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Résumé

Chapitre 1. Introduction
1.1 le phénomene de transition de spin

Le phénomeéne de transition de spin (TS) désigne un changement d'état de spin des complexes de la
premiére rangée des métaux de transition dont les configurations électroniques de I'ion central sont d*-
d’, induit par des stimuli externes tels que la température, la pression, la lumiére ou le champ
magnétique.l” Le phénomeéne se produit généralement dans les complexes avec un champ de ligand
octaédrique et est le plus abondant pour la configuration électronique d®, dont les complexes de fer(1l)
sont des exemples prédominants. Les complexes métalliques ne peuvent subir une TS que lorsque
I'énergie du champ du ligand et I'énergie d'appariement des électrons dans les orbitales d sont
comparables. Dans le cas du fer(I), la TS est généralement observée dans les complexes avec des ligands
donneurs d'azote ou l'environnement de l'ion métallique est généralement FeNg ou FeNsO..? Le
changement d'état de spin dans les complexes Fe(Il) est réalisé via une commutation réversible entre les
configurations électroniques diamagnétiques (S = 0) bas spin (BS) et paramagnétiques (S = 2) haut spin
(HS).

e ]
A g
() ! | oct
: r— AR
L tog % -H' % tag +
Low Spin (LS) High Spin (HS)
S=0 S=2

Figure 1.1. Diagramme énergétique des états bas spin et haut spin pour la configuration d®.

Ainsi, le changement d'état de spin implique des modifications des propriétés physiques des complexes,
a savoir les propriétés magnétiques, les propriétés optiques (par exemple, le thermochromisme),®®? les
changements de distance entre les centres Fe(II) et les atomes donneurs de ligand et, par conséquent, le

changement de volume moléculaire.®

1.2 Applications des matériaux a transition de spin

Compte tenu de la commutation des propriétés que le phénomene de TS implique sous I'effet
d'une perturbation externe et compte tenu du caractére de ce changement, le phénomene présente un

intérét pour diverses applications.!



Ainsi, le changement de champ du ligand induit par la transition de spin modifie I'absorption
optique du complexe, c'est-a-dire qu'il entraine un changement de couleur. Si la transition est induite
thermiquement, ce changement de couleur est appelé thermochromisme. Les matériaux peuvent étre
utilisés comme peintures thermochromes, capteurs optiques de température de surface ou pour

’affichage 12

La transition de 1’état bas spin a 1’état haut spin implique la population d'orbitales e.g. anti-liantes
conduisant a l'allongement des distances entre le Fe(ll) et les atomes donneurs des ligands, ce qui
implique une expansion du volume moléculaire et de la cellule unitaire. Dans certains complexes, par
exemple [Fe(Htrz)z(trz)]|BFs, I'expansion du volume peut atteindre 10 %.%* Ces changements radicaux
dans la masse de la substance affectent ses propriétés mécaniques et permettent de 1'utiliser comme

élément actif d’actionneurs mécaniques.*4

Pour étre mis en ceuvre dans des applications, les complexes sont principalement utilisés sous
forme de matériaux, qui peuvent étre : des cristaux liquides,® des nanoparticules (NPs),** des films
minces®? et des (nano)composites.®® Dans le cadre de cette thése, une attention particuliére sera portée

a la fabrication et a la caractérisation de films minces a TS.

Memory Gas

/ Opfical
device

Display
Composite

Electrical Thermochromic ™~
device paint

Figure 1.2. Schéma regroupant les matériaux a transition de spin et leurs applications.

1.3 Objectifs de la these

Les films minces constituent 1'une des formes de matériaux a TS qui se prétent aux applications. Pour
garantir la reproductibilité des propriétés, les films doivent répondre a des critéres de qualité, de pureté
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et d'homogénéité élevés. Le dépot thermique sous vide est une technique appropriée qui permet de
répondre a ces exigences. Cependant, le nombre de composés a transition de spin qui peuvent étre
déposés en couches minces par cette technique est relativement limité. Par conséquent, ce domaine de
recherche doit étre complété par la synthése de nouveaux composés de coordination a TS susceptibles

d’étre organisés en couches minces.

La luminescence des ions lanthanides trivalents a attiré l'attention des scientifiques depuis sa
découverte, en raison de sa distinction marquée par rapport aux autres luminophores et des avantages
qu'elle offre. Les complexes de lanthanide avec des ligands organiques présentent une émission plus
brillante que les composés purement inorganiques a base de Ln(IIl). Une grande pureté de couleur, un
fort décalage Stokes et une longue durée de vie de I'émission centrée sur le lanthanide sont des
parameétres importants pour la conception de dispositifs électroluminescents et pour les applications
biomédicales. Le choix du (des) ligand(s) est important dans la conception de complexes de lanthanides
hautement luminescents. Les B-dicétones sont des ligands polyvalents a cette fin. Les analogues
structurels des 1,3-dicétones - les carbacylamidophosphates (CAPh) offrent des avantages pour la
fixation d'ions métalliques et sont sensibles a la luminescence des lanthanides. Une autre stratégie pour
obtenir une émission hautement efficace consiste a augmenter le nombre de centres optiques, ce qui a
été clairement démontré dans une série d'hélicates de lanthanides binucléaires avec des ligands bis-f3-
dicétonates. Compte tenu des avantages des ligands CAPh par rapport aux B-dicétones, le développement
de ligands CAPh bis-chélateurs et de leurs complexes lanthanides pourrait permettre d'améliorer encore

1'émission centrée sur le Ln(III).

La synergie de la transition de spin et de la luminescence est un nouvel horizon dans le domaine
des matériaux multifonctionnels. La combinaison des deux dans un méme systéme peut entrainer une
interaction entre les deux phénoménes. La commutation de 1'état de spin peut induire la commutation de
la luminescence, tandis que cette derniere peut étre utilisée pour rendre compte de 1'état de spin de la
partie active du complexe. Divers systeémes hybrides TS-luminescence sont connus a ce jour, depuis les
complexes luminescents a TS jusqu'aux matériaux hybrides ou les entités luminescentes et a TS sont
séparées. Il s'avere difficile d'obtenir de tels composés synergiques, car le fait de combiner les especes
luminescentes et a TS dans une substance peut souvent entrainer 1'annulation de I'un des phénomenes.
Par ailleurs, les deux phénomenes peuvent étre préservés sans qu'il y ait de couplage entre eux. Par
conséquent, le développement des systémes bifonctionnels nécessite une conception moléculaire et

cristallographique minutieuse.

Les phénomenes de TS et de luminescence dépendent de la température et fournissent une
réponse optique détectable au changement de température, qui peut étre utilisée comme outil non invasif

pour la thermométrie a 1'échelle micro et nanométrique. Le film mince a TS [Fe(HB(1,2,4-t2)3)2] déposé
7



a la surface d'un nanofil chauffé par effet Joule s'est comporté comme un thermometre de surface binaire
en raison du caractére abrupt de la TS. Cela peut trouver une application dans la surveillance de la
chaleur locale dans les circuits intégrés. Une surveillance continue de la température en temps réel peut
étre réalisée dans les matériaux a TS graduelle. Comme il n'existe pas de films minces présentant de
telles propriétés, un nouveau complexe de transition de spin évaporable et ses films minces subissant

une transition de spin graduelle devraient étre préparés pour combler cette lacune.

Les thermometres moléculaires luminescents basés sur I'émission de lanthanides présentent une
grande sensibilité au changement de température dans un large intervalle. Cependant, ces systémes ne
sont pas nombreux. Le développement de nouveaux complexes Ln bimétalliques pourrait augmenter le
nombre de ces thermometres optiques. Grace a une conception moléculaire ajustable et a la possibilité
de contrdler la distance intermétallique, les hélicates binucléaires de lanthanide peuvent étre des
candidats polyvalents pour assembler les thermomeétres moléculaires exploitant le transfert d'énergie

inter-ionique.

Ainsi, le chapitre 2 concerne la synthése de nouveaux ligands scorpionates a base de triazole et
leurs complexes de fer(Il), des études sur la structure moléculaire, les propriétés physico-chimiques et
le comportement magnétique des composés de coordination, en particulier des études du phénomene de
TS. Le chapitre 3 est consacré a la synthése et a la caractérisation de complexes binucléaires de
lanthanide(III) a triple et quadruple brins avec un ligand carbacylamidophosphate bis-chélateur. Une
attention particuliére est accordée a 1'étude de la luminescence dans les composés a la fois a I'état solide
et en solution. Le chapitre 4 est consacré a 1'¢laboration de films minces de complexes fer(Il)-
scorpionate, a la caractérisation des films et a l'essai de ces derniers pour la microthermométrie de

surface et I'imagerie thermique.
Chapitre 2. Les scorpionates de fer(Il) : synthése et propriétés de transition de spin

2.1 Bis[hydrotris(1,2,3-triazol-1-yl)borate]fer(Il) : transition de spin, solvatation et
polymorphisme.

2.1.1 Synthése du ligand hydrotris(1,2,3-triazol-1-yl)borate et du complexe de fer(l1) correspondant

Le ligand tris(1,2,3-triazolyl)borate (NaL?) et son complexe neutre de fer(11) [Fe(HB(1,2,3-t2)s)-]
(ci-aprés [Fe(LY)2] ou 1) ont été synthétisés comme indiqué sur le schéma de la Figure 2.1. Le composé
de coordination cristallin isolé de la solution aqueuse mére se présente sous forme de dodécahydrate. La

forme de poudre anhydre peut étre obtenue en chauffant 1'hydrate au-dessus de 90 °C.
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Figure 2.1. Voie synthétique pour obtenir 1.2%°

2.1.2 Cristallographie aux rayons X

Le composé désolvaté 1 cristallise dans le groupe spatial monoclinique P21/c avec 2 molécules

[Fe(LY)2] par cellule unitaire (figure 2.2).

Figure 2.2. Cellule unitaire de 1 avec des interactions d'empilement 7-n se propageant le long de deux
directions opposées dans le plan ab.

Les sphéeres de coordination des ions fer(I) dans 1 et les solvatomorphes ont des géométries octaédriques
[FeNs] 1égerement déformées. Les distances Fe—N sont comprises entre 1,952(3) et 1,972(2) A, tandis
que la valeur moyenne du volume des octaédres de coordination (Vp) est de 10,05 A3, comme attendu
pour le fer(ll) bas spin.'® Dans les cristaux de la plupart des solvatomorphes, ainsi que dans 1, les
interactions d'empilement m-m jouent un role clé dans l'empilement des molécules [Fe(LY)2]. Les
interactions se produisent entre les cycles aromatiques 1,2,3-triazolyl des molécules adjacentes du
complexe (Figure 2.3). Un autre type d'interaction assez faible qui lie les molécules du complexe dans

le réseau cristallin est représenté par des interactions C—H---N. Les atomes d'azote exodentés et les



groupements C—H des cycles 1,2,3-triazolyl des molécules voisines [Fe(L')2] sont impliqués dans ces

interactions intermoléculaires.

Figure 2.3. Structure cristalline de 1 montrant les interactions intermoléculaires (les interactions
d'empilement n-n sont représentées dans une seule direction).

2.1.3 Propriétés de transition de spin du complexe [Fe(HB(1,2,3-12)3)2]

La figure 2.4 présente un graphique de la susceptibilité magnétique molaire en fonction de la

température.

3.0

v Cycle1
4 Cycle2
Slichter-Drickamer fit

¥uT (cm® K mol™)

0.5 4

0.0 4

240 260 280 300 320 340 360 380 400
Temperature (K)
Figure 2.4. ymT vs T, enregistrées sur deux cycles thermiques a partir de 1'échantillon poudre 1-:12H20.
Un ajustement Slichter-Drickamer a été réalisé pour la deuxiéme courbe de chauffage.

Des mesures magnétiques dépendantes de la température ont été effectuées en chauffant d'abord

la poudre de 1-12H20 de 250 K a 400 K, puis en cyclant I'échantillon déshydraté 1 ainsi obtenu dans la
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méme plage de température a une vitesse de 2 K min™*. Le composé 1 subit un changement d’état de spin
progressif entre 1'état de bas spin (S = 0) et 1'état de haut spin (S = 2), avec une température de transition

T =373 K.

2.2 Synthése de nouveaux ligands hétéroscorpionates et de leurs complexes de fer(Il).

Caractérisation et propriétés de TS des composés de coordination.
2.2.1 Synthese des ligands hétéroscorpionates et de leurs complexes de Fe(Il)

Tout d'abord, I'nydrotris(pyrazol-1-yl)borate de potassium (ci-aprés KTp) a été synthétisé selon le

protocole développé par Trofimenko,?%

avec une procédure d'élaboration légerement modifi¢e. Ensuite,
le cation potassium du produit a été échangé contre du tétrabutylammonium ("BusN* ou TBA) selon la
procédure décrite dans la référence 209. Ensuite, le dérivé TBA résultant "BusNTp a été chauffé avec 1
(2) équivalent(s) d'un 1,2,4-triazole monosubstitués contenant un groupe €lectro-attracteur en position 3

comme illustré a la Figure 2.5.
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Figure 2.5. Voie synthétique pour obtenir de nouveaux ligands hétéroscorpionates a base de triazole.
Les synthéses des complexes de fer(I) avec les ligands L>~L° ont été réalisées sous atmosphére

d'argon dans une solution dégazée de dichlorométhane (DCM) a partir de 2 équivalents du ligand
respectif et d'un équivalent de FeCl24H20.

”Bu4N® *Iﬂ
O o lC aae
\N/N\E/N\N/}‘EWG 0.5 eq. FeCly4H,0 ZNG= /N\
P » EWG
H” o Fe EWG
N CH.Cl, >\N/ \',N3
N A |
|
L/ N\/N\E;)N /
I
H

Figure 2.6. Schéma de synthése pour accéder aux complexes de fer(II) avec les ligands L?-L°. Un
ligand monosubstitué a été choisi comme exemple.

La technique classique de réduction catalytique du groupe nitro sous pression d'hydrogéne dans un
autoclave a servi d'outil fiable pour convertir les substrats substitués en NO, [Fe(L?).] et [Fe(L®).] en di-

et tétraamines [Fe(L%),] et [Fe(L")2], respectivement (figure 2.7).

11



| |
B B
- ~NR - SN
W {N N/ N (N N/
N= N=
| | \<
/N\N_ \<NO )’N =N NH
O.N F 2 30 bars Hy, Pd(5%)/C HoN ; 2
e NO, ————— e, NH
O:=N / N, /{ ? MeOH, 80°C, 22 h HaN / N, /{ :
s y=nT NANZ
Ne b NN N A
SN . NN
: :
H H

Figure 2.7. Reduction du groupe nitro pour [Fe(L®)2].

2.2.2 Etudes de diffraction des rayons X sur cristal unique et sur poudre

Des cristaux du composé bis[hydrobis(pyrazol-1-yl)(3-amino-1,2,4-triazol-1-yl)]fer(I1) (6) ont
¢été obtenus a partir d'une solution méthanolique saturée par évaporation lente du solvant. Le complexe
cristallise dans le groupe spatial P2:/n. L'environnement de coordination du Fe(II) est formé par les deux
ligands tridentés coordinnés, dont les atomes donneurs reposent sur les facettes de I'octaédre. Les unités
triazolyle sont situées sur les cotés opposés les uns aux autres sur les sommets axiaux de l'octa¢dre

(figure 2.8).

Figure 2.8. Structure cristalline du complexe 6

La structure cristalline de 6 a été acquise a quatre températures différentes : 100 K, 293 K, 320 K et 393
K. La distance moyenne Fe-N dans le complexe a 100 K est égale a 1,986(11) A, tandis que le volume
de l'octaédre (Vp) & cette température est d'environ 10,46 A3, ce qui est inhérent aux complexes de fer(11)
bas spin. La valeur dre-n, & température ambiante, atteint 2,107(2) A, ce qui se situe déja dans la gamme
des distances Fe-N trouvées dans les complexes HS. A des températures plus élevées 320 K et 393 K,
les distances fer-azote moyennes sont de 2,130(3) A et 2,159(15) A, tandis que les valeurs du volume
polyédrique sont de 12,80 A3 et 13,32 A3 respectivement. Le volume de la cellule unitaire (Vc) augmente
avec la température de 2142.1(10) A% (a 100 K) a 2314.06(10) A3 (2 393 K). Ainsi, les distances Fe-N
augmentent de 8,7 % dans toute la gamme des températures, tandis que le volume cellulaire augmente

de 8,0 %.
12



Parmi les interactions qui déterminent l'agencement cristallin des molécules [Fe(L°)2], on peut
souligner les liaisons H intermoléculaires entre les unités triazoles formées par un atome d'hydrogene
du groupe aminé et I'atome d'azote en position 4 de I’hétérocycle (figure 2.9). La distance entre les
donneurs et les accepteurs de liaisons hydrogéne d(D---A) est de 3,014(3) A pour N8---N15 et de
3,010(3) A pour N7---N16 a 100 K. La distance moyenne donneur-accepteur augmente d'environ 2 % a
haute température. Des interactions C-H- - -w sont également présentes entre les unités triazole et pyrazole

des molécules [Fe(L°),] adjacentes.

Figure 2.9. Liaison hydrogéne entre les molécules [Fe(L%)z]

2.2.3 Transition de spin dans les complexes de fer(Il) avec les ligands hétéroscorpionates

Contrairement au groupe nitro, la fonction CN n'a pas d'effet stérique considérable. Ainsi, le
complexe 4 portant deux substituants cyano est a 1’état bas spin a basse température, ce qui est en accord
avec les données structurales des rayons X, et il reste BS a température ambiante ou ensuite son ymT
augmente fermement (Figure 2.10). La transition n'est pas terminée a 400 K, et se produit probablement
completement a des températures plus €levées en dehors de la gamme accessible par 1'installation de
magnétométrie SQUID utilisée. Une tendance similaire est observée pour le composé 5 (dérivé

tétracyano), mais le seuil du ymT est supérieur a 350 K.
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Figure 2.10. ymT vs T pour les composés 4—7 en modes chauffage et refroidissement.
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Le groupe amino est beaucoup moins volumineux que le groupe nitro, les ligands substitués par
NH:2 devraient donc adopter 1'ion métallique dans les configurations LS et HS. En effet, les données des
mesures magnétiques révelent une transition de spin compléte pour le complexe 6 et un comportement
a TS incomplet pour le complexe 7. Le complexe 6 subit un changement de spin graduel dans la gamme
150-350 K avec Ty centré autour de 276 K avec une petite hystérésis d'environ 2-3 K. Malgré la
présence de la liaison hydrogéne entre les molécules de [Fe(L®);] dans la masse de la substance, la
transition est graduelle.

Chapitre 3. Lanthanide(l11) bis-carbacylamidophosphates. Synthése, caractérisation et étude

de la luminescence.

3.1 Synthése d'un ligand carbacylamidophosphate bis-chélateur (H:L%) et de ses complexes
binucléaires de lanthanide(III) [Ln2(L8)s(phen)z]. Caractérisation des composés et luminescence

des complexes obtenus.
3.1.1 Synthése du ligand et des complexes

Les composés de coordination [Lnz(L®)s(phen)z] ont été obtenus selon le schéma présenté sur la

figure 3.1.

1) Ln(NO3)5* 6H,0, NEts, MeOH

Y

o]
F
F 2) phen, MeOH
o}

Figure 3.1. Synthesis of [Ln2(L8)s(phen).] complexes. Ln""' = Nd"!, Sm"" Eu", To"', Dy"!, Yb'!.
3.1.2 Propriétés de luminescence des complexes Nd(I1l), Sm(II11), Eu(Ill), Tb(I1I1), Dy(III) et Yb(III)

Les spectres d'excitation et de luminescence des complexes, émettant dans le domaine spectral
visible, sont présentés dans la figure 3.2. Lors de l'excitation par la lumieére UV a 330 nm,
[Sm2(L8)3(phen)2] (9) présente une émission orange. Comme pour les complexes ternaires Sm(IIT) p-
dicétone, la bande de transition “Gs,—°Hg2 (Amax = 645 nm) domine dans le spectre d'émission du

complexe.
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Figure 3.2. Spectres d'excitation (lignes noires) et d'émission (lignes colorées) des complexes
[Sm2(L8)s(phen)2] (a), [Euz2(L8)s(phen)z] (b), [Tb2(L®)s(phen)2] (c), [Dy2(L®)s(phen)2] (d) a 1’état solide
eta293 K.

Contrairement au complexe d'europium, le temps de décroissance de la luminescence de
[Tb2(L8)s(phen);] augmente avec la diminution de la température : a température ambiante, Tobs pour le
complexe de terbium est égal a 1,45 ms et a 77 K, il est de 2,00 ms. Compte tenu de 1'écart d'énergie
relativement faible entre 1'état triplet le plus bas des ligands et le niveau émissif °Da4 de I'ion Tb(I11) dans
le complexe étudié (AE = 1050 cm™), une activation des processus non radiatifs dans le complexe 11

lors de l'augmentation de la température peut €tre due a un transfert d'énergie du terbium vers les ligands.

3.2 Synthése et caractérisation des composés a 4 brins NEtz[NaLn2(L8)a(H20)] et
Na[NaLn2(L8)4(H20)]-2H20. Structure et propriétés de luminescence.

3.2.1 Synthese

Dans le cas présent, pour synthétiser les complexes souhaités, le ligand bis-chelatant CAPh a été
utilisé sous la forme du sel de sodium NayL8 qui a été préparé par déprotonation de HoL® a l'aide de
méthanolate de sodium. Des complexes quadrangulaires de formules générales NEts[NaLn(L8)a(H20)]

et Na[NaLn2(Ls)4(H20)]-2H20 ont été synthétisés selon le schéma présenté a la figure 3.3.
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Figure 3.3. Voie de synthése des complexes binucléaires de lanthanide a quadruple brin.

3.2.2 Cristallographie aux rayons X

La structure cristalline du composé NEta[NaNdz(L8)s(H20)] (16) est présentée a la figure 3.4.

Figure 3.4. Structure de I'anion du complexe [NaNdz(L8)s(H20)] 16.

L'anion complexe [NaNdz(L8)4(H20)]" a une structure d'hélicate quadruple brin, qui encapsule le cation
sodium et une molécule d'eau dans I'environnement chargé négativement des atomes de fluor et de et
d’oxygene, qui peut également étre considéré comme une cavité de type crypte. Quatre ligands bis-
carbacylamidophosphates sont coordinnés a deux ions NdA(III) cristallographiquement distincts de
manicre bidente par l'intermédiaire des atomes d'oxygene des groupes carbonyle et phosphoryle. Les
atomes d'oxygene des groupes carbonyles agissent comme des ponts liant également I'ion sodium.
Contrairement a la structure discréte de 16, les cristaux de Na[NalLaz(L®)(H20)]-2H20 (17) et
Na[NaNdz(L8)4(H20)]-2H20 (18) sont constitués de chaines de polyméres formées par des atomes
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d'oxygene des groupements OCHs et phosphoryle et des cations sodium de la sphére externe (figures
3.5).

Figure 3.5. Structure du complexe anionique [NaLaz(L8)s(H20)] dans 17.

3.2.3 Propriétés photoluminescentes du composé NEt[NaNd2(L8)4(H20)]

Le complexe NEts[NaNd2(L®)4(H20)] présente une émission IR a 300 et 77 K lors de I'excitation
par laser pulsé Nd:YAG a 266 nm. Les spectres d'émission sont présentés dans la figure 3.6. Les bandes
étroites autour de 900 et 1060 nm ont été attribuées aux transitions *Fzp — *lgrz and *Fap — *liip
transitions de 1'ion Nd(III). Lorsque la température diminue de 300 a 77 K, le canal de relaxation

radiative du niveau *Fs/, change. Ceci est mis en évidence par le changement des intensités relatives des

transitions, a 300 K.

4 4
Fs;z‘ I9,'2

4 4
F3}2' I1 172
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300 K
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Figure 3.6. Spectre d’émission du complexe NEts[NaNd2(L®)4(H20)] 2 300 et 77 K, Aexc=266 nm.

Dans les complexes a quatre unités L8 coordinnées, il a été constaté que les anions complexes
des composés obtenus ont une structure d'hélicate quadruple brin, qui encapsule le cation sodium et une

molécule d'eau dans une cavité de type cryptand. Le complexe NEts[NaNdz(L8)4(H20)] s'est avéré
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luminescent dans la région spectrale IR avec une durée de vie d'émission *Fz2 égale a 2 ps. Le ligand
bis-carbacylamidophosphate appartient a la nouvelle famille des ligands bis-chélateurs et peut étre utilisé
pour obtenir des complexes Ln comme systémes modéles pour 1'étude du transfert d'énergie inter-ionique
ainsi que pour concevoir des complexes hétéro-nucléaires pour la thermométrie par luminescence en

exploitant le transfert d'énergie inter-ionique dépendant de la température.

Chapitre 4. Films minces du composé bis[hydrotris(1,2,3-triazol-1-yl)borate]fer(11). Application

a la thermométrie.

Ce chapitre est consacré au dépot et a la caractérisation de films minces nanométriques d’un composé
fer(l1)-scorpionate. L'étude du comportement de TS dans les nanomatériaux obtenus est discutée, ainsi
que le test des films minces pour une application de thermométrie de surface basée sur la
thermoréflectance. La premicre partie traite de 1'élaboration et de la caractérisation des films minces a
TS, tandis que la deuxieme partie est consacré a l'utilisation des films minces pour la technique de
microthermométrie de surface basée sur la thermoréflectance sur des microfils d’or chauffés par effet
Joule et obtenus par photolithographie sur des puces en verre et en silicium. Compte tenu de la grande
stabilité thermique du composé bis[hydrotris(1,2,3-triazol-1-yl)borate]de fer(Il) (1), sa sublimation pour
former des films minces a TS avec un caractere graduel est particulierement intéressante pour €élaborer
un thermomeétre de surface basé sur la thermoréflectance. Des techniques de caractérisation telles que la
diffraction des rayons X a incidence rasante (GIXRD) et la microscopie a force atomique (AFM) ont été
utilisées pour étudier la cristallinité, I'nomogénéité, la morphologie de surface et I'épaisseur des films.
La TS dans les matériaux a été étudiée au moyen de la spectroscopie UV-Vis a température variable
pour les films minces déposés sur des substrats transparents dans cette gamme spectrale. Comme les
films conservent la nature graduelle de la TS observée dans le composé massif et son stable lors d'un
stockage a long terme dans des conditions ambiantes et lors de nombreux cycles thermiques, il était
intéressant de les tester en vue d'une application de microthertmométrie. A cette fin, une fine couche du
composé bis[hydrotris(1,2,3-triazol-1-yl)borate]fer(Il) a été déposée sur un circuit électrique en or
comportant un ensemble de microfils physisorbé sur un substrat en verre/silicium oxydé. Les
changements de thermoréflectance des microfils chauffés par effet Joule et de la surface du substrat
autour d'eux ont €té suivis au moyen de la microscopie optique dans les domaines de I'UV et du visible.
Les données obtenues ont permis d'établir une cartographie précise de la température de la surface des

microfils.
4.1 Fabrication et caractérisation de films du compose [Fe(HB(1,2,3-t2)3)2]

Des films minces du composé 1 ont été déposés par évaporation thermique sous vide avec des

épaisseurs de 'ordre de 20-200 nm. Les diagrammes de diffraction des rayons X des films révélent un
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pic intense a 20 = 12,15° (figure 4.1a) qui indique une cristallinité et une orientation cristallographique
préférentielle. La figure 4.1a montre également le diagramme de diffraction de la poudre
microcristalline, qui présente un pic similaire a 20 = 12,09°. Dans le diagramme PXRD simulé de 1, ce
pic correspond a la réflexion 011. Ainsi, on peut suggérer que les cristallites dans les films se
développent préférentiellement avec la direction [011] normale a la surface du substrat. Cette
observation a été systématiquement confirmée, indépendamment de la nature du substrat (silicium ou

silice fondue) et de I'épaisseur du film.
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Figure 4.1. Cristallinité des films. a) Diagrammes XRD de films minces nanocristallins de 1 de
différentes épaisseurs, déposés sur des substrats de Si. L'encadré montre le diagramme XRD de la poudre
microcristalline de 1. b) Intensité de la réflexion 011 en fonction de I'épaisseur du film. ¢) Taille moyenne
des domaines cristallins (calculée pour la réflexion 011 en utilisant la méthode de Scherrer) en fonction

de I'épaisseur du film.

Des données représentatives de topographie de surface AFM de films de 1 de différentes

épaisseurs, déposés sur des substrats de silice, sont présentées dans la figure 4.2.
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Figure 4.2. Morphologie des films. Images représentatives de topographie AFM de films de 1 avec
différentes épaisseurs (23, 113 et 236 nm) déposés sur des substrats de silicium. La taille du balayage

estde 5 x 5 pm®.

La morphologie de surface nanocristalline des films est évidente avec des valeurs de rugosit¢é RMS

typiquement comprises entre 7 et 11 nm. La morphologie des particules ne dépend pas substantiellement

de I'épaisseur du film ou de la nature du substrat mais on peut remarquer une densité de cristallites plus

importante dans les films plus épais. Afin d'étudier les propriétés de TS des films minces de 1, des

mesures de spectrophotométrie UV-vis a température variable ont ét¢ effectuées sur trois a huit cycles

de chauffage-refroidissement entre 253 et 453 K a une vitesse de 2 K min. Les mesures ont été

effectuées pour les films déposés sur des substrats transparents en silice fondue. Les spectres

d'absorption a température ambiante des films présentent trois bandes d'absorption avec des maxima a

208, 275 et 336 nm (figure 4.3a).

1.5

1.24

0.9 1

0.6 1

Absorbance

0.0 4

293K (LS)

453 K (HS)

a)

200

1.0

300 350 400 450

Wavelength (nm)

0.8 4

0.6+

0.4+

Absorbance at 336 nm

0.2 4

AT,,=8K

c)

AT, =7K

—T79 nm
~———120 nm
——147 nm

273

313 353 393 433

Temperature (K)

Abs coefficient at 336 nm (10* cm™)

Absorbance at 336 nm

5.0

4.5

4.0 -

b)

3.54
s Cycle 1
3.04 ———Cycle 2
—Cycle 3
——Cycle 4
2.54 e Cycle 5
——Cycle 6
2.0+ —Cyclo 7
e Cycle 8
1.5+
1.0 T T T T T T T
243 273 303 333 363 393 423 453
Temperature (K)
0.46
0.44 - —— Cycle 1
—— Cycle 2
——Cycle 3
0.42 4
0.40 4
0.38 o
0.36 4
0.24

293

313 333 353 313
Temperature (K}

Figure 4.3. Propriétés de TS des films. a) Spectres d'absorbance optique d'un film de 1 de 175 nm
d'épaisseur sur un substrat de silice fondue, acquis a des températures sélectionnées. b) Dépendance de
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la température de 'absorbance a 336 nm du méme film de 175 nm lors de huit cycles de chauffage et de
refroidissement entre 253 et 453 K. ¢) Variation thermique de I'absorbance a 336 nm pour un film de 1
de 79, 120 et 147 nm d'épaisseur, lors de cycles de chauffage et de refroidissement entre 253 et 453 K.
¢) Variation thermique de 1'absorbance a 336 nm d'un film de 1 de 79, 120 et 147 nm d'épaisseur lors de
cycles de chauffage-refroidissement entre 253 et 453 K. d) Variation thermique de I'absorbance optique
4336 nm d'un film de 1 de 79 nm d'épaisseur lors de trois cycles de chauffage-refroidissement entre 303
et 373 K.

L’absorbance de ces bandes diminue lors du chauffage, tandis qu'une quatriéme bande apparait a 230
nm et présente une absorbance plus élevée a haute température. En conséquence, les spectres a
température variable sont caractérisés par deux points isosbétiques a environ 220 et 260 nm. Compte
tenu des coefficients d'absorption €élevés associés a ces pics, ceux-ci peuvent étre attribués avec certitude
a des transitions de transfert de charge (métal-ligand et/ou ligand-métal). L'évolution thermique de la
bande d'absorption la plus intense a 336 nm a été utilisée pour suivre le changement d'état de spin dans
les films. Les courbes de transition typiques, présentées dans la figure 4.3b, révelent une conversion de
spin trés progressive entre les états BS et HS, similaire a celle observée pour le composé massif. La
température de transition est centrée autour de 374 + 2 K, indépendamment de 1'épaisseur du film (figure
4.3c). La conversion de spin est pratiquement compléte a 273 K (état BS pur), tandis qu'une fraction BS
résiduelle d'environ 5-10 % est encore observée a 453 K. (N.B. Un chauffage supérieur a environ 453 K
entraine la dégradation des films.) Une caractéristique notable et inhabituelle de la TS dans les films est
l'apparition d'une hystérésis thermique, qui n'est pas attendue pour une conversion de spin aussi
graduelle. Lors du premier cycle de chauffage-refroidissement, cette boucle d'hystérésis thermique est
généralement large, atteignant jusqu'a 35 K de largeur, tandis que lors des cycles suivants, elle se réduit
aenviron 7 K. Il est toutefois important de noter que la réduction de la durée du cycle thermique entraine
un rétrécissement de la boucle d'hystérésis. En effet, la réduction de la température finale de 453 K a
393 K entraine une boucle d'hystérésis de 4 K de large, alors que I'hystérésis thermique peut étre
complétement supprimée en limitant le chauffage de 1'échantillon a 373 K, ce qui conduit a des courbes

de transition de spin parfaitement réversibles et reproductibles (figure 4.3d).
4.2 Application des films de [Fe(HB(1,2,3-t2)3)] a la microthermometry

Tirant parti des propriétés susmentionnées, des expériences ont €té¢ entreprises pour explorer
l'utilisation de films minces de 1 comme capteur de température, sondé par réflectivité optique, pour
cartographier et mesurer la température de la surface par imagerie thermique par thermoréflectance. En
effet, le role du film a TS est d'améliorer les propriétés de thermoréflectance des surfaces dans une large
gamme de températures - en particulier dans le domaine spectral UV ou un changement radical de
I'absorbance optique se produit lors du passage de 1'état BS a I'état HS ; la thermoréflectance améliorée

implique un changement accru de la réflectivité optique induite par la chaleur et, par conséquent, une
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plus grande sensibilité thermique pour la mesure de la température de la surface. La figure 4.4a
(panneaux supérieurs) montre I'évolution thermique de la réflectivité optique, AR/R = (R - Ragsk)/R29sk,

a A =310 nm (proche de la longueur d'onde d'absorption maximale du complexe) sur des surfaces d'or,

de silicium et de verre revétues de matériaux a TS (120 nm) et non revétues.
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Figure 4.4. Etalonnages thermiques de la réflectivité optique : Evolution thermique du changement de
réflectivité optique relative, AR/R = (R-R298k)/R298k, (panneau supérieur) et du coefficient de
thermoréflectance correspondant, k = d(AR/R)/dT, (panneau inférieur) pour des surfaces d'or, de
silicium et de verre revétues et non revétues de film a TS mesuré a A =310 nm (a) et a A =452 nm (b)
Pour chaque mesure, la surface a été chauffée de 298 a 373 K a une vitesse de balayage de la
température de 2 K min™.

I1 est remarquable que la présence de la couche a TS améliore de manicre significative les propriétés de
thermoréflectance des surfaces, entrainant un changement relatif de la réflectivité de +29,4 %, +10,4 %
et -2,4 % sur les surfaces de silicium, d'or et de verre, respectivement, dans la plage de température
comprise entre 298 et 373 K. En comparaison, sur les surfaces non revétues, ces changements relatifs
(thermoréflectance ordinaire) restent modérés : +0,9 % sur les surfaces de silicium et d'or et -1,1 % sur

le verre. Les changements observés sont beaucoup plus importants sur le silicium (et dans une moindre
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mesure sur l'or), qui est une surface réfléchissante dans le domaine UV (par rapport au verre). Sur ces
surfaces, la réflectivité optique augmente avec la température (AR/R > 0), ce qui est compatible avec
une réduction progressive de 1'absorbance du film a TS a cette longueur d'onde lors de la transition de

spin.

La figure 4.4a (panneaux inférieurs) illustre I'évolution thermique du coefficient de
thermoréflectance correspondant (), défini comme x = d(AR/R)/dT, sur les différentes surfaces étudiées
(A =310 nm). Alors que k est pratiquement constant pour les surfaces non revétues dans la plage de
température 298-373 K, k = +0,013 % K1, +0,012 % K et -0,014 % K pour les surfaces de silicium,
d'or et de verre, respectivement, le coefficient de thermoréflectance n'est pas constant sur les surfaces

revétues de matériau a TS.

Sur I'or, « passe de 0,078 % K™ 4 0,26 % K™ lors du chauffage de 298 a 373 K, ce qui correspond
a une augmentation du coefficient de thermoréflexion d'un facteur de 6,5 et 22 a 298 et 373 K,
respectivement, par rapport a la surface d'or vierge. Enfin, l'effet est moins avantageux sur les substrats
en verre transparent ol k passe de -0,050 % K™ a -0,009 % K™ lors du passage de 298 a 373 K, ce qui
signifie que la sensibilité thermique est augmentée d'un facteur 3,6 (en valeur absolue) a 298 K, mais
devient inférieure a la thermoréflectance ordinaire a haute température. Il convient de noter ici que
d'autres améliorations du coefficient de thermoréflectance peuvent étre envisagées, par exemple en
utilisant une source lumineuse correspondant a la longueur d'onde de 1'absorbance maximale (336 nm)
et/ou en augmentant I'épaisseur du film a TS. Toutefois, dans les deux cas, le prix a payer serait une
perturbation croissante de la température de surface causée par la présence du film a TS (c'est-a-dire une
invasivité accrue), ce qui est particuliérement préjudiciable pour une surveillance rapide (< ms) de la
température. Comme pour les mesures d'absorbance optique, il convient de noter qu'aucune différence
notable n'est observée dans ces courbes d'é¢talonnage thermique entre les modes de chauffage et de
refroidissement (figure 4.5), ce qui signifie que la performance du film a TS, en termes de changement

thermique de la réflectivité optique, est entierement réversible dans la plage de température 298-373 K.
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Figure 4.5. Evolution thermique du changement de réflectivité optique, AR/R = (R-Ra2osK)/R20sk,
mesurée a A = 310 nm sur une surface de silicium revétue de matériau a TS dans les deux modes de
chauffage et de refroidissement.

Il est intéressant de noter, comme le montre la figure 4.4b, que seule une 1égeére amélioration des
propriétés de thermoréflectance est mise en évidence sur les surfaces revétues de matériau a TS dans le
domaine visible (A = 452 nm), c'est-a-dire dans un domaine spectral en dehors de la bande d'absorption
variable du film a TS. Ce résultat indique que la majeure partie du changement de la réflectivité optique
au cours de la transition de spin provient de la variation des propriétés d'absorption du film, plutdt que
d'un simple changement de I'indice de réfraction. Dans I'ensemble, ces mesures montrent que la présence
du film mince a TS entraine une augmentation substantielle des propriétés de thermoréflectivité dans la
gamme UV, de plus d'un ordre de grandeur par rapport a la thermoréflectivité ordinaire, en particulier
sur les surfaces réfléchissantes comme l'or ou le silicium, ce qui implique par conséquent une
amélioration considérable de la sensibilité (en termes de signal de réflectivité optique) a tout changement

de la température de la surface.

Afin d'é¢tudier le potentiel de ce film mince a TS en termes d'imagerie thermique par
thermoréflexion, des microfils d'or chauffés par effet Joule (longueur 1-2 mm, épaisseur 250 nm) sur
des puces de verre et de silicium oxydé ont été fabriqués par photolithographie (figure 4.6a). La surface
des puces a ensuite été entierement recouverte d'un film du composé 1 de 120 nm d'épaisseur. Il convient
de noter qu'en raison de sa nature isolante, la présence d’un film de 1 sur la surface n'est pas invasive et

n'affecte pas les performances électriques du dispositif.
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Figure 4.6. Amélioration de la sensibilité thermique. a) Image de réflectivité optique R d'un micro-fil
d'or chauffé par effet Joule (2 mm de long et 16 um de large) sur un substrat en verre. b) Schéma du
dispositif expérimental. ¢) Changement relatif de la réflectivité optique (A= 310 nm), AR/R = (Ron-
Rorr)/Rorr, suite a 'application d'un courant électrique de 65 mA dans le fil, pour (a gauche) une
surface recouverte du film a TS et (2 droite) une surface non recouverte. Dans les deux cas, la
température de base Tb de la puce a été maintenue a 298 K. Les barres d'échelle sont de 100 um.

o = N W & O

Des images de réflectivité optique (A = 310 nm) du microfil sur un substrat de verre revétu d’un
film a TS ont été acquises par microscopie optique a T = 298 K (voir Figure 4.6b), dans les deux états
ON (I # 0) et OFF (I = 0) du dispositif de chauffage. La figure 4.6¢c (a gauche) montre une carte de la
variation relative de la réflectivité optique, AR/R = (Ron - ROrr)/Rorr, suite a I'application d'un courant
¢lectrique de 65 mA dans le fil. Une forte augmentation de la réflectivité optique est observée sur le fil
et, dans une moindre mesure, sur 1'électrode. Sur le substrat de verre, a proximité immédiate du fil, une
légere diminution de la réflectivité est également observée, ce qui est compatible avec une augmentation
de la température suite a l'application du courant électrique. (Comme l'indique la figure 4.5a, la
réflectivité optique augmente/diminue sur la surface or/verre a la suite d'une élévation de température).
A titre de comparaison, la méme expérience a été réalisée avec un microfil identique non revétue.
Comme le montre la figure 4.6¢ (a droite), la variation de la réflectivité optique associée a l'application
du méme courant ¢€lectrique (65 mA) est considérablement plus faible que celle observée pour la surface
recouverte du film a TS, ce qui démontre le gain substantiel apporté par la couche a TS thermosensible

en termes de propriétés de thermoréflectance et, par conséquent, en termes de sensibilité thermique.

En tirant parti de cette sensibilité thermique accrue, il a été possible de déduire des cartes de
température précises des microfils chauffés par effet Joule. En effet, sur la base des courbes d'étalonnage
thermique de la réflectivité optique présentées a la figure 4.4a, la carte de réflectivité (AR/R) mesurée a
la figure 4.6¢ (gauche) peut étre facilement transformée en une carte de température, en convertissant
simplement la valeur mesurée de AR/R, sur chaque pixel de 1'image, en une valeur de température.

Comme le montre la figure 4.7, cette procédure nous a permis de cartographier le champ de température
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de la surface avec une résolution spatiale micrométrique, pour différentes valeurs du courant électrique

appliqué.

320

310

300

Figure 4.7. Microthermométrie quantitative. Cartes de température d'un micro-fil d'or de 16 um de
large sur un substrat de verre recouvert d’un film a TS pour différents courants €lectriques appliqués
allant de 45 a 65 mA (Tp = 298 K). Les cartes sont déduites des images de réflectivité optique (A =
310 nm), AR/R = (Ron - Rorr)/Rorr, de la surface revétue du film a TS. La taille des pixels des cartes
de température est de 2,6 x 2,6 um?. La barre d'échelle est de 100 um.

Comme prévu, ces cartes de température montrent que l'échauffement est principalement
localisé sur le microfil d'or, tandis qu'une diffusion progressive de la chaleur est également observée
dans le substrat et I'électrode métallique lors de I'augmentation du courant électrique, comme cela a déja
été signalé dans I'étude thermométrique pour le composé [Fe(HB(1,2,4-t2)3)2].2° Toutefois, il convient
de noter que les gradients de température observés sur le substrat de verre environnant sont moins
marqués que dans le cas du thermométre [Fe(HB(1,2,4-t2)3)2]%°, principalement en raison de I'utilisation
de fils chauffants par effet Joule plus larges (16 um de large au lieu de 1 um de large) dans la présente
étude, qui génerent des gradients thermiques moins prononcés). Ces cartes de température permettent de
déduire une température moyenne du micro-fil chauffé par effet Joule Twire de 315,9, 320,0, 325,4, 329,9
et 336,6 K pour un courant appliqué de 45, 50, 55, 60 et 65 mA, respectivement. Ces valeurs sont

reportées dans la figure 4.8b (carrés vides).

Pour valider les résultats obtenus avec la technique de thermométrie a base du film a TS, la
température moyenne du micro-fil chauffé par effet Joule a également été déterminée en mesurant sa
résistance électrique. En effet, la variation thermique induite par le courant appliqué génére une variation
de la résistance électrique ARCQ, proportionnelle a 1'é1évation moyenne de la température du fil : ARQ =
aATwire. Pour déterminer la valeur de a, une calibration thermique de la résistance du microfil a été
réalisée, en mesurant l'évolution de RQ a faible courant de polarisation (5 mA) pour différentes
températures de base (Tb) de la puce. Une dépendance lin€aire est observée, donnant une valeur de o =
3,84 x 10-2 Q K (Figure 4.8a). Par conséquent, au cours des mesures de thermoréflexion, la résistance
a été mesurée simultanément pour chaque valeur du courant électrique appliqué, fournissant un moyen

de comparaison fiable pour contrdler en temps réel la température moyenne réelle Twire du fil chauffé
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par effet Joule. La figure 4.8b résume les valeurs de Twire Obtenues par les deux méthodes pour les
différents courants électriques appliqués, la puce étant maintenue a température ambiante (Tb =298 K).
Comme le montre la figure et comme prévu, la température du fil augmente avec le courant en suivant
une évolution quadratique typique (effet Joule). Il est important de noter que les valeurs de température
obtenues par ces deux techniques sont en trés bon accord, la différence relative observée étant

typiquement de 2 a 5 % et toujours inférieure a 2 K.
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Figure 4.8. Comparaison avec les mesures de résistance électrique. a) Variation de la résistance
électrique RQ du microfil, mesurée a faible courant de polarisation (5 mA), en fonction de la
température de base (Tb) du substrat. Le coefficient de température linéaire du fil est a = 3,84 % 10-
2 Q K. b) Température moyenne du fil chauffé par effet Joule, Twire, pour différents courants
¢lectriques appliqués allant de 45 a 65 mA (Tb = 298 K), déduite de 1'imagerie thermique par
thermoréflectance (carrés vides) et des mesures de résistance électrique (cercles pleins). La ligne
pointillée rouge indique 1'évolution quadratique typique de la résistance (et donc de la température
du fil) avec le courant €lectrique appliqué.

Dans l'ensemble, ces données démontrent la possibilité d'utiliser des films minces a TS de 1 pour
imager la température de surface a I'échelle micrométrique avec une précision thermique de 1'ordre de
~1 K (en utilisant une simple détection optique basée sur un CCD), en profitant d'une amélioration
d'environ un ordre de grandeur du coefficient de thermoréflectance de la lumic¢re UV apportée par la
présence de la couche a TS. La résolution spatiale et temporelle ultime du thermométre a base de
matériau a TS n'a pas été étudiée, car cela nécessiterait un équipement plus sophistiqué, bien que le
coefficient de thermoréflexion amélioré soit manifestement un atout clé dans ce contexte. En outre, le
fait que les films fonctionnent dans la gamme spectrale UV est clairement avantageux pour lI'imagerie
sub-micrométriques. Par exemple, un puissant objectif de microscope avec une ouverture numérique de
0,9 peut fournir un spot de 0,35 micron a une longueur d'onde de 310 nm. En ce qui concerne la résolution
temporelle, le facteur limitant est la vitesse de diffusion de la chaleur dans le film, le phénoméne de TS
moléculaire étant intrinséquement plus rapide.?®® En effet, en raison de leur faible diffusivité thermique,

le processus de thermalisation de ces films a TS est achevé en ~1 us, ce qui définit donc la résolution
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temporelle accessible du thermomeétre de surface. Des expériences sur des films moléculaires similaires
indiquent qu'un film de 1 de 100 nm d'épaisseur pourrait potenticllement permettre des mesures de
température jusqu'a I'échelle de temps de la ps.?® Dans I'ensemble, les caractéristiques thermométriques
démontrées dans le présent travail sont virtuellement comparables a ceux obtenus avec le composé
[Fe(HB(1,2,4-t2)3)2],%° en termes de résolution thermique, spatiale et temporelle accessible. Cependant,
il convient de souligner que les approches thermométriques utilisées dans ces deux cas sont totalement
différentes, chacune ayant ses avantages et ses inconvénients. L'utilisation du composé [Fe(HB(1,2,4-
triazol-1-yl)3)2] (siége d’une transition de spin abrupte) a permis une détection binaire de la température
de surface, fonctionnant sur n'importe quelle surface sans la nécessité d'une procédure d'étalonnage
thermique de la réflectivité optique. Cependant, dans ce cas, les cartes de température de surface n'ont
pas pu étre acquises en temps réel. Inversement, I'utilisation du composé 1 permet une imagerie
thermique en temps réel, sur la base d'un étalonnage thermique préalable de la réflectivité optique.
Cependant, comme I'augmentation du coefficient de thermoréflexion induite par le film a TS dépend de

la surface, cette méthode de thermométrie n'est pas aussi efficace sur toutes les surfaces.
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Chapter 1. Introduction

1.1 Spin-crossover phenomenon

Spin crossover (SCO) phenomenon refers a change in spin state of first-row transition metal
complexes with central ion electronic configurations of d*-d” induced by external stimuli that include
temperature, pressure, light or magnetic field.2 The phenomenon typically occurs in complexes with
octahedral ligand field and is the most abundant for electronic configuration d® where iron(11) complexes
are prevalent examples.? The metal complexes can undergo SCO only when the ligand field energy and
the electron pairing energy in the d-orbitals are comparable.>* In case of iron(ll), SCO is commonly
observed in complexes with nitrogen-donor ligands where the metal ion environment is usually FeNs or
FeNsO2.2 The spin state change in Fe'' complexes is realized via reversible switching between
diamagnetic (S = 0) low spin (LS) and paramagnetic (S = 2) high spin (HS) electronic configurations
(Figure 1.1).>”7
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Figure 1.1. Energy diagram of spin crossover LS-HS switching for d® configuration.

Thus, the change in spin state involves changes in physical properties of the complexes, namely
magnetic properties, optical properties (e.g., thermochromism),®8° changes in distances between Fe'

centers and ligand donor atoms and, consequently, change in molecular volume.1°

Spin crossover is a cooperative phenomenon, which means that the changes at the molecular
level propagate throughout the bulk of the solid via cooperative interactions. The degree of the
cooperativity depends on the crystal packing and the strength of intermolecular interactions. The latter
determine the character of the spin crossover, which can be followed by spin transition curves that can

be obtained from a plot of high-spin state fraction (yns) vs temperature (Figure 1.2).2
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Figure 1.2. Representation of main types of SCO behavior (high spin fraction (yns) plotted as a
function of temperature): a) gradual complete transition; b) abrupt transition; ¢) abrupt transition with
hysteresis; d) two-step transition; €) gradual incomplete transition.?

As shown on Figure 1.2, there are several principal types of the spin transition behavior, where
each of them correlates with the degree of cooperativity in the substance. Thus, the gradual transition
points to low cooperativity and is typical for the solids with weak intermolecular interactions, liquid and
solid solutions where intermolecular interactions between SCO-active molecules are interfered or
disrupted. In contrary, systems with highly cooperative interactions exhibit abrupt spin transition and
the transition with hysteresis, when the cooperativity is especially strong. This type of spin transition is
inherent in the substances with supramolecular interactions such as intermolecular hydrogen bonding or
n-1t stacking interactions and in SCO coordination polymers. The two-step transition is observed usually
in binuclear spin crossover systems or in those containing two SCO-active sites in their crystal lattice.
In certain lattices the spin state change cannot propagate throughout the bulk of the solid fully, in which

case the transition is incomplete.
1.2 Applications of the SCO materials

Considering the switching of the properties the SCO phenomenon involves under external
perturbation and considering the character of this change, the phenomenon is of interest for application

in miscellaneous switchable materials.!! Some examples of the applications will be considered in this

sub-chapter. Thus, the ligand field change induced by spin crossover alters the optical absorption of the
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complex, i.e., leads to the color change. In case if the SCO is thermally induced, this color change is
called thermochromism (Figure 1.3). Thermochromic materials can be used for thermochromic paints,
surface-temperature sensors or in displays.®? Seredyuk et al. have synthesized thermochromic SCO
liquid crystals operating in near-room-temperature region.® Owing to an intrinsic property of liquid
crystals to form thin layers, the researchers were able to obtain the liquid crystalline thin films.

Thermochromic liquid crystalline materials are interesting for application in screens and displays.

= 60°C

—

Figure 1.3. Thermochromism in the SCO liquid crystalline thin films upon switching between HS
(left) and LS (right) states.®

The transition from low spin to high spin state implies the population of antibonding eg orbitals
leading to elongation of distances between Fe'' and donor atoms of the ligand that involves molecular
and unit-cell volume expansion. In some complexes, e.g., [Fe(Htrz)(trz)]BF4 the volume expansion may
reach as much as 10 %.* Such drastic changes in bulk of the substance affect its mechanic properties
and makes it suitable to use for mechanical actuators.!*® For example, Bousseksou et al. have
elaborated macroscale actuators based on [Fe(Htrz)(trz)]BF4 nanoparticles.t” To this purpose, the
authors have incorporated the SCO nanoparticles into a polymer matrix and deposited the obtained
nanocomposite on top of a freestanding polyester film. Then, the resulting bilayer was cut into six-petal
flower shape. Then, the volume change, induced by spin crossover generated macroscale mechanical
movements, i.e., opening/closure of the “flower” (Figure 1.4), which was reversible upon heating or

cooling of the object. Such switchable materials can be used to fabricate artificial muscles activated

under external stimulus.
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Figure 1.4. SCO-induced mechanical actuation in a macroscale bilayer composite material.'’
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As the SCO phenomenon depends on intermolecular interactions, it can be affected by guest
molecules entering the host SCO matrix so the latter can act as a chemical sensor to detect volatile
organic compounds, hazardous solvents and even gases.!®?? Real and co-workers have investigated
influence of trapped CS> and benzene guest molecules on the spin state of porous coordination polymer
[Fe(pyrazine)Pt(CN)4].2% The collaborators have found that accommodation of benzene molecules by
the complex favorized the high spin state at room temperature, while CS, guests stabilized the low spin
state (Figure 1.5a). Thus, the response of the host SCO system is determined by nature of the guest.
Besides altering of the magnetic properties, the system also showed color change upon guest trapping
and desolvation of the host framework (Figure 1.5b). Together with detection of solvents and volatile

organic compounds, SCO complexes were also reported to detect marker-gases of spoiled food.?
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Figure 1.5. a) Thermal variation of molar magnetic susceptibility of pristine [Fe(pyrazine)Pt(CN)]
(in blue), its benzene (in yellow) and CS> solvates (in purple). Inset photographs show color of the
respective solvate powders; b) Color change in response to chemically and thermally induced SCO.%

Compounds displaying the transition with hysteresis can be employed for fabrication of memory
devices.”?42¢ Kraieva et al. have coated a gold microwire heater with a layer of [Fe(Htrz)z(trz)]BF4
nanoparticles exhibiting hysteretic spin transition (Figure 1.6).2°> Maintaining the device at temperature
within the hysteresis loop, and applying an electrical current bias to the microwire heater the authors
were able to detect transient heating events. After overpassing the threshold temperature, the complex
undergoes transition to the high spin state, in which it can be maintained if the temperature stays within
the range of the hysteresis loop. Such a bistability of the SCO layer allows for thermal memory, i.e., a
posteriori read-out of optical information on the temperature changes. The authors were able also to map
the transient thermal events. A possible application of such a temperature sensor is to detect overheating

above a threshold temperature in micro- or nanoelectronic devices over their long-term operation. Spin
32



crossover also involves changes in electrical properties of the substance, such as electrical resistivity,
which allows for use in electronic devices.?” In this context, materials with abrupt transition are
interesting in the prospective of use for resistance switching junctions.?® Another application for the
abrupt spin transition concerns binary temperature sensing.?® In contrary, spin crossover materials with
gradual spin transition can serve as continuous thermometers affording their application in micro- and

nanothermometry (see sub-chapter 1.7).29%
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Figure 1.6. Scanning electron microscopy images (left) of the microwire heater coated with
[Fe(Htrz).(trz)]|BF4 layer and temperature-dependent optical reflectivity (right) of the microwire
device for three consecutive heating/cooling cycles.?®

As it was shown in the examples above, in order to be implemented for applications, spin
crossover complexes are predominantly used in a form of SCO materials (Figure 1.7), which can be:
liquid crystals,® nanoparticles (NPs),3! thin films®2- and (nano)composites.®® Particular attention will

be focused on the fabrication and the characterization of SCO thin films in the next sub-chapter.
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Figure 1.7. Scheme gathering possible material forms in which the SCO compound can be processed
and applications of the complexes and materials.
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1.3 SCO thin films: fabrication and characterization

An important class of SCO materials is represented by thin films.34*® Over decades of research,
various techniques to obtain the thin films have been developed, which include: Langmuir-Blodgett
technique,” ¥ spin coating,**° drop casting,** surface layer-by-layer assembly,*%? vacuum
deposition,*44 etc.3* Preparation of spin-crossover thin films by Langmuir-Blodgett technique involves
the use of surface-active SCO complexes that form monolayer on top of water solution, which is then
transferred on top of a substrate by dipping the latter into the solution (Figure 1.8a). Multilayer films
can also be obtained using this approach. The technique is simple and convenient in realization, however
suffers from of disadvantages and limitations, such as instability of the SCO compounds on the gas-
liquid interface upon transfer onto a substrate, and limited number of amphiphilic spin-crossover
molecules, which are challenging to obtain. One of the most used methods to deposit SCO thin films is
spin coating. In this method, a drop of spin-crossover compound solution in a volatile solvent is
deposited onto surface of a rotating substrate (Figure 1.8b). Rotation allows a uniform distribution of
the solution on the substrate surface and promotes evaporation of the solvent leading to formation of the
thin film. Spin coating often affords homogenous thin films. It is possible to control the thickness and
morphology of thin films of functional materials by controlling parameters such as rotation speed,
temperature, nature of the solvent and the substrate.*®
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Figure 1.8. Techniques of SCO thin film deposition: a) Langmuir-Blodgett; b) Spin coating; ¢c) Drop
casting; d) Surface layer-by-layer assembly; e) Vacuum deposition.3*

The simplest way of the thin film preparation is drop casting, as it requires a simple deposition

of a SCO solution onto a substrate, whereupon evaporation of the solvent in controlled conditions results
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in thin film formation (Figure 1.8c). The technique is rarely used as the resulting thin films are
inhomogeneous. Nevertheless, the method is suitable for preliminary tests for which homogeneity is not
mandatory. Alternatively, spin-crossover complexes can be synthesized directly on the substrate surface
by means of surface layer-by-layer assembly, which includes dipping of a substrate in a series of
solutions containing the necessary building-blocks (Figure 1.8d). The method allows to control the
orientation of the assembled thin films. Vacuum deposition allows to grow pure and high-quality thin
films with precise control of the thickness and morphology. In this method, sublimation of a solid SCO
complex via heating in a high-vacuum chamber is followed by its deposition onto a substrate surface
(Figure 1.8e). This thin film deposition technique is promising for elaboration of functional devices and

will be discussed further in the current sub-chapter.

Properties of thin films obtained by any of the discussed techniques often depend on their
characteristics such as thickness, surface morphology, crystallinity etc. There are various
characterization techniques allowing to study these thin film characteristics. One of such techniques is
atomic force microscopy (AFM).*4" This very high-resolution scanning probe microscopy method deals
with either repulsive or attractive forces that atoms of the investigated surface impose on front atoms of
a very sharp needle that moves across the surface being in close proximity or even in direct contact with
the latter. The needle, which is also referred as tip, is fixed on a flexible cantilever, the back of which is
illuminated by a laser. The laser beam is then reflected to a detector, which is sensitive to any deflections
of the cantilever over the course of the surface scanning, that are than processed by a computer (Figure
1.9). Processing vertical deviations of the cantilever moving along a line of the surface gives the surface
profile, while multiple scans within certain area of the surface allow to obtain an AFM image of the
surface within this area (Figure 1.9). The method is operational under air, vacuum or liquid. AFM is a
key technique for thin film characterization as it allows nanometer-scale measurements of a range of
parameters. One of the parameters that can be determined with precision is thickness. Before the film
deposition on the substrate, certain areas of the latter can be covered with a mask material that can be
removed after the deposition leaving the pristine substrate surface. The thickness can be deduced from
the step in the surface profile taken at the intersection between the thin-film-coated and uncoated
substrate surfaces. AFM allows to estimate homogeneity of thin films and to measure how smooth is the
thin film surface, which can be determined from average value between the highest and the lowest points
of the surface profile giving the parameter known as mean roughness (Ra) of the surface, that is a
characteristic criterion for certain surface morphologies. For example, polycrystalline thin films tend to
have grainy morphologies, so their surfaces are rougher than for, e.g., amorphous films. It was
demonstrated in the work of Shalabaeva et al., who have deposited nanometric thin films of iron(Il)
bis[hydrotris(1,2,4-triazol-1-yl)borate] or [Fe(HB(1,2,4-tz)3).] (tz = triazol-1-yl) onto silicon and fused
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Figure 1.9. AFM operating principle (left)*® and AFM images of [Fe(HB(1,2,4-t2)3).] thin films both
freshly deposited and after treatment with water vapor (right). Image sizes: 10x10 um?.4°

silica substrates by means of thermal vacuum evaporation.*® The surface area of the films is around 1
cm?. Typical scanning areas of the microscopy on thin films vary from 4 pm? to 100 um?. The latter
value is the maximum area that can be scanned by AFM. Scanning different regions of as-deposited
films reveals variation of roughness from ca. 0.5 nm to 5 nm, which points to inhomogeneity of the
films. It is explained by amorphousness of the as-deposited films. Exposure of the films to water vapor
induces their crystallization, which leads to changes in the surface morphology and roughness (Figure
1.9). Unlike to the initially amorphous as-deposited films, the resulting polycrystalline films are
homogeneous across all the surface area. Alternative method to investigate the surface morphology of
thin films is scanning electron microscopy (SEM). This electron microscopy technique implies scanning
of the studied surface with a focused electron beam under vacuum conditions (Figure 1.10a).%0%!
Interaction of electrons from the beam with the surface atoms produces various signals
(secondary/backscattered electrons, characteristic X-ray) that can be detected and processed to give a
two-dimensional (2D) image (Figure 1.10b-d). Incident electrons from the beam have enough energy to
knock off electrons from the electron shells of the sample atoms to produce secondary electrons, or,
otherwise the incident electrons can be backscattered from the atoms. Both secondary and backscattered
electrons are useful for imaging. Though, secondary electrons are typically used for surface morphology
studies. SEM affords broader magnification range than AFM, which means that more surface area can
be analyzed at a time, even multiple objects on surface can be in focus at a time. Thus, Molnar et al.
used scanning electron microscopy to study micro- and nanopatterns of Fe(pyrazine)[Pt(CN)]
coordination polymer they assembled on gold surface by combination of surface layer-by-layer and
patterning approaches.> Magnification capabilities of the method allowed the researchers to scan arrays

of patterns (Figure 1. 10bc) as well as isolated patterns in areas from um? to mm? (Figure 1. 10cd).
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Figure 1.10. Simplified scheme of scanning electron microscope (a);>®> SEM images of 2 pm
Fe(pyrazine)[Pt(CN)4] pattern arrays (b,c) and the isolated 2 pm pattern (d). The scale bars are 30 um
(b), 5 um (c) and 1 um (d).%

Additionally, SEM can provide information on chemical composition of the sample. Thus, vacancy
created after knocking off the electron from an inner shell of the atom is filled by electron migrating
from the outer shell, which is followed by X-ray emission characteristic for a specific type of atom
(Figure 1.11a). This response allows to obtain chemical information, such as elemental composition
across certain area of the sample. High energy of incident electrons and emitted characteristic X-rays
affords bulk studies of the sample and can be applied, e.g., for analysis of multilayer structures composed
of different materials. However, in conventional SEM setup the electron beam can be focused on certain
area of the sample and typically does not allow to analyze all the sample surface at a time. Nevertheless,
there is another method that makes possible surface analysis across the sample and provides even more
chemical information, which is X-ray photoelectron spectroscopy (XPS). This surface technique is based
on the opposite principle: detection of electrons knocked off from an atom due to absorption of incident
X-rays (Figure 1.11b).>* In addition to identification of the elements composing the sample surface, more
information can be obtained from measurement of kinetic energy of an ejected electron (photoelectron)
that allows to calculate binding energy of the electron, which is characteristic and gives information on
chemical environment and electronic state of an atom from which it was ejected. Taking advantage from
capabilities of the method, Atzori et al. have investigated a vacuum-deposited thin film (~50 nm) of

[Fe(gnal)2] (gnal = quinoline-naphthaldehyde) and bulk powder of the complex.® The authors have
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recorded XPS spectra at room temperature for both the thin film and the powder and compared them
(Figure 1.12).
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Figure 1.11. Representations of mechanism behind characteristic X-ray emission from an atom

subjected to the electron beam (a)*® and fundamental principle of the XPS (b).>*
Analysis of Fe2p spectral region revealed a very close similarity between the both bulk powder and thin
film spectra. Fitting of the spectra showed a shake-up structure inherent in paramagnetic species. Spin-
orbit interactions cause appearance of two possible electronic states for the p-orbitals leading to two
signals in the spectra, which is referred as spin-orbit splitting. The latter is determined as the energy
difference between the two peaks. The value of the spin-orbit splitting in the studied materials was of
ca. 13.3 eV, which is typical for paramagnetic Fe'' complexes.>’~>° Thus, the researchers have concluded
that at room temperature both thin film and bulk powder forms of the complex are in high spin state,
which is in well accordance with magnetic measurements. Data from analysis of binding energies in the
characteristic regions of lighter elements (C1s, N1s, O1s) composing the complex showed consistency

with those obtained from crystallography and vibrational spectroscopies.
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Figure 1.12. XPS spectra of [Fe(gnal)2] in bulk (top) and thin film (bottom) form.®
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Finally, all the three techniques are very useful for thin film characterization. AFM provides
information on physical properties of the thin film surface, while signals in SEM besides imaging of the
investigated surface can give information on its elemental composition. In XPS, it is possible to analyze
electronic states of the surface elements as well as their chemical environment. However, unlike to SEM,
XPS can measure only up to 10-nm-thick layers of samples, which makes it a good characterization

technique for ultra-thin films, while thicker samples need to be scratched for full analysis.

1.4 Sublimable SCO complexes

The vast majority of applications involving the thin films require high quality, purity and
homogeneity of the film. To fulfil these criteria, thermal vacuum deposition serves a powerful means. >
As yet, only a scarce number of SCO complexes are known to be capable of being deposited by this
technique (Figure 1.13).434448.5660-72 gch g limited range of spin crossover compounds suitable for
vacuum deposition can be explained by the fact that the compound-candidates for thermal vacuum
evaporation should be prone to sublimation and thus meet certain criteria, such as relatively low
molecular weight, charge neutrality, discrete structure and absence of solvent or other guest molecules
in its crystal lattice. However, cationic iron(ll1l) complex [Fe(pap)2]ClIO4+-H.O (pap = N-2-
pyridylmethylidene-2-hydroxyphenylaminato) is the only exclusion to this rule.®
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When deposited on a surface, the SCO properties of the thin films are determined by interplay of
intermolecular and interfacial interactions, which depends on the thickness of the film and its
crystallinity. Thus, tens-to-hundreds-nanometer-scale crystalline films tend to show spin crossover
properties comparable to those the substances display in bulk, due to the distance to the interface making
the intermolecular interactions more favored.*®> Amorphous or semicrystalline thin films demonstrate
irreproducible SCO behavior or incomplete transition.*® On the other hand, for the monolayer and sub-
monolayer films the interfacial interactions play paramount role defining their SCO properties. The
proximity to the interface imposes constraints on intermolecular interactions between the complex
molecules leading to changes of the character and completeness of SCO comparing to the bulk behavior
and may result in coexistence of both spin states at low temperatures.”’* Other important factors to
consider for fabrication of the ultrathin films are the nature of the substrate and the molecular design of
the complex. Thus, heteroleptic Fe'' complexes [Fe(H2B(pz)2)2phen], [Fe(H2B(pz)2)-bpy] (pz = pyrazol-
1-yl; phen = 1,10-phenanthroline; bpy = 2,2’-bipyridine), some of their derivatives substituted at phen
or bpy cores and [Fe(pypyr(CFz)2)2phen] (pypyr = 2-(2’-pyridyl)pyrrolide) can undergo surface-induced
fragmentation to [FelL2] or [FeL]" (L = H2B(pz)2 or pypyr respectively) and phen (bpy) on certain
metallic substrates at monolayer and sub-monolayer coverages.”>’" In contrary, homoleptic iron(ll)
complexes with scorpionate-type tripodal hydrotris(azol-1-yl)borate ligands™® do not dissociate on

surfaces and can represent a stable alternative to their heteroleptic counterparts.’

The majority of applications require materials switching around or above room temperature.®
Among the sublimable SCO complexes, only a few are known to undergo spin crossover above room
temperature both in bulk and thin film states, those include [Fe(pypyr(CFs)2)zphen],”® [Fe(HB(pz)s)2]®"%®
and [Fe(HB(1,2,4-t2)3)2] (Figure 1.13).° It is noteworthy that the two latter belong to the scorpionate
family of complexes. The temperature of spin transition T for Fe-pypyr thin films (~330 K) is nearly
60 K lower comparing to the bulk substance (390 K), when the other two compounds show comparable
SCO properties in bulk and thin film forms (T12 = 393 K and 335 K for the pyrazolyl and triazolyl
derivatives, respectively). The properties of [Fe(HB(1,2,4-tz)3)2] thin films were investigated for 20-200
nm thickness range. It was found that the considered films are of high quality and show unprecedent
endurance towards thermal cycling withstanding over 10 million heating-cooling cycles remaining
intact.?® Such an outstanding stability of the films make them appropriate materials to elaborate
miscellaneous functional devices for photonics, molecular electronics, actuators, sensors and
temperature  damping.2®8#  Thus, Manrique-Juarez and co-workers have elaborated a
microelectromechanical system (MEMS) actuated by spin crossover.®’ The researchers have deposited

a 140 nm thin film of [Fe(HB(1,2,4-tz)3).] on top of a freestanding silicon microcantilever with an
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integrated piezoresistive detection system. Spin transition induced mechanical strain in the system lead

to reversible static bending of the cantilever (Figure 1.14). SCO also imposed a dynamical effect on the
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Figure 1.14. Static and dynamical effects imposed on the MEMS by SCO.>8°

system, such as a decrease in resonance frequency of the MEMS by ~66 Hz in HS state comparing to
the LS state (Figure 1.14). Such a mechanical integration of the SCO nanomaterial into the system,
makes it attractive for application in mechanical transduction (conversion of mechanical energy to
electrical one) controlled by external stimuli. Thin films of the same SCO complex were used in the
work of Zhang et al., who fabricated electrical junctions with switchable electrical resistance.?® The
junctions were composed of indium-tin oxide (ITO) anode, layer of [Fe(HB(1,2,4-tz)3)2] and metal
cathode of aluminum or calcium (Figure 1.15a). The insulating layer of the SCO film had higher
resistance in HS state than in low-spin state. The authors have measured current-voltage and current-
temperature characteristics of the devices in heating and cooling modes (Figure 1.15b) and found them
similar independently on the cathode material. Therefore, the resistance switching is not governed by

electron injection from the cathode but rather by transport of charge-carriers that depends on the spin
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Figure 1.15. a) Scheme of ITO/[Fe(HB(1,2,4-tz)3)2]/M (M = Al, Ca) junction; b) Electrical
characteristics of ITO/[Fe(HB(1,2,4-tz)3)2]/Al junction measured in heating and cooling modes.?®
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state. Consequently, electrical junctions based on SCO thin films can be used as resistance switches. As
follows from the considered examples, spin crossover occurring in a material induces a range of
phenomena interesting for various applications, however spin crossover in a single molecule has also
attracted an immense interest of researchers. Miyamachi et al. reported electrical switching in a single
molecule of [Fe(phen)2(NCS)2] deposited on Cu(100) substrate covered with copper nitride layer by
applying a voltage bias to the molecule from a tip of scanning tunneling microscope (Figure 1.16a).8*
Negative voltage applied leads to transition of the molecule to high spin state (higher tunneling current,
higher condactance), while applying positive bias returns it to the LS state (Figure 1.16b). By applying
sequential pulses of positive and negative biases it was demonstrated that the state of the molecule can
be deterministically selected, as after switching the molecule to LS state by a pulse of positive bias it
will not switch back to HS state by the second positive pulse, but it is possible applying the negative
pulse (Figure 1.16c¢). Such single-molecule devices can be used in the field of information storage, e.g.,
spintronics etc. Though the discussed complexes and their thin films are substantively studied and some

of them implemented to functional devices, this domain requires new compounds for its development.
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Figure 1.16. a) Isolated [Fe(phen)2(NCS)2] molecule on CuN/Cu(100) surface electrically switched
via tip of scanning tunneling microscope; b) Current-voltage characteristics of the isolated molecule;
c) Application of two consecutive pulses of positive voltage bias following with negative one
demonstrates deterministic character of the switching.?"4

Recent works of several research groups reported a potential extension to the family of
sublimable spin crossover compounds switching their spin states above room temperature.>%" The
reported compounds belong to the class of heteroscorpionates. Unlike to common (homo)scorpionates,

in heteroscorpionates the N-donor azol-1-yl rings are not identical.”® Flgtotto et al. have developed a
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synthetic path to access new iron(ll) heteroscorpionates, which implies an exchange of pyrazole ring to
4-nitropyrazole one in the initial [HB(pz)s] ligand driven by the difference in pKa of the heterocycles
(Figure 1.17).%
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Figure 1.17. Synthesis of heteroscorpionate ligands by heterocycle exchange reported in ref.%

They have successfully demonstrated that controlling the temperature and stoichiometry it is possible to
selectively substitute from one to all the three pyrazol-1-yl moieties in the anionic ligand with the nitro
counterpart. Moreover, susceptibility of NO.-group to reduction offers a route to post-modification of
the complexes (Figure 1.18). The authors reported syntheses of the amino-derived ferrous compound
[Fe(HB(4-NH2pz)(pz)2)-] together with its amide, imine and azo products of post-functionalization. All
the obtained compounds undergo thermal spin crossover in 340-500 K range of temperatures (Figure
1.19).
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Figure 1.18. Post-synthetic functionalization of the nitro-derived heteroscorpionates.3®
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Though the thermal stability of the compounds was studied, the authors do not report the sublimation of
the complexes. Using the above-discussed reaction of pyrazole exchange with 3(5)-nitro- and 4-
nitropyrazols, Ma et al. have complemented the library of nitro- and amino-decorated iron(ll)

hydrotris(pyrazol-1-yl)borates.%
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Figure 1.19. Temperature-dependent molecular magnetic moment of the initial nitro-complex and the

post-modification products (see Figure 1.18).%°

The researchers have shown that the occurrence of SCO behavior in the resulting complexes depends on
steric and electronic factors determined by the substituent position of the pyrazole ring, its steric
demands and electronic properties. For example, the substitution with nitro-group at the position 3 makes
thermal spin crossover impossible, as the steric effect of NO2-function leads to elongated Fe—N distances
of 2.14-2.43 A typical for high spin iron (1) complexes,® thus the ligands can adopt the metal ion
exclusively in HS state configuration. As the steric demands of the amino-group are considerably lower,
the 3-substituted amino-functionalized complexes maintain the spin crossover behavior. Notably,
compound [Fe(HB(3-NH2pz)(pz)2).] undergoes above-room-temperature spin transition at T1> = 310 K.
The authors’ preliminary studies have shown that compounds [Fe(HB(3-NH2pz)(pz)2)2] and [Fe(HB(3-
NO2pz)(pz)2)2] can be sublimed under vacuum without any substantial decomposition, which opens
opportunity for application in switchable thin film materials. Desrochers et al. used the discussed
reaction of heterocycle metathesis to replace one 3,5-dimethylpyrazole ring in [HB(3,5-Me2pz)s3]” ligand
with benzotriazole (btz) to obtain the first ferrous heteroazolyl heteroscorpionate [Fe(HB(3,5-
Me,pz)2(btz)2)-] (Figure 1.20a).8” As synthesized, the substance constitutes a mixture of cis- and trans-
isomers separable by column chromatography. Both isomers display spin state change in high
temperature region (T2 = 385 K for cis-isomer and Ty = 372 K for trans-isomer; see Figure 1.20b).

The group of authors performed detailed studies of the complexes in solid state and employed a
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paramagnetic !B NMR to follow the SCO of both isomers in solution. It was also revealed that the
exodentate nitrogen atom of benzotriazole in the cis-isomer can coordinate to SnCl; to form an adduct.
Interestingly, the coordination of tin (11) chloride does not affect the initial spin state of the Fe'' complex

and causes minimal impact on the benzotriazole n-system.
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Figure 1.20. a) Crystal structure of cis-[Fe(HB(3,5-Me2pz).(btz)2)2] chloroform solvate; b)

Temperature-dependent molar magnetic susceptibility of the cis- and trans-isomer bulk powers in
heating and cooling modes.®’

To conclude, a range of evaporable spin crossover complexes have been synthesized up to date,
however this domain of research is still on rise and requires development of new SCO coordination

compounds and their thin film materials, properties of which can be predetermined by molecular design.

1.5 Lanthanide(I11) complexes with bis-chelating ligands for highly-efficient luminescence

Luminescence stands for a phenomenon of light radiation from electronically excited states of
species (molecules, ions etc.) as a result of return of the latter to the ground state.®®2° The substances
where luminescence is observed are called luminophores. Depending on the external stimulus inducing
the electron excitation in the substance, there can be defined: photoluminescence (light),
electroluminescence (electrical field), radioluminescence (ionizing radiation), chemiluminescence
(chemical process), sonoluminescence (ultrasound), triboluminescence (grinding) etc. Hereafter the
term luminescence will be used to refer photoluminescence (if not specified otherwise). The pathway of
the de-excitation determines lifetimes of excited states and rates of luminescence, which can be classified
as fluorescence and phosphorescence. As a precondition to fluorescence, a photon of light is absorbed
by the substance that leads to transition of one of the singlet ground state (So) paired electrons (of
opposite spins) to a singlet excited state level (S, S2...), whereafter it returns to the ground state from

the lowest S; level leading to a photon emission. In case of singlet-singlet electronic transitions, the
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electron spin does not change upon the electron excitation and return to the ground state. As the electron
spin remains unchanged, the return to the ground state is spin-allowed, so the process is fast, as the
typical rate of luminescence is around 108 s™%, and hence the lifetime is around 10 nanoseconds (10x10-
%3). In turn, phosphorescence occurs from triplet excited state T1, where the electron has the same spin
as the ground-state electron of So. The triplet-singlet transitions are formally forbidden, so the rates of
phosphorescence (T1—So) are as slow as 10°-10° s* and its lifetimes can range from milliseconds to
seconds. A process that precedes the phosphorescence is a conversion of S; to T through intersystem
crossing — a non-radiative transition between the excited state levels of different multiplicity. Forbidden
transitions between singlet and triplet states can be partially allowed in case if spin-orbit coupling takes
place. Spin-orbit coupling is inherent in substances containing heavy atoms (halogens or metal ions),
thus the conditions for intersystem crossing and phosphorescence in such samples can be favourable.
The excitation energy can also be converted to heat instead of light, which is known as internal
conversion, which can occur from excited state levels of higher energy to those with lower energy as
well as between excited and ground state levels. Internal conversion is a fast (10°-10%s) non-radiative
process that can compete with photon emission processes. The less is the energy difference between
levels, the more favourable the internal conversion is. All the considered radiative and nonradiative

processes are visualized on Jablonski diagram shown on Figure 1.21.
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Figure 1.21. Representation of Jablonski diagram.®

The luminescence of trivalent lanthanide ions is of high interest owing to benefits it provides
comparing to other known luminophores, which include high color purity of the emitted light,
luminescence decay times longer than those for organic luminophores and large Stokes shifts.®® The
unique optical properties of these species are conditioned by a distinct electronic structure of Ln'", that
have [Xe]4f" (n = 0-14) electronic configuration. The 4f orbitals are shielded by the filled 5s?5p°® sub-
shells which prevents them from interacting with the ion surroundings. As a consequence, in the
emission spectra of lanthanide luminophores the f-f transitions appear as narrow bands, distinctive for

each lanthanide(l1l) ion and independent on its coordination environment.®* Most of the ions are
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emissive, except for the elements at termini of the lanthanide row, namely La"" and Lu'", where the first
does not have f-electrons (La'"), while the last has the 4f sub-shell completely filled (Lu'"). The emission
range of the lanthanide ions is broad and covers ultraviolet (UV), visible and near-infrared (NIR) spectral
regions (Figure 1.22).%2 Such spectroscopic properties are advantageous in terms of various applications
from light-emitting materials for functional devices to luminescent bio-probes.®* For instance, narrow-
band emission is the key to pure colors of the emitted light, which is an important characteristic for
electroluminescent devices used in displays and screens,® while long luminescence lifetimes and

considerable Stokes shifts when coordinated to organic ligands allow to use Ln"™" as luminescent labels

for immunoassays.®*
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Figure 1.22. Partial energy diagrams of Ln'' aquo-ions. The emissive excited state levels are
highlighted in red, while the ground state levels are highlighted in blue. The diagrams are also
applicable to other lanthanide compounds as the energies of the levels are not impacted by
coordination environment of the lanthanide ion.%2%-°7

However, it should be noted that Ln"" ions themselves are not efficient at light absorption, as the
f-f transitions are parity-forbidden, hence the molar extinction coefficients for the lanthanide ions are
low (¢ = 1-10 Mt-cm™), consequently weak is their emission upon direct excitation.®® The other obstacle
preventing the lanthanides from efficient light emission comes from non-radiative deactivation of the
Ln"" excited states by vibrations of OH, CH and NH groups.®*%° The solution to the first problem
wasdiscovered in 1942 by Weissman who found that in lanthanide complexes with organic ligands the
lanthanide luminescence can also be triggered indirectly, i.e. by excitation of the organic ligand
molecules. ! This phenomenon of Ln"!' luminescence sensitization by organic ligands is called “antenna
effect”. The effect is realized by means of light absorption by the ligand, exciting the latter on the singlet
state, whereafter it is converted to the triplet state via intersystem crossing. Then, the populated triplet

state undergoes de-excitation accompanied by non-radiative transfer of energy to the lanthanide ion
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inducing an electron excitation in the latter. This type of energy transfer is known as Forster-type energy
transfer (FRET).1%2 Finally, radiative return to the ground state occurs from the emissive excited state of

the lanthanide as shown in Figure 1.23.%

Ligand Ln(ll)
1
S
A ‘s‘\:: ----------- E.-[ ________ T f'* ET
ICa_ T T "'
-!::g\\ IC 121 A
"’ g Q)
ANTENNA - |
NR S
F P L Ynr
A4 Y

Figure 1.23. Diagram®® (left) and simplified scheme!® (right) of the ligand-sensitized lanthanide
luminescence mechanism. (S — singlet state; 3T — triplet state; /’* — Ln""" excited state; f* — Ln'!
emissive excited state; F — fluorescence; P — phosphorescence; L — luminescence; ET — energy
transfer; BT — energy back-transfer; ISC — intersystem crossing; IC — internal conversion; NR — non-
radiative decay)

The efficiency of luminescence is essentially determined by quantum yield. The overall quantum

yield of sensitized luminescence is calculated using the following equation:

QIIjn: T.lsens Qiﬁ (1 ' 1)

where QM", is the intrinsic quantum yield of the lanthanide emission upon direct f-f excitation, and nsens
stands for sensitization efficiency. The intrinsic quantum yield in turn takes into consideration the
contribution of non-radiative deactivation processes in inner and outer spheres of the complex, and is
characterized by radiative rate (krad) and excited state de-population (Kobs) constants, which are inversely
proportional to radiative (trad) and excited state (tobs) lifetimes respectively (Equation 1.2). Thus, the
efficiency of the luminescence depends on two parameters, such as energy transfer (msens) and
contribution of non-radiative deactivation processes (Q""Ln). One of the well-known examples of highly-

krad Tobs

(1.2)

kobs Trad

luminescent europium(l11) complexes is [Eu(tta)s(DBSO).] (tta = thenoyltrifluoroacetylacetonate;
DBSO = dibenzyl sulfoxide; Figure 1.24) with the overall quantum yield reaching 85% — one of the
highest value measured for Eu'"' complexes in the solid state.!® Terbium(lIl) benzoate shows 100%
quantum yield. Although, the high Q'.» cannot be reached by coordinating just any ligand to the metal
center. In search of general rules that can be followed to design highly luminescent lanthanide

complexes, different scientific teams, after careful research, suggested an assumption that the
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luminescence sensitization is realized only through Si(ligand)—T1(ligand)—-Ln* energy transfer path, and
that the only important parameter in this case is the energy difference between the triplet state of the
ligand T1 and the emitting excited-state level of the lanthanide ion.1%>1%

Figure 1.24. Structural formula of [Eu(tta)3(DBSO)].

It was found that high quantum yields were observed in coordination compounds of Eu'"' and Tb'"" with
energy difference between T1 and Ln* lying in 2500-3500 cm™ range.'® The energy differences below
this range favor the back-transfer of energy to the triplet state, while the higher differences increase the
probability of non-radiative relaxation. In turn, an efficient intersystem crossing from Sz to T1 occurs if
the energy difference between the levels is ~5000 cm™, which should also be considered when designing
the ligand. In general, the efficiency of the energy transfer relies on an optimal match between the ligand
triplet and Ln"" excited states, which depends on the nature of the ligand molecules and the lanthanide
ion. For instance, in case of europium(lll), high luminescence quantum vyields were observed in
complexes with the triplet state energy close to: °D; level for polyaminocarboxylates,® °D; level for
B-diketonates'® and 3Dy level for coordination compounds with Schiff-base ligands (Figure 1.25).2%7 On
the other hand, some lanthanide ions emit more efficiently than other in complexes with the same
ligands, which can be observed on example of polyaminocarboxylates of Eu'"' and Th'""!, where the latter
show higher quantum yields due to larger band gap *Ds—'Fg in Th comparing to °Do—'Fo in Eu (Figure
1.22).%11% The optimal energy gap range between the emitting excited state and the ground state that
minimizes the probability of non-radiative deactivation is the key reason that makes Eu'"', Gd"" and Tb'"
better emitters comparing to other lanthanides. This is why the coordination compounds of Eu'"' and
Th'" are of high scientific interest. However, in complexes with organic ligands, the luminescence of
Gd"" cannot be observed as its emission lies in the UV range where it often overlaps with absorption of
the organic molecules of the ligand, so the coordination compounds of gadolinium(l11) do not represent
interest in terms of metal-centred light emission, however, they are useful for determining of ligand
triplet state energy that can be deduced from low-temperature phosphorescence spectra of Gd'
complexes with the ligand(s) of interest.
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Figure 1.25. Examples of polyaminocarboxylate (a), B-diketone (b) and Schiff base (c) ligands (in
neutral form) used in the literature.19>-107
In order to design highly emissive lanthanide complexes, besides the above-discussed
photophysical requirements, chemical aspect should be met. This involves the coordination preferences
of Ln"" ions and the molecular structure of the ligand. According to hard and soft Lewis acid and base
theory (HSAB),X%®1! trivalent lanthanide cations are hard acids, meaning that they coordinate more
readily to ligands with hard-base donor atoms to which belong oxygen and nitrogen. The lanthanide ions
have a range of possible coordination numbers, which are governed by steric factors and with
uncongested ligands can be relatively high (usually from 7 to 9).112 As a corollary, polydentate chelating
ligands are good candidates to form stable complexes. The complex design strategy should also address
the problem of vibrational deactivation processes induced by high-energy oscillators, such as OH, NH
or CH groups. The emission quenching by O—H vibrations (~3600 cm™) is often observed in aqueous
solutions and isolated complexes where coordination sphere of the lanthanide ion contains water
molecules bound to it. Typical mechanism of the deactivation by O—H vibration modes for some Ln'"

ions is shown on Figure 1.26.
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Figure 1.26. Energy diagram showing the mechanism of lanthanide luminescence quenching by O—-H
vibration modes of water molecule on the examples of Tb"', Eu"" and Yb"' ions.1*3
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Use of chelating multidentate ligands to saturate the lanthanide coordination sphere allows to prevent
the coordination of solvent molecules carrying OH oscillators. Binding sites of some chelating ligands
may contain OH and NH (vn-n = 3300 cm™) groups able to coordinate to the lanthanide ions or located
in close proximity to the donor atoms. This problem could be solved by deprotonation (if applicable) of
these moieties. Otherwise, hydrogens in these groups can be replaced with deuterium atoms, which
significantly lowers the energy of vibrations.? In a vast majority of organic ligands the presence of C—
H oscillators (~2900 cm™) is nearly inevitable, and reducing the number of CH groups is often a more
challenging task comparing to OH and NH ones. Nevertheless, it is possible to minimize the quantity of
these groups by using organic ligands where C—H moieties are partially substituted with C—F functions,
vibrations of which have much lower energy (~1400-1000 cm™). Thus, lanthanide complexes with -
diketones bearing perfluorinated substituents displayed higher quantum yields comparing to their non-

fluorinated analogues.!'*

Among miscellaneous classes of lanthanide-based coordination compounds, the complexes with
B-diketones (or 1,3-diketones) are one of the most investigated.!>!® The acidic nature of protons at a-
position of a B-diketone molecule eases its deprotonation resulting in formation of stable 3-diketonate
anion with negative charge delocalized within OC—-CH-CO fragment of the molecule.!'” The 1,3-
diketonate anions are bidentate chelating ligands towards Ln"' and can form neutral ternary Ln(p-
diketonate)s or anionic Ct*[Ln(B-diketonate)s]” (Ct* = single-charged cation) complexes (Figure 1.27)

depending on stoichiometry of the initial reagents.*®

Figure 1.27. General structures for two types of lanthanide p-diketonate: ternary or tris- (left) and

anionic terakis- (left) complexes. (R = substituent; L = additional neutral ligand; Ct" = single-charged

cation).
As the diketonates are bidentate ligands, they do not fully saturate the metal coordination sphere in the
ternary complexes permitting solvent molecules to bind to the metal center, which increases the
probability of the quenching processes. This problem can be solved by replacing the solvent molecules
with neutral bidentate ligands, e.g. 1,10-phenanthroline and 2,2’-bipyridine, leading to formation of
highly luminescent molecular complexes.**®1?° The neutral molecular Ln"' complexes are interesting in
the context of vacuum deposition to fabricate electroluminescent devices.*?! Another class of ligands,
which deserves a particular interest, is represented by carbacylamidophosphates (CAPh)!?? that are

structurally analogous to B-diketones (Figure 1.28) but offer the following advantages: 1) the a-position
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methylene moiety is substituted with NH one, deprotonation of which excludes the presence of the
emission quenching vibration modes in close vicinity to the lanthanide center; 2) one of the carbonyl
groups is substituted with phosphoryl group, oxygen donor atom of which displays higher affinity to the
lanthanide ions comparing to the carbonyl one, thus additionally stabilizing the resulting complexes; 3)
P=0 stretching vibrations have lower energies (~1250 cm™) comparing to ones of the carbonyl (~1600
cm?); 4) substantial thermodynamic stability of the complexes; 5) the phosphorus atom is
pentacoordinate, which allows to decorate the ligand with an extra chromophore function; 6) due to the
valence capabilities of phosphorus allowing one more substituent, CAPh ligands appear to be more bulky
than their B-diketone counterparts that leads to better shielding of the lanthanide emissive centers from
external interactions impairing the luminescence.!?21% Despite the large number of works dedicated to
CAPh-based lanthanide complexes, this domain of research is relatively new comparing to the
diketonate counterparts, hence there is a room to develop new highly-luminescent lanthanide(ll)

carbacylamidophosphates.
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Figure 1.28. General structural formulae of B-diketone (a) and CAPh (b) molecules. (R, R’ =
substituent; EWG = electron-withdrawing group).

Another powerful strategy to increase the quantum vyields is to increase the number of the
emission centers (i.e. Ln'" ions) per molecule using bis- or poly-chelating ligands.?*132 There are
numerous reports highlighting the outstanding luminescent properties of binuclear lanthanide complexes
of with bis-B-diketones — tertradentate bis-chelating counterparts of simple 1,3-diketones containing to
chelating sites connected by spacer.!® In 2004 Bassett et al. have reported significantly higher
luminescence intensity and quantum yields in binuclear lanthanide complexes with bis-p-diketones
comparing to their simpler mononuclear B-diketonate analogues. It was shown that binuclear
samarium(l1l) complex with 1,3-bis(3-phenyl-3-oxopropanoyl)benzene exhibits 11 times higher
luminescence intensity than analogous mononuclear tris-dibenzoylmethanate complex (Figure 1.29).13!
Later on, a number of works marked considerable quantum yields in binuclear lanthanide bis-p-
diketonates and confirmed higher luminescence intensities over their mononuclear analogues.***%° The
metal coordination compounds with bis-chelating ligands can have certain beneficial structural features,
for example, the ligands with relatively flexible spaces often form helicate assemblies around metal ions
upon coordination. Helicates are supramolecular edifices in which metal ions lie on helical axis, while
the coordinated poly-chelating ligands are wrapped about the latter in a spiral manner (Figure 1.30).14:142
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Figure 1.29. Emission spectra of disamarium (I11) bis-p-diketonate (solid line) and its mononuclear
analogue (dashed line) isoabsorptive DMF solutions. Formulae of the complexes are depicted in the
left and right insets respectively.'®!

Applied to the lanthanide complexes, the helicate design offers more protection from the external
interactions and therefore has a positive impact on the luminescence.'#2143 With bis-p-diketones as well
as with other bis-chelating ligands, the lanthanides tend to form triple-stranded (ternary, with three bis-

bidentate ligands) and quadruple-stranded helicates (Figure 1.30).144145

Figure 1.30. Examples of crystal structures of the triple- (left) and quadruple-stranded (right)
helicates.!#®

Changing the nature of the spacer (idem linker) it is possible to tune or even switch the luminescent
properties of the bis-p-diketonate complexes.'®® Zhang et al. have synthesized a binuclear quadruple-

stranded Eu'"" bis-diketonate with diarylethene-type linker and demonstrated a reversible switching of
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the europium luminescence by switching between open and closed forms of the bridging diarylethene
moiety upon UV or visible light irradiation respectively (Figure 1.31).14® Investigating phosphorescence
spectra of quadruple-stranded gadolinium(l11) complex with the considered ligand, the authors have
found that the triplet state energy of the open-ring form ligand is of 20833 cm™, which is higher than
5Dy level of Eu"' (17500 cm™) and the energy difference between the levels allows for efficient energy
transfer. However, in ring-closed form the triplet state energy is significantly lower (14728 cm™), which
makes the energy transfer impossible. Thus, photoswitching between open- and closed-ring form of the

ligand leads to tuning of its triplet state and, as a consequence, switching of the metal-centered emission.
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Figure 1.31. a) Representation of the Eu'"' luminescence photoswitching in the quadruple-stranded
complex with the diaryl-ethene based ligand; b) Emission spectra of the complex solution in
MeOH/CH:Cl, mixture upon irradiation at 395 nm. 146

Introduction of fluorescent organic groups, such as tetraphenylethylene (TPE), to the spacer (Figure
1.32a) can be used to achieve a white-light emission, as it was described by Li et al. who employed the
red emission of Eu'"' together with blue-green aggregation-induced emission of TPE moieties to produce
a white-light luminescence in a quadruple-stranded helicate.'*’ Interestingly, the TPE- and the Eu-
centered emissions can be excited simultaneously in a broad range of excitation wavelengths (310-410
nm). Furthermore, the resulting emission spectra can be tuned depending on the excitation wavelength
(Aexc), and hence — the emission color (Figure 1.32b). Thus, upon excitation with longer wavelengths the
TPE emission appears more dominant in the spectra, while at short Aexc, €.9. 310 nm, the color of the
emission is nearly white (Figure 1.32¢). The authors have also managed to incorporate the complex into
a polymer matrix to obtain white-light-emitting hybrid films (Figure 1.32d).

Summarizing the discussed nuances of the ligand and complex design to achieve an efficient

lanthanide-centered luminescence and considering its possible applications, one can conclude that bis-
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chelating CAPh ligands and their lanthanide complexes may appear as promising candidates to tackle

the existing issues on the way to a highly-efficient Ln'!" emission.
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Figure 1.32. a) Structural formula of the TPE-derived bis-B-diketone ligand (neutral form) used to
construct the quadruple-stranded dieuropium(111) helicate in ref.!4’; b) Emission spectra of the solid-
state helicate (Aexc range: 310-410 nm); ¢) CIE chromaticity diagram of the complex; d) Photographs
of hybrid polymer films (0.5 % content of the helicate) upon excitation at the selected wavelengths.

1.6 Hybrid SCO/luminescent materials

The synergy of spin crossover and luminescence phenomena is an area of intensive research over
the past few decades.’*® An interplay between the two phenomena can serve a key to fabrication of
bifunctional materials.'*° The optical absorption bands of low spin iron(11) can overlap with the emission
bands of some luminophores leading to the luminescence quenching as a result of the energy transfer
onto the iron center or emission reabsorption, while the absorption of high spin iron(11) may not interfere
with the emission of these luminophores, which makes possible the switching of the luminescence using
SCO phenomenon.'° In turn, luminescence can serve a very convenient tool to monitor the spin state of
spin-crossover materials.*® However, combining both properties in one substance is a challenge, as both
spin crossover and luminescence are sensitive to changes in chemical environment and structural
changes, therefore the attempts to unite these two properties often leads to loss of at least one of them. 4%
150 In 1990s-2000s, the first attempts to combine the lanthanide emission and spin crossover were done
by Piguet et al. who synthesized a series of heterobimetallic f-d helicates including Ln""!-Fe'' ones.15+153
The authors’ investigation revealed a strong quenching of europium(l1l) emission in Eu-Fe helicates
with LS Fe' (Figure 1.33). Nevertheless, even with the highest possible fraction (>0.5) of high-spin
iron(Il) species, the lanthanide luminescence was not observed. Even in helicate where the iron was

fixed in HS state, the energy transfer from the lanthanide to the iron still occurred leading to weak Eu-
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centered emission.’™! About 20 years later, a study conducted for similar helicate systems has
corroborated the temperature dependance of the Eu'"'-centered luminescence induced by SCO, however
its signal remained fairly weak due to high quenching efficiency of 95% for the high-spin iron ions and
quantitative for the iron in low spin state.'> Thus, even the trace fractions of the LS species led to drastic

quenching of the lanthanide emission.

Figure 1.33. Crystal structure of one of Eu-Fe helicates (a) investigated by Piguet et al. and structural

formula of the ligand (b) constituting the helicate.*>
Besides these works, there is no other reports on attempts to bridge lanthanide emitters and iron SCO
centers in one chemical entity. Nonetheless, there is a different approach allowing to combine
luminescent and SCO species together, to preserve both phenomena and to provide the luminescence
modulation by spin state switching. This approach was proposed in works of Salmon et al., who
associated spin-crossover complexes and organic fluorophores by means of luminescent doping.30:155:1%
The first implementation of the approach involved doping of nanoparticles of iron-triazole complexes
(Figure 1.34) [Fe(NHatrz)s](A)2 (NHzatrz = 4-amino-1,2,4-triazole; A = tosylate (OTs’) or NO3’) with

rhodamine-110.3%155

Figure 1.34. General structure of iron-triazole polymeric complexes. Iron (I1) centers are highlighted
in purple.t®
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Room temperature absorption spectra of [Fe(NH2trz)3](OTs)2 nanoparticles suspension contain a band
with maximum at 540 nm (Figure 1.35a).
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Figure 1.35. a) Absorption spectra of [Fe(NHatrz)3](OTs). nanoparticles suspension recorded at
several selected temperatures; b) Temperature dependance of the suspension absorbance at 540 nm
over heating (empty cicrles) and cooling (filled circles). The inset photographs show the color of the
suspension at the lowest (purple) and the highest (colorless) temperature; ¢) Room temperature
fluorescence excitation and emission spectra of the nanoparticles suspension; d) Thermal variation of
the fluorescence intensity at 540 nm upon heating (empty cicrles) and cooling (filled circles). The
inset pictures are photographs of the fluorescing sample at low (left) and high (right) temperature.t>

The band bleaches upon heating of the suspension to 320 K as a result of the LS-to-HS transition. The
spin crossover curve obtained by plotting the absorption at maximum versus temperature points to the
hysteretic character of the transition (Figure 1.35b). The rhodamine emission band was observed at 540
nm (Figure 1.35c), which means that the absorption of the LS complex fully overlaps with the emission
of the fluorophore. As a result, the luminescence is impaired. Nevertheless, the SCO absorption in the
visible range fades upon temperature rise favoring the luminescence. The suspension of
[Fe(NHa2trz)s](OTs)2 nanoparticles with the mean size of ca. 10 nm doped with 3% of rhodamine-110
was the optimal system to observe the luminescence modulation with spin state change. The plot of the
emission intensity at maximum as a function of temperature showed the increase of the intensity upon

heating and decrease — upon cooling, with the presence of the hysteresis (Figure 1.35d). Changing the
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anion in the complex from tosylate to nitrate allowed to reduce the average nanoparticles size to 3 nm
resulting in change of SCO character to non-hysteretic and gradual. Benefiting from the gradual
character of the spin transition and its synergy with luminescence of the dopant, the authors demonstrated
the utility of the system for thermometry applications (Figure 1.64). Then, the approach was extended
to spin-crossover thin films. The collaborators have prepared spin coated thin films of [Fe(hptrz)3](OTs):
(hptrz = 4-heptyl-1,2,4-triazole; OTs = tosylate) doped with fluorescent dye — acridine orange.*® The
mechanism of the fluorescence switching is suggested to rely on energy transfer between the fluorophore
molecules and Fe'' centers. The spectral characteristics of both the organic dye and the SCO complex
are in good match to make the considered materials operational. Thus, at room temperature the complex
is in low spin state and its electronic spectrum is characterized by broad absorption band covering the
range of excitation (Amax = 450 nm) and emission (550 nm) of the organic fluorophore. Contrarily, at 320
K the complex is HS and the considered spectral region appears to be transparent for excitation and
emission of the dye molecules. The materials undergo a reversible abrupt change in fluorescence

intensity with the transition curves reproducible over three consecutive thermal cycles (Figure 1.36a).
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Figure 1.36. Normalized luminescence intensity (at 550 nm) thermal variation for the acridine-doped:
a) spin coated thin film (~85 nm) of [Fe(hptrz)s](OTs)2. The insets are the photograph (left) of the film
and AFM image (right) of its surface; b) nano-dot represented on SEM image in the inset. Empty and
filled symbols on the plots refer heating and cooling modes respectively.%

The luminescence response to the spin state change can be detected even for the films with thickness
lower than 100 nm. Together with the nanometric thin films, the authors have also patterned arrays of
nano-objects of the considered system on silicon surface. The luminescence response was observed even
for the nano-objects as small as 150 nm (Figure 1.36b). The dopant allowed to follow the SCO in single
isolated nano-objects by means of fluorescent microscopy. Such a result could not be achieved by
reflectance measurements of non-doped SCO nano-objects using conventional bright- and dark-field
optical microscopies. Thus, luminescence appears as more sensitive optical response to probe nano-

objects, than optical reflectance.
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Earlier Matsuda et al. have fabricated a working synergetic electroluminescent device composed
of indium-tin oxide (ITO) anode, spin-coated film of chlorophyll a and [Fe(dpp)2](BF4)2 (dpp = 2,6-
di(pyrazol-1-yl)pyridine), and aluminum cathode (Figure 1.37).%’
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Figure 1.37. a) From left to right: molecular structures of [Fe(dpp)2]** and chlorophyll a; b) Schematic
representation of structure of ITO/chlorophyll a : [Fe(dpp)2](BFa)2/Al device. '’

The collaborators have applied voltage to the device and recorded chlorophyll a electroluminescence
spectra at 200 K and 300 K, at which the iron(Il) complex (T2 = 260 K) is low-spin and high-spin
respectively. The emission of chlorophyll o was clearly observed near room temperature, however no
luminescence response was detected at 200 K (Figure 1.38a). This on-off switching of the
electroluminescence in the device was reproducible for both heating and cooling processes. For
comparison, the authors have also fabricated a reference device without the SCO complex and measured
the electroluminescence at the same temperatures. In the reference device the luminescence was
conserved at both temperatures (Figure 1.38b). The emission of chlorophyll a is observed at ~700 nm
and above, which is out of typical absorption range of low-spin Fe!' complexes, hence the luminescence
switching cannot be related to the spectral overlap in this case. The authors suggested that the action

principle of this device relays on blocking of electron/hole injection into the active layer by low-spin
[Fe(dpp)2](BFa)2.
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Figure 1.38. Electroluminescence spectra of: a) SCO-containing device; b) reference device without
SCO.%7

The first successful example of a system where the lanthanide luminescence is modulated by
SCO was reported by Salmon and co-workers, who have elaborated nanoparticles of [Fe(Htrz).(trz)|BF4
covered with silica shell, the surface of which was grafted with terbium(l11) ethylenediaminetetraacetate

(EDTA) complex (Figure 1.39).1%8

O

Figure 1.39. Schematic representation of the structure of the Tb-grafted SCO nanocomposite.'%®

To form this nanocomposite, the nanoparticles with SCO core and silica shell and terbium(111) complex
were prepared separately at first. The synthesis of the lanthanide precursor started with formation of Th'"
complex with fully deprotonated EDTA and 5-formylsalicilic acid, which afterwards reacted with 3-
aminopropyltrimethoxysilane. The final product was suitable for grafting onto silica surface, and
combining it with the nanoparticles gave the considered nanocomposite. The preparation process is

summarized on Figure 1.40.
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Figure 1.40. Preparation route of the Th-SCO nanocomposite.!®®

Spin-crossover behavior of the nanocomposite was studied by temperature-dependent magnetic
susceptibility measurements. The resulting spin transition curves are featured with broad 34 K width
hysteresis loop with transition temperatures of 395 K and 361 K upon heating (T121) and cooling (T1/2})

modes respectively (Figure 1.41a).
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Figure 1.41. a) Variation of molar magnetic susceptibility upon temperature change over two
subsequent heating/cooling cycles (empty/closed circles — 152" cycle); b) Temperature dependance
of the luminescence intensity at 545 nm in heating and cooling modes; ¢) Room temperature emission
spectra (left) of the nanocomposite (green solid line) and free Th-complex (blue dashed line) and
absorption spectrum (right) of [Fe(Htrz)2(trz)]BF4 complex.%®

In the emission spectrum of the nanocomposite the bands of Th'' transitions lie in the region of
absorption (Amax = 530 nm) of low spin [Fe(Htrz)2(trz)]BFs complex (Figure 1.41c). The most intense
’Dy—'Fs transition band (at 545 nm) was selected to follow the spin-state dependance of the
luminescence intensity. As expected, the luminescence intensity experiences an abrupt increase upon

LS-to-HS transition, and its thermal variation curve is also hysteretic (Figure 1.41b). The monotonous
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firm decrease of the luminescence upon heating is caused by thermal population of non-radiative states,
I.e., thermal quenching occurring in the Tb complex. In the nanocomposite, the SCO and Th complexes
may appear well separated from each other, so the energy transfer is unlikely to occur. Though the
emission modulation is possible due to its reabsorption by the LS iron(Il) complex, which does not take
place when the complex is high spin. The material exhibits reversible thermal switching of the
luminescence, can endure several consecutive thermal cycles and demonstrates high photostability. The
same principle was applied by the authors to graft the nanoparticles with organic luminophore — pyrene
(Figure 1.42).1°

Figure 1.42. Scheme of the pyrene-bearing precursor synthesis (top), nanoparticles preparation
(bottom) and grafting of the latter with pyrene.t®

Pyrene and its derivatives can form excimers — dimers formed by pyrene molecules one of which is in
excited state.'®° In emission spectra of pyrenes, excimer bands can be easily distinguished from monomer
bands as they appear red-shifted towards the latter. Transitions from S; excited state level to vibrational
levels of the ground state complicate the structure of the monomer emission spectra, while excimer
emission appears as a broad band with single maximum. These spectral features of pyrene unit were also

observed in the authors’ nanocomposite (Figure 1.43).
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Figure 1.43. Room temperature solid-state emission spectra of the pyrene-grafted SCO nanoparticles
(the content of pyrene is indicated in parentheses): 1b (38 % mass), 2b (11 % mass), 3b (4.2 % mass)
and 4b (1.7 % mass).**°
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The co-workers have synthesized platelike nanoparticles of 60-150 nm length and 40-90 nm width,
where the content of the luminophore varied from 1.7 to 38 % mass. The room-temperature emission
spectra of the nanoparticles were essentially determined by the quantity of the grafted luminophore.
Thus, the sample with the highest pyrene content exhibited predominantly the excimer emission, while
for the one with the lowest luminophore content the monomer emission was dominant (Figure 1.43).
The spectra of samples containing 4-11% mass of pyrene displayed both monomer and excimer bands
in different ratios. Variable temperature magnetic measurements performed on the nanocomposite over
several consecutive thermal cycles reveal a hysteretic character of the spin transition (37 K width
hysteresis loop) with T121 of 384 K and Ty equal to 347 K (Figure 1.44a). In the first thermal cycle
the hysteresis loop is wider probably due to release of the solvent trapped in the sample. The spin
transition curves, obtained from following the emission intensity at 550 nm over two heating/cooling
cycles, correlate with magnetic measurements data (Figure 1.44b). A slight linear decrease of the
luminescence intensity upon heating to around 380 K is caused by thermal quenching similarly to the
nanoparticles grafted with the terbium complex. Spin crossover in [Fe(Htrz)2(trz)]|BFs induces drastic
change in the unit cell volume (ca. 11.5%) imposing a mechanical strain on the material. The appearance
of the strain in the nanocomposite can lead to changes in distances and orientation between the grafted
pyrene species impacting the formation of the excimers. This was attributed as a main mechanism behind

the synergy between the SCO and luminescence phenomena in the nanocomposite.
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Figure 1.44. Synergy of SCO and luminescence in nanoparticles grafted with pyrene (38 % mass).
Molar magnetic susceptibility plotted as a function of temperature (a) and thermal variation of
normalized emission intensity at 550 nm (b) measured over two heating/cooling cycles.>®

Besides the nanocomposites capable of modulation of terbium and pyrene luminescence, the
research group has also created SCO nanocomposites with CdTe quantum dots.*®* Mixing nanoparticles
of [Fe(Htrz)(trz)]BF4 wrapped in a shell of silica or a branch polyethylenimine polymer (BPEI) in a
suspension with 2-nm-sized CO:H-functionalized CdTe nanocrystals gave the bifunctional
nanocomposites. The choice of the spin-crossover complex and the luminophore was founded by the

very same idea as in the previous examples — the spectral overlap of the SCO LS absorption and
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luminophore emission bands. Thus, at room temperature the quantum dots emission band is centered at
555 nm, which is within the range of absorption corresponding to the low-spin SCO complex. Likely to
the above-discussed nanocomposites, the coupling between spin crossover and luminescence
phenomena was observed, and the latter was reversibly modulated by switching the spin states of the
SCO-active component. Though the quantum dots in the considered nanocomposites appeared to be a
less photostable luminophore comparing to those in the previously discussed nanocomposites and
underwent considerable photo- and photothermal degradation negatively affecting their luminescence
properties. This effect is observed as 1-2 % luminescence intensity drop between in the second thermal

cycle comparing to the first one (Figure 1.45).
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Figure 1.45. Transmission electron microscopy image (left) of the composite nanoparticles consisting
of BPEI-wrapped [Fe(Htrz)2(trz)]BFs and CdTe quantum dots and their normalized luminescence
intensity (550 nm) thermal variation (right) acquired over two thermal cycles.6!

The operating principle of all the above considered bifunctional materials relies on the overlap
of the absorption band of low-spin iron(1l) complex and luminophore emission band, however the co-
workers have shown that modulation of the luminescence is possible even in absence of any spectral
overlap.t®? As a luminophore, the collaborators used a near-infrared emitting cyanine dye Cy7-NHS,
with which they functionalized a branch polyethylenimine polymer and associated the resulting product
with silica-wrapped [Fe(Htrz).(trz)]BFs nanoparticles (Figure 1.46). The authors aimed to create a
hybrid material with spectral overlap of the luminophore NIR emission band (maxima at 752 nm in solid
state and 792 nm in solution) and absorption band of the high-spin iron(Il) complex (~800 nm) situated
in this spectral region, thus expecting the rise of luminescence intensity upon the transition from HS to
LS state, in which the complex is NIR-transparent. As in case of the other nanocomposites, luminescence
intensity showed strong dependance on the spin state of the spin-crossover component, however,
contrarily to the authors’ expectations, the emission intensity abruptly dropped upon high-spin to low-

spin transition (Figure 1.47).
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Figure 1.46. a) Functionalization of the branch polyethylenimine polymer with Cy7 dye moiety; b)
Preparation of the nanocomposite of SCO with the NIR-luminescent polymer.162
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Figure 1.47. Variation of the SCO-Cy7-BPEI nanocomposite luminescence intensity over four
consecutive heating/cooling cycles.*6?

Thus, the spectral overlap is not the reason of luminescence dependance on the spin state in this
composite, but changes in crystal lattice properties of the complex can be related to the observed

luminescence intensity variation.

Alternatively, Sanchez-Molina et al. spin-coated bifunctional composite thin film blends of a

luminescent semiconducting polyfluorene polymer (poly-9,9'-dioctylfluorene or PFO) and spin-
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crossover [Fe(Rtrz)s](X)2 (Rtrz = 4-hexadecyl-4H-1,2,4-triazole; X = OTs’, CI") complexes (Figure
1.48).1%3 The composites were prepared with the SCO content from 50% to 90%. The choice of a counter-
anion of the complex impacted the morphology of the polymer. For example, with the tosylate complex
the polymer conserves its original glassy phase, however, when blended with the chloride complex the
polymer crystallizes in f-phase forming planar polymer chains. A strong coupling between luminescence
and spin crossover was observed in the latter composite in 50-90% range of the SCO content. The spin
transition had an abrupt character in composites with the complex content from 50% to 80%, while more
gradual SCO behavior was inherent in the 90% sample. Conversely, the composite with the tosylate
complex displayed the synergy between the phenomena only when the content of the coordination
compound was > 90%. Similarly to the previous example of the bifunctional hybrid material involving
a luminescent polymer, the synergy mechanism was attributed to the environmental lattice changes

accompanying the spin crossover.
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Figure 1.48. Chemical structures of poly-9,9'-dioctylfluorene (left) and [Fe(Rtrz)s](X)2 (right).1

In addition to all the discussed luminophores, emission of which was tuned by switching the spin
state of the SCO nanoparticles embedded into silica shell, Colacio et al. reported on hanocomposites
where dansylamido (5-dimethylamino-1-naphthalenesulfonamido) functionalities were grafted onto the
nanoparticles.!®*1% In their first work, the co-authors have studied the nanocomposites with
[Fe(Htrz)2(trz)]BF4 core and with the complex where half of Fe' ions were replaced with zinc (11).164
Both systems showed the synergy between the spin crossover and luminescence. In the metal-diluted
system the emission intensities were higher due to lower concentration of Fe'' quenchers. In the second
work, the researchers have established the mechanism of the luminescence switching in the non-diluted
nanocomposite using luminescence lifetime measurements.'®® The authors compared the emission
lifetime of the nanocomposite (LS core) and the emission lifetime of dansyl-derived nanoparticles of
pure amorphous silica and found that the lifetime for the first one is considerably lower (7.4 ns vs 12.0
ns respectively). Reduction of the emission lifetime indicates a non-radiative deactivation of the emitter

excited state by the quencher of luminescence and is associated with Forster-type energy transfer, that,

66



in the present case, occurs from the excited dansyl species to Fe'' (LS) species.'®® The nanocomposite
demonstrated reversible luminescence switching, however the emission intensity suffered from an
irreversible decrease over consecutive thermal cycling due to decomposition of the dansyl moieties upon

heating over 400 K.

Another approach was coined by Bas et al., who used thermal vacuum evaporation to fabricate
nanometric bilayer thin films consisting of luminescent complex Ir(ppy)s or tris(2-phenylpyridinato-
C2,N)iridium(I11) as a bottom layer and [Fe(HB(1,2,4-tz)s).] SCO complex deposited on top of it.*’
Unlike the previous example with the nanocomposite, the operating principle of the considered hybrid
material is based on blocking of the UV light in the region of the excitation wavelength of the iridium(I11)

complex by SCO-active layer, when the latter is in low spin state (Figure 1.49).
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Figure 1.49. Representation of the working principle of the bilayer synergetic SCO-luminescent
material .67

Upon heating, i.e., upon transition from LS to HS state, a jump in the luminescence was observed, as the

absorption of the top layer fainted (Figure 1.50).
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The reverse effect is observed upon cooling, when the SCO layer returns to low spin state. Importantly,
that both optically active layers do not affect each other’s intrinsic properties, and the top coating
basically plays a role of a thermally switchable light filter that modulates the excitation light intensity.

A much less safe strategy implies a use of ligands that are intrinsically luminescent or bear
luminophore functionalities in order to synthesize the luminescent SCO substances. The action principle
of this strategy is attributed to the energy transfer from the luminescent ligand to the LS iron ion. The
first efforts, involving a luminescent ligand employed to give bifunctional molecules when coordinated
to the iron ion, where made by Hasegawa et al., who studied the dependance of fluorescence spectra on
the spin state in neutral and cationic SCO complexes of iron(ll) with 2,6-bis(benzimidazole-2'-

yl)pyridine ligand (Figure 1.51).168

R
H
N N\
&y e oM
HN\N

Figure 1.51. Structural formulae of luminescent ligands: 2,6-bis(benzimidazole-2'-yl)pyridine (left);
2,6-bis(indazol-1-yl)pyridine (middle) and 2-pyrazol-1-yl-6-(1H-tetrazol-5-yl)pyridine (right).168-170

The thermal variation of the ligand-centered fluorescence indeed correlated with the spin state change
in the studied systems and can be used to follow the spin crossover. Despite the successful examples,
complexes with similar N-heterocycle tridentate ligands, such as bis(indazolyl)pyridines'®® and
pyrazolyl(tetrazolyl)pyridines'’® (Figure 1.51) tend to conserve the ligand emission without any
dependance on the spin state of Fe' ion, due to absence of the energy transfer from the ligands to the
metal. One of the successful examples of synergy between luminescence and SCO in a molecule of
complex was achieved by Benaicha and co-workers, who prepared and studied a mononuclear cationic
iron(l1l) complex with six monodentate triazole-based ligands (naph-tz), in which a fluorescent
naphtalimide substituents are attached to position 4 of the 1,2,4-triazole cores (Figure 1.52a).1"'The
temperature-dependent fluorescence measurements were done on a single crystal of the complex. The
emission spectra of the bifunctional compound contained characteristic extra bands not inherent in the
free ligand. One of these bands was prone to a pronounced blue-shift upon elevation of temperature. The
co-authors followed the thermal evolution of the band position and revealed a notable change in 70-180
K region where SCO occurs. The spectroscopic and magnetic measurements data well correlated, thus

proving the coupling between the fluorescence and spin crossover properties (Figure 1.52b).
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Figure 1.52. a) Crystal structure of [Fe(naph-tz)s]** complex cation; b) Alteration of the complex high-
spin fraction (blue line) and the characteristic band position (black symbols) in its emission spectra
upon temperature change.'%%17t

Although, the use of a luminescent tag linked with ligand, does not always lead to the desired interplay
between the both properties and sometimes leads to disabling of one of them. This was observed in case
of the iron complexes with 2,6-bis(pyrazol-1-yl)pyridine ligands featured with pyrene-based substituents

at position 4 of the pyridine ring (Figure 1.53a).17?
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Figure 1.53. a) Structures of the pyrene-decorated 2,6-bis(pyrazol-1-yl)pyridine ligands; b) n-n
Stacking in a crystal of Fe"" complex with ligand L1 shown in a).172

Strong intermolecular - stacking interactions between molecules of the complex, with pyrene function
directly bound to the ligand core (Figure 1.53b), impose constraints incompatible with spin crossover,
so the complex exists only in HS state. Separation of the polyaromatic substitute from the coordinating

unit via alkyl-chain linker helps to preserve both fluorescence and spin crossover phenomena, but makes
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impossible the energy transfer necessary for the synergy of the properties. Such nuances of the complex
design highlight the delicacy of the considered strategy and difficulties to predict the result on planning
stage. Nevertheless, only persistent experimental efforts result in compounds with the desired interplay
of the properties. One of such an example was presented by Yuan et al. who used luminescent
pyridinecarbaldehyde rhodamine 6G hydrazone ligand (L) to synthesize the synergetic iron(11) complex
(Figure 1.54ab).1"
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Figure 1.54. Structure of pyridinecarbaldehyde rhodamine 6G hydrazone ligand (a), crystal structure
of its [FeL,]*" complex cation (b) and alteration of molar magnetic susceptibility (in blue) and
luminescence intensity (in red) of the bifunctional compound in heating mode (c).1"®

The effect of spin crossover on the luminescence intensity was observed around the transition
temperature. Thus, upon heating in 250-400 K range, emission intensity of the ligand luminescence at
560 nm experienced first a steep decrease up to 300 K, whereupon it started to increase firmly until 350

K, whereafter the intensity decrease continued (Figure 1.54c).

Other possibility to construct a SCO-luminescence synergetic system is to use post-synthetic
modification of ligands in isolated complexes with luminescent moieties, as it was reported by Wang
and co-workers.}™* The collaborators used [Fe(NHatrz)s](ClOs)2, a SCO one-dimensional (1D)
coordination polymer, and labeled it with fluorescent pyrene and Rhodamine B units by means of
condensation reaction between the triazole amino-groups and aldehyde group of pyrenecarboxaldehyde

or carboxylate group of the rhodamine (Figure 1.55).
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Figure 1.55. Scheme of [Fe(NHatrz)s]** post-modification with pyrene and Rhodamine B luminophore
moieties.!’

In both pyrene- and rhodamine-labeled complexes the fluorescence response can be tuned depending on
the spin state. Alternatively, the synergy in iron-triazole systems can be achieved by preparation of
complexes with spin-crossover cations and fluorescent polyaromatic anions.!” Besides iron-triazole
systems, there isanother bifunctional 1D-polymer, which was reported by Lochenie and co-workers.17
A fluorescent phenazine-bearing Schiff base was used as a tetradentate chelating ligand and 4,4’-
bipyridine was used to bridge the chelated iron species in a 1D chain (Figure 1.56a). Upon excitation
with 337 nm light, the compound exhibits luminescence at 550 nm and 673 nm. The intensity of the 550
nm decreased with increase of temperature, while the intensity of the second band remained unchanged
(Figure 1.56b). The plot of the intensity ratio le7s/lsso versus temperature is in line with molar magnetic

susceptibility measurements data (Figure 1.56c).
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Figure 1.56. a) Structure of the synergetic 1D coordination polymer; b) Temperature-dependent
emission spectra of the compound; ¢) Comparison of the ymT(T) product and temperature-dependent
luminescence ratio at Az = 686 nm and A1 = 550 nm. 50176

The examples of the synergetic coordination polymers are not numerous, probably due to a
synthetic challenge to provide functional SCO and luminescent species combined in a polymer,
especially in case of multidimensional coordination polymers. Nevertheless, a proper ligand design
allows to assemble the bifunctional structures of high complexity. Thus, Ge et al. have synthesized the
first synergetic 2D coordination polymer using 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)ethene (TPPE) —
luminescent tetradentate ligand, molecules of which act as “knots” that form this 2D network by “tying”
together the closest four Fe'' centers chelated by a Schiff base like ligand (Figure 1.57).1""
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Figure 1.57. Crystal structure of the first-reported luminescent SCO 2D coordination polymer: a)
Coordination environment of the iron center; b) A fragment of the 2D network showing the connection
manner between TPPE and Fe'' centers.t””
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Intensity of TPPE emission in the compound reached its maximum spikewise at the spin transition
temperature indicating the presence of synergetic effect between the ligand luminescence and spin
crossover of iron(ll). More recently, Ghosh and co-authors presented another bifunctional SCO
luminescent 2D coordination network assembled using luminescent ditopic ligand 2,5-
dipyridylethylene-3,4-ethyl-enedioxythiopene and NCSe™ to complete the metal coordination sphere
(Figure 1.58a).1"® The coordination polymer demonstrated reversible gradual SCO behavior with T, =
150 K. The luminescence intensity first decreased upon heating up to the spin transition temperature
whereafter it reached a plateau, and above 200 K it started to increase significantly pointing to

cooperation between the both electronic phenomena (Figure 1.58b).

a) b) 3.6
3.5+
..-ll..llnllllllu:l-
3.0 -’.‘ 3 las
L]
X 2.5 /./
ko / 34~
= i} b
£ 2.0 % / : . g
£ 1.5 I ok
E " / . 133
Y 1.0 .. / e
0.5- . = 13.2
----I--ll""'.'d - oip™®
0.0
u 2 T T 31
50 100 150 200 250 300
T/IK

Figure 1.58. a) Crystal of the 3,4-ethylenedioxythiophene-based 2D coordination polymer; b)
Comparison of temperature-dependent magnetic susceptibility (red) and luminescence intensity at 524
nm (blue).17
Aside from all the approaches considered above, there is a distinct approach allowing spin
crossover and luminescence synergy. This approach implies an inclusion of guest luminophore
molecules into a SCO-active framework, and firstly was implemented by Delgado et al., who embedded
guest pyrene molecules into cavities of host {Fe(bpben)[Au(CN)2]} (bpben = 1,4-bis(4-pyridyl)benzene)
3D framework (Figure 1.59).1° In the resulting supramolecular assembly both monomer (Amax = 392
nm) and excimer (Amax = 478 nm) emission of pyrene were detected. Moreover, the presence of
intermolecular n-n stacking interactions between aromatic systems of pyrene guest and the ligand
favorize generation of an excited complex or exciplex, however detection of its emission was
complicated by overlap with the monomer emission band. Spectral properties of the luminescent guest
and the SCO host meet the conditions required for the synergy, as the position of the excimer emission
band falls into the region of the metal-to-ligand charge transfer (MLCT) absorption of the low-spin host

framework. As a result, the excimer emission is quenched at low temperature due to the radiative energy
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transfer (emission-reabsorption), while its intensity increases upon heating. Contrarily, the monomer

band strengthened upon cooling.

pyrene

Figure 1.59. Crystal structure of {Fe(bpben)[Au(CN)2]}-Pyrene.t>017

The temperature dependence of the excimer and monomer bands intensity ratio is aligned with
the magnetic measurements data. In their further work the authors have assembled two types of the
frameworks, one of them contained pyrene guest and exhibited extrinsic luminescence, while another
was constructed using luminescent antracene-bearing bridging ligand (Figure 1.60) and displayed
intrinsic  luminescence.’®® The formulae for the two types of frameworks were
{Fe(bpb)[M(CN).]2}-Pyrene and {Fe(bpan)[M(CN):].} (bpb = bis(4-pyridyl)butadiyne; bpan = bis(4-
pyridyl)anthracene; M = Ag, Au). As in the previous example, the host-guest frameworks showed very
similar behavior, when the guest excimer emission was quenched upon the transition of the LS host,
while the monomer emission was strong at low temperature due to less thermal quenching. The Au-
based framework showed incomplete quenching of the excimer emission as a result of incomplete spin
transition. A strong SCO-luminescence synergy was observed for the host-guest systems. Antracene-
based {Fe(bpan)[Ag(CN)2].} showed similar trend with the excimer band quenched around the spin
transition temperature and monomer band strengthened. The presence of the excimer signal in the
framework is ascribed to its lattice rigidity and crystallinity of the sample, however the signal is weaker
than in the host-guest assemblies due to weaker intermolecular interactions the luminophore entities. In
the most recent work, the collaborators synthesized 2D host-guest frameworks based on luminescent 4-
(anthracene)pyridine (AnPy, Figure 1.60) as a monodentate ligand binding to iron (I1) ions.*®* Unlike to
the previously considered systems, complexes {Fe(AnPy)[M(CN):].}-XBz (M = Ag, Au; XBz -

substituted benzene, X = ClI, Br, I, NO2 or CH3) consist of intrinsically luminescent host SCO framework
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and non-luminescent guest molecules. Due to combination of steric and electronic effects the trapped
guests impose on the host matrix, the SCO behaviour was tuned depending on the nature of the guest
molecule. In case of the synergy, changes in the spin-crossover behaviour can impact the luminescence
response. Though the conditions for the interplay between the both phenomena were met only for X =1
(M = Ag, Au) and X = CI (M = Au) displaying excimer/exciplex emission overlapping with Fe' (LS)
absorption.

O e
NS

Bpan AnPy

Figure 1.60. Luminescent ligands used in ref. 8 (left) and ref.*®! (right).

In summary, the concept of combining luminescence and spin crossover is relatively new and
the above-considered approaches to achieve it indicate its intricacy, as the development of most of the
bifunctional systems requires very careful molecular and crystallographic design allowing to conserve
both phenomena and providing an interplay between them. Despite the difficulties on the way to engineer
molecular SCO-Ln synergetic systems, new efforts are required to seize the lanthanide-luminescence

switching mediated by spin crossover.

1.7 Application of SCO and luminescence in micro- and nanothermometry

Modern technology often deals with micro- and nanoscale applications, where contact techniques
of temperature measurement are undesirable or impossible.8? Remote temperature sensing and imaging
is paramount for biomedical applications, photonics and microelectronics.'®1% Among the known
contactless temperature-probing and imaging techniques, the most abundant of them are based on optical
response of the studied body’s surface to the thermal variation.'8® Typical temperature-sensitive optical
responses include: Planck blackbody radiation,’®1% Juminescence,'® Raman scattering'®® and
thermoreflectance.'®219-197 The latter phenomenon stands for dependance of surface optical reflectance

on temperature. Thermometry based on thermoreflectance allow high thermal and temporal resolution
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and provide possibility to perform both qualitative and quantitative measurements. However, the method
has drawbacks: it requires calibration of the surface reflectivity index and depends on the material as
surfaces of various materials have different thermoreflectance responses, and not all of them show high
sensitivity to the temperature change. The latter obstacle can be overcame by coating of the target
surfaces with materials that change their optical response depending on temperature. Such coatings can
significantly increase the sensitivity by enhancing the thermally governed optical contrast of the coated
surface. Spin-crossover compounds can serve as promising candidates to this purpose. Spin crossover
entails changes in optical properties of the compound such as absorption and reflection, which correlate
with magnetic properties change and can be conveniently followed by optical methods (e.g., optical
microscopy).1%® To prove this idea, Ridier et al. have deposited a 200-nm thin film of [Fe(HB(1,2,4-
tz)3)2] on the surfaces of glass and oxidized silicon chips patterned with a set of equally-sized gold

nanowires (Figure 1.61).2°
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Figure 1.61. a) Schematic drawing of the chips with an array of seven nanowires (80-um-long, 1-um-
wide and 50-nm-thick) and depiction of a nanowire on top of the oxidized silicon surface; b) Images
of 1-um-wide nanowire obtained using scanning electron microscopy.?

The ferrous complex undergoes an abrupt spin transition both in bulk and thin film forms. Accordingly,
its optical reflectivity change also has an abrupt character. Applied electrical current induced the Joule
heating of a selected nanowire and, consequently, of the SCO layer. The optical absorption of the film
decreases upon LS-to-HS transition leading to abrupt increase of the optical reflectivity of the coated
gold-nanowire surface, and to decrease for the glass and silicon surfaces. This considerable step in
optical reflectivity brings out a well-defined isotherm allowing to record real-time contour maps of the
surface temperature distribution without any precedent calibration of the surface optical properties
(Figure 1.62).
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Figure 1.62. a) Optical reflectivity change images of selected nanowire (80 um x 1 pm x 50 nm)
obtained at chosen base temperatures. The final images were obtained by difference between the
images acquired when the current was applied (on) and when the current was off in relation to current-
off image: 4R/R = (Ron — Rorr)/Rorr; b) Surface temperature contour map. The dotted lines represent
the position of isotherms at different base temperatures (AT = T2 - Tp).?

The contour maps can be obtained by varying the temperature of the entire chip (hereafter base
temperature or Tp) and imaging the optical reflectivity change in the region of the wire, both when the
current is on and off (Figure 1.62a). The resulting optical reflectivity change maps allow to extract
isotherms for each Ty, (Figure 1.62b). The temperature rise on the isotherms is defined as difference
between the spin transition and base temperatures (AT = Ty2 - Tp). Thermal images of the surface were
acquired from scanning of the current-OFF and current-ON reflectivity profiles over a wide base-
temperature range. The local heating can be determined for each image pixel (on the wire or area nearby)

with sub-micrometric resolution by difference AT = T1,2°FF - T12°N (Figure 1.63).
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Figure 1.63. a) Temperature map (AT) of the Joule-heated nanowire on glass. Crosses mark individual

pixels (1x1 pm?); b) Current-ON and current-OFF reflectivity profiles of the pixels marked on the

temperature map at different distances from the wire (x). Difference between two peaks in the

respective derivative curves gives the average temperature rise of a pixel.?®
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The studies have proven that the thermal sensitivity of the coated surfaces (-0.35% K for coated glass)
increases about 10 times (at T1,) comparing to the conventional thermoreflectance (-0.036% K for
pristine glass). The authors’ thermometry technique afforded high spatial (<um), temporal (us) and
thermal (1 K) resolution. The complex thin film does not affect the overall electrical and thermal
performance of the devices, which makes the considered technique non-invasive. After all, the film
serves as a prominent binary temperature sensor allowing fast thermal mapping without prior calibration

of the surface properties.

Despite the advantages the abrupt spin transition can offer for thermometry, it does not allow a
continuous real-time temperature monitoring enabled by the gradual transition. For this purpose, Salmon
et al. have synthesized a hybrid fluorescent SCO material represented by 3-nm-sized nanoparticles of
[Fe(NH.trz)3](NOs), doped with 0.01% of rhodamine-110.%>° The temperature-dependent fluorescence
intensity variation of nanoparticle suspension appears as reproducible relatively gradual SCO curve in
293-313 K region with T12 = 303 K (Figure 1.64a).
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Figure 1.64. a) Thermal variation of fluorescence intensity (at A = 540 nm) of the rhodamine-110-
doped [Fe(NH.trz)3](NO3). nanoparticles suspension upon heating (empty circles) and cooling (filled
circles); b) Fluorescent microscopy image of the nanoparticle-coated nickel nanowires obtained by
difference between the images taken with current ON and current OFF.*>®

The co-workers have deposited the suspension on top of nickel nanowires patterned on silicon substrate
and recorded fluorescent microscopy images both when 6 mA current flowed through the wires and
when the current was off. The specific value of the current provided full LS-HS transition. A significant
increase in the fluorescent intensity was observed when the current passed through the wires. As
expected, the resulting thermal images show a temperature increase in immediate proximity to the
nanowires. (Figure 1.64b) The fluorescent SCO thermometer has a perspective of use for high spatial

resolution thermometry with the only restriction by the diffraction limit.

The phenomenon of luminescence itself depends on temperature, and this dependance can be

used for thermometry purposes.!® In lanthanide-based compounds, the population of the metal ion
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excited state levels is temperature-dependent which reflects on intensity ratio of the emission bands
changing with temperature.?®-2°! The excited energy levels of the ion must be close enough to each
other that one is thermally populated at the expense of the other. The temperature-induced intensity ratio
change is also a feature of systems with two different lanthanide ions that are located close to each other,
and when there is a temperature-dependent ion-ion energy transfer between them.?%? In this case, with
the change of temperature, the ratio of the intensity of two bands changes, e.g. in the Tb-Eu systems: of
the Eu band and the Tb band. The most studied systems, in this aspect, are lanthanide metal organic
frameworks (MOFs).®® There are also reports on molecular homo- and heterobimetallic thermal sensing
systems.?32%4 Thus, Salerno and co-workers studied thermometric properties in dimeric metallacrown
complexes bearing two identical lanthanide emitters in LnzLg motif (where L is a hydroxamate) shown
on Figure 1.65.2%
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Figure 1.65. a) Structure of Lnznhag (nha = 3-hydroxy-2-naphthohydroxamate) metallacrown dimer;
b) Example of the metallacrown core (left) and structural formulae of hydroxamate ligands L (right,
in bars) used by the authors. Two metallacrown cores are bridged together by isophtalate (right, behind
the bars).?%3

The luminescence spectra of binuclear terbium(111) and samarium(l11) complexes acquired over 11-400
K temperature range demonstrated a general intensity fade for all of the emission bands with temperature
evolution. However, the character and the extent of this change are different for each of the metal ions.
It can be observed on the example of selected emission bands in Lnomoshig systems (moshi = 5-
methoxysalicylhydroxamate). In Th'' complex, °Ds—'Fs line intensity decreases with the temperature
rise and retains its band shape, contrarily the intensity of “Gs,—®Hyz, transition band in Smzmoshis
fluctuates negligibly, but significant broadening of the band is observed (Figure 1.66ab). These spectral
features are attractive for combination in one system, where the samarium emission band can serve for

internal calibration of the terbium emission. To implement this concept, the researchers ground together
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a solid-state equimolar mixture of the both complexes. Likely to the intensity of °Ds—’Fs band of the
terbium metallacrown alone, the (°Ds—Fs) / (*Gs2—°Hzz2) ratio of the band integrated intensities started
to decrease brusquely above 150 K and nearly faded away over the course of heating (Figure 1.66c). The
peak of thermal sensitivity of the resulting ratiometric luminescent thermometer reached above 2.5% K-
1 at 220 K (Figure 1.66d). The particularity of the reported thermometer is that it was composed by

mixing two independent substances.
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Figure 1.66. Thomoshig:Smomoshig (1:1) optical thermometer: a) thermal evolution of the Th-(dark
red) and Sm-centered (bright red) emission spectra. Th"" transitions are marked in black text, while
those for Sm'"' — in green; b) Temperature dependance of integrated intensities of selected bands; c)
Integrated intensities ratios (A) of °Ds—'Fy, J=3, 5, 6: Tb'"") / (*Gs2—®H72: Sm"") as a function of
temperature; d) Relative sensitivity (Sr = 1/A|0A/0T|) of the optical thermometer plotted vs
temperature.?%3

Bao et al. have synthesized heterobinuclear complexes using a ligand with two different
covalently-linked binding sites coordinating Eu"' and Tb"' jons.?®* Ligand bearing a macrocyclic
encapsulating site and the bidentate phen unit allows variable coordination the distinct lanthanides by
both sites controlled via different synthetic paths. Owing to these structural possibilities of the ligand,
the authors where able to synthesize heterobimetallic cycTh-phEu and cycEu-phTh complexes (Figure

1.67).
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Figure 1.67. Molecular structures of a) cycTb-phEu and b) cycEu-phTh.2%

The D4 level of terbium has higher energy comparing to Do of europium favorizing the energy
transfer to the latter ion. The calculated Ln---Ln distance of ca. 10.6 A makes possible the inter-ion
energy transfer. The emission spectra of the both compounds acquired within 10-298 K interval showed
temperature-dependent Th-Eu energy transfer. The investigations revealed an exponential growth of
(°Do — F4)/ (°Ds — "Fs) intensity ratio along with the temperature for complex cycEu-phTb (Figure
1.68).
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Figure 1.68. Thermal variation of (°Do — "F4)/ (°Ds — "Fs) intensity ratio for cycEu-phTh.2%

The thermal sensitivity of this molecular thermometer was a constant value of 1.86% K and the thermal
resolution was <1 K at high temperatures attractive for potential thermometry applications. The concept
developed by the co-workers is beneficial in terms of possibility to control synthetically the
heterobimetallic complex formation, fixed and relatively close distance between two emitters and fixed

stoichiometric ratio of the latter.

Therefore, the phenomena of spin crossover and luminescence possess a great potential for
application in noninvasive small-scale thermometry techniques. Vacuum-deposited SCO thin films are

convenient thermo-responsive materials to probe the temperature in reduced-size electronic circuits. If
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such thin films undergo an abrupt spin transition, they can function as binary thermal sensors. To follow
the surface temperature continuously in real time, gradual spin transition is required. As spin-crossover
thin films with gradual SCO have not been previously reported, the further research efforts should be

focused on development of the appropriate spin-crossover compounds and materials.

Molecular optical thermometers exploiting lanthanide luminescence can serve for temperature
sensing in a broad range from cryogenic to biological regions or even higher. However, the number of
such examples is scarce. Considering this fact, new lanthanide bimetallic coordination compounds are
needed to fill this gap. Binuclear helicates offer a versatile candidature to address this issue, as, with
careful molecular design, the distance between the Ln emission centers can be programmed,4 which is

important for thermometers based on the inter-ion energy transfer.

1.8 Objectives of this work

Summarizing the above literature analysis, it can be concluded that spin crossover phenomenon
in coordination compounds of iron(l1) is extensively studied by numerous research teams owing to a
broad extent of properties change it produces in the substance such as optical, magnetic and structural
properties change. This variety of responses and characters of the spin transition allows a broad range
of applications covering information storage, chemical sensing and mechanical actuation. One of the
forms of SCO materials suitable for application is represented by thin films. To ensure the reproducibility
of properties, the films should meet criteria of high quality, purity and homogeneity. Thermal vacuum
deposition serves as an appropriate technique allowing to fulfill these requirements. However, the
number of spin-crossover compounds that can be deposited in thin films by this technique is fairly
limited. Consequently, this research field requires to be supplemented with new SCO coordination

compounds and thin film materials on their basis.

Luminescence of trivalent lanthanide ions have been attracting scientists’ attention since it was
discovered, due to its pronounced distinction from other luminophores and advantages it offers.
Lanthanide complexes with organic ligands exhibit brighter emission than Ln'""'-based purely inorganic
compounds. High color purity, large Stokes shifts and long lifetimes of the lanthanide-centered emission
are important parameters to design electroluminescent devices and for bio-medical applications. Choice
of ligand(-s) is important in design of highly luminescent lanthanide complexes. p-Diketones are
versatile ligands to this purpose. The structural analogues of 1,3-diketones — carbacylamidophosphates
(CAPh) offer advantages for sensitization of the lanthanide luminescence and binding of the metal ion.
Other strategy to achieve the highly efficient emission is to increase the number of optical centers, which

was clearly demonstrated in series of binuclear lanthanide helicates with bis-p-diketonate ligands.
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Considering the benefits that CAPh ligands have over B-diketones, development of bis-chelating CAPh
ligands and their lanthanide complexes may lead to further improvement of Ln'"-centered emission.

The synergy of spin crossover and luminescence is a new horizon in the field of multifunctional
materials. Combining both in one system may result in an interplay between the phenomena. Spin state
switching can induce the switching of luminescence, while the latter can be used to report on the spin
state of the SCO-active part. Various hybrid SCO-luminescence systems are known up to date, from
luminescent spin-crossover complexes to hybrid materials where luminescent and SCO entities are
separated. It is proven to be challenging to obtain such synergetic compounds, since combining the
luminescent and spin-crossover species in one substance may often result in canceling of one of the
phenomena. Alternatively, both phenomena can be preserved without any coupling between them.
Therefore, the further development of the bifunctional systems requires careful molecular and
crystallographic design. Examples of the systems with interplay between the lanthanide luminescence
and spin crossover are extremely rare. Regardless the difficulties on the way to create such systems, new
efforts are required to seize the SCO-governed lanthanide-luminescence switching.

The phenomena of spin crossover and luminescence are temperature-dependent and provide a
detectable optical response to the temperature change, which can be used as a noninvasive tool for
thermometry at micro- and nanoscale. The SCO thin film of [Fe(HB(1,2,4-tz)s)2] deposited on surface
of a Joule-heated nanowire behaved as a binary surface thermometer due to the abrupt character of the
spin transition. This can find an application in local heating monitoring in integrated circuits. A
continuous real-time temperature monitoring can be achieved in the materials with gradual SCO. As
there was no report on the thin films with such properties, a new evaporable spin-crossover complex and

its thin films undergoing gradual spin transition should be prepared to fill this gap.

Molecular luminescent thermometers based on the lanthanide emission show high sensitivity to
the temperature change in a broad interval. Although, such systems are not numerous. The development
of new bimetallic Ln complexes may extend the number of such optical thermometers. Due to adjustable
molecular design and possibility to control the intermetallic distance, binuclear lanthanide helicates can

be versatile candidates to assemble the molecular thermometers exploiting the inter-ion energy transfer.

Following the brief conclusions to the literature review, the next objectives to this research work

can be distinguished:

1. Synthesis of novel ligands for coordination to iron(ll) to form new sublimable SCO complexes.
Investigation of spin crossover behavior of the bulk complexes. Elaboration of thin films of the
complexes via vacuum deposition of the compounds on various substrates. Investigation of the
SCO in the resulting thin films.
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2. Synthesis of bis-chelating CAPh for complexation with lanthanide(l11) ions to form binuclear
complexes. Investigation of photophysical properties of the obtained coordination compounds.

3. Development of new bifunctional molecular systems with modulation of Ln'""" luminescence by
SCO and investigation of their properties and synergy between the phenomena in the systems.

4. Research for sublimable spin-crossover complex displaying gradual spin transition in bulk and
thin film forms. Deposition of the thin films of the complex on top of small-scale electronic
circuits featured with micro- or nanowires. Testing the thin film for continuous real-time

thermometry of the wires’ surfaces based on thermoreflectance.

Thus, chapter 2 concerns the synthesis of novel triazol-based scorpionate ligands and their
iron(1l) complexes, studies on structure, physico-chemical properties and magnetic behavior of the
coordination compounds, in particular, studies of the SCO phenomenon (if present) in the bulk

complexes.

Chapter 3 is dedicated to the synthesis and characterization of binuclear triple- and quadruple-
stranded lanthanide(lll) complexes with a bis-chelating carbacylamidophosphate ligand. Particular

attention is paid to investigation of luminescence in the compounds both in solid state and in solution.

Chapter 4 is focused on elaboration of thin films of iron(Il) scorpionate complex, characterization

of the films and testing the latter for surface microthermometry and thermal imaging of a gold microwire.
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Chapter 2. Iron(l1) scorpionates: synthesis,
properties and SCO in the bulk complexes.

In order to address the objectives highlighted in chapter 1, which involve expansion of sublimable
spin-crossover complexes family and search for the materials with gradual SCO for thermometry
applications, the research described in this chapter was done in two directions that are presented in two
parts (two main sub-chapters): the first one deals with synthesis and characterization of already reported
iron(I1) scorpionate, SCO properties of which were not investigated, while the second one is dedicated
to the synthesis of new scorpionate ligands and their iron(I1) complexes using a versatile synthetic path
described in literature, characterization of the compounds and study of magnetic behavior, in particular,

spin crossover in the complexes.

Thus, in the first part bis[hydrotris(1,2,3-triazol-1-yl)borate]iron(ll) was selected for a detailed
investigation of its physico-chemical properties and spin crossover in the bulk form of the compound.
The complex was firstly prepared by Jenkins et al.,?® however the researchers did not carry out studies
dedicated to SCO in this substance. Considering the fact that the compound is a structural isomer to the
well-studied [Fe(HB(1,2,4-tz)3).], it was interesting to investigate how the change of the exodentate
nitrogen atom position from 4 to 3 in the triazolyl ring impacts the crystalline structure and SCO

properties of the complex.

Inspiration to design new scorpionate ligands and their Fe!' complexes described in the second
part was based on the heterocycle metathesis reaction described in the literature,®2¢ where the authors
obtained novel spin-crossover complexes by replacing pyrazole units in tris(pyrazol-1-yl)borate
derivatives with nitropyrazoles, with the possibility of post-functionalization of the resulting complexes.
Instead of nitropyrazoles, 1,2,4-triazoles substituted with an electron withdrawing group (-NOg, -CN) at
the position 3 where used in this work. Nitro-functionalized derivatives proven successfully converted
to amines. Structural, spectral and magnetic properties of the obtained complexes were studied and

compared to those for their pyrazole-based analogues reported in the literature.

2.1 Bis[hydrotris(1,2,3-triazol-1-yl)borate]iron(l1): spin crossover, solvato- and polymorphism.
2.1.1 Synthesis of hydrotris(1,2,3-triazol-1-yl)borate ligand and the corresponding iron(l11) complex

Commercial reactants and solvents were used directly without further purification. The tris(1,2,3-
triazolyl)borate ligand (NaL?) and its neutral [Fe(HB(1,2,3-tz)3)] iron (1) complex (hereafter [Fe(L1),]

or 1) were synthesized as shown on the scheme in Figure 2.1, according to experimental procedures
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reported in the literature.?® Synthetic procedures are given in the experimental part (p. 154). The
crystalline coordination compound isolated from the mother aqueous solution appears as dodecahydrate.
The anhydrous powder form can be obtained via heating the hydrate above 90 °C.
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Figure 2.1. Synthetic route to obtain 1.2%
2.1.2 X-ray crystallography

Complex 1 is soluble in polar solvents, such as water, methanol, dimethylsulfoxide (DMSO),
N,N-dimethylformamide (DMF) and poorly soluble in much less polar chloroform. The complex tends
to form solvates, which can be easily crystallized from the above-mentioned solvents. The number of
the solvent molecules per one molecule of the complex depends on the nature of the solvent. For
instance, in the case of DMSO, the formation of two solvates 1-2DMSO and 1-7DMSO was observed
serendipitously from attempts of recrystallization of 1 in the same condition. The methanol- or
chloroform-based solvates appear only as 1-2MeOH and 1-2CHCls, respectively. The
dimethylformamide solvate tends to crystallize with inclusion of one water molecule to form
1-:2DMF-H20. The solvatomorphs 1-2MeOH and 1-2CHCIs crystallize in monoclinic space groups
P21/n and P2i/c, respectively. 1-2DMF-H20 crystallizes in the orthorhombic Pbcn space group. In the

case of DMSO-based solvatomorphs, 1-2DMSO crystallizes in the triclinic P1 space group, while
1-7DMSO adopts a trigonal R3¢ space group. All the X-ray crystallography data are gathered in Annex

A. DMSO molecules in the latter crystals are disordered over six and over two positions, respectively.
Upon long-term exposure to ambient air (~hours to days), crystals of solvatomorphs tend to lose their
solvents. This process is followed by disintegration of the crystals along with structural changes and can
be promoted by heating. Remarkably, crystals of 1-2CHCls and 1-2MeOH undergo single-crystal-to-
single-crystal transformations upon heating. When heated at 313 K for one day, solvatomorph 1-2CHCls
completely loses its solvent to form stable crystals of 1. The same transformation occurs in case of its

methanol counterpart, but the latter requires heating at 323 K for two days.
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The desolvated compound 1 crystallizes in the monoclinic P21/c space group with 2 molecules
of [Fe(LY)2] per unit cell (Figure 2.2). It should be noted that the crystals used for refining the structure
were obtained via a solid-state crystal-to-crystal transformation.

Figure 2.2. Unit cell of 1 with displayed n-r stacking interactions propagating along two opposite
directions within ab-plane. Hydrogen atoms are omitted for clarity.

This huge structural rearrangement is related to a chloroform solvent loss, namely c.a. 25% of the
volumic contraction occurs (1412 to 1063 A%) that leads to low quality multi-twin crystals. The room
temperature (low spin state) unit cell volume per molecule in the crystals of 1 (531.8 A%) is greater when
compared to its 1,2,4-triazolyl isomer (516.6 A%).2% While the structure of [Fe(HB(1,2,3-t)3).] is less
dense, the mean intermolecular Fe---Fe separation (8.49 A) is slightly shorter in 1 than in the 1,2,4-
triazolyl isomer (8.87 A). The coordination spheres of iron(Il) ions in the solvatomorphs (as well as in
1) have slightly distorted [FeNs] octahedral geometries (Table 2.1). The Fe—N distances lie in the range
from 1.952(3) to 1.972(2) A, while the mean value of coordination octahedra volume (Vp) is 10.05 A3,
as expected for the low spin iron(11).1° Considering all the solvatomorphs, the average value of the
octahedral distortion parameter ). |90° — Ox_pen| (or X) equals 21.66°. Unfortunately, the high spin
structure of 1 could not be assessed because crystals crash at the corresponding high temperatures.
Indeed, single crystals of 1, obtained via crystal-to-crystal transformation through thermally induced
solvent loss, appear as low quality, highly cracked at room temperature, while further heating is a trigger

for crystal degradation.
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In the crystals of most of the solvatomorphs, as well as in 1, z-n stacking interactions play a key
role in the packing of [Fe(L').] molecules. The interactions occur between aromatic 1,2,3-triazolyl rings
of adjacent complex molecules (Figures 2.2-2.7).

Figure 2.3. Crystal packing in 1 with intermolecular interactions (n-m stacking interactions are
shown only for one direction).

It is noteworthy, that these interactions are spread along one direction in 1-2DMSO, however
they are bidirectional in 1 (Figure 2.2) and in the rest of the solvatomorphs where they are observed
(Figure 2.4). The centroid-centroid distances range from 3.560(3) to 3.6959(17) A (Table 2.2).

Figure 2.4. Crystal structure of 1-2DMSO showing intermolecular m-m stacking interactions
developing along the a-axis. Hydrogen atoms are omitted for clarity. Displacement ellipsoids are
drawn at 50% probability level.
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Another type of interactions that hold molecules of the complex together in the crystal lattices
of 1 and 1-Solv is represented by rather weak C—H:--N interactions. The exodentate nitrogen atoms and
C—-H moieties of 1,2,3-triazolyl rings of neighboring [Fe(L!)2] molecules are involved in such
intermolecular interactions (Figure 2.3, 2.5-2.8). Likely to z-z stacking interactions, C-H---N contacts
propagate along a and b crystallographic directions (Figure 2.3), however the structure of 1-2CHCls
reveals only a single propagation direction (Figure 2.6). The parameters of the respective C—H---N
contacts are gathered in Table 2.2.

In 1-2DMSO and 1-2DMF-H20, the oxygen-containing polar solvents are bound to molecules
of 1 via C-H:--O contacts (Figures 2.7a, 2.8). In 1-7DMSO, the molecules of [Fe(L!).] do not display
any direct contacts with each other, but interact through solvent molecules by means of C-H---O contacts
(Figure 2.9). In 1-2MeOH, a hydrogen bonding occurs involving the proton of the OH moiety of the
solvent and the exodentate nitrogen atom of the triazolyl ring of the complex (d(O---N) = 2.867(4) A,
Figure 2.5a). Chloroform molecules in 1-2CHCls reveal C-H--*N and C-H---Cl interactions with
[Fe(LY)2] molecules (Figure 2.6).

a) b)

Figure 2.5. Fragments of 1-:2MeOH crystal structure, where hydrogen bonding between FelL, and
MeOH molecules (a), C—H:--N interactions (b) and intermolecular n-n stacking (a, b) are shown.
Parts of the molecules in b are omitted or made transparent for clarity.
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Figure 2.6. 1-2CHCIs crystal structure fragment with intermolecular interactions between the
complex and the solvent molecules. Parts of [Fe(HB(1,2,3-tz)3)2] molecules are represented
transparent for clarity.

b)

Figure 2.7. Fragments of 1-2DMF-Hz2O crystal structure representing intermolecular C-H---O
contacts, n-n stacking (a) and C—H---N (b) interactions.
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Figure 2.9. Crystal structure (packing diagram) of 1-7DMSO solvatomorph with intermolecular
interactions shown. Hydrogen atoms of the disordered CHs-moieties of the solvent are omitted
for clarity.

Table 2.1. Selected bond distances and angles of the solvatomorphs.

Compound |  12DMSO |  1-7DMSO | 1-2MeOH
Distance, A
Fe-N(1) 1.959(3) 1.9674(18) 1.955(2)
Fe-N(2) 1.959(3) 1.9676(17) 1.955(2)
Fe-N(3) 1.952(3) 1.9676(17) 1.958(2)
Fe-N(4) 1.952(3) 1.9676(18) 1.958(2)
Fe-N(5) 1.964(3) 1.9676(17) 1.972(2)
Fe-N(6) 1.964(3) 1.9676(17) 1.972(2)
Angle, ° (average value)
Cis (intra) 88.27(13) 87.91(7) 88.11(10)
Cis (inter) 91.73(13) 92.09(7) 91.89(10)
Trans 180.0 180.00(9) 180.00(8)
Compound | 1-2CHCls |  12DMF-H.O0 | 1
Distance, A
Fe-N(1) 1.9600(19) 1.968(3) 1.991(14)
Fe-N(2) 1.9600(19) 1.968(3) 1.991(14)
Fe-N(3) 1.9468(18) 1.958(3) 1.931(18)
Fe-N(4) 1.9468(18) 1.958(3) 1.931(19)
Fe_N(5) 1.9597(18) 1.964(2) 1.950(15)
Fe—N(6) 1.9597(18) 1.964(2) 1.950(15)
Angle, ° (average value)
Cis (intra) 88.55(8) 88.16(11) 88.07(7)
Cis (inter) 91.45(8) 91.84(11) 91.93(7)
Trans 180.00(3) 180.0 180.0
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Table 2.2. Intermolecular [Fe(L')]---[Fe(L')2] interaction parameters.

n—x stacking interactions

Compound Cring—C’ring (A) Cring—Plane’ (A) Dihedral angle (°)
1-2DMSO 3.640(4) 3.208(7) 25.03
1-2MeOH 3.560(3) 3.275(4) 23.08
1-2CHCL; 3.6959(17) 3375(3) 24.05
1-2DMF-Hz0 3.684(3) 3377(4) 23.56
1 3.504(17) 3.28(3) 24.13
C-H:--N interactions
Compound D-H-A DA A) Z(D-H-A) ©)
C3-H3 N3 3.440(7) 150.03)
1-2DMSO 66 N3 3.349(6) 137.6(3)
C2H2- N6 3.279(4) 146.1(2)
1-2MeOH C6_H6 N3 3.196(4) 133.3(0)
L 2CHCL C6-H6 N3 337703) 153.97(14)
C2H2 N6 3.290(4) 135.7(3)
1-2DMF-H0 C4_H4 N9 3.345(2) 144.002)
C2H2 N6 3.14(3) 150.4(17)
L C6-H6 N3 3.25(3) 13402)
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2.1.3 Spin crossover properties of [Fe(HB(1,2,3-12)3)2]

A plot of molar magnetic susceptibility as a function of temperature is shown on Figure 2.10.
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Figure 2.10. ymT vs T plot, recorded over two thermal cycles starting with the powder sample
1-12H20. Slichter-Drickamer fit was performed for the second heating curve.

Temperature dependent magnetic measurements were conducted by first heating the powder of
1-12H20 from 250 K to 400 K, followed by cycling the as obtained dehydrated sample of 1 in the same
temperature range at a rate of 2 K mint. Compound 1 undergoes a gradual spin crossover between the
low spin (S = 0) and the high spin (S = 2) states, with a transition temperature T1> = 373 K. One must
note that the SCO is not fully completed at 400 K, which is the highest attainable temperature by the
magnetometer used, but variable-temperature Raman spectroscopic measurements conducted in the
303-433 K range reveal the flattening of the SCO curve slightly above 400 K (Figure 2.11). The Raman
spectra were collected for dehydrated crystal of 1 (Figure 2.11a). The spectra revealed reversibility upon
cooling to room temperature at the end of the thermal cycle. Intensity of the signals in 1160-1280 cm*
region of the spectra tends to decrease upon heating, that makes them useful to track the spin crossover
properties. Plotting integral intensity ratio of the bands at 1205 cm™ and 1263 cm™ versus temperature
yields the spin crossover curve, that is in accordance with magnetic measurements data (Figure 2.11b).
The variable temperature magnetic data could be conveniently fitted by the conventional Slichter-
Drickamer (SD) model?®” (Figure 2.10), providing estimation of the enthalpy change (AH = 14 kJ mol"
1y, entropy change (AS = 38 J K* mol™?) and cooperativity (I"= 5387 + 52 J mol™) associated with the
SCO phenomenon. One can remark here the relatively low entropy change and high cooperativity of the
spin crossover in 1, similar to the values reported previously for the 1,2,4-triazolyl isomer (AS =48 J K
Ymol?, "=5700 + 50 J/mol).?%
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Figure 2.11. Raman spectra of 1 at different temperatures (a) and plot of 1205/1263 cm™ bands’
integral intensity ratio as a function of temperature (b).

At first glance, one may ascribe the different magnetic behavior on the first heating to solvent
loss. Indeed, TG-DTA data acquired for compound 1-12H20 reveals dehydration in the temperature
range between ca. 313 and 363 K (Figure 2.12). However, the DSC curve obtained for the hydrated
powder displays several intense and broad endothermic peaks during the first heating (Figure 2.13),
which cannot be solely ascribed to the water loss, but denote also other (overlapped) physical
phenomena, including obviously the SCO, but also various structural changes (vide infra). Remarkably,
the DSC trace on cooling and on successive thermal cycling display a single exothermic (endothermic)
peak at 366 K (373 K) on cooling (heating). The peak temperature as well as the associated enthalpy
change of ca 14 kJ mol™* agrees with the SD fit of the magnetic susceptibility data, allowing us to assign

this peak to the sole SCO phenomenon.
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Figure 2.12. TGA and DTA curves for 1-12H20.
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Figure 2.13. DSC curves recorded starting with crystalline powder sample of 1-12H20 at 10 K min™*
rate over two successive heating/cooling cycles.
In order to further investigate the possible interplay between solvent loss, structural changes and
SCO in 1, variable temperature powder XRD measurements were carried out in the 333493 K
temperature range following heating of 1-12H20 at 328 K for 1 h. The powder patterns recorded at 333,
363 and 393 K are substantially different — denoting successive dehydration/structural changes (Figure
2.14). Of particular interest is that the experimental powder pattern recorded at 363 K shows the best

match with the diffraction pattern simulated using the single crystal structural data of 1 (Figure 2.15).
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Figure 2.14. Powder X-Ray diffraction patterns for bulk powders of 1-12H20 (293 K) and 1 recorded
at different temperatures.
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Then, further heating up to 493 K and cooling back to 303 K does not reveal any substantial change in
the diffractograms (apart small shifts and broadenings of the peak positions — depending on the
temperature). This finding is in line with the calorimetric and magnetic measurements, pointing to the

occurrence of a very gradual and reversible SCO following a first heating of the sample up to ca. 400 K.
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Figure 2.15. Experimental and simulated PXRD patterns of 1.

2.2 Synthesis of new heteroscorpionate ligands and their iron(11) complexes. Characterization
and spin-crossover properties of the coordination compounds.

2.2.1 Synthesis of the heteroscorpionate ligands and their complexes with Fe'!

A choice of the synthetic path to access new heteroscorpionate ligands was inspired by refs,8:8
(see chapter 1). Though, instead of nitropyrazoles involved in heterocycle metathesis reactions reported
in the mentioned references, 1,2,4-triazoles decorated with electron-withdrawing group (EWG) at
position 3 were used in the present case. At first, potassium hydrotris(pyrazol-1-yl)borate (hereafter
KTp) was synthesized following the protocol developed by Trofimenko,?% with slightly modified work-
up procedure (see experimental part, p. 155). Then, potassium cation in the product was exchanged to
tetrabutylammonium ("BusN* or TBA) according to the procedure reported in ref.2®° Then, the resulting
TBA derivative "BusNTp was heated with 1 (2) equivalents of an EWG-bearing 1,2,4-triazole to give
mono(di)substituted products as shown on Figure 2.16. As electron-withdrawing groups, nitro-group
and cyano-group were selected. Thus, commercially available 3-nitro-1,2,4-triazole and 3-cyano-1,2,4-
triazole were used for the reaction of heterocycle exchange to afford the new heteroscorpionate ligands.
The reactions between "BusNTp and the triazole reactants were conducted without any solvent under

conditions of static vacuum to promote the pyrazole release (see experimental part, pp. 155-156). The
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heterocycle exchange proceeded similarly to the reported reactions with nitropyrazoles. The degree of
substitution of pyrazole moieties with triazole ones was controlled by stoichiometry and temperature
alike. Thus, to replace one pyrazole unit (n = 1, Figure 2.16), heating of the reaction mixture at 90 °C
was sufficient for the reaction to proceed. The optimal temperature range for the monosubstitution was
set between 90 and 105 °C. The primary evidence of the reaction is condensation of the eliminated
pyrazole crystals on walls of the reaction vessel. The latter can be distilled under dynamic vacuum and
collected in a receiving flask. This allowed to monitor conveniently the reaction completion by
measuring the weight of the released pyrazole. To this purpose, the latter was distilled off from the
reaction vessel every one hour, and the collected distillate was weighted. The major quantity of pyrazole
was released in the first hour of the reaction. Heating the reaction mixture for the following hour yielded
the rest of pyrazole. At this stage, the pyrazole release stopped. In case of monosubstitution, the pyrazole

release was quantitative, and most of the by-product was released within the first hour of the reaction.

@
n
”BU4N® /i j\N it eq / \l/ BudN

i
'T' Bl s
/ \'N ® N \N
N~ | A |
I H N:(
=N
3n / EWG
N, 3-n n

H
n=1,2; EWG=-NO,, -CN.

Figure 2.16. Synthetic path to obtain new triazole-based heteroscorpionate ligands.

Formation of the disubstituted derivatives was possible via heating of the stoichiometric
reactants’ mixture to 130 °C. After around 95 % of pyrazole was eliminated, its release ceased maximum
after 3 h of heating. As in case of the analogous reactions with nitropyrazoles, the heterocycle metathesis
involving the above-mentioned triazole reactants leads to selective formation of the desired mono- and
disubstituted products, which can be controlled by temperature and stoichiometry. Though, attempts of
trisubstitution, requiring 3 equivalents of a triazole reactant and higher temperatures (about 150 °C), lead
to formation of a mixture of products with different degree of substitution and by-products that were
formed, most probably, as a result of side reactions taking place at high temperatures. The separation of

products in this mixture appeared to be challenging.

In the literature,®2 the authors propose the heterocycle metathesis mechanism (Figure 1.17)
based on considerations of HSAB theory, according to which more acidic nitropyrazoles (pKa = 9.50—
9.75) attacking the boron core, readily give their pyrrole-type protons to more basic pyrazolyl moiety,
that eliminates as a free pyrazole (pKa = 14.21).21° Given that the acidity of 1,2,4-triazole (pKa = 9.89)!!
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is close to such for nitropyrazoles, it was interesting to carry out this reaction with unsubstituted triazole.
Though the synthetic conditions for the mono- and disubstitution were the same as in case of the
substituted triazoles, the reactions with pristine triazole did not provide the same selectivity and resulted
in a mixture of products that are challenging to separate. Similar results were achieved, when triazole
bearing electron-donating amino-group at position 3 was used as the reactant in an attempt to synthesize
directly an amino-functionalized heteroscorpionate ligand. Considering the fact of the electron density
donation from the amino-group to the aromatic core, pKa of 3-amino-1,2,4-triazole is expected to be
higher than such in the pristine triazole, consequently, such a result was expected. Consequently, these
results point to the conclusion that the presence of EWG in the triazole precursor is crucial for the
heterocycle metathesis to proceed as it provides a sufficient difference in pKa between a triazole reactant
and pyrazole, to shift the equilibrium towards formation of the desired heteroscorpionates.

The scope of the ligands, discussed in the current sub-chapter, is summarized on Figure 2.17.
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Figure 2.17. Scope of the new heteroscorpionate ligands in the current work.

As nitro-group can be reduced to a primary amine, it was interesting to convert a nitro-derived
ligand to an NH:-bearing ligand that can be either directly coordinated to Fe' or undergo
functionalization of the amino-group with subsequent coordination of a modified ligand to the metal ion.
For this purpose, monosubstituted nitro-derived ligand "BusNL? (Figure 2.17) was selected as a subject
to reduction. The reduction reaction conditions were similar to those in case of complexes reported in
ref.,% which involve the use of an organic reducing agent, palladium catalyst, protic solvent and

microwave heating. In the present case, 1,4-cyclohexadiene was used as a reducing agent, palladium (5
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% wt.) on carbon was selected as a catalyst, while alcohols such as methanol or ethanol were used as
solvents pure or in the alcohol:toluene (3:1) mixture likely to the reported ones by Ma et al.®® The first
approach implied microwave heating (closed-vessel mode) of "BusNL? stirred methanolic solution at
120 °C for 5 minutes with excess (6 equivalents) of 1,4-cyclohexadiene and in the presence (8 % mol.)
of Pd/C. Colorless crystals isolated after concentration of the obtained solution were analyzed by means
of single crystal X-ray diffraction. Instead of the expected amino-derived hydroborate anion, the
resulting crystal structure revealed an associate composed of 3-amino-1,2,4-triazole anion binding three
neutral pyrazole molecules via hydrogen bonding (Figure 2.18). The negatively charged associate is
compensated by TBA cation. Such a result indicates a degradation of the hydroborate anion, possibly
due to solvolysis under the given conditions. The fact of the degradation is supported by NMR
spectroscopy data. Solution *H NMR of an aliquot of the reaction mixture taken after 5 minutes of the
reaction revealed two signals of free-pyrazole aromatic protons, while in the spectra of the scorpionate
ligands, three signals are typically observed for pyrazole bound to boron (see the NMR spectra in Annex
B). Changing the reaction conditions, e.g., reducing the temperature together with increasing the time
only retarded the degradation, however did not prevent it. Moreover, even after leaving the mixture of
the reactants and the reagents overnight at room temperature with no stirring degradation signs, such as
presence of the liberated pyrazole, could be detected. Varying the solvents did not have any notable
impact on the reaction outcome. Such a chemical behavior is probably related to the presence of the
palladium catalyst that in the protic solvent medium can promote the solvolysis of the hydroborate as it
is known in case of borohydride.?*? Considering such a fragility of the hydroborate anion, direct
reduction of nitro-group in L? and L® to obtain L® and L7 is probably not the most appropriate strategy.
Reduction of NO2-group of the ligands in their iron(Il) complexes (post-functionalization) is another
approach, which is discussed further together with synthesis of the coordination compounds based on

the heteroscorpionate ligands.
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Figure 2.18. Crystal structure of the product formed in an attempt of reduction of "BusNL?. Hydrogen
atoms are omitted for clarity. Displacement ellipsoids are drawn at 50% probability level.
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Alike to the protocols described in ref.,% syntheses of iron(Il) complexes with ligands L2-L5
were performed under argon atmosphere in degassed dichloromethane (DCM) solution starting from 2
equivalents of the respective ligand and 1 equivalent of FeCl»-4H,O (Figure 2.19).

® H
"BuyN M
ﬂ o | J—Ews IL\\I N=
“INges s 0.5 eq. FeCly"4H,0 = z
N B N 2 4H2 EWG \ /
H > Fe. EWG
N CH,Cl >§N/ L2
"\ N L W/
%/N\.é\l
]
H

Figure 2.19. Synthetic scheme to access iron(11) complexes with ligands L?>~L° (EWG = -NO, -CN).
A monosubstituted ligand was chosen as an example. The synthetic scheme remains the same in case
if a disubstituted ligand is chosen as the reactant.

In the context of successful examples on post-synthetic modification of the complexes with nitro-
functionalized heteroscorpionates reported in the literature,3>%° it was interesting to perform the post-
functionalization on the complexes’ counterparts obtained in this work. Attempts to reduce complexes
[Fe(L?)2] under microwave conditions suggested by Ma et al.® and tried for uncoordinated L? faced
issues to obtain any reproducible result, which is related to the absence of possibility of control over the
reaction outcome to obtain the desired product, fairly low yields (2-33 %) of the reduction reaction
product. Conversely, classical technique of catalytic nitro-group reduction under pressure of hydrogen
in an autoclave served a reliable tool to convert NO,-decorated substrates [Fe(L?)2] and [Fe(L®).] into
di- and tetraamines [Fe(L%)2] and [Fe(L")2], respectively (Figure 2.20). The reaction conditions were

similar to those proposed by Fltotto et al. for the pyrazole-based counterpart.®
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Figure 2.20. Reduction of NO2-groups in [Fe(L®)].

The synthetic procedures to access the ligands and their iron(Il) complexes are provided in the

experimental part (pp. 155-158).
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2.2.2 NMR spectroscopy

In proton NMR spectra of the ligands (provided in Annex B), pyrazolyl moiety is characterized
by three signals: two doublets at about 7.61 and 7.58 ppm (average chemical shift values) assigned to
protons at position 5 and 3 of the pyrazole ring, and triplet at around 6.20 ppm corresponding to proton
at the position 4. The triazolyl units bear only a single proton, singlet signal of which appears at 7.93
(7.99) ppm for L? (L*) and at 8.20 ppm in case of L3 and L°. The integral intensity ratio of the triazole
singlet to the pyrazole multiplets (s:d:d:t) is 1:2:2:2 for L2, L* and 2:1:1:1 for L3 and L®, which is in line
with the expected structures of the respective heteroscorpionate anions.

13C NMR spectra of ligands featured with nitro-groups are characterized by presence of four
signals in the aromatic region of the spectra: one weak-field signal (~149 ppm) corresponding to the
carbon nucleus at position 5 of the triazolyl-moiety and three signals in 140-105 ppm region from the
pyrazole carbon nuclei. Large number of scans (>3000) in the NMR experiment may allow to observe a
weak signal of carbon nucleus at position 3 of the triazole ring. For example, the signal can be observed
for L2 at 152.39 ppm. In the spectra of the cyano-functionalized ligands, an extra signal of low intensity
observed at 114.61 ppm for L* and at 114.22 for L® is assigned to the carbon nucleus of CN-group. Alike
to the nitro-derivatives, large scan numbers allow to observe the position-3 aromatic carbon signal at
139.29 and 139.81 ppm for L* and L° respectively.

Boron NMR spectra of all the ligands contain one doublet lying in the region from -2.59 to -1.57
ppm. The presence of the sole signal in the spectra as well as multiplicity of the signal correlates well
with the fact that the compounds contain only one type of boron nuclei directly linked to proton nuclei

of identical nuclear spin.

NMR spectra of the heteroscorpionate ligands recorded in weeks or months after their synthesis
reveal signs of stability issues in the ligands upon their storage in ambient conditions. Thus, an extra
signal appears in !B NMR spectra as a singlet at around 18 ppm, which is characteristic for boric acid
and its esters.?*®> While in proton NMR, an extra weak-field singlet appears in 8.3-8.0 ppm region, most
probably corresponding to the free triazole species. It should be noted that these impurity signals are
observed as well in the spectra of the crude products. Likely to the observations of L? degradation under
the reduction conditions described in sub-chapter 2.2.1, the considered observations stress on the fact
that the heteroscorpionates have an inclination to degrade over time in ambient conditions, probably due
to slow hydrolysis of the hydroborate species caused by the moisture of the ambient air. This fact should
be taken into account during the planning of the ligand synthesis and as well as synthesis of the

complexes. Thus, such practices as use of the ligands shortly after their synthesis, or use of anaerobic
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techniques for preparation, handling and storage of the compounds can be applied to ensure the substance

purity and to minimize or to avoid the undesired degradation processes.

2.2.3 IR spectroscopy

The IR spectra are presented in Annex C. A characteristic vibration band for boron-based
scorpionate ligands is B—H stretch appearing well apart from other bands within 2460-2526 cm™ range
in case of the considered ligands and complexes. As it was observed for the pyrazole-based scorpionates
in ref.,2® the B—H stretching vibration appeared to be sensitive to coordination of the scorpionate ligands
to the metal ion. Following the coordination B—H band position experienced shift towards higher
wavenumbers by 27-45 cm for NO-bearing ligands and by 50-56 cm™ in case of the CN-derivatives.
The high-frequency shift of the B—H stretch is related to withdrawal of the electron density from the
ligand, and consequently, from the boron, upon the coordination. In IR spectra of the amino-
functionalized complexes, the B—H band is located at lower wavenumbers then for the rest of the
complexes, e.g., 2474 cm™ for [Fe(L%),] vs 2487 cm™ for [Fe(L?)2] and 2470 cm™* for [Fe(L")2] vs 2512
cmt for [Fe(L®),], which is expected given the electron-donating effect of NH2-group increasing the
electron density at boron.

Additional characteristic band, positioned away from the rest of the bands, is caused by stretching
vibration of nitryl-group’s triple bond inherent in L*, L, 4 and 5. In the compounds the band position is
situated in narrow 2245-2251 cm™ range. Unlike to B-H stretch, the position of the C=N stretching
vibration band did not experience any significant shift upon the ligand coordination, though the band is

useful for identification of the respective compounds.

IR spectra of nitro-compounds are typically featured with characteristic asymmetric and
symmetric stretching vibrations of NO2-group. However, they are usually located in the finger-print
region containing a set of other bands that are positioned tightly, which might complicate the assignment
of the nitro-group vibrations. Thus, in the spectra of the nitro-ligands and their complexes, no bands
were found that can be clearly assigned to the NO2-stretches.

2.2.4 Single crystal and powder X-ray diffraction studies

Single crystals of "BusNL? suitable for X-ray diffraction grow in the crude product oily substance
in 1 day. Crystal structure of the heteroscorpionate ligand is shown on Figure 2.21. The compound
crystallizes in monoclinic P2:/n space group, with the desired structure of the heteroscorpionate
tetrahedral anion with hydrogen, two pyrazolyl substituents and one 3-nitro-1,2,4-triazolyl function

attached to boron as well as tetrabutylammonium as a counter-cation.
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Figure 2.21. Crystal structure of "BusNL2. Hydrogen atoms are omitted for clarity. Only atom labels
of heteroatoms are shown for clarity considerations alike. Displacement ellipsoids are drawn at 50%
probability level.

Efforts to obtain crystals for the rest of the ligands were not successful. Crystallization of
complexes 2 and 3 by slow evaporation of their saturated solutions or vapor diffusion techniques yielded
only polycrystalline aggregates or very small crystals quality of which did not meet requirements for the
single crystal X-ray diffraction experiment. Similarly, the endeavor to crystallize complexes 5 and 7

proved unsuccessful.

Single crystals of bis[hydrobis(pyrazol-1-yl)(3-amino-1,2,4-triazol-1-yl)]iron(1l) (6) were grown
from saturated methanolic solution by means of slow evaporation of the solvent. The complex
crystallizes in P21/n space group (see Annex A). Coordination environment of Fe' is formed by the two
coordinated tridentate ligands, the donor atoms of which are resting on the facets of octahedron. The
triazolyl units are situated on the opposite sides to each other on the axial vertices of the octahedron.
Thus, the obtained complex appears in the trans- form. Despite the probability of existence of both cis-

and trans-isomers, only trans-isomer of 6 was observed. Crystal structure of 6 is shown on Figure 2.22.

Figure 2.22. Crystal structure of complex 6. Hydrogen atoms, as well as atom labels of carbon, and
nitrogen of the pyrazolyl fragments are omitted for clarity. Displacement ellipsoids are drawn at 50%
probability level.
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Crystal structure of 6 was acquired at four different temperatures: 100 K, 293 K. 320 K and 393
K. The average distance Fe—N (dre n) in the complex at 100 K equals 1.986(11) A, while the octahedron
volume (Vp) at this temperature is around 10.46 A3, which is inherent in low spin iron(1l) complexes.
The dre n value, at room temperature, reaches 2.107(2) A, which already falls within the range of Fe-N
distances found in the HS complexes. At higher temperatures of 320 K and 393 K the mean iron-nitrogen
distances are 2.130(3) A and 2.159(15) A, while the polyhedral volume values are of 12.80 A% and 13.32
A3 respectively. Octahedron distortion parameter X at termini of the low and high temperature values
equals 16.77° and 47.53° respectively. The unit cell volume (V¢) increases with temperature from
2142.1(10) A3 (at 100 K) to 2314.06(10) A3 (at 393 K). Thus Fe—N distances increase by 8.7 % in the
full range of temperatures, while the cell volume — by 8.0 %. Though, the percentage of the parameters
thermal evolution should be considered with care, as the thermal expansion in the given temperature
range may be non-negligible. The evolution of the structural parameters with temperature for complex
6 is summarized in Table 2.3. (See detailed crystallographic data in Annex A).

Table 2.3. Selected structural parameters of 6 at selected temperatures.

Temperature, K dren, A x,° Vp, A3 Ve, A3
100 1.986(11) 16.77 10.46 2142.1(10)
293 2.107(2) 38.59 12.41 2256.1(11)
320 2.130(3) 42.81 12.80 2269.4(2)
393 2.159(15) 47.53 13.32 2314.06(10)

Besides the metal octahedron distortions accompanying the spin crossover, there are also
distortions at the ligands. In scorpionate ligands, two main types of distortions in response to iron-
nitrogen distance increase were established: twisting of a heterocycle ring defined by B-N—N-Fe torsion
angle, and pyramidalization of boron tetrahedron defined by distance from boron to the centroid of B—
N-bonded N3 plane or B-Ct(N3).?* These SCO-responsive parameters where measured in coordination
compound 6. It was found that temperature had no considerable effect on twisting of heterocycle rings.
Thus at 100 K, the triazole rings are twisted to a quite small extent: torsion angles B1-N5-N6—Fel and
B2-N13-N14-Fel are -0.05° and 1.32° respectively. While at 393 K, these values change to -2.21° and
-0.08° respectively. Similarly to those for the triazole rings, B-N—-N—Fe torsion angles of the pyrazole
changed only by 2.38° maximum. Contrarily, the elongation of iron-nitrogen bonds induces
pyramidalization of the boron geometry, i.e., decrease of the distance between boron and centroid of the
mean plane of the boron-bound nitrogen atoms B—Ct(N3) from 0.57(2) A at 100 K to 0.522(2) A at 393
K, which leads to an increase of the ligand bite angle.
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Among the interactions determining the crystal packing of [Fe(L®).] molecules one can highlight
the intermolecular H-bonding between the triazole units formed by a hydrogen atom of amino-group (H-
bond donor or D) and nitrogen atom at position 4 (H-bond acceptor or A) of the heterocycle ring (Figure
2.23). Hydrogen bonding connects the complex molecules in a 1D cascade growing along a
crystallographic axis. The distance between hydrogen-bond donors and acceptors d(D---A) is 3.014(3)
A for N8---N15 and 3.010(3) A for N7---N16 at 100 K. The mean donor-acceptor distance increases by
ca. 2% at high temperature. Alternatively, C—H---m interactions are present between the triazole and

pyrazole units of adjacent [Fe(L®).] molecules (Figure 2.24).

b

C16

Figure 2.23. Hydrogen bonding between [Fe(L®).] molecules in the crystal of the substance. Hydrogen
atoms are omitted for clarity.

Figure 2.24. Intermolecular C—H:- ‘& interactions between the pyrazole and triazole rings in 6.
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X-ray diffractogram acquired on powder of 6 at room temperatures matches one simulated from

the single crystal diffraction data (Figure 2.25).

W S

experimental

—— simulated

Normalized Intensity

5.10.15'20.25'30'35
20 (°)
Figure 2.25. Simulated powder pattern from the respective single crystal XRD data (dark grey line)
and experimental PXRD pattern (red line) of 6.

Single crystals of complex 4 were obtained by slow evaporation of its saturated DCM solution.
Elongated prismatic crystals correspond to the compound that crystallizes in monoclinic C2/c space
group as a trans-isomer (Figure 2.26a). Together with the prismatic crystals, seldom small orthorhombic
crystals can be found in the same crystallization batch. These crystals show distinct unit cell parameters
and correspond to the cis-isomer of the complex that crystallizes as DCM solvate [cis-Fe(L*)2]-CH2Cl,
(Figure 2.26b) in P21/n space group (see detailed crystallographic data in Annex A). Thus, crystallization
of the both isomers was observed for complex 4. Though, unlike to the case described in ref.,®” no
separation of the isomers was achieved by means of column chromatography. Moreover, the PXRD
pattern of the same crystallization batch does not contain reflection peaks that might correspond to the
cis-isomer (Figure 2.27). These observations suggest that the later may form during the crystallization,

however as a very minor product.

Figure 2.26. Crystal structures of trans- (a) and cis-isomer (b) of 4. Hydrogen atoms are omitted for
clarity. Displacement ellipsoids are drawn at 50% probability level.
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Figure 2.27. Simulated powder XRD patterns for the cis- and trans-isomer of 4 and the experimental
pattern for the bulk powder of the compound acquired at room temperature.

At 100 K, average Fe—N distance value is 1.976(14) A in trans- and 1.968(4) A in cis-isomer.
The octahedron volume at the given temperature equals to 10.27 A% and 10.16 A3 in trans- and cis-
isomers respectively. These values indicate that both isomers of the complex are low spin at this
temperature. The octahedron distortion of the low-spin trans-isomer appears to be higher (19.80°) than
such in the LS cis-isomer (16.10°). Crystal packing of the isomers is dominated by C—H:--N and C—

H:- -7 interactions between the complex molecules (Figure 2.28).

a)

Figure 2.28. C—H:--N intermolecular interactions in trans- (top) and both C—H:---N together with C—
H-- -7 interactions in cis-isomer (bottom) of 4.
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The mean D---A distances characterizing the C—H---N interactions in the both isomers are 3.453(3) A
in the trans- and 3.377(6) A in the cis-isomer. In case of the C-H---x interactions in the cis-isomer, the
CH/n-plane distance equals 2.762(4) A, while the C—H-- -1 access angle is of 146.0(4)°, which is in line

with typical reported values for such type of interactions.?*®

2.2.5 Spin crossover in the iron(l1) complexes with the heteroscorpionate ligands

Magnetic behavior of the complexes under temperature variation was studied by means of
variable-temperature SQUID magnetometry on bulk powders of the complexes. Molar magnetic
susceptibility (ymT) was measured in 4-300 K (for 2, 3) and 4-400 K (for 4-7) temperature range.

Nitro-functionalized complexes 2 and 3 are high spin at room temperature and retain their HS
state at low temperatures until their ymT starts to decrease brusquely below 50 K due to the zero-field
splitting (Figure 2.29). This behavior was observed also for their heteroanalogues containing 3-
nitropyrazolyl moieties instead of the nitrotriazole ones.® Referring to the crystallography data, Ma et
al. suggested that the effect of sterically demanding NOz-substituent situated closely to the metal center

allows the ligands to adopt exclusively HS Fe''.
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Figure 2.29. Molar magnetic susceptibility of 2 (dark grey symbols) and 3 (red symbols) as a function
of temperature in both cooling and heating modes.

Unlike to nitro-group, CN-function has no considerable steric effect. Thus, complex 4 bearing
two cyano-substituents is low spin at low temperatures, which is in agreement with the X-ray structural
data, and it remains LS at room temperature whereafter its ymT firmly increases (Figure 2.30). The
transition is not over at 400 K, and probably occurs completely at higher temperatures out of range
attainable by the SQUID magnetometry setup used. Similar trend is observed in 5 (tetracyano-

derivative), however the threshold of ymT is above 350 K.
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Figure 2.30. ymT vs T products for compounds 47 in heating and cooling modes.

Amino-group is much less bulky comparing to nitro-group, thus the NH»-substituted ligands are
expected to adopt the metal ion in both LS and HS configurations. Indeed, the magnetic measurements
data reveal complete spin transition in diamino-featured complex 6 and incomplete SCO behavior in
tetraamino-derived complex 7 (Figure 2.30). The SCO behavior in the complexes is reproducible over
three consecutive thermal cycles. Complex 6 undergoes gradual spin crossover in 150-350 K range with
T2 centered around 276 K with small hysteresis of ca. 2-3 K. The SCO curves of 6 acquired over three
consecutive heating/cooling cycles together with the hysteresis loop are shown in Annex D. Despite the
presence of the hydrogen bonding between [Fe(L®)2] molecules in bulk of the substance, the character
of SCO is gradual. Although the magnetometry data and the crystallography data correlate well with
each other. Comparing the SCO behavior in complex 6 to such for bis[hydrotris(1,2,3-triazol-1-
yl)borate]iron(Il) one may note that the spin transition in bis[hydrobis(pyrazol-1-yl)(3-amino-1,2,4-
triazol-1-yl)Jiron(Il) is more gradual. Though, hydrogen bonding present in the crystal is supposed to
favor more abrupt spin transition. It should be noted however that the H-bonding in the structure is
spread only in one dimension, while in [Fe(HB(1,2,3-t2)3)2] and [Fe(HB(1,2,4-tz)3)-] similar by nature
intermolecular C—H:--N interactions form a 2D and 3D supramolecular networks respectively, which
may promote the cooperativity. Thus, such a gradual SCO behavior in 6 may be explained by absence
of any multidimensional supramolecular network and lack of other strong intermolecular different from
hydrogen bonding. Besides the structural and magnetochemical characterization, Mossbauer spectra
were acquired for the bulk powder of bis[hydrobis(pyrazol-1-yl)(3-amino-1,2,4-triazol-1-yl)]iron(1l) (6)
at six different temperature points within 80-320 K range (Figure 2.31).
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Figure 2.31. Mgssbauer spectra recorded for the bulk powder of 6 at selected temperatures.

The high spin fraction increased with temperature. The spectrum acquired at 80 K allows to conclude

that the substance is virtually fully low spin (yns = 4 %) at this temperature (Figure 2.31). At 320 K the

HS fraction reaches 94 % (Figure 2.31). Expectedly, yhs is at equilibrium at 270 K (yns = 50 %), while

at room temperature the compound is 74% high spin.

The isomeric shifts, quadruple splittings, half widths at half maximum (HWHM), acquisition

time and high-spin fraction for each temperature are given in Table 2.4.

Table 2.4. Selected parameters determined from the Mossbauer spectra of 6 at selected temperatures.
Values in brackets stand for the standard deviation. Fixed values are underlined.

T, K | 6" 65, mm-s? AEQ"S; AEqQ-S, | HWHM, mm-s? | Acquisition | yHs, %
mm-s? time, d
80 | 1.15(2); 0.525(1) 3.89(5); 0.226(2) | 0.13(4); 0.146(2) 3 4.0(9)
270 | 1.05(2); 0.43(1) 3.70(3); 0.30(2) 0.25;0.2 2 50(3)
280 | 1.057(8); 0.378(9) | 3.65(2); 0.38(2) 0.25;0.2 5 58(2)
293 | 1.03(1); 0.35 3.48(2); 0.42(5) 0.25; 0.2 3 74(3)
310 | 1.00(2); 0.28(8) 3.51(4); 0.45 0.25;0.2 5 84(5)
320 |0.975(5); 0.47 3.43(1); 0.25 0.25; 0.2 7 94(2)

The full correlation between the temperature-dependent magnetic susceptibility and Mdssbauer

spectral data is depicted on Figure 2.32.
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Figure 2.32. Correlation of molar magnetic susceptibility thermal variation for 6 (black symbols) and
vhs (red symbols with error bars) extracted from the Mdssbauer spectra of the complex acquired at
five different temperatures.

The collected structural, magnetochemical and spectroscopic data on the properties of the
complexes, when compared to those reported for the 3-nitro- and 3-aminopyrazolyl analogues can yield
in some clues on the structure-property relationship. Indeed, iron(I1) complexes with heteroscorpionate
ligands substituted with bulky NO2-group at 3-position of a heterocycle do not undergo spin crossover
as only HS configuration is sterically favorable for them. Changing nitro-group to non-bulky CN-group
affords low spin complexes which may undergo SCO at high temperatures. Concerning the amino-
derivatives, one may conclude that replacing 3-aminopyrazole unit with 3-amino-1,2,4-triazole ones
makes HS state more favorable at lower temperatures, thus lowering T1/2 or even favoring the incomplete
SCO behavior.

2.3 Partial conclusions

The physical and spin crossover properties of [Fe(HB(1,2,3-tz)3)2] were investigated. Similar to
other unsubstituted tris(1-azolyl)borate iron(l1) complexes, the complex exhibits reversible spin
crossover above room temperature. The SCO in this complex is gradual and is centered at 373 K.
Interestingly, the first heating of the hydrated complex is accompanied by a series of structural phase
transitions resulting in different polymorphic phases of the compound. Crystal structures of the
anhydrous complex and most of the solvatomorphs share the same types of interactions between the

molecules of complex, including z-z stackings and weak C—H:--N hydrogen bond interactions.

Heteroscorpionate ligands "BusN(L?—L5%) and complexes 2—7 were synthesized and characterized

for the first time. Magnetic behavior of the complexes investigated. It was found that nitro-derivatives
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do not undergo SCO, thus remaining high spin at low temperatures, while cyano-derivatives tend to
remain in LS in a broad temperature range including above-room-temperature region. Amino-derived
complex 6 displays a very gradual spin transition that covers broad temperature range that covers
cryogenic, room-temperature and above-room-temperature which might be interesting for thermometry

applications. Contrarily, another NH»-derived complex 7 undergoes an incomplete spin transition.

2.4 Partial perspectives

e To test complexes 1 and 6 for evaporability and to elaborate thin films of the complexes and
investigate properties and SCO in the latter.
e To test the films with desired properties for application in thermometry.

e To test the amino-derivatives as building blocks to enlarge the family of SCO scorpionates.

2.5 Notes

Preparation of this chapter involved the use of materials from the following publication (all the
publications are presented in Annex I):

1. Horniichuk, O. Y.; Ridier, K.; Molnar, G.; Kotsyubynsky, V. O.; Shova, S.; Amirkhanov, V. M.;
Gural’skiy, I. A.; Salmon, L.; Bousseksou, A. Solvatomorphism, Polymorphism and Spin
Crossover in Bis[Hydrotris(1,2,3-Triazol-1-YI)Borate]lron(ll). New J. Chem. 2022, 46 (24),
11734-11740. https://doi.org/10.1039/D2NJ01471H.
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Chapter 3. Lanthanide(l11) bis-
carbacylamidophosphates. Synthesis,
characterization and luminescence studies.

With accordance to the objectives highlighted in chapter 1, the current chapter is aimed at the
development of novel binuclear lanthanide complexes of helicate family, displaying efficiently-
sensitized Ln"!-centered luminescence. Design of the ligand should involve presence of two binding
sites allowing coordination of two lanthanide ions, relative flexibility of the ligand molecule permitting
the formation of a helicate motif as well as addressing the requirements for efficient sensitization of the
lanthanide luminescence. Considering the benefits of B-diketinate binding sites and advantages of
carbacylamidophosphate (CAPh) ones over the latter, it was interesting to seek for a bis-chelating CAPh
ligand, design of which would imply minimized non-radiative deactivation processes together with a
good shielding of the lanthanide ions from external luminescence-quenching interactions (e.g.,
vibrations of high-energy oscillators at solvent molecules). To meet these requirements tetramethyl N,N'-
(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-diyl)bis(phosphoramidate) — bis-chelating CAPh reported
earlier’® was selected as an appropriate candidate. The ligand is featured with two
carbacylamidophosphate chelating sites linked by perfluorinated propylene spacer, both together ensure

the absence of high-energy oscillators in close vicinity to the lanthanide ions.

As well as chapter 2, the current chapter consists of two main sub-chapters. The first one deals
with triple-stranded (ternary) binuclear lanthanide complexes with the bis-chelating CAPh ligand and
ancillary 1,10-phenantroline ligands saturating the Ln"' coordination spheres. The sub-chapter is
dedicated to the detailed spectroscopic studies in particular on the Ln''-centered luminescence in the

complexes.

In the second sub-chapter, structural and spectroscopic features of quadruple-stranded binuclear
Ln"" complexes with the bis-chelating CAPh are considered. In particular, NIR Nd"' luminescence, its

guenching mechanism and temperature dependance are discussed.
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3.1 Synthesis of bis-chelating carbacylamidophosphate ligand (H2L8) and its binuclear
lanthanide(111) complexes [Lnz2(L8)3(phen)z]. Characterization of the compounds. Luminescence
in the obtained complexes.

3.1.1 Synthesis of the ligand and the complexes

All the synthetic procedures are provided in the experimental part (pp. 159-162). The synthesis
of the ligand - tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-
diyl)bis(phosphoramidate), hereafter HoL8, was reported earlier.?® Though, in this work the procedure
has been slightly modified, and the compound was synthesized according to the scheme depicted in
Figure 3.1.

N 1) NEt,

NH I
2 PC|5 E PC|3 MEOH, 5-10°C o

ccly 2) HCI, H,0
65-75°C N 0
1l O
PCls P
\ -~ \
© o]
/

H,L®

Figure 3.1. Synthesis of tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-
diyl)bis(phosphoramidate) or H,L8 — bis-chelating CAPh ligand.

Coordination compounds [Lnz(L8)s(phen)2] were obtained according to the scheme displayed in
Figure 3.2.

1) Ln(NO3)* 6H,0, NEt;, MeOH

F 2) phen, MeOH

m T m n
m

Figure 3.2. Synthesis of [Lnz2(L8)s(phen).] complexes. Ln"' = Nd"!, Sm"', Eu"', Tb"', Dy"!, Yb'".
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3.1.2 NMR spectroscopy

The NMR spectra discussed in this sub-chapter are provided in Annex B. *H NMR spectrum of
[Y2(L8)s(phen)2] (14) displays a doublet at § 3.57 assigned to protons of ester groups of the CAPh ligands
and a series of peaks in region of 6 7.8-9.2 assigned to 1,10-phenanthroline ligands. By integrating of
areas of peaks corresponding to the both ligands it was found that their ratio (L8: phen) in the complex
equals 3:2. No signal of the amide protons of the CAPh ligand was found in the *H NMR spectrum of
complex 14, which is a consequence of coordination of tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-
dioxopentane-1,5-diyl)bis(phosphoramidate) to Y ion in a doubly deprotonated form. Deprotonation
of the CAPh ligand in [Y2(L®)s(phen),] also leads to the shift of the signal of OCHs-groups in the
complex *H NMR spectrum to high field compared to the spectrum of H2L82® For paramagnetic
lanthanides (Nd"", Sm'", Eu"") complexes the signals in their tH NMR spectra are broadened and shifted
however the integral intensities ratio do not change. For the rest of the obtained complexes the *H NMR

spectra were not informative.

3.1.3 IR spectroscopy

The characteristic IR spectra data for H,L8 and the complexes are given in Table 3.1 and shown

in Annex C.

Table 3.1. Main IR absorption bands and their assignments for the synthesized compounds.

Band assignment, cm!
Compound v(N-H) | v(C=0) v(Amide-2) v(P=0) v(PN)
HoL® 3095 1746 1478 1212 877
[Ln2(L®)3(phen):] - 1604-1613 1399-1406 1160-1165 | 962-964

The complexes have similar IR spectra with resembling position of characteristic bands, suggesting the
similar coordination modes. An absence of v(N—H) absorption band in the region near 3100 cm™in the
IR spectra of the complexes indicates the coordination of the CAPh ligands to the rare earth ions doubly
deprotonated form is in good agreement with *H NMR data. The low frequency shift of v(P=0) and
v(C=0) bands and high frequency shift of v(P—N) bands in the IR spectra of the complexes with respect

to H2L®8 spectrum point to participation of the both phosphoryl and carbonyl groups in metal binding and
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existence of m-conjugation in —OCNPO- chelating core. A number of bands with middle and low
intensity at 1520, 1430, 1350, 846 and 733 cm! points to the presence of 1,10-phenanthroline ligands in
the complexes (see Annex C). The IR spectrum of the neodymium complex concentrated solution in
DMSO is shown in Annex C alike. Only the most intense absorption bands of the complex, which do
not overlap with solvent absorption bands, can be observed in the spectrum. The position of v(P=0)
absorption band is the same for the complex in KBr pellet and in solution, while v(C=0) and 6(POC)
absorption bands slightly moved for near 20 cm™ to higher or lower frequencies respectively.
Considering an insignificant difference in positions of characteristic absorption bands in the IR spectra
for the solid complex and its solution the retention of CAPh ligand type of coordination in the complex

in solution in DMSO can be concluded.

3.1.4 Absorption spectra of the Nd'"' complex

Among the lanthanide(111) ions Nd"" has been used most frequently as an absorption probe for
Ln-ligand interactions. The absorption band associated with *lo>—*Gs;2 and 2Gzy2 transitions of Nd'"
exhibits strong "hypersensitive" behaviour.?’?1 The intensity of these bands is mostly influenced
among all the ff transitions due to the changes in the nearest surrounding of the Nd'"" ion, making it
particularly suitable for probing the coordination environment around the ion. View of the spectra in the
region of *lo,— 2P12 transition indicates the splitting of the ground level in the ligand field of the Nd""

environment.22°

The absorption spectra of the neodymium complex were recorded at 293 K in the ranges of
*l912—2P12 and *lor—*Gs2, Gy transitions for solid sample and for the complex 0.008 M solution in
DMSO (Figure 3.3).
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Figure 3.3. Normalized absorption spectra of [Nd2(L8)s(phen)2] solid sample (black lines) and solution
in DMSO (red lines) in the regions of *lo, —?P12 (left panel) and *lo, —*Gss2, G2 (right panel)
transitions.
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A single band with maximum at 430.0 nm in region of “ls,—2P1/ transition points on identical or very
similar neodymium ions positions in the complex. In the region of *lg, —*Gs/2, Gy transitions the
electronic absorption spectra of [Nd2(L®)s(phen)] (8) show absorption features similar to those reported
previously for mononuclear neodymium complexes with different CAPh and SAPh ligands displaying
octacoordinated central ion geometries.??*22® From the similar bands positions in the spectra of solid
[Nd2(L®)s(phen)2] complex and its solution it can be concluded that in solution the central ion of the
complex is eight-coordinated and the Nd''-ligand bond covalence is the same as for the solid sample.

3.1.5 The Y''" complex phosphorescence spectra

It is well known that the energy level matching between the lowest ligand triplet state and excited
levels of Ln'" jons plays an important role in determining the luminescent properties of complexes.
Energy level of the lowest ligands triplet state (LLTS) for the complexes under study (21550 cm™?) was
calculated from the shortest wavelength peak®* of the phosphorescence spectrum of solid
[Y2(L®)s(phen)2] complex (Figure 3.4, solid line). LLTS is obviously higher than emissive levels of Nd'",
sm!"', Eu, Tb"', Dy"" and Yb'! ions. The energy gaps between the ligands’ lowest triplet state and
emissive levels of the mentioned lanthanides in the complexes under study are 10050, 3850, 4250, 1050,
450 and 11550 cm respectively (see Annex E).

Wavenumber (cm™)
23900 22900 21?00 20?00 19?00 18?00 17900

21930 cm™
21550 cm?

Intensity (a.u.)

440 450 5.‘;.0 5;50 G(IJO
Wavelength (nm)

Figure 3.4. The phosphorescence spectra of [Y2(L®)s(phen)z2] complex at 77 K (hexe=330 nm) in solid
state (solid line) and for frozen solution in DMSO (dashed line).

In 0.001 M solution in DMSO the phosphorescence spectrum of the Y'' complex was shifted to

higher frequencies for 380 cm* (Figure 3.4, dashed line) due to the complex interaction with the solvent.
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3.1.6 Luminescence properties of the Nd"'!',Sm!"! Eu"", Th"!!, Dy and Yb"' complexes

The excitation and emission spectra of the obtained complexes are shown in the Figures 3.5-3.6.
The excitation spectra were recorded by monitoring the strongest emission bands of corresponding
lanthanide ions. The spectra consist of a broad intense band in the 250-380 nm region, which can be
assigned to the m-n* electronic transitions of the ligands, and of less intense and narrow bands of f—f
transitions of the lanthanide ions. Such a ratio of the bands’ intensities points on efficient sensitization
of lanthanide luminescence by organic ligands. Upon excitation by UV light all the complexes show
characteristic Ln'"" emission with a series of narrow bands corresponding to the respective lanthanide
ion. No ligand fluorescence was observed in the emission spectra of the complexes pointing on efficient

energy transfer from ligands to lanthanides.
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Figure 3.5. Luminescence excitation (black lines) and emission (colored lines) spectra of
[Nd2(L®)3(phen)] (left panel) and [Yb2(L8)s(phen)] (right panel) solid samples at 293 K.

The spectroscopic properties of Nd'"" and Yb'"' complexes emitting in the near-infrared (NIR)
range have been increasingly studied in recent times because of their diagnostic or tagging
applications.??-22° Considering that in the coordination compounds under study the energy level of
lowest ligands triplet state was higher than emissive levels of Nd"' (*Fs/2, ~11 500 cm™) and Yb"' (3Fsy,
~10 000 cm?) ions the luminescence excitation and luminescence spectra for complexes 8 and 14 were
recorded (Figure 3.5). Upon excitation of the complex [Nd2(L®)s(phen)z] by UV light at 330 nm,
characteristic Nd""" 4f-luminescence was observed in the IR spectral region (Figure 3.5, left pannel). The
observed bands were assigned to the *Faz—*lap, *Faz—l112 and *Fsp—*l132 transitions. The bands,
observed in the emission spectra of the complex [Yb2(L8)s(phen).], were assigned to the 2Fs2 — 2F
transition of the Yb"' ion (Figure 3.5, right pannel). The electronic line corresponding to the
2Fs5/2(0")— 2F712(0) transition has a maximum at 977 nm. The board peaks in 1000-1050 nm region arise

from the M splitting of 2F, state as the consequence of ligand-field effects.
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The luminescence excitation and luminescence spectra of the complexes, emitting in the visible
spectral range are shown in Figure 3.6. Sm'"" compounds are the objects of extensive studies because of
their application as luminescence orange emitters for laser active materials.?2%22 Sm'!! exhibits an
orange emission, which is normally much weaker than Eu"' and Th"' emission due to the small energy
gap between excited and ground states, that makes multiphonon relaxation much easier. Upon excitation
by UV light at 330 nm [Sm2(L8)s(phen)] (9) shows orange 4f-emission (Figure 3.6a). Similar to ternary
Sm'"" B-diketone based complexes?*® the band of magnetic dipole forbidden and electronic-dipole
allowed hypersensitive transition *Gs;,—°Ho/z (Amax = 645 nm) dominates in the emission spectrum of
complex [Smaz(L8)s(phen)2]. A band of transition *Gsi—°H7i2 (Amax = 598 nm) is less intense and the
bands of *Gs;—°®Hs/2 (Amax = 564 nm) and *Gs,—°®Hi12 (Amax = 708 nm) transitions are of the lowest

intensity.
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Figure 3.6. Luminescence excitation (black lines) and emission (colored lines) spectra of the
complexes [Sma(L8)3(phen)z] (a), [Euz(LE)s(phen)2] (b), [Th2(L8)s(phen)2] (c), [Dy2(L8)s(phen)2] (d)
solid samples at 293 K.

Extensive research into Eu'" and Tb"' complexes possessing long luminescent lifetimes has
focused on their use as labels and biological probes®*?* or as emitting components in
electroluminescent devices for light-emitting diodes.?*?* The luminescence properties of
[Euz(L®)s(phen)2] (10) and [Th2(L®)s(phen).] (11) complexes were investigated at room temperature and
at 77 K as well as in solution in DMSO (Figures 3.6-3.8 and Annex F).
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At both temperatures the solid europium complex exhibited °Do and °D1 emission (Figures 3.6b
and Annex F). The °Do emission spectra of the Eu'"' complex, solid state and solution, are dominated by
the band of the *Do—'F transition (Figures 3.6b, 3.7). High intensity of >Do—'F, band compared to

such for °Do—'F1 points to low symmetry of the Eu'"!

coordination environment in the complex under
study. The intensity ratio of the bands of °Do—'F2 and °Do— 'F1 transitions (red/orange ratio) was found
to be independent on temperature and equal 6.5 for the solid sample and 3.9 for the complex solution,
which can be due to increasing of symmetry of Eu'"" ion surroundings in the complex solution compared
to the solid sample. The obtained red/orange ratio for the solid sample is comparable with that found for
mononuclear CAPh-based europium complexes with 1,10-phenanthroline.??1:24324 One component
band of °Do—'Fo transition is observed at 580 nm in the both spectra measured for solid sample and

solution.
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Figure 3.7. Luminescence excitation (red and black lines) and °Do luminescence (green and blue)
spectra of the complex [Euz(L8)s(phen),] in solid state and for frozen solution in DMSO at 77 K.

The typical luminescence decay profiles for europium and terbium complexes in a semilog scale
are shown in Annex G. All decay curves for solid samples are well reproduced by single exponential
function, which suggests that only one species exists in the excited states of the complexes. The
luminescence decay time of the europium complex did not depend on the excitation wavelength but
decreased slightly with temperature (Table 3.2).
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Table 3.2. Decay times values (ms) for complex 10 in solid state and in solution. The accuracy of
measurements was within 10 %. (“-” — was not measured).

Temperature, K 298 77
solid sample

Aexc = 280 nm 1.88 1.50

Aexc = 330 nm 1.74 1.53

solution in DMSO
Aexc = 280 nm 1.14 1.29
}\,exc =330 nm 1.24 -

In the solution luminescence decay time for complex 10 was found to be equal 1.2 ms that is
lower compared to solid sample and can be a result of quenching of Eu'"' luminescence by the solvent
molecules. Some luminescence characteristics radiative (k) and non-radiative (knr) decay rates, observed
(tobs) and radiative (trad) luminescence lifetime and °Do intrinsic quantum yield (Q-".n) for solid complex
[Euz(L®)s(phen)2] and some selected mixed-ligand europium complexes with B-diketones and CAPhs
and 1,10-phenanthroline are given in Table 3.3.

Table 3.3. Selected luminescence characteristics for [Euz(L®)s(phen).] and some mixed-ligand
europium complexes with B-diketones or CAPh-type ligands and phen at 298 K. Acronyms for
ligands are deciphered at the bottom of the table.

. [1CD TE,)/1(] Tobs, MS QLnLn,
Complex herc (5 e 2N Trad, Ms|Ar, 5| Anr, 571 ref.
nm | SDo—'F1) (293K) %
[Euz(L®)s(phen)2] 280 6.5 188 | 206 | 485 | 28 gp |Present
study
[Eu(Pip)sphen] 337 8.7 1.58 1.78 | 564 | 68 89 243
[Eu(CAPhY)sphen] 254 4.6 1.58 2.85 | 346 | 286 55 221
[Eu(CAPh?)sphen] 254 5.7 1.54 2.03 | 494 | 156 76 244
[Euz(BTP)s(phen)2] | 324 7.3 0.91 1.17 | 857 | 246 78 245
[Eu2(BTB)3(phen)] - 15.6 0.55 1.16 | 853 | 973 47 136
HPip = 2,2,2-trichloro-N-(dipiperidin-1-ylphosphoryl)acetamide, CAPh! = dimethyl-N-

benzoylamidophosphate, CAPh? = N-(diphenylphosphoryl)benzamide, BTP = 1,3-bis(4,4,4-
trifluoro-1,3-dioxobutyl)-phenyl, BTB = 3,3’-bis(4,4,4-trifluoro-1,3-dioxobutyl)biphenyl.
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The 5Dy intrinsic quantum yield (Q'".n) for the europium complex was estimated from the emission
spectrum and measured °Do luminescence lifetime using the Equation 1.2, whereby tq is the radiative

lifetime of °Dy state estimated from the emission data using the following equation:

1

Trad

I
:AMDO 7’l3< tOt) (31)
’ Imp

where Awvp,o is the theoretical probability of spontaneous emission for magnetic-dipole (MD) transition
*Do—'F1 equal to 14.65 s1, n — refractive index, considered to be 1.5 (a value commonly encountered
for coordination compounds) and (lwt/Imp) is the ratio of the total integrated emission from the Eu (°Do)

level to the integrated intensity of MD transition °Do—F4.108:246

The total decay rates (kr + knr) for the europium complex under study are dominated by radiative
contribution (ki) resulting in very high intrinsic quantum yield equal 91 %, which is significantly higher
compared to the most of the mentioned in the Table 3.3 related mixed-ligand europium complexes with
1,10-phenanthroline. The observed (tons) and radiative (trad) luminescence lifetimes for complex
[Eu2(L®)s(phen),] are comparable with those found for CAPh based mixed-ligand europium complexes
of general formula Eu(CAPh)sphen and higher compared to bis-B-diketones based binuclear mixed-

ligand europium complexes of general formula [Euz(bis-B-dik)s(phen)2].

Unlike the europium complex the luminescence decay time of [Tha(L8)s(phen)] increase with
the temperature decreasing: at room temperature: tops for the terbium complex equals 1.45 ms and at
77 K it is 2.00 ms (see Annex G). Considering rather small energy gap between the ligands’ lowest
triplet state and °D4 emissive level of Th"' ion in the complex under study (AE =1050 cm™), an
activation of non-radiative processes in 11 upon temperature increasing can be due to energy back
transfer from terbium to ligands. It is known that in Th'"' complexes the ligand-to-metal energy transfer
processes are efficient if the energy gap between the lowest ligand triplet state and °D4 emissive level of
Tb'""' (AE) exceeds 1850 cm™.1%

The emission spectrum of the terbium complex in solution at 298 K is very similar to that
recorded for the solid sample, while at 77 K both Tb'"' centered luminescence and the ligands
phosphorescence was observed in the emission spectrum (Figure 3.8). According to the phosphorescence
spectrum of the Y'""' complex in solution in DMSO (Figure 3.4) the energy gaps between the ligands’
lowest triplet state and emissive levels of Th'" ion equals 1430 cm™, that is rather small and makes
possible back from terbium to ligands energy transfer and enables rather effective ligand
phosphorescence. The luminescence decay time of the terbium complex in solution was dependent on

temperature (see Annex G). At room temperature tops = 1.37 ms was similar to that found for solid
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sample. At 77 K the decay curve departs from monoexponentiality probably due to the ligands’

phosphorescence.

The Dy"" luminescence mainly takes place from *Fgr level. The *Fo, level is separated from the
lower laying state ®F1/, by about 7500 cm™, therefore multiphonon relaxation process is of low efficiency.
In the visible range, the Dy'" ion possesses two intense fluorescence bands located at 480 nm (blue
region) and 570 nm (yellow region), corresponding to the *Fg> — SHas2 and *Farz — ®Hisp2 transitions,
respectively. The yellow emission (*Fo2 — ®Hiz) of Dy is called hypersensitive transition and its
intensity strongly depends on Dy'"!" ion coordination environment. Therefore, the luminescence of Dy'"
ion can be successfully used as structural probe of the chemical environment and recently Dy
complexes have been studied as emitting layers in OLEDs for white light generation. For complex
[Dy2(L®)s(phen)2] the *Forz — ®Hisp yellow emission (Amax=575 nm) is dominant in its luminescence
spectrum, indicating that Dy'" ion is located in low-symmetry local site environment (Figure 3.6d). A
band of transition *Forz — ®His/2 (Amax = 480 nm) is of a less intense and the bands of *Fo;z — ®Hi1/2 (Amax

=662 nm) and *Fo;2 — ®Hoz (Amax = 750 nm) transitions are of the lowest intensity.
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Figure 3.8. Luminescence excitation (green and black lines) and emission (blue and red lines) spectra
of complex [Thz(L8)s(phen),] in solution in DMSO at 298 K and at 77 K.

3.2 Synthesis and characterization of quadruple-stranded NEts[NaLn2(L8)s(H20)] and
Na[NaLnz(L?8)4(H20)]-2H20. Structure and luminescence properties.

3.2.1 Synthesis

In the present case, to synthesize the desired complexes the bis-chelating CAPh ligand was used
in the form of sodium salt Na,L8 that was prepared by deprotonation of H,L8 using sodium methoxide

in methanol according to the previously described procedures.'?? Quadruple-stranded complexes of
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general formulae NEts[NaLn2(L®)4(H20)] and Na[NaLnz(L®)4(H20)]-2H20 were synthesized according

to the scheme presented in Figure 3.9.
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Figure 3.9. Synthetic path for the quadruple-stranded binuclear lanthanide complexes.

3.2.2 X-ray crystallography

The crystal data and structure refinement for complexes NEts[NaNdz(L®)4(H20)] (16),
Na[NaLaz(L®)4(H20)]-2H.0 (17) and Na[NaNd2(L®)(H20)]-2H.0 (18) are given in Annex A. The
single crystals of the complexes were obtained from the solution in 2-propanol/acetone mixture. The

crystal structure of compound 16 is shown in Figure 3.10.

Figure 3.10. Structure of the complex anion [NaNdz(L®)(H.0)]" in 16, with the displacement
ellipsoids drawn at the 30% probability level (methyl groups are omitted for clarity). The light blue
line indicates axis of the complex, with O1 atom situated on a center of inversion. The Nal ion is
equally disordered over four inversion-related positions (only one of them is shown here).
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The complex anion [NaNd(L®)(H.0)]" has a structure of quadruple-stranded helicate, which
encapsulates sodium cation and a molecule of water into the negatively charged environment of the
ligand fluorine and carbonyl oxygen atoms, which can also be treated as a cryptand-like cavity. The
water molecule is located between two neodymium ions lying on helical axis, while the sodium ion is
situated at the periphery of the cryptand-like cavity, where it is bound to the oxygen atom of the water
molecule, carbonyl oxygen and fluorine atoms of the ligand. Four bis-carbacylamidophosphate ligands
are coordinated to two crystallographically distinct Nd'" ions in bidentate-chelating manner via oxygen
atoms of carbonyl and phosphoryl groups. Oxygen atoms of carbonyl groups act as bridges also binding
the sodium ion. Such a structure allows to assume, that the sodium cation may act as a template

participating in helicate self-assembly.

The Nd---Nd distance in the complex under study equals 5.703(9) A that is the shortest reported
Ln-Ln distance for quadruple-stranded binuclear lanthanide complexes. The Nd—O(C) bond lengths are
of 2.501(7) A and 2.516(6) A for Nd1 and Nd2 respectively. The Nd—O(P) bond lengths respectively
equal 2.429(6) A and 2.433(6) A, thus being shorter than in the case of carbonyl oxygen atoms due to
the higher affinity of phosphoryl oxygen to lanthanide ions. The P-O and C—-O bond lengths of the ligand
in NEts[NaNd2(L®)4(H20)] (16) have greater average values comparing to such of free ligand (d(P—
O)iigand = 1.4598(12) A and d(C—O)iigand = 1.202(2) A)?!® and are equal 1.461(7) A and 1.22(1) A,
respectively. The average values of P-N and C—N bond lengths of the ligand in the complex are reduced
comparing to those in free ligand (d(P—N)iigand = 1.6751(14) A and d(C—N)iigand = 1.361(2) A) (Table
3.4).

According to the data obtained using SHAPE 2.1 software,?*’ the coordination polyhedra of Nd

(1) ions in 16 could be interpreted as distorted square antiprism (Figure 3.11).
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Figure 3.11. Polyhedra of Nd1 and Nd2 ions. Twisted square antiprisms (coordination number = 8).
There are four NEts[NaNd2(L®)4(H20)] units per unit cell, where both Nd"" ions are homochiral

in each helicate. NEts* and sodium cations are disordered over four positions.

The average value of OPO angle is 108.98°, consequently the phosphorus atoms surroundings in
the complex anion have slightly distorted tetrahedral configuration. The values of essential angles and
bond distances are given in Table 3.4.
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Table 3.4. Principal bond lengths and angles in the crystal structures of the helicates.

Bond length, A
16 17 18
Ln—-O(C) 2.501(7)-2.516(6) 2,557(6)-2.561(12) 2.480(7)—2.487(15)
Ln—O(P) 2.429(6)—2.433(6) 2.435(6)-2.474(5) 2.392(8)—2.440(6)
o-C 1.220(12)-1.222(11) 1.22(2)-1.25(2) 1.28(2)-1.29(3)
P-O 1.444(7)-1.461(7) 1.460(6)-1.481(5) 1.459(10)-1.466(8)
P—N 1.646(10)-1.655(9) 1.613(9)-1.626(9) 1.612(13)-1.623(12)
C-N 1.301(13)-1.303(12) 1.334(19)-1.339(16) 1.28(2)-1.30(3)
Angle, °

O-Ln-O 71.3(2)-71.8(2) 70.2(3)-70.66(17) 71.5(4)-72.0(2)
CO-Ln 136.9(6)-137.0(6) 137.8(11)-140.0(7) 138.4(15)-138.5(9)
P-O-Ln 135.0(4)-135.7(4) 136.6(3)-137.0(4) 135.0(4)-137.0(6)
O-P-0O 104.6(5)-113.4(5) 92.4(7)-124.3(6) 99.4(9)-120.6(7)
O-P-N 103.0(5)-119.9(4) 106.2(4)-120.0(4) 104.8(7)-119.3(5)
C-—N-P 120.0(7)-122.3(7) 122.6(10)-124.7(10) 124.2(12)-125.0(12)
O-C—N 130.7(9)-132.3(9) 129.1(14)-129.5(15) 127(2)-128.9(15)
O-Ln-O 71.3(2)-71.8(2) 70.2(3)-70.66(17) 71.5(4)-72.0(2)

Unlike the discrete structure of 16, the crystals of Na[NalLaz(L8)s(H20)]-2H.O (17) and
Na[NaNd2(L®)4(H20)]-2H.0 (18) consist of polymer chains formed by oxygen atoms of OCH3 and

phosphoryl moieties and outer-sphere sodium cations (Figures 3.12, 3.13).

Figure 3.12. Structure of the complex anion [NalLaz(L®)s(H20)]" in 17, with the displacement
ellipsoids drawn at the 30% probability level. Only one orientation of the disordered ligands is shown
and CHs groups are omitted for clarity. Blue line indicates axis of the complex, with O1W atom
situated on a center of inversion. The Nal ion is equally disordered over two inversion-related
positions (only one of them is shown here).

The complexes under consideration are hydrates, since they also contain two molecules of water

in their outer-spheres. Considered water molecules tend to bind the outer-sphere sodium. The other
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significant attribute of the helicates 17 and 18 lies in the presence of opposite helicity species in the same
unit cell in 1:1 ratio which is not likely to the crystals of 16 with one definite helicity. Both lanthanide

ions in the helicate units are crystallographically equivalent.

Figure 3.13. Connection of the anionic species [NaLaz(L8)s(H20)]  and outer Na2 cations in the crystal
structure of 17 resulting in 1D linear chains along c-axis direction in the crystal. Na2 is equally
disordered across a center of inversion. Part of the organic ligands are omitted for clarity.

3.2.3 'H NMR spectroscopy

When considering the *H NMR spectrum of H,L8 there could be found two types of signals: one
of them is associated with the protons of four methoxy-groups and appears in the spectrum as a doublet
at 3.74 ppm, the other one is broadened signal at 11.38 ppm, which corresponds to NH protons. In the
spectra of NazL® and the complexes the signals of amide protons are absent. The signals of methoxy-
groups’ protons in the spectra of NazL® and the diamagnetic complexes NEts[NaLa(L8)s(H20)] (15) and
Na[NaLay(L8)4(H20)]-2H20 (17) are shifted to high field compared to H,L® and come out as doublets at
3.44, 3.59 and 3.53 ppm respectively. The upfield shift is caused by redistribution of electron density in
the ligand molecule as a consequence of deprotonation, coordination and z-conjugation in chelate cycle.
In the spectra of NEts[NaNd2(L8)(H.0)] (16) and Na[NaNdz(L®)4(H.0)]-2H.0O (18) the signal of
methoxy-groups’ protons is downfield shifted to 4.17 and 3.92 ppm due to paramagnetic nature of Nd'"".
For the compounds 15 and 17 the integral intensities ratio of the tetraethylammonium protons’ signals
to the ligand protons’ signals agrees with X-ray data and confirms the complexes established

composition.

3.2.4 IR spectroscopy

The obtained complexes have very similar IR spectra (see Annex C). The spectrum of HL®
exhibits N—H stretching vibrations band at 3095 cm™, while in the spectra of the complexes as well as
NazL?® this band is absent. This fact indicates the coordination of the ligand to the lanthanide ions in
deprotonated form. The other vibration bands sensitive towards deprotonation and coordination are
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C=0, P=0 stretching vibrations and Amide-2 band. Comparing the spectra of the complexes to the
spectrum for the neutral ligand, it could be easily noticed that C=0, P=0O and Amide-2 bands are
bathochromically shifted compared to such in HoL® by 122-125 cm™, 68-72 cm™ and 51-53 cm
respectively. The shift of these stretching bands is caused by bond order decreasing as a result of ligand
deprotonation and coordination that is in agreement with X-Ray data for the complex and neutral

ligand.?%6

The IR spectrum of the complex 16 in region 60-600 cm™ is shown in Annex C. The bands of
Ln-O stretching modes, OLnO bending modes and chelate ring “breathing” can be observed in this
region. The chelate rings are characterized by three types of vibrations: chelate ring breathing, in-plane
bending and out-of-plane bending. These modes are observed in 625-840, 420-540 and 180-395 cm*
regions.?48249 Some of these bands are split due to coupling with v(Ln—O) and §(OLnO) vibrations. The
v(Ln-0) stretching vibrations are strongly coupled with chelate ring deformations®*°. Therefore, the
bands sensitive to changes in the metal could be observed, even above 400 cm™. Theoretical calculations
for mononuclear neodymium CAPh based complexes showed that the v(Ln—O) stretching motions
couple with the chelate ring vibrations with their contribution 10-30 %.2%° These bands are observed in
the broad frequency region 630-320 cm™. The bending vibrations OLnO are observed as the broad and

middle intensity bands in the IR spectrum in region 50-280 cm.

Based on previously reported data for CAPh based lanthanide complexes?4324° the vibrations in
the IR spectrum of of complex 16 at 336, 352, 375, 387, 410, 463, 497 and 552 cm™ were assigned to
Ln—O stretching modes coupled with chelate ring “breathing”. The bands at 270 and 170 cm™ and their

shoulders in were assigned to OLnO bending modes coupled with chelate ring “breathing”.

3.2.5 Photoluminescent properties of NEta[NaNd2(L8)4(H20)]

Complex NEts[NaNd(L8)4(H20)] exhibits the IR-emission at 300 and 77 K upon excitation by
266 nm harmonic line of the Nd:YAG pulsed laser. The emission spectra are shown in Figure 3.14. The
narrow bands at around 900 and 1060 nm were assigned to *Fa;2 — *loz and *Fa;z — #1112 transitions of
Nd'"" ion. When temperature decreases from 300 to 77 K, the radiative relaxation channel of the *Fs
level changes. This is evidenced by the change in the relative intensities of the transitions, in 300 K
I(*Fao— *lar2) < I (*Farz—> *l1112), and in 77 K 1(*Faiz—> *lor2) > 1(*Far2— *l1112). The integral intensity ratio

of *Farz— *lora/*Fa2—> *l11/2 equals 0.97 at 300 K and 1.3 at 77 K.
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Figure 3.14. The emission spectra of NEtaJ]NaNd2(L8)s(H20)] complex at 300 and 77 K, Aexc=266 nm.

In the case of inorganic Nd compounds, due to the relatively large energy gap between the *Fs
and “*l1s2 levels (about 5500 cm™Y), the participation of multi-phonon relaxation in the depopulation of
the *Fap2 level is relatively small and the lifetime of the *Fs2 level can reach about 150 ps.?®! The situation
is different regarding the Nd coordination compounds. Organic ligands have high-energy vibrations and
are effective in quenching the Nd emission by the so-called multi-phonon quenching process. This is an
extremely effective mechanism for the non-radiative conversion of the energy of Ln'"" electronic states
into molecular groups resonant vibrational states. The emission is quenched as a result of coupling with,
for example, high-energy vibrations of v(OH) of water or v(CH) of aliphatic groups. To reduce this
quenching process, the CH groups in the ligand have been partially replaced with CF groups, which are
characterized by a much lower vibration energy. The lifetime of the *Fs/» emission level spans from 0.1
to about 5 us for Nd compounds with organic ligands.?27252253 A slight extension of this value is
observed in fluorinated coordination compounds (~25 pus).??” However, in the case of the
NEts[NaNd2(L®)4(H20)] complex with the fluorinated ligand, the *Fs, emission lifetime is very short (2

us) and is non-exponential, as shown in Figure 3.15.
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Figure 3.15. Decay luminescence curve for NEta[NaNd2(L®)4(H20)] at 300 K.

The average lifetime (t) was calculated using Equation 3.2.2%*

J, t(r)de
T= ——
Jo Anyde

where t stands for the measurement time, while I(t) is the decay function. The non-exponential character
of the lifetime is due to the ion-ion energy transfer. As shown in the crystallographic part, the distance
Nd---Nd equals 5.703(9) A. At such close distances between the Nd ions, the *Fs/» emission quenching
occurs through the cross-relaxation process.?®® The cross-relaxation process is possible if there is a
neighboring neodymium ion in the ground state in the vicinity of the excited Nd'" ion. The excited Nd'"
ion undergoes the “F32 — *l1s/2 transition and the adjacent ion undergoes the “lo/ — *l15/2 transition, thus
both ions occupy the 1152 levels. Narrow energy gaps between levels below the #l1s/, state favor multi-
phonon relaxation, and the ions revert to the ground state along the non-radiative pathway. The cross-
relaxation process is possible due to the coincidence of energy differences between *Fsjo—*115/2 and *lo/2—

4
l15/2.

Due to the above-mentioned emission quenching process, such dimer systems may not be of
interest in terms of photophysical properties. On the other hand, we have shown that the Nd-Nd distance
allows the non-radiative interionic energy transfer. Thus, the investigated ligand can be used, e.g., to
design heteronuclear complexes for luminescence thermometry, showing interionic temperature-

dependent energy transfer.
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3.2.6 Mass spectrometry

The helicate 16 was also characterized by laser desorption/ionization mass spectrometry. The
mass spectrum of 16, recorded in the negative ionization mode, displays a cluster of peaks possessing
the correct isotopic distribution, which corresponds to doubly charged anion [Nd2(L8)4]* species (see
Annex H). In contrary to the crystal structure data, the single charged anion associate

[Nd2(L®)4+Na+H20] is not observed. The mass spectra of the rest of compounds exhibit similar patterns.

3.3 Partial conclusions

The triple- and quadruple-stranded binuclear Ln"' complexes with tetramethyl N,N'-(2,2,3,3,4,4-
hexafluoro-1,5-dioxopentane-1,5-diyl)bis(phosphoramidate) were synthesized and characterized for the

first time.

In [Ln2(L®)3(phen).] series, UV light excitation induced bright characteristic emission of the
lanthanide ions due to effective energy transfer from the organic ligands to the Ln'" ions. The europium
and terbium complexes were found to be luminescent both in solid and solution in DMSO with emission
decay time in range of 1.2-2.0 ms depending on temperature. The energy level of the ligands’ lowest
triplet state in the complexes was found to match better to resonance level of Eu'"' than to Tb'" ion. In
solid state at room temperature the Eu'"' complex displays a very high intrinsic quantum yield of 91%

and decay time of 1.88 ms.

In the complexes with four coordinated L8 units it was found that the complex anions in the
obtained compounds have a structure of quadruple-stranded helicate, which encapsulates sodium cation
and a molecule of water into a cryptand-like cavity. Complex NEts[NaNdz(L®)4(H20)] was found to be
luminescent in IR spectral region with the *Fs; emission lifetime equal 2 ps. The bis-
carbacylamidophosphate ligand belongs to the new family of bis-chelating ligands and can be used to
obtain Ln complexes as model systems for the study of interionic energy transfer as well as to design
heteronuclear complexes for luminescence thermometry exploiting the interionic temperature-dependent

energy transfer.
3.4 Partial perspectives
e To perform a detailed study on temperature dependance of the luminescence in the obtained
complexes. In particular, in NEts[NaNd2(L®)4(H20)].

e To design and to develop heterobinuclear Ln"'-Fe'' systems displaying the synergy between the

lanthanide luminescence and spin crossover.
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e To design heteronuclear lanthanide(lll) helicates displaying with temperature-dependent

interionic energy transfer and to test them for application in the luminescence thermometry.

3.5 Notes

Preparation of this chapter involved the use of materials from the publications provided below
(all the publications are presented in Annex I). The materials from the first reference were reproduced
with permission from Springer Nature (License 5591411446149).
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Amirkhanov, V. M. Efficient Sensitized Luminescence of Binuclear Ln(l11) Complexes Based
on a Chelating Bis-Carbacylamidophosphate. J. Fluoresc. 2021, 31 (4), 1029-1039.
https://doi.org/10.1007/s10895-021-02733-0.
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Severinovskaya, O. V.; Gawryszewska, P.; Domasevitch, K. V.; Watras, A.; Amirkhanov, V. M.
Novel Quadruple-Stranded Heterometallic Ln2Na Complexes Hosting Sodium lons inside the
Cryptand-like  Cauvity. New J. Chem. 2021, 45  (47), 22361-22368.
https://doi.org/10.1039/D1NJ04353F.

132



Chapter 4. Thin films of bis[hydrotris(1,2,3-triazol-
1-yDborate]iron(11). Application in thermometry.

This chapter is dedicated to deposition and characterization of nanometric thin films of an
iron(I1)-scorpionate complex. Investigation of the SCO behavior in the obtained nanomaterials is
discussed, as well as testing the thin films for application in surface thermometry based on
thermoreflectance. Alike to chapters 2 and 3, the current chapter consists of two parts, i.e., two sub-
chapters. The first one deals with elaboration and characterization of the SCO thin films, while the
second sub-chapter is devoted to employment of the thin films for thermoreflectance-based surface
microthermometry technique on Joule-heated microwires photolithography-patterned on top of glass and
silicon chips. Considering the high thermal stability of bis[hydrotris(1,2,3-triazol-1-yl)borate]iron(ll) (1)
together with reproducible gradual spin crossover in the above-room-temperature range (see chapter 2),
sublimation of the compound to form SCO thin films exhibiting a gradual SCO is of particular interest
to elaborate a continuous surface thermometer based on thermoreflectance. Thus, the compound was
selected as an appropriate candidate for vacuum deposition to give SCO thin films. Characterization
techniques such as grazing incidence X-ray diffraction (GIXRD) and atomic force microscopy (AFM)
were used to study the crystallinity, homogeneity, surface morphology and thickness of the films. The
SCO in the materials was investigated by means of variable-temperature UV-Vis spectroscopy for thin
films deposited on substrates transparent in the respective spectral regions. As the films conserved the
gradual nature of the SCO observed in the bulk compound, demonstrated subsequent stability towards
long-term storage in ambient conditions and towards numerous thermal cycling, it was interesting to test
them for application in thermoreflectance-based surface microthertmometry. For this purpose, a thin
film of bis[hydrotris(1,2,3-triazol-1-yl)borate]iron(ll) was deposited on top of a gold electric circuit
featured with a set of gold microwires settled on top of glass/oxidized silicon substrate. The changes in
thermoreflectance of Joule-heated microwires and substrate surface around them were followed by
means of microscopy in UV and visible ranges. The resulting data allowed precise temperature mapping

of the microwire surface.

4.1 Fabrication and characterization of [Fe(HB(1,2,3-tz)3)-] films

Thin films of 1 were deposited by vacuum thermal evaporation with thicknesses in the 20-200
nm range on silicon (100) and fused silica substrates (see experimental part, p. 153). The thickness of
the films was monitored in situ by means of quartz crystal microbalance, while ex situ thickness
verification was performed via spectral reflectance measurements and AFM. The spectral reflectance
measurements were conducted first on a reflectance standard of SiO2 film on Si, and then on the SCO
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films deposited on the silicon substrates. To measure the thickness by means of AFM, a scratch reaching

the substrate was inflicted on an investigated film beforehand. Afterwards AFM measurement was

acquired in the region of the scratch. By measuring the height of several scratch profiles, it was possible

to obtain the sought thickness value (Figure 4.1).
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Figure 4.1. AFM thickness verification. AFM images of scratches on 76-nm- (top left) and 246-nm-
thick (bottom left) films of 1 deposited on silicon (100) substrates with the numbered profile lines.
The extracted scratch profiles (top and bottom right) of the respective thin films with the measured

profile height, i.e., film thickness.

The thickness values of the films measured by both spectral reflectance and AFM are

summarized in Table 4.1.

Table 4.1. Thin film thickness verification by spectral reflectance and AFM (“-”” — not measured). The
spectral reflectance measurements offer thickness values exclusively for the films deposited on
silicon. This distinction arises from the infeasibility of measuring films on fused silica due to low

reflectance of the substrate.

Substrates Thickness (spectral reflectance), nm | Thickness (AFM), nm
Si (100) / Fused silica 23 -

Si (100) / Fused silica 76 76179

Si (100) / Fused silica 113 113/124

Si (100) / Fused silica 175 -

Si (100) / Fused silica 236 246 / -
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Representative AFM surface topography data of films of 1 with different thicknesses, deposited
on silicon and fused silica substrates, are shown in Figure 4.2. The nanocrystalline surface morphology
of the films is obvious with RMS roughness values typically between 7 and 11 nm. The particle
morphology does not substantially depend on the film thickness or the nature of the substrate (Figure

4.2), but one can notice a denser packing in the thicker films.
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Figure 4.2. AFM topography images of 23, 113 and 236-nm-thick films of 1 deposited on silicon (top
panel) and fused silica (bottom panel) substrates. The scan size is 5 X 5 pm?. The scale bars are 2 um.

The X-ray diffraction patterns of the films reveal an intense peak at 26 = 12.15° (Figure 4.3a)
that points to crystallinity and preferential crystallographic orientation of the as-deposited films. Figure
4.3a also shows the diffraction pattern of the microcrystalline bulk powder, which displays a similar
peak at 26 = 12.09°. In the simulated PXRD pattern of 1 this peak corresponds to the 011 reflection.
Thus, it can be suggested that crystallites in the films grow preferentially with the [011] direction of the
monoclinic unit cell normal to the substrate surface (Figure 4.4). This observation was systematically
confirmed, irrespective of the substrate material (silicon or fused silica) and the film thickness. The
diffractograms did not undergo significant changes upon long-term storage (months) of the films in
ambient conditions. It is interesting to note here that the complex [Fe(HB(1,2,4-triazol-1-yl)3)-], which
is the structural isomer of 1, forms an amorphous film upon vacuum thermal deposition and only a
subsequent solvent vapor annealing affords for the formation of a textured, crystalline film.*® The 011
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diffraction peak intensity of the as-deposited films of 1 correlates with the thickness, indicating a similar

degree of crystallinity and texture for each film in the investigated thickness range (Figure 4.3b).

From the width of the 011 diffraction peak, the average size of the coherent crystalline domains
can be calculated using the Scherrer equation.?® As for the absolute values, care must be taken because
the peak widths were corrected for instrument broadening, but not for other possible effects, such as
micro-strain. Nevertheless, the tendency shown in Figure 4.3c clearly evidences that the size of the

crystalline domains grows steadily with the film thickness.
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Figure 4.3. Crystallinity of the films. a) XRD patterns of nanocrystalline thin films of 1 with various
thicknesses, deposited on Si substrates. The inset shows the XRD pattern of the microcrystalline
powder of 1. b) Intensity of the 011 reflection as a function of the film thickness. c) Average size of
the crystalline domains (calculated for the 011 reflection using the Scherrer method) as a function of
the film thickness.
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Substrate

Figure 4.4. Molecular structure (a), fragment of the crystal structure (b) displaying intermolecular
interactions for [Fe(HB(1,2,3-triazol-1-yl)3)2] and schematic representation (c) of the complex
molecules arrangement in the oriented thin films.

In order to investigate the SCO properties in the thin films of 1, variable-temperature UV-vis
spectrophotometry measurements were conducted over three to eight heating-cooling cycles between
253 and 453 K at 2 K min? rate. The measurements were performed for the films deposited on
transparent fused silica substrates with thicknesses ranging from 79 to 175 nm. The room-temperature
absorbance spectra of the films display three absorption bands with maxima at 208, 275 and 336 nm
(Figure 4.5a). The absorbance level of these bands decreases upon heating, while a fourth band appears
at 230 nm and exhibits higher absorbance at high temperatures (Figure 4.5a). As a result, the variable
temperature spectra are characterized by two isosbestic points at ca. 220 and 260 nm. Taking into
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account the high absorption coefficients associated with these peaks, they can be safely assigned to

charge transfer (metal-to-ligand and/or ligand-to-metal) transitions.
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Figure 4.5. SCO properties of the films. a) Optical absorbance spectra of a 175-nm-thick film of 1 on
fused silica substrate, acquired at selected temperatures. b) Temperature dependence of the absorbance
at 336 nm of the same 175-nm film upon eight heating-cooling cycles between 253 and 453 K. c)
Thermal variation of the absorbance at 336 nm for a 79, 120 and 147-nm-thick film of 1 upon heating-
cooling cycles between 253 and 453 K. d) Thermal variation of the optical absorbance at 336 nm for
a 79-nm-thick film of 1 upon three heating-cooling cycles from 303 to 373 K.

Thermal evolution of the highest intensity absorption band at 336 nm was used to follow the
occurrence of a spin-state change in the films. Typical transition curves, displayed in Figure 4.5b, reveal
a very gradual spin conversion between the LS and HS states, similar to the one observed in the bulk
powder. The transition temperature is centered around 374 + 2 K, independently of the film thickness
(Figure 4.5c). The transition is virtually complete at 273 K (pure LS state), whereas a residual LS fraction
of ca. 5-10 % is still observed at 453 K. (N.B. Heating above ca. 453 K leads to the degradation of the

films.) A notable, unusual characteristic of the SCO in the films of 1 is the occurrence of a thermal
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hysteresis, which is not expected for such a gradual spin conversion. At the first heating-cooling cycle
this thermal hysteresis loop is usually broad reaching up to 35 K in width, while on further cycling it
narrows down to ca. 7 K. Importantly, it was found, however, that reducing the thermal cycling span
leads to a narrowing of the hysteresis loop. Indeed, reducing the end temperature from 453 K to 393 K
results in a 4-K-wide hysteresis loop, whereas the thermal hysteresis can be completely removed by
limiting the heating of the sample to 373 K, leading to perfectly reversible and reproducible spin-
transition curves (Figure 4.5d and Figure 4.6).
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Figure 4.6. Thermal variation of the optical absorbance at 336 nm from 303 to 393 K (red curves) and
from 303 to 373 K (grey curves) for a 79-nm-thick film of 1 deposited on a fused silica substrate. The
inset shows the thermal variation of the optical absorbance at 336 nm for the film upon five heating-
cooling cycles in 303-353 K temperature range. While a narrow thermal hysteresis (= 4 K wide) is
observed for the heating-cooling cycles between 303 and 393 K, no thermal hysteresis is observed
when cycling in the 303-373 K range.

To summarize the somewhat unusual SCO properties of the vacuum-deposited films of 1, it can
be stated that they display a very gradual spin conversion between ca. 273 and 473 K, similar to that of
the bulk powder. Up to ca. 373 K (i.e., the half-transition), the SCO is perfectly reversible, without any
thermal hysteresis, thus providing scope for real-time thermometry applications. However, when heating
above this temperature, a more and more broad thermal hysteresis loop opens. This hysteresis obviously
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does not refer to the usually encountered cooperative phenomena in SCO materials. Instead, it is likely
an indication of small, irreversible changes in the material when cycling at high temperature. Due to this
phenomenon, accurate thermal sensing is not possible in the full 373-453 K range, but still it is possible
to acquire thermal images. Finally, above ca. 453 K, the films start to degrade, presumably due to the
sublimation of the molecules. At present, there is no unequivocal explanation for the opening of the
thermal hysteresis loop above 373 K. Preliminary AFM and GIXRD data acquired on samples cycled at
high temperatures reveal the existence of structural changes in the films as well as a visible modification

of their surface morphology (Figure 4.7), but further work will be necessary to reach a clear-cut

conclusion.
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Figure 4.7. a) GIXRD patterns for a 79-nm-thick film of 1 deposited on fused silica substrate for both
the freshly deposited film (in grey) and the film after 39 heating-cooling cycles (in red) in the 253—
453 K temperature range. b) AFM topography images of the same 79-nm-thick film, (left) freshly
deposited and (right) after 30 thermal cycles in the 253-453 K temperature range. The scan size is 2
x 2 um?. These data show that the thermal cycling at high temperature is accompanied by a visible
change of the surface topography and by structural changes in the film that result in the exposure of

the underlying substrate as revealed by the appearance of a wide bump around 26 = 20° (possibly due
to structural reorganization and/or thickness reduction following sublimation).

4.2 Microthermometry application of [Fe(HB(1,2,3-tz)3)z] films

Taking advantage of the above-mentioned properties, experiments were undertaken to explore
the use of thin films of 1 as a temperature sensor, probed by optical reflectivity, for mapping and
measuring the surface temperature through thermoreflectance thermal imaging. Indeed, the role of the
SCO film is to enhance the thermoreflectance properties of surfaces in a broad temperature range —
especially in the UV spectral domain where a drastic change of the optical absorbance occurs when

switching between the LS and HS states; the improved thermoreflectance involving an increased
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thermally induced change in optical reflectivity and, therefore, a greater thermal sensitivity for

measuring the surface temperature.

All the experimental details on the microthermometry experiments discussed in the current sub-

chapter are provided in the experimental part (pp. 153-154).

Figure 4.8a (top panels) shows the thermal evolution of optical reflectivity, AR/R = (R —
R298k)/Rogsk, at 4 = 310 nm (close to the maximum absorbance wavelength) on SCO-coated (120 nm)

and uncoated gold, silicon and glass surfaces in the heating mode.
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Figure 4.8. Thermal calibrations of the optical reflectivity. a) Thermal evolution of the relative optical
reflectivity change, 4R/R = (R—Ra9sk)/R20sk, (top panel) and of the corresponding thermoreflectance
coefficient, x = d(4R/R)/dT, (bottom panel) measured at 2 = 310 nm on SCO-coated and uncoated
surfaces of gold, silicon and glass. b) Thermal evolution of the relative optical reflectivity change,
AR/R, (top panel) and of the corresponding thermoreflectance coefficient, «, (bottom panel) measured
at 2 =452 nm on SCO-coated and uncoated surfaces of gold, silicon and glass. For each measurement,
the surface was heated from 298 to 373 K at a temperature scan rate of 2 K min™.

Remarkably, the presence of the SCO layer significantly enhances the thermoreflectance properties of

surfaces, providing a relative change of the reflectivity by +29.4 %, +10.4 % and -2.4 % on silicon, gold
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and glass surfaces, respectively, in the temperature range between 298 and 373 K. By comparison, on
uncoated surfaces, these relative changes (ordinary thermoreflectance) remain moderate: +0.9 % on
silicon and gold surfaces and -1.1 % on glass. The observed changes are much greater on silicon (and to
a lesser extent on gold), which is a reflective surface in the UV range (compared to glass). On these
surfaces, the optical reflectivity is found to increase with temperature (4R/R > 0), which is compatible
with a progressive reduction of the absorbance of the SCO film at this wavelength upon the spin
transition. Figure 4.8a (bottom panels) depicts the thermal evolution of the corresponding
thermoreflectance coefficient (x), defined as x = d(4R/R)/dT, on the various investigated surfaces (1 =
310 nm). While « is virtually constant for uncoated surfaces in the temperature range 298-373 K, « =
+0.013 % K, +0.012 % K and -0.014 % K for silicon, gold and glass surfaces, respectively, the
thermoreflectance coefficient is not constant on SCO-coated surfaces due to the spin-transition
phenomenon. On SCO-coated silicon, x varies from 0.085 % K™ at 298 K to 0.77 % K at 373 K. In
other words, the thermoreflectance coefficient (i.e., the thermal sensitivity) is multiplied by 6.5 at 298
K up to a factor of 59 at 373 K due to the presence of the SCO layer. On gold, x« changes from 0.078 %
K?® to 0.26 % K when heating from 298 to 373 K, which corresponds to an increase of the
thermoreflectance coefficient by a factor of 6.5 and 22 at 298 and 373 K, respectively, compared to the
pristine gold surface. Finally, the effect is less advantageous on transparent glass substrates where
changes from -0.050 % K to -0.009 % K™ when heating from 298 to 373 K, which means that the
thermal sensitivity is increased by a factor 3.6 (in absolute value) at 298 K, but becomes lower than the
ordinary thermoreflectance at high temperature. One should note here that further enhancements of the
thermoreflectance coefficient can be anticipated, for instance by using a light source matching the
wavelength of maximum absorbance (336 nm) and/or by increasing the thickness of the SCO film.
However, in both cases, the price to pay would be an increasing disturbance of the surface temperature
caused by the presence of the SCO film (i.e., increased invasiveness), which is particularly detrimental
for fast (< ms) temperature monitoring. As with the optical absorbance measurements, it should be noted
that no notable difference is observed in these thermal calibration curves between heating and cooling
modes (Figure 4.9), which signifies that the performance of the SCO film, in terms of thermal change of

the optical reflectivity, is fully reversible in the temperature range 298-373 K.
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Figure 4.9. Thermal evolution of the optical reflectivity change, AR/R = (R—R298k)/R29sk, measured at
A =310 nm on SCO-coated silicon surface in both heating and cooling modes. These data show that
the thermal change of the optical reflectivity of the SCO-coated surface is fully reversible in the
temperature range 298-373 K.

Interestingly, as shown in Figure 4.8b, only a slight improvement of the thermoreflectance
properties is evidenced on the SCO-coated surfaces in the visible range (1 = 452 nm), i.e., in a spectral
domain out of the SCO-dependent absorption band of the film. This result indicates that most of the
change of the optical reflectivity along the spin transition arises from the variation of the absorption
properties of the film, rather than a simple change of the refractive index. On the whole, these
measurements show that the presence of the SCO thin film entails a substantial increase of the
thermoreflectance properties in the UV range, by more than one order of magnitude compared to the
ordinary thermoreflectance, especially on reflective surfaces like gold or silicon, which consequently
implies a sizeable enhancement of the sensitivity (in terms of optical reflectivity signal) to any change
of the surface temperature. The thermoreflectance coefficients for the pristine and SCO-coated surfaces
at terminal temperature points as well as at the both wavelengths of the incident light are summarized in
Table 4.2.

Table 4.2. Thermoreflectance coefficients of the uncoated and SCO-coated surfaces at
selected temperatures and irradiation wavelengths.

Surface | T K K, % K1 (A, =310 nm) K, % K (b =452 nm)
’ Uncoated SCO-coated Uncoated SCO-coated
Gold 298 0.012 0.078 0.003 -0.016
373 0.012 0.260 0.003 -0.024
- 298 0.013 0.085 0.015 0.008
Silicon
373 0.013 0.77 0.015 0.027
Glass 298 -0.014 -0.050 -0.007 -0.012
373 -0.014 -0.009 -0.007 -0.028
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In order to investigate the potential of this SCO thin film in terms of thermoreflectance thermal
imaging, a variety of Joule-heated gold microwires (length 1-2 mm, thickness 250 nm) on top of glass
and oxidized silicon chips were fabricated by means of photolithography (Figure 4.10a).2>2°2%" The latter
method involves applying a photosensitive material (photoresist) onto a substrate and exposing it to light
through a mask, causing the resist's chemical transformation. After development, a thin gold layer is
deposited, and unwanted gold is removed using a solvent (lift-off), leaving gold only in patterned
regions. After the photolithography procedure, the surface of the resulting chips was entirely covered

with a 120-nm-thick film of 1. Note that due to its insulating nature, the presence of the molecular films

of 1 on the surface is not invasive and does not perturb the electrical performance of the device.
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Figure 4.10. Thermal sensitivity improvement. a) Optical reflectivity R image of a Joule-heated gold
microwire (2-mm-long and 16-um-wide) on top of a glass substrate. b) Scheme of the experimental
setup. ¢) Relative change of optical reflectivity (A = 310 nm), 4R/R = (Ron—Rorr)/Rorr, following the
application of an electrical current of 65 mA in the wire, for (left) an SCO-coated surface and (right)
an uncoated surface. In both cases, the base temperature Ty of the chip was maintained at 298 K. The
scale bars are 100 um.

Optical reflectivity images (4 = 310 nm) of a SCO-coated microwire (length 2 mm, width 16 pm)
on a glass substrate were acquired by optical microscopy at T = 298 K (see Figure 4.10b), in both ON (I
# 0) and OFF (I = 0) states of the heating device. Figure 4.10c (left) shows a map of the relative change

of optical reflectivity, 4R/R = (Ron — Rorr)/Rorr, following the application of an electrical current of 65

mA in the wire. A strong increase of the optical reflectivity is observed on the wire, and, to a lesser
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extent on the gold electrode. On the glass substrate, in the immediate vicinity of the wire, a slight
decrease of the reflectivity is also observed, which is compatible with an increase of the temperature
following the application of the electrical current. (As indicated in Figure 4.8a, the optical reflectivity
increases/decreases on gold/glass surface following a temperature rise). For comparison, the same
experiment was performed with an identical microwire on an uncoated, pristine chip. As shown in Figure
4.10c (right), the variation of optical reflectivity associated with the application of the same electrical
current (65 mA) is considerably lower than that observed for the SCO-coated surface, which
demonstrates the substantial gain provided by the thermosensitive SCO layer in terms of

thermoreflectance properties and, therefore, in terms of thermal sensitivity.

Taking advantage of this enhanced thermal sensitivity, it was possible to deduce accurate
temperature maps of the Joule-heated microwires. Indeed, based on the thermal calibration curves of the
optical reflectivity shown in Figure 4.8a, the reflectivity (4R/R) map measured in Figure 4.10c (left) can
be easily transformed into a temperature map, by simply converting the measured value of AR/R, on
each pixel of the image, into a temperature value. As shown in Figure 4.11, this procedure allowed us to
map the temperature field of the surface with a micrometric spatial resolution, for different values of the

applied electrical current.
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Figure 4.11. Quantitative microthermometry. Temperature maps of a SCO-coated, 16-pm-wide gold
microwire on top of a glass substrate for various applied electrical currents ranging from 45 to 65 mA
(To = 298 K). The maps are deduced from the optical reflectivity (4 = 310 nm) images, 4R/R = (Ron —
Rorr)/Rorr, of the SCO-coated surface. The pixel size of the temperature maps is 2.6 x 2.6 pm?. The
scale bar is 100 pm.

As expected, these temperature maps show that the heating is mainly localized on the gold
microwire, while a progressive diffusion of heat is also observed into the substrate and the metallic
electrode when increasing the electrical current, as already reported in the thermometry study for
[Fe(HB(1,2,4-12)3)2].%° (N.B. However, it should be noted that the temperature gradients observed on the
surrounding glass substrate are less marked than in case of [Fe(HB(1,2,4-tz)s).] thermometer?® mainly
because of the use of wider Joule-heating wires (16-um-wide instead of 1-um-wide), in the present
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study, which generate less pronounced thermal gradients.) From these temperature maps, it is possible
deduce an average temperature of the Joule-heated microwire Twire Of 315.9, 320.0, 325.4, 329.9 and
336.6 K for an applied current of 45, 50, 55, 60 and 65 mA, respectively. These values are reported in
Figure 4.12b (empty squares).
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Figure 4.12. Comparison with electrical resistance measurements. a) Variation of the electrical
resistance Ro of the microwire, measured at low-bias current (5 mA), as a function of the base
temperature (Tp) of the substrate, controlled with a variable-temperature stage. The linear temperature
coefficient of the wire is a = 3.84 x 102 Q K. b) Average temperature of the Joule-heated wire, Twire,
for various applied electrical currents ranging from 45 to 65 mA (T, = 298 K), inferred from SCO-
based thermoreflectance thermal imaging (empty squares) and from electrical resistance
measurements (filled circles). The red dotted line indicates the typical quadratic evolution of the
resistance (and thus of the wire temperature) with the applied electrical current.

To validate the results obtained with the discussed SCO-based thermometry technique, the
average temperature of the Joule-heated microwire was also determined by measuring its electrical
resistance. Indeed, the thermal variation induced by the applied current generates a change of electrical
resistance ARg, proportional to the mean temperature rise of the wire: ARo = aATwire. TO determine the
value of a, a thermal calibration of the resistance of the microwire was performed, by measuring the
evolution of Re at low-bias current (5 mA) for various base temperatures (Tp) of the chip. A linear
dependence is observed, giving a value of a = 3.84 x 102 Q K (Figure 4.12a). Therefore, in the course
of the thermoreflectance measurements, the resistance was simultaneously measured for each value of
the applied electrical current, providing a reliable comparative means to monitor in real time the actual
average temperature Twire Of the Joule-heated wire. Figure 4.12b summarizes the values of Twire Obtained
from the two methods for the different applied electrical currents bias, the chip being kept at room
temperature (Tp = 298 K). As shown in Figure 4.12b, and as expected, the temperature of the wire
increases with the current following a typical quadratic evolution (Joule effect). Importantly, that the
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temperature values obtained from these two techniques are in very good agreement, the observed relative

difference being typically 2-5 % and always lower than 2 K.

On the whole, these data demonstrate the possibility of using SCO thin films of 1 for imaging
the surface temperature at the micrometric scale with a thermal accuracy of the order of ~1 K (using a
simple CCD-based optical detection), by taking advantage of a ca. one order of magnitude enhancement
of the UV-light thermoreflectance coefficient brought into by the presence of the SCO layer. The
ultimate spatial and temporal resolution of the SCO-based thermometer was not investigated, as this
would require more sophisticated equipment, though the enhanced thermoreflectance coefficient is
obviously a key asset in this context. Furthermore, the fact that the films operate in the UV spectral range
is clearly advantageous for imaging sub-micrometer features. For example, a powerful NA = 0.9
microscope objective could provide a 0.35-micron spot imaging at a wavelength of 310 nm. As for the
temporal resolution, the limiting factor is the heat diffusion rate in the film, the molecular SCO
phenomenon being intrinsically faster.?® Indeed, due to their low thermal diffusivity, the thermalization
process of such SCO films is completed in ~1 ps,*® which thus defines the accessible temporal
resolution of the surface thermometer. Experiments on similar molecular films indicate that a 100-nm-
thick film of 1 could potentially afford for temperature measurements down to the ps timescale.?
Overall, the thermometric characteristics demonstrated in the present work are virtually comparable to
those obtained with the compound [Fe(HB(1,2,4-t2)3)2],%° in terms of accessible thermal, spatial and
temporal resolution. However, it is worth to emphasize that the thermometric approaches used in these
two cases are totally different, each having their advantages and disadvantages. The use of [Fe(HB(1,2,4-
triazol-1-yl)s)2] (abrupt spin transition) allowed for a binary detection of the surface temperature,
working on any surface without the need of thermal calibration procedure of the optical reflectivity.
However, in this case, surface temperature maps could not be acquired in real time. Conversely, the use
of compound 1 allows for real-time thermal imaging, based on a prior thermal calibration of the optical
reflectivity. However, as the enhancement of the thermoreflectance coefficient induced by the SCO film
is surface dependent, this thermometry method is not equally effective on all surfaces.

In summary, the thermometry method involving thin film materials of [Fe(HB(1,2,3-t2)3)2]
presented in this chapter allows for microthermometry with thermal, spatial and temporal resolution of
the order of 10° K, um and ps respectively. The thermal and temporal resolution for the presented
technique are comparable to such reported for the method utilizing the thin films of [Fe(HB(1,2,4-tz)3)2],
though the latter has higher spatial resolution of sub-um order.?® Nonetheless, neither of the above-
mentioned thermometers reaches the highest thermal and temporal resolution of 102 K and 10! us
attainable by thermoreflectance-based thermometry.18 Among the other widely used contactless optical

thermometry techniques, the proposed method outperforms the IR thermography in terms of spatial (10
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um) and temporal resolution (10 us), and luminescence-based thermometry methods — in temporal
resolution (10 ps).!® Thermal sensitivity (thermoreflectance coefficient) of the method is dependent on
temperature and nature of the material’s surface. Thus, the SCO-coating increased the thermal sensitivity
of the silicon surface by around 7 times at room temperature and by almost 60 times at 373 K. In case
of the gold surface, the thin film deposited on top lead to increase of the thermoreflectance coefficient
by a factor comparable to such for the silicon surface at room temperature and by 22 times at 373 K.
Though, for the SCO-coated glass surface the thermal sensitivity increased only by ca. 4 times at 298 K

and ordinary thermoreflectance prevailed at high temperatures.

4.3 Partial conclusions

The thin films of [Fe(HB(1,2,3-tz)3)2] in 20-200 nm thickness range were deposited and
characterized for the first time. It was found the obtained dense, textured, nanocrystalline films conserve
the gradual character of the spin transition between ca. 273 and 473 K, inherent in the bulk powder of
the complex. The studied thin films are the first known to meet the requirements for real-time thermal
imaging applications in a broad range of temperatures. The very gradual SCO in the films afforded for
a novel, quantitative microthermometry approach, in which the SCO thin film is used for significant
enhancement of the thermoreflectance coefficient (of UV-light) of the SCO-coated surface. The key
principle for the demonstrated thermal sensitivity gain lies in the considerable change of the absorbance
of the films in the UV range throughout the spin transition. The presented microthermometry method

allows for ~1 K, um and ps thermal, spatial and temporal resolution respectively

4.4 Partial perspectives

e To investigate iron(l1l) SCO complexes with the heteroscorpionate ligands (see chapter 2) for
evaporability.

e To study the SCO behavior in the obtained films.

e To test the eligibility of the latter for the thermoreflectance-based surface microthermometry

applications.

4.5 Notes

In preparation of this chapter, materials from the publication cited below were used. The
materials were reprinted from the reference with permission from Copyright © 2022 American Chemical

Society.

1. Horniichuk, O. Y.; Ridier, K.; Zhang, L.; Zhang, Y.; Molnar, G.; Salmon, L.; Bousseksou, A.

High-Sensitivity Microthermometry Method Based on VVacuum-Deposited Thin Films
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Exhibiting Gradual Spin Crossover above Room Temperature. ACS Appl. Mater. Interfaces
2022, 14 (46), 52140-52148. https://doi.org/10.1021/acsami.2c13834.
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Conclusions and perspectives

This work dealt with various approaches to develop stimuli-responsive coordination compounds
aimed at small-scale thermometry applications. Two optical responses achievable in the coordination

compounds were selected to reach the goal, namely thermoreflectance and luminescence.

The first response implies the temperature dependance of the optical reflectance of a given
material surface. Thermoreflectance-based thermometry provides high spatial and temporal resolution
as well as possibility for quantitative and qualitative measurements. Though, the thermoreflectance
coefficient depends on the material, and not every material displays high sensitivity of the response.
Thus, in this work, the issue was addressed by the use of a coating of the SCO [Fe(HB(1,2,3-t2)3).]
complex. As a preliminary, physico-chemical properties of the bulk powder of the compound were
investigated in detail. It was found that the compound undergoes gradual spin crossover in a broad
temperature range with Ty, of 373 K. The compound demonstrated evaporability suitable for thermal
vacuum evaporation that allowed to deposit nanometric, homogenous, crystalline thin films that
conserved the gradual character of the spin conversion with the equilibrium temperature in the frame of
37442 K. The films exhibited a dramatic change in their absorbance due to the spin transition induced
by heating/cooling. Stability of the thin films and reproducibility of their properties make them good
candidates for thermometry applications. Dramatic absorbance change in the films allowed to enhance
the thermoreflectance response of the SCO-coated gold, glass and silicon surfaces. For some of them the
thermal sensitivity gain reached more than one order of magnitude. Applied to gold microwires settled
on glass or oxidized silicon chips, the films allowed for high-sensitivity thermoreflectance thermal

imaging with a thermal accuracy of the order of ~1 K and a temporal resolution of ~1 ps.

In addition, six novel iron(ll) complexes incorporating six new heteroscorpionate ligands were
synthesized and characterized. SCO behavior (or its absence) in the compounds depended on the steric
effect of the substituent (-NO2, -CN or -NH>) of the triazole ring at the position proximal to the metal
ion. The SCO-active new complexes potentially may provide an extension to the family of thin film
thermo-responsive materials. Gradual spin transition in diamine complex [Fe(L®)2] represents a
particular interest as it covers from cryogenic to above-room-temperature ranges (150-350 K), which is
interesting for thermometry applications. Moreover, the versatile reactivity of NH2-group may allow to
use the amino-derivatives as building-blocks to extend the family of evaporable SCO compounds.

The second optical response, which is luminescence, can also be temperature dependent as, e.g.,
luminescence intensity or integral intensity ratio of certain emission bands can be sensitive to

temperature changes. A promising class of luminescent coordination compounds is represented by
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lanthanide complexes. Though, to achieve an efficient luminescence, careful design of the ligand(s) and
the resulting complex is required. Thus, the ligand design should ensure the minimal number (or
absence) of high-energy oscillators at its binding site and shielding of the lanthanide ions from
coordination/interactions with luminescence quenchers such as solvent molecules. In addition, bi- or
polynuclear lanthanide complexes show higher luminescence intensity than mononuclear. To address
these requirements tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-
diyl)bis(phosphoramidate) (H2.L®) was chosen as an appropriate ligand. In the ligand molecule, the
number of high-energy oscillators is minimized and its design allows coordination of two lanthanide
ions. Thus, a series of triple-stranded [Ln2(L8)s(phen)] and quadruple-stranded NEts[NaLnz(L®)4(H20)]
and Na[NaLnz(L8)4(H20)]-2H,0 complexes were synthesized and characterized for the first time.
Efficient sensitization of the luminescence was achieved in [Lnz(L®)s(phen)2]. Solid triple-stranded
dieuropium(111) complex [Euz(L®)s(phen).] demonstrated an outstanding intrinsic quantum yield of 91
%, which is higher than such for bis-p-diketonate analogues. In NEts[NaNd2(L8)s(H20)] short distance
of 5.703(9) A between Nd'!" ions favors an interion energy transfer, which leads to short *Fsj, emission
lifetime of 2 ps. Intensity of *Fa— *lor2 and *Fz— *l11/2 varies with temperature, and the integral
intensity ratio of the bands is temperature-dependent alike. Though, the Nd'"' emission in
NEts[NaNd2(L®)4(H20)] is weak, which is problematic for thermometry applications based on
luminescence. Nevertheless, the bis-chelating CAPh ligand can be used to develop highly-emissive
heterobimetallic (e.g., Eu"'-Tbh"") complexes with temperature-dependent interion energy transfer

suitable for luminescence thermometry applications.

The research directions outlined in the perspectives revolve around spin crossover (SCO)
complexes and their thin films as well as luminescent dilanthanide complexes, particularly with the aim

of creating functional materials for thermometry applications.

Regarding the future researches on SCO materials, initial investigations involve studying iron(Il)
SCO complexes with heteroscorpionate ligands, assessing their evaporability, and delving into their spin
crossover behavior within thin films. Additional aspect of this exploration seeks to expand the family of
the spin crossover complexes with scorpionate ligands by utilizing the amino-derivatives as building
blocks. As these complex thin films are being elaborated, their properties and suitability for
thermoreflectance-based surface microthermometry applications will be thoroughly examined. This dual
focus on SCO phenomena and thermometry highlights the intention to develop advanced materials with

tailored characteristics for precise temperature measurement techniques.

A focal point of interest involves more detailed studying the temperature-dependent
luminescence in NEta[NaNd2(L8)4(H20)] (16) and related complexes. This exploration seeks to uncover
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how luminescence properties change with varying temperatures, potentially revealing insights into their
behavior and potential applications. Considering the weak luminescence of NEts[NaNdz(L8)4(H20)] 16,
it would be interesting to develop more potent systems, e.g., heterobinuclear Eu''-Th'""! helicates based
on the tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-diyl)bis(phosphoramidate) H,L8
bis-chelating CAPh ligand displaying the temperature-dependent interionic energy transfer that could be
used for luminescence thermometry. Simultaneously, the research aims to design heterobinuclear Ln'"'-
Fe! systems that showcase the synergy between lanthanide luminescence and spin crossover phenomena.
This interdisciplinary approach could lead to the development of multifunctional materials with novel

properties and functionalities.
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Experimental part
1. Experimental techniques and methods

Chapter 2. IR spectra were recorded on a Perkin EImer FT-IR Frontier MIR/FIR spectrometer,
using a diamond ATR (Attenuated Total Reflection). NMR spectra were recorded with a Bruker Avance
I11 400 (400 MHz) at 298 K using deuterated solvents CD30D and CD,Cl,. The chemical shifts, d, for
14, 13C and B NMR are expressed in ppm. 'B NMR spectra were recorded using BFs-OEt; as an
external reference. Elemental analyses (for C, H and N) were performed using a Perkin Elmer 2400
series Il Instrument. Single-crystal X-ray diffraction analysis for 1 and its solvatomorphs was performed
on an Oxford-Diffraction XCALIBUR E CCD diffractometer with graphite-monochromated Mo-Ka
radiation. The unit cell determination and data integration were carried out using the CrysAlisPro
package from Oxford Diffraction. Multi-scan correction for absorption was applied. All the structures
were solved using an intrinsic phasing method using SHELXT and refined by full-matrix least-squares
on F? with SHELXL2*°2% ysing the graphical interface of Olex2.26* Non-hydrogen atoms were refined
anisotropically. Aromatic hydrogen atoms were geometrically fixed and refined using a riding model.
Single-crystal X-ray diffraction analysis for "BusNL? was performed on an Xcalibur, Eos, Gemini ultra
diffractometer at 173 K using Cu Ka (A = 1.54184 A) radiation. Single crystals of complexes 4 (trans-
isomer) were analyzed on a Bruker Kappa Apex Il diffractometer equipped with a 30 W air-cooled
microfocus source using MoK radiation (A = 0.71073 A). A suitable single crystal cis-isomer of 4 was
analyzed using Rigaku XtaLAB Synergy Dualflex diffractometer equipped with PhotonJet X-ray source
(Cu, A=1.54184 A). Variable temperature powder X-ray diffraction patterns for 1 were recorded using a
Panalytical X’Pert diffractometer equipped with a Cu X-ray tube, a Ge(111) incident beam
monochromator (A= 1.5406 A) and an X'Celerator detector. X-ray powder diffractograms for complexes
4 and 6 were recorded on capillaries, on a Rigaku Smartlab Powder Diffractometer using a Cu source
(Aka1 = 1.54056 A) and a high energies linear detector (D Tex Ultra 250 from Rigaku). The
diffractometer was used in a theta/theta configuration with a multilayer mirror optics (CBO series for
Smartlab). Data were recorded with 28 between 5 and 70° or 5 and 50° (step: 0.01° or 0.02°). Variable-
temperature Raman spectra for compound 1 were acquired by means of an Xplora (Horiba) Raman
microspectrometer, using the 532 nm line of a Nd-YAG laser (0.1 mW). The sample temperature was
controlled using a Linkam THMS600 liquid nitrogen cryostat. Differential thermal analysis and
thermogravimetric (DTA-TG) data for bulk powder of 1-12H20 were acquired simultaneously using a
Perkin-Elmer Diamond thermal analyzer under a 100 ml min* nitrogen flow at 10 K min't, DSC analysis
of 1-12H20 was carried out on a Netsch DSC 3500 Sirius instrument under nitrogen purging gas (20 ml

min) at a heating/cooling rate of 10 K min™. Variable-temperature magnetic susceptibility data for 1
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were obtained in 250-400 K range, while for complexes 2 and 3 — in 4-300 K range, at cooling and
heating rates of 2 K min™t under a field of 1 kOe using a Quantum Design MPMS magnetometer. For
complexes 4-7 the data were acquired in 4400 K range on Quantum Design MPMS3 SQUID
magnetometer using the same parameters. °’Fe Mdssbauer spectra were recorded using a conventional
constant-acceleration-type spectrometer equipped with a 50 mCi *'Co source and a liquid nitrogen
cryostat. Least-squares fittings of the Mossbauer spectra were carried out with the assumption of

Lorentzian line shapes using the Recoil software.?®2

Chapter 3. IR measurements were performed on a Perkin—Elmer Spectrum BX spectrometer on
solid state samples in form of KBr pellets and for complex 8 solution in DMSO with concentration close
to saturated solution, placing a drop of the solution between KBr pellets. FTIR spectrum of 16 in nujol
suspensions was performed using a Bruker IFS66/S FITIR spectrometer in the 60—600 cm™ region.
NMR spectra for solutions in DMSO-ds were obtained on an AVANCE 400 Bruker NMR spectrometer
at room temperature. Elemental analyses (C, H, and N) were performed on an EL 111 Universal CHNOS
Elemental Analyzer and by using standard titrimetric methods for lanthanide ions. The absorption
spectra for complex 8 were recorded on an UV-Vis spectrophotometer Specord M 40 Carl Zeiss for solid
samples and on KSVU-23 “LOMO” spectrometer using quartz cell of 1 cm path length for the solution
of the complex in DMSO (0.008 mol/dm?®). Photoluminescence excitation and emission spectra of
complexes 8-13 were measured at 298 and 77 K on a Fluorolog FL 3-22 (Horiba Jobin Yvon)
spectrofluorimeter coupled to a R928 Hamamatsu photomultiplier, using the right-angle detection mode.
The excitation source was a 450W Xe arc lamp. The emission spectra were corrected for detection and
optical spectral response of the spectrofluorimeter and the excitation spectra were corrected for the
spectral distribution of the lamp intensity using a photodiode reference detector. All the spectra were
acquired through an UV filter (350 nm cut-off). Solid samples for photoluminescence measurements at
room temperature were loaded in a solid sample cuvette supplied with Fluorolog FL 3-22 or in quartz
capillaries in case of experiments at 77 K. Concentrations of the complexes’ solutions in DMSO for
photoluminescence measurements were 1.0-5.0x10™* M. The solution was placed in quartz cuvettes in
case of experiment at room temperature or in quartz capillaries in case of experiments at 77 K. The
luminescence lifetime measurements were acquired with the same instrument using a pulsed Xe—Hg
lamp (6 ps pulse at half width and 20-30 ps low-intensity tail). The luminescence lifetime values are
averages of at least three independent measurements which were made by monitoring the decay at the
maxima of the emission spectra. The decay time values were estimated with an error of 10 %.
Phosphorescence spectra were registered for complex 14 in solid state and for its frozen 0.001 M solution
in DMSO at 77 K, enforcing a 0.05 ms delay, and repeating measurements at least 3 times. Emission
spectra for compound 16 were recorded at 77 and 300 K using a Hamamatsu PMA-12 photonic
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multichannel analyzer equipped with BT-CCD line with corrected response in the whole range (350-
1100 nm). As an excitation source a fourth harmonic (Aexc = 266 nm) of Nd:YAG laser was used (f = 10
Hz, touise < 20 ns, Epuise = 10 mJ). For measurement at 77 K Linkam THMS600 cooling/heating stage
was used. Decay curves were recorded using McPherson spectrometer equipped with Hamamatsu
R928 and R5108 photomultipliers tubes and Tektronix MDO-4052 digital oscilloscope. Excitation
source was the same as for emission spectra. MS analysis for 16 was performed by the method of laser
desorption/ionization on an Autoflex Il (Bruker Daltonics, Germany) mass spectrometer with nitrogen
laser (A = 337 nm). Experiments were carried out in linear mode for negative ions in the mass range 100
to 2000 m/z. Resulting mass spectra were obtained by assuming the data of 200 laser shots and
processing by the software FlexAnalysis (Bruker Daltonics, Germany). The data of X-Ray diffraction
for 16 were collected and examined on an Xcalibur 3 diffractometer equipped with CCD Sapphire and
graphite-monochromated MoKa radiation (A = 0.71073 A). The diffraction data for 17 were collected
at 173 K using a Stoe IPDS-2T diffractometer. For 18, the measurements were performed on a Stoe
Stadivari diffractometer with a Dectris Pilatus 300K detector and with an Cu microfocus source (Cu-
Ka, A = 1.54186 A) at 173 K. Face-indexed numerical absorption correction using X-RED and X-
SHAPE?83:264 was applied.

Chapter 4. Thin films of 1 were obtained by means of thermal evaporation in a PREVAC thermal
deposition system at a base pressure of ca. 9 x 107" mbar. The bulk powder of the complex was heated
at 210 °C in a quartz crucible and evaporated at a rate of 0.04 A s. The film thickness and the
evaporation rate were followed in situ using a quartz crystal microbalance. The thickness of the films
was verified ex situ by spectral reflectance measurements (F20, Filmetrics) and by AFM (SmartSPM,
Horiba). The films were deposited onto crystalline silicon (100 orientation) and amorphous fused silica
substrates, which were cleaned beforehand via 5 min sonication in acetone and ethanol. The GIXRD
experiments were carried out in ambient conditions by means of a PANalytical X’Pert PRO MPD system
using Cu-Ka radiation (45 kV and 40 mA) and a parallel-beam configuration. The incident beam optics
consisted of a mirror with a 1/32° divergence slit. A parallel plate collimator (0.18°) and Soller slits
(0.04°) were mounted on the path of the diffracted beam. An X’Celerator detector in receiving slit mode
was used for X-ray collection. AFM surface topography analysis was conducted in amplitude-
modulation mode at room temperature using SmartSPM. The temperature-dependent absorbance spectra
of the thin films were collected at wavelengths between 200 and 600 nm using a Cary 50 (Agilent
Technologies) spectrophotometer and a Linkam FTIR-600 heating-cooling stage. The sample chamber

was purged with dry nitrogen and spectra were acquired in the 253453 K range with 2 K min rate.

Gold microwires (length 1-2 mm, thickness 250 nm and width 2—16 um) were patterned on glass

and thermally oxidized silicon substrates by a photolithography method, as reported earlier.?>2%25” The
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substrates (and the microwires) were then coated with a 120-nm-thick film of 1 by vacuum thermal
evaporation. The SCO-coated chip was connected to a source-meter (Keithley 2611A) via an eight-track
connector?® and mounted on a variable-temperature microscope stage (Linkam Scientific Instruments,
LTS120) to control the base temperature (Tp) of the entire circuit. The microwire electrical
characterizations and operation were carried out by applying current and not voltage bias in order to
guarantee a reproducible Joule heating. Optical reflectivity images were recorded at A = 310 nm (LED
source) and A = 452 nm (halogen lamp with a spectral range reduced by a band-pass filter) using a
custom-made optical microscope (compatible with UV light) equipped with a x5 magnification objective
(numerical aperture, NA= 0.12) and a CCD camera (Andor Technology Clara, 1392 x 1040 pixels of
6.45 um size).

2. Syntheses of ligands and complexes

Chapter 2. If not specified otherwise, all reactants and reagents used in this study were procured
from commercial suppliers and employed as received. NaL! and [Fe(L1)2] were synthesized according
to the literature.?® The procedures are given below. Solvent purification system PS-MD-5 (Inert
Corporation, USA) was used to provide dry air-free dichloromethane for synthesis of iron(1l) complexes
2-5. Synthesis of KTp was performed according to the procedure developed by Trofimenko,? with
modifications specified in the respective protocol below. "BusNTp was synthesized according to the
literature protocol.?%® Synthesis of the iron(I1) complexes 2-5 was carried out under argon atmosphere
using common anaerobic Schlenk techniques. Reduction of the nitro-derived complexes 2 and 3 was
conducted in 50-ml autoclave (Autoclave-Maxitech, France) pressurized with hydrogen gas.

Sodium hydrotris(1,2,3-triazol-1-yl)borate (NaL?). In a 50-ml round-bottom flask with paracymene
(15 ml), sodium borohydride (0.14 g, 3.62 mmol), and 1,2,3-triazole (1.00 g, 14.5 mmol) were mixed
and agitated. A white solid developed after the reaction was heated to 180 °C for a week. After the
reaction mixture had been brought to room temperature, a 60 ml fine sintered-glass frit was used to
collect the white precipitation, which was then washed with toluene (3 < 10 ml) and hexanes (3 x 10
ml). Tetrahydrofuran (10 ml) and the solid were transferred to a 20-ml scintillation vial and agitated for
4 h. The solvent was decanted after. Additional THF (5 ml) was added, and the precipitate was filtered
using a medium sintered glass frit, and dried under reduced pressure to give 0.50 g of white powder of
the product. Yield: 58 %. The spectroscopic results for this compound matched the previously published

one.

Bis[hydrotris(1,2,3-triazol-1-yl)borate]iron(l1) [Fe(L!)2] (1). In two separate 100-ml Erlenmeyer
flasks iron(11) sulfate heptahydrate (0.12 g, 0.41 mmol) and NaL? (0.20 g, 0.82 mmol) were dissolved in

water (17 ml and 50 ml, respectively). The aqueous solution of NaL! was added drop-wise to the iron
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salt solution. The latter gradually turned pink upon the addition of the ligand solution. The resulting
solution was left for 3 days to afford 0.11 g of red crystals of the product appearing as a dodecahydrate.
Yield: 40 %. Heating above 90 °C allows to obtain the anhydrous product. Spectroscopic data matched
the reported ones for this complex. The elemental analyses confirmed the composition of the complex
both in the hydrated and anhydrous forms. [Fe(L!)2]-12H20 (1-12H20). Ci2H3sB2FeN1s012 (M =
704.07). Anal. calc.: C, 20.47; H, 5.44; N, 35.81%. Found: C, 20.55; H, 5.42; N, 35.55%. [Fe(L1)2] (1).
C12H14B2N1gFe (M = 487.88) Anal. calc.: C, 29.55; H, 2.89; N, 51.68%. Found: C, 29.51; H, 2.86; N,
51.57%.

Potassium hydrotris(pyrazol-1-yl)borate (KTp). The stepwise heating of KBH4 (2.07 g, 38 mmol)
and pyrazole (10.39 g, 153 mmol) powders mixture to 195 °C was performed according to the protocol
reported by Trofimenko.?%® After around 3 h of heating under vigorous stirring of the formed melt, the
hydrogen evolution ceased. Then the mixture was cooled down to 150 °C and stirred overnight at this
temperature. Afterwards the temperature was raised to 195 °C once again and the melt was vigorously
stirred for another 3 h, whereupon it was cooled down to 65 °C. Once the temperature was reached, 30
ml of hot diethyl ether was added and the resulting mixture was stirred for 5 min. The white precipitate
formed was filtered, thoroughly washed with the hot ether and dried in air to give 7.50 g of the product
appearing as a white powder. Yield: 78 %. *H NMR (400 MHz, CDsOD) & 7.51 (d, J = 2.0 Hz, 3H),
7.15 (d, J = 2.0 Hz, 3H), 6.15 (t, J = 2.0 Hz, 3H); 'B NMR (128 MHz, CDz0OD) & -1.15 (d).

n-Tetrabutylammonium  (3-nitro-1,2,4-triazol-1-yl)di(pyrazol-1-yl)hydroborate  ("BusNL?).
"BusNTp (1.99 g, 4.39 mmol) and 3-nitro-1,2,4-triazole (0.50 g, 4.39 mmol) powders were mixed in a
Schlenk tube equipped with magnetic stirring bar and an air-cooled distillation condenser connected to
a receiving flask. Then, reduced pressure in the setup was created using a vacuum pump. Afterwards,
the setup was sealed under reduced pressure. Bottom of the Schlenk tube was immersed into an oil bath
resting on a magnetic stirring and heating plate. Then, the reaction mixture was heated at 100 °C under
stirring for 2 h. The solid mixture started to melt at 90 °C. Condensation of crystalline pyrazole on the
colder parts of the tube walls was observed under these conditions. The deposited pyrazole was distilled
under vacuum each 1 h. Crude oily product is obtained as a result. The temperature was reduced then to
75 °C, and water (20 ml) was added to the crude product and the obtained mixture was stirred at this
temperature for 5 min. Then the stirring was stopped and the mixture was cooled down to the room
temperature. The oily product collected at the bottom of the tube and on the walls. The aqueous phase
was removed by decantation and the residue was dried in vacuum yielding 1.68 g of the product as a
clear yellow oil. Yield: 76 %. Single crystals, suitable for X-ray diffraction, form in the crude product
left overnight at room temperature. IR (neat, cm™): 2963m, 2937w, 2877w, 2460w (v(B—H)), 1526m,
1540m, 1492s, 1474s, 1384vs, 1298vs, 1165s, 1109m, 1080m, 1030m; *H NMR (400 MHz, CD.Cl) &
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7.93 (5, 1H), 7.56-7.54 (m, 4H), 6.18 (t, J = 2.2, 2H), 3.10-3.01 (m, 8H), 1.62-1.49 (m, 8H), 1.43-1.29
(m, 8H), 0.97 (t, J = 7.3 Hz, 12H); 13C NMR (101 MHz, CD2Cl2) & 152.39, 149.11, 140.39, 134.16,
104.26, 59.05, 24.14, 19.98, 13.69; !B NMR (128 MHz, CD,Cly) & -1.57 (d); C2sHaBNoO2 (M =
501.49). Anal. calc.: C, 57.48; H, 8.84; N, 25.14 %. Found: C, 57.39; H, 8.88; N, 25.27 %.

n-Tetrabutylammonium bis(3-nitro-1,2,4-triazol-1-yl)(pyrazol-1-yl)hydroborate ("BusNL?3). The
same setup as in case of "BusNL? was used and the procedure was similar, with difference in
stoichiometry and temperature. Thus, "BusNTp (1.00 g, 2.20 mmol) and 3-nitro-1,2,4-triazole (0.50 g,
4.39 mmol) were heated at 130 °C under stirring for 3 h. Pyrazole was distilled off each 1 h. Purification
step of stirring the crude product in water was done as described in the previous protocol. The product
appears as a viscous clear dark-yellow oil. 1g. Yield: 83 %. IR (neat, cm™): 2964m, 2936w, 2876w,
2472w (v(B—H)), 1541s, 1494s, 1413m, 1384m, 1297vs, 1167s, 1104m, 1024m; *H NMR (400 MHz,
CD2Cl2) 6 8.20 (s, 2H), 7.72 (d, J = 2.2 Hz, 1H), 7.65 (d, J = 2.2 Hz, 1H), 6.26 (d, J = 2.2 Hz, 1H), 3.21-
3.05 (m, 8H), 1.62 (p, J = 7.3 Hz, 8H), 1.38 (h, J = 7.3 Hz, 8H), 0.97 (t, J = 7.3 Hz, 12H); °C NMR
(101 MHz, CD2Cl,) & 149.54, 148.35, 141.64, 135.34, 105.10, 59.30, 24.15, 20.02, 13.63; !B NMR
(128 MHz, CDCly) 6 -2.30 (d); C23H42BN1104 (M = 547.47). Anal. calc.: C, 50.46; H, 7.73; N, 28.14
%. Found: C, 50.47; H, 7.88; N, 28.35 %.

The CN-bearing derivatives of L* and L° were obtained following the same protocols as for their

nitro-featured counterparts.

n-Tetrabutylammonium  (3-cyano-1,2,4-triazol-1-yl)di(-pyrazol-1-yl)hydroborate  ("BusNL?%).
Clear colorless oily product. Yield: 69 %. IR (neat, cm™): 2963m, 2937w, 2876w, 2455w (v(B—H)),
2245w (v(C=N)), 1500w, 1470s, 1413w, 1384s, 1291s, 1161vs, 1107vs, 1096vs, 1034vs; *H NMR (400
MHz, CDCl2) & 7.99 (s, 1H), 7.52 (d, J = 2.1 Hz, 2H), 7.50 (d, J = 2.1 Hz, 2H), 6.16 (t, J = 2.1, 2H),
3.10-2.93 (m, 8H), 1.61-1.49 (m, 8H), 1.44-1.30 (m, 8H), 0.99 (t, J = 7.3 Hz, 12H); *C NMR (101
MHz, CD2Cl,) § 149.35, 140.28, 139.29, 134.12, 114.61, 104.20, 59.10, 24.19, 20.03, 13.72. 1B NMR
(128 MHz, CDCly) 6 -1.66 (d); C25HasBNg (M = 481.50). Anal. calc.: C, 62.36; H, 9.21; N, 26.18 %.
Found: C, 62.70; H, 9.52; N, 26.09 %.

n-Tetrabutylammonium  bis(3-cyano-1,2,4-triazol-1-yl)(pyrazol-1-yl)hydroborate  ("BusNL?).
Colorless clear oil. Yield: 94 %. IR (neat, cm™): 2964m, 2937w, 2877w, 2476w (v(B—H)), 2247w
(V(C=N)), 1506w, 1470s, 1415w, 1386m, 1315s, 1166vs, 1104s, 1030vs; *H NMR (400 MHz, CD,Cl,)
5 8.19 (s, 2H), 7.65 (d, J = 2.2 1H), 7.60 (d, J = 2.2 Hz, 1H), 6.23 (t, J = 2.2, 1H), 3.15-3.03 (m, 8H),
1.67-1.52 (m, 8H), 1.45-1.31 (m, 8H), 0.98 (t, J = 7.3 Hz, 12H); 3C NMR (101 MHz, CD,Cl.) § 149.58,
141.27, 139.81, 134.96, 114.22, 104.91, 59.32, 24.17, 20.02, 13.66; !B NMR (128 MHz, CD:Cl,) § -
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2.59 (d); C2sH42BN11 (M = 507.50). Anal. calc.: C, 59.17; H, 8.34; N, 30.36 %. Found: C, 59.40; H,
8.33; N, 30.40 %.

All the ligands are poorly soluble in water, soluble in alcohols, DCM and aprotic polar organic

solvents, in particular, tetrahydrofuran (THF), acetonitrile and acetone.
Synthetic procedures to access iron(I1) complexes with ligands L?-L° were conducted as follows.

Bis[hydrobis(pyrazol-1-yl)(3-nitro-1,2,4-triazol-1-yl)Jiron(I1) [Fe(L?)2] (2). To a solution of
"BusNL? (1.60 g, 3.20 mmol) in dry air-free DCM (95 ml), FeCl,-4H,0 (0.32 g, 1.60 mmol) was added
under argon. The solution gradually turned dark pink following the FeCl, consumption. After vigorous
stirring for 1 h at room temperature, the solvent was removed under reduced pressure, and the residue
left was suspended in water (60 ml). The formed precipitate was filtered, thoroughly washed with water
and dried in air to afford 0.76 g of a brick-red powder of the product. Yield: 83 %. The compound is
insoluble in water, poorly soluble in alcohols, soluble in DCM, THF and acetone. IR (neat, cm™): 3116w,
2487w (v(B-H)), 1552m, 1501s, 1402m, 1307s, 1167s, 1050s; C1sH1sB2FeN1604 (M = 573.88). Anal.
calc.: C, 33.49; H, 2.81; N, 39.05 %. Found: C, 33.20; H, 2.61; N, 38.88 %.

Bis[hydrobis(3-nitro-1,2,4-triazol-1-yl)(pyrazol-1-yl)Jiron(I1) [Fe(L3)2] (3). Synthetic procedure for
this compound is the same as for 2, however the isolation of the product was carried out differently.
Thus, to a solution of "BusNL2 (0.88 g, 1.61 mmol) in dry air-free DCM (50 ml), FeCl.-4H,0 (0.16 g,
0.80 mmol) was added under argon. After vigorous stirring for 1 h at room temperature, the solvent was
removed under vacuum. The residue was suspended in minimal amount of ethanol. The formed
precipitate was filtered, washed with cold EtOH and air-dried to afford 0.35 g of product as a yellow
powder. Solubility properties are similar to those for 2, however the compound is solubilized more
readily with alcohols. Yield: 64 %. IR (neat, cm™): 3144w, 2517w (v(B—H)), 1554m, 1501s, 1421m,
1311vs, 1173s, 1046m; C14H12B2FeN2oOg (M = 665.85). Anal. calc.: C, 25.25; H, 1.82; N, 42.07 %.
Found: C, 25.41; H, 1.86; N, 41.95 %.

Bis[hydrobis(pyrazol-1-yl)(3-cyano-1,2,4-triazol-1-yl)Jiron(I1) [Fe(L*)2] (4). The synthesis and work
up procedure were the same as in 2. The substance appears as a brick-red powder. Yield: 65 %. Solubility
of the compound is similar to such in complex 2. Single crystals suitable for X-ray diffraction were
obtained by slow solvent evaporation from saturated DCM solution. IR (neat, cm™): 3114w, 2511w
(v(B—H)), 2248w (v(C=N)), 1501w, 1469w, 1406m, 1315m, 1220m, 1171m, 1112m, 1049m, 755s, 713vs;
C1sH1e6B2FeN1s (M = 533.90). Anal. calc.: C, 40.49; H, 3.02; N, 41.98 %. Found: C, 40.53; H, 2.95; N,
41.82 %.

159



Bis[hydrobis(3-cyano-1,2,4-triazol-1-yl)(pyrazol-1-yl)]iron(1l) [Fe(L®)2] (5). FeCly-4H,0 (0.31 g,
1.56 mmol) was added to a vigorously stirred solution of "BusNL® (1.56 g, 3.07 mmol) in dry air-free
DCM (75 ml). In 5 min of stirring, a bright red precipitate appeared. The mixture was stirred for 1 h.
Afterwards, the precipitate was filtered. Formation of the precipitate continued in the filtrate, thus the
latter was concentrated and the precipitate was filtered. For further purification the precipitations may
be subjected to washing with minimal quantities of ethanol as in case of 3. Eventually, additional
quantity of product is accessible by evaporation of the second filtrate and treatment of the residue with
ethanol. 0.42 g. Yield: 47 %. The compound is insoluble in water, poorly soluble in DCM, soluble in
alcohols and acetone. IR (neat, cm™): 3126w, 2526w (v(B—H)), 2251w (v(C=N)), 1505w, 1464w, 1405w,
1337m, 1317w, 1167m, 1109w, 1020m, 761s, 712vs; C1gH12B2FeN2o (M =585.90). Anal. calc.: C, 36.90;
H, 2.06; N, 47.81 %. Found: C, 36.40; H, 2.33; N, 47.49 %.

Bis[hydrobis(pyrazol-1-yl)(3-amino-1,2,4-triazol-1-yl)]iron(11) [Fe(L)2] (6). Compound 2 (0.36 g,
0.63 mmol) and Pd/C (11 mg) were placed into an autoclave. The charged autoclave was degassed. Then,
methanol (18 ml) was added. The resulting stirred suspension was heated to 80 °C and hydrogenated at
15 bars for 22 h. After cooling down to room temperature and depressurizing, the content of the
autoclave was poured into methanol (460 ml), and the obtained suspension was heated to sub-reflux
under stirring in order to dissolve the product. Afterwards, the mixture was filtered to remove the
catalyst. The filtrate was concentrated until formation of a precipitate. The latter was filtered, washed
with cold methanol and air-dried to afford 0.23 g of a deep purple powder of the product. Yield: 71 %.
The complex is poorly soluble in methanol. Single crystals suitable for X-ray diffraction are accessible
by slow evaporation of the saturated methanolic solution. IR (neat, cm™): 3474w, 3307w (vas(NH2)),
3215w (vs(NH2)), 3168w (NH2), 2474w (v(B—H)), 1634m, 1548s, 1505m, 1392m, 1302s, 1206s, 1166s,
1107s, 1045s, 1023s; C16H20B2FeN1s (M = 513.91). Anal. calc.: C, 37.39; H, 3.92; N, 43.61 %. Found:
C, 37.63; H, 3.57; N, 43.49 %.

Bis[hydrobis(3-amino-1,2,4-triazol-1-yl)(pyrazol-1-yl)]iron(11) [Fe(L")2] (7). The stirred suspension
of 3 (0.29 g, 0.44 mmol) and Pd/C (10 mg) in methanol (20 ml) was heated at 80 °C and hydrogenated
at 30 bars for 22 h. After the hydrogenation, the catalyst was filtered and the solvent was removed in
vacuo to afford 0.22 g of the product as a dark green solid. Yield: 91 %. The substance is soluble in
alcohols. IR (neat, cm™): 3464w, 3324w (vas(NH2)), 3210w (vs(NH2)), 3114w (NH2), 2470w (v(B-H)),
1614m, 1538s, 1505m, 1417w, 1388w, 1304m, 1210w, 1166s, 1110m, 1055s, 1025s, 1012s;
CieH20B2FeN1s (M =513.91). Anal. calc.: C, 30.69; H, 4.05; N, 51.13 %. Found: C, 30.45; H, 4.30; N,
51.26 %.

Chapter 3. Lanthanide nitrates Ln(NOz3)3-6H20 of commercial grade were used without further

purification. Synthetic procedure for tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-
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diyl)bis(phosphoramidate) or H.L® was slightly modified comparing to the reported one and given
below. Sodium salt Na,L® was prepared by deprotonation of the neutral ligand with methanolic solution
of sodium methoxide according to the procedures reported earlier.??

Tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-diyl)bis(phosphoramidate)
(H2L?®). Fine powders of 2,2,3,3,4,4-hexafluoropentanediamide (13.25 g, 56 mmol) and phosphorus
pentachloride (23.18 g, 112 mmol) were combined in a 500-ml round-bottom flask equipped with a
water-cooled condenser connected to a bubble counter. Tetrachloromethane (50 ml) was added to the
flask and the resulting mixture was heated to 65 °C and stirred at this temperature until the hydrogen
chloride evolution rate slowed down. Afterwards the temperature was increased to about 75 °C and the
reaction was allowed to continue until hydrogen chloride evolution ceased. Then the mixture was cooled
down to room temperature and the solvent was removed in vacuum. The resulting residue was dissolved
in tetrahydrofuran (70 ml) and added dropwise to a stirred solution of triethylamine (62 ml, 445 mmol)
in methanol (150 ml) cooled down to -5 °C. The temperature upon addition was kept in the range of 0—
5 °C. The obtained solution was allowed to warm up to room temperature and left to stay overnight.
Then the solvents were evaporated under vacuum. The obtained residue was dissolved in water (100
ml), whereupon acetic acid was carefully added to the solution until its medium became weakly acidic.
The white precipitate formed was filtered, washed with water and dried in air to give 17.30 g of the
product as a white powder. Yield: 68%. IR (KBr, cm™): 3095w (v(N-H)), 1746s (v(C=0)), 1478m
(Amide-2), 1212s (v(P=0)); *H NMR (400 MHz, DMSO-ds) & 11.38 (d, NH, 2H), 3.74 (d, J = 11.6 Hz,
12H).

General synthetic procedure for [Ln2(L8)3(phen)2] (8-14). Ln(NOs)3-6H20 (0.10 mmol) was
dissolved in methanol (2 ml) and HC(OCzHs)s (0.1.ml, 0.60 mmol) as dehydrating agent was added to
the solution. Afterwards, the solution was boiled for a minute, cooled down to room temperature and
then added to a solution of H,L® (0.068 g, 0.15 mmol) and of triethylamine (0.041 ml, 0.30 mmol) in
methanol Finally a solution of 1,10-phenanthroline (0.018 g, 0.10 mmol) in methanol was added to the
resulting mixture to give an oily precipitation colored as respective metal aqua ion. The obtained mixture
was boiled for 5 minutes. Then the leach was decanted. The precipitation was thoroughly washed with
2-propanol, filtered off and dried on air. The color of the obtained complexes corresponds to the
respective metal aqua ion. The compounds are well soluble in DMSO and DMF.

[Nd2(L8)s(phen)2] (8): Yield: 74 %; IR (KBr, cm™): 3008w (v(CH)), 2958w (v(CH)), 2855w (v(CH)),
1608vs (v(C=0)), 1519m (v(CC)phen), 1424m (v(CC)phen), 1403s v(Amide-2), 1350w, 1160vs (v(P=0)),
1043vs (6(POC)), 962m (v(PN)), 916w, 847s, 810m, 770w, 731m, 534w, 498w, 463w; *H NMR (400
MHz, DMSO-de) 6 9.08 (br, 4H), 8.46 (br, 4H), 7.96 (br, 4H), 7.76 (br, 4H), 4.12 (br, 36H);
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Cs1Hs2N10024PsF18Nd2 (M = 2005.31). Anal. calc.: Nd, 14.4; C, 30.55; H, 2.61; N, 6.98 %. Found: Nd,
14.6; C, 30.57; H, 2.63; N, 6.95%.

[Sm2(L8)3(phen)2] (9): Yield: 76 %; IR (KBr, cm™): 3002w (v(CH)), 2958w (v(CH)), 2856w (v(CH)),
1604vs (v(C=0)), 1521m (v(CC)phen), 1427m (v(CC)phen), 1403s v(Amide-2), 1350w, 1162vs (v(P=0)),
1041vs (6(POC)), 963m (v(PN)), 916w, 809m, 770w, 731m, 540w, 498w, 460w; *H NMR (400 MHz,
DMSO-ds), 6 9.48 (br, 4H), 8.96 (br, 4H), 8.43 (br, 4H), 822 (br, 4H), 3.99 (br, 36H);
Cs1H52N10024P6F18Sm2 (M = 2017.55). Anal. calc.: Sm, 14.9; C, 30.36; H, 2.60; N, 6.94 %. Found: Sm,
15.0; C, 30.38; H, 2.63; N, 6.92 %.

[Euz(L8)3(phen)2] (10): Yield: 76 %; IR (KBr, cm™): 3008w (v(CH)), 2958w (v(CH)), 2855w (v(CH)),
1604vs (v(C=0)), 1520m (v(CC)pnen), 1428m (v(CC)phen), 1399s v(Amide-2), 1350w, 1163vs (v(P=0)),
1043vs (6(POC)), 962m (v(PN)), 916w, 846s, 809m, 770w, 731m, 541w, 500w, 462w; *H NMR (400
MHz, DMSO-de) & 9.09 (br, 4H), 8.53 (br, 4H), 7.99 (br, 4H), 7.73 (br, 4H), 2.90 (br, 36H);
Cs1H52N10024PsF18EU2 (M = 2020.75). Anal. calc.: Eu, 15.0; C, 30.31; H, 2.59; N, 6.93 %. Found: Eu,
15.4; C, 30.33; H, 2.60; N, 6.90 %.

[Tb2(L8)3(phen)2] (11): Yield: 75%; IR (KBr, cm™): 3007w (v(CH)), 2958w (v(CH)), 2854w (v(CH)),
1610vs (v(C=0)), 1522m (v(CC)pnen), 1427m (v(CC)phen), 1404s v(Amide-2), 1350w, 1165vs (v(P=0)),
1042vs (0(POC)), 964m (v(PN)), 918w, 847s, 811lm, 770w, 731m, 536w, 501w, 464w;
Cs1H52N10024P6F18Th2 (M = 2034.68). Anal. calc.: Tb, 15.6; C, 30.11; H, 2.58; N, 6.88 %. Found: Tb,
15.9; C, 30.14; H, 2.61; N, 6.86 %.

[Dy2(L8)3(phen)z] (12): Yield: 73 %; IR (KBr, cm™): 3007w (v(CH)), 2959w (v(CH)), 2856w (v(CH)),
1607vs (v(C=0)), 1522m (v(CC)phen), 1424m (v(CC)phen), 1405s v(Amide-2), 1350w, 1164vs (v(P=0)),
1043vs (6(POC)), 964m (v(PN)), 918w, 812m, 771w, 730m, 540w, 498w, 462w; Cs1H52N10024PsF18Dy>
(M =2041.83). Anal. calc.: Dy, 15.9; C, 30.00; H, 2.57; N, 6.86 %. Found: Dy, 16.3; C, 30.04; H, 2.59;
N, 6.84 %.

[Yb2(L8)s(phen)2] (13): Yield: 77 %; IR (KBr, cm™): 3011w (v(CH)), 2958w (v(CH)), 2856w (v(CH)),
1607vs (v(C=0)), 1522m (v(CC)pnen), 1427m (v(CC)phen), 1406s v(Amide-2), 1350w, 1165vs (v(P=0)),
1041vs (0(POC)), 964m (v(PN)), 920w, 847s, 813m, 771w, 731m, 540w, 498w, 462w;
Cs1H52N10024P6F18Yb2 (M = 2062.93). Anal. calc.: Yb, 16.8; C, 29.69; H, 2.54; N, 6.79 %. Found: Yb,
17.1; C, 29.72; H, 2.58; N, 6.76 %.

[Y2(L®8)s(phen)2] (14): Was synthesized following the same procedure for its lanthanide counterparts.
Yield: 74 %; IR (KBr, cm™): 3004w (v(CH)), 2958w (v(CH)), 2855w (v(CH)), 1613vs (v(C=0)), 1522m
(V(CC)phen), 1428m (v(CC)phen), 1406s v(Amide-2), 1350w, 1165vs (v(P=0)), 1043vs (6(POC)), 964m
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(v(PN)), 919w, 847s, 813m, 771w, 732m, 542w, 495w, 466w; *H NMR (400 MHz, DMSO-ds) & 9.19
(br, 4H), 8.55 (br, 4H), 8.03 (s, 4H), 7.83 (br, 4H), 3.56 (d, J=11.1 Hz, 36H); Cs51H52N10024PsF18Y2 (M
=1894.64). Anal. calc.: Y, 9.4; C, 32.33; H, 2.77; N, 7.39 %. Found: Y, 9.7; C, 32.35; H, 2.79; N, 7.35
%.

NazL?8. Yield: 93%; IR (KBr, cm‘l): 1630s (v(C=0)), 1406m (Amide-2), 1202s (v(P=0)); IHNMR (400
MHz, DMSO-dg, 25 °C): 6 = 3.44 ppm (d, J = 11.0 Hz, 12H); CoH12N20gP2Fe¢Naz (M = 498.12). Anal.
calc.: C, 21.70; H, 2.43; N, 5.62%. Found: C, 21.72; H, 2.46; N, 5.58%.

Synthesis of NEts[NaLn2(L8)s(H20)] {Ln = La (15), Nd (16)}. Ln(NOs)3-:6H20 (0.10 mmol) was
dissolved in 2-propanol (2.5 ml), afterwards a dehydrating agent — triethyl orthoformate (0.15 ml, 0.90
mmol) was added to the solution and the latter was heated up to boiling for 1 minute. The obtained
solution was cooled down to room temperature, then mixed with the combined solutions of Na,L8 (0.10
g, 0.20 mmol) and NEt4ClI (0.008 g, 0.05 mmol) in acetone (10 ml). The obtained mixture was heated
up and boiled for a minute, then cooled down to the room temperature. After the filtration of NaNO3z and
NaCl precipitate, the clear solution was allowed to stand for few days to yield colorless (15) and lilac-
colored (16) prismatic crystals of the desired products. The complexes are moderately soluble in polar
solvents, mainly in methanol, acetonitrile and acetone. It is notable that double excess of NEt4Cl does

not influence on the final composition of the complex.

NEts[NaLaz(L8)s(H20)] (15). Yield: 60%; IR (KBr, cm™): 1621s (v(C=0)), 1411m (Amide-2), 1159s
(v(P=0)); *H NMR (400 MHz, DMSO-ds, 25 °C): § = 3.59 ppm (d, J = 11.2 Hz, 48H, L%), 3.25 ppm (q,
J=7.0 Hz, 8H, NEts*), 1.21 ppm (t, J = 7.0 Hz, 12H, NEts"); CasH70N9O33PsF24NalLa, (M = 2257.63).
Anal. calc.: C, 23.41; H, 3.13; N, 5.58%. Found: C, 23.03; H, 3.08; N, 5.59%.

NEta[NaNd2(L8)a(H20)] (16). Yield: 62%: IR (KBr, cm): 1623s (v(C=0)), 1410m (Amide-2), 1160s
(v(P=0)); *H NMR (400 MHz, DMSO-ds, 25 °C): &=4.17 ppm (br, 48H, L), 3.21 ppm (g, J = 7.1 Hz,
8H, NEts"), 1.19 ppm (t, J = 7.1 Hz, 12H, NEt4"); Ca4H70N9O33PsF24NaNd. (M = 2268.30). Anal. calc.:
C, 23.30; H, 3.11; N, 5.56%. Found: C, 22.55; H, 3.07; N, 5.51%.

Synthesis of Na[NaLn2z(L28)s(H20)]-2H20 [Ln = La (17), Nd (18)] The procedure is mainly the same
as for NEts[NaLn(L®)4(H20)] excluding the use of NEt4Cl. The resulting crystalline products possess
similar color and solubility properties to 15 and 16.

Na[NaLaz(L8)s(H20)]-2H20 (17). Yield: 61%; IR (KBr, cm™): 1622s (v(C=0)), 1412m (Amide-2),
1160s (v(P=0)); *H NMR (400 MHz, DMSO-ds, 25 °C): & = 3.53 ppm (d, J = 11.2 Hz, 48H, L?%).
CasHs4NgO3sPgF24Nazlaz, (M = 2186.43). Anal. calc.: C, 19.78; H, 2.49; N, 5.13%. Found: C, 19.81; H,
2.53; N, 5.09%.
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Na[NaNd2(L8)s(H20)]-2H20 (18). Yield: 64%; IR (KBr, cm™): 1624s (v(C=0)), 1411m (Amide-2),
1161s (v(P=0)); 'H NMR (400 MHz, DMSO-ds, 25°C): & = 3.92 ppm (br, 48H, L?);
C36H54NgO35PgF24NazNd2 (M = 2197.09). Anal. calc.: C, 19.68; H, 2.48; N, 5.10%. Found: C, 19.73; H,
2.50; 5.07%.
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Annexes

X-ray crystallography data

Crystal data and structure refinement of 1 and its solvatomorphs.

Compound 1-2DMSO 1-7DMSO 1-2MeOH

Formula weight 644.14 1034.74 551.96

Temperature (K) 293 160 180

Space group P1 R3c P21/n

a(A) 8.3929(13) 13.3415(3) 10.4567(8)

b (A) 9.0045(15) 13.3415(3) 8.2415(5)

c(A) 10.0309(16) 48.9618(11) 13.9101(8)

o, (°) 86.465(13) 90 90

B, (°) 84.490(13) 90 99.208(7)

v, (°) 65.635(16) 120 90

Cell volume, (A®) 687.2(2) 7547.4(4) 1183.31(14)

Z 1 6 2

peaic(g/cm?) 1.557 1.358 1.549

1 (mm™) 0.755 0.647 0.692

Reflections 5142/2408 10071/2021 8240/2322

collected/unique

GoF 0.996 1.060 1.084

Final R indices R1=0.0591, R1=0.0441, R1=0.0538,

[1>26(D)] wWR2=0.0894 WR»=0.1023 WR2=0.0862

R indices (all data) R1=0.0944, R1=0.0577, R1=0.0768,
WR2=0.1033 WR»=0.1088 WR2=0.0932

Compound 1-2CHCls 1-:2DMF-H:O 1

Formula weight 726.62 652.09 487.88

Temperature (K) 180 293 293

Space group P2i/c Pbcn P2i/c

a(A) 8.2460(4) 8.3469(5) 8.2563(13)

b (A) 12.1991(4) 15.7421(7) 8.2491(19)

c(A) 14.6014(6) 22.5116(9) 15.902(4)

a, (°) 90 90 90

B, (°) 105.973(4) 90 100.91(2)

v, (°) 90 90 90

Cell volume, (A®) 1412.11(10) 2958.0(3) 1063.5(4)

Z 2 4 2

peaic(g/cm®) 1.709 1.464 1.524

1 (mm™) 1.147 0.570 0.753

Reflections 9532/3251 10062/2601 2425/2425

collected/unique

GoF 1.047 1.053 1.104

Final R indices R1=0.0403, R:=0.0537, R1=0.2410,

[1>206(D)] WR2=0.0802 WR2 = 0.0945 WR2 =0.5271

R indices (all data) R1=0.0519, R1=0.0890, R1=0.2663,
WR.=0.0848 WRz = 0.1082 WR2 = 0.5393

Annex A
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Crystal data and structure refinement of "BusNL? and complexes 4 and 6 (at 100 K only).

Continuation of Annex A

Compound "BusNL? 4 (trans) 4 (cis):CH2Cly 6

Formula weight 501.49 533.90 618.84 513.91

Temperature (K) 173 100 100 100

Space group P21/n C2/c P21/n P2i/n

a(A) 11.9642(1) 9.6251(18) 7.4188(2) 10.364(3)

b (A) 15.7273(1) 18.494(3) 23.3314(7) 16.490(4)

c(A) 15.0760(2) 13.335(3) 15.4739(3) 12.598(3)

o, (°) 90 90 90 90

B, (°) 92.122(1) 91.540(6) 101.793(2) 95.789(8)

v, (°) 90 90 90 90

Cell volume, (A®) | 2834.82(5) 2372.9(8) 2621.86(12) 2142.1(10)

Z 4 4 4 4

peac(g/cm®) 1.175 1.494 1.568 1.581

u (mm™) 0.620 0.680 6.873 0.749

Reflections 89937/5001 34154/3978 21400/4449 58852/4388

collected/unique

GoF 1.046 0.853 1.102 0.990

Final R indices R:1=0.0413, R1=0.0368, R1=0.0755, R1=0.0372,

[1>206(D)] WR=0.1105 WR»=0.1021 WR2=0.2096 WR2=0.0949

R indices (all data) | R1=0.0496, R1=0.0543, R1=0.0863, R1=0.0458,
WR2=0.1177 WR»=0.1211 WR2=0.2143 wR>=0.1009

Selected geometric parameters for compound 4 (both trans- and cis-isomers) at 100 K.

Compound
4 (trans) 4 (cis)-CH2Cl2
Fe—N Distance (A) Fe—N Distance (A)

Fel—N5! 1.9835(14) Fel—N11 1.963 (4)
Fel—N3' 1.9821(15) Fel—N9 1.964 (4)
Fel—N1! 1.9618(14) Fel—N1 1.969 (4)
Fel—N1 1.9618(14) Fel—N5 1.971 (4)
Fel—N3 1.9821(15) Fel—N3 1.972 (5)
Fel—N5 1.9835(14) Fel—N13 1.973 (4)

N—Fe—N Angle (°) N—Fe—N Angle (°)
N5 —Fel—N3!' 89.23 (6) N1—Fel—N13 90.35 (17)
N5 —Fel—N1! 91.96 (6) N5—Fel—N13 179.03 (18)
N3'—Fel—N1! 92.22 (6) N3—Fel—N13 91.04 (17)
N5 —Fel—N1 88.04 (6) N11—Fel—N9 87.87 (18)
N3'—Fel—N1 87.78 (6) N11—Fel—N1 177.69 (17)
N1 —Fel—N1 179.99 N9—Fel—N1 90.50 (18)
N5'—Fel—N3 90.77 (6) N11—Fel—N5 91.58 (17)
N3'—Fel—N3 179.99 N9—Fel—N5 90.74 (17)
N1'—Fel—N3 87.78 (6) N1—Fel—N5 90.08 (17)
N1—Fel—N3 92.22 (6) N11—Fel—N3 93.67 (19)
N5'—Fel—N5 179.99 N9—Fel—N3 178.10 (17)
N3'—Fel—N5 90.77 (6) N1—Fel—N3 88.00 (18)
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Continuation of Annex A

Selected geometric parameters for compound 4 (both trans- and cis-isomers) at 100K.

(continuation)

N—Fe—N Angle (°) N—Fe—N Angle (°)
N1'—Fel—N5 88.04 (6) N5—Fel—N3 88.10 (17)
N1—Fel—N5 91.96 (6) N11—Fel—N13 | 88.02 (17)

Unit cell parameters of 6 at selected temperatures.

Temperature (K)

Parameter 100 293 320 393
a(A) 10.364(3) 10.547(3) 10.5951(7) 10.6457(2)
b (A) 16.490(4) 16.596(4) 16.5995(9) 16.6839(5)
c (A 12.598(3) 12.943(4) 12.9503(8) 13.0720(3)
B, (°) 95.789(8) 95.213(10) 94.867(6) 94.662(2)
Cell volume, (A%) | 2142.1(10) 2256.1(11) 2269.4(2) 2314.06(10)
Selected structural parameters for 6 at selected temperatures.
. Temperature (K)
Distance (A) 100 293 320 393
Fel—NG6 1.9797(19) 2.079(2) 2.103(3) 2.1268(18)
Fel—N14 1.9774(19) 2.082(2) 2.105(3) 2.1315(19)
Fel—N10 1.988(2) 2.119(2) 2.130(3) 2.165(2)
Fel—N2 1.986(2) 2.107(3) 2.132(3) 2.1668(19)
Fel—N4 1.995(2) 2.136(2) 2.154(3) 2.178(2)
Fel—N12 1.999(2) 2.121(3) 2.153(3) 2.1868(19)
Temperature (K)
Angle (°) 100 293 320 393
N6—Fel—N14 | 179.13(8) 179.36(9) 179.11(12) 178.85(8)
N6—Fel—N10 | 91.80(8) 94.06(9) 94.52(12) 94.98(7)
Selected structural parameters for 6 at selected temperatures (continuation).
Temperature (K)
Angle (°) 100 293 320 393
N14—Fel—N10 | 87.89(8) 86.57(9) 86.35(12) 86.08(8)
N6—Fel—N2 87.83(8) 86.18(10) 85.88(12) 85.42(8)
N14—Fel—N2 | 91.36(8) 93.83(10) 94.30(12) 95.02(8)
N10—Fel—N2 | 89.69(8) 91.41(9) 91.61(12) 92.12(8)
N6—Fel—N4 89.27(8) 87.46(9) 87.14(11) 86.84(7)
N14—Fel—N4 |91.01(8) 91.90(9) 92.00(12) 92.13(8)
N10—Fel—N4 | 177.99(8) 177.28(9) 177.09(12) 177.10(8)
N2—Fel—N4 88.66(8) 86.44 (9) 86.13(12) 85.76(8)
N6—Fel—N12 | 91.73(8) 92.57(9) 92.74(11) 93.07(7)
N14—Fel—N12 | 89.08(8) 87.44(10) 87.11(12) 86.54(8)
N10—Fel—N12 | 88.82(8) 86.64(9) 86.03(12) 85.66(8)
N2—Fel—N12 | 178.43(8) 177.60(9) 177.17(12) 177.20(8)
N4—Fel—N12 | 92.84(8) 95.55(9) 96.28 (12) 96.51(8)
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Crystal data and structure refinement of complexes 16-18.

Continuation of Annex A

Compound 16 17 18
Formula weight 2268.30 2186.43 2197.09
Temperature (K) 100 173 173
Space group P42,2 P-1 P-1
a(A) 17.8807(6) 12.3617(9) 12.1643(2)
b (A) 17.8807(6) 12.7385(9) 12.6444(2)
c (A 16.2846(6) 14.0359(12) 14.1504(3)
o, (°) 90 104.654(6) 105.257(2)
B, (°) 90 103.976(6) 104.052(2)
v, (°) 90 109.378(5) 109.3800(10)
Cell volume, (A3) 5206.5(4) 1884.6(3) 1845.88(6)
Z 2 1 1
peaic(g/cm®) 1.446 1.927 1.976
u (mm™) 1.223 1.448 13.769
Reflections collected/unique 4579/4061 8230/6755 7381/6805
GoF 1.078 1.020 1.062
Final R indices [I>20(1)] R1=0.0496, R1=0.0405, R1=0.0508,
WR>=0.1405 | wR»=0.1010 WR2=0.1491
R indices (all data) R1=0.0565, R1=0.0528, R1=0.0538,
WR2=0.1336 | wR»=0.0962 WR2=0.1459

Notes on the solution and refinement of the structures of complexes 16-18

The structures were solved by direct method and refined against F? by full-matrix least-squares

method in anisotropic approximation for all atoms except hydrogen using the SHELXTL software
package.?>°2% For the structure of 16 the H atoms were located from the difference maps of electron

density and refined by “riding” model with Uiso = 1.2Ueq Of the carrier non-hydrogen atom.

In case of the complexes 17 and 18, the refinement met severe problems associated with disorder
of the structure components and possible twinning. Significant residual electron density peaks near La
(Nd) ions indicated contribution from a second domain. The attempt to index and integrate the diffraction
data as a two-domain system or to derive an appropriate twinning scheme was not successful. Therefore,
La (Nd) ions were considered as disordered, with partial contribution factors of 0.93, 0.07 (17) and 0.95,
0.05 (18) suggested by refinement of thermal parameters. Only major component of the disorder was
then refined anisotropically. More important that interlay of two chemically identical helicate moieties
of opposite chirality results in equal disorder of the organic linkage and either encapsulated or outer Na
cations. Refinements in acentric space group P1 did not provide an ordered model, while preserving all
features of the disorder. This was resolved with partial occupancy factors of 0.5 for all atoms of two

unique ligands and two unique Na ions. With exception of peripheral C-atoms of the methoxy groups, it
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was possible to refine anisotropic model. A set of restraints was applied to improve the refinement
stability. In particular, similarity restraints were used for thermal motion of some closely separated
components of the disorder as well as for some chemically identical bonds of P-OCH3 fragments. Due
to the nature of the disorder, the hydrogen atoms were not added.

Analysis of the Ln®*" coordination geometry in the complexes 16, 17 and 18 using SHAPE 2.1
software.

16 (Nd1) | 16 (Nd2) | 17 (Lal) | 18 (Nd1)
Octagon (D8h) 25.210 25.050 26.949 25.226
Heptagonal pyramid (C7v) 24.672 24.671 22.738 24.439
Hexagonal bipyramid (D6h) 17.196 17.526 12.110 16.350
Cube (Oh) 9.614 9.975 5.895 9.426
Square antiprism (D4d) 0.168 0.202 1.869 0.321
Triangular dodecahedron (D2d) 2.658 2.786 2.889 2.623
Johnson gyrobifastigium J26 (D2d) 16.621 16.767 14.362 15.465
Johnson elongated triangular bipyramid J14 (D3h) | 28.333 28.312 25.743 27.116
Biaugmented trigonal prism J50 (C2v) 2.880 2.855 4.399 2.878
Biaugmented trigonal prism (C2v) 1.978 1.843 3.666 1.922
Snub diphenoid J84 (D2d) 5.373 5.430 6.335 5.145
Triakis tetrahedron (Td) 10.476 10.833 6.624 10.202
Elongated trigonal bipyramid (D3h) 23.497 23.540 22.025 22.384
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Annex B
NMR spectra
'H NMR spectrum (aromatic region) of product obtained in an attempt to reduce "BusNL? (solvent — CD3;OD).
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'H NMR spectrum (aromatic region) of "BusNL? in CD2Cls.
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13C NMR spectrum (aromatic region) of "BusNL? in CD,Cl>.
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1B NMR spectrum of "BusNL? in CD,Cl>.
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'H NMR spectrum (aromatic region) of "BusNL? in CD2Cl..
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13C NMR spectrum (aromatic region) of "BusNL? in CD,Cl>.
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1B NMR spectrum of "BusNL? in CD,Cl>.
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'H NMR spectrum (aromatic region) of "BusNL* in CD2Cl..
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13C NMR spectrum (aromatic region) of "BusNL* in CD,Cl>.
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1B NMR spectrum of "BusNL* in CD,Cl>.
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'H NMR spectrum (aromatic region) of "BusNL® in CD2Cl..
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13C NMR spectrum (aromatic region) of "BusNL® in CD,Cl>.
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1B NMR spectrum of "BusNL® in CD,Cl>.
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1B NMR spectra of crude "BusNL? (maroon line) and H3BOs (cyan line) acquired for the solutions in CD3OD.
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'H NMR spectrum of [Y2(L®)s(phen)z] (14) in DMSO-ds.
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'H NMR spectrum of [Euz(L®)s(phen)z] (10) in DMSO-ds.
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'H NMR spectrum of NazL® in DMSO-ds.
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'H NMR spectrum of NEts[NaLaz(L®)4(H20)] (15) in DMSO-ds.
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'H NMR spectrum of NEts[NaNd2(L®)4(H20)] (16) in DMSO-ds.
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'H NMR spectrum of Na[NaLaz(L8)s(H20)]-2H20 (17) in DMSO-d.
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'H NMR spectrum of Na[NaNdz(L8)4(H20)]-2H,0 (18) in DMSO-ds.
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Annex C
IR spectra
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IR spectrum of "BusNL?2,
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IR spectrum of "BusNL?,
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Transmittance
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IR spectrum of "BusNL*,
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IR spectrum of "BusNL°.
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Transmittance
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IR spectrum of complex 2.

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

IR spectrum of complex 3.
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Transmittance
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IR spectrum of complex 4.
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IR spectrum of complex 5.
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Transmittance
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IR spectrum of complex 6.
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IR spectrum of complex 7.
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Vy 4

4000 3600 3200 2800 1600 1200 800 400
Wavenumber (cm™)

IR spectra of neutral ligand H2L8, its sodium salt Na,L8 and complex 16.

0.6

0.5 -

0.4 -

0.3 -

Transmittance

0.2 -

0.1

600 540 480 420 360 300 240 180 120 60
Wavenumber (cm™)

IR spectrum of complex 16 in 60-600 cm™ region.

225



Continuation of Annex C

Transmittance
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IR spectra of the complexes 17 (black line) and 18 (red line).
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Annex D

Variable-temperature SQUID magnetometry data for complex 6
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Annex E

Simplified energy diagram showing the lowest lanthanide excited states and the estimated ligands

lowest triplet state in the obtained complexes
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®Do luminescence of the solid complex 10 at 298 K (black line) and 77 K (red line)
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Annex G

Decay luminescence curve for solid 10and 11 (a and b, respectively) and for the complexes in

solution in DMSO (c and d, respectively)
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Annex H

LDI mass spectrum of 16 with inset, depicting the simulated (Simul.) and observed (Obs.) isotopic

pattern
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Solvatomorphism, polymorphism and spin
crossover in bis[hydrotris(1,2,3-triazol-1-
yl)borate]iron(u)¥
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Solvatomorphism and polymorphism play a crucial role in defining the characteristics of spin crossover
(SCO) in coordination compounds. In this paper we describe a detailed characterization of the SCO
bis[hydrotris(1,2,3-triazol-1-yl)borateliron(i) complex ([Fe(HB(1,2,3-tz)3),]) 1. Five solvatomorphs of 1.
2Solv (where Solv = DMSO, MeOH, and CHClz), 1.7DMSO and 1.2DMF-H,O were obtained via
recrystallization from the respective organic solvents. Solvatomorphs 1.-2MeOH and 1-2CHCls undergo
single-crystal-to-single-crystal transformations leading to 1 upon heating above 313 K. Single-crystal
X-ray diffraction analysis revealed m—n stacking and C-H--:N contacts between molecules of the
complex both in the solvated and desolvated crystals. The spin crossover and thermal properties of 1
and its solvates were investigated by means of calorimetry, thermogravimetry, M&ssbauer spectroscopy,
variable temperature magnetic susceptibility, Raman spectroscopy and powder X-ray diffraction
measurements. The anhydrous [Fe(HB(1,2,3-tz)3),] complex, obtained via dehydration of dodecahydrate,
undergoes structural phase transitions upon the first heating in the 303-493 K range followed by rever-
sible, gradual spin crossover upon further thermal cycling, with a transition temperature of Ty, = 373 K.

Introduction

Switchable molecular materials showing spin crossover (SCO)
properties' have attracted the attention of many research
groups as they can be used for the fabrication of functional
devices, finding their application in information storage, mole-
cular electronics, photonics, sensing and construction of
mechanical actuators.>”® In this context, the ability to fabricate
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high quality, pure and homogeneous thin films of SCO materi-
als is crucial. To this aim, vacuum thermal deposition provides
a powerful means.”® However, there are only a handful of spin
crossover complexes that could be deposited by this
technique.®>® Among these, only a few sublimable SCO complexes
undergo spin transition above room temperature, namely
[Fe(pypyr(CFs))x(phen)] (pypyr = 2-(2'-pyridyl)pyrrolide, phen =
1,10-phenanthroline),"® [Fe(HB(pz);),] (pz = pyrazolyl-1-yl)**** and
[Fe(HB(1,2,4-t2)s),] (tz = triazol-1-y1),>" the two latter belonging to the
tris(1-azolyl)borate family of compounds.** For Fe-pypyr thin films,
the transition temperature T;), is reduced from 390 K for the bulk
compound to approximately 330 K, whereas the two other com-
plexes display similar SCO properties in bulk and thin film forms
(Ty» ~ 393 K and 335 K for the pyrazolyl and triazolyl derivatives,
respectively). Notably, the high-quality thin films of [Fe(HB(1,2,4-
triazol-1-yl);),] that were vacuum-deposited in the 20-200 nm thick-
ness range showed an abrupt SCO without any fatigue over more
than 10 million thermal switching cycles, which could be exploited
in photonic, electronic, sensor, actuator and temperature damping
devices.?'?2° The synthesis of [Fe(HB(1,2,3-triazol-1-yl);),] 1
(Chart 1), a structural isomer of its 1,2,4-triazolyl counterpart, was
described by Jenkins et al,’® but there is no report on the SCO
properties of this compound. In order to find out how the change of
the exodentate nitrogen atom position from 4 to 3 in the triazolyl

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Chart1 Molecular structure of [Fe(HB(1,2,3-triazlol-1-yl)s),] (1).

ring impacts the crystalline structure and SCO properties of the
complex, as well as to analyze its solvato/polymorphism, we report
herein the single crystal structure of 1 (both in solvated and
desolvated forms) as well as its physical properties investigated by
Mossbauer spectroscopy and variable-temperature magnetic
susceptibility, Raman spectroscopy, powder X-ray diffraction, calori-
metry and thermogravimetry. A review of polymorphism in spin
crossover complexes has been reported by Tao et al.*' Such poly-
morphs are generally obtained serendipitously as a mixture of
crystals as illustrated by studies of Ruben and collaborators.*> On
the other hand, numerous examples of solvatomorphs in SCO
complexes have also been reported mainly in the polymeric Fe(n)
Hofmann type and in molecular Fe(n) and Fe(m) compounds.***
These solvatomorphs result from a mixture of crystals obtained
serendipitously, by a vapor-induced single-crystal-to-single-crystal
transformation or growing crystals by liquid-liquid diffusion meth-
ods. In the present case, solvatomorphs were obtained by changing
the solvent during the recrystallization procedure.

Methods

Infrared spectra were recorded on a PerkinElmer 1725 spectro-
meter. Elemental analysis (for C, H and N) was performed using
a PerkinElmer 2400 series II Instrument. Single-crystal X-ray
diffraction analysis was performed on an Oxford-Diffraction
XCALIBUR E CCD diffractometer with graphite-mono-
chromated Mo-Ko radiation. Unit cell determination and data
integration were carried out using the CrysAlisPro package
from Oxford Diffraction. Multi-scan correction for absorption
was applied. All the structures were solved using an intrinsic
phasing method using SHELXT and refined by full-matrix least-
squares on F> with SHELXL*®* using the graphic interface of
Olex2.”° Non-hydrogen atoms were refined anisotropically.
Aromatic hydrogen atoms were geometrically fixed and refined
using a riding model. Variable temperature powder X-ray
diffraction patterns were recorded using a Panalytical X'Pert
diffractometer equipped with a Cu X-ray tube, a Ge(111) inci-
dent beam monochromator (1 = 1.5406 A) and an X'Celerator
detector. Variable-temperature Raman spectra were acquired by
means of an Xplora (Horiba) Raman microspectrometer, using
the 532 nm line of a Nd-YAG laser (0.1 mW). The sample
temperature was controlled using a Linkam THMS600 liquid

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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nitrogen cryostat. Differential thermal analysis and thermogra-
vimetric (DTA-TG) data were acquired simultaneously using a
PerkinElmer Diamond thermal analyzer under a 100 ml min "
nitrogen flow at 10 K min~'. DSC analysis was carried out on a
Netsch DSC 3500 Sirius instrument under nitrogen purging gas
(20 ml min ") at a heating/cooling rate of 10 K min~". Variable-
temperature magnetic susceptibility data were obtained at
cooling and heating rates of 2 K min~" under a field of 1 kOe
using a Quantum Design MPMS magnetometer. °’Fe-
Mossbauer spectra were recorded using a constant acceleration
Méssbauer spectrometer with a °’Co source. Fitting of the
experimental data was performed using Recoil software.>"

Materials and synthesis

Commercial reactants and solvents were used directly without
further purification. The tris(1,2,3-triazolyl)borate ligand (NaL)
and its neutral [Fe(HB(1,2,3-tz)3),] iron(u) complex (hereafter
FeL, or 1) were synthesized according to experimental proce-
dures reported in the literature.*® The coordination compound
isolated from the mother aqueous solution appears as dodeca-
hydrate. The anhydrous powder form can be obtained via
heating the hydrate above 90 °C.

FeL, 12H,0 (1-12H,0). C;,H;sB,FeN;30,, (M = 704.07).
Anal. calc.: C, 20.47; H, 5.44; N, 35.81%. Found: C, 20.55; H,
5.42; N, 35.55%.

FeL, (1). C;,H14B,N;gFe (M = 487.88). Anal. calc.: C, 29.55; H,
2.89; N, 51.68%. Found: C, 29.51; H, 2.86; N, 51.57%.

Results and discussion
X-ray crystallography

Complex 1 is soluble in polar solvents, such as water, methanol,
dimethylsulfoxide (DMSO), dimethylformamide (DMF) and
poorly soluble in the much less polar chloroform. The complex
tends to form solvates, which can be easily crystallized from the
above-mentioned solvents. The number of solvent molecules
per one molecule of the complex depends on the nature of the
solvent. For instance, in the case of DMSO, the formation of two
solvates 1.2DMSO and 1.7DMSO was observed serendipitously
from attempts of recrystallization of 1 under the same condi-
tion. The methanol- or chloroform-based solvates appear only
as 1-:2MeOH and 1-2CHCl;, respectively. The dimethylforma-
mide solvate tends to crystallize with inclusion of one water
molecule to form 1.2DMF-H,0. The solvatomorphs 1.2MeOH
and 1-2CHCI; crystallize in monoclinic space groups P2,/n and
P24/c, respectively. 1.2DMF-H,O crystallizes in the orthorhom-
bic Pbcn space group. In the case of DMSO-based solvato-
morphs, 1-2DMSO crystallizes in the triclinic P1 space group,
while 1-7DMSO adopts a trigonal R3¢ space group. DMSO
molecules in the latter crystals are disordered over six and over
two positions, respectively. Upon long-term exposure to ambi-
ent air (~hours to days), crystals of solvatomorphs tend to lose
their solvents. This process is followed by disintegration
of the crystals along with structural changes and can be
promoted by heating. Remarkably, crystals of 1.2CHCl; and
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Fig. 1 Crystal structure of 1.2DMSO showing intermolecular n—r stacking
interactions developing along the a axis. Hydrogen atoms are omitted for
clarity. Displacement elipsoids are drawn at 50% probability level.

1.2MeOH undergo single-crystal-to-single-crystal transforma-
tions upon heating. When heated at 313 K for one day,
solvatomorph 1-2CHCIl; completely loses its solvent to form
stable crystals of 1. The same transformation occurs in the case
of its methanol counterpart, but the latter requires heating at
323 K for two days. Incomplete solvent loss can be observed in
1-7DMSO: after two days of evaporation, the single crystal
degrades to a powder, the diffraction pattern of which is
consistent with the simulated one for 1-2DMSO (Fig. S7, ESIT).

The desolvated compound 1 crystallizes in the monoclinic
P2,/c space group with 2 molecules of FeL, per unit cell (Fig. 1).
It should be noted that the crystals used for refining the
structure were obtained via a solid-state crystal-to-crystal

Table 1 Intermolecular FelL,—Fel, interaction parameters

View Article Online
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transformation. This huge structural rearrangement is related
to a chloroform solvent loss, namely ca. 25% of the volumic
contraction occurs (1412 to 1063 A%) that leads to low quality
multi-twin crystals. Three domains were considered upon the
refinement. The room temperature (low spin state) unit cell
volume per molecule in the crystals of 1 (531.8 A%) is greater
when compared to its 1,2,4-triazolyl isomer (516.6 A®).°> While
the structure of [Fe(HB(1,2,3-tz)3),] is less dense, the mean
intermolecular Fe---Fe separation (8.49 A) is slightly shorter
in 1 than in the 1,2,4-triazolyl isomer (8.87 A). The coordination
spheres of iron(u) ions in the solvatomorphs (as well as in 1)
have slightly distorted [FeN,] octahedral geometries (see Table
S2, ESIt). The Fe-N distances lie in the range from 1.952(3) to
1.972(2) A, while the mean value of coordination octahedra
volume (V,) is 10.05 A%, as expected for the low spin iron(u).”*
Considering all the solvatomorphs, the average value of the
octahedral distortion parameter »_ |90° — On_re—N| equals
21.66°. Unfortunately, the high spin structure of 1 could not
be assessed because crystals crash at the corresponding high
temperatures. Indeed, single crystals of 1, obtained via crystal-
to-crystal transformation through thermally induced solvent
loss, appear as low quality, highly cracked at room temperature,
while further heating is a trigger for crystal degradation.

In the crystals of most of the solvatomorphs, as well as in 1,
n-1 stacking interactions play a key role in the packing of FeL,
molecules. The interactions occur between aromatic 1,2,3-
triazolyl rings of adjacent complex molecules (Fig. 1 and Fig.
S1-S5, ESIt). It is noteworthy that these interactions are spread
along one direction in 1-2DMSO; however they are bidirectional
in 1 (Fig. S1, ESIT) and in the rest of the solvatomorphs where
they are observed. The centroid-centroid distances range from
3.560(3) to 3.6959(17) A (Table 1). Another type of interaction

n-n stacking interactions

’

Compound Ciing = Ciing (A) Cring-plane’ (&) Dihedral angle (°)
1-2DMSO 3.640(4) 3.298(7) 25.03
1.2MeOH 3.560(3) 3.275(4) 23.08
1-2CHCl, 3.6959(17) 3.375(3) 24.05
1-2DMF-H,0 3.684(3) 3.377(4) 23.56

1 3.594(17) 3.28(3) 24.13
C-H- - -N interactions

D-H---A D---A(A) L (D-H:--A) (°)
1-.2DMSO

C3-H3---N3 3.440(7) 150.0(3)
C6-H6- - N3 3.349(6) 137.6(3)
1.2MeOH

C2-H2---N6 3.279(4) 146.1(2)
C6-H6- - N3 3.196(4) 133.3(2)
1-2CHCl,

C6-H6- - -N3 3.377(3) 153.97(14)
1.2DMF-H,0

C2-H2---N6 3.290(4) 135.7(3)
C4-H4---N9 3.345(4) 144.0(2)

1

C2-H2---N6 3.14(3) 150.4(17)
C6-H6- - ‘N3 3.25(3) 134(2)
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that holds molecules of the complex together in the crystal
lattices of 1 and 1-Solv is represented by rather weak C-H: - -N
interactions. The exodentate nitrogen atoms and C-H moieties
of 1,2,3-triazolyl rings of neighboring FeL, molecules are
involved in such intermolecular interactions (Fig. 2 and
Fig. S2-S5, ESIf). Similar to =n-m stacking interactions,
C-H---N contacts propagate along a and b crystallographic
directions (Fig. S2, ESIt); however the structure of 1-2CHCl;
reveals only a single propagation direction (Fig. S4, ESIt). The
parameters of the respective C-H- - -N contacts are gathered in
Table 1. In 1.2DMSO and 1-2DMF-H,0, the oxygen-containing
polar solvents are bound to molecules of 1 via C-H- - -O contacts
(Fig. 2 and Fig. S5a, ESIf). In 1-7DMSO, the molecules of FeL,
do not display any direct contacts with each other but interact
through solvent molecules by means of C-H:---O contacts
(Fig. S6, ESIT). In 1-2MeOH, a hydrogen bonding occurs invol-
ving the proton of the OH moiety of the solvent and the
exodentate nitrogen atom of the triazolyl ring of the complex
(d(O- - -N) = 2.867(4) A, Fig. S3a, ESI+). Chloroform molecules in
1-2CHCI; reveal C-H---N and C-H- - -Cl interactions with FeL,
molecules (Fig. S4, ESIt).

Spin crossover properties

A plot of molar magnetic susceptibility as a function of tem-
perature is shown on Fig. 3. Temperature dependent magnetic
measurements were conducted by first heating the powder of
1-12H,0 from 250 K to 400 K, followed by cycling the as
obtained dehydrated sample of 1 in the same temperature
range at a rate of 2 K min ™.

Compound 1 undergoes a virtually complete, gradual spin
crossover between the low spin (S = 0) and the high spin (S = 2)
states, with a transition temperature 7/, = 373 K. We must note
that the SCO is not fully completed at 400 K, which is the
highest attainable temperature by our magnetometer, but
variable-temperature Raman spectroscopic measurements con-
ducted in the 303-433 K range reveal the flattening of the SCO
curve slightly above 400 K (see Fig. S9b, ESIt). On the other

Fig. 2 Crystal structure of 1.2DMSO showing intermolecular C—H---N
and C-H---O contacts. Parts of the complex molecules are omitted for
clarity. Displacement elipsoids are drawn at 50% probability level. Hydro-
gen atoms in the solvent molecules are omitted for clarity.
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Fig. 3 ymT vs. T plot, recorded over two thermal cycles starting with the

powder sample 1.12H,0. The Slichter—Drickamer fit was performed for
the second heating curve.

hand, room temperature Mossbauer spectra recorded both for
1-12H,0 and for the anhydrous powder 1 evidence only a low
spin ferrous species (see Fig. S10, ESIt). The variable tempera-
ture magnetic data could be conveniently fitted by the conven-
tional Slichter-Drickamer (SD) model®” (see Fig. 3), providing
estimation of the enthalpy change (AH = 14 k] mol '), entropy
change (AS = 38 ] K~' mol™ ") and cooperativity (I" = 5387 =+
52 J mol™") associated with the SCO phenomenon. One can
remark here the relatively low entropy change and high coop-
erativity of the spin crossover in 1, similar to the values
reported previously for the 1,2,4-triazolyl isomer (AS =
48 JK "mol ', I = 5700 + 50 J mol ").>*

At first glance, one may ascribe the different magnetic
behavior on the first heating to solvent loss. Indeed, TG-DTA
data acquired for compound 1-12H,0 reveal dehydration in the
temperature range between ca. 313 and 363 K (Fig. 4). However,
the DSC curve obtained for the hydrated powder displays
several intense and broad endothermic peaks during the first
heating (Fig. 5), which cannot be solely ascribed to the water
loss, but also denote other (overlapped) physical phenomena,
including obviously the SCO, but also various structural
changes (vide infra). Remarkably, the DSC trace on cooling
and on successive thermal cycling display a single exothermic
(endothermic) peak at 366 K (373 K) on cooling (heating). The
peak temperature as well as the associated enthalpy change of
ca. 14 k] mol ' agrees with the SD fit of the magnetic suscepti-
bility data, allowing us to assign this peak to the sole SCO
phenomenon.

In order to further investigate the possible interplay between
solvent loss, structural changes and SCO in 1, powder XRD
measurements at variable temperatures were carried out in the
333-493 K temperature range following heating of 1-12H,0 at
328 K for 1 h. The powder patterns recorded at 333, 363 and
393 K are substantially different — denoting successive dehy-
dration/structural changes (Fig. 6). Of particular interest is that
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the experimental powder pattern recorded at 363 K shows the
best match with the diffraction pattern simulated using the
single crystal structural data of 1 (see Fig. S8, ESI{). Then,
further heating up to 493 K and cooling back to 303 K does not
reveal any substantial change in the diffractograms (apart from
small shifts and broadening of the peak positions - depending
on the temperature). This finding is in line with the calori-
metric and magnetic measurements, pointing to the occur-
rence of a very gradual and reversible SCO following a first
heating of the sample up to ca. 400 K.

Conclusions

In the present work, we report the crystal structures of solvated
and desolvated forms of bis[hydrotris(1,2,3-triazol-1-yl)bor-
ateliron(u) as well as their spin crossover properties. Similar
to other unsubstituted tris(1-azolyl)borate iron(u) complexes,
the complex exhibits reversible spin crossover above room
temperature. The SCO in this complex is gradual and is centred
at 373 K. Interestingly, the first heating of the hydrated complex
is accompanied by a series of structural phase transitions
resulting in different polymorphic phases of the compound.
Crystal structures of the anhydrous complex and most of the
solvatomorphs share the same types of interactions between
the molecules of complex, including n-rn stackings and weak C—
H---N hydrogen bond interactions. In the course of this work,
we have also evidenced the possibility of sublimating complex
1, which opens attractive perspectives for the deposition of thin
films and will be the subject of our further research.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge the financial support from the Min-
istry of Education and Science of Ukraine (grant 22BF037-09)
and the courage of the Armed Forces of Ukraine that made the
submission of this manuscript possible. We acknowledge Laure
Vendier and Jean-Francois Meunier (LCC) for performing vari-
able temperature PXRD and magnetic measurements, respec-
tively. OYH acknowledges the French Embassy in Ukraine and
Campus France for a BGF scholarship.

Notes and references

1 P. Giitlich, A. Hauser and H. Spiering, Angew. Chem., Int. Ed.
Engl., 1994, 33, 2024-2054.

2 in Spin Crossover in Transition Metal Compounds I, ed.
P. Giitlich and H. A. Goodwin, Springer Berlin Heidelberg,
Berlin, Heidelberg, 2004, vol. 233-235.

3 in Spin-Crossover Materials: Properties and Applications, ed.
M. A. Halcrow, John Wiley & Sons Ltd, Oxford, UK, 2013.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

236


https://doi.org/10.1039/d2nj01471h

Published on 18 May 2022. Downloaded by Universite Paul Sabatier on 11/27/2022 7:22:14 PM.

Paper

4

6

7

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

A. Bousseksou, Spin crossover phenomenon, C. R. Chim.,
2018, 21, 12, 1055-1300.

K. Senthil Kumar and M. Ruben, Coord. Chem. Rev., 2017,
346, 176-205.

G. Molnar, S. Rat, L. Salmon, W. Nicolazzi and A. Bousseksou,
Adv. Mater., 2018, 30, 1-23.

K. S. Kumar and M. Ruben, Angew. Chem., Int. Ed., 2021, 60,
7502-7521.

L. Kipgen, M. Bernien, F. Tuczek and W. Kuch, Adv. Mater.,
2021, 33, 2008141.

A. Pronschinske, R. C. Bruce, G. Lewis, Y. Chen, A. Calzolari,
M. Buongiorno-Nardelli, D. A. Shultz, W. You and
D. B. Dougherty, Chem. Commun., 2013, 49, 10446.

H. Naggert, J. Rudnik, L. Kipgen, M. Bernien, F. Nickel,
L. M. Arruda, W. Kuch, C. Nither and F. Tuczek, J. Mater.
Chem. C, 2015, 3, 7870-7877.

V. Davesne, M. Gruber, M. Studniarek, W. H. Doh,
S. Zafeiratos, L. Joly, F. Sirotti, M. G. Silly, A. B. Gaspar,
J- A. Real, G. Schmerber, M. Bowen, W. Weber, S. Boukari,
V. Da Costa, J. Arabski, W. Wulfhekel and E. Beaurepaire,
J. Chem. Phys., 2015, 142, 194702.

M. Gruber, T. Miyamachi, V. Davesne, M. Bowen, S. Boukari,
W. Waulfhekel, M. Alouani and E. Beaurepaire, J. Chem.
Phys., 2017, 146, 092312.

M. Bernien, D. Wiedemann, C. F. Hermanns, A. Kriiger,
D. Rolf, W. Kroener, P. Miiller, A. Grohmann and W. Kuch,
J. Phys. Chem. Lett., 2012, 3, 3431-3434.

0. Iasco, M.-L. Boillot, A. Bellec, R. Guillot, E. Riviére, S. Mazerat,
S. Nowak, D. Morineau, A. Brosseau, F. Miserque, V. Repain and
T. Mallah, J. Mater. Chem. C, 2017, 5, 11067-11075.

S. Rohlf, M. Gruber, B. M. Floser, J. Grunwald, S. Jarausch,
F. Diekmann, M. Kalldne, T. Jasper-Toennies, A. Buchholz,
W. Plass, R. Berndt, F. Tuczek and K. Rossnagel, J. Phys.
Chem. Lett., 2018, 9, 1491-1496.

T. Jasper-Tonnies, M. Gruber, S. Karan, H. Jacob, F. Tuczek
and R. Berndt, J. Phys. Chem. Lett., 2017, 8, 1569-1573.

M. Atzori, L. Poggini, L. Squillantini, B. Cortigiani, M. Gonidec,
P. Bencok, R. Sessoli and M. Mannini, /. Mater. Chem. C, 2018, 6,
8885-8889.

T. Palamarciuc, J. C. Oberg, F. El Hallak, C. F. Hirjibehedin,
M. Serri, S. Heutz, J.-F. Létard and P. Rosa, J. Mater. Chem.,
2012, 22, 9690.

A. Mosey, A. S. Dale, G. Hao, A. N’'Diaye, P. A. Dowben and
R. Cheng, J. Phys. Chem. Lett., 2020, 11, 8231-8237.

S. Beniwal, S. Sarkar, F. Baier, B. Weber, P. A. Dowben and
A. Enders, J. Phys.: Condens. Matter, 2020, 32, 324003.

V. Shalabaeva, S. Rat, M. D. Manrique-Juarez, A.-C. Bas,
L. Vendier, L. Salmon, G. Molnar and A. Bousseksou,
J. Mater. Chem. C, 2017, 5, 4419-4425.

T. Mahfoud, G. Molnar, S. Cobo, L. Salmon, C. Thibault, C. Vieu,
P. Demont and A. Bousseksou, Appl. Phys. Lett., 2011, 99, 9-11.
L. Salmon, G. Molnar, S. Cobo, P. Oulié, M. Etienne,
T. Mahfoud, P. Demont, A. Eguchi, H. Watanabe,
K. Tanaka and A. Bousseksou, New J. Chem., 2009, 33, 1283.
S. Trofimenko, Scorpionates: The Coordination Chemistry of
Polypyrazolylborate Ligands, Imperial College Press, 1999.

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

View Article Online

Continuation of Annex I  NJC
M. D. Manrique-Juarez, F. Mathieu, V. Shalabaeva, J. Cacheux,
S. Rat, L. Nicu, T. Leichlé, L. Salmon, G. Molnar and
A. Bousseksou, Angew. Chem., Int. Ed., 2017, 56, 8074-8078.

V. Shalabaeva, K. Ridier, S. Rat, M. D. Manrique-Juarez,
L. Salmon, I. Séguy, A. Rotaru, G. Molnar and
A. Bousseksou, Appl. Phys. Lett., 2018, 112, 013301.

Y. Zhang, K. Ridier, V. Shalabaeva, I. Séguy, S. Pelloquin,
H. Camon, S. Calvez, L. Routaboul, L. Salmon, G. Molnar
and A. Bousseksou, J. Mater. Chem. C, 2020, 8, 8007-8011.

K. Ridier, Y. Zhang, M. Piedrahita-Bello, C. M. Quintero,
L. Salmon, G. Molnar, C. Bergaud and A. Bousseksou, Adv.
Mater., 2020, 32, 1-5.

K. Ridier, A. C. Bas, Y. Zhang, L. Routaboul, L. Salmon,
G. Molnar, C. Bergaud and A. Bousseksou, Nat. Commun.,
2020, 11, 1-9.

B. C. Hughes, Z. Lu and D. M. Jenkins, Chem. Commun.,
2014, 50, 5273-5275.

J. Tao, R.-J. Wei, R.-B. Huang and L.-S. Zheng, Chem. Soc.
Rev., 2012, 41, 703-737.

I. Salitros, O. Fuhr and M. Ruben, Materials, 2016, 9, 585.

M. Ohba, K. Yoneda, G. Agusti, M. C. Muiioz, A. B. Gaspar,
J. A. Real, M. Yamasaki, H. Ando, Y. Nakao, S. Sakaki and
S. Kitagawa, Angew. Chem., 2009, 121, 4861-4865.

J.J.-M. Amoore, S. M. Neville, B. Moubaraki, S. S. Iremonger,
K. S. Murray, J.-F. Létard and C. J. Kepert, Chem. - Eur. J.,
2010, 16, 1973-1982.

R.-J. Wei, B. Li, J. Tao, R.-B. Huang, L.-S. Zheng and
Z. Zheng, Inorg. Chem., 2011, 50, 1170-1172.

C. Bartual-Murgui, A. Akou, H. J. Shepherd, G. Molnar,
J. A. Real, L. Salmon and A. Bousseksou, Chem. — Eur. J.,
2013, 19, 15036-15043.

J. S. Costa, S. Rodriguez-Jiménez, G. A. Craig, B. Barth,
C. M. Beavers, S. J. Teat and G. Aromi, J. Am. Chem. Soc.,
2014, 136, 3869-3874.

R. Kulmaczewski, H. ]J. Shepherd, O. Cespedes and
M. A. Halcrow, Inorg. Chem., 2014, 53, 9809-9817.

R. Kulmaczewski, J. Olguin, J. A. Kitchen, H. L.-C. Feltham,
G. N.-L. Jameson, ]J. L. Tallon and S. Brooker, J. Am. Chem.
Soc., 2014, 136, 878-881.

A. Santoro, L. J. Kershaw Cook, R. Kulmaczewski,
S. A. Barrett, O. Cespedes and M. A. Halcrow, Inorg. Chem.,
2015, 54, 682-693.

M. B. Bushuev, D. P. Pishchur, V. A. Logvinenko, Y. V. Gatilov,
I. V. Korolkov, I. K. Shundrina, E. B. Nikolaenkova and
V. P. Krivopalov, Dalton Trans., 2016, 45, 107-120.

S. Rodriguez-Jiménez, H. L.-C. Feltham and S. Brooker,
Angew. Chem., Int. Ed., 2016, 55, 15067-15071.

C. Bartual-Murgui, C. Codina, O. Roubeau and G. Aromi,
Chem. - Eur. J., 2016, 22, 12767-12776.

A. Djemel, O. Stefanczyk, M. Marchivie, E. Trzop, E. Collet,
C. Desplanches, R. Delimi and G. Chastanet, Chem. - Eur. J.,
2018, 24, 14760-14767.

T. Boonprab, P. Harding, K. S. Murray, W. Phonsri,
S. G. Telfer, A. Alkas, R. Ketkaew, Y. Tantirungrotechai, G.
N.-L. Jameson and D. J. Harding, Dalton Trans., 2018,
47, 12449,

New J. Chem., 2022, 46, 11734-11740 | 11739

237


https://doi.org/10.1039/d2nj01471h

Published on 18 May 2022. Downloaded by Universite Paul Sabatier on 11/27/2022 7:22:14 PM.

NJC

46 S. Vela and H. Paulsen, Dalton Trans., 2019, 48, 1237-1245.

47 F.-L. Yang, W.-H. Wu, Y.-Q. Wang, X. Chen, B.-B. Liang,
H.-L. Mi, G.-L. Zhang, X.-Y. Chen and Y. Shi, Cryst. Growth
Des., 2021, 21, 6671-6683.

48 G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem.,
2015, 71, 3-8.

49 G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.,
2008, 64, 112-122.

50 O.V. Dolomanov, L. J. Bourhis, R. ]J. Gildea, J. A.-K. Howard
and H. Puschmann, J. Appl. Crystallogr., 2009, 42, 339-341.

1740 | New J. Chem., 2022, 46, 11734-11740

View Article Online

Continuation of Annex I Paper

51 K. Lagarec and D. G. Rancourt, Nucl. Instrum. Methods Phys.
Res., Sect. B, 1997, 129, 266-280.

52 S. Rat, K. Ridier, L. Vendier, G. Molnar, L. Salmon and
A. Bousseksou, CrystEngComm, 2017, 19, 3271-3280.

53 P. Guionneau, M. Marchivie, G. Bravic, J.-F. Létard and
D. Chasseau, in Spin Crossover in Transition Metal Com-
pounds II, ed. P. Glitlich and H. A. Goodwin, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2004, pp. 97-128.

54 C. P. Slichter and H. G. Drickamer, J. Chem. Phys., 1972, 56,
2142-2160.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

238


https://doi.org/10.1039/d2nj01471h

Journal of Fluorescence (2021) 31:1029-1039
https://doi.org/10.1007/s10895-021-02733-0

®

Check for
updates

ORIGINAL ARTICLE

Efficient Sensitized Luminescence of Binuclear Ln(lll) Complexes
Based on a Chelating Bis-Carbacylamidophosphate

0. Y. Horniichuk - N. S. Kariaka'@® - S. S. Smola? - N. V. RusakovaZ? - V. O. Trush' - T. Y. Sliva’ - V. M. Amirkhanov’

Received: 14 September 2020 / Accepted: 9 April 2021 / Published online: 26 April 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Binuclear rare earth complexes Ln,Lsphen, (Ln'" =Nd™, Sm"™, Eu"™, Tb", Dy™, Yb™ and Y™) with bis-CAPh type ligand -
tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-diyl)bis(phosphoramidate) (H,L) and 1,10-phenanthroline
(phen) were synthesized and characterized by elemental analysis, IR, NMR, absorption and luminescence spectroscopy.
Luminescence measurements were performed for all the complexes in solid state and for the Eu'"", Tb™ and Y™ complexes -
in solution in DMSO as well. The effective energy transfer from organic ligands to Ln™ ions strongly sensitizes the Ln'" ions
emission and under excitation by UV light, the complexes exhibited bright characteristic emission of lanthanide metal centers. It
was found that the energy level of the ligands lowest triplet state in the complexes matches better to resonance level of Eu'™" rather
than Tb"" ion. Depending on temperature the emission decay times of solid europium and terbium complexes were in the range of
1.5-2.0 ms. In solid state at room temperature the Eu"™ complex possess intense luminescence with very high intrinsic quantum
yield 91% and decay time equal 1.88 ms.

Keywords Bis-carbacylamidophosphate - Rare earth elements - Binuclear coordination compounds - Photoluminescence -

Sensitization

Introduction

Over past several decades, there has been much interest in
design and synthesis of lanthanide complexes due to their
attractive luminescent properties (high color purity of emitted
light, relatively long luminescence decay times and large
Stokes shifts), which make them promising as luminescent
components for optical devises and as labels in fluorescence-
based bioassays [1-6]. Despite the extremely interesting fea-
tures of 4/~ luminescence a significant drawback is the inability
of Ln™" optical centers to absorb light efficiently (extinction
coefficient of three-charged lanthanide cations is within € = 1—
10 M "-em™' [7]) and easy deactivation of the Ln"™" excited
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Institute of National Academy of Sciences of Ukraine, 86
Lustdorfska doroga, Odesa 65080, Ukraine

states by high-energy vibrations, particularly OH, NH and CH
oscillators [8, 9]. To achieve strong Ln" luminescence in
coordination compounds the metal coordination sphere
should be saturated with bulky organic ligands, providing
the “antenna effect”.

Among the most famous groups of lanthanide complexes
there are mixed ligand ternary complexes with [-diketones,
carbacyl- (CAPh) and sulfonyl-amidophosphates (SAPh), car-
boxylic acids etc. and ancillary ligand such as 2,2-bipyridine
or 1,10-phenanthroline [10-20]. Such complexes are known
to be studied as emitting layers in technology of light conver-
sion molecular devices [21-23]. It was observed that incorpo-
ration of a neutral ligand (like 2,2'-bipyridine or 1,10-
phenanthroline, etc.) in lanthanide complexes, raises their lu-
minescence effectiveness [24, 25]. As excellently luminescent
lanthanide coordination compounds also binuclear Ln"™" com-
plexes based on bis-diketones are worth to be mentioned.
Recently some such complexes were reported [26-34] and it
was shown that they can exhibit higher luminescence intensity
than their mononuclear analogs.

Complexes based on carbacylamidophosphates — P,N sub-
stitutes of J-diketones — are in the focus of our scientific in-
terests. Compared to (-diketones the structure of CAPhs
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suggests the possibility to decrease the multiphonon
quenching of lanthanide emission and to increase the ligand
affinity to Ln" ion allowing to obtain thermo- and photo-
stable Ln"" coordination compounds with effective lumines-
cence [35]. In our previous work [36] we have approbated for
the first time bis-chelating carbacylamidophosphate — N,N
'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-
diyl)bis(phosphoramidate) (H,L, Fig. 1) as a ligand for
obtaining complexes Ln,Lsphen, (Ln=Nd", Eu'™ and Y,
phen = 1,10-phenanthroline). As a development of this study
and in frames of our systematic investigations of CAPh based
lanthanide coordination compounds in this work a series of
binuclear rare-earth complexes Ln,Ls;phen, (an=Ndm,
Sm™, Eu™, Tb™, Dym, Yb™ and Ym) was obtained and char-
acterized by elemental analysis, IR, NMR, absorption and
luminescent spectroscopy.

Experimental Section
Materials and Synthesis

All reagents and solvents were used of commercial grade
without further purification.

N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-
diyl)bis(phosphoramidate) (H,L) was synthesized by known
multistep method starting from dimethyl
hexafluoropentanedioate [37].

Coordination compounds Ln,L;phen, were obtained ac-
cording to Scheme 1:

Ln(NO3)3°6H,0 (0.1 mmol) was dissolved in methyl alco-
hol (2 ml) and HC(OC,Hs); (0.1.ml, 0.6 mmol) as
dehydrating agent was added to the solution. Afterwards, the
solution was boiled for a minute, cooled down to room
temperature and then added to a solution of H,L (0.068 g, 0.
15 mmol) and of triethylamine (0.041 ml, 0.30 mmol) in
methanol Finally a solution of 1,10-phenanthroline (0.018 g,
0.1 mmol) in methanol was added to the resulting mixture to
give an oily precipitation colored as respective metal aqua ion.
The obtained mixture was boiled for 5 min. Then the leach
was decanted. The precipitation was thoroughly washed with
2-propanol, filtered off and dried on air. Yield was ~75%. The
obtained complexes are colored like as respective metal aqua
ion, well soluble in dimethyl sulfoxide (DMSO) and N,N-
dimethylformamide (DMFA).

L NS
/O\ﬁ/ \ﬁ/ -
o) o FF o o

Fig. 1 Structure of N,N'-(2,2,3,3.4,4-hexafluoro-1,5-dioxopentane-1,5-
diyl)bis(phosphoramidate) (H,L)

@ Springer

Nd2L3phen2: C51H52N10024P6F18Nd2 (M =2005.31 )
Anal. calc.: Nd, 14.4; C, 30.55; H, 2.61; N, 6.98%. Found:
Nd, 14.6; C, 30.57; H, 2.63; N, 6.95%. FT-IR (KBr, cm ):
3008, 2958, 2855 [w, (CH)], 1608 [vs, (C=0)], 1519 [m,
(CC), phen], 1424 [m, (CC), phen], 1403 [s, (Amide 2)],
1350 w, 1160 [vs, v(P=0)], 1043 [vs, d(POC)], 962 [m,
UPN)], 916 w, 847 s, 810 m, 770 w, 731 m, 534 w, 498 w,
463 w. "H NMR (DMSO-d6), § =: 9.08 (br, 4H, phen); 8.46
(br, 4H, phen); 7.96 (br, 4H, phen); 7.76 (br, 4H, phen); 4.12
(br, 36H, L*).

Sm2L3phen2: C51H52N10024P6F188m2 (M = 201755)
Anal. calc.: Sm, 14.9; C, 30.36; H, 2.60; N, 6.94%. Found:
Sm, 15.0; C, 30.38; H, 2.63; N, 6.92%. FT-IR (KBr, cm™'):
3002, 2958, 2856 [w, (CH)], 1604 [vs, (C=0)], 1521 [m,
(CC), phen], 1427 [m, (CC), phen], 1403 [s, (Amide 2)],
1350 w, 1162 [vs, v(P=0)], 1041 [vs, d(POC)], 963 [m,
V(PN)], 916 w, 809 m, 770 w, 731 m, 540 w, 498 w, 460
w."H NMR (DMSO-d6), § =: 9.48 (br, 4H, phen); 8.96 (br,
4H, phen); 8.43 (br, 4H, phen); 8.22 (br, 4H, phen); 3.99 (br,
36H, L*).

Eu2L3phen2: C51H52N10024P6F13EUQ (M = 202075)
Anal. calc.: Eu, 15.0; C, 30.31; H, 2.59; N, 6.93%. Found:
Eu, 15.4; C, 30.33; H, 2.60; N, 6.90%. FT-IR (KBr, cm '):
3008, 2958, 2855 [w, (CH)], 1604 [vs, (C=0)], 1520 [m,
(CC), phen], 1428 [m, 1(CC), phen], 1399 [s, (Amide 2)],
1350 w, 1163 [vs, v(P=0)], 1043 [vs, d(POC)], 962 [m,
U(PN)], 916 w, 846 s, 809 m, 770 w, 731 m, 541 w, 500 w,
462 w. "H NMR (DMSO0-d6), § =: 9.09 (br, 4H, phen); 8.53
(br, 4H, phen); 7.99 (br, 4H, phen); 7.73 (br, 4H, phen); 2.90
(br, 36H, L*"). Thermal gravimetric studies of the europium
complex showed its thermal stability to over 200 °C [36].

Tb2L3phen2: C51H52N10024P6F18Tb2 (M= 203468)
Anal. calc.: Tb, 15.6; C, 30.11; H, 2.58; N, 6.88%. Found: Tb,
15.9; C, 30.14; H, 2.61; N, 6.86%. FT-IR (KBr, cm): 3007,
2958, 2854 [w, UCH)], 1610 [vs, {C=0)], 1522 [m, ACC),
phen], 1427 [m, ACC), phen], 1404 [s, {Amide 2)], 1350 w,
1165 [vs, UP=0)], 1042 [vs, 5(POC)], 964 [m, PN)], 9180 w,
847 s, 811 m, 770 w, 731 m, 536 w, 501 w, 464 w.

Dy2L3phen2: C51H52N10024P6F18DY2 (M = 204183)
Anal. calc.: Dy, 15.9; C, 30.00; H, 2.57; N, 6.86%. Found:
Dy, 16.3; C, 30.04; H, 2.59; N, 6.84%. FT-IR (KBr, cm ):
3007, 2959, 2856 [w, (CH)], 1607 [vs, /(C=0)], 1522 [m,
(CC), phen], 1424 [m, (CC), phen], 1405 [s, (Amide 2)],
1350 w, 1164 [vs, v(P=0)], 1043 [vs, d(POC)], 964 [m,
U(PN)], 918 w, 812 m, 771 w, 730 m, 540 w, 498 w, 462 w.

Yb,Lsphen,: Cs;Hs55N;9O54PgFi3Yby, (M =2062.93).
Anal. calc.: Yb, 16.8; C, 29.69; H, 2.54; N, 6.79%. Found:
Yb, 17.1; C, 29.72; H, 2.58; N, 6.76%. FT-IR (KBr, cm™):
3011, 2958, 2856 [w, (CH)], 1607 [vs, (C=0)], 1522 [m,
(CC), phen], 1427 [m, (CC), phen], 1406 [s, (Amide 2)],
1350 w, 1165 [vs, u(P=0)], 1041 [vs, d(POC)], 964 [m,
(PN)], 920 w, 847 s, 813 m, 771 w, 731 m, 540 w,
498 w, 462 w.
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Scheme 1 Synthesis route of /
Ln,L;phen, complexes \o
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Lal = Nd™, Smi, Eu'l, Tbil, Dy!l, Ybil, Y1, TEOF = HC(OC,Hs)s.

Y2L3phen2: C51H52N10024P6F18Y2 (M = 189464) Anal.
calc.: Y, 9.4; C, 32.33; H, 2.77; N, 7.39%. Found: Y, 9.7; C,
32.35; H, 2.79; N, 7.35%. FT-IR (KB, cmfl): 3004, 2958,
2855 [w, CH)], 1613 [vs, {C=0)], 1522 [m, (CC), phen],
1428 [m, (CC), phen], 1406 [s, v(Amide 2)], 1350 w, 1165
[vs, (P=0)], 1043 [vs, d(POC)], 964 [m, (PN)], 919 w,
847 s, 813 m, 771 w, 732 m, 542 w, 495 w, 466 w. 'H
NMR (DMSO-d6), § =: 9.19 (br, 4H, phen); 8.55 (br, 4H,
phen); 8.03 (s, 4H, phen); 7.83 (br, 4H, phen); 3.56 (d, J =
11.1 Hz, 36H, L*). >'P NMR (DMSO0-d6), 6= 10.03.

Methods

IR measurements were performed on a Perkin—Elmer
Spectrum BX spectrometer on solid state samples in form of
KBr pellets and for the neodymium complex solution in
DMSO with concentration close to saturated solution, placing
a drop of the solution between KBr pellets.

NMR spectra for solutions in DMSO-d6 were obtained on
an AVANCE 400 Bruker NMR spectrometer at room temper-
ature. Typical concentrations of the complexes in DMSO so-
lutions in experiments were in range 0.005-0.01 mol/dm’.

Elemental analyses (C, H, and N) were performed on an EL
I Universal CHNOS Elemental Analyzer and by using stan-
dard titrimetric methods for lanthanide ions.

The absorption spectra for the neodymium complex were
recorded on an UV VIS spectrophotometer Specord M 40
Carl Zeiss for solid samples and on KSVU-23 “LOMO” spec-
trometer using quartz cell of 1 cm path length for the complex
0.008 mol/dm” solution in DMSO.

Photoluminescence excitation and emission spectra of the
complexes were measured at 298 and 77 K on a Fluorolog FL
3-22 (Horiba Jobin Yvon) spectrofluorimeter coupled to a
R928 Hamamatsu photomultiplier, using the right angle de-
tection mode. The excitation source was a 450 W Xe arc lamp.
The emission spectra were corrected for detection and optical
spectral response of the spectrofluorimeter and the excitation
spectra were corrected for the spectral distribution of the lamp

intensity using a photodiode reference detector. All the spectra
were acquired through an UV filter (350 nm cut-off). Solid
samples for photoluminescence measurements at room tem-
perature were loaded in a solid sample cuvette supplied with
Fluorolog FL 3-22 or in quartz capillaries in case of experi-
ments at 77 K. Concentrations of the complexes solutions in
DMSO for photoluminescence measurements were (1.0—
5.0)x 10~* mol/dm’. The solution was placed in quartz cu-
vettes in case of experiment at room temperature or in quartz
capillaries in case of experiments at 77 K. The luminescence
lifetime measurements were acquired with the same instru-
ment using a pulsed Xe—Hg lamp (6 mcs pulse at half width
and 20-30 mcs low-intensity tail). The luminescence lifetime
values are averages of at least three independent measure-
ments which were made by monitoring the decay at the max-
ima of the emission spectra. The decays were analyzed with
Origin 9.2.257. The decay time values were estimated with an
error of 10%. Phosphorescence spectra were registered for the
Y™ complex in solid state and for its frozen 0.001 mol/dm’
solution in DMSO at 77 K, enforcing a 0.05 ms delay, and
repeting measurements at least 3 times.

Results and Discussion

NMR Spectra

"H NMR spectrum of complex Y,Lsphen, displays a doublet
at § 3.57 assigned to protons of ester groups of CAPh ligands
and a series of peaks in region of § 7.8-9.2 assigned to 1,10-
phenanthroline ligands (Fig. S1). By integrating of areas of
peaks corresponding to the both ligands it was found that their
ratio (L* :phen) in the complex equals 3:2. No signal of amide
protons of CAPh ligand was found in the "H NMR spectrum
of the complex Y,Lzphen, which is a consequence of coordi-
nation of N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-
diyl)bis(phosphoramidate) to Y>* ion in a double
deprotonated form. Deprotonation of the CAPh ligand in
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Table 1 Assignments of the main IR absorption bands for the
synthesized compounds, cm™'

Compound Band assignment

V(N- v(C=0) v(Amide-  v(P=0) v(P-N)
H) 1D
H,L 3095 1746 1478 1212 877
Ln,Lsphen, — 1604-1613 1399-1406 1160-1165 962-964

Y,Lsphen, also leads to the shift of the signal of OCHj3-groups
in the complex "H NMR spectrum to high field compared to
the spectrum of H,L [37]. For paramagnetic lanthanides
(Nd™, sSm™, Eu™) complexes the signals in their 'H NMR
spectra are broadened and shifted but L* :phen ratio gained
through the results of peaks integration remains to be equal
3:2. For the rest of the obtained complexes the 'H NMR spec-
tra were not informative.

IR Spectra

The characteristic IR spectra data for H,L and the complexes
are given in Table 1 and shown in the Fig. S2. The complexes
have similar IR spectra with resembling position of character-
istic bands, suggesting the similar coordination modes. An
absence of v¥(N-H) absorption band in the region near
3100 cm ' in the IR spectra of the complexes indicates the
coordination of CAPh-ligands to rare earth ions in double
deprotonated form which is in good agreement with 'H
NMR data. The low frequency shift of v(P=0) and 1(C=0)
bands and high frequency shift of v(P-N) bands in the IR
spectra of the complexes with respect to H,L spectrum point
to participation of the both phosphoryl and carbonyl groups in
metal binding and existence of 7t-conjugation in —OCNPO-
chelating core. A number of bans with middle and low inten-
sity at 1520, 1430, 1350, 846 and 733 cm ! points to the
presence of 1,10-phenanthroline ligands in the complexes
(Fig. S2, supplementary materials). The IR spectrum of the
neodymium complex concentrated solution in DMSO is
shown in Fig. S3. Only the most intense absorption bands of

Fig. 2 Normalized absorption
spectra of Nd,L;phen, solid
sample (1) and solution in DMSO
(2) in the regions of *I,,, — P,
(left panel) and o — *Gs,
2G7/2 (right panel) transitions

the complex, which do not overlap with the solvent absorption
bands, can be observed in the spectrum. The position of
v(P=0) absorption band is the same for the complex in KBr
pellet and in solution, while v(C = O) and 6(POC) absorption
bands slightly moved for near 20 cm™' to higher or lower
frequencies respectively. Considering an insignificant differ-
ence in positions of characteristic absorption bands in the IR
spectra for the solid complex and its solution the retention of
CAPh ligand type of coordination in the complex in solution
in DMSO can be concluded.

Absorption Spectra of the Nd"' Complex

Among the lanthanide (III) ions Nd™ has been used most
frequently as an absorption probe for Ln-ligand interactions.
The absorption band associated with Hop — *Gs), and °Gypp
transitions of Nd" exhibits strong “hypersensitive” behaviour
[38—40]. The intensity of these bands is mostly influenced
among all the /~f transitions due to the changes in the nearest
surrounding of the Nd"" ion, making it particularly suitable for
probing the coordination environment around the ion. View of
the spectra in the region of *y/» — P, » transition indicates
the splitting of the ground level in the ligand field of the Nd™
environment [41].

The absorption spectra of the neodymium complex were
recorded at 293 K in the ranges of Iy, — ’P,/, and
419/2 — 4G5/2, 2G7/2 transitions for solid sample and for the
complex 0.008 M solution in DMSO (Fig. 2). A single band
with maximum at 430.0 nm in region of 419/2 —°p 1> transi-
tion points on identical or very similar neodymium ions posi-
tions in the complex. In the region of Ty — *Gsp, G
transitions the electronic absorption spectra of the complex
Nd,L;phen, show absorption features similar to those report-
ed previously for mononuclear neodymium coordination
compounds based on different CAPh ans SAPh ligands with
a coordination number of the central atom of § [16, 42, 43].
From the similar bands positions in the spectra of solid
Nd,L;phen, complex and its solution it can be concluded that
in solution the central ion of the complex is eight coordinated
and the Nd"-ligand bond covalence is the same as for the
solid sample.

T
429
A, nm

426
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Fig. 3 The phosphorescence spectra of Y,Lsphen, complex at 77 K
(Aexe =330 nm) in solid state (solid line) and for frozen solution in
DMSO (dashed line)

The Y" Complex Phosphorescence Spectra

It is well known that the energy level matching between the
lowest ligand triplet state and excited levels of Ln' ions plays
an important role in determining the luminescent properties of
complexes. Energy level of the lowest ligands triplet state
(LLTS) for the complexes under study (21,550 cm ') was
calculated from the shortest wavelength peak [44] of the phos-
phorescence spectrum of solid Y,Lsphen, complex (Fig. 3,
solid line). LLTS is obviously higher than emissive levels of
Nd™, sm™, Eu'™, Tb™, Dy™ and Yb™ ions. The energy gaps
between the ligands lowest triplet state and emissive levels of
the mentioned lanthanides in the complexes under study are
10,050, 3850, 4250, 1050, 450 and 11,550 cm! respectively
(Fig. S4).

In 0.001 M solution in DMSO the phosphorescence spec-
trum of the Y™™ complex was shifted to higher frequencies for
380 cm ! (F ig. 3, dashed line) due to the complex interaction
with the solvent.

Fig. 4 Luminescence excitation
(1) and luminescence (2) spectra
of Nd,Lsphen; (left panel) and
Yb,Lsphen, (right pannel) solid
samples at 293 K

I, arb. uni.

300 400 800

Luminescence Properties of the Nd", sm", Eu", Tb",
Dy" and Yb" Complexes

The excitation and emission spectra of the obtained complexes
are shown in the Figs. 4-5. The excitation spectra were recorded
by monitoring the strongest emission bands of corresponding
lanthanide ions. The spectra consist of a broad intence band in
the 250-380 nm region, which can be assigned to the 7-7t*
electronic transitions of the ligands, and of less intense and nar-
row bands of f~ftransitions of the lanthanide ions. Such a ratio of
the bands’ intensities points on efficient sensitization of lantha-
nide luminescence by organic ligands. Upon excitation by UV
light all the complexes show characteristic Ln'"" emission with a
series of narrow bands corresponding to the respective lanthanide
ion. No ligand fluorescence was observed in the emission spectra
of the complexes pointing on efficient energy transfer from li-
gands to lanthanides.

The spectroscopic properties of Nd™ and Yb™ complexes
emitting in the near-infrared (NIR) range have been increas-
ingly studied in recent times [45-49] because of their diagnos-
tic or tagging applications. Considering that in the coordina-
tion compounds under study the energy level of lowest ligands
triplet state was higher than emissive levels of Nd™ (*F55,
~11,500 cm™ ') and Yb™ (*Fs)5, ~10,000 cm ') ions the lumi-
nescence excitation and luminescence spectra for the com-
plexes Nd,Lsphen, and Yb,Lsphen, were recorded (Fig. 4).
Upon excitation of the complex Nd,L;phen, by UV light at
330 nm, characteristic Nd™ 4£luminescence was observed in
IR spectral region (Fig. 4, left pannel). The observed bands
were assigned to the *Fs» — *lgs, *Fs0 — 111, and
*F5, — 1,5, transitions. The bands, observed in the emission
spectra of the complex Yb,Lsphen,, were assigned to the
%Fs,, — 2F), transition of the Yb™ ion (Fig. 4, right pannel).
The electronic line corresponding to the 2F55(0') = 2F5(0)
transition has a maximum at 977.0 nm. The board peaks in
region 1000—1050 nm arise from the M; splitting of *F5, state
as the consequence of ligand-field effects.

The luminescence excitation and luminescence spectra of
the complexes, emitting in the visible spectral range are shown
in Fig. 5.

I, arb. uni.
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e Sm™ compounds are the objects of extensive studies be-
= cause of their application as luminescence orange emitters for
£ 1

<

laser active materials [S0-52]. Sm™ exhibits an orange emis-
sion, which is normally much weaker than Eu™ and Tb™
emission due to the small energy gap between excited and
ground states, that makes multiphonon relaxation much easier.
Upon excitation by UV light at 330 nm the complex
Sm,Lsphen, shows orange 4f~emission (Fig. 5a). Similar to
ternary Sm™ B-diketone based complexes [53] the band of
magnetic dipole forbidden and electronic-dipole allowed hy-
300 350 400 450 50%\ nn5150 600 650 700 750 persensitive transition 4Gspp — “Hopp (A = 645 nm) domi-

nates in the emission spectrum of the complex Sm,Lsphen,.
A band of transition *Gs, — *Hyjp (Amay =598 nm) is less
intense and the bands of *Gs;, — *Hs, (Amax = 564 nm) and
4Gsj, — ®Hi 12 Amax = 708 nm) transitions are of the lowest
intensity.

Extensive research into Eu'" and Tb" complexes
possessing long luminescent lifetimes has focused on their
use as labels and biological probes [54-60] or as emitting
components in electroluminescent devices for light-emitting
diodes [21-23]. The luminescence properties of Eu,Lsphen,
and Tb,L;phen, complexes were investigated at room tem-
perature and at 77 K as well as in solution in DMSO (Figs. 5, 6
and 7 and S5). At both temperatures the solid europium com-

o

I, arb. uni.

Cc plex exhibited °Dy and °D, emission (Figs. 5b and S5). The
g D, emission spectra of the Eu'"" complex, solid state and
g solution, are dominated by the band of the 5DO — 7F2 transi-

tion (Figs. 5b, 6). High intensity of >Dy — F, band compared
to the °Dy — F, points to low symmetry of the Eu"™" coordi-

nation environment in the complex under study. The intensity
ratio of the bands of °Dy — F, and °D, — 'F, transitions
(red/orange ratio) was found to be independent on temperature

and equal 6.5 for the solid sample and 3.9 for the complex
it

T T 7 T Y ) solution, which can be due to increasing of symmetry of Eu
300 350 450 500 550 600 650 700

=]
93
(=4

arb.uni.

I, arb. uni. @,
L

300 350 400 450 500 550 600 650 700 750 800

A, M \ A \
J \ pa NS

Fig. 5 Luminescence excitation (1) and luminescence (2) spectra of the o ¢ ) L :
complexes Sm,Lsphen, (a), Eu,Liphen, (b), TbyLsphen, (c), 300 400 600 650 700
Dy,Lsphen; (d) solid samples at 293 K A, nm
Fig. 6 Luminescence excitation (a) and Dy luminescence (b) spectra of
the complex Eu,Lsphen, in solid state (1) and for frozen solution in
DMSO (2) at 77 K
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Fig. 7 Luminescence excitation (a) and luminescence (b) spectra of the
complex Tb,L3phen, in solution in DMSO at 298 K (1) and at 77 K (2)

ion surroundings in the complex solution compared to the
solid sample. The obtained red/orange ratio for the solid sam-
ple is comparable with that found for mononuclear CAPh
based europium complexes with 1,10-phenanthroline [15,
16, 60]. One component band of Dy — 'F, transition is ob-
served at 580.1 nm in the both spectra measured for solid
sample and solution.

The typical luminescence decay profiles for europium and
terbium complexes in a semilog scale are shown in Fig. S5. All
decay curves for solid samples are well reproduced by single
exponential function, which suggests that only one species exists
in the excited states of the complexes. The luminescence decay
time of the europium complex did not depend on the excitation
wavelength but decreased slightly with the temperature lowering
(Table S1). In the solution luminescence decay time for the com-
plex Eu,Lsphen, was found to be equal 1.2 ms that is lower
compared to solid sample and can be a result of quenching of
Eu™ luminescence by the solvent molecules.

Some luminescence characteristics (radiative (A,) and non-
radiative (A,;) decay rates, observed (T,,s) and radiative

(Trap) luminescence lifetime and 5D0 intrinsic quantum yield
(Q™".,,) for solid state complex Eu,L;phen, and some selected
mixed-ligand europium complexes with 3-diketones and
CAPhs and 1,10-phenanthroline are given in Table 2. The
Dy intrinsic quantum yield (Q™".,)) for the europium complex
was estimated from the emission spectrum and measured “Dg
luminescence lifetime:

QLnLn = Tobs / TRAD

whereby Trap is the radiative lifetime of 3Dy, state estimated
from emission data using the following equation: 1/mjap =

Aup.o'n> (o Ivp) [61, 62], with Ayp o being equal to
14.65 s, n considered to be 1.5 (a value commonly encoun-
tered for coordination compounds) and (Z;o/Iyp) 18 the ratio of
the total integrated emission from the Eu (°Dy) level to the
integrated intensity of MD transition *Dy — 'F; [63, 64]. It
should be noted that a small change in the refractive index
leads to significant changes in the Trap Vvalue, therefore, the
results of this calculation should be used taking into account
the possible deviation from the exact value.

The total decay rates (A;+ A,,;) for the europium complex
under study are dominated by radiative contribution (A,)
resulting in very high intrinsic quantum yield equal 91%,
which is significantly higher compared to the most of the
mentioned in the Table 2 related mixed-ligand europium com-
plexes with 1,10-phenanthroline. The observed (Tps) and ra-
diative (Trap) luminescence lifetimes for the complex
Eu,Lsphen, are comparable with those found for CAPh based
mixed-ligand europium complexes of general formula
Eu(CAPh);phen and higher compared to bis-3-diketones
based binuclear mixed-ligand europium complexes of general
formula Eu,(bis-0-dik)s;phen,.

Unlike the europium complex the luminescence decay time of
Th,Lsphen, increase with the temperature decreasing: at room
temperature: Ty, for the terbium complex equals 1.45 ms and at
77 K it is 2.00 ms (Fig. S5). Considering rather small energy gap
between the ligands lowest triplet state and *D, emissive level of

Table 2 Selected luminescence characteristics for Eu,Lsphen, and some mixed-ligand europium complexes with bis-[3-diketones and CAPh type
ligands and 1,10-phenanthroline at 298 K

Complex Aexe, NM I°Dy— "Fy)/ 1 Tobss MS TRADs MS A, s Anr. st QL"L[L Ref.

(Do—"Fy) (293 K) %

Eu,L;phen, 280 6.5 1.88 2.06 485 28 91 this work
Eu(Pip);phen 337 8.7 1.58 1.78 564 68 89 [15]
EuL';phen 254 4.6 1.58 2.85 346 286 55 [16]
EuL?sphen 254 5.7 1.54 2.03 494 156 76 [60]
Euy(BTP);phen, 324 7.3 0.91 1.17 857 246 78 [33]
Euy(BTB);phen, - 15.6 0.55 1.16 853 973 47 [26]

HPip = 2,2,2-trichloro-N-(dipiperidin-1-ylphosphoryl)acetamide, HL' = dimethyl-N-benzoylamidophosphate, HL?> = N-(diphenylphosphoryl)benzamide,
BTP = 1,3-bis(4.,4,4-trifluoro-1,3-dioxobutyl)-phenyl, BTB = 3,3¢-bis(4,4,4-trifluoro-1,3-dioxobutyl)biphenyl
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Tb™ ion in the complex under study (AE = 1050 cm "), an ac-
tivation of nonradiative processes in Tb,Lsphen, upon tempera-
ture increasing can be due to energy back transfer from terbium
to ligands. It is known that in Tb"™ complexes the ligand to metal
energy transfer processes are efficient if the energy gap between
the lowest ligand triplet state and 3D, emissive level of Tb™ (AE)
exceeds 1850 cm ! [65].

The emission spectrum of the terbium complex in solution
at 298 K is very similar to that recorded for the solid sample,
while at 77 K both Tb™ centered luminescence and the ligands
phosphorescence was observed in the emission spectrum
(Fig. 7). According to the phosphorescence spectrum of the
Y™ complex in solution in DMSO (Fig. 3) the energy gaps
between the ligands lowest triplet state and emissive levels of
Tb™ jon equals 1430 cm ', that is rather small and makes
possible back from terbium to ligands energy transfer and
enables rather effective ligand phosphorescence. The lumines-
cence decay time of the terbium complex in solution was
dependent on temperature (Fig. S5). At room temperature
Tobs = 1.37 ms was similar to that found for solid sample. At
77 K the decay curve departs from monoexponentiality prob-
ably due to the ligands phosphorescence.

The Dy™ luminescence mainly takes place from *Fo, level.
The *Fo, level is separated from the lower laying state °F1p by
about 7500 cm™', therefore multiphonon relaxation process is
of low efficiency. In the visible range, the Dy'" ion possesses
two intense fluorescence bands located at 480 nm (blue re-
gion) and 570 nm (yellow region), corresponding to the
*Fop — ®Hys» and *Fo — ®Hj3) transitions, respectively.
The yellow emission (*Fo» — °Hy3),) of Dy is called hyper-
sensitive transition and its intensity strongly depends on Dy™
ion coordination environment. Therefore, the luminescence of
Dy™ ion can be successfully used as structural probe of the
chemical environment and recently Dy complexes have
been studied as emitting layers in OLEDs for white light gen-
eration. For complex Dy,L;phen, the *Fo, — °Hyspn yellow
emission (A, =575 nm) is dominant in its luminescence
spectrum, indicating that Dy"" ion is located in low-
symmetry local site environment (Fig. 5d). A band of transi-
tion *Fo/» — ®Hj 52 Amax = 480 nm) is of a less intense and the
bands of 4F9/2 — 6H1 12 O\max =662 nm) and 4F9/2 — 6H9/2

(Amax = 750 nm) transitions are of the lowest intensity.

Conclusions

A series of binuclear thermally stable luminescent rare earth
complexes Ln,L3;phen, (an =Nd", Sm'", Eu'™, Tb™, DyIH,
Yb™ and Y™) with chelating bis-CAPh type ligand N,N
'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-
diyl)bis(phosphoramidate) and additional ligand 1,10-
phenantroline was synthesized and the spectroscopic
properties of complexes were studied.

@ Springer

Under excitation by UV light, the complexes exhibited bright
characteristic emission of the lanthanide metal centers due to
effective energy transfer from organic ligands to Ln™ ions.

The europium and terbium complexes were found to be lu-
minescent both in solid and solution in DMSO with emission
decay time in range of 1.2-2.0 ms depending on temperature.

The energy level of the ligands lowest triplet state in the
complexes was found to match better to resonance level of
Eu™ than to Tb™ ion. In solid state at room temperature the
Eu™ complex possess very high intrinsic quantum yield 91%
and decay time equals 1.88 ms.

Based on our results, a series of novel bis--
carbacylamidophosphate based lanthanide complexes with
optimized luminescence properties for potential applications
in photonic devices can be proposed.
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Novel quadruple-stranded heterometallic Ln,Na
complexes hosting sodium ions inside the
cryptand-like cavityf
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Coordination compounds of lanthanides NEt,[INaLn,L4(H,O)l, Na[NaLn,L4(H-0)]-2H,0 (Ln = La®*, Nd**)
with the bis-chelating carbacylamidophosphate ligand tetramethyl N,N’-(2,2,3,3,4,4-hexafluoro-1,5-
dioxopentane-1,5-diyl)bis(phosphoramidate) (H,L) were obtained for the first time via reactions of NasL
with lanthanide nitrates. The complexes were characterized by IR and NMR spectroscopy and laser
desorption/ionization mass spectrometry. From X-ray diffraction analysis, it was established that the
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complex anions in the obtained compounds have a structure of a quadruple-stranded helicate, which
encapsulates a sodium cation and a molecule of water into the negatively charged environment of the
ligand fluorine and carbonyl oxygen atoms. Upon excitation by the 266 nm harmonic line of the Nd:YAG
pulsed laser, the NEts[NaNd,L4(H,O)] complex exhibits IR-emission at 300 and 77 K with the “Fs

DOI: 10.1039/d1nj04353f

rsc.li/njc emission lifetime of 2 ps.

Introduction

Helicates are polymetallic supramolecular assemblies wherein
the coordinated polydentate ligands are wrapped about metal
ions lying on a helical axis." This family of supramolecular
compounds has a range of applications from building blocks
for more complex supramolecular architectures and molecular
recognition to liquid crystalline materials.”'° Lanthanide helicates
are interesting objects for luminescence applications'*™* since
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they experience an advantage from the helical architecture, which
encapsulates the lanthanide ions, protecting them from external
interactions with luminescence quenchers and allowing the
combination of two or more emission centers in one molecule."
The number of coordinated ligands determines whether double-,
triple- or quadruple-stranded helicates are obtained. The afore-
mentioned types of helical edifices have been reported to form
with metal ions of p-, d-, and f-block elements."*'® Among the
types of helicates, quadruple-stranded ones are less prevalent in
the literature since they are more challenging to obtain. According
to the predictions of Claude Piguet et al,' the first quadruple-
stranded helicates with a saturated coordination sphere of metal
ions were synthesized by combining oligomonodentate ligands
and square-planar central ions."®'® The other predicted strategy
implies the use of oligobidentate ligands with eight-coordinate
antiprismatic metal centers and leads to binuclear quadruple-
stranded species based on lanthanide ions.'”***! However, the
crystallization of such compounds remains a challenge. There are
only a few structurally characterized binuclear quadruple-stranded
lanthanide helicates.**>* Raymond and coworkers described in
detail the geometrical features of binuclear quadruple-stranded
architectures, using the example of the structure of Th(w)
complexes with bis-acylpyrazolinone ligands that they achieved.*®
In recent works, Yan et al reported a series of homochiral
quadruple-stranded Ln(m) assemblies, where their helicity can
be preorganized by chiral ligands of a certain absolute con-
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figuration.”®*” The team of researchers also succeeded in obtain-
ing a molecular switch as quadruple-stranded Eu(m)

helicate with a diarylethene-derived bis-chelating ligand.>**

Helicates may serve as host molecules since they often
contain internal cavities of the metallamacrocyclic fashion,
which can adopt small ions or molecules.”®?® There is a known
series of helicates with p- and d-block metal ions which encap-
sulates alkali metal ions in a cryptate-like manner,***2%3033
Triple-helical binuclear lanthanide metallacryptates with potas-
sium or even magnesium cations in the cavity have been
reported as well.>*** Nevertheless, there is no information on
quadruple-helical binuclear lanthanide metallacryptates with
s-block metal ion guests.

A promising class of ligands to design binuclear helicates
is represented by bis-B-diketones:bis-bidentate “brothers” of
B-diketones and good candidates for the development of
lanthanide-based luminescent materials, since their homobi-
nuclear complexes are much more efficient compared to mono-
metallic B-diketonate analogues.'”***¢™*! It is noteworthy that
in most of the reported helicates based on bis-p-diketone
ligands, the latter are featured by perfluorinated moieties
promoting crystallization of the complex owing to weak
C-H- - F interactions.”*>°

Taking into account the structural advantages of bis-p-
diketones, we developed a new bis-chelating ligand of the bis-
carbacylamidophosphate type. Carbacylamidophosphates (CAPh)
represent a family of versatile ligands, which are P,N-substituted
structural analogues of B-diketones.*>

Herein, we report the synthesis, structure and properties of
lanthanide binuclear quadruple-helical sodium-hosting anionic
metallacryptates with the bis-chelating carbacylamidophosphate
ligand tetramethyl N,N'-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-
1,5-diyl)bis(phosphoramidate) (Scheme 1).

Experimental
Methods

IR spectra were recorded on a PerkinElmer Spectrum BX
spectrometer on samples in the form of a KBr pellet. FTIR
spectrum of 2 in nujol suspensions was collected using a
Bruker IFS66/S FITIR spectrometer in the 60-600 cm ™' region.
'H NMR investigations were performed using a WR-400 Bruker
NMR spectrometer at room temperature in DMSO-de. Emission
spectra at 77 and 300 K were recorded using a Hamamatsu
PMA-12 photonic multichannel analyzer equipped with BT-
CCD line with corrected response in the whole range (350-
1100 nm). As an excitation source, the fourth harmonic (Jexc =
266 nm) of a Nd:YAG laser was used (f = 10 Hz, tyuise < 20 ns,
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Epuise = 10 mJ). For measurement at 77 K a Linkam THMS600
cooling/heating stage was used. Decay curves were recorded
using a McPherson spectrometer equipped with Hamamatsu
R928 and R5108 photomultiplier tubes and a Tektronix MDO-
4052 digital oscilloscope. The excitation source was the same as
for emission spectra. MS analysis was performed by the method
of laser desorption/ionization on an Autoflex II (Bruker
Daltonics, Germany) mass spectrometer with a nitrogen laser
(4 = 337 nm). Experiments were carried out in linear mode for
negative ions in the mass range 100 to 2000 a.m.u. The
resulting mass spectra were obtained by assuming the data of
200 laser shots and processing by the software FlexAnalysis
(Bruker Daltonics, Germany). Elemental analyses (C, H, and N)
were performed on an EL III Universal CHNOS Elemental
Analyzer.

Materials and synthesis

Lanthanide nitrates Ln(NO3);-6H,O (Ln = La, Nd) of commer-
cial grade were used without further purification.

The synthesis and structure of the ligand - tetramethyl N,N'-
(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-diyl)bis(phosphor-
amidate) were reported by our group earlier.® The ligand
synthesis in the current work was carried out with a slightly
modified procedure (Scheme 1).

Synthesis of Na,L

In order to obtain the desired complexes, we used the sodium
salt of the ligand, which was synthesized according to the
previously described methods.****

Na,L. Yield: 93%; IR (KBr, cm™"): 1630s (¢(C=0)), 1406m
(amide-2), 1202s ((P=0)); 'H NMR (400 MHz, DMSO-ds,
25 °C): 6 = 3.44 ppm (d, J = 11.0 Hz, 12H); CoH;,N,04P,F¢Na,
(M = 498.12). Anal. calc.: C, 21.70; H, 2.43; N, 5.62%. Found: C,
21.72; H, 2.46; N, 5.58%.

The synthesis of the helicates 1-4 was performed according
to Scheme 2.

Synthesis of NEt,[NaLn,L,(H,0)] [Ln = La (1), Nd (2)].
Ln(NO3)3-6H,0 (0.1 mmol) was dissolved in 2-propanol (2.5 ml),
afterwards a dehydrating agent - triethyl orthoformate (0.15 ml,
0.9 mmol) was added to the solution and the latter was heated to
boiling for 1 minute. The obtained solution was cooled to room
temperature, then mixed with the combined solutions of Na,L
(0.100 g, 0.2 mmol) and NEt,ClI (0.008 g, 0.05 mmol) in acetone
(10 ml). The obtained mixture was heated and boiled for a minute,
then cooled to room temperature. After the filtration of NaNO;
and NaCl precipitate, the clear solution was allowed to stand for a
few days to yield colorless (1) and lilac-colored (2) prismatic
crystals of the desired products. The complexes are moderately

NSRS PCls / CCly RS 1) NEt; /CH;0H, 5-10°C ™0 H R o—
H,N NH, _ ~>"~74 _N N, ot O
es-750c  ClP7 ~PCls 2} HC1 / H,0 7R ﬁ N
o FF o o F F o 2 0 o FF ¢ o
HoL

Scheme 1 Synthesis of tetramethyl N,N’-(2,2,3,3,4,4-hexafluoro-1,5-dioxopentane-1,5-diyl)bis(phosphoramidate) (H,L).
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Scheme 2 Synthesis routes of 1-4.

soluble in polar solvents, mainly in methanol, acetonitrile and
acetone.

It is notable that double excess of NEt,Cl does not influence
the final composition of the complex.

NEt [NaLa,L4(H,0)] (1). Yield: 60%; IR (KBr, cm™'): 1621s
(Y(C=0)), 1411m (amide-2), 1159s ({P=—0)); '"H NMR (400 MHz,
DMSO-dg, 25 °C): & = 3.59 ppm (d, J = 11.2 Hz, 48H, 1>7), 3.25 ppm
(q,J = 7.0 Hz, 8H, NEt,"), 1.21 ppm (t, J = 7.0 Hz, 12H, NEt,");
C44H70NgO33PgF, NaLa, (M = 2257.63). Anal. calc.: C, 23.41; H,
3.13; N, 5.58%. Found: C, 23.03; H, 3.08; N, 5.59%.

NEt,[NaNd,L,(H,0)] (2). Yield: 62%; IR (KBr, cm )
1623s ((C=0)), 1410m (amide-2), 1160s ((P=0)); 'H NMR
(400 MHz, DMSO-ds, 25 °C): & = 4.17 ppm (br, 48H, L>7),
3.21 ppm (q, J = 7.1 Hz, 8H, NEt,"), 1.19 ppm (t, J = 7.1 Hz,
12H, NEt,"); C44H7oNgO33PsF,,NaNd, (M = 2268.30). Anal. calc.:
C, 23.30; H, 3.11; N, 5.56%. Found: C, 22.55; H, 3.07; N, 5.51%.

Synthesis of Na[NaLn,L,(H,0)]-2H,O [Ln = La (3), Nd (4)].
The procedure is mainly the same as for NEt,[NaLn,L,], exclud-
ing the use of NEt,Cl. The resulting crystalline products have
color and solubility similar to 1 and 2.

Na[NaLa,L,(H,0)] 2H,0 (3). Yield: 61%; IR (KBr, cm™):
1622s ((C=0)), 1412m (amide-2), 1160s (P=0)); 'H NMR
(400 MHz, DMSO-dg, 25 °C): 6 = 3.53 ppm (d, J = 11.2 Hz, 48H,
L*7). C36Hs4NgO35PsFsNaLa, (M = 2186.43). Anal. calc.: C,
19.78; H, 2.49; N, 5.13%. Found: C, 19.81; H, 2.53; N, 5.09%.

Na[NaNd,L,(H,0)]-2H,0 (4). Yield: 64%; IR (KBr, cm™):
1624s (1(C=0)), 1411m (amide-2), 1161s ((P=0)); '"H NMR
(400 MHz, DMSO-dg, 25 °C): 6 = 3.92 ppm (br, 48H, L*");
C36H54NgO35PgF,,Na,Nd, (M = 2197.09). Anal. calc.: C, 19.68;
H, 2.48; N, 5.10%. Found: C, 19.73; H, 2.50; 5.07%.

X-Ray crystallography

The X-ray diffraction data on 2 were collected and examined on
an Xcalibur 3 diffractometer equipped with CCD sapphire and
graphite-monochromated MoKo radiation (4 = 0.71073 A).
The diffraction data for 3 were collected at 173 K using a Stoe
IPDS-2T diffractometer. For 4, the measurements were per-
formed on a Stoe Stadivari diffractometer with a Dectris Pilatus
300K detector and with an Cu microfocus source (Cu-Ko, 4 =
1.54186 A) at 173 K. Face-indexed numerical absorption correc-
tion using X-RED and X-SHAPE***® was applied. The structures

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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were solved by a direct method and refined against F* using the
full-matrix least-squares method in anisotropic approximation
for all atoms except hydrogen using the SHELXTL software
package.?”*® For the structure of 2, H atoms were located from
the difference maps of electron density and refined by a “riding”
model with U, = 1.2Uq of the carrier non-hydrogen atom.

In case of the complexes 3 and 4, the refinement met severe
problems associated with disorder of the structure components
and possible twinning. A significant residual electron density
peaks near La (Nd) ions indicated contributions from the
second domain. We were not successful to index and integrate
the diffraction data as a two-domain system or to derive the
appropriate twinning scheme. Therefore, La (Nd) ions were
considered as disordered, with partial contribution factors of
0.93, 0.07 (3) and 0.95, 0.05 (4) suggested by the refinement of
thermal parameters. Only major components of the disorder
were then refined anisotropically. More importantly, the inter-
lay of two chemically identical helicate moieties of opposite
chirality resulted in equal disorder of the organic linkage and
either encapsulated or outer Na cations. Refinements in acen-
tric space group P1 did not provide an ordered model, while
preserving all features of the disorder. This was resolved with
partial occupancy factors of 0.5 for all atoms of two unique
ligands and two unique Na ions. With the exception of peri-
pheral C-atoms of methoxy groups, it was possible to refine the
anisotropic model. A set of restraints was applied to improve
the refinement stability. In particular, similarity restraints were
used for thermal motion of some closely separated components
of the disorder as well as for some chemically identical bonds
of P-OCH; fragments. Due to the nature of the disorder, the
hydrogen atoms were not added.

The crystal data and structure refinement for the complexes
2, 3 and 4 are given in Table S1 (ESIT).

Final atomic coordinates, geometrical parameters and
crystallographic data. CCDC 2062595, 2082894 and 2082895.F

Results and discussion
Description of the crystal structures

The single crystals of the complexes were obtained from the
solution in 2-propanol/acetone mixture.

The crystal structure of compound 2 is shown in Fig. 1. The
complex anion [NaNd,L,(H,0)]™ has a structure of quadruple-
stranded helicate, which encapsulates sodium cation and a
molecule of water into the negatively charged environment of
the ligand fluorine and carbonyl oxygen atoms, which can also
be treated as cryptand-like cavity. The water molecule is located
between two neodymium ions lying on helical axis, while the
sodium ion is situated at the periphery of the cryptand-like
cavity, where it is bound to the oxygen atom of the water
molecule, carbonyl oxygen and fluorine atoms of the ligand.
Four bis-carbacylamidophosphate ligands are coordinated to
two crystallographically distinct Nd(m) ions in bidentate-
chelating manner via oxygen atoms of carbonyl and phosphoryl
groups. Oxygen atoms of carbonyl groups act as bridges also
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Fig. 1 Structure of the complex anion [NaNd,L4(H,O)l™ in 2, with the
displacement ellipsoids drawn at the 30% probability level (methyl groups
are omitted for clarity). The light blue line indicates the axis of the complex,
with the O1 atom situated on a center of inversion. The Nal ion is equally
disordered over four inversion-related positions (only one of them is
shown here).

binding the sodium ion. Such a structure allows to assume, that
the sodium cation may act as a template participating in
helicate self-assembly.

The Nd---Nd distance in the complex under study equals
5.703(9) A that is the shortest reported Ln---Ln distance for
quadruple-stranded binuclear lanthanide complexes. The
Nd-O(C) bond lengths are of 2.501(7) A and 2.516(6) A for Nd1
and Nd2, respectively. The Nd-O(P) bond lengths, respectively,
equal 2.429(6) A and 2.433(6) A, thus being shorter than those in
the case of carbonyl oxygen atoms due to the higher affinity of
phosphoryl oxygen to lanthanide ions. The P-O and C-O bond
lengths of the ligand in 2 have greater average values compared to
such of free ligand (d(P-O)jigana = 1.4598(12) A and d(C-O)jigana =
1.202(2) A*®) and are equal 1.461(7) A and 1.22(1) A, respectively.
The average values of P-N and C-N bond lengths of the ligand in
the complex are reduced compared to those in the free ligand
(d(P-N)iigana = 1.6751(14) A and d(C-N)jgana = 1.361(2) A) (Table 1).

According to the data obtained using the SHAPE 2.1
software,*® the coordination polyhedra of Nd(m) ions in 2 could
be interpreted as a distorted square antiprism (Fig. 2).

There are four NEt,[NaNd,L,(H,O)] units per unit cell, where
both Nd(m) ions are homochiral in each helicate. NEt," and
sodium cations are disordered over four positions.

The average value of OPO angle is 108.98°, consequently the
phosphorus atoms surrounding the complex anion have slightly
distorted tetrahedral configuration. The values of essential angles
and bond distances are given in Table 1.

22364 | New J. Chem., 2021, 45, 22361-22368

Continuation of Annex |
NJC

Table 1 Principal bond lengths and angles in the crystal structures of
helicates

Bond length (A)

2 3 4
Ln-O(C) 2.501(7)-2.516(6)  2.557(6)-2.561(12) 2.480(7)-2.487(15)
Ln-O(P) 2.429(6)-2.433(6)  2.435(6)-2.474(5)  2.392(8)-2.440(6)
0-C 1.220(12)-1.222(11) 1.22(2)-1.25(2) 1.28(2)-1.29(3)
P-O 1.444(7)-1.461(7)  1.460(6)-1.481(5)  1.459(10)-1.466(8)
P-N 1.646(10)-1.655(9)  1.613(9)-1.626(9)  1.612(13 ) 1 623(12)
C-N 1.301(13)-1.303(12) 1.334(19)-1.339(16) 1.28(2)-1.30(3)
Angle (°)
O-Ln-O 71.3(2)-71.8(2) 70.2(3)-70.66(17)  71.5(4)-72.0(2)
C-O-Ln 136.9(6)-137.0(6)  137.8(11)-140.0(7) 138.4(15)-138.5(9)
P-O-Ln 135.0(4)-135.7(4)  136.6(3)-137.0(4)  135.0(4)-137.0(6)
O-P-O  104.6(5)-113.4(5)  92.4(7)-124.3(6) 99.4(9)-120.6(7)
O-P-N  103.0(5)-119.9(4)  106.2(4)-120.0(4)  104.8(7)-119.3(5)
C-N-P  120.0(7)-122.3(7)  122.6(10)-124.7(10) 124.2(12)-125.0(12)
O-C-N  130.7(9)-132.3(9)  129.1(14)-129.5(15) 127(2)-128.9(15)

os"

Fig. 2 Polyhedra of Nd1 and Nd2 ions. Twisted square antiprisms (CN = 8).

Unlike the discrete structure of 2, the crystals of 3 and 4
consist of polymer chains formed by oxygen atoms of OCH; and
phosphoryl moieties and outer-sphere sodium cations (Fig. 3 and
Fig. S1, ESIt). The complexes under consideration are hydrates,
since they also contain two molecules of water in their outer-
spheres. Considered water molecules tend to bind the outer-
sphere sodium. The other significant attribute of helicates 3
and 4 lies in the presence of opposite helicity species in the
same unit cell in 1: 1 ratio, which is not likely to the crystals of 2
with one definite helicity. Both lanthanide ions in the helicate
units are crystallographycally equivalent.

Spectroscopic studies

IR spectroscopy. The obtained complexes have very similar
IR spectra (Fig. S3, ESIT). The IR spectra of H,L, Na,L and 2 are
shown in Fig. 4. The spectrum of H,L exhibits N-H stretching
vibration band at 3095 cm™', while in the spectra of the
complexes, as well as Na,L, this band is absent. This fact
indicates the coordination of the ligand to lanthanide ions in
the deprotonated form. The other vibration bands sensitive
towards deprotonation and coordination are C—O, P—0O
stretching vibrations and amide II band. Comparing the
spectra of the complexes to the spectrum of the neutral ligand,
it could be easily noticed that C—=0, P—0 and amide II bands
are bathochromically shifted, compared to such in H,L by
122-125 cm™ ', 68-72 cm™* and 51-53 cm ™, respectively. The
shift of these stretching bands is caused by the bond order
decreasing as a result of ligand deprotonation and coordina-
tion that is in agreement with X-ray data for the complex and
neutral ligand.*?
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Fig. 3 Structure of the complex anion [NalLasL4(H,O)™ in 3, with the
displacement ellipsoids drawn at the 30% probability level. Only one
orientation of the disordered ligands is shown and CHz groups are omitted
for clarity. The blue line indicates the axis of the complex, with the Olw
atom situated on a center of inversion. The Nal ion is equally disordered
over two inversion-related positions (only one of them is shown here).
Symmetry code: (i) —x, —y, —z.

Transmittance

4000 3600 3200 2800 1600 1200 800
Wavenumber (cm™)

400

Fig. 4 IR spectra of the neutral ligand (H,L), its sodium salt (NayL) and
complex 2.

The IR spectrum of complex 2 in region 60-600 cm ' is

shown on the Fig. S2 (ESIf). The bands of Ln-O stretching
modes, OLnO bending modes and chelate ring “breathing”” can
be observed in this region. The chelate rings are characterized
by three types of vibrations: chelate ring breathing, in-plane

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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bending and out-of-plane bending. These modes are observed
in 625-840, 420-540 and 180-395 cm™ ' regions.”**" Some of
these bands are split due to coupling with (Ln-O) and 6(OLnO)
vibrations. The »(Ln-O) stretching vibrations are strongly
coupled with the chelate ring deformations.>® Therefore, the
bands sensitive to changes in the metal could be observed, even
above 400 cm™'. Theoretical calculations for mononuclear
neodymium CAPh-based complexes showed that the (Ln-O)
stretching motions couple with the chelate ring vibrations with
their contribution 10-30%." These bands are observed in the
broad frequency region 630-320 cm™". The bending vibrations
OLnO are observed as broad and middle-intensity bands in the
IR spectrum in the region 50-280 cm.

Based on the previously reported data for CAPh-based
lanthanide complexes®®®" the vibrations in the IR spectrum
of complex 2 at 336, 352, 375, 387, 410, 463, 497 and 552 cm ™"
were assigned to Ln-O stretching modes coupled with the
chelate ring “breathing”. The bands at 270 and 170 cm™* and
their shoulders were assigned to OLnO bending modes coupled
with the chelate ring “breathing”.

"H NMR spectroscopy. When considering the "H NMR spec-
trum of H,L, there could be found two types of signals: one of
them is associated with the protons of four methoxy-groups
and appears in the spectrum as a doublet at 3.74 ppm, the other
one is broadened signal at 11.38 ppm, which corresponds to
NH protons. In the spectra of Na,L and complexes, the signals
of amide protons are absent. The signals of the protons in
methoxy groups in the spectra of Na,L and diamagnetic com-
plexes 1 and 3 are shifted to high field compared to those in
H,L and come out as doublets at 3.44, 3.59 and 3.53 ppm,
respectively. The upfield shift is caused by redistribution of
electron density in the ligand molecule as a consequence of
deprotonation, coordination and m-conjugation in the chelate
cycle. In the spectra of 2 and 4, the signal of protons from
methoxy-groups is downfield shifted to 4.17 and 3.92 ppm,
respectively, due to the paramagnetic nature of Nd(m). For
compounds 1 and 2, the integral intensity ratio of tetraethyl-
ammonium proton signals to ligand proton signals agrees with
X-ray data and confirms the established composition of
complexes.

Photoluminescent properties of complex 2. The NEt,[NaN-
d,L4(H,0)] complex exhibits IR-emissions at 300 and 77 K upon
excitation by the 266 nm-harmonic lines of the Nd:YAG pulsed
laser. The emission spectra are shown in Fig. 5. The narrow
bands at around 900 and 1060 nm were assigned to *Fz, — *Io),
and *F3, — “I11, transitions of Nd(m) ion. When the tempera-
ture decreases from 300 to 77 K, the radiative relaxation
channel of the “F;, level changes. This is evidenced from the
change in the relative intensities of the transitions, in 300 K
I(*Fs2— ‘o) < I(*F3p— “T11p), and in 77 K I(*F3 0 — “Top) >
I(*F3/2— “Li1yo). The integral intensity ratio of *Fs;,— *lo/p/*F3—
1,1/ equals 0.97 at 300 K and 1.3 at 77 K.

In the case of inorganic Nd compounds, due to the relatively
large energy gap between the “Fs;, and I;s;, levels (about
5500 cm™ '), the participation of multi-phonon relaxation in
the depopulation of the *F, level is relatively small and the
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Fig. 5 The emission spectra of the NEt4[NaNd,L,4(H,O)] complex at 300
and 77 K, Adexc = 266 nm.

lifetime of the “F5, level can reach about 150 ps.”® The situation
is different regarding the Nd coordination compounds. Organic
ligands have high-energy vibrations and are effective in quenching
the Nd emission by the so-called multi-phonon quenching
process. This is an extremely effective mechanism for the
non-radiative conversion of the energy of Ln®" electronic states
into molecular group resonant vibrational states. The emission
is quenched as a result of coupling with, for example, high-
energy vibrations of +(OH) of water or 1(CH) of aliphatic groups.
To reduce this quenching process, the CH groups in our ligand
have been partially replaced with CF groups, which are char-
acterized by much lower vibration energy. The lifetime of the
*F;,, emission level spans from 0.1 to about 5 ps for Nd
compounds with organic ligands.”*® A slight extension of
this value is observed in fluorinated coordination compounds
(~25 ps).>* However, in the case of the NEt,[NaNd,L,(H,0)]
complex with the fluorinated ligand, the “F;;, emission lifetime is
very short (2 ps) and is non-exponential, as shown in Fig. 6. The

107 -

log (Emission Intensity) (a.u.)

1.0x10°° 1.5x10°% 2.0x10°

Time (s)

0.0 5.0x10®

Fig. 6 Decay luminescence curve for NEt4[NaNd,L4(H,0)] at 300 K.
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average lifetime was calculated using eqn (1).>” The non-exponential
character of the lifetime is due to the ion-ion energy transfer.
As shown in the crystallographic part, the distance Nd...Nd equals
5.703(9) A. At such close distances between Nd ions, the “F;,
emission quenching occurs through the cross-relaxation process.>®
The cross-relaxation process is possible if there is a neighboring
neodymium ion in the ground state in the vicinity of the excited
Nd(m) ion. The excited Nd(m) ion undergoes the *“Fs, — *Iisn
transition and the adjacent ion undergoes the Iy, — I35,
transition, thus both ions occupy the *I;5, levels. Narrow
energy gaps between levels below the “I5/, state favor multi-
phonon relaxation, and the ions revert to the ground state
along the non-radiative pathway. The cross-relaxation process
is possible due to the coincidence of energy differences between
4}73/2—4115/2 and 419/2—4115/2-

Due to the above-mentioned emission quenching process,
such dimer systems may not be of interest in terms of photo-
physical properties. On the other hand, we have shown that the
Nd-Nd distance allows the non-radiative interionic energy
transfer. Thus, the investigated ligand can be used, e.g., to
design heteronuclear complexes for luminescence thermometry,
showing interionic temperature-dependent energy transfer.

[y d(de

= [ I(r)dt @

Mass spectrometry

The helicate 2 was also characterized by laser desorption/
ionization mass spectrometry. The mass spectrum of 2, recorded
in the negative ionization mode, displays a cluster of peaks
possessing the correct isotopic distribution, which corresponds
to doubly charged anion [Nd,L,]*~ species (Fig. 7). In contrast to
the crystal structure data, the single-charged anion associate
[Nd,L, + Na + H,O]  is not observed. The mass spectra of the rest
of the compounds exhibit similar patterns.

[Nd,LJ*
[L+Na+H] 1047.7
476.1 1047.7
Obs.
1047.9
Simul.
1040 1044 1048 1052 1056 1060 1064
|
400 600 800 1000 1200 1400 1600 1800
m/z

Fig. 7 LDI mass spectrum of 2, with inset depicting the simulated (Simul.)
and observed (Obs.) isotopic pattern.
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Conclusions

The first examples of lanthanide binuclear tetrakis-complexes
based on bis-chelating carbacylamidophosphate were synthe-
sized and characterized.

It was found that the complex anions in the obtained
compounds have a structure of quadruple-stranded helicate,
which encapsulates sodium cation and a molecule of water into
a cryptand-like cavity. Following the trend of CAPh-based
lanthanide mononuclear tetrakis-complexes, complex 2 has a
discrete structure, while crystals of 3 and 4 consist of polymer
chains formed by oxygen atoms of OCH; and phosphoryl moieties
and outer-sphere sodium cations.

The mass spectrum of 2, recorded in the negative ionization
mode, showed the prevailing presence of a doubly-charged
anion [Nd,L,]*>~ in the sample, thus pointing to the instability
of [Nd,L, + Na + H,O] ™ associate during the experiment.

Complex 2 was found to be luminescent in the IR spectral
region with the *F3, emission lifetime equal 2 ps. The bis-
carbacylamidophosphate ligand belongs to the new family of
bis-chelating ligands and can be used to obtain Ln complexes
as model systems for the study of interionic energy transfer as
well as for the design of heteronuclear luminescent lanthanide
materials based on this process.
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ABSTRACT: We report on the fabrication, characterization, and
microthermometry application of high-quality, nanometric thin
films, with thicknesses in the range 20—200 nm, of the molecular
spin-crossover complex [Fe(HB(1,2,3-triazol-1-yl);),]. The films
were obtained by vacuum thermal evaporation and characterized
by X-ray diffraction, UV spectrophotometry, and atomic force
microscopy. The as-deposited films are dense and crystalline with a
preferred [011] orientation of the monoclinic crystal lattice normal
to the substrate surface. The films exhibit a gradual spin conversion
centered at ca. 374 K spanning the 273—473 K temperature range,
irrespective of their thickness. When deposited on a micro-
electronic device, these films can be used to enhance the UV-light

Optical reflectivity change maps

Without SCO

With SCO

Optical
reflectivity
Gold
microwire

thermoreflectance coefficient of reflective surfaces by more than an order of magnitude, allowing for high-sensitivity

thermoreflectance thermal imaging.

KEYWORDS: spin crossover, vacuum thermal evaporation, thin films, thermoreflectance imaging, microthermometry

1. INTRODUCTION

With the continuous advancement of micro- and nano-
technologies, the development of noninvasive thermometry
techniques, capable of measuring and imaging the temperature
at the micro- and nanoscale, is of paramount importance for
various technological fields, such as photonics, microelec-
tronics, and biomedicine."™® The most common, industry
standard, thermal imaging methods rely on optical thermom-
etry techniques, which consist in tracking an optical response
(Planck blackbody emission,'°™"* Raman scattering,4 lumines-
cence,'” or optical reflectivity'*~'”) of the investigated object's
surface to a temperature change.' Importantly, an extension to
these conventional thermo-optical techniques can be provided
by deposition on the investigated surface of temperature-
sensitive materials, such as liquid crystals'® or lumino-
phores,”'>'”~* to enhance the thermally induced optical
contrast of the surface and then the achievable thermal
sensitivity and the accuracy of the temperature measurement.

In this context, molecular spin-crossover (SCO) compounds
constitute an attractive class of thermoresponsive materials.
These transition-metal complexes, which can reversibly switch
between their low-spin (LS) and high-spin (HS) electronic
configurations, exhibit drastic alterations of their optical
properties (absorption coefficient and refractive index) under
the effect of a temperature change.”* > Depending on the

© 2022 American Chemical Society
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crystal packing and/or the strength of the intermolecular
interactions in the material, a variety of thermal SCO behaviors
have been reported, from very gradual conversions over a wide
temperature range to abrupt transitions, with or without
thermal hysteresis loop (memory effect).”’ Interestingly, these
different possible characteristics of the thermal spin transition
enable various thermometric and thermal imaging approaches,
thus providing an appealing scope for thermometry (see Figure
1).”® (N.B. It is worth noting that this type of classification of
thermometry approaches also applies to other classes of phase-
change materials as well, such as liquid crystals.)

As shown in Figure la, and as already demonstrated
experimentally,” a SCO thin film exhibiting a thermal
hysteresis loop can be used to detect ex situ the overshoot of
a certain threshold temperature, thus allowing for thermal
memory application. As the thermally induced optical changes
can be read out a posteriori, the key interest here is that the
temperature distribution can be mapped using slow and high-
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Figure 1. Schematic representation of the thermal evolution of the optical reflectivity of a SCO thin film, showing that different possible
thermometric applications can be envisioned depending on the characteristics of the thermal spin transition of the film: (a) thermal memory
application (transition with thermal hysteresis), (b) real-time binary thermal sensing (abrupt transition without hysteresis), and (c) real-time
continuous thermal sensing (gradual transition without hysteresis). T}, refers to the base (ambient) temperature of the device under study.

resolution imaging methods, such as scanning probe
microscopies,”” to probe fast and spatially localized transient
thermal events, which would be hardly detectable using
conventional, real-time optical methods.

On the contrary, the absence of the thermal hysteresis loop
allows for real-time thermometry. Interestingly, different
applications can be envisioned depending on the abruptness
of the thermal spin transition. For instance, the use of a SCO
film with an abrupt thermal transition (AT < 10 K) allows a
binary detection of the surface temperature because a brusque
change of the optical reflectivity occurs at the transition
temperature, bringing out a well-defined isotherm (Figure 1b).
This approach was recently demonstrated using the SCO
complex [Fe(HB(1,2,4-triazol-1-yl);),] which displays an
abrupt spin transition centered at 337 K.>' A great advantage
of this approach is that real-time contour maps of the surface
temperature distribution can be achieved without any prior
thermal calibration of surface properties. Moreover, we have
shown that this binary thermal detection method can also
afford for high-resolution surface temperature maps, which can
be obtained by scanning the base (ambient) temperature Ty, of
the device under study (controlled with a heating/cooling
stage).”’ However, these surface temperature maps cannot be
acquired in real time (since it requires to scan the base
temperature of the studied device).

Finally, as shown in Figure lc, another method would
consist in using a thin film with a gradual thermal SCO and to
carry out conventional thermoreflectance measurements,
allowing a continuous and real-time monitoring of the absolute
temperature of the surface, provided that a careful thermal
calibration of the optical reflectivity is performed beforehand.
In this case, the main interest of the SCO film would be to
amplify the thermally induced change of the reflectivity of the
surface and then to enhance the achievable thermal sensitivity
(i.e., the thermoreflectance coefficient). To date, however, no
thermoreflectance-based thermal imaging method utilizing
gradual SCO is reported, mainly due to the lack of appropriate
samples. Indeed, for this application, the need arises for high-
quality, dense, homogeneous SCO thin films displaying a fully
reproducible, hysteresis-free, gradual spin conversion above
room temperature, capable of withstanding long-term thermal
cycling and exhibiting an overall large thermally induced
change of optical reflectivity.

In this work, we demonstrate that the molecular SCO
complex [Fe(HB(1,2,3-triazol-1-yl);),], 1 (see molecular and
crystal structures, Figure $1),** fulfills the above-mentioned

conditions and can then be used as an accurate, continuous
surface temperature sensor, probed by optical reflectivity.
Indeed, contrary to its structural isomer [Fe(HB(1,2,4-triazol-
1-yl);),], which was used in a previous work as a binary
temperature sensor,”" the polycrystalline bulk powder of 1
presents a stable, gradual spin transition centered at around
373 K, spanning over a wide temperature range (ca. 320—430
K).?” Here, we show that the complex 1 is sublimable and can
be deposited in the form of high-quality, homogeneous thin
films by vacuum thermal evaporation, in which the SCO
properties are retained. The structural, morphological, and
electronic properties of the films were investigated using
grazing-incidence X-ray diffraction (GIXRD), atomic force
microscopy (AFM), and variable-temperature ultraviolet—
visible (UV—vis) spectrophotometry. For surface thermal
imaging purposes, Joule-heated metallic microwires, fabricated
on top of glass and silicon substrates, were coated with
nanometric films of 1, and their response to local temperature
changes was probed by optical reflectivity.

2. EXPERIMENTAL SECTION

2.1. Thin Film Fabrication and Characterization. Thin films of
1 were obtained by means of thermal evaporation in a PREVAC
thermal deposition system at a base pressure of ca. 9 X 10~ mbar.
The bulk powder of the complex, synthesized as reported in refs 32
and 33, was heated at 210 °C in a quartz crucible and evaporated at a
rate of 0.04 A s™'. The film thickness and the evaporation rate were
followed in situ using a quartz crystal microbalance. The thickness of
the films was verified ex situ by spectral reflectance measurements
(F20, Filmetrics) and by AFM (SmartSPM, Horiba). The films were
deposited onto crystalline silicon (100 orientation) and amorphous
fused silica substrates, which were cleaned beforehand via 5 min
sonication in acetone and ethanol.

The GIXRD experiments were performed in ambient conditions by
means of a PANalytical X’Pert PRO MPD system using Cu Ka
radiation (45 kV and 40 mA) and a parallel-beam configuration. The
incident beam optics consisted of a mirror with a 1/32° divergence
slit. A parallel plate collimator (0.18°) and Soller slits (0.04°) were
mounted on the path of the diffracted beam. An X’Celerator detector
in receiving slit mode was used for X-ray collection. AFM surface
topography analysis was conducted in amplitude-modulation mode at
room temperature using the SmartSPM. The temperature-dependent
absorbance spectra of the thin films were collected at wavelengths
between 200 and 600 nm using a Cary SO (Agilent Technologies)
spectrophotometer and a Linkam FTIR-600 heating—cooling stage.
The sample chamber was purged with dry nitrogen, and spectra were
acquired in the 253—453 K range with a 2 K min™" rate.

2.2. Microthermometry Experiments. Gold microwires (length
1—2 mm, thickness 250 nm, and width 2—16 ym) were patterned on
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Figure 2. Crystallinity of the films. (a) XRD patterns of nanocrystalline thin films of 1 with various thicknesses, deposited on Si substrates. The
inset shows the XRD pattern of the microcrystalline powder of 1. (b) Intensity of the 011 reflection as a function of the film thickness. (c) Average
size of the crystalline domains (calculated for the 011 reflection using the Scherrer method) as a function of the film thickness.

Figure 3. Morphology of the films. Representative AFM topography images of films of 1 with different thicknesses (23, 113, and 236 nm)

deposited on silicon substrates. The scan size is 5 X 5 um?.

glass and thermally oxidized silicon substrates by a photolithography

293L3% The substrates (and the micro-

method, as reported earlier.
wires) were then coated with a 120 nm thick film of 1 by vacuum
thermal evaporation. The SCO-coated chip was connected to a

1
and

sourcemeter (Keithley 2611A) via an eight-track connector’
mounted on a variable-temperature microscope stage (Linkam
Scientific Instruments, LTS120) to control the base temperature
(Ty) of the entire circuit. The microwire electrical characterizations
and operation were performed by applying current and not voltage
bias to guarantee a reproducible Joule heating. Optical reflectivity
images were recorded at 4 = 310 nm (LED source) and 4 = 452 nm
(halogen lamp with a spectral range reduced by a band-pass filter)
using a custom-made optical microscope (compatible with UV light)
equipped with a XS magnification objective (numerical aperture, NA
=0.12) and a CCD camera (Andor Technology Clara, 1392 X 1040

pixels of 6.45 pm size).

52142

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of [Fe(HB(1,2,3-
Triazol-1-yl);5),] Films. Thin films of 1 were deposited by
vacuum thermal evaporation with thicknesses in the 20—200
nm range. The X-ray diffraction patterns of the films reveal an
intense peak at 20 = 12.15° (Figure 2a) which points to
crystallinity and preferential crystallographic orientation of the
as-deposited films. Figure 2a also shows the diffraction pattern
of the microcrystalline bulk powder, which displays a similar
peak at 26 = 12.09°. In the simulated PXRD pattern of 1°” this
peak corresponds to the 011 reflection. We can thus suggest
that crystallites in the films grow preferentially with the [011]
direction of the monoclinic unit cell normal to the substrate
surface. This observation was systematically confirmed,
irrespective of the substrate material (silicon or fused silica)
and the film thickness. The diffractograms did not undergo
significant changes upon long-term storage (months) of the
films in ambient conditions. It is interesting to note here that
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Figure 4. SCO properties of the films. (a) Optical absorbance spectra of a 175 nm thick film of 1 on fused silica substrate, acquired at selected
temperatures. (b) Temperature dependence of the absorbance at 336 nm of the same 175 nm film upon eight heating—cooling cycles between 253
and 453 K. (c) Thermal variation of the absorbance at 336 nm for a 79, 120, and 147 nm thick film of 1 upon heating—cooling cycles between 253
and 453 K. (d) Thermal variation of the optical absorbance at 336 nm for a 79 nm thick film of 1 upon three heating—cooling cycles from 303 to

373 K.

the complex [Fe(HB(1,2,4-triazol-1-yl);),], which is the
structural isomer of 1, forms an amorphous film upon vacuum
thermal deposition, and only a subsequent solvent vapor
annealing affords for the formation of a textured crystalline
film.>> The 011 diffraction peak intensity of the as-deposited
films of 1 correlates with the thickness, indicating a similar
degree of crystallinity and texture for each film in the
investigated thickness range (Figure 2b). From the width of
the 011 diffraction peak, the average size of the coherent
crystalline domains can be calculated using the Scherrer
equation.”® As for the absolute values, care must be taken
because the peak widths were corrected for instrument
broadening but not for other possible effects, such as
microstrain. Nevertheless, the tendency shown in Figure 2¢
clearly evidences that the size of the crystalline domains grows
steadily with the film thickness.

Representative AFM surface topography data of films of 1
with different thicknesses, deposited on fused silica substrates,
are shown in Figure 3. The nanocrystalline surface morphology
of the films is obvious with roughness average (Ra) values
typically between 7 and 11 nm. The particle morphology does
not substantially depend on the film thickness or the nature of
the substrate (see Figure S2), but one can notice a more dense
packing in the thicker films.

To investigate the SCO properties in the thin films of 1,
variable-temperature UV—vis spectrophotometry measure-
ments were conducted over three to eight heating—cooling
cycles between 253 and 453 at a 2 K min~' rate. The

52143

measurements were performed for the films deposited on
transparent fused silica substrates. The room-temperature
absorbance spectra of the films display three absorption

bands with maxima at 208, 275, and 336 nm (Figure 4a). The

absorbance level of these bands decreases upon heating, while
a fourth band appears at 230 nm and exhibits higher
absorbance at high temperatures (Figure 4a). As a result, the

variable temperature spectra are characterized by two

isosbestic points at ca. 220 and 260 nm. Taking into account
the high absorption coeflicients associated with these peaks, we
can safely assign them to charge transfer (metal-to-ligand and/
or ligand-to-metal) transitions.

We use the thermal evolution of the highest intensity
absorption band at 336 nm to follow the occurrence of a spin-
state change in the films. Typical transition curves, displayed in
Figure 4b, reveal a very gradual spin conversion between the
LS and HS states, similar to the one observed in the bulk
powder.”” The transition temperature is centered around 374
+ 2 K, independently of the film thickness (Figure 4c). The
transition is virtually complete at 273 K (pure LS state),
whereas a residual LS fraction of ca. 5—10% is still observed at
453 K. (N.B. Heating above ca. 453 K leads to the degradation
of the films.) A notable, unusual characteristic of the SCO in
the films of 1 is the occurrence of a thermal hysteresis, which is
not expected for such a gradual spin conversion. At the first
heating—cooling cycle this thermal hysteresis loop is usually
broad reaching up to 35 K in width, while on further cycling it
narrows down to ca. 7 K. Importantly, we found, however, that
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Figure S. Thermal calibrations of the optical reflectivity. (a) Thermal evolution of the relative optical reflectivity change, AR/R = (R — Ryg¢)/
R,osx (top panel), and of the corresponding thermoreflectance coefficient, k = d(AR/R)/dT (bottom panel), measured at A = 310 nm on SCO-
coated and uncoated surfaces of gold, silicon, and glass. (b) Thermal evolution of the relative optical reflectivity change, AR/R (top panel), and of
the corresponding thermoreflectance coefficient, k (bottom panel), measured at A = 452 nm on SCO-coated and uncoated surfaces of gold, silicon,

and glass. For each measurement, the surface was heated from 298 to 373 K at a temperature scan rate of 2 K min™".

1

reducing the thermal cycling span leads to a narrowing of the
hysteresis loop. Indeed, reducing the end temperature from
453 to 393 K results in a 4 K wide hysteresis loop, whereas the
thermal hysteresis can be completely removed by limiting the
heating of the sample to 373 K, leading to perfectly reversible
and reproducible spin-transition curves (Figures 4d and S3).
To summarize the somewhat unusual SCO properties of the
vacuum-deposited films of 1, we can say that they display a
very gradual spin conversion between ca. 273 and 473 K,
similar to that of the bulk powder. Up to ca. 373 K (i.e., the
half-transition), the SCO is perfectly reversible, without any
thermal hysteresis, thus providing scope for real-time
thermometry applications. However, when heating above this
temperature, a more and more broad thermal hysteresis loop
opens. This hysteresis obviously does not refer to the usually
encountered cooperative phenomena in SCO materials.
Instead, it is likely an indication of small, irreversible changes
in the material when cycling at high temperature. Because of
this phenomenon, accurate thermal sensing is not possible in
the full 373—453 K range, but still it is possible to acquire
thermal images. Finally, above ca. 453 K, the films start to
degrade, presumably due to the sublimation of the molecules.
At present, we have no unequivocal explanation for the
opening of the thermal hysteresis loop above 373 K.
Preliminary AFM and GIXRD data acquired on samples
cycled at high temperatures reveal the existence of structural

52144

changes in the films as well as a visible modification of their
surface morphology (see Figure S4), but further work will be
necessary to reach a clear-cut conclusion.

3.2. Microthermometry Application of [Fe(HB(1,2,3-
Triazol-1-yl);),] Films. Taking advantage of the above-
mentioned properties, we have undertaken experiments to
explore the use of thin films of 1 as a temperature sensor,
probed by optical reflectivity, for mapping and measuring the
surface temperature through thermoreflectance thermal
imaging. Indeed, the role of the SCO film is to enhance the
thermoreflectance properties of surfaces in a broad temper-
ature range—especially in the UV spectral domain where a
drastic change of the optical absorbance occurs when switching
between the LS and HS states; the improved thermoreflectance
involving an increased thermally induced change in optical
reflectivity and therefore a greater thermal sensitivity for
measuring the surface temperature.

Figure Sa (top panels) shows the thermal evolution of
optical reflectivity, AR/R = (R — Ryogx)/Ryosi; at 4 = 310 nm
(close to the maximum absorbance wavelength) on SCO-
coated (120 nm) and uncoated gold, silicon, and glass surfaces.
Remarkably, the presence of the SCO layer significantly
enhances the thermoreflectance properties of surfaces,
providing a relative change of the reflectivity by +29.4%,
+10.4%, and —2.4% on silicon, gold, and glass surfaces,
respectively, in the temperature range between 298 and 373 K.
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Figure 6. Thermal sensitivity improvement. (a) Optical reflectivity R image of a Joule-heated gold microwire (2 mm long and 16 ym wide) on top
of a glass substrate. (b) Scheme of the experimental setup. (c) Relative change of optical reflectivity (4 = 310 nm), AR/R = (Rox — Ropr)/Rorr
following the application of an electrical current of 65 mA in the wire, for (left) an SCO-coated surface and (right) an uncoated surface. In both
cases, the base temperature T, of the chip was maintained at 298 K. The scale bars are 100 ym.

By comparison, on uncoated surfaces, these relative changes
(ordinary thermoreflectance) remain moderate: +0.9% on
silicon and gold surfaces and —1.1% on glass. The observed
changes are much greater on silicon (and to a lesser extent on
gold), which is a reflective surface in the UV range (compared
to glass). On these surfaces, the optical reflectivity is found to
increase with temperature (AR/R > 0), which is compatible
with a progressive reduction of the absorbance of the SCO film
at this wavelength upon the spin transition. Figure Sa (bottom
panels) depicts the thermal evolution of the corresponding
thermoreflectance coefficient (k), defined as k = d(AR/R)/dT,
on the various investigated surfaces (4 = 310 nm). While « is
virtually constant for uncoated surfaces in the temperature
range 298—373 K, x = +0.013% K!, +0.012% K', and
—0.014% K™! for silicon, gold, and glass surfaces, respectively,
the thermoreflectance coefficient is not constant on SCO-
coated surfaces due to the spin-transition phenomenon. On
SCO-coated silicon, x varies from 0.085% K™! at 298 K to
0.77% K™' at 373 K. In other words, the thermoreflectance
coefficient (i.e., the thermal sensitivity) is multiplied by 6.5 at
298 K up to a factor of 59 at 373 K due to the presence of the
SCO layer. On gold, k changes from 0.078% K" to 0.26% K™
when heating from 298 to 373 K, which corresponds to an
increase of the thermoreflectance coefficient by a factor of 6.5
and 22 at 298 and 373 K, respectively, compared to the
pristine gold surface. Finally, the effect is less advantageous on
transparent glass substrates where k changes from —0.050%
K™ to —0.009% K" when heating from 298 to 373 K, which
means that the thermal sensitivity is increased by a factor 3.6
(in absolute value) at 298 K but becomes lower than the
ordinary thermoreflectance at high temperature. One should
note here that further enhancements of the thermoreflectance
coefficient can be anticipated, for instance, by using a light
source matching the wavelength of maximum absorbance (336
nm) and/or by increasing the thickness of the SCO film.
However, in both cases, the price to pay would be an
increasing disturbance of the surface temperature caused by
the presence of the SCO film (i.e.,, increased invasiveness),
which is particularly detrimental for fast (<ms) temperature
monitoring. As with the optical absorbance measurements, it
should be noted that no notable difference is observed in these
thermal calibration curves between heating and cooling modes
(see Figure SS), which signifies that the performance of the
SCO film, in terms of thermal change of the optical reflectivity,
is fully reversible in the temperature range 298—373 K.
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Interestingly, as shown in Figure S5b, only a slight
improvement of the thermoreflectance properties is evidenced
on the SCO-coated surfaces in the visible range (4 = 452 nm),
i.e, in a spectral domain out of the SCO-dependent absorption
band of the film. This result indicates that most of the change
of the optical reflectivity along the spin transition arises from
the variation of the absorption properties of the film rather
than a simple change of the refractive index. On the whole,
these measurements show that the presence of the SCO thin
film entails a substantial increase of the thermoreflectance
properties in the UV range by more than 1 order of magnitude
compared to the ordinary thermoreflectance, especially on
reflective surfaces like gold or silicon, which consequently
implies a sizable enhancement of the sensitivity (in terms of
optical reflectivity signal) to any change of the surface
temperature.

To investigate the potential of this SCO thin film in terms of
thermoreflectance thermal imaging, we fabricated a variety of
Joule-heated gold microwires (length 1—2 mm, thickness 250
nm) on top of glass and oxidized silicon chips by means of
photolithography (see Figure 6a). The surface of the chips was
then entirely covered with a 120 nm thick film of 1. Note that
due to its insulating nature, the presence of the molecular films
of 1 on the surface is not invasive and does not perturb the
electrical performance of the device.

Optical reflectivity images (4 = 310 nm) of a SCO-coated
microwire (length 2 mm, width 16 ym) on a glass substrate
were acquired by optical microscopy at T = 298 K (see Figure
6b), in both ON (I # 0) and OFF (I = 0) states of the heating
device. Figure 6¢ (left) shows a map of the relative change of
optical reflectivity, AR/R = (Rony — Ropr)/Ropy, following the
application of an electrical current of 65 mA in the wire. A
strong increase of the optical reflectivity is observed on the
wire and, to a lesser extent, on the electrode. On the glass
substrate, in the immediate vicinity of the wire, a slight
decrease of the reflectivity is also observed, which is
compatible with an increase of the temperature following the
application of the electrical current. (As indicated in Figure Sa,
we recall that the optical reflectivity increases/decreases on
gold/glass surface following a temperature rise.) For
comparison, the same experiment was performed with an
identical microwire on an uncoated, pristine chip. As shown in
Figure 6¢ (right), the variation of optical reflectivity associated
with the application of the same electrical current (65 mA) is
considerably lower than that observed for the SCO-coated
surface, which demonstrates the substantial gain provided by
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Figure 7. Quantitative microthermometry. Temperature maps of a SCO-coated, 16 ym wide gold microwire on top of a glass substrate for various
applied electrical currents ranging from 45 to 65 mA (T}, = 298 K). The maps are deduced from the optical reflectivity (4 = 310 nm) images, AR/R
= (Ron — Rorr)/Rog, of the SCO-coated surface. The pixel size of the temperature maps is 2.6 X 2.6 um?”. The scale bar is 100 gm.
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Figure 8. Comparison with electrical resistance measurements. (a) Variation of the electrical resistance Ry, of the microwire, measured at low-bias
current (S mA), as a function of the base temperature (T},) of the substrate, controlled with a variable-temperature stage. The linear temperature
coefficient of the wire is @ = 3.84 X 1072 Q K", (b) Average temperature of the Joule-heated wire, T, for various applied electrical currents
ranging from 45 to 65 mA (T}, = 298 K), inferred from SCO-based thermoreflectance thermal imaging (open squares) and from electrical resistance
measurements (filled circles). The red dotted line indicates the typical quadratic evolution of the resistance (and thus of the wire temperature) with

the applied electrical current.

the thermosensitive SCO layer in terms of thermoreflectance
properties and, therefore, in terms of thermal sensitivity.
Taking advantage of this enhanced thermal sensitivity, we
were able to deduce accurate temperature maps of the Joule-
heated microwires. Indeed, on the basis of thermal calibration
curves of the optical reflectivity shown in Figure Sa, the
reflectivity (AR/R) map measured in Figure 6¢ (left) can be
easily transformed into a temperature map, by simply
converting the measured value of AR/R, on each pixel of the
image, into a temperature value. As shown in Figure 7, this
procedure allowed us to map the temperature field of the
surface with a micrometric spatial resolution for different
values of the applied electrical current. As expected, these
temperature maps show that the heating is mainly localized on
the gold microwire, while a progressive diffusion of heat is also
observed into the substrate and the metallic electrode when
increasing the electrical current, as already reported in our
previous study.”’ (N.B. However, it should be noted that the
temperature gradients observed on the surrounding glass
substrate are less marked than in our previous study’' mainly
because of the use, in the present work, of wider Joule-heating
wires (16 pm wide instead of 1 ym wide) which generate less
pronounced thermal gradients.) From these temperature maps,
we can deduce an average temperature of the Joule-heated
microwire T, of 315.9, 320.0, 325.4, 329.9, and 336.6 K for
an applied current of 45, 50, S5, 60, and 65 mA, respectively.
These values are reported in Figure 8b (open squares).
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To validate the results obtained with our SCO-based
thermometry technique, we also determined the average
temperature of the Joule-heated microwire by measuring its
electrical resistance. Indeed, the thermal variation induced by
the applied current generates a change of electrical resistance
ARg, proportional to the mean temperature rise of the wire:
ARy = aAT,,.. To determine the value of @, a thermal
calibration of the resistance of the microwire was performed by
measuring the evolution of Ry at low-bias current (S mA) for
various base temperatures (T,) of the chip. A linear
dependence is observed, giving a value of @ = 3.84 X 107>
Q K' (Figure 8a). Therefore, in the course of the
thermoreflectance measurements, the resistance was simulta-
neously measured for each value of the applied electrical
current, providing a reliable comparative means to monitor in
real time the actual average temperature T, of the Joule-
heated wire. Figure 8b summarizes the values of T, obtained
from the two methods for the different applied electrical
currents bias, the chip being kept at room temperature (T}, =
298 K). As shown in Figure 8b, and as expected, the
temperature of the wire increases with the current following a
typical quadratic evolution (Joule effect). Importantly, we
notice that the temperature values obtained from these two
techniques are in very good agreement, the observed relative
difference being typically 2—5% and always lower than 2 K.

On the whole, these data demonstrate the possibility of
using SCO thin films of 1 for imaging the surface temperature
at the micrometric scale with a thermal accuracy of the order of
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~1 K (using a simple CCD-based optical detection) by taking
advantage of a ca. 1 order of magnitude enhancement of the
UV-light thermoreflectance coeflicient brought into by the
presence of the SCO layer. We have not investigated the
ultimate spatial and temporal resolution of our SCO-based
thermometer, which would require more sophisticated equip-
ment, but the enhanced thermoreflectance coefficient is
obviously a key asset in this context. Furthermore, the fact
that the films operate in the UV spectral range is clearly
advantageous for imaging submicrometer features. For
example, a powerful NA = 0.9 microscope objective could
provide a 0.35 ym spot imaging at a wavelength of 310 nm. As
for the temporal resolution, the limiting factor is the heat
diffusion rate in the film, the molecular SCO phenomenon
being intrinsically faster.”” Indeed, due to their low thermal
diffusivity, the thermalization process of such SCO films is
completed in ~1 us,”” which thus defines the accessible
temporal resolution of our surface thermometer. Experiments
on similar molecular films indicate that a 100 nm thick film of
1 could potentially afford for temFerature measurements down
to the microseconds time scale.’

Overall, the thermometric characteristics demonstrated in
the present work are virtually comparable to those obtained
with the compound [Fe(HB(1,2,4-triazol-1-yl);),],”" in terms
of accessible thermal, spatial, and temporal resolution.
However, it is worth emphasizing that the thermometric
approaches used in these two cases are totally different, each
having their advantages and disadvantages. The use of
[Fe(HB(1,2,4-triazol-1-yl);),] (abrupt spin transition) allowed
for a binary detection of the surface temperature, working on
any surface without the need of thermal calibration procedure
of the optical reflectivity. However, in this case, surface
temperature maps could not be acquired in real time.
Conversely, in this work, we show that the use of compound
1 allows for real-time thermal imaging, based on a prior
thermal calibration of the optical reflectivity. However, as the
enhancement of the thermoreflectance coefficient induced by
the SCO film is surface dependent, this thermometry method
is not equally effective on all surfaces.

4. CONCLUSIONS

We have fabricated and characterized the structural, morpho-
logical, and spin-transition properties of vacuum-deposited thin
films (20—200 nm) of the molecular SCO complex [Fe(HB-
(1,2,3-triazol-1-y1);),]. These dense, textured, nanocrystalline
films are shown to maintain a gradual spin conversion between
ca. 273 and 473 K, as observed for the bulk powder of this
compound. To our best knowledge, this is only the third SCO
film, fabricated by thermal evaporation, which displays above-
room-temperature SCO and the first that fulfills requirements
for real-time thermal imaging applications on a wide
temperature range. We demonstrate that the very gradual
spin-state conversion in these films affords for a novel,
quantitative, microthermometry approach, wherein the SCO
film is used to enhance, in some cases by more than 1 order of
magnitude, the UV-light thermoreflectance coeflicient of the
coated surface. We show that the key property for this thermal
sensitivity gain is the pronounced change of the UV
absorbance of the films upon the spin transition.

This work extends the limited portfolio of SCO compounds
for demanding microthermometry applications and highlights
once again the technological interest of this family of stimuli-
responsive molecular materials. Yet, it remains crucial to

develop further high-quality thin films and other micro—nano
objects of SCO materials displaying robust, near-room-
temperature SCO combined with the desired (optical,
electrical, and mechanical) functionalities.**™*!
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