y,,,T (Fig. S13 in the ESI{), and the [FeCl,]*” unit
remaining in the HS state in the whole temperature range (a
weak tetrahedral ligand field). Surprisingly, complex 1-H,O is a
very rare example of a SCO Fe(u) complex containing the
[FeX4]™>" anion. To the best of our knowledge, there are only
two examples of such a system based on [Fe(Metz)s][FeBr,],
(Metz = 1-methyltetrazole), for which Ty, is around 165 K and
[FeBr,|” anions are magnetically ordered at low tempera-
ture,”® and [Fe(AIBN);][FeCl,], (AIBN = 2,2"-azobisisobutyro-
nitrile) displaying a ‘half’ spin transition (7;,, = 170 K).*” Due
to a very low amount of obtained complex 1a, its magnetic pro-
perties were not possible to study in detail.

In the case of complex 2-4H,0, a gradual decrease in the
T value, from 3.94 cm™ K mol ™" at 400 K (slightly higher
than 3.63 for one Fe" with § = 2 and g = 2.2) to 0.06 cm > K
mol ™" at 5 K, was observed. Based on the powder XRD pattern
of 2:4H,0 (Fig. S6 in the ESI}), the poor crystallinity of the
bulk sample could contribute to the low cooperativity in the
sample, thus affecting the SCO behaviour.

For all the studied compounds, the temperature cycles of
300 K - 5 K - 400 K - 5 K — 400 K were measured. The
obtained magnetic curves were almost similar for all studied
compounds, except for 3-0.5CH3;CN containing the BF,"
counter anions. This indicates that the loss of co-crystallized
solvent molecules at a high temperature has a significant
effect on SCO only in the case of compound 3-0.5CH;CN. In
this case (Fig. 7), the initial y,,,T value of 0.42 cm™ K mol ™" at

300K 5K
3.5 5K— 400K
400K—> 5K
5K 400K

e >eD

3.0 4

2.5

2.0 1

1.5 4

2. T(em® K mol'™

m

1.0 1

0.5 4

T 1
200 400

T(K)

Fig. 7 Temperature dependences of y,T of compound 3-0.5CHsCN
with the temperatures changing from 300 K to 5 K (black), from 5 K to
400 K (blue), from 400 K to 5 K (red) and from 5 K to 400 K (green).
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300 K indicated that the majority of the complex (~89%) was
in the LS state at the beginning of the measurement. When
the sample was cooled down (Fig. 7), the y,,T value gradually
decreased to 0.009 cm™ K mol™" at 5 K, which confirmed the
LS state of the complex. The curve for heating up to 300 K was
identical to that for cooling. Upon further heating of the
sample, a very sharp increase of y,,,T from 0.91 to 3.70 cm™> K
mol™" (spin-only value of 3.63 for one Fe" with S =2 and g =
2.2) at 350 K was observed and followed by almost constant
progress of y,T up to 400 K (Fig. 7). By cooling the sample
down, the SCO occurred with Ty, = 177 K (ref. 58) and y,,T
decreased from the value of 3.72 cm™ K mol™" at 400 K to
0.04 cm™® K mol™" at 5 K (Fig. 6 and 7), with an almost identi-
cal curve for sample heating back to 400 K. As mentioned
before, the LS state of [Fe(L)]*" cations at 120 K was also con-
firmed by X-ray analysis. The observed sharp transition to the
HS state at 350 K is most likely related to the loss of co-crystal-
lized solvent molecules of CH;CN (3.1% of the mass loss in TG
well corresponds to the 0.5 molecule of CH;CN, see Fig. S4 in
the ESIT). As was already described in the section X-ray ana-
lysis, this first spin transition at 350 K (3-0.5CH;CN - solvato-
morph I, LS — 3 - solvatomorph II, HS) was accompanied by
the crystallographic phase change and by the colour change
from dark brown-green to light green (Table 3, Fig. 7), while
the spin transition at 177 K (3 - solvatomorph II, HS « 3 - sol-
vatomorph II, LS) only by colour change from light green to
dark green and back.

A similar spin transition upon co-crystallized solvent de-
sorption was previously observed for [Fe(bpp)(H,L)]
(Cl0y4),-1.5C3HgO (bpp = 2,6-bis(pyrazol-3-yl)pyridine, H,L =
2,6-bis(5-(2-methoxyphenyl)pyrazol-3-yl)pyridine), for which a
kinetically slow extrusion of 0.5 acetone molecule above 375 K
was accompanied by SCSC transformation from the LS to the
HS state and it was reversible.*> The acetone molecules were
able to be reversibly replaced by water and methanol mole-
cules, which induced reverse transition from the HS to the LS
state. The desolvated phase showed SCO with 5 K hysteresis
(Ty24/Ty 21 = 235/240 K).*> Another similarly behaving complex
was [Fe(1,3-bpp),](ClO,),:nH,O0 (n = 0, 1, 2; 1,3-bpp =
2-(pyrazol-1-yl)-6-( pyrazol-3-yl)pyridine) ~ for =~ which  two
dehydrated polymorphs with different 7,,, (278 and 315 K)
were found together with SCO behaviour for the monohydrated
solvatomorph as well.*?

The last compound 4-CH;OH contained BPh,™ anions, and
this anion exchange led to SCO with Ty, ~ 290 K having
similar high- and low-temperature y,T values (3.57 and
0.06 cm™> K mol™") as observed for 2-4H,0 and 3.

The value of y,T for the octahedral LS Fe" complexes
should be zero due to their diamagnetism, and in our case,
the observed close-to-zero y,,T values at low-temperature for
complexes 2-:4H,0, 3 and 4-CH;OH indicate the complete tran-
sition to the LS state without any occurrence of the residual HS
fraction (less than 1.6%). In the case of 1-H,O, the complete
transition to the LS state occurred only for the [Fe(L)]*" cation
and the y,,T values below 150 K correspond to the presence of
[Fe"Cl,]* in the HS state. On the other hand, at high tempera-
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ture, the transition to the HS state can be considered as com-
plete only for 3.

The comparison of the obtained magnetic data well docu-
ments that the transition temperature is significantly affected
by the counter anions; it increases in the order BF,” < [FeCl,]*
< BPh, ", as well as by the presence/absence of co-crystallized
solvent molecule(s). Such behaviour and modulation of SCO is
well known for previously  described Fe™
based?®®*%41%97%2 or even Fe™-based SCO systems.®>**

In order to elucidate the effect of the cross-bridge in L on
SCO, the magnetic data for 3 were compared to those for
[Fe(Py,~C)](BF4),-H,0** containing the unbridged Py,-C ligand.
The SCO occurs with Ty, = 177 K in 3 while in [Fe(Py,-C)]
(BF,),-H,O0 it occurs with Ty, ~ 150 K. Because both complexes
have the same anions and the cations have the same cis-V con-
figuration, one could consider that the presence of the cross-
bridge might be responsible for this increase of transition
temperature. This is not surprising especially when properties
of both ligands are compared in detail. The replacement of the
secondary amino groups in Py,-C with the tertiary ones in L
causes an increase of the donor-properties of these nitrogen
atoms as a result of the well-known electron-donating effect of
the alkyl groups, which was observed in structurally similar
cylen® or cyclam systems with different degrees of alkylation
(e.g. 1-4 x Me)®® and it is also documented by the shortening
of the Fe-N distances by ~0.01 A in 3 in comparison with the
Fe-NH ones. As a consequence of this, a slightly stronger
ligand field is applied to the Fe' centre in 3, which could be
responsible for the increase of Ty,. A further aspect, which
could play a role, is the higher rigidity of L. On the other hand,
both compounds differ in their space group and their crystal
packing is significantly different as well. Even more, they differ
in the co-crystallized solvent molecule (0.5CH3;CN vs. H,0). All
these factors significantly affect the SCO behaviour (T, or the
abruptness of transition)®® or even the presence of SCO
itself.®” Thus, in this case, it is not possible to reveal undoubt-
edly the effect of the cross-bridge on the SCO behaviour in
comparison with the similar Fe'" complex with unbridged
ligand.

various
111

Conclusions

A new cross-bridged cyclam derivative containing two 2-pyri-
dylmethyl pendant arms (L), the last in a series of pyridine-
based cross-bridged cyclams, was synthesized and its Fe'' com-
plexes containing different counter anions ([FeCl,]*” (1-H,0),
Cl™ (24H,0), BF,” (3-0.5CH;CN) and BPh,  (4-CH;OH)) were
prepared and thoroughly characterized. The complexes
revealed the cis-V configuration for the [Fe(L)]** cation and
showed SCO behaviour with the transition temperature T},
depending on the counter ion(s). The lowest Ty, = 177 K was
found for 3 (BF,"), while higher T;,, values were observed for
1-H,O ([FeCl4]*") and 4-CH;O0H (BPh,") (~245 K, and ~290 K,
respectively), and gradual and incomplete transition for
2-4H,0 (CI7). The complex 3 showed the most abrupt and com-
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plete SCO, which proceeded after the elimination of the co-
crystallized 0.5 CH3;CN solvent molecule and this solvent loss
induced the formation of a different crystallographic phase.
The presence or absence of co-crystallized solvent molecule(s)
has a significant effect on SCO behaviour only in the case of
complex 3-0.5CH;CN. Ty, for 3 is slightly higher (177 K) in
comparison with the previously studied Fe complex contain-
ing a structurally similar unbridged ligand [Fe(Py,-C)]
(BF,),-H,0 with T, ~ 150 K.**

In conclusion, this is the first example of SCO complexes
with a cross-bridged cyclam-based ligand. By varying the
anion, one can change dramatically the temperature as well as
the abruptness of the spin transition. The observed SCO
behaviour is similar to that of the complexes with the
unbridged cyclam-based ligand; however the impact of the
cross-bridge on the SCO behaviour cannot be unambiguously
elucidated, because other factors like counter ions, crystal
solvent molecules and crystal packing play a more important
role.
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Abstract: The five-step synthesis of a polydentate building block combining a cyclen-based
macrocycle (DO3A) with N-(2-aminoethyl)propane-1,3-diamine, which are linked through
the xylylen moiety as a rigid C-spacer is described. These two molecular parts were
coupled by subsequent bromine atom substitution in 1,4-bis(bromomethyl)benzene. First,
N-(2-aminoethyl)propane-1,3-diamine was protected by phthaloyl moieties and then it was
reacted with 1,4-bis(bromomethyl)benzene to form (2-phthalimidoethyl)(3-phthalimido-
prop-1-yl)(4-bromomethylbenzyl)amine (2). This compound underwent a substitution
reaction with DO3A in the form of its fert-butyl esters leading to the intermediate 1-{4-[(2-
phthalimidoethyl)(3-phthalimidoprop-1-yl)aminomethyl Jphenylmethyl}-4,7,10-tris(z-butoxy-
carbonylmethyl)-1,4,7,10-tetraazacyclododecane (3). The phthaloyl as well as the t-butyl
protecting groups were removed in the next two reaction steps to form the final product
1-{4-[(2-aminoethyl)(3-aminoprop-1-yl)aminomethyl]phenylmethyl}-4,7,10-tris(carboxy-
methyl)-1,4,7,10-tetraazacyclododecane (5). The intermediates 1-4 as well as the final
product 5 were characterized by elemental analysis, mass spectrometry, and multinuclear
('H and "C) and two-dimensional NMR spectroscopy. The final product 5 could serve as a
potential building block in subsequent syntheses of binuclear complexes of lanthanides
and/or transition metals.

Keywords: synthesis; DO3A macrocycle; building block; NMR spectroscopy; mass
spectrometry
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1. Introduction

Polyazamacrocycles have become a large and variable group of important organic substances
because they represent irreplaceable ligands in complexes with transition metals, lanthanides, actinides
or they are chemical and structural bases of different anion receptors. One group of the most common
examples involves tetraazamacrocycles, namely cyclen (1,4,7,10-tetraazacyclododecane) and cyclam
(1,5,8,11-tetraazacyclotetradecane), which have found many applications as contrast agents for Magnetic
Resonance Imaging (MRI) [1], in optical imaging [2], Positron Emission Tomography (PET) [3],
Single-Photon Emission Computed Tomography (SPECT) [3] and as radiotherapeutics [4] as well.
Many structurally modified analogues have been prepared (representative examples are shown in
Figure 1), such as the well-known N-substituted derivatives with a different number of pendant arms
containing carboxylic acids (Hsdota 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, Hsdo3a
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid, H,do2a 1,4,7,10-tetraazacyclododecane-1,4- or
-1,7-dicarboxylic acid, Hateta 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid, and many others),
phosphonic acid (HgdotP 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylphosphonic acid) etc.) or
phosphinic acid (HydotP" 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-kis(methylphosphinic acid)) [1].
Gd(IIT) complexes with these compounds have found a unique application as contrast agents for MRI,
([Gd(dota)H,O] is one of the most stable and inert gadolinium complexes known under the trade
name DOTAREM™), and complexes of other lanthanides are employed in luminescence imaging and
assay, or their complexes with 6467Cy serve as PET agents.

Figure 1. Structural representations and abbreviations of selected macrocycles derived
from cyclen (left) and cyclam (right).

Rig /—\ R Rl LR
AN Ve
C) ")
N N N N
\ yd ~N
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R1 = R2 = R3 = R4 = CHchZH H4d0ta R1 = RZ = R3 = R4 = CHchZH H4teta
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R1 =R, = R = Ry = CH,PO(H)(OH) HgdotP"
R1=R3=H, Ry =R4 = CHypy 1,7-(py)ocyclen

Surprisingly, not much attention has been devoted to the characterization of the magnetic properties
of solid metal complexes with this type of macrocyclic ligands, except for a series of Fe(Il) complexes
with cyclen/cyclam modified on nitrogen atoms with different alkyls or pyridine-containing pendant
arms (1,7-(py).cyclen or 1,7-(py).cyclam), e.g., [Fe(1,7-(py).cyclam)](BF4),-H2O showed spin-crossover
behavior [5]. Additional progress in cyclen/cyclam-based chemistry was achieved by connecting the
macrocycles, usually by a rigid linker, to produce receptors for different anions (e.g., phosphates
recognized by a Zn(II) complex of cyclen anchored onto a polymer, Figure 2a) [6], cations (Cu(II) or
Zn(II) receptors having cyclen attached to a chromophore—dansyl (5-(dimethyl-amino)naphthalene-1-
sulfonyl), or anthryl group, Figure 2b) or neutral molecules (riboflavin, creatinine or thymine) [7].
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Figure 2. Examples of structures combining macrocycles with each other or with other
molecules of interest. (a) Zn(Il)-cyclen part connected to a polymer (represented as a
sphere). (b) Cyclen modified with anthrylmethylamino group. (¢) DO3A moiety connected
by the amide bridge to G0—G5 poly(amidoamine) (PAMAM) dendrimers (represented as a
sphere). (d) Thiourea bridge between the macrocycle and G2 PAMAM dendrimer
(represented as a sphere). (e) Example of two macrocycles connected via “click chemistry”
reaction (copper catalyzed [3+2] cycloaddition between alkyne and organic azide) and the
mode of lanthanide coordination.
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Further improvement, especially in the field of MRI contrast agents and radiotherapeutics, was
achieved by linking the macrocycles with another molecule of interest. Gd(III) complexes of
macrocycles linked to the macromolecules (dendrimers, cyclodextrins, proteins, nanotubes, efc.) showed
improved efficiency as MRI contrast agents (slowing down molecular rotation and tumbling) [1]. The
second group of molecules, which were linked to the macrocycle, could be considered as biological
targets and provided specific delivery or metabolic pathway of the molecule in living organisms [8].
The third group is comprised of molecules which showed a specific function and/or property, and
when they were combined with the macrocycle, new classes of multimodal/multifunctional compounds
were obtained (MRI and near-infrared (NIR) contrast agents, MRI and PET agents, “theranostic”
agents combining contrast agent and therapeutics into one molecule, efc.) [9].

The DO3A moiety has been widely used for the above-mentioned linking because it contains only
one site for possible substitution. Many different spacers between the macrocycle and the other
molecule of interest have been used and they are mostly based on the amide bond (Figure 2c) [10],
thiourea bridge (Figure 2d) [11] and different types of “click chemistry” bonding (e.g., particularly
copper catalyzed [3+2] cycloaddition reactions between alkynes and organic azides, Figure 2¢) [12].
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Here it should be stated that only representative examples of each group of compounds are mentioned
because their complete lists are well beyond the scope of this Introduction and they can be found in
many monographs and reviews [1,13].

The rigid xylylen (1,4-dimethylbenzene-1,4-diyl) bridge has already been employed as a linker
between the macrocyle and polyamine, but not exactly in the way described in this work. Two cyclen
or cyclam molecules were linked by the xylylen bridge in the synthesis of selective anti-HIV-1 agents
(as Zn(IT) complexes or free amines, Figure 3a,b) [7] and previously discussed anion receptors [6]. Two
DO3A macrocycles were already connected into one molecule by the xylylen bridge (Figure 3c) [14]
and its lanthanide complexes showed enhanced luminescence due to the presence of the benzene ring

(xylylen) which acted as a sensitizing chromophore and caused efficient energy transfer (an antenna
effect) [14].

Figure 3. Schematic representations of compounds in which cyclen/cyclam (or its
derivatives) were connected to polyamine via the xylylen bridge. For (d) R; = H or Me,
R, =2-, 3- or 4-pyridine or 2-aminophenyl, 4-aminophenyl, 5-methylpiperazine.
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Structurally similar compounds to that studied in this paper were prepared by connection of cyclen
or cyclam with linear polyamines. The anti-HIV-1 activity was described for monosubstituted cyclam
containing different monoamines modified by pyridine or aminophenyl groups (Figure 3d) [15] as well
as cyclam substituted with N-(2-aminoethyl)propane-1,3-diamine (Figure 3e) [16,17]. The synthesis of
the latter used phthaoyl protecting groups, but in comparison with our work, the further modification
of the macrocycle with acetate pendant arms was not persued.

The synthetic approach used for the preparation of the above-mentioned ligands was based on the
reaction of protected cyclen/cyclams with 1,4-bis(bromomethyl)benzene (one bromine atom is
substituted) and the obtained monobrominated intermediate reacted with differently protected
molecules (other cyclen/cyclam, linear polyamines, etc.). The terpyridine moiety was connected to
DO3A via a structurally similar rigid phenylmethyl bridge (Figure 3f) to obtain a self-assembly
heterotrinuclear gadolinium(I1I)—iron(IT) complex which belongs to a new class of MRI contrast agents
called metallostars [18,19].
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In this paper, the synthesis of a polydentate polyamino-polyacetate 1-{4-[(2-aminoethyl)(3-
aminoprop-1-yl)aminomethyl]phenylmethyl}-4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane
(5) combining DO3A with N-(2-aminoethyl)propane-1,3-diamine connected with the rigid xylylen
bridge is described. All synthetic steps are described in detail and compared with similar previously
published procedures. This type of molecule has been chosen because it provides a good starting point
for the synthesis of more sophisticated ligands belonging to the above-mentioned group of
multimodal/multifunctional compounds. The synthetically readily available DO3A cavity is a selective
chelator of lanthanides (providing e.g., luminescence) and the polyamine part can complex different
transition metals (providing e.g., spin-crossover behavior). Additionally, the polyamine part of the
molecule is simply modifiable in a way necessary for required complexation properties. The xylylen
linker has been chosen because it is relatively rigid and short enough, and moreover, it involves a
delocalized electron density, which all together may be a good condition for the preparation of
complexes showing interesting magnetic properties in the case of incorporation of two suitable
transition metals into the structure of 5. Moreover, despite a large number of structurally similar
compounds, to the best of our knowledge, no such motif of the rigid C-bonded (xylylen) bridge
between DO3A and a linear polyamine can be found in the literature so far.

2. Results and Discussion

The synthesis of the desired polydentate molecule 5 was done in five steps which are outlined in
Scheme 1 and the corresponding electrospray ionization (ESI) mass spectra are depicted in Figure 4.
The well-known phthalimide protection was employed in the first step of the synthesis. The
intermediate 1 was prepared in a good yield of 69% according to the procedure described in [20,21]
with a little modification. Glacial acetic acid was used as a solvent and in this case, the product,
which precipitated from the ethanolic (EtOH) solution, was slightly contaminated with
diphthalimidodiethylammonium hydrogen phthalate (1a, see Experimental section) [21]. The
deprotonation of 1a, leading to 1, and additional removal of the hydrogen phthalate anion were done
by treatment with 10% aqueous solution of Na,COj;. This step was necessary for the removal of the
prevailing traces of acetic acid as well. The similar reaction using acetonitrile (MeCN) as a solvent,
described in [22] was unsuccessful, probably due to the low solubility of phthalic acid anhydride in
MeCN. In the second step, the (4-bromomethyl)benzyl group was incorporated into the molecule of 1
to produce the intermediate 2. The treatment of 1 with an excess of 1,4-bis(bromomethyl)benzene in
refluxing MeCN with K,COj; gave 2 in a moderate yield of 51%. The reaction was monitored by thin
layer chromatography (TLC) and was completed in 30 min after dropwise addition of 1 to the
refluxing mixture of 1,4-bis(bromomethyl)benzene and K,COj;. The main intermediate 2 was separated
from the unreacted 1,4-bis(bromomethyl)benzene and unwanted by-product 2a (Figure 5) by means of
silica gel column chromatography (dichloromethane (DCHM): diethylether from 10:0 to 10:1). To
eliminate the formation of the by-product 2a, the reactants, i.e., 1 and 1,4-bis(bromomethyl)benzene,
should be mixed in the molar ratio of 1:2. Additionally, the mass spectra analysis revealed the presence
of polymeric substances 2b and 2¢ depicted in Figure 5, which could be related to the utilization of

non-dried solvents.
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Scheme 1. The synthetic pathway leading to the final product 5.
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Reagents and Conditions: (1) phthalic acid anhydride, CH;COOH, reflux 1 h; (ii) 1,4-bis(bromomethyl)benzene,
K,COs, MeCN, reflux 0.5 h; (iii) DO3A-tris(¢-butyl ester), K,CO;, MeCN, reflux 4 h; (iv) hydrazine, EtOH,
25 °C, 12 h; (v) trifluoroacetic acid, dichloromethane, 25 °C, 12 h.

In the next step, the intermediate 2 was coupled with DO3A in the protected form of #-butyl esters.
The reaction conditions were similar as for the synthesis of 2, but the reactants were mixed almost
immediately. The bromine atom substitution was completed after four hours of reflux resulting in the
desired product 3 (see Scheme 1). The crude product was purified by silica gel column
chromatography (CHCl;—MeOH = 25:1).

Further reaction steps involved the deprotection of the amino and carboxylate groups. Firstly, the
elimination of the phthaloyl protection group was performed by the reaction with an excess of
hydrazine in EtOH according to the literature procedure [23]. After stirring of this solution at room
temperature for 12 h, precipitated phthalhydrazide was filtered off and the intermediate 4 was obtained
after the evaporation of the solvent in vacuo. The rest of the phthalhydrazide present was removed by
precipitation and filtration from the CHCIlj; solution of the residue.

To deprotect the carboxylic groups on the macrocycle, a familiar reaction with trifluoroacetic acid
(TFA) in DCHM was used [24]. Overnight stirring at room temperature was satisfactory, because no
signal of ¢-butyl groups was observed in the 'H-NMR spectrum of the product obtained after the
evaporation of all solvents. In the end, the free amino-carboxylate was purified by cation-exchange and
then anion-exchange chromatography. The presence of the carboxylic groups was confirmed by the
fragmentation pattern of the molecular ion m/z 566.50 in the MS* spectrum (Figure 4) which consists
of peaks with the m/z = 18 difference which corresponds to the elimination of one, two or three water
molecules from one, two or three carboxylates, respectively, in the molecule.
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Figure 4. ESI mass spectra of intermediates 1-4 and the final product 5 showing the
molecular peaks (adducts with H, Na* or K*) together with MS” pattern of the molecular

ion m/z 566.50 (A).
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Figure 5. Suggested structures of species identified in the mass spectrum of the reaction
mixture during the preparation of 2. m/z values for 2a: 856.25 [M+H]", 2b: 681.17 [M+H]"
and 2¢: 977.17 [M+H]".
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@N\/\/N\/\N o
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2a 2b © 2 O

With the aim to ambiguously characterize the composition and structure of the final product 5,
many attempts to prepare single-crystals suitable for single-crystal X-ray analysis were done, however,
all without success. That is why we decided to optimize the geometry of 5 by means of theoretical
calculations. Thus, the geometry of 5 was optimized at the density functional level of theory (DFT),
using the B3LYB functional with the 6-311G * basis set. The optimized structure of 5 is depicted
in Figure 6. The macrocyclic part of 5§ has a cage-like structure with four nitrogen atoms, N1-N4,
forming the basal plane (in blue colour in Figure 6) and three oxygen atoms forming the capping plane
(in red colour in Figure 6). These two planes are nearly coplanar, forming a dihedral angle of 4.7°. The
xylylen spacer with the polyamine part (N5-N7) is situated along the three acetic acid pendant arms
and the dihedral angle between the plane formed by its benzene ring (in yellow colour in Figure 6) and
basal, and capping plane is 57.7°, and 69.2°, respectively. As for the optimized geometry structure of
5, the bond lengths and angles of the main individual parts are in good agreement with those
determined for DOTA by single-crystal X-ray analysis [25], but only the macrocyclic cavity is slightly
expanded (interatomic distances for N1-N3 and N2-N4 are 5.092 A, and 4.634 A, respectively).
However, we are aware of the fact that the calculations were performed in vacuum and thus, the
influence of non-covalent contacts on the molecular structure, playing also a significant role within the
real crystal structure, were not taken into account. Nevertheless, the calculated geometry is typical for
DOTA-like compounds, which is highly suitable for a lanthanide complexation [1].

To better illustrate the progress of the whole synthetic pathway, a comparison of >*C-NMR spectra
of the precursor N-(2-aminoethyl)propane-1,3-diamine and all the described compounds 1-5 is shown
in Figure 7. Based on the analysis of two-dimensional NMR spectra (selected spectra can be found in
the Supplementary Materials Figures S1-S7), all signals in *C-NMR spectra were assigned to the
corresponding atoms, whose numbering is displayed in each spectrum in Figure 7, except for the
macrocyclic carbon atoms (in the spectra labeled as do3a), which were not sufficiently resolved even
at higher temperature. But such signal broadening is typical for this type of cyclen-based compounds
and it usually complicates especially '"H-NMR spectra interpretation. Nevertheless, this *C-NMR
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spectra comparison sufficiently documents each synthetic step because the presence of new signals
corresponding to the new-bounded molecular parts (compounds 1-3, synthetic steps i—iii in Scheme 1)
and the absence of signals of the removed protecting groups (compounds 4 and 5, synthetic steps iv
and v in Scheme 1) are evident.

Figure 6. Geometry of 5 optimized at the B3LYB/6-311G * level of theory (left, a),
showing selected least-square planes (right, b) going through the macrocyclic nitrogen
atoms N1-N4 (blue), the carboxylic oxygen atoms O1-O3 (red) and the benzene ring
(yellow). Hydrogen atoms are omitted for clarity (b).

(2) (b)

The described synthetic approach is relatively rapid, facile and provides pure products in good to
moderate yields. The traces of acetic acid after the phthaloyl protection have to be removed otherwise
undesired side-products are formed during the synthesis of 1. Unfortunately, this operation
significantly reduces the reaction yield. Especially, the yield of the synthesis of the intermediate 2
could be improved by increasing the excess of 1,4-bis(bromomethyl)benzene. Both phthaloyl and
t-butyl protecting groups are easily and almost quantitatively removed providing the desired
compounds, i.e., 4, and 5, respectively. The prepared compound 5 itself may serve as a polydentate
ligand involving the DO3A cavity suitable for complexation of lanthanide ions and a linear
non-symmetrical triamine part for complexation of transition metal ions. Such a binuclear bimetallic
system promises an interesting study of influence of the two metals and could provide combinations of
different properties coming from different metals incorporated into a concrete complex (e.g., magnetic
properties, spin-transition and luminescence). The xylylen spacer is not so common for linking DO3A
with other molecules and it was proven that the xylylen substituent on the DO3A macrocycle has a
positive effect on the lanthanide luminescence in the complex [14]. Moreover, the prepared compound
scaffold is a versatile platform suitable for further structural modifications on the secondary amino
groups. These secondary nitrogen atoms can be substituted with different pendant arms (acetate,
methylphosphonate or methylenepyridine). This triamine part is also available for cyclization to
produce a second macrocycle (possible different substituents) or a preparation of different types
of Schiff bases can be taken into account as well. The described synthetic procedure is also applicable
to N-(2-aminoethyl)ethane-1,3-diamine or N-(2-aminopropyl)propane-1,3-diamine instead of
N-(2-aminoethyl)propane-1,3-diamine which would lead to more symmetrical species.
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Figure 7. Comparison of ?C-NMR spectra of the precursor N-(2-aminoethyl)propane-1,3-
diamine (A), intermediates 14 and the final product 5, together with signals assignment

(do3a represents unnumbered carbon atoms of the macrocycle).
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3. Experimental
3.1. General

Phthalic acid anhydride, N-(2-aminoethyl)propane-1,3-diamine, 1,4-bis(bromomethyl)benzene,
hydrazine monohydrate, trifloroacetic acid and all solvents were purchased from commercial sources
(Sigma—Aldrich, St. Louis, MO, USA; Penta, Prague, Czech Republic) and they were used as received.
DO3A-tris(tert-butyl ester) hydrobromide was a gift from Dr. V. Kubicek from Charles University
in Prague.

'H- and C-NMR spectra were recorded on a 400 MHz NMR Varian spectrometer (Varian,
Santa Clara, CA, USA) at 25 °C and 85 °C ('H-NMR spectra of compound 3-5): 'H 399.95 MHz,
dimethyl sulfoxide-ds (DMSO, residual solvent peak) & = 2.50 ppm, >C 100.60 MHz, DMSO (residual
solvent peak) & = 39.51 ppm. Multiplicity of the signals is indicated as follows: s—singlet, d—doublet,
t—triplet, qr—quartet, g—quintet, m—multiplet, br—broad. The deuterated solvent DMSO-ds from
Sigma Aldrich was used as received. The atom numbering scheme used for NMR data interpretation of
all described compounds is shown in Figure 8.

Figure 8. Schematic representation of the intermediate 3, together with the atom
numbering used for the interpretation of NMR spectra of all intermediates as well as the
final product 5.

The carbon as well as hydrogen atoms were assigned according to the spectra obtained from
two-dimensional correlation experiments 'H-'"H gs-COSY, 'H-">C gs-HMQC and 'H-"’C gs-HMBS
(gs = gradient selected, COSY = correlation spectroscopy, HMQC = heteronuclear multiple quantum
coherence and HMBC = heteronuclear multiple bond coherence). Examples of two-dimensional NMR
spectra can be found in Supplementary Materials (Figures S1-S7). Mass spectra were measured on an
LCQ Fleet Ion Mass Trap mass spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with
an electrospray ion source and 3D ion-trap detector in the positive mode. Elemental analyses (C, H, N)
were performed on a Flash 2000 CHNS-O Elemental Analyzer (Thermo Scientific). Elemental analysis
for compounds 4 and 5 was not done due to its hydroscopic character. Merck (Darmstadt, Germany)
aluminum foils with silica gel 60 F254 impregnated with a fluorescent dye were used for thin
layer chromatography.
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Theoretical calculations at the DFT level were used to optimize the geometry of the final product 5.
The calculations were performed with a Gaussian 03 program [26] based on the B3LYP functional
with the 6-311G * basis set.

3.2. (2-Phthalimidoethyl) (3-phthalimidoprop- 1-yl)amine (1)

Compound 1 was synthesized according to a slightly modified literature procedure [20,21]. The
solid obtained after crystallization from EtOH (22.6 g) was dissolved in CHCI; (200 mL) and extracted
twice with 10% aqueous solution of Na,CO3, once with water and dried over anhydrous Na,SO4. The
desired product was obtained after the evaporation of the solvent in a form of a pale yellow crystalline
solid (15.1 g; 69% yield based on 7.04 g of N-(2-aminoethyl)propane-1,3-diamine). The compound 1a
was obtained after the evaporation of EtOH mother liquor and crystallization from MeOH (1.20 g).

(1a): NMR (DMSO): 'H § 1.91 (H4, 2H, m); 2.99 (H3, 2H, m); 3.19 (H2, 2H, t, *Juy = 5.7 Hz);
3.63 (H5, 2H, t, *Jun = 6.7 Hz); 3.85 (H1, 2H, t, *Jun = 5.7 Hz); 7.49 (CH phthalate, 2H, m); 7.81-7.87
(H8, H9, H12, H13, 8H, m); 8.12 (CH phthalate, 2H, m); "C{'H} 8 25.12 (C4, 1C, s); 34.44 (C5, 1C, s);
34.83 (Cl1, 1C, s); 44.74 (C3, 1C, s); 45.28 (C2, 1C, s); 123.03 (C12, 2C, s); 123.10 (C8, 2C, s);
130.30 (CH phthalate, 2C, s); 131.71 (C11, 2C, s); 131.85 (C6, 2C, s); 132.38 (C phthalate, 2C, s);
134.39 (C13, 2C, s); 134.43 (C9, 2C, s); 134.82 (CH phthalate, 2C, s); 167.93 (C10, 2C, s);
168.00 (C6, 2C, s); 168.15 (CO phthalate, 2C, s).

(1): NMR (DMSO): 'H § 1.65 (H4, 2H, t, *Juy = 7.0 Hz); 1.86 (NH, 1H, bs); 2.52 (H3, 2H, t,
Jun = 7.0 Hz); 2.71 (H2, 2H, t, *Juy = 6.5 Hz); 3.57 (H5, 2H, t, *Juy = 7.0 Hz); 3.61 (H1, 2H, t,
3Jun = 6.5 Hz); 7.80-7.85 (H8, H9, H12, H13, 8H, m); *C{'H} § 28.43 (C4, 1C, s); 35.78 (C5, 1C, s);
37.30 (C1, 1C, s); 46.00 (C3, 1C, s); 46.84 (C2, 1C, s); 122.85 (C12, 2C, s); 122.90 (C8, 2C, s);
131.62 (C11, 2C, s); 131.73 (C7, 2C, s); 134.19 (C13, 2C, s); 134.26 (C9, 2C, s); 167.90 (C10, 2C, s);
167.96 (C6, 2C, s); MS(+): m/z 378.25 [M+H]", 400.25 [M+Na]", 755.25 [2M+H]"; elemental analysis
for C51HoN304, M, = 377.39, found (calculated): C 66.93 (66.83); H 5.12 (5.07); N 11.09 (11.13).

3.3. (2-Phthalimidoethyl)(3-phthalimidoprop- 1-yl)(4-bromomethylbenzyl)amine (2)

1,4-bis(Bromomethyl)benzene (4.5 g, 17.0 mmol, 2.2 eqv.) and anhydrous K,CO; (6.10 g,
44.2 mmol, 5.6 eqv.) were placed in the two-neck 250 mL round bottom flask and MeCN (100 mL)
was added. One neck was equipped with a spiral condenser and the second neck with a dropping
funnel containing the solution of 1 (3.0 g, 7.9 mmol) in CHCl; (20 mL). The mixture in the flask was
heated to reflux under stirring and the solution was added dropwise during 30 min. The reaction was
monitored by TLC (SiO,, ethyl acetate-heptane 1:1, Ry = 0.5). For completion of the reaction, the
mixture was refluxed for additional 30 min and then it was cooled down to room temperature. The
solution was filtered through an S4 glass frit and the solvents were removed under reduced pressure.
The crude product was purified by silica gel chromatography (DCHM—diethylether from 10:0 to 10:1).
The desired compound was obtained after the evaporation of all solvents as a colorless solid (2.28 g,
51% yield). NMR (DMSO): 'H & 1.72 (H4, 2H, q, *Juu = 7.0 Hz); 2.49 (H3, 2H, m); 2.58 (H2, 2H, t,
3Jun = 5.7 Hz); 3.49 (H14, 2H, s); 3.55 (H5, 2H, t, *Juy = 7.0 Hz ); 3.62 (H1, 2H, t, *Juy = 5.9 Hz);
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4.53 (H19, 2H, s); 7.05 (H16-H17, 4H, AA’BB’); 7.82 (H8,H9,H12,H13, 8H, m); "C{'H} § 25.45
(C4, 1C, s); 34.36 (C19, 1C, s); 35.47 (C1, 1C, s); 35.60 (C5, 1C, s); 50.60 (C3, 1C, s); 50.77 (C2, 1C, s);
56.81 (Cl4, 1C, s); 122.89 (C8, C12, 4C, s); 128.68 (C17, 2C, s); 128.77 (C16, 2C, s); 131.57 (C7,
C11, 4C, m); 134.25 (C9, C13, 4C, m); 136.16 (C15, 1C, s); 139.41 (C18, 1C, s); 167.65 (C6, 2C, s);
167.82 (C10, 2C, s); MS (+): m/z 560.18 [M+H]", 584.08 [M+Na]", 598.17 [M+K]"; elemental
analysis for C,oH6BrN3O4, M; = 560.44, found (calculated): C 61.63 (62.15); H 4.72 (4.68); N 7.15
(7.50), Br 15.20 (14.26).

3.4. 1-{4-[(2-Phthalimidoethyl)(3-phthalimidoprop- 1-yl)aminomethyl]phenylmethyl}-4,7, 10-tris(t-
butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane (3)

Compound 3 was synthesized according to the modified literature procedure [27]. DO3A-tris(z-butyl
ester) hydrobromide (1.59 g, 2.67 mmol) and anhydrous K,CO; (1.94 g, 14.05 mmol, 5 eqv.) were
placed into a 250 mL round bottom flask and MeCN (150 mL) was added. The mixture was heated to
reflux under stirring. The solution of 2 (1.57 g, 2.81 mmol, 1.05 eqv.) in MeCN (20 mL) in a syringe
was added dropwise in 5 min. The reaction mixture was refluxed for other 4 h and then it was cooled
down to room temperature. The inorganic salts were filtered off on an S4 glass frit and the filtrate was
evaporated under reduced pressure. The crude product was purified by silica gel column
chromatography (CHCI;—MeOH = 25:1). The desired compound was obtained after the evaporation of
the solvents as a light yellow solid foam (2.55 g, 96% yield). NMR (DMSO): 'H § 1.42 (H23, 18H, s);
1.43 (H27, 9H, s); 1.74 (H4, 2H, q, *Jung = 7.2 Hz); 2.45 (CH-do3a, 12H, bs); 2.52 (H3, 2H, t,
3Jun = 7.2 Hz); 2.62 (H2, 2H, t, *Jun = 6.3 Hz); 3.01 (CH,-do3a, 4H, bs); 3.08 (H20, H24, 6H, m);
3.51 (H14, H19, 4H, bs); 3.55 (H5, 2H, t,’Jun = 7.2 Hz); 3.63 (H1, 2H, t, *Jun = 6.3 Hz); 7.07 (H16,
H17, 4H, bs); 7.73-7.82 (H8, H9, H12, H13, 8H, m); “C{'H} § 25.47 (C4, 1C, s ); 27.53 (C27, 3C, s);
27.63 (C23, 6C, s); 35.43 (C1, 1C, s); 35.67 (C5, 1C, s); 48.76 (CHy-do3a, 8C, bs); 50.73 (C3, 1C, s);
50.86 (C2, 1C, s); 55.36 (C24, 1C, s); 55.64 (C20, 2C, s); 56.98 (C14, 1C, s); 57.67 (C19, 1C, s);
81.55 (C26, 1C, s); 81.86 (C22, 2C, s); 122.88 (C12, 2C, s); 122.95 (C8, 2C, s); 128.35 (C16, 2C, s);
129.71 (C17, 2C, s); 132.57 (C11, 2C, s); 131.67 (C7, 2C, s); 134.34 (C13, 2C, s); 134.36 (C9, 2C, s);
135.04 (C18, 1C, s); 138.34 (C15, 1C, s); 167.66 (C6, 2C, s); 167.86 (C10, 2C, s); 172.55 (C25, 1C, s);
173.14 (C21, 2C, s); MS(+): m/z 994.58 [M+H]", 1016.58 [M+Na]’; elemental analysis for
CssH7sN7019-1.6CHCls, M, = 1173.29, found (calculated): C 57.25(57.36); H 6.68 (6.51); N 8.30 (8.27).

3.5. 1-{4-[(2-Aminoethyl)(3-aminoprop-1-yl)aminomethyl] phenylmethyl}-4,7, 1 0-tris(t-butoxycarbonyl-
methyl)-1,4,7,10-tetraazacyclododecane (4)

The synthesis of 4 was done according to the literature procedure [23] with minor modifications.
Absolute EtOH was not used. The rest of phthalhydrazide present in the residue was removed by
filtration of the CHCI; solution (the residue dissolved in 20 mL of CHCls) through an S4 glass frit. The
desired product was obtained as yellow oil (0.70 g, 95% yield based on 1.00 g of 3). NMR (DMSO):
'H § 1.46 (H23, H27, 27H, m); 1.55 (H4, 2H, q, *Juu = 6.8 Hz); 2.46 (H2, H3, 4H, m); 2.55
(CH,-do3a, 12H, bm); 2.60 (H1, HS, 4H, m); 3.08 (CH,-do3a, 4H, bs); 3.13 (H20, H24, 6H, bs); 3.53
(H14, 2H, s), 3.62 (H19, 2H, s); 7.27 (H16-17, 4H, AA’BB’); PC{'H} § 27.53 (C27, 3C, s); 27.64
(C23, 6C, s); 29.39 (C4, 1C, s); 39.26 (C1, 1C, s); 39.84 (C5, 1C, s); 48.58 (CH,-do3a, 4C, bs); 51.26
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(C3, 1C, s); 51.60 (CH,-do3a, 4C, bs); 55.41 (C24, 1C, s); 55.65 (C20, 2C, s); 56.32 (C2, 1C, s); 57.43
(C19, 1C, s); 58.00 (C14, 1C, s); 81.52 (C26, 1C, s); 81.87 (C22, 2C, s); 128.50 (C16, 2C, s); 129.93
(C17, 2C, s); 134.63 (C18, 1C, s); 138.93 (C15, 1C, s); 172.56 (C25, 1C, s); 173.01 (C21, 2C, s); MS
(+): m/z 734.58 [M+H]", 756.58 [M+Na]", 772.42 [M+K]".

3.6. 1-{4-[(2-Aminoethyl)(3-aminoprop-1-yl)aminomethyl]phenylmethyl}-4,7, 10-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane (5)

The deprotection of the #-butyl ester groups was done according to the literature procedure using
TFA in DCHM [24]. The reactant 4 (0.70 g, 0.95 mmol) was dissolved in DCHM (5 mL) in a 50 mL
round bottom flask and TFA (5 mL) was added dropwise under cooling to 0 °C in a water/ice bath. A
slightly yellow solution was formed and additionally stirred at room temperature for 12 h. The solvents
were removed in vacuo. The residue was purified on a cation-exchange column (Dowex 50, H'-form,
50 mL, elution with water and 15% aq. HCI) and an anion-exchange column (Dowex 1 x 8, OH -form,
100 mL, elution with water and 15% aq. HCI). The solvent was removed under reduced pressure, and
the residue was dissolved in MeOH. The desired compound was obtained after the evaporation of the
MeOH solution as a yellow solid in the form of the corresponding hydrochloride (0.644 g, 90% yield).
NMR (DMSO): 'H § 1.90 (H4, 2H, q, *Jun = 7.2 Hz); 2.76 (H3, 2H, t, *Jun = 7.2 Hz); 2.87 (H5, 2H, t,
3Jun = 7.2 Hz); 2.93 (H2, 2H, t, *Juy = 6.8 Hz); 3.05 (H1, 2H, t, *Jyuy = 6.8 Hz); 3.10 (CH,-do3a, 4H,
bs); 3.20 (CH;-do3a, 8H, m); 3.28 (CH,-do3a, 4H, bs); 3.44 (H20, 4H, bs); 3.87 (H14,H24, 4H, bs);
4.34 (H19, 2H, s); 7.38-7.56 (H16-17, 4H, AA’BB’); “C{'H} § 23.51 (C4, 1C, s); 35.82 (C1, 1C, s);
37.08 (C5, 1C, s); 48.70 (CHj-do3a, 2C, bs); 49.30 (CH-do3a, 4C, bs); 50.08 (C2, IC, s);
50.35 (C3, 1C, s); 50.87 (CH,-do3a, 2C, bs); 53.72 (C20, 2C, s); 54.47 (C24, 1C, s); 56.71 (C19, 1C, s);
56.93 (C14, 1C, s); 130.08 (C16, 2C, s); 130.70 (C18, 2C, s); 131.19 (C17, 2C, s); 136.83 (C15, 1C, s);
169.44 (C25, 1C, s); 171.22 (C21, 2C, s); MS (+): m/z 566.50 [M+H]"; MS? (+): m/z 548.22 [M+H-H,0]",
530.42 [M+H-2H,0]", 512.42 [M+H-3H,0]".

4. Conclusions

The compound 1-{4-[(2-aminoethyl)(3-aminoprop-1-yl)aminomethyl]phenylmethyl}-4,7,10-tris-
(carboxymethyl)-1,4,7,10-tetraazacyclododecane (5) was prepared and characterized with the aim to
design a molecule which could be usable as a versatile polydentate ligand in the field of coordination
chemistry. The molecule combines a macrocyclic part which could be suitable for the complexation of
lanthanides and linear amine part usable for the complexation of other (transition) metal ions. All the
intermediates as well as final product were thoroughly characterized. The reaction conditions for the
preparation of the intermediate 2 were investigated and optimized, while the other synthetic steps
proceeded according to the slightly modified previously described literature procedures. The xylylen
linker was chosen for the connection of the polyamino and DO3A parts due to its rigidity and short
length providing a possible interaction between the two metal centers in a bimetallic complex, good
synthetic availability. Surprisingly, such a motif is not so common in the literature. Altogether, the
prepared compound 5 represents a versatile ligand with at least two sites of possible coordination of a
lanthanide and transition metal. Further structural modifications on secondary amino groups are
straightforward and could provide an additional possibility of the system transformation/tuning.
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ABSTRACT

With the aim to make the first step in preparation of magnetic multifunctional material combining spin crossover (SCO) together with single-molecule magnet (SMM)
properties in one molecule (polynuclear complex), a specially designed ligand L-NH, (1,8-bis(4-aminobenzyl)-4,11-bis(pyridin-2-ylmethyl)-1,4,8,11-tetra-
azacyclotetradecane) was synthesized. It contains (i) macrocyclic cyclam core substituted with two 2-pyridylmethyl pendant arms suitable for complexation of Fe(II),
because such system was previously proven to provide SCO, and (ii) two p-aminobenzyl pendant arms introducing NH, groups suitable for consequent attachment of
SMM molecule (e.g. transformation to functional groups for selective complexation of other metals). Furthermore, Fe(II) complex [Fe(L-NH,)]Cl,2.5H>0 was
prepared and characterized. Unfortunately, according to the magnetic measurements, SCO behavior was not observed and the complex remained in high-spin state
with relatively high magnetic anisotropy (D = —17.7 cm ™, E/D = 0.31). This magnetic behavior was rationalized by the DFT computational study, which identified
high-spin state as preferential for prepared complex in contrast to other structurally similar SCO systems with low-spin state preference. The most probable reason
behind this difference appeared to be the electron-withdrawing effect of benzyl groups providing weaker ligand field of macrocyclic nitrogen donor atoms.

1. Introduction

In the field of molecular magnetism, spin crossover phenomenon
(SCO) represent a very fascinating and strongly developing subject of
interest. SCO compounds, usually octahedral complexes containing a
central metal ion of 3d*-3d” electronic valence shell configuration,
show the spin transition between the low-spin state (LS, for Fe'' S = 0)
and high-spin state (HS, for Fe"' S = 2) induced by different chemical or
physical external constraints (in general e.g. by ligand and solvent ef-
fects or by temperature, pressure, magnetic field or light irradiation)
[1]. When the constrain is temperature, the material is usually char-
acterized by the critical temperature of the spin transition (T; , defined
as the temperature when the fraction of the complex in HS state is equal
to that in LS state) and its abruptness depending of the cooperative
effect. The SCO compounds can be utilized in many remarkable appli-
cations including the miniaturization of components used in the con-
struction of electronic devices such as high capacity memories (at the
molecular level), molecular switches or low-energy demanding displays
[2].

The more recent research has been extended to development of
magnetic multifunctional materials which could combine two or more
functionalities of interest. Here concretely SCO can be combined with
e.g. magnetic coupling, liquid crystalline properties, host-quest inter-
actions, non-linear optics, electric conductivity or luminescence [3].

* Corresponding author.
E-mail address: bohuslav.drahos@upol.cz (B. Draho$).
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Probably one of the most interesting magnetic property of interest re-
presents Single-Molecule Magnets (SMMs) [4,5], which are compounds
showing slow relaxation of magnetization based on pure molecular
origin (no long range ordering typical for bulk magnets) and thus, they
behave as “nanomagnets”. Furthermore, these compounds could find
many spectacular applications in different field of interest, e.g. in high-
density storage media, in spintronics or quantum computing etc. [6]
Surprisingly, there is very little known about compounds combining
both above-mentioned properties — i.e. SMM together with SCO. Such a
combination of properties opens many questions - how the spin tran-
sition will influence the SMM properties, the relaxation mechanisms
etc. So far, only a few examples of systems combining SMM and SCO
have been described previously. Single-chain magnet (SCM) based on
{Mn"!(saltmen)}, unit was combined with spin-crossover unit [Fe"(L1)
(CN)z] in [{Mn(saltmen)}g{Fe(Ll)(CN)Q}](6104)20.5C4H1000.5H20
(Uer = 139K, 10=1.1x10"7 s, saltmen = N,N’-(1,1,2,2-tetra-
methylethylene)bis(salicylideneiminate), Fig. 1) [7]. SMM Fe™ com-
plex [Fe(PNP)Cl,] (Fig. 1) displayed an unexpected S = 5/2to S = 3/2
transition below 80K with Ug = 47-52K, 7o = 2 X 1078-6 x 10 % s
[8], SMM properties can be switched on and off by light irradiation for
[Fe(1-propyltetrazole)s1(BF,) (505 and 850nm, respectively,
U = 22K, 70=4.2x107% s) [9] and [Fe(1-methyltetrazole)¢]
(CF3S03), (green ligth 500-650 nm and red light 650-900 nm, respec-
tively, Ueff = 55K, T]/gl = 161 K, T1/2T =178 K) [10], and SMM can
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Fig. 1. Structural formulas of studied ligand L-NH, and ligands discussed in the text.

be also switched on by light irradiation (white light) of carbene SCO
complex [(L2)3}Fe(N = PPh3)] (Fig. 1, Ty, =81K, Ueg = 22K,
70 =87 %1077 ) [11].

Combination of field-induced SMM properties and SCO between
S=3/2 and S=1/2 has been recently observed for tetra-
gonal-pyramidal [Co(3,4-lutidine),Br]Br [12], and [Co(L3),]
(DPAS),'DMF-2H,0 (Fig. 1) exhibited reversible on—off switching be-
tween SCO and SMM during crystal-to-crystal transformation (dehy-
dration-rehydration process, DPAS™ = 4-(phenylamino)benzenesulfo-
nate) [13]. The only one system containing combination of Fe(II) (SCO)
and Co(Il) (field-induced SMM) centers in one compound is
[Fep.92C00.0s(bppCOOH),1(ClO,), (Fig. 1) [14].

One strategy how to obtain such a multifunctional compound is to
combine required properties, here SCO with SMM, in one molecule or
more exactly in one polynuclear complex. This requires preparation of
specially designed ligands with two or more specific coordination sites
suitable for complexation of either different transition metals or tran-
sition metals and lanthanides. However, such approach is quite chal-
lenging and often requires a careful molecular design and advanced
organic syntheses.

In this work, a structurally new ligand L-NH, (Fig. 1) was synthe-
sized. It was based on cyclam part containing two pyridine pendant
arms (Py»-C, Fig. 1), because Fe(II) complexes of Py,-C showed SCO,
eg. [Fe(Py2-C)I(BF))2H20 (T12 ~150K) [15], [Fe(Py»-C)]
(C(CN)3)2>2H,0 with Ty 5| / T2t = 136 / 145K and [Fe(Py»-C)]1[Ni
(CN)4]'H,0 with Ty |1 = 85K [16], as well as Fe(II) complexes of the
cross-bridged Py,-CB [17] analogue (Fig. 1). This Py,-C macrocyclic
part was structurally modified with two p-aminobenzyl pendant arms in
order to introduce NH, group, which could be consequently easily

Py,-C

p-NO,BzBr

B —

K,CO;4 ~

s
ST

L-NO,

K\

K)

transformed to various different functional groups allowing introduc-
tion of molecule with SMM properties. Furthermore Fe(II) complex of L-
NH,, was prepared as well and its magnetic properties were investigated
and discussed. Obtained results were supported by theoretical DFT
calculations.

2. Experimental section
2.1. Materials and methods

The ligand Py,-C [18] and 2-chloromethylpyridine [19] were syn-
thesized according to the literature procedures. All the solvents (VWR
International, Fontenay-sous-Blois, France) and other chemicals were
purchased from commercial sources (Across Organics, Geel, Belgium
and Sigma-Aldrich, St. Louis, MO, USA) and used as received.

Elemental analysis (C, H, N) was performed on a Flash 2000 CHNO-
S analyzer (Thermo Scientific, Waltham, MA, USA). 'H and '°C NMR
spectra were recorded on a 400-MR NMR spectrometer (Varian, Palo
Alto, CA, USA) at 25°C: 'H 399.95 MHz, chloroform-d (CDCls, tetra-
methylsilane) § = 0.00 ppm, 13C 100.60 MHz, (CDCl,, residual solvent
peak) § = 77.0 ppm. Multiplicity of the signals is indicated as follows: s
— singlet, d — doublet, t — triplet, quin - quintet, m - multiplet.
Deuterated solvent CDCl;, containing 0.03% of TMS, from Sigma
Aldrich was used as received. The atom numbering scheme used for
NMR data interpretation is shown in Fig. 2. The carbon as well as hy-
drogen atoms were assigned according to the spectra obtained from
two-dimensional correlation experiments 'H-'H gs-COSY, 'H-'3C gs-
HMQC and 'H-'3C gs-HMBS (see Figs. S1-S4). The mass spectra were
collected on an LCQ Fleet mass spectrometer (Thermo Scientific,

L-NH,
NH,

8
8 7 6 5 4
AN
10 | Ra Ni N N 10| 3
~~ °N N__~2
N2H4 oSy N
K) 12
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14 14

15 15
16 16
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Fig. 2. Synthetic scheme of preparation of ligand L-NH, together with atom numbering of both L-NO, and L-NH, used in '"H/'3C NMR data interpretation.
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Waltham, MA, USA) equipped with an electrospray ion source and
three-dimensional (3D) ion-trap detector in the positive mode. IR
spectra were collected on Jasco FT/IR-4700 spectrometer (Jasco,
Easton, MD, USA). Temperature and field dependence of the magneti-
zation was measured using MPMS SQUID magnetometer (Quantum
Design Inc., San Diego, CA, USA). The experimental data were corrected
for diamagnetism and signal of the sample holder.

2.2. Syntheses

2.2.1. 1,8-bis(4-nitrobenzyl)-4,11-bis(pyridin-2-ylmethyl)-1,4,8,11-
tetraazacyclotetradecane (L-NO3)

Macrocycle Py,-C (1.00g, 2.61 mmol), p-nitrobenzylbromide
(1.15g, 5.32 mmol, 2.04 eqv.) and K>CO5 (1.80 g, 13.07 mmol, 5 eqv.)
were suspended in 70 mL of CH3CN and refluxed for 1 h. The progress
of the reaction was monitored by mass spectrometry and therefore
additional amount of p-nitrobenzylbromide (0.22 g, 1.02 mmol, 0.39
eqv.) and K,CO3 (1.80 g, 13.07 mmol, 5 eqv.) was added to the reaction
mixture in 2 portions followed by 2x30 min reflux till only signal of
disubstituted product was observed in the mass spectrum. The hot
suspension was filtered on a glass frit and the filtrate was evaporated
under reduced pressure. The residue was dissolved in 50 mL of CHCls,
obtained solution was extracted three times with 50 mL of deionized
water, organic phase was dried with anhydrous Na,SO,, filtered on a
glass frit and evaporated under reduced pressure. Obtained red-brown
oil was redissolved in 50 mL of hot CH3CN and leave to slowly cool
down to room temperature. Well-shaped crystals of the product were
formed and separated by filtration on a glass frit (1.41 g, yield 82.5 %).

MS m/z (+): 653.46 ([L. + H] ", calcd. 653.36), 675.36 ([L + Na] ¥,
calced. 675.34).

'H NMR (CDCl,): 8 1.78 (4H, quin, >Ji; = 6.9 Hz, H-8), 2.51 (4H, t,
3Jun = 6.9 Hz, H-9), 2.60 (4H, t, *Jyy = 6.9 Hz, H-7), 2.66 (8H, m, H-
10 + H-11), 3.50 (4H, s, H-12), 3.62 (4H, s, H-6), 7.11 (2H, m, H-2),
7.39 (2H, d, 3Jyy = 7.8 Hz, H-4), 7.46 (4H, m, AA’BB’, H-14), 7.53 (2H,
m, H-3), 8.11 (4H, m, AA’BB’, H-15), 8.48 (2H, m, H-1).

13¢{'H} NMR (CDCls): § 23.83 (2C, C-8), 50.46 (2C, C-11), 50.97
(2G, C-10), 51.26 (2C, C-7), 51.77 (2C, C-9), 58.57 (2C, C-12), 61.18
(2C, C-6), 121.84 (2C, C-2), 122.81 (2C, C-4), 123.31 (4C, C-15),
129.20 (4C, C-14), 136.09 (2C, C-3), 146.89 (2C, C-16), 148.12 (2C, C-
13), 148.89 (2C, C-1), 160.06 (2C, C-5).

2.2.2. 1,8-bis(4-aminobenzyl)-4,11-bis(pyridin-2-ylmethyl)-1,4,8,11-
tetraazacyclotetradecane (L-NHz)

Synthesis of L-NH, was done according to modified literature pro-
cedure [20]. L-NO, (1.41 g, 2.16 mmol) and hydrazine monohydrate
(2.20 g, 43.20 mmol) were dissolved in 75 mL of hot CH;0H. Raney-Ni
(Ra-Ni) was added (ca 100 mg in form of wet solid) in one portion and
the suspension was vigorously stirred and reflux for 10 min. The reac-
tion progress was controlled by mass spectrometry. Further 2-3 addi-
tions of the same amount of Ra-Ni were necessary in order to observed
only the signals of the product in the mass spectrum. The reaction
mixture was filtered off and the filtrate was evaporated under reduced
pressure. Remaining oily solid was redisolved in 50 mL of CHCls, or-
ganic phase was extracted with 25 mL of deionized water, dried with
anhydrous Na,SO,, filtered on a glass frit and evaporated to dryness
under reduced pressure. The product was obtained as light-yellow
powder (1.21 g, yield 94.5 %).

MS m/z (+): 593.35 ([L. + H] ", calcd. 593.41), 615.41 ([L + Na] ¥,
caled. 615.39).

'H NMR (CDCl,): 8 1.73 (4H, quin, >Ji; = 6.9 Hz, H-8), 2.51 (4H, t,
3Jun = 6.9 Hz, H-9), 2.58 (8H, m, H-10 + H-7), 2.66 (4H, m, H-11),
3.34 (4H, s, H-12), 3.57 (4H, s, NH), 3.62 (4H, s, H-6), 6.57 (4H, m,
AA’BB’, H-15), 7.03 (4H, m, AA’BB’, H-14), 7.11 (2H, m, H-2), 7.48
(2H, d, Jyy = 7.8 Hz, H-4), 7.58 (2H, m, H-3), 8.48 (2H, m, H-1).

3c{'H} NMR (CDCl,): § 23.45 (2C, C-8), 50.10 (2C, C-11), 50.75
(2G, C-10), 51.01 (2C, C-9), 51.69 (2C, C-7), 58.86 (2C, C-12), 61.31
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(2C, C-6), 114.83 (4C, C-15), 121.66 (2C, C-2), 122.98 (2C, C-4),
129.59 (2C, C-13), 129.89 (4C, C-14), 136.19 (2C, C-3), 144.98 (2C, C-
16), 148.70 (2C, C-1), 160.69 (2C, C-5).

2.3. [Fe(L-NH2)]Cl>2.5H,0

Ligand L-NH, (100 mg, 0.169 mmol) was dissolved in 5mL of hot
CH30H and solid anhydrous FeCl, (22 mg, 0.169 mmol) was dissolved
in 1mL of dimethylformamide, both done under inert argon atmo-
sphere. Both solutions were mixed together under stirring and the re-
action mixture was heated to reflux for 1 min. Then the solution was
cooled down, small amount of dark brown precipitate was filtered off
via 0.45 pum teflon syringe filter and excess of diethyl ether (ca 50 mL)
was added to the filtrate slowly under stirring. Obtained precipitate was
decanted with diethyl ether and dried under flow of argon. Product was
isolated in form of yellow powder (89 mg, yield 69.0 %).

MS m/z (+): 683.19 ([Fe(L-NHy) + CI] ™", calcd. 683.30).

Anal. Calcd. (%) for [Fe(L-NH,)]Cl,2.5H,0 (C3¢Hs3Cl,FeNgO, s,
M, = 764.61): C, 56.55; H, 6.99; N, 14.66. Found: C, 56.44; H, 6.80; N,
14.78.

2.4. Theoretical calculations

The theoretical calculations were carried out with the ORCA 4.1
computational package [21]. TPSSh DFT functional [22] together with
polarized triple-{ quality basis set def2-TZVP proposed by Ahlrichs and
co-workers [23] was used for geometry optimization setting tightopt
optimization criteria in ORCA. The calculations utilized the RI ap-
proximation with the decontracted auxiliary def2/J Coulomb fitting
basis set [24] and the chain-of-spheres (RIJCOSX) approximation to
exact exchange [25] as implemented in ORCA. Increased integration
grids (Grid5 and Gridx5 in ORCA convention) and tight SCF con-
vergence criteria were used in all calculations.

3. Results and discussions
3.1. Syntheses and general characterizations

The ligand L-NH, was synthesized in two steps which are shown in
Fig. 2. In the first one, the parent macrocycle Py,-C reacted with p-
nitrobenzylbromide in common Sy2 substitution reaction to produce L-
NO,, derivative. The progress of the reaction was monitored by mass
spectrometry and because the signals of monosubstituted product as
well as unreacted Py,-C were identified (Fig. 3A), additional amount
(0.4 equivalent) of p-nitrobenzylbromide had to be added till only the
signal of disubstituted product was observed in the mass spectrum (see
Fig. 3B). Obtained product was purified by recrystallization from
acetonitrile.

In the next step, aromatic nitro groups were reduced to amino
groups. In the literature, there are many procedures for such reduction
—e.g. Zn or Sn/HCI [26], hydrogen gas with Pd/C [27], NaBH, with Ra-
Ni [28], or hydrazine hydrate with Pd/C [29]. But we chose very fast
previously described method using cheaper catalyst Ra-Ni and hy-
drazine hydrate as a source of hydrogen [20]. The progress of the re-
action was monitored by mass spectrometry. In the mass spectra, it was
possible to determine the signals of hydroxylamines - intermediates of
the reduction reaction (Fig. 3C). Therefore, 2-3 more portions of the
same amount of Ra-Ni as in the beginning had to be added to the re-
action mixture in order to complete the reduction of all intermediates to
L-NH, (Fig. 3D). The p-aminobenzyl groups appeared to have a high
ability to decompose during the measurement of mass spectra (electro-
spray ionization) and therefore the signals of unsubstituted Py,-C and
monosubstituted NH,-product were also identified in the mass spec-
trum of L-NH, (Fig. 3D) as a result of fragmentation of the molecular
ion.

Fe(II) complex [Fe(L-NH,)]Cl,2.5H,O was prepared by direct
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Fig. 3. Progress of the synthesis of L-NH, and its Fe(Il) complex monitored by mass spectrometry. A) Reaction mixture after addition of 2.04 eqv. of p-ni-
trobenzylbromide. B) Reaction mixture after addition of additional 0.4 eqv. of p-nitrobenzylbromide. C) Reaction mixture after first addition of Ra-Ni. D) Reaction
mixture after third addition of Ra-Ni. E) Isotopic pattern of [Fe(L-NH,) + Cl]* species found in the mass spectrum of [Fe(L-NH,)]Cl,-2.5H,0 in positive mode (black)

compared with the simulated one (red).

mixing of L-NH, with anhydrous FeCl, in mixture of dimethylforma-
mide and CH30H. Solid product was precipitated by addition of excess
of diethyl ether. Formation of the product was confirmed by elemental
analysis, mass spectrum (Fig. 3E) and IR spectrum (Fig. S5), which is
significantly different from that of free ligand (Fig. S5).

Despite several attempts to prepare single-crystals of the Fe(II)
complex by slow diffusion of diethyl ether vapors at low temperature to
its solution in dimethylformamide/CH3;OH, we were not successful,
because always either yellow-brown oily product or amorphous solid
was obtained. Thus, the molecular/crystal structure of [Fe(L-
NH,)]Cl,2.5H50 could not be determined.

3.2. Magnetic measurement

The results of dc magnetic measurement are displayed in Fig. 4. The
value of peg/ttis = 5.12 at room temperature is slightly higher than the
theoretical spin only value (uef/pp = 4.90 for S = 2 and g = 2.0). Upon
cooling, the p.g/up value decreased abruptly below 50 K to a minimum
of 3.39 at 1.9K as a result of the magnetic anisotropy described by the
zero-field splitting (ZFS) effects. Also, the isothermal magnetizations
measured at 2 and 4.6 K revealed significant magnetic anisotropy, be-
cause only value of My,01/Natig = 2.2 at B = 7 T was reached, which is
much smaller than the theoretical saturation value of the isothermal
magnetization calculated as Mo /Natp = &S = 4 for g = 2.0. These
theoretical values are much larger than the experimental ones (Fig. 4)
pointing to the presence of the large magnetic anisotropy induced by
the ligand-field. According to this data it is evident, that no SCO oc-
curred and the Fe(II) complex remained in HS state over the whole

temperature range. This behavior, different from Fe(II) complexes of
Py,-C and Py,-CB showing SCO with different counter ions, could be
explained by various different reasons: (i) lower ligand field strength
caused by substitution of secondary nitrogen atoms with electron-
withdrawing benzyl groups, (ii) different coordination mode (trans) of
pyridine functional groups, (iii) different non-covalent intermolecular
interactions and crystal packing, (iv) different morphology of the mi-
crocrystalline powder (lower cooperativity). In order to exclude the
effect of co-crystallized water molecules, the sample was heated twice
up to 400 K during the measurement of magnetic data (see ESI Fig. S6),
which were almost identical to those of the parent complex without any
indication of SCO occurrence.

Next, the experimental magnetic data were analyzed with spin
Hamiltonian for mononuclear complexes including ZFS.[30]

~ A2 A2 A2 A2 ~ PPN
H=D(S, —S7/3) + E(S; — Sy) + upBgSy — 7 (S4)Sa 1)

where D and E are the single-ion axial and rhombic ZFS parameters,
respectively, and zj is molecular-field correction parameter reflecting
intermolecular interactions, and Zeeman term is defined for a-direction
of magnetic field as B, = B(sin(0)cos(¢), sin(0)sin(¢), cos(0)) with the
help of the polar coordinates. Then, the molar magnetization in given
direction of magnetic field B, was calculated as

N, Zi (Zk El CiJIE (Za)klcli) eXp(_Ea,i/kT)
* %, exp(—eq,/KT) @
where Z, is the matrix element of the Zeeman term for the a-direction of

the magnetic field and C are the eigenvectors resulting from the diag-
onalization of the complete spin Hamiltonian matrix. The inclusion of zj

M, =—
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Fig. 4. Temperature dependence of the effective magnetic moment (left) and isothermal magnetizations measured at T =2 and 4.6K (right) for [Fe(L-
NH,)]Cl,-2.5H,0. Empty circles — experimental data, full lines — calculated data with g = 2.04, D = -17.7cm ™}, E/D = 0.31, zj = 0.21 cm ..

means that an iterative procedure was applied. Finally, the integral
(orientational) average of molar magnetization was calculated by Eq.
(3) in order to properly simulate experimental powder magnetization
data as

1 2 Ve .
My = o ‘/0’ ./0' M, sin 6d6dyp 3)
The best fit was found for these parameters: g = 2.04,
D=-17.7cm™}, E/D =0.31, zj = 0.21cm™ ' (Fig. 4). The fitted D-
parameter is in the range for HS Fe" octahedral complexes [31].

3.3. Theoretical calculations

With the aim to understand the fact that the modification of Py,-C
ligand to L-NH, ligand changed the spin crossover behaviour of
[Fe''(Py,-C)1>" or [Fe'(Py,-CB)]>" compounds [15,16,17] to high-
spin state compound of [Fe(L-NH,)]Cl>-2.5H,0, the DFT calculations
were performed. It is well known that choice of the DFT functional for
studying SCO compounds can be very tricky, therefore we followed the
most recent benchmark study of Ruiz et al. [32], in which the hybrid
meta-GGA functional TPSSh seems to have the best results for 3d metals.
Moreover, the bias introduced by the choice of the DFT functional can
be partly eliminated by elucidating the trend in the energy separation of
HS and LS states, A = eys —ers, for various coordination complexes
under study in the comparison with the known SCO complexes.
Therefore, first, the molecular geometries of cis/trans-[Fe"(Py,-C)]>*
and cis- [FeH(PyZ-CB)]zJr were optimized for LS and HS spin states using
ORCA software and TPSSh functional together with def2-TZVP basis set
for all atoms. The bond distances for the optimized LS and HS geome-
tries are shown in Fig. 5. The calculations correctly favored LS states
with A = 5-7 kcal/mol (Fig. 6), which is in the range of SCO complexes
[32], regardless the cis-/trans-configuration of [FeII(Pyz-C)]2+. Then,
the molecular geometries of [Fe(L-NH,)]?* were optimized for LS and
HS states in similar way considering both cis- and trans- isomers, which
resulted in A = -2.7 and -1.7 kcal/mol, respectively. This clearly shows
that Fe(II) complex with modified macrocyclic ligand L-NH, regardless
its cis-/trans-configuration prefers to be in HS state, which explains the
observed magnetic behavior for [Fe(L-NH,)]Cl,2.5H,0. Again, the
relevant bond distances for the optimized LS and HS geometries are
shown in Fig. 5. It is evident that p-aminobenzyl pendant arms reduced
the electron density on nitrogen atom of the macrocyclic ligand, which

is manifested by elongated Fe-N bond distances, e.g. in LS states d
(Fe=N,m) = 2.073A in [Fe'(Py,-C)1%>* vs. d(Fe-Num) = 2.211 and
2.228 A in cis-[Fe''(L-NH,)]2*.

Furthermore, the calculated energies for trans-[Fe"(L-NH5)]** in
both HS and LS states are lower than those for cis-isomer (8 = €qans
—ecis = —3.87 and —4.87 kcal/mol for HS and LS states, respectively) and
thus, formation of trans- isomer is more probable - Fig. 7. On contrary,
the analogous calculations showed that in case of [Fe'(Py,-C)]** &-
values are positive both for LS and HS spin states, hence the formation
of ci.s—[FeH(Pyz-C)]ZJr is preferred in agreement with reported stru-
cutures. Nevertheless, in this particular case not the different preferred
geometrical configuration (trans-[Fe"(L-NH,)1?" vs. cis-[Fe"(Py,-
C)1?>*), but rather the electron density on nitrogen atoms plays the
crucial role for SCO occurrence (positive A values for both cis/trans-
[FeH(PyZ-C)]2+ while negative ones for both cis/trans-[Fe"(L-
NH)]?™).

4. Conclusions

In order to transform Fe(II) SCO complex to magnetically multi-
functional molecular material, specially-designed ligand L-NH, has
been synthesized. It contains NH, groups allowing easy consequent
structural modification (incorporation of e.g. carboxylic acid, o-va-
nillin, amines, other macrocycle etc.) important for consequent at-
tachment of other molecule of magnetic interest. According to the dc
magnetic data, prepared Fe(II) complex [Fe(L-NH5)]Cl,2.5H,0 do not
show SCO upon cooling down to 2K and remains in the high spin state
even upon heating to 400 K. This magnetic behavior was rationalized
by the DFT computational study, which identified trans- configuration
and HS state as preferential for [Fe(L-NH,)]?™" complex in contrast to
SCO complexes [Fe'(Py,-C)]** and [Fe(Py,-CB)]?" in which LS state
and cis- configuration is preferred. Such behavior can be more likely
explained by electron-withdrawing effect of p-aminobenzyl groups in-
ducing weaker donor properties of macrocyclic nitrogen atoms and
thus, weaker ligand field, than by the different preffered trans-config-
uration of [Fe(L-NH5)]%* complex. Thus, in future, the group for sub-
stitution has to be chosen more carefully, if SCO should be preserved in
Fe(II) complexes of derivatives of parent macrocycle Py,-C. These
synthetic strategies could be beneficial: (i) substitution by less electron-
withdrawing group, (ii) substitution of only one secondary nitrogen
atoms in Py,-C, (iii) substitution of the side-chain rather than the
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Fig. 5. The DFT optimized LS and HS states molecular geometries of cis/trans-

[Fe''(Py,-C)1%™, cis-[Fe"(Py,-CB)1?*, and cis/trans-[Fe(L-NH)]**
TPSSh/def2-TZVP. The hydrogen atoms are not shown for clarity.

secondary nitrogen atoms.
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