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Résumé en français 

Introduction Générale 

Durant les années 80, une grande attention a été portée vers le développement de nouvelles 

méthodes plus efficaces de génération d’énergie et de lumière, dû à la menace toujours plus 

pressante du réchauffement climatique. Les matériaux luminescents sont parmi les plus 

impactés par ces développements car ces derniers étaient alors basés sur des technologies très 

consommatrices en énergie. C’est dans ces années que les premières Organic Light Emitting 

Diodes (OLEDs) virent le jour, permettant une génération beaucoup plus efficace en énergie 

comparativement par exemple aux bulbes incandescents et tubes fluorescents alors en 

utilisation.1 

Ces technologies efficaces ont été basés initialement sur l’utilisation de matériaux construits 

autour de ligands -conjugués et d’ions de métaux lourds comme Pt(II), Au(I), Ir(III), Os(II)... 

Ces ions métalliques sont rares et couteux, entrainant des tensions entre pays en terme d’accès 

à ces ressources stratégiques (Figure 1). De plus, ces ressources métalliques sont déjà utilisées 

dans des industries très demandeuses comme par exemple les pots catalytiques pour la réduction 

de la nocivité des gaz d’échappements des automobiles. 

 

Figure 1 : Distribution en pourcentage massique d’une sélection d’éléments dans la croûte terrestre. L’or, 

l’argent et le cuivre sont surlignés en orange, les terres rares en bleu et les métaux lourds en violet. Données 

obtenues depuis les références2,3,4. 
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Ce coût et cette rareté ont mené à la recherche de moyens d’utiliser des éléments plus abondants 

dans la croûte terrestre, tel que le fer ou le cuivre. Les travaux présentés dans cette thèse 

s’inscrivent dans l’optique du développement de matériaux luminescent efficaces basés sur 

l’utilisation de l’ion Cu(I). 

L’ion Cu(I) présente un intérêt particulier pour les applications luminescentes dû à sa 

configuration électronique 3d10, empêchant la présence de chemins de relaxation non-radiatif 

dus à des transition d-d centrées sur le métal. Cette configuration permet à l’ion Cu(I) d’être un 

élément abondant sur lequel sont basés un grand nombre de matériaux luminescents.5 

Cette attractivité de l’ion Cu(I) est renforcée par la possibilité offerte de voir plusieurs types de 

processus de relaxation radiatif présent dans les complexes obtenus. Parmi ces processus, la 

fluorescence retardée thermiquement ou le Thermally Activated Delayed Fluorescence (TADF) 

a été l’objet dans les dernières décennies d’une forte attention. D’abord découvert dans l’eosin-

Y en 19616, ce mécanisme permet en théorie la récupération potentielle de l’intégralité des 

électrons excités pour l’émission de lumière de par la présence d’un mécanisme de Reverse 

Intersystem Crossing (RISC) entrainant, à haute température, la population du premier état 

singulet depuis le premier état triplet. Un complexe présentant ce mécanisme de TADF possède 

généralement un important rendement quantique d’émission à température ambiante. 

Cependant, l’écart entre les états excités pour que ce mécanisme puisse avoir lieu doit être assez 

faible, de l’ordre de 1 000 cm-1 (0.12 eV), ce qui nécessite l’utilisation de concepts de synthèse 

permettant le design de complexes répondants à ce critère. 

Parallèle à ces développements, un travail sur l’obtention de complexes luminescents efficaces 

basés sur l’ion Cu(I) a eu lieu. En effet, l’ion Cu(I) peut accommoder un certain nombre de 

sphères de coordination, notamment linéaire, trigonale et tétraédrique, et cette sphère de 

coordination est de plus considérée comme étant très labile et flexible. Ces éléments, en plus 

du caractère peu directionnel de la liaison entre le ligand et l’ion Cu(I), rendent la synthèse de 

complexes intéressants difficiles. 

Une approche explorée dans les années récentes consiste à utiliser des ligands possédants une 

géométrie spécifique qui apporteraient une limite contrôlée à la flexibilité de la sphère de 

coordination de l’ion Cu(I).  
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Résultats Obtenus 

C’est dans cette optique qu’a été développé en 2016 dans notre groupe, un métallacycle 

tétramétallique basé sur l’ion Cu(I) et constitué de deux unités bimétalliques [Cu2(µ2-dppm)2]
2+ 

reliées entre-elles par deux ligands cyanure (Figure 2). 

 

Figure 2 : Schéma de synthèse entre les unités bimétalliques [Cu2(µ2-dppm2)(CH3CN)4]2+ et le cyanure de 

potassium. Structure moléculaire obtenue par diffraction des rayons X sur monocristal du composé A. Les 

atomes d’hydrogène, molécules de solvant et les contre-ions PF6
- sont omis pour clarté. 

 

Dans ce métallacycle, désigné A, les ions Cu(I) ont une sphère de coordination planaire 

trigonale distordue, différentes de la sphère de coordination tétraédrique adoptée par les unités 

bimétalliques avant réaction avec le ligand cyanure. Ce changement de sphère de coordination 

est accompagné d’un raccourcissement de la distance intermétallique entre les ions Cu(I) qui 

n’est plus que de l’ordre de 2.87 Å, se trouvant alors dans la plage de distances communément 

acceptées comme permettant la présence d’interactions cuprophiles. 

Ce composé A présente une forte luminescence à l’état solide sous lumière UV avec l’émission 

d’une lumière perçue à l’œil comme étant bleue (ex = 365 nm). Cette luminescence est 

caractérisée par une large bande dans le spectre d’émission à l’état solide et à température 

ambiante, centrée à 457 nm. Le métallacyle A présente un caractère bathochrome de son 

émission avec un décalage vers le rouge lors du refroidissement, et une émission caractérisée 

par une large bande centrée à 485 nm dans son spectre d’émission à 80 K. L’étude de la variation 

du temps de vie de l’état excité en fonction de la température de A a permis mettre en lumière 
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la présence du mécanisme de TADF, associé avec un fort rendement quantique en émission 

observé à l’état solide et à température ambiante de 72 %. 

Ce métallacycle tétramétallique A a été utilisé en tant que précurseur pour l’obtention de 

nouveaux matériaux luminescents et sa réaction avec différents ligands polytopiques à 

terminaison 3- ou 4-pyridyle a été étudiée. La réaction avec ces ligands polytopiques, désignés 

Bn, a permis l’obtention systèmatique de monocristaux et la structure moléculaire des 

complexes ainsi obtenus a été étudiée par diffraction des rayons X sur monocristaux. Cette 

étude a permis de révéler que les complexes ainsi obtenus de part la réaction entre le précurseur 

A et les ligands Bn sont des polymères de coordination monodimensionels. Ces polymères Cn 

consistent en une alternance entre les métallacycles tétramétalliques du précurseur A et du 

ligand Bn utilisés lors de la synthèse. Un des ions Cu(I) des unités bimétalliques du métallacycle 

est coordiné à l’atome d’azote d’un des sites pyridine du ligand. Cela entraine un changement 

de la sphère de coordination de cet ion Cu(I), de trigonal planaire distordue à tétraédrique. Une 

situation où les ions Cu(I) des unités bimétalliques du précurseur A possèdent des sphères de 

coordination différentes est alors observée. Avec ce changement de sphère de coordination, la 

distance intermétallique au sein des unités bimétalliques est nettement augmentée, avec une 

moyenne de 3.2 Å pour la série Cn, excluant ainsi la possibilité d’interactions cuprophiles 

(Figure 3). 

 

Figure 3 : Stucture moléculaire obtenue par diffraction des rayons X sur monocristaux du polymère C3. Les 

atomes d’hydrogène, molécules de solvant et les contre-ions PF6
- sont omis pour clarté. 

 

Les polymères de coordination Cn ont été caractérisés par spectroscopie infrarouge en 

particulier en considérant la bande de vibration du fragment cyanure, présente à 2117 cm-1 dans 

le précurseur A, et où un décalage vers les plus petits nombres d’ondes dans les polymères Cn, 

entre 2105 et 2088 cm-1 pour cette bande est observé. 



11 

 

Les polymères Cn se présentent comme des poudres polycrystallines luminescentes à l’état 

solide et à température ambiante, avec des lumières d’émission sous excitation UV perçues à 

l’oeil comme parcourant le spectre lumineux, du bleu au rouge (Figure 4). 

 

Figure 4 : Photographie sous lumière visible (haut) et lumière UV (bas) (ex = 365 nm) des polymères de 

coordination Cn obtenus. 

 

Cette luminescence est caractérisée à l’état solide et à température ambiante par la présence 

d’une large bande dans le spectre d’émission des polymères C1-C3 et C6. Le polymère C5 est 

très peu émissif à température ambiante tandis que les polymères C4 et C7 présentent une sous-

structure vibronique de leurs spectres d’émissions. L’analyse de la variation thermique des 

spectres d’émissions des polymères Cn révéle une grande variété dans les propriétés 

photophysiques de ces polymères : la présence de bathochromisme dans le spectre d’émission 

lors du refroidissement est observée pour certains polymères tandis que d’autres ont un 

comportement hypsochrome, et enfin certains ne présentent pas de déplacement de leur spectre 

de luminescence lors du refroidissement. La variation thermique du temps de vie de l’état excité 

des polymères Cn présente aussi une grande diversité dans les comportements de ces polymères, 

certains allants jusqu’à plusieurs centaines de millisecondes, tandis que d’autres ne dépassent 

pas la dizaine de microsecondes. 

Enfin, l’étude du rendement quantique à température ambiante à l’état solide des polymères Cn 

révéle ici aussi une grande variation dans la série, avec des valeurs qui vont de 50 % pour les 

plus émissifs, à seulement quelques pourcents pour d’autres et moins de 1 % pour le polymère 

C5. Ces études montrent la grande variété de chemins de relaxation radiatifs présents dans les 
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polymères Cn. Une analyse de ces propriétés assigne aux polymères C1 et C2 un caractère de 

phosphorescence 3MLCT, tandis que les polymères C4, C5 et C7 présentent quant à eux un 

caractère de phosphorescence centrée sur le ligand connecteur perturbée par la coordination sur 

le le métal de part leur faible valeur de taux de ralaxation radiatif et de la présence d’une forte 

sous-structure vibronique observée dans les spectres d’émission. Enfin, les polymères C3 et C6 

semblent conserver le comportement TADF du précurseur A, fait étayé par l’allure sigmoïdale 

de leur courbe de variation du temps de vie de l’état excité ainsi que de leur taux de relaxation 

radiatif élevés. Il est cependant encore difficile de se prononcer avec certitude et des mesures 

suplémentaires en température, accompagnées par des calculs TD-DFT demeurent nécessaires 

pour trancher. 

La stabilité thermique des polymères Cn a été étudiée, d’abord avec des mesures d’ATG-ATD 

jusqu’à 950 °C. Cette mesure révéle que les polymères Cn sont stables thermiquement jusqu’à 

350 °C, une fois cette température atteinte, une décomposition du composé est observée. 

Cette mesure révéle aussi la présence d’un pic exothermique dans les polymères Cn, à une 

température d’environ 200 °C. Pour analyser en profondeur cet événement, une mesure ATG-

ATD jusqu’à 270 °C avec une mesure du retour à température ambiante est effectuée (Figure 

5). 

 

Figure 5 : Mesure ATG-ATD du polymère C6 jusqu’à 270 °C, avec mesure du retour à température ambiante. 
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Cette nouvelle mesure révéle effectivement la présence d’un pic exothermique dans la courbe 

ATD des polymères Cn, non présente lors du retour à température ambiante, indiquant qu’un 

événement irréversible a eu lieu à une température de ca. 200 °C. Ce pic exothermique est 

accompagné dans plusieurs polymères par l’observation d’une perte de masse simultanée ou 

ayant lieu immédiatement après ce pic exothermique. 

Après cette mesure, une fois les échantillons revenus à température ambiante, et parce que les 

polymères Cn n’ont pas subis de décomposition, une évolution inattendue a pu être observée. 

En effet, les polymères Cn ainsi chauffés, désignés Cn’, présentent sous lumière UV à l’état 

solide, l’émission d’une lumière perçue à l’oeil comme étant bleue, très similaire à la lumière 

émise par le précurseur A (Figure 6) et très différente de celle présentée par les polymères 

initiaux Cn. 

 

Figure 6 : Photographie sous lumière visible (haut) et lumière UV (bas) des phases transitées thermiquement Cn’ 

ainsi que du précurseur transité A’ (ex = 365 nm). 

 

Ces phases transitées Cn’ ont été caractérisées par spectroscopie infrarouge, révélant un 

déplacement de la bande de vibration associée au fragment cyanure, maintenant située à 2127 

cm-1 pour la totalité de la série. Une étude themique similaire, suivie d’une spectroscopie 

infrarouge sur le précurseur A révéle que ce dernier subit une transition à 233 °C, avec la 

présence dans la courbe ATD d’un pic exothermique, et un déplacement de la bande de 

vibration du fragment cyanure à 2127 cm-1, à comparer à la valeur de 2117 cm-1 initialement 

obtenue pour le précurseur A. 
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Les propriétés de luminescence du précurseur transité A’ ainsi que des phases transitées Cn’ 

ont été étudiées, permettant de mettre en lumière des propriétés proches de celles du précurseur 

initial A. La luminescence des composés transités à l’état solide et à température ambiante est 

caractérisée par une large bande non-structurée dans leur spectre d’émission, centrée à 455 nm, 

très similaire à la valeur obtenue pour le précurseur A. Les composés transités thermiquement 

présentent aussi un comportement bathochrome très similaire lors de l’étude de la variation de 

leur émission en fonction de la température. Une fois refroidi à 80 K, les composés transités 

présentent une large bande non-structurée dans leur spectre d’émission, centrée à 495 nm. 

L’analyse de la variation du temps de vie en fonction de la température des phases transitées 

Cn’ révéle un comportement très proche entre celles-ci et le précurseur transité A’ avec un 

temps de vie de l’état excité à l’état solide et à température ambiante ayant une valeur moyenne 

d’environ 40 µs. Une fois les échantillons refroidis à la température de l’azote liquide, ce temps 

de vie est nettement augmenté, atteignant ca. 200 µs dans le précurseur transité A’ et 250 µs 

pour les phases transitées Cn’. L’allure des courbes obtenues ainsi que des valeurs de temps de 

vie laissent supposer de la présence d’un mécanisme de TADF dans les composés transités 

thermiquement. Le rendement quantique à température ambiante à l’état solide des composés 

transités montre des valeurs élevées atteignant une valeur moyenne de 65 % pour la série Cn’. 

Une analyse à haute température du temps de vie de l’état excité du précurseur transité A’ a 

permis de fitter la courbe obtenue selon l’équation du TADF avec de bons paramètres, 

confirmant ainsi les propriétés très similaires entre la phase transitée A’ et le précurseur initial 

A. 

Les propriétés thermiques des phases Cn’ ainsi que du précurseur transité A’ ont été explorées. 

Ces mesures ATG-ATD montrent qu’aucune autre transition thermique n’est observée dans ces 

composés, une fois la première transition ayant eu lieu, confirmant que les phases transitées 

sont stables thermiquement jusqu’à leur température de décomposition. 

La perte de masse observée lors de la transition thermique des polymères de coordination Cn, 

coïncidant avec le pic exothermique présent dans les courbes ATD, ainsi que les mesures de 

spectroscopies infrarouges semblent pointer vers la décoordination du ligand connecteur Bn du 

métallacycle tétramétallique. Dans les polymères C1-C4, le ligand est alors possiblement 

sublimé, et des expériences de chauffage menées dans un appareil de sublimation ont permis 

de récolter sur le doigt froid de l’appareil des résidus qui sont caractérisés comme étant les 

ligands Bn. Cette décoordination du ligand laisse ainsi le métallacycle tétramétallique dans une 

configuration proche de celle observée pour le précurseur transité A’. Cette hypothèse 
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concernant la nature de la transition thermique est étayée par l’abscence de bandes de vibrations 

caractéristiques des ligands Bn dans l’étude par spectroscopie infrarouge des phases transitées 

C1’-C4’ et C7’ et permet de mieux comprendre la luminescence bleue observée pour ces phases 

transitées. 

Les polymères de coordination C5 et C6 font exception. En effet, lors de l’analyse thermique de 

ces polymères, le pic exothermique n’est pas accompagné ou suivi d’une perte de masse. De 

plus, l’étude du spectre infrarouge des phases transités C5’ et C6’ montre la présence de bandes 

de vibration caractéristiques des ligands B5 et B6 respectivement. Dans ce cas, il est 

vraisemblable que les phases transitées C5’ et C6’ consistent en un mélange intime du 

métallacycle tétramétallique et du ligand Bn décoordiné. 

Une étude sur la possibilité de régénérer le polymère C6 initial à partir de la phase transitée C6’ 

a été entreprise. Il a été observé que la phase C6’ recouvre une luminescence perçue par l’oeil 

comme étant similaire à celle du polymère initial C6 après avoir été mis en contact de quelques 

gouttes du solvant de synthèse (dichlorométhane) ou bien de vapeurs de ce solvant. Cette phase 

régénérée, désignée C6’DCM, a été analysée par spectroscopie infrarouge et ses proprités 

photophysiques ont été étudiées. Ces études ont révélé des propriétés très similaires entre la 

phase initiale et la phase régénérée avec la bande de vibration du fragment cyanure observée à 

une même valeur de nombre d’ondes (2102 cm-1) et avec des valeurs proches du maximum de 

la bande de leur spectre d’émission et du temps de vie de l’état excité, à l’état solide. Aussi 

cette phase régénérée présente un comportement proche du polymère initial lors de l’étude de 

la variation des propriétés photophysiques en fonction de la température. Le rendement 

quantique d’émisson à l’état solide et à température ambiante de la phase régénérée et aussi très 

similaire à la valeur obenue pour la phase initial C6 (Figure 7). 

Enfin, l’étude de la stabilité thermique de la phase régénérée C6’DCM révéle la présence à 190 °C 

d’un pic exothermique non acompagné d’une perte de masse dans la mesure ATG-ATD, un 

comportement thermique identique à celui observé pour le polymère initial C6. L’observation 

sous lumière UV (ex = 365 nm) de l’échantillon après retour à température ambiante révéle 

l’émission d’une lumière perçue à l’oeil comme étant bleue, affirmant la présence de la 

transition thermique irréversible dans la phase régénérée. Cette observation montre le caractère 

circulaire de la transition thermique irréversible présente dans les polymères de coordination 

monodimensionels Cn où il est possible pour certains polymères de régénérer la phase initiale 

après transition par mise en contact avec de faibles quantités du solvant de synthèse. 
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Figure 7 : Photographie sous lumière visible (haut) et lumière UV (bas) des phases C6, C6’ et C6’DCM 

(ex = 365 nm). 

 

Cette étude des propriétés thermiques des polymères de coordination Cn a permis de mettre en 

lumière la présence d’une propriété originale de transition impactant leur luminescence. Cette 

propriété rend les polymères Cn attractifs dans l’optique d’une application en tant que 

marqueurs d’un historique thermique de leur environnement. Cependant, un frein à l’emploi de 

ces polymères dans des applications est la présence de fragments cyanure au sein de l’unité 

tétramétallique présente dans les polymères. En effet, le cyanure présente une toxicité 

importante, tant pour la santé que pour l’environnement. 

Ainsi, une recherche pour obtenir de nouveaux assemblages supramoléculaires basés sur l’ion 

Cu(I) a été entreprise et le clip bimétallique [Cu2(μ2-dppm)2]
2+ a été réagi avec le ligand 

ditopique 3,3’ bipyridine B3. Cette synthèse a permis d’obtenir un nouveau composé qui a été 

caractérisé par diffraction des rayons X sur monocristal comme étant un métallacycle 

tétramétallique composé de deux sous-unités bimétalliques pontées par un ion chlorure et 

reliées entre elles par le ligand B3. Cette synthèse a alors été étendue à d’autres anions 

halogénures, menant à la formation d’une nouvelle série de métallacycles tétramétalliques 

dénomés Dx où X peut être Cl, Br ou I. 

La distance intermétallique au sein des clips bimétalliques [Cu2(µ2-X)(µ2-dppm)2]
+ dans les 

composés Dx est supérieur à 3.2 Å ce qui est très supérieur à la distance à laquelle des 
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intéractions cuprophiles peuvent avoir lieu. Les ligands B3, reliant les deux clips bimétalliques 

et permettant de fermer le métallacycle, présentent une planarité prononcée avec un angle de 

torsion moyen de 15 ° dans les composés Dx, une valeur bien plus faible que pour d’autres 

composés possédant ce ligand, comme par exemple le polymère de coordination C3 dans lequel 

les ligands B3 présentent alors un angle de torsion de 42 ° (Figure 8). 

 

Figure 8 : Structure moléculaire du métallacycle DCl obtenue par diffraction des rayons X sur monocristaux. Les 

atomes d’hydrogène, molécules de solvant et les contre-ions PF6
- sont omis pour causes de clarté. 

 

Les mesures infrarouges de ces composés Dx sont en accord avec les similarités observées dans 

les structures moléculaires. Les bandes caractéristiques du ligand dppm sont principalement 

présentes dans les spectres infrarouges, et il peut être noté que la bande caractéristique du ligand 

B3 ne peut pas être observée. 

Les propriétés photophysiques des métallacycles tétramétalliques Dx ont été étudiées en détail. 

Ils présentent une large bande centrée à ca. 470 nm dans leur spectre d’émission à l’état solide, 

à température ambiante. Cette bande large est accompagnée à l’état solide par des valeurs de 

temps de vie de l’état excité à température ambiante de l’ordre de 80 μs. L’analyse de la 

variation thermique des propriétés photophysiques des composés Dx révéle l’apparition d’une 

sous-structure vibronique dans les spectres d’émissions lors du refroidissement, accompagnée 

par une forte hausse de la valeur du temps de vie de l’état excité, atteignant plusieurs 

millisecondes à 80 K. Enfin, les métallacycles Dx présentent des fortes valeurs de rendement 

quantique d’émission à l’état solide à température ambiante, atteignant 80% pour DCl. 

Concernant l’attribution de l’origine de ces propriétés photophysiques, les valeurs observées de 

temps de vie de l’état excité dans les métallacycles Dx et la variation thermique des spectres 



18 

 

d’émissions empêchent de suggérer un processus de TADF, malgré les fortes valeurs de 

rendement quantique d’émission à température ambiante. 

Les valeurs des constantes de relaxation radiative kr sont en accords avec une phosphorescence 

3MLCT à des températures proches de la température ambiante qui peut être assignée à des 

densités électroniques vraisemblablement localisées sur le ligand 3,3’ bipyridine B3. 

L’apparition d’une structuration vibronique de la bande d’émission à basse température suggére 

une phosphorescence 3π-π* 3ILCT à basse température centrée sur les ligands connecteurs B3.  

Finalement, la stabilité thermique de ces métallacycles Dx a été étudiée, révélant une stabilité 

jusqu’à environ 300 °C, température à laquelle les composés commencent à se décomposer 

thermiquement. Contrairement aux polymères de coordination Cn, aucun événement dans la 

courbe ATD n’a lieu, et la présence d’une transition thermique des propriétés de luminescence 

n’est pas observée (Figure 9). 

 

Figure 9 : Mesure ATG-ATD du composé DCl jusq’à 950 °C. 

 

En conclusion, l’analyse des propriétés photophysiques des métallacycles tétramétalliques Dx 

révéle des propriétés intéréssantes, centrées sur le ligand connecteur B3, et améliorées par la 

planarité de ce ligand, imposée par une rigidification excercé par le métallacycle. En revanche, 

ces métallacycles ne présentent pas la propriété originale de transition thermique de leur 

luminescence à haute température observée dans les polymères Cn. 
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En conclusion, ces travaux de thèse ont permis de montrer l’intérêt de l’utilisation d’un 

précurseur basé sur l’ion Cu(I) possédant des propriétés de luminescences intéréssantes pour 

l’obtention de polymères de coordination monodimensionels présentant des propriétés 

photophysiques variées. Une propriété nouvelle et originale de transition thermique irréversible 

de la luminescence de ces polymères a été découverte, créant un intérêt pour l’utilisation de ces 

polymères pour des applications industrielles. Un frein à cette utilisation est la présence du 

fragment cyanure au sein du précurseur, limitant les applications potentielles. La recherche de 

l’obtention de nouveaux assemblages supramoléculaires a mené à l’obtention d’une série de 

métallacycles tétramétalliques possédant des propriétés de luminescence centrées sur le ligand 

connecteur, exacerbées par la planarité de ce ligand imposée par une structure supramoléculaire 

rigide. Ces métallacycles ne présentent cependant pas de propriété de transition thermique de 

la luminescence. Des études approfondies sont en cours sur ces nouveaux polymères de 

coordination monodimensionels pour une caractérisation de cette transition thermique. 
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Chapter I Introduction to the context of the study 

 

With the proof of global warming being underway during the 1970s and the apparitions of clear 

increase in global temperatures during the 1980s, a lot of attention was turned toward the 

development of new and more efficient ways to generate energy, products and light. This need 

was especially felt in the field of light emissions as technologies of the time were incredibly 

wasteful in energy : Incandescent bulbs and fluorescent tubes converting most of the energy 

supplied in heat instead of light. This changed with the developement in the 1980s of the first 

organic light emitting diodes (OLEDs), providing a more energy friendly source of light 

emission. OLEDs became an efficient and sustainable method of light emissions in the fields 

of displays and general lighting.1 It was during this period and in the following decades that a 

huge focus was geared toward the development of new light emitting systems for a number of 

different applications. The best results obtained in earlier years and up until recently were 

achieved with light emiting materials based on -conjugated systems and rare earth and heavy 

transition metals complexes such as Pt(II), Au(III), Ir(III), Os(II), Ru(III) ions…2,3,4 Such 

complexes were used in a large variety of applications such as opto-electronic devices, 

including organic light emitting diodes (OLEDs) and photovoltaic cells, but also chemical and 

biological sensors and probes. 

Heavy metal ions (HMI), including Ruthenium, Rhodium, Palladium, Rhenium, Osmium, 

Iridium and Platinum, display efficient radiative relaxation processes after photo excitation, 

which results in high intensity light emissions.5 However, there is a disadvantage in using such 

HMIs. Indeed, such metals are rare, being present in low abundance in the earth’s crust (Figure 

I-1). They are a source of tension between countries possessing the natural ressources and 

countries needing the metals for their strategic manufacturing. The vast majority of HMIs 

produced worldwide are from South Africa and Russia, amounting for ca. 80 % of the global 

supply. The principal use of HMIs are for the production of highly technological goods such as 

chemical catalysts, coatings, alloys, and electronic alloys. For platinum and palladium, their 

main usage at the beginning of the 21st century were jewelry and catalytic converters for 

reducing cars emissions.6 In this regard, it is interesting to change the focus of attention toward 

more abundant elements, such as iron and copper, in order to develop more affordable 

luminescent materials, provided by easier synthesis methods. 



22 

 

 

Figure I-1: Distribution, in mass percent, of a selection of metals in earth's crust. The three coinage metals are 

highlighted in orange, rare earth elements are highlighted in blue and heavy metal ions (HMIs) are highlighted in 

purple. Data obtained from7,8,9. 

 

In this context, this PhD study will focus on the synthesis and study of luminescent materials 

based on affordable and abundant Cu(I) ions centers. Indeed, this ion offers the access to a large 

number of coordination complexes, including emissive derivative bearing a variety of radiative 

relaxation processes. 

 

I-1 Generalities on copper 

I-1.a History of copper metal 

 

Copper, as a metal, was among the first metal used by early humans, before other metals such 

as gold or silver. Its availability and ease of processing made it so that evidences of copper 

usage trace back to 10.000 BC. With copper being combined with zinc to form brass and with 

tin to form bronze, during the so called « bronze age », copper was used by humans ever since 

its discovery (Figure I-2). 
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Figure I-2 : Photography of a ritual cauldron in bronze (copper and tin alloy), originating from the Shang 

dynasty, in today's China; Dated ca. 13th century BC. 

 

With the discoveries of new techniques, other, more durable metals and alloys were started to 

be used, such as iron and steel. During the 18th and 19th century, copper was mainly used in 

roofs, coinage and art. Toward the end of the 19th century, copper was once again used in an 

industrial process with the recently mastered electricity. Finally, in recent decades, copper was, 

and is, still in use under different forms for a large variety of applications, due to it being a 

cheap and readily accessible transition metal. The annual production of copper in 2000 was as 

high as 15.000.000 tons and has been growing ever since. 

 

I-1.b Copper as an element in chemistry 

 

Copper in solution is found as ion in two oxydation states : +I and +II. Since the electronic 

structure of copper is [Ar]3d104s1, Cu(I) ions displays a 3d10 electronic structure, while Cu(II) 

displays a 3d9 configuration. This configuration of Cu(I) permits the presence of intense d-d 

metal-centered (MC) absorption bands in the visible/near-IR region of the spectrum for Cu(II) 

complexes which are usually highly colored in solution or in the solid-state. This configuration 

enables fast non-radiative pathways to take place which in turns render Cu(II) complexes 

uninteresing for luminescence-related applications. Conversely, this is not the case in the d10 

Cu(I) ion that carries a closed-shell d orbital configuration. 

On the other hand, Cu(I) complexes represent a high number of luminescent systems.10 With 

the properties typically displayed by Cu(I) complexes such as flexible structure, versatile 
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luminescence and electronic behaviors, such derivatives attracted a lot of attention in a number 

of different fields : spectroscopy, catalysis, luminescence, solar energy conversion, 

supramolecular chemistry… 

 

I-2 Generalities on luminescence 

I-2.a Origin of luminescence 

 

Luminescence can be defined as the emission of a photon from a material resulting from an 

external stimuli. This phenomenon occurs after a system in an excited state emits a photon to 

reach a more stable state. The term « luminescence » is attributed to the German scientist 

Eilhard Wiedemann in 1888,11 derived from the latin word « lumen » which means light, even 

though the phenomenon has been observed since the antiquity. A distinction need to be made 

however, between thermoluminescence which is induced by absorption of heat, and 

photoluminescence, which is induced via the absorption of light. Other kind of luminescence 

includes piezo-, electro- and triboluminescence for example, which are induced by deformation, 

the influence of an electric field and grinding or breaking, respectively. In this work, the focus 

will mainly be on photoluminescence. As previously stated, photoluminescence start with the 

absorption of light.  

If this light is absorbed, there is an excitation of an electron in the electronic structure of the 

molecule, from a low energy ground state, to a high energy excited state. The energy gap 

between the low level fundamental state and the excited state matches the energy of the 

excitation. Once in this high level excited state, there are several possibilities of de-excitation 

processes in order to return to the fundamental ground state. Mainly, there is the possibility of 

non-radiative de-excitation via phonon emission, and radiative de-excitation via photon 

emission, which is in other words, luminescence. 

A distinction can be made between two type of photoluminescence : fluorescence and 

phosphorescence. The difference between the two resides in the electronic state from which the 

de-excitation process occurs (Figure I-3). 

If the de-excitation occurs from an excited singlet state directly to the singlet ground state, then 

the process is called fluorescence. If the de-excitation occurs instead from an excited triplet 

state to the ground state, the process is then called phosphorescence. Due to the difference in 
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multiplicity between the ground state, usually a singlet state, and the first excited triplet state, 

the excited electron will generally populate the excited singlet states. After very fast internal 

conversion (IC) to the lowest energy excited singlet state, a non-radiative transition is necessary 

in order to populate the lowest energy excited triplet state rendered difficult due to the forbidden 

nature of such transition. This transition is rendered possible due to the spin-orbit coupling 

(SOC), leading to the possibility of Intersystem Crossing (ISC) between the two excited states. 

This spin-orbit coupling stems from the interaction between an electron and its orbital angular 

momentum with the core of the atom. This spin-orbit coupling is proportionally linked to the Z 

atomic number of an atom, leading to heavy atoms, wih high Z number, having very high spin-

orbit coupling. This is called the heavy atom effect, and it is the effect granting the heavy 

transition metals such as Pt(II) or Ir(III) a certain affinity toward luminescent applications. 

 

I-2.b Different kind of luminescent processes 

 

Typically, processes found in a luminescent system are explained via a Jablonski diagram 

(Figure I-3), first represented in 1933.12 At first, the system is in the ground state S0. If a photon 

which possesses an energy that matches the gap between the ground state and the first excited 

state S1 is absorbed, then the system reaches the excited state S1 (or subsequent S1+n states if 

the energy of the photon is higher, but rapidly relaxes non-radiatively to the S1 state). In this 

state there are multiple relaxation possibilities. The system can relax via non-radiative phonon 

production. There is also the possibility of direct relaxation from the S1 to the S0 state with the 

emission of a photon (fluorescence). And finally there is the possibility of an intersystem 

crossing taking place between the excited singlet state S1 and the excited triplet state T1, after 

which a generally slower relaxation to the ground state S0 is possible (phosphorescence). A 

photon emitted during the phosphorescence process posseses a lower energy than the absorbed 

photon as the lower energy states are stabilized, and this results in a shift of the emission 

towards longer wavelengths. A distinction between fluorescence and phosphorescence can be 

found in the typical decay times of the different processes : fluorescence decay times range 

from 10-7 s to 10-10 s and phosphorescence decay times range from 10-6 s to 101 s. 
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Figure I-3 : Jablonski-type diagram, the higher level excited states S1+n and T1+n are not represented for 

simplcity. 

 

Coordination complexes of transition metals offer a number of excited states transitions, in 

which the ligands can play an important part. The different transitions can be classified in 3 

types :  

- Metal Centered transitions (MC) : This kind of transitions are found to occur between 

the d orbitals of the metal center, especially in metals having incomplete d1 to d9 orbitals. 

Such transitions are generally located in the visible to near-IR region of the spectrum. 

 

- Metal to Ligand Charge Transfer (MLCT) and Ligand to Metal Charge Transfer 

(LMCT) : This kind of transitions occurs between a metal centered orbital and a ligand 

centered orbital. This transition results in intense emission bands that can be observed 

in the visible and UV region. MLCT transitions are typically found in d6, d8 and d10 and 

in low oxydation state transition metals, especially coordinated to -acceptor ligands. 

 

- Ligand to Ligand Charge Transfer (LL’CT) : This transition typically occurs between a 

donor ligand and an acceptor ligand, both coordinated to the same metallic center. This 

transition originates from the electron rich ligand and transfer toward the electron poor 

ligand. 
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I-2.c Luminescent properties of heavy transition metals and copper. 

 

As previously stated, one of the focus of luminescent research in the past decades has been 

second and third row transition metals complexes.13,14 The heavy metal effect found in 

complexes bearing d6 and d8 heavy transition metals ions such as Pt(II), Au(I), Ir(III), Os(II) or 

Ru(III) create appealing electronic properties. The heavy atom effect is due to the high SOC 

value of these ions and results in efficient intersystem crossing in the complexes, as well as a 

strong metal to ligand charge transfer behavior, resulting in high intensity emissions. They tend 

to display far longer excitation lifetimes than purely fluorescent compounds with 

phosphorescence decay times ranging from hundreds of nanoseconds to hundreds of 

microseconds. 

Cu(I) based complexes are interesting with the presence of strong MLCT transition as well as 

a lack of d-d transition due to the 3d10 electronic configuration of the Cu(I) center. In spite of 

the properties described earlier and the fact that copper is cheap, the research on luminescent 

materials based around Cu(I) complexes was not up to the work done on other transition metals, 

such as Ir(III) and Pt(II). This was due to the fact that the properties of Cu(I) complexes were 

probably underestimated initially. It was believed that Cu(I) complexes would display long 

phosphorescence decay times because of low SOC values (ξCu = 857 cm-1 versus ξPt = 4481 cm-

1, ξIr = 3909 cm-1, with the spin–orbit coupling constant ξ)15 which results in relatively weak 

intersystem crossing. This should lead to longer ISC rates in Cu(I) complexes compared to 

heavy transition metals equivalents and lower luminescence intensities. 

Initially, a large portion of the studied Cu(I) complexes exhibited the general formula 

[Cu(N^N)2]
+ where N^N is a bisimine ligand. However, an increasing number of heteroleptic 

complexes such as [Cu(N^N)(P^P)]+ (where P^P are bisphosphine ligand) has been reported, 

bearing enhanced luminescence properties. 
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Figure I-4 : Examples of ligands used in Cu(I) complexes with N^N, P^P or P^N formulas. dmp : 2,9-dimethyl-

1,10-phenantroline, dbp : 2,9-di-n-butyl-1,10-phenantroline, dppb : 1,2-bis(diphenylphosphino)-benzene, POP : 

bis[2-diphenylphosphino)-phenyl]ether, P-N : 2-(diisopropyl-phosphino)diphenylamide. Reproduced from10. 

 

Finally, [Cu(P^P)2]
+ complexes were reported16,17 which exhibited, in several cases, even better 

electroluminescent properties. However, Cu(I) complexes were still suffering from diverse 

issues, mainly their highly flexible coordination sphere which would hinder their luminescence 

properties since it eases non radiative de-excitation pathways. 

In recent years, however, such derivatives became increasingly attractive, due to the possibility 

of their radiative relaxation properties being governed by thermally activated delayed 

fluorescence, which was in particular showed by Hartmut Yersin, as well as the demonstration 

of their propensity toward stimuli sensitive behavior. 

One such example of stimuli responsive behaviors found in Cu(I) complexes are cubane like 

structures [Cu4I4L4] where L is a ligand, tyically phosphine or pyridine terminated. This kind 

of structure was known since the early times of the 20th century. The early compounds, such as 

Cu4I4(py)4 (Figure I-5), gave rise, through their interesting luminescent properties to a plethora 

of stimuli responsive complexes, especially to temperature, in a phenomenon coined as 

« Luminescence thermochromism ». First explored by the group of Ford18, recent work was 

conducted by the group of Perruchas19 and put in the spotlight new stimuli responsive behaviors 

for this family of compounds. 
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Figure I-5 : Molecular struccture of Cu4I4(py)4. Reproduced from18. 

 

The first notable work on the luminescent thermochromism properties of such cubane-like 

Cu4I4L4 structure was conducted in 2011, by replacing the early pyridine ligands by 

triphenylphosphine and its derivatives. The obtained compounds presented a significant 

thermochromism behavior with for example a recorded shift of 45 nm in the case of 

Cu4I4(PPh3)4, from 545 nm in the solid-state at room temperature up to 587 nm at 77 K.20 The 

luminescence observed at RT for these clusters stems from a combination of an iodide to copper 

charge transfer transition (XMCT) and a copper centered 3d to 4s,4p transition. This results in 

a « Cluster Centered » 3CC emission, mainly based on the [Cu4I4] cluster core. The emission 

observed at low temperature is assigned to a transition from the LUMOs which are a 

combination of the π* orbitals of the phenyl groups of the ligands to the HOMOs which are of 

a mixed iodide/copper to ligand charge tranfer transitions 3XLCT/3MLCT character. 

 

Figure I-6 : Molecular structure of 3 clusters of Cu4I4L4 presenting a net thermochromism behavior. Reproduced 

from20. 

 

The attention of the group was then ported toward the study of a different cubane like cluster 

[Cu4I4(PPh2(CH2CHCH2))4] presenting a more interesting behavior. This cluster, obtained as a 

white crystalline powder under visible light and emitting a weak green luminescence under UV-
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light (ex = 365 nm), present a noticeable thermochromic behavior. Indeed, once cooled down 

to the temperature of liquid nitrogen (77 K), the cluster now emits a bright blue emission under 

the same excitation. Additionally to this thermochromic behavior, this cluster exhibits a 

mechanochromic behavior upon grinding, where its luminescence shift in the solid-state at 

room temperature from a weak green to a more intense yellow emission. Once cooled down to 

77 K, the ground phase of this cluster continues to exhibit a thermochromic behavior where the 

yellow luminescence is shifted to a purple one. The initial cluster [Cu4I4(PPh2(CH2CHCH2))4] 

and its weak green luminescence can be restored by either dissolution in dichloromethane and 

evaporation of the solvent or by heating the sample at 100 °C for 30 minutes, demonstrating 

both complete reversible thermo- and mechanochromic luminescence mechanisms.21 

 

Figure I-7 : Molecular structure of [Cu4I4(PPh2(CH2CHCH2))4]. Reproduced from21. 

 

In the following years, the group of Perruchas has continued to developp copper iodide clusters 

presenting both thermochromic and mechanochromic behaviors as well as polymorphism, by 

switching to using alkoxysilane phosphine-based ligand, and exploring in details the different 

parameters governing this behavior.22 Few years later, they also explored the shaping of such 

compounds and develop functional mechano responsive coatings.23 

Finally, a few years ago, the same group developed a smaller copper iodide cluster of 

[Cu2I2(Ph2PC2(C6H4)C2PPh2)3] displaying significant solvato- and vapochromic behaviors, 

making it a good candidate for solvent sensing applications.24 
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I-3 Thermally activated delayed fluorescence 

Cu(I) based complexes exhibit a number of different photophysical properties. Among the 

possible properties, is the Thermally Activated Delayed Fluorescence (TADF) mechanism, 

currently gathering an increasing interest. First discovered in eosin, and described as E-type 

fluorescence in 1961 (Figure I-9)25, this mechanism has been studied with great interest in the 

fields of organics and inorganics materials, by several groups.26,27 

The mechanism of thermally activated delayed fluorescence stems from the possibility of a low 

energy gap to exist between an excited singlet state and an excited triplet state. This mechanism 

is interesting because it effectively enables the possible use of all singlet and triplet excitons in 

radiative relaxations (Figure I-8). In a system in which TADF is exhibited, upon absorption of 

a photon, there is an excitation of the electronic structure from the ground state to excited singlet 

states Sn, immediatly followed by a fast non-radiative relaxation to the lowest energy singlet 

state S1. An effective intersystem crossing takes place and populates the lowest energy triplet 

state T1. At low temperature, a long-lived phosphorescence can be observed, and no S1 to S0 

fluorescence is observed. 

With an increase of temperature arrises the possibility of a thermal population of the lowest 

excited singlet state S1 from the lowest excited triplet state T1 via reverse intersystem crossing 

(RISC). This RISC process is governed by the temperature and the energy gap between the two 

excited states. Once the lowest energy singlet state is populated, there is a long-lived 

fluorescence taking place, albeit delayed from a direct S1-S0 fluorescence process. In order for 

the TADF mechanism to take place the energy gap between the two excited states needs to be 

in a certain range, and quite small. In eosin, when first discovered, the energy gap E(S1-T1) was 

calculated to be as large as ~3500 cm-1 (~0,43 eV).28 However, it was found that the gap 

generally needed to be susbstantially lower in order TADF to take place in transition metal 

complexes. For example, a typical value for the energy gap is around 103 cm-1 or 0.12 eV.29 

Systems displaying TADF behavior posses high emission quantum yields at room temperature, 

along decay times in the range of few microseconds. However, at low temperature, the S1 state 

cannot be populated, which leads to phosphorescence with decay times around hundreds of 

microseconds.30 
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Figure I-8 : Simplified mechanism of the TADF process. 

 

The parameters that need to be taken into account are put in relation in the following equation : 

𝜏(𝑜𝑏𝑠) =  
3 + exp (−

∆𝐸𝑆𝑇

𝑘𝐵𝑇
)

3𝑘(𝑇1) + 𝑘(𝑆1)exp (−
∆𝐸𝑆𝑇

𝑘𝐵𝑇
)
 

Equation I-1 : Equation of the lifetime variation following a function of temperature where (obs) is the 

lifetime, k(T1) is the decay rate associated with T1, k(S1) is the decay rate associated with S1, kB is the Boltzmann 

constant, T is the temperature and EST is the energy gap between the two excited states. 

 

It is possible to fit the curve of the evolution of the decay times depending of the temperature 

with this equation, which in turn, gives access to the intrinsic properties of the studied system, 

the energy gap, and the decay rate of the two excited states, S1 and T1. 

In contrast to materials based on expensive heavy atoms such as Ir(III) or Pt(II), purely organic 

compound or copper(I) complexes does not possess high spin-orbit coupling, leading to a slow 

intersystem crossing and a forbidden T1 to S0 transition. This is, in the context of TADF emitter, 

beneficial, as the long lived triplet excited state facilitates the population of the lowest energy 

singlet state via RISC process. 
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I-4 Cu(I) complexes presenting TADF properties 

I-4.a History of Cu(I) based TADF complexes 

 

The TADF phenomenon constitutes an attractive luminescence mechanism that, when applied 

to Cu(I) complexes, allows for short decay times and high quantum yields at room temperature, 

via the harvesting of both singlet and triplet excitons. The main interest behind this mechanism 

is that it does not require the use of low abundance and expensive heavy metals such as iridium 

or platinum. Indeed, the TADF mechanism can be achieved via the use of more affordable and 

cheaper metal alternatives, such as silver or copper and can also be achieved in purely organic 

molecules. 

And in fact, as it stands, the first reported study featuring such a mechanism was done on eosin-

y in 1961, by Parker and Hatchard25 (Figure I-9). Due to the fact that this mechanism of delayed 

fluorescence was discovered in eosin solutions, it was first called E-type delayed fluorescence. 

 

Figure I-9 : Eosin-Y, the first molecule in which TADF was reported by Parker and Hatchard in 1961. 

 

After this, nearly twenty years were necessary before the first complex based on copper(I) and 

displaying TADF would be studied. Indeed, [Cu(dmp)2]
+ was presented in 1980 by Blaskie and 

McMillin31, closely followed by two similar copper(I) complexes in 1983 : [Cu(bcp)2]
+ and 

[Cu(tmbp)2]
+, presented by Kirchhoff et al (Figure I-10).32 
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Figure I-10 : First three Cu(I) complexes reported presenting TADF behavior. a) [Cu(dmp)2]+ ; b) [Cu(bcp)2]+ ; 

c) [Cu(tmbp)2]+. 

 

In later years, inspired by their discovery a few years earlier of an highly emissive [Cu(PNP)]2 

complex possessing a quantum yield of 68 %33, the group of Peters and Harkins published in 

2010 a [Cu(PNP-tBu)]2 complex, exhibiting TADF behavior and presenting an external 

quantum efficiency (EQE) of 16 % in doped OLEDs (Figure I-11),34 promoting OLEDs based 

on Cu(I) complexes presenting TADF properties to the level of performance displayed by 

OLEDs based on heavy metal complexes. 

 

 

Figure I-11 : a) [Cu(PNP)]2, b) [Cu(PNP-tBu)]2 where PNP = bis(2-diisobutylphosphino)phenyl)amide and 

PNP-tBu = bis(2-diisobutylphosphino-4-tert-butylphenyl)amide. 
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Nowadays, Cu(I) complexes displaying TADF behavior are designed specifically to reduce the 

energy gap between the lowest excited singlet and tripet states. In 2015, Volz et al. reported a 

Cu(I) complex doped OLED device achieving 23 % EQE (Figure I-12), putting it ahead of 

similarly doped, Ir-based emitters.35 

 

Figure I-12 : Fully bridged NHetPHOS-complex showing a high EQE in doped devices. 

 

I-4.b Organic versus Cu(I) based TADF emitters. 

 

As was previously established, the first reported molecule in which TADF was observed was 

eosin, a purely organic molecule. After this initial discovery, the study of TADF in purely 

organic molecules was continued with the work of Berberan-Santos et al. in 1996 on the delayed 

fluorescence of fullerene derivatives.36 

In 2012, Adachi et al. reported a highly efficient TADF material with a bright green emission 

in which both acceptor and donnor moieties are present in one molecule.37 This novel approach 

was conserved in following studies, and led to the development in 2015 of devices achieving 

up to 31 % EQE for green emission with a purely organic TADF material support (Figure 

I-13).38 
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Figure I-13 : Molecular structure of 4CzIPN, a highly emissive organic green TADF emitter. Reproduced 

from38. 

 

Main difference regarding photophysical properties between organic and Cu(I) TADF emitters 

resides in the difference between decay rates of spontaneous S1 to S0 fluorescence and 

intersystem crossing from T1 to S1 followed by delayed fluorescence. 

In purely organic materials, the intersystem crossing S1-T1 transfer rate is relatively inefficient, 

resulting in processes occuring in the nanosecond timescale, leading to competition between 

spontaneous fluorescence and delayed fluorescence. In Cu(I) based emitters, the ISC process is 

much more effective, taking place on the picoseconds scale, leading in most cases to the 

abscence of detection of a spontaneous fluorescence and only the delayed fluorescence or pure 

phosphorescence is observed. 

This implies that a purely organic emitter will be more dependent on EST gap. On the other 

hand, Cu(I) emitters benefit from relatively higher SOC and can display TADF behavior for 

higher values of energy gap. On the other side, Cu(I) emitters decay times are limited by S0 to 

S1 oscillator strength. Such limitations lead to different design strategies for the synthesis of 

TADF emitters and the control of the EST gap.39 

In organic emitters, a distinct spacial separation need to be present between HUMO and LUMO 

orbitals in order to minimize the ΔEST energy gap, achieved by breaking the conjugation from 

accceptor and donor moities in the molecule. In Cu(I) emitters, the design strategy can be more 

flexible, due to the larger ST at which the TADF can still be observed. However, 

luminescence efficiency is important, and demands particular design rules such as high steric 

demand of the ligand, leading to rigid structure, avoiding excited state distortions40, or the 
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avoidance of certain groups leading to vibrational quenching. This kind of design rules and their 

application will be explored in more details in the next section of this chapter. 

As a final talking point in this section, the differences between the available preparation 

processes for organic and Cu(I) based devices will be discussed. Two broad categories can be 

found concerning processing techniques used for the development of devices : vacum 

processing and solution processing. The latter involves techniques such as ink-printing, and 

coating, while the former involve vapor deposition of the material. 

Both kinds present pros and cons, which influence which of the organic or Cu(I) based emitters 

would be prefered. Vacuum deposition techniques necessitate high temperature stability, as 

well as a high volatility, limiting the molecular weight. This encourages the use of organic 

emitters, provided a high enough thermal stability, due to their relatively small molecular 

weight. 

Concerning Cu(I) based emitters processing techniques, especially in the application of OLEDs, 

it is possible to use vapor depostion techniques, however, only small molecular weight emitters 

would be possible to use, due to sublimability. Some guidelines are also necessary, such as the 

use of chelating ligands, to prevent side products formation, or rigid structures. 

Solution based techniques are faster, more economically viable and use less energy. The typical 

approach is to design new emitters with limited intermolecular interactions. Another recent 

approach is to develop polymeric TADF emitters.41,42,43 

Solution based processing techniques are state of the art for Cu(I) based emitters. Indeed, such 

emitters are typically soluble in a large variety of polar, and non-polar, solvents. However, one 

drawback that can possibly arise is the dissociation of the molecular structure in solution. This 

leads to the formation of different molecular species from the crystal structure and hinders the 

predictability of the process, posing a severe issue toward designing compounds with 

anticipated properties. Solutions to this issue are to devise structurally stable complexes, to 

prevent this dissociation, or to take advantage of the dissociation by using the obtained 

fragments in order to synthesize novel structures. To achieve such requirements, a proper 

molecular design is to be used, which will be described in the following section. 
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I-5 Synthesis strategies for designing polymetallic Cu(I) complexes 

I-5.a Supramolecular chemistry, history and interest 

 

As was previously stated, Cu(I) based emitters present a certain appeal toward diverse 

applications. One drawback presents in such emitters however, resides in the labile coordination 

sphere of the Cu(I) ion. This lability induces excited states restructuration, leading to 

luminescence quenching as well as hindering the use of certain processing techniques, due to 

easy structural reorganisation and ligand exchange. To avoid this kind of issue, it is possible to 

use supramolecular principles to design more interesting Cu(I) emitters. 

Supramolecular chemistry finds its roots more than fifty years ago, in 1967, from a report of 

the complexation of metal ions by crown ethers (Figure I-14), published by Pedersen.44 

 

Figure I-14 : Molecular structure of dibenzo[18]crown-6, one of the crown ethers studied by Pedersen in the 

1970s. 

This report would lead a few years later to the development of host-guest chemistry, reported 

by Cram in 197445, and was followed by the definition of the concept of supramolecular 

chemistry, a term coined by Lehn, in an article published in 1978.46 This early work would be 

awarded nearly twenty years later by a chemistry nobel prize given to all three of Pedersen, 

Cram and Lehn in 1987. 

As was written by Lehn in 2017 : supramolecular chemistry can be defined as « chemistry 

beyond the molecule ».47 It is based on the designing of chemical systems using molecular 

components that are held together by noncovalent intermolecular forces. Along the years, this 

kind of chemistry diversified, and attained a variety of fields of applications, from biology to 

physics and from polymers to solid-state enginering. One interest to supramolecular chemistry 

is its dynamic aspect, where it is possible to change and swap molecular components with ease 

until a targeted structure is obtained. This also served as a fertile soil to the development to an 
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adaptive kind of chemistry where components would self-assemble in order to selectively reach 

a certain structure, surpassing « traditional » synthetic approachs and their constraints : long 

synthetic procedures, low overall yield, low scability and high cost. 

 

I-5.b Coordination Driven Supramolecular chemistry 

 

This behavior of components constitutes the basis for coordination driven supramolecular 

synthesis where the self-assembly of supramolecular molecules is achieved via the use of metal-

ligand coordination. With this driving force in use, it is possible to produce complex discrete 

or infinite molecular structure, and would lead to the development of Metal-Organic 

Frameworks (MOFs) as well as intricate 2D and 3D discrete supramolecular assemblies. This 

kind of intricated structures find use in a number of applications such as catalysis, sensing, gas 

storage, drug delivery etc.48 Many supramolecular assemblies presenting diverse shape such as 

helices, polygons, polyhedra and spheres have been developed and presented by different 

groups such as Lehn49,50, Stang51,52, Fujita53,54, Newkome55,56, Mirkin57,58,59, Raymond60,61, 

Nitschke62,63,64 and others.65,66,67,68 

The aim of Coordination Driven Supramolecular (CDS) chemistry is to use pre-organized 

coordination complexes having a precise geometry and possessing vacant coordination 

positions.69 The pre-organized complexes are prepared via the reaction between metal ions and 

specific assembling ligands. Once formed, the complexes are reacted with polytopic connecting 

ligands in order to obtain multimetallic supramolecular assemblies. This bottom-up approach 

allows for control over the size and geometry of the obtained assemblies, by conducting careful 

selection of the nature and symmetry of the constituents. 

 

I-5.c Use of CDS in the context of Cu(I) compounds 

 

At first glance, Cu(I) ion is not really suitable for a use in CDS chemistry. It can accomodate 

highly labile and flexible linear, trigonal or tetrahedral coordination spheres. In addition, the 

coordination to the ligand in the case of Cu(I) is considered non-directional, with large variety 

in observed bond lengths and angles for a familly of compounds. The aforementioned elements 

of Cu(I) ion in coordination chemistry render difficult to conduct successful synthesis due to 

the unpredictable aspect of this metallic center’s coordination. In the group of Scheer, the 
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reaction of complexes such as pentaphosphaferrocene with Cu(I) halides led to the obtention of 

a plethora of supramolecular assemblies from 1D-CPs to 2D corrugated layers and even nano-

sized, fullerenes like nanoclusters.70 In 2015, the group of Scheer reported the obtention of a 

« Giant rugby ball » supramolecular compound, derived from pentaphosphaferrocene and 

CuBr2, attaining a size of 4.6 x 3.7 nm, with a volume calculated to be 32.1 nm3, making it 62 

times larger than the well-known C60 fullerene molecule (Figure I-15).71 

 

Figure I-15 : Molecular structures of some of the otained supramolecular assemblies in the group of Scheer : a) 

1D chain of [CuCl(Cp*Fe-(η5 : η1 : η1-P5))]n ;b) 2D layer of [CuI(Cp*Fe(η5 : η1 : η1-P5))]n ; c) Fullerene-like 

nanocluster [(Cp*Fe(η5 : η1 : η1 : η1 : η1 : η1-P5))12(CuCl)10(Cu2Cl3)5(Cu(CH3CN)2)5] ; d) « Giant rugby ball » 

[(CpBnFe(η5-P5))24Cu96Br96]. 

 

One proposed approach to overcome the set of limitations associated to the Cu(I) ions is to use 

specific ligands design, that would apply a limit to the flexibility of the coordination sphere of 

Cu(I) metal centers, and in the same time, impose a more pronounced directionality to the 

vacant coordination sites of such designed precursors.69 This approach ressembles the sets of 

rules established in section 5 of this chapter concerning the development of efficient Cu(I) based 

luminescent emitters, and more specifically TADF emitters. Indeed, this involves the 

development of a rigid structure to the Cu(I) emitters as to limit the excited states structural 

rearrangments as well as limiting non-radiative relaxation pathways to take and to help in 

prohibiting solution dissociation of the assemblies in the scope of solution based devices 

processing. 
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I-5.d Development of « U-shape » bimetallic Cu(I) precursors for usage in CDS chemistry 

 

This approach was applied first in 2005, during studies conducted on 2,5-bis(2-

pyridyl)phosphole ligand. Two complexes A1 and A2 were obtained displaying a unusual 

bridging coordination mode on dimeric units Cu(I) stabilized by N,P,N chelates (Figure I-16).72 

 

Figure I-16 : a) Molecular structure of 2,5-bis(2-pydiryl)phosphole ; b) molecular structure of obained dimeric 

Cu(I) complexes. L is labile acetonitrile ligands and X are counter-anions, either PF6
- or BF4

-. 

 

In the above derivatives, two labile acetonitrile ligands are coordinated to the Cu(I) metallic 

centers, which confer to the complex a U-shape, in which moreover small intermetallic 

distances take place with 2.5552(8) and 2.6696(7) Å in A1 and A2 complexes respectively, 

which are in the commonly accepted distance range for cuprophilic interactions to occur. 

These derivatives, the labile acetonitriles ligands coordinated to the Cu(I) metallic centers can 

be substituted by cyano-capped ditopic linkers, paving the way toward the development of a 

new family of tetrametallic supramolecular assemblies (Figure I-17).73 
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Figure I-17 : Molecular structure of two dimeric tetrametallic metallacycles obtained via single crystal X-ray 

diffraction (hydrogen atoms, counter-anions and solvent molecules have been omitted for clarity).74 

 

This initial study revealed the possibility of using this « U-shape » bimetallic precursor unit in 

self-assembly processes and was extended to obtain novel structures with polytopic nitrile 

capped organic linkers. The obtained supramolecular assemblies revealed to be further 

stabilized by weak intermolecular interactions as well as - interactions between the linkers 

leading to the formation of tetrametallic compact supramolecular assemblies (Figure I-18). 

 

Figure I-18 : Molecular structure of tetrametallic metallacycles obtained with diverse polytopic nitrile capped 

linkers. Adapted from reference75,76. 

 

One issue arising from this study however, is the lack of noticeable luminescent properties in 

the obtained supramoleclar assemblies. Indeed, the -conjugated backbone of phosphole–based 

ligand used in the precursor dimeric unit provides efficient non-radiative de-excitation 

pathways, mostly due to the bridging coordination mode of the phosphane. 
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The solution to this issue was to develop a new Cu(I) based precursor, having a similar 

molecular architecture. The choice was made to use the ligand bis(diphenylphosphino)methane 

(dppm), leading to the obtention of a bimetallic unit Cu(I) precursor [Cu2(µ2-

dppm)2(CH3CN)4]
2+, first described in 2003.77 This precursor, however, does not share some of 

the characteristics of the earlier Cu(I) based precursor : the coordination number is higher as 

two acetonitrile ligands are coordinated to each Cu(I) metallic center and the intermetallic 

distance found in the dimeric unit is large (ca. 3.7 Å), far outside the accepted upper limit for 

cuprophilic interactions to take place. Yet, this precursor unit presents solid-state luminescent 

properties78,79, making it interesting toward an adaptation of the previously developed CDS 

syntheses for the obtention of new luminescent supramolecular assemblies. 

This dimeric unit was first reacted with a number of cyano-capped -conjugated ligand, 

providing the structure with valuable intramolecular - interactions and leading to the 

formation of one-dimensional coordination polymers (1D-CPs) (Figure I-19).80  

 

Figure I-19 : Molecular structure of some obtained 1D-CPs from the F-shape precursor [Cu2(µ2-dppm)2]2+. 
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In this first series of compounds, the dimeric units presents a « F-shape » geometry and the 

metallic centers possess either a tetrahedral or distorded trigonal planar coordination sphere. A 

high flexibility of the dimeric units was also noted, due to the dppm assembling ligands 

exhibiting « accordion-like » behavior, and still preserving the dimeric unit chemical structure.  

The work presented in this PhD thesis is based on the use of this dimeric unit [Cu2(µ2-

dppm)2(CH3CN)4]
2+ as a precursor in reactions taking full advantage of CDS chemistry 

principles, in order to design new supramolecular structures having interesting luminescent 

properties and stimuli responsive behavior. 
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Chapter II Preparation of a series of Cu(I) based 1D coordination 

polymers and study of their solid-state and luminescence properties 

 

II-1 Presentation of the Cu(I) bimetallic precursor used 

Considering the latest advancements in coordination driven supramolecular chemistry and the 

need to develop affordables new luminescent materials, I started to work on a series of new 

compounds based on an inexpensive Cu(I) precursor. However, before going into the details 

about the results presented in this thesis, it is important to get a better understanding of 

properties of the starting building block that will be used throughout this chapter. 

This precursor was first synthesized in 20161 by taking full advantage of a coordination driven 

supramolecular approach that was developed by the Lescop group.2 This compound is based on 

a pre-assembled bimetallic clip of [Cu2(µ2-dppm)2(CH3CN)4](PF6)2. This bimetallic molecular 

clip was reacted in a 1 to 1 ratio with KCN in dichloromethane, at room temperature under air. 

After stirring, the solution mixture appears as a colorless cloudy solution. Upon pentane vapor 

diffusion into the filtered solution, homogeneous crystals of this compound, which will be 

denominated A, were obtained. The obtained crystals are block shaped, transparent, colorless, 

air-stable and isolated with a good yield of 80%. The coordination of the cyanide ligand to the 

metal centers of the bimetallic clip is indicated in the infrared spectrum by the presence of a 

vibration band of the cyanide ion (CN) located at 2117 cm-1. The crystals of A were of good 

quality for single crystal X-ray diffraction measurement and crystal structure resolution. This 

measurement revealed the connection of two bimetallic units of [Cu2(µ2-dppm)2]
2+ by two 

cyanide units acting as ditopic linkers, resulting in the formation of a novel Cu4(CN)2 

tetrametallic metallacycle (Figure II-1). 
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Figure II-1 : Top : Reaction scheme of the reaction between the [Cu2(µ2-dppm2)(CH3CN)2]2+ bimetallic unit and 

KCN ; Bottom : Chemical diagram of the dimeric precursor and view of the molecular structure of A obtained 

via single crystal X-ray diffraction (hydrogen atom, counter-anions PF6
- and included solvent molecules have 

been omitted for clarity). 

 

In this metallacycle A, the Cu(I) metal centers present a distorded trigonal planar geometry, 

different from the tetrahedral arrangement found in the initial [Cu2(µ2-dppm)2(CH3CN)4], 

(PF6)2 bimetallic units. The Cu-Cu distance in the metallacycle is found to be 2.8669(6) Å 

which is in the reasonable range for cuprophilic interactions to take place.3,4,5,6 The compound 

A exhibits interesting photophysical properties which are reported in Figure II-2. 

 

Figure II-2 : a) Normalized solid-state emission spectra of A depending of the temperature between 80 K and 

405 K b) Plot of emission peak maximum against temperature c) Emission decay time against temperature of the 

long component of the bi-exponential decay time. Reproduced from1. 
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A presents in the solid-state an intense eye-perceived blue emision under UV light (ex = 320 

nm) at room temperature (RT). This emission is characterized by a large and featureless band 

centered at 457 nm. This emission is accompanied by a bi-exponential decay time of 10 and 

40 µs and an emission quantum yield in the solid-state of 72%. Upon cooling down, compound 

A presents a bathochromic shift of its emission spectrum and, at 80 K, the emission spectrum 

is a large band centered at 486 nm, corresponding to an eye-perceived green luminescence color 

(ex = 320 nm). The emission decay times increases upon cooling, reaching 40 and 200 µs at 80 

K. This particular behavior is typical of the thermochromic behavior commonly described in 

highly emissive Cu(I) drivatives exhibiting thermally activated delayed fluorescence (TADF). 

By fitting the variation of the long component of the lifetime of the excited state versus the 

temperature with the equation of TADF7 (see Equation I-1), it was possible to obtain the values 

of E(S1-T1) = 1560 cm-1, (S1) = 10 ns and (T1) = 185 µs. 

The reactivity and the prospect of using A as a precusor in coordination driven supramolecular 

synthesis was first explored in 2018.8 Indeed, the coordination sphere of the Cu(I) atoms present 

in the metallacycle being trigonal planar distorded, it allows for the coordination of new donor 

ligands and thus, achieving potential new supramolecular assemblies. This prospect was 

investigated first with two types of donor ligand : KCN and a number of metallo-ligands 

K2[M(CN)4], where M = Ni, Pd or Pt. In both cases, crystals of new products were obtained 

and it was possible to conduct single crystal X-ray diffraction on them. This measurement 

revealed that the reaction between A and KCN led to the formation of a neutral helicoidal one-

dimensional coordination polymer constituted of repeating dimeric units [Cu2(µ2-dppm2)CN2]. 

The reaction with the metallo-ligands K2[M(CN)4] led to the obtention of a series of new 

metallacycles composed of four dimeric units Cu2(µ2-dppm2) linked together via cyano ligand, 

surrounding a square planar M(CN)4 moiety resulting in the formation of a 

[Cu8M(CN)8dppm8]
2+discrete unit (Figure II-3). 
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Figure II-3 : a) Different views of the molecular X-ray structure after the reaction between A and KCN b) view 

perpendicular to the c axis of the helicoidale polymer c) views of the molecular X-ray structure of the compound 

resulting from the reaction between A and K2[Pd(CN)4]. Adapted from8. 

 

The photophysical properties of the obtained new assemblies were investigated and were found 

to be far different from the ones exhibited in the precursor A. The helicoidal compound presents 

an eye-perceived yellow luminescence at room temperature characterized by a broad, 

featureless emission band centered around 538 nm, typical of metal-perturbed dppm ligand-

centered phosphorescence.9 The metallacycles based on metallo-ligands presents an eye-

perceived turquoise luminescence with a variation in intensity along the series (Ni being weakly 

emissive, Pd moderately and Pt being highly emissive). Considering the photophysical 

properties of the newly obtained supramolecular assemblies, it was concluded that the TADF 

behavior was retained only in the metallacycles obtained via the reaction with K2[Pd(CN)4] and 

K2[Pt(CN)4]. All in all, this proved that A is a very versatile precursor that renders possible the 

obtention of diverse supramolecular assemblies that are accompanied by interesting 

photophysical behaviors. 

In addition, the resulting supramolecular assemblies based on A also exhibit stimuli responsive 

behavior on top of the interesting photophysical properties already displayed in the solid-state. 

This was highlighted in a recent study of the mechanochromic properties of the K2[Pd(CN)4] 

based compound published in 2018.8 It was indeed found that this compound presents a shifted 

luminescent spectrum as well as an increased luminescent quantum yield in the solid-state upon 

mechanical grinding and melting.10 
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This further reinforce the attractiveness of the compound A as a precursor to produce new 

supramolecular assemblies presenting diverse photophysical properties as well as possible 

stimuli responsive behavior. 

 

II-2 Synthesis of a series of Cu(I) one dimensional coordination polymers 

With this compound A in hand, and the interesting properties displayed by it, either in its 

assembling behavior or in its photophysical properties, it was decided to further explore this 

compound as a precursor. The next step in this exploration was done during my PhD were I 

studied the reaction between this precursor A and a variety of pyridyl-capped ligands. The 

choice of this kind of ligand was done with the idea of providing the coordinatively low-

saturated Cu(I) metal centers of A with alternative N-donor purely organic ligands. It was done 

so to take advantage of the trigonal planar distorded coordination sphere found in the precursor 

and achieve new supramolecular polymetallic assemblies thanks to the highly directional 

coordination mode and the size of such ligand in particular compared to the « small » anionics 

ligands previously reacted with A (Figure II-3). This study focused on the reaction between the 

precursor A and seven pyridyl-capped polytopic ligands, and the obtained compounds’ 

structures and photophysical properties were explored in detail. The seven ligands selected are 

presented in the Figure II-4 and are designated as Bn.  

 

Figure II-4 : Synthesis diagram of the preparation of the deriative Cn and molecular structure of the pyridyl 

capped ligands Bn used in this study. 



56 

 

These ligands used are 3- or 4-pyridyl capped and presents various degrees of  conjugation 

along their backbone. Also, it is to be noted that among these ligands, all of them are ditopic in 

their nature, except the B6 ligand which presents a tritopic nature. 

The reactions between A and Bn were done under room temperature. The ligands were used 

directly as received from chemical companies and without further purification, and it was also 

the case for the solvents used. 

The first step of the synthesis is the dissolution of the precursor A in dichloromethane. 

Typically, 60 mg (0.028 mmol) of the precursor A are dissolved in 15 ml of dichloromethane 

in an Erlenmeyer, at room temperature, and kept under stirring for one hour. This allows for the 

dissolution of large part of the precursor. A solution of the ligand Bn is prepared in a 1 :1 ratio 

with A, dissolved in dichloromethane. This solution of the ligand Bn is added to the main 

solution and the stirring is stopped to avoid potential rapid precipitation out of solution of the 

forming new assemblies. Just after the addtion is done, the solution retains a clear, not colored 

aspect and the eye-perceived blue luminescence of the solution of A under UV light is lost. At 

this point, two kind of crystallizations processes can be applied : synthesis done with the 

aliphatic ligands B1 to B3 are put to crystallize under pentane vapors diffusion two hours after 

the addition of the ligand. Once in this setup, the crystals take a few days to appear (typically 

between 2 and 7 for yields between 60-80 %). For the other preparation based on the more π-

conjugated rigid ligands B4 to B7, the crystallization process occurs directly after the addition 

of the ligands Bn. The solution is then set aside at room temperature and is left in the reaction 

flask. Crystals start to appear at the bottom of the reaction flask in a few days. For all seven 

syntheses, it is possible to isolate after a week homogeneous batches of yellow or white crystals 

of the new species Cn. The averaged yields of these reactions range between 50 and 80 % (Table 

II-1). 

compound C1 C2 C3 C4 C5 C6 C7 

Reaction yield 63 % 84 % 68 % 79 % 62 % 82 % 54 % 
Table II-1 : Averaged reaction yields of the compounds Cn. 

 

II-3 Infrared spectroscopic characterization of the compounds Cn 

The precursor A presents a band associated to the cyanide linker which is typically found to be 

moderatly intense and measured at 2117 cm-1 (see Figure II-5). This (CN) stretching band is 

shifted to a higher value compared to the free cyano ligand (2080 cm-1 in aqueous solution) as 
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a result of the coordination to the copper atoms. This is due to the CN- ion acting as a -donor 

toward metal centers and as a -acceptor. This -donation tend to increase the frequency of the 

(CN) band due to electrons being removed from the 5, weakly antibonding, orbital. With the 

-acceptor behavior, electrons enter the antibonding 2p*, decreasing the (CN) frequency. 

Generally, CN- ions are better -donor than -acceptor, leading to an increase of the (CN) 

frequency upon coordination to metal ions compared to the free ion.11 

 

 

Figure II-5 : Infrared spectrum of the precursor A ; insert : focus on (CN) stretching vibration band. The dot 

marks the PF6
- counter anion t1u vibration mode band. Blue squares mark typical dppm (C-H) ligand bands. 

 

Another noticeable absorption band present in the infrared spectrum of precursor A is the 

absorption band present at 833 cm-1. This band is attributed to the t1u vibration mode of the 

hexafluorophosphate PF6
- counter-anion present in the compound. An harmonic pattern can be 

observed between 2000 and 1750 cm-1 and can be attributed to the (C-H) bending band of the 

monosubstituted aromatic rings in the dppm backbone ligands. Along with this harmonic 

pattern, the dppm backbone ligands display a number of absorption bands in the infrared 

spectrum, present at 1485, 1435, 737 and 691 cm-1. The two medium bands present at 1485 and 

1435 cm-1 stem from the (C-H) bending band of the aromatic ring, while the strong band at 691 
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cm-1 stems from out of plane vibration of the aromatic rings. The strong band at 737 cm-1 stems 

from the (C-H) bending band of a monosubtituted benzene ring. 

The compounds Cn all present highly similar infrared spectra to that of precursor A. They all 

present the reported medium and strong bands at ca. 1485, 1435, 737 and 690 cm-1, steming 

from the presence of the dppm ligand backbone with little to no shift in the observed 

wavenumbers. Along with the dppm absorption band in their infrared spectra, the (CN) 

stretching band is also observed, albeit shifted to lower wavenumbers compared to the same 

band in the precursor A, which indicates a coordination of the pyridyl-capped linkers to the 

copper atoms, increasing the coordination number of the metal centers and thus lowering the 

frequency of the cyanide stretching band.11,12 The values at which the (CN) stretching band is 

found in the compounds Cn are reported in Table II-2. 

Compound A C1 C2 C3 C4 C5 C6 C7 

(CN) (cm-1) 2117 2102 2095 2103 2096 2088 2102 2100 

Table II-2 : Values of the (CN) vibration band found in the A precursor and in Cn compounds. 

 

The t1u band of the PF6
- counter anion is also present in the infrared spectra of the compounds 

Cn, without noticeable changes from the precursor A, at 834 cm-1. 

All the similarities between the infrared spectra of Cn compounds and precursor A indicate that 

the reaction between the precursor A and the linkers Bn did not led to a noticeable change of 

the structure of the tetrametallic metallacycle after the reaction. 

Along with the molecular structure of the precursor A being preserved in the newly obtained 

compounds Cn, an absorption band attributed to the vibration mode of pyridyl moities when 

coordinated to a metal can be observed at ca. 1605 cm-1 in the infrared spectra of all compounds 

except C6, pointing to a coordination occuring between the linkers Bn and the tetrametallic 

metallacycle of precursor A during the reactions leading to new species (Figure II-6). The 

absence of this absorption band in the infrared spectra of C6 can be explained by the difference 

in the structure of the linker Bn used : the linker B6 presents a triazine group in its scaffold which 

induced a shift of the vibration mode of the pyridyl moities as coordinated to the metal that also 

overlap with the dppm ligands bands. In the case of C6, it is possible to identify the linker in 

the infrared spectrum with the presence of absorption bands of the 1,3,5-triazine pattern at ca. 

1517 and 1375 cm-1.13 
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Figure II-6 : top : Infrared spectrum of compound C2; bottom : Infrared spectrum of compound C6. The dot 

marks the PF6
- counter anion t1u vibration mode band. Blue squares mark typical dppm (C-H) ligand bands. Red 

triangles mark Bn ligands bands. The infrared spectra of others compounds Cn are available in this chapter’s 

appendix. 
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II-4 Structural characterization of compounds Cn by single crystal X-ray 

diffraction studies 

For all compounds Cn, it was possible to obtain single crystals of sufficient quality to conduct 

single crystal X-ray diffraction studies, whether they were obtained in the reaction flask or by 

pentane vapors diffusion. This measurement made it possible to determine the compounds’ 

crystalline molecular structure (Table II-3). All compounds Cn are one-dimensional 

coordination polymers exhibiting an alternation between a tetrametallic metallacycle and the 

polytopic linkers Bn in a 1 to 1 ratio. Herein, the crystalline structure of the compound C3, 

resulting from the reaction between A and B3 will be described (Figure II-7). 

 

Figure II-7 : a) View of the molecular structure of the one-dimensional coordination polymer C3 obtained via 

single-crystal X-ray diffraction (hydrogen atom, counter-anions PF6
- and included solvent molecules have been 

omitted for clarity) b) view of the repetition unit of the polymer C3 c) notation of the atoms of the structure for 

the distances and angle measurements. 

 

C3 consists in a one-dimensional coordination polymer crystallizing in the C2/c space of the 

monoclinic system. The repetition unit of this polymer is composed of one bimetallic fragment 

Cu2(dppm)2, one cyanide ligand and the polytopic ligand B3. The structure is completed by one 

counter-anion PF6
- and three solvent molecules CH2Cl2. The extended crystalline structure of 
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this compound forms a one-dimensional coordination polymer alterning between tetrametallic 

metallacycles [Cu4(dppm)4CN2]
2+ linked together by the ligand B3. 

In this structure, two Cu(I) ions are coordinated to two phosphorus atoms of each dppm ligand 

that form chelates similar to the ones found in A, and CN- anions are linking these bimetallic 

units Cu2dppm2, leading to the formation of a tetrametallic metallacycle similar to the one 

observed in A. The coordination sphere of one of the two Cu(I) ion in each Cu2dppm2 unit is 

completed by a nitrogen atom from the ligand B3 affording a tetrahedral coordination sphere 

while the other Cu(I) ion stays in a distorded trigonal planar coordination sphere. The bimetallic 

units Cu2dppm2 of the metallacyle are then in a peculiar situation where the Cu(I) metal centers 

are in two differents coordination spheres : the acute metallic center (regarding the metallacycle 

geometry) possesses a tetrahedral coordination sphere and the obtuse metallic center possesses 

a distorded trigonal planar coordination sphere. 

All the seven coordination polymers obtained present a similar molecular organization but it 

can be noted that in the particular case of C6, even though the ligand B6 is tritopic in nature, 

only two pyridyl coordination sites are used, the third one staying free and non coordinated. 

This peculiar behavior account for the one-dimensional nature of the polymer C6. This behavior 

can be tentatively assigned to the steric hindrance of the ligand’s environnement, preventing 

the coordination of the third pyridyl group to occur, as well as the presence of apparents inter 

molecular - stacking interactions taking place between the polymer chains, involving the 

uncoordinated 4-pyridyl fragment (Figure II-8). 
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Figure II-8 : top) molecular structure of the C6 compound's repetition unit, determined by single crystal X-ray 

diffraction; bottom) extended molecular structure of the 1D coordination polymer C6. The molecular structure of 

others compounds Cn are available in this chapter’s appendix. 

 

 A C1 C2 C3 

Space group P21/n P21/n P-1 C2/c 

Cu1-Cu2 (Å) 2.8655(8) 3.127 3.208 3.276 

Cu1-CN (Å) 1.956(17) 1.983 1.965(3) 1.978(3) 

Cu2-NC (Å) 1.96(4) 1.973 1.987(3) 1.979(3) 

Cu1’-NPy (Å) / 2.111 2.117(3) 2.181(3) 

Cu1-P11 (Å) 2.2472(12) 2.304 2.2499(9) 2.2929(14) 

Cu1-P12 (Å) 2.2612(12) 2.274 2.2835(10) 2.2766(12) 

Cu2-P21 (Å) 2.2621(12) 2.263 2.2421(10) 2.2581(13) 

Cu2-P22 (Å) 2.2590(12) 2.256 2.2548(10) 2.2591(12) 

Cu1-Cu2’ (Å) 5.007 5.084 5.079 5.094 

Cu2-Cu1-Cu2’ (°) 57.34 55.89 48.6 52.094 

Cu1-Cu2-Cu1’ (°) 122.66 124.11 131.4 127.96 

m-m (Å) / 13.455 12.693 9.528 
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 C4 C5 C6 C7 

Space group P-1 P21 C2/c P-1 

Cu1-Cu2 (Å) 3.275 3.2337 3.199 3.22 

Cu1-CN (Å) 1.968(3) 1.955(3) 1.965(2) 1.9657(18) 

Cu2-NC (Å) 1.965(3) 1.962(3) 1.969(2) 1.9648(17) 

Cu1’-NPy (Å) 2.133(2) 2.137(2) 2.1486(19) 2.1426(16) 

Cu1-P11 (Å) 2.2985(10) 2.2615(8) 2.2758(8) 2.2628(7) 

Cu1-P12 (Å) 2.2575(10) 2.2769(8) 2.2605(7) 2.2888(9) 

Cu2-P21 (Å) 2.2575(9) 2.2553(8) 2.2657(8) 2.2611(8) 

Cu2-P22 (Å) 2.2566(9) 2.2529(8) 2.2570(7) 2.2546(8) 

Cu1-Cu2’ (Å) 5.072 5.07 5.070 5.068 

Cu2-Cu1-Cu2’ (°) 54.49 49.54 57.38 54.81 

Cu1-Cu2-Cu1’ (°) 125.51 130.35 128.13 125.19 

m-m (Å) 15.56 19.932 13.3 13.525 

Table II-3 : Measurements of selected distances and angles in A precursor and in Cn compounds. « m-m » is the 

measured distance between the metal centers of two neighbouring metallacycles subunits (see Figure II-7 c) for 

notation). 

 

Concerning the intermetallic distance of the bimetallic units, a great increase can be observed 

in the one-dimensional coordination polymers Cn compared to the precursor A. Indeed, while 

this Cu-Cu distance was found to be 2.8669(6) Å in A at 150 K, it ranges from 3.127 Å to 3.276 

Å in the polymers Cn (Table II-3). This increase in the Cu-Cu distance in the bimetallic units 

can be attributed to the change of coordination sphere of one of the Cu(I) metallic centers from 

trigonal planar distorded to tetrahedral. This increase in the intermetallic distance prevents the 

possibility of cuprophilic interactions to take place in the newly obtained polymers as opposed 

to the precursor A. While an elongation of the inter « Cu2dppm2 » distances within these 

tetrametallic metallacycle upon coordination to the ligand is not observed, a slight « flattening » 

of the metallacycle seems to occur. Indeed, the distance between two opposed Cu(I) metal 

center (d(Cu1-Cu2’) in Table II-3) stay mostly the same, while the obtuse angle (Cu1-Cu2-

Cu1’) increase across the Cn family of compounds is in the range of 124.11° to 131.40° 

compared to the value of 122.66° found in A. Besides this, the metallacycle backbone is mostly 

unchanged. Finaly, it can be noted that all others metric data found in derivatives Cn are in a 

classical ranges for such compounds.1,8 Powder X-ray diffraction have also been investigated 

for these compounds affording diagrams in agreement with the single crystal X-ray diffraction 

data assuming the homogeneity of the phase. For the sake of clarity, it was considered to be 

more pertinent to present and describe these diagrams in the next chapter. 
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II-5 Photophysical studies of the compounds Cn 

In spite of all the structural differences between the linkers Bn used in this study such as the 

aliphatic caracter or the geometry and length, all obtained polymers Cn share a common and 

homogeneous geometry being one-dimensional coordination polymers. All the one-

dimensional coordination polymers are white powders in the solid-state at room temprature, 

with the exception of C6 which is a yellow polycrystalline solid. Yet they display a remarkably 

variety of eye-perceived emission colors of luminescence under UV light (Figure II-9). 

 

Figure II-9 : Photography under visible (top) and UV light (bottom) (ex = 365 nm) of all Cn polymers and 

precursor A. 

 

II-5.a Solid-state UV-visible absorption study of the polymers Cn. 

 

The solid-state room temperature UV-vis absorption spectrum of the polymers Cn were 

measured. The polymers Cn present a large and intense absorption band with maxima centered 

between 300 nm and 400 nm, which corresponds with the white color observed for the powders. 

Notably, the polymer C6 is obtained as a yellow colored powder and this reflect in its UV-

visible absorption spectra being broader than the other polymers as well as being overall red-

shifted. These measured absorption spectrums can be attributed to mainly -* transitions 

centered on the organic aromatic ligands (dppm and/or connecting Bn ligands) (Figure II-10). 
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Figure II-10 : top) Solid-state UV-visible absorption spectrum of C1; bottom) Solid-state UV-visible absorption 

spectrum of C6. The other componds’ spectra are available in this chapter’s appendix. 
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II-5.b Solid-state excitation spectra of the polymers Cn. 

 

The solid-state room temperature excitation spectra of compounds Cn were measured and 

revealed the presence of two large bands with maxima located at ca. 325 and 370 nm across the 

series of polymers (Figure II-11). 

 

 

Figure II-11 : top) Solid-state room temperature excitation spectrum of C3, bottom) Solid-state room 

temperature excitation spectrum of C4. The other compounds’ spectra are available in this chapter’s appendix. 
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II-5.c Solid-state emission spectra of the polymers Cn. 

 

Each one-dimensional coordination polymers Cn presents a noticeable solid-state room 

temperature luminescence under UV-light ( = 365 nm) with a large variety in the intensity of 

the emission and of the eye-perceived colors displayed. These polymers’ eye-perceived 

emission colors range from light blue luminescence in C1 and C2 to yellow-orange 

luminescence for C6 and even red in the case of C7 (Figure II-9), being markedly different from 

the deep blue colored luminescence displayed by the A metallacycle under UV-light. 

In order to caracterize more clearly the luminescence properties of the family of coordination 

polymers Cn, their RT solid-state emission spectrum were measured firstly. 

The polymers Cn display large bands in their emission spectrum at room temperature, with the 

exception of C5 for which emission intensity at room temperature is so weak that it was not 

possible to record a well resolved spectrum emerging from the background signal. The large 

band observed in the emission spectrum is not structured for polymers C1-C3, and C6, and 

presents an apparent vibronic substructure in the case of polymers C4 and C7 (Figure II-12). 

 

Figure II-12 : Normalized emission spectra of the 1D coordination polymers C1-C4 and C6,7 in the solid-state at 

room temperature (ex = 330 nm). 
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The luminescence featured by this series of polymers covers a great portion of the visible part 

of the light spectrum, with max (max being the wavelength for which the maxima of emission 

intensity is measured in the emission spectrum) values going from 490 nm up to 636 nm (Table 

II-4). It can be noted that all 1D coordination polymers present at room temperature a shift to 

higher wavelengths in their emission spectrum compared to the emission of the tetrametallic 

precursor A (max = 457 nm). 

 em (nm) ex (nm) I80/IRT Φem obs (µs) kr (s-1) knr (s-1) 

C1 
483 

(475) 
320 48 7 

29 

(185) 
2.4 x 103 3.2 x 104 

C2 
483 

(480) 
330 43 12 

29 

(227) 
4 x 103 4 x 104 

C3 
500 

(510) 
325 1.5 50 

10 

(33.9) 
5.2 x 104 5.2 x 104 

C4 
503, 536s 

(475, 501, 533, 544) 
325 4.5 30 

4 200 

(11 000) 
71 1.7 x 102 

C5 
500-530 

(477, 510, 543s) 
320 114 0.01< 

688 

(41 500) 
14 1.4 x 103 

C6 
590 

(570) 
335 17 20 

0.5 

(18.3) 
4 x 105 1.6 x 106 

C7 
580, 636, 700 

(445, 577, 636, 700) 
330 3 5 

994 

(2 000) 
50 9.5 x 102 

A 
457 

(486) 
320 2.8 72 

40 

(200) 
1.8 x 104 7 x 103 

Table II-4 : Photophysical data for the polymers Cn, at 300 K and 80 K, in the solid-state. The lifetimes of C4, 

C5 and C7 were recorded at the wavelength corresponding to the highest intensity in the emission spectrum (500, 

510 and 575 nm respectively). Values at 80 K are given in parentheses. s designates shoulders, I80/IRT is the 

intensity at maximum of emission at 80 K divided by the intensity at maximum at 300 K. kr = Φem/obs, knr = (1-

Φem)/obs. 

 

To also represent this luminescence, the calculated coordinates of the polymers Cn as well as 

the precursor A on the chromaticity diagram as defined by the Comité International de 

l’Eclairage (CIE) in 1931 are displayed in Figure II-13. One detail that stands out from this 

figure is that the polymers Cn resulting from the reaction with the more seemingly π-conjugated 

ligands Bn tend to display the more red shifted luminescence out of the series, as is the case for 

C6 and C7. 
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Figure II-13 : Chromaticity diagram of the 1D coordination polymers Cn in the solid-state at room temperature. 

 

In this diagram, it is confirmed that the luminescence of the synthesized polymers covers a large 

part of the visible light spectrum from deep blue to red. 

Measurements on the thermal variation of the luminescence properties of polymers Cn were 

conducted, and their emission spectrum from room temperature down to liquid nitrogen 

temperature were registered (Table II-4). In addition, the temperature dependence of the decay 

times of the excited states were also measured (Table II-4). A large variety of behaviors is 

therefore highlighted in this series of polymers Cn. 

 

Figure II-14 : Temperature dependence of the emission spectrum of polymer C1 (a) and C2 (b) from 300 to 

80 K. 
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The polymer C1 displays a large increase of its intensity of emission upon cooling and this is 

accompanied by a small hypsochromic shift of the max value. At 80 K its emission is 

characterized by a large band centered around 475 nm under a 330 nm excitation. As can be 

seen in Figure II-14 a), the emission at 80 K is quite narrow with a FWHM of 67 nm. 

The polymer C2 displays similar properties to that of derivative C1 upon cooling. A large 

increase of the intensity of emission upon cooling can be observed, accompanied by an 

hypsochromic shift for the polymer C2. In this case, the shift is smaller than for C1 with an 

emission band centered around 480 nm at 80 K compared to 483 nm at RT. One difference with 

C1 lies in the width of the emission bands, with a larger FWHM at 80 K of 104 nm (Figure 

II-14 b)). 

 

Figure II-15 : Temperature dependence of the emission spectrum of polymer C3 (a) and C4 (b) from 300 to 

80 K. 

The next polymer, C3, obtained from the reaction with the B3 linker presents a noticeably 

different behavior. An initial decrease of the emission intensity upon cooling is observed, a 

trend that is present down to ca. 200 K. At this temperature, a small plateau of intensity where 

a local minimum is reached can be osberved. Upon further cooling of the sample down toward 

the temperature of liquid nitrogen, the emission intensity increases to reach its maximum at 80 

K. In the case of C3, a bathochromic shift is observed during all the cooling process with an 

emission band centered at 510 nm at 80 K. The emission band at 80 K presents a FWHM of 

107 nm (Figure II-15 a)). 

The temperature luminescence properties of C4 present a major difference, when compared to 

the polymers C1-C3. Indeed, it displays at RT an apparent vibronic substructure in its emission 
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band, which is kept during the cooling process with the apparition of additional local maxima 

at 475, 500, 532 and 543 nm at 80 K. No particular shift in the emission can be identified during 

the cooling process. The vibrational structure presents energy variation averaging 1318 cm-1 

(Figure II-15 b)). 

 

Figure II-16 : Temperature dependence of the emission spectrum of polymer C5 (a) and C6 (b) from 300 to 

80 K. 

 

The polymer C5 is almost not luminescent at room temperature under UV-light. A large increase 

of the emission intensity upon cooling, along with the apparition of a vibronic substructure in 

the emission band can be observed, with two maxima and a shoulder present (485, 510 and 545 

nm respectively). The vibration structure found in compound C5 at low tempeatures presents 

energy gaps of ca. 1270 cm-1 (Figure II-16 a)). 

Polymer C6 presents a noticeable hypsochromic shift upon cooling, along with a large increase 

of the emission intensity. Once cooled to 80 K, its emission is characterized by a large band 

centered around 575 nm. Contratry to the precedent two polymers C4 and C5, no vibronic 

substructure can be observed here. The emission band presents a FWHM of 128 nm at 80 K 

(Figure II-16 b)). 
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Figure II-17 : Temperature dependence of the emission spectrum of polymer C7 from 300 to 80 K. 

 

Finally, the last polymer presented in this study, obtained from the B7 linker, presents a vibronic 

substructure in its emission band along with an increase of the emission intensity upon cooling. 

Upon cooling, no shift of the maximum of emission can be observed on each of the components 

of the vibronic substructure. The emission spectra for the more intense sub component is a band 

centered at 578 nm at 80 K, with the two others components presenting bands at 636 and 702 

nm respectively. The energy variations found in the vibrational structure are 1529 cm-1 on 

average. One particular thing that can be noted in the case of polymer C7 is the apparition at 

lower temperatures of a second emission centered around 450 nm, with much lower intensity 

than the main emission, and which is not visible in the RT emission spectrum (Figure II-17). 

All the observed changes are reversible upon returning to room temperature, with no noticeable 

changes noted in the room temperature luminescence of the polymers Cn after the cooling 

process. 

 

II-5.d Measurements of the lifetime of the excited states of the polymers Cn 

 

The thermal evolution of the lifetime of the excited states of the compounds Cn in the solid-

state has been studied. The lifetimes were studied from 80 to 300 K using a laser diode having 

an excitation wavelength of 375 nm (Table II-4). The measurement of the lifetime have been 
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made at the wavelength corresponding to the maximum of the emission spectrum at the given 

temperature. 

The determined lifetimes were treated with a monoexponential decay mode, affording 

acceptable fit parameters with R² values superior than 0.9. Attempts to fit the curves using a 

biexponential decay led to comparable values and did not improve the quality of the fit. One 

can wonder, due to the complexity of these compounds, the variety in their structures and their 

photophysical behaviors, about the fact that all compounds present such a monoexponential 

decay, meaning that only one radiative relaxation pathway takes place. It is always possible to 

proceed with a polynomial fit which would induce an overparameterization of the data and 

question the relevance of such a fit. Therefore, the data presented here are thus processed with 

a monoexponential decay, however giving access to a value of the lifetime of the excited state 

that we prefer to define as an average value outlining that potentially different relaxation 

processes that can take place simultaneously. 

 

 

Figure II-18 : a) Variation of the lifetime depending of the temperature of C1 from 80 to 300 K ; b) Variation of 

the lifetime depending of the temperature of C2 from 80 to 300K. 

 

In Figure II-18 a), it can be observed that the curve of the variation of the lifetime of the 

compound C1 presents a plateau at low temperature with a lifetime of 185 µ at 80 K and up to 

190 K where it begins to decrease. Once at ambient temperature, the lifetime of the excited state 

is found to be 29 µs. 

The curve of the variation of the lifetime depending of the temperature of compound C2, 

depicted in Figure II-18 b) follows a similar trend, with a plateau at low temperature with an 
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excited state lifetime of 227 µs at 80 K. At 160 K, the lifetime starts to decrease. Once heated 

to 300 K, the lifetime of the excited state of C2 was found to be 29 µs. 

 

Figure II-19 : a) Variation of the lifetime depending of the temperature of C3 from 80 to 300 K ; b) Variation of 

the lifetime depending of the temperature of C4 from 80 to 300K. 

 

In Figure II-19 a), it can be seen that the compound C3 follow a similar pattern in its the 

temperature dependence of the lifetime of its excited states, with a plateau at low temperature, 

followed by a decrease at ca. 180 K. However, the values of the lifetime are much smaller than 

what was observed in C1 and C2, as the lifetime of C3 was measured to be 34 µs at 80 K and 10 

µs once heated to 300 K. 

The curve of the variation of the lifetimeof the excited state of compound C4, depicted in Figure 

II-19 b) shows an unusual aspect when compared to the previous compounds. Besides a similar 

small plateau oberved at 80 K lasting to 120 K, the decrease in the lifetime during heating is 

followed by an increase leading to the formation of a local maximum at 240 K, before the 

lifetime decreases again. The values of the lifetime of the excited states are also much longer 

than what was observed for previous compounds with values of 11 ms at 80 K, 8 ms at 240 K 

and 4.2 ms at 300 K. Such a behavior suggests that competitive radiative relaxation processes 

may take place with relative predominance being dependant of the temperature. 
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Figure II-20 : a) Variation of the lifetime depending of the temperature of C5 from 80 to 300 K ; b) Variation of 

the lifetime depending of the temperature of C6 from 80 to 300K. 

 

The curve of the lifetime depending of the temperature of compound C5 follows the trend of 

compounds C1-C3 but with much longer decay times : a plateau is present at low temperature 

with the highest lifetime of the excited states measured for compounds Cn at 41.5 ms, and is 

maintainted up to 170 K. Then, a decrease is observed in the lifetime values, attaining 688 µs 

at 300 K. 

In Figure II-20 b), the curve of the variation o the lifetime depending of the temperature of 

compound C6 presents a steep decrease, beginning from the lowest temperature of 80 K, with 

an initial lifetime measured to be 18.3 µs. The value of the lifetime of the excited states seems 

to attain a low value plateau starting at ca. 280 K. Once heated to 300 K, the value of the lifetime 

of the excited state is 0.5 µs. 

 

Figure II-21 : Variation of the lifetime depending of the temperature of C7 from 80 to 300 K. 
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Finally, in Figure II-21, the curve of the variation of the lifetime of the excited state depending 

of the temperature of compounds C7 is presented. The curve follow a downward trend starting 

from the low temperture and a lifetime of 2 ms. This trend in interrupted by a small lifetime 

plateau, reminiscent of the local maximum observed in C4 and located at ca. 240 K. After this 

plateau, the lifetime decrease again during the heating, and attain 994 µs at 300 K. 

 

II-5.e Quantum yield measurements of the polymers Cn 

 

The quantum yields of the polymers were measured, in the solid-state and at room temperature. 

In order to insure a greater accuracy, they have been measured three times, and the value given 

is obtained from the averaging of these measurements. The values are given in Table II-4. 

These values of the emission quantum yield are very disperse, being 50% for the highest C3, 

and as low a 0 % for C5. Contrary to their color of emission which follow a gradual shift to the 

red emissions along the series of polymers Cn potentially correlated with the degree of 

π-conjugation in the linkers backbone, no such behavior can be observed here for the quantum 

yields. 

 

II-5.f Temptative assignment of the photophysical properties of polymers Cn 

 

The description of the thermal dependence of the solid-state emission spectra and decay time 

of the excited states, together with the quantum yield for all these compounds reveal some 

various luminescence behaviors, despite the high homogeneity of the structural architectures. 

Tentatively, one can distinguish roughly two groups of compounds : C1-C2 and C4-C5-C7, while 

C3 and C6 present quite different behaviors. C1 and C2 present large emission bands that are 

preserved upon cooling together with a slight hypsochromic shift and thermal values of the 

decay times ranging from roughly 200 μs at low temperature, to 30 μs at room temperature. At 

the opposite, C4, C5 and C7 present structured emission spectra with resolution that got higher 

upon cooling, with virtually no shift of the emission spectrum, while the decay times of the 

excited states are much longer going from tens of milliseconds at low temperature to roughly 

one millisecond at room temperature. The radiative rate constants for these compounds have 

been determined, being at ca. 4 to 2.4x103 s-1 for the first family and much smaller values the 

second family. Values in the range of few 103 s-1 can be assigned to 3MLCT phosphorescence 
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properties, while the kr values for the second series, together with the high structuration of the 

emission bands likely suggests metal perturbated intralinker phosphorescence properties, that 

can eventually be associated in case of polymer C4 with quite high emission qantum yields due 

to a certain rigidification of the linker backbone in the packing.14,15 Considering the C3 and C6 

derivatives, the kr values are much higher and could be proof of the preservation of the TADF 

behavior of the A precursor within the polymers. This is supported by the sigmoidal curve that 

can be observed for the C3 compound, however, for the C6 compound the sigmoidal profile 

cannot be observed, eventually due to the fact that measurements at lower temperature might 

be necessary. One can note that it is quite remarkable that if it is eventually confirmed that the 

C6 compound present a TADF behavior, it is associated with a quite high emission quantum 

yield in a spectral domain which corresponds to the emission of an eye-perceived yellow-orange 

light for which non-radiative de-excitation pathways due to vibrations have generally a great 

impact on the luminescence efficiencies. 

 

II-5.g Luminance measurements of the polymers Cn 

 

To complete the study of their photoluminescence properties, the luminance of the one-

dimensional coordination polymers Cn were measured in the solid-state and at room 

temperature under irradiation with ex = 365 nm and by varying the irradiance directed toward 

the sample. Luminance was first defined as the « brightness » of a sample, however, this term 

was deemed obsolete in 1997. In the IUPAC goldbook, luminance is now defined as 

« Photometric counterpart of radiance, producing the visual sensation called brightness. ».16 It 

consists of the luminous intensity per unit area, with the luminous intensity being the intensity 

weighted by the luminosity function of the human eye,17 and expressed in Cd/m². The irradiance 

is the measurement of the light source power per unit area and is given in W/m².18 The 

luminance is given for a certain irradiance to take into account the intensity of the incident light. 

The luminance of a compound is related to its luminescent quantum yield, with higher quantum 

yields leading to higher luminance. The resulting curves from this study are given in Figure 

II-22 and Figure II-23. 
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Figure II-22 : Variation of the luminance of the polymers Cn depending on the irradiance. 

 

In Figure II-22 it can be seen that all polymers Cn present an overall linear evolution of their 

luminance with the variation of irradiance intensity. The luminance is found to be in the range 

of 1.6 Cd/m² to 47 Cd/m² under an irradiance of 3.5 W/m². One can note that the luminance 

range displayed by the polymers Cn is comparatively the same as their quantum yield : the 

polymer C5, presenting the lowest recorded solid-state room temperature quantum yield of the 

series at 0 % is also presenting the lowest luminance with a value of 1.6 Cd/m² under an 

irradiance of 3.5 W/m². On the other hand, polymer C3 possesses the highest quantum yield 

value for the polymers Cn with 60 % and presents accordingly the highest value of luminance 

with 47 Cd/m² under the same irradiance. 

 

Figure II-23 : Comparison of the variation of the luminance depending on the irradiance between C1, C2, C3 and 

C6. 
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The variation of the irradiance intensity was studied in order to determine if the polymers Cn 

would suffer from saturation effects under high intensity UV lights irradiation or if their 

luminescence would remain unaffected. It was found that the vast majority of polymers Cn do 

not suffer from saturation effects, only polymers C1 and C2 seem to present such effects as the 

curve of the luminance begins to flatten (Figure II-23) when approaching the highest available 

irradiance. This peculiar behavior could be tentively related to the fact that B1 and B2 are the 

two ligands used in this study that present a linear aliphatic backbone. 

 

II-6 Thermal properties of the polymers Cn 

The thermal stability of the one-dimensional coordination polymers Cn was studied by TGA-

DTA analysis. The samples were first analyzed by conducting a heating from room temperature 

to 950 °C with a heating ramp of 5 °C/min under nitrogen flux. Once at 950 °C, this temperature 

was maintained for one hour with an oxygen flux being applied, in order to insure the best 

possible combustion of the compound. The resulting graph is presented in Figure II-24 for 

derivative C6. The complete TGA-DTA measurements for the other polymers Cn are available 

in this chapter’s appendix. 

 

Figure II-24 : TGA-DTA analysis of C6 compound until 950 °C. 
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The coordination polymers Cn are established to be thermically stable up to a temperature of 

ca. 350 °C (Table II-5) where an endothermic event occurs along with an important loss of mass 

corresponding to the thermal decomposition. During this decomposition for example, the 

coordination polymer C1 loses ca. 80 % of the total starting weight. The final residue, obtained 

as a dark solid, is very likely composed of oxydized copper species resulting from the Cu(I) 

metallic centers of the tetrametallic metallacycles present in the polymers. Similar behaviors 

are observed for all the seven polymers Cn. 

Compound C1 C2 C3 C4 C5 C6 C7 

Decomposition 

temperature 

(°C) 

362 352 356 345 336 344 354 

Exothermic 

transition 

temperature 

(°C) 

217 166 185 189 209 190 231 

Table II-5 : Temperature of decomposition of polymers Cn. 

 

It can be noted that at a temperature lower than the the temperature of thermal decomposition, 

an exothermic peak can be observed in each of these TGA-DTA analyses, not accompanied by 

any direct loss of weight. To investigate more precisely this exothermic event, other TGA-DTA 

measurements were conducted, where the coordination polymers were heated to 270°C (below 

the temperature of thermal decomposition) under nitrogen flow, maintained for 5 minutes at 

this temperature and then subsequently left to return to room temperature (Figure II-25). 
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Figure II-25 : TGA-DTA analysis of compound C6 until 270 °C and record of the return to room temperature. 

 

In each case, some minor loss of weight can be obsered at the very beginning of the 

measurement along with an endothermic aspect of the DTA curve. This can be attributed to the 

evaporation of CH2Cl2 solvents molecules trapped in the structure or alternatively from 

evaporation of adsorbed water molecules originated from moisture in the air since all collected 

materials can be kept under air without any damages occuring upon time. However at higher 

temperature, an exothermic event can be observed without any loss of weight as can be seen in 

the Figure II-25 related to the thermal treatment of the polymer C6. 
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Figure II-26 : TGA-DTA analysis of compound C2 until 270 °C and record of the return to room temperature. 

 

In addition, when considering the TGA-DTA measurement of derivative C2 (Figure II-26) 

conducted in the same manner, it can be seen that this exothermic event happens at a 

temperature T1 slightly lower than a temperature T2 associated with an endothermic event. This 

event is accompanied by a moderate loss of weight. In both cases, importantly the TGA-DTA 

curves recorded as the system is cooled down back to room temperature reveals that these 

thermic events are not reversible as there was no exo- or endothermic peak present in the DTA 

curve recorded upon cooling, except in the case of C5 where an exothermic peak can be 

observed, potentially attributed to state changes of the linker. Similarly, there was no change in 

weight upon cooling. 

This behavior is exhibited across the entire series of coordination polymers Cn with the only 

noticeable difference being the temperature at which these exothermic events takes place and 

if it is followed by a moderate loss of weight before the decomposition temperature is reached 

(see in this chapter’s appendix). Only the TGA-DTA curve of the compound C6 exhibit only 

the first exothermic peak. 

One really intriguing aspect of this thermal behavior was that upon taking the sample out with 

this second TGA-DTA sequence (not heating up to the thermal decomposition) and exposing it 

to UV light ( = 365 nm), all polymers Cn were emitting an intense, eye-perceived blue 
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luminescent light, clearly different from the initial varied luminescence displayed by the 

coordination polymers. Therefore, these irreversible thermal transitions induced a transition in 

the luminescence properties carried by the polymers Cn as they are returned to room 

temperature. 

 

II-7 Conclusion 

The straightforward, high yield preparation of a new family of one-dimensional coordination 

polymers was achieved by reacting the Cu(I) based tetrametallic metallacycle A as a precursor, 

with different 3- or 4- pyridyl capped ligands. The reaction is done under air along a one pot 

strategy and without further purification steps needed, affording polycrystalline Cn compounds. 

The obtained compounds Cn are one-dimensional coordination polymers composed of the Cu(I) 

tetrametallic metallacycle of A, connected by the ligands Bn. This pattern is repeated, allowing 

for the linear propagation of the polymers regarding the metallacycle A structure. The 

coordination of the connecting pyridyl capped ligand induces a change in the coordination 

sphere of one of the Cu(I) metallic centers from trigonal planar distorded to tetrahedral 

compared to the structure of the metallacycle precursor A. Concomitantly, an increase of the 

intermetallic distance in the dimeric unit is observed prohibiting the observation of cuprophilic 

interactions in the newly obtained polymers. 

The polymers of the Cn family are all white polycrystalline powders in the solid-state except 

for the polymer C6 which is a yellow colored powder. They all present a large UV-visible 

absorption band, which is attributed to  – * transition centered on the aromatic ligand. When 

the polymers Cn are observed under UV light irradiation ( = 365 nm) at room temperature, 

they emit a luminescent light clearly different from the one observed in the precursor A. The 

eye-perceived luminescence colors emitted by the polymers Cn span the entirety of the visible 

light spectrum. Such solid-state luminescence is characterized by large single bands in their 

emission spectrum at room temperature for four polymers C1-C3, C6, while three of them C4, 

C5, C7 present bands bearing vibronic sub-structure in their emission spectrum. The four 

polymers presenting a non structured emission spectrum at room temperature exhibit some 

thermochromic behavior of their luminescence upon cooling to liquid nitrogen temperature 

being either hypso- or bathochromism. In all polymers Cn, a large increase of the emission 

spectra intensity is observed upon cooling. This diversity in luminescence properties of the 

polymers is also observed in their temperature dependant lifetimes. The polymers C1-C3 
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presents shorter lifetime in the range of few microseconds to few hundreds microseconds. The 

more π-conjugated ligands used result in longer lifetimes in the resulting polymer with values 

ranging from a few of hundreds microseconds up to tens of milliseconds. The quantum yield 

measured for the polymers Cn are very diverse as well, ranging from no observable emission at 

room temperature to emission quantum yield reaching the value of 60 %. This behavior is 

echoed in the measurement of the room temperature solid-state photoluminance of the 

polymers, where the ones exhibiting the highest quantum yields were also the ones displaying 

the highest luminance under high irradiance. A tentative interpretation of the photophysical 

properties of these polymers suggest that in some cases, the TADF regime observed in the 

precursor A is preserved (C3) while some derivatives present pure 3MLCT phosphorescence 

(C1-C2). The coordination polymers based on the more π-conjugated linkers (C4-C5-C7) likely 

have radiative relaxation processes based on a mixture of locally excited state and charge 

transfer, metal perturbated intralinker phosphorescence. The assuignment of the radiative 

relaxation processes will have to be confirmed by theoretical calculations that are still 

undergone at the time of writing this manuscript. The case of the luminescence of the polymer 

C6 remains unclear. In order to get more insights about these luminescence processes, TD-DFT 

calculations are currently undergone. 

Finally, when conducting TGA-DTA measurements to investigate behavior of the polymers Cn 

an unexpected thermal transition was discovered. When heated up to ca 200 °C all polymers 

present in the solid-state an exothermic transition. Once this transition is achieved and the 

derivatives returned to room temperature, all polymers display a different RT solid-state 

luminescent behavior than initially emitting a strong, eye-perceived blue luminescence under 

UV light. From this point onward, the phases obtained after the thermal transition are 

denominated Cn’. 

This unexpected change in the photophysical properties upon thermal treatment in the solid-

state is studied in depth in the chapter III.  
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Chapter III Study of irreversible thermal transition occuring in the 

solid-state for the polymers Cn 

 

III-1 Study of the high temperature behavior in the solid-state of the 

precursor A 

III-1.a TGA-DTA measurements of precursor A 

 

Before considering the photophysical properties of the newly obtained thermally transited 

compounds Cn’, and to help to understand the phenomena that occurs, it is important to study 

first the thermal behavior of the precursor A in the solid-state, at high temperature. In a first 

step, a similar TGA-DTA analysis to that of the polymers Cn was conducted for the tetrametallic 

metallacycle A. The first measurement is a thermal analysis until 950 °C to explore a large 

range of temperature and highlight the thermal stability of this compound (Figure III-1). 

 

Figure III-1 : TGA-DTA analysis of the precursor A, under nitrogen flux and up to 950 °C. 

 

A quite similar thermal behavior compared to the one generally recorded in the polymers Cn is 

observed with a small endothermic effect at low temperature (ca. 136 °C) accompanied by a 

small loss of weight (4 %) that can be attributed to the loss of trapped solvents molecules or/and 
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adsorbed water molecules. The precursor A is then stable until 350 °C where an endothermic 

peak, accompanied by a significant loss of weight of ca. 80 % occurs, attributed to the thermal 

decomposition of the tetrametallic metallacycle precursor A. 

Interestingly, an exothermic peak not accompanied by a loss of weight is also observed at 

ca. 240 °C. Such an exothermic transition ressembles the events observed in the case of the 

TGA-DTA analysis of the Cn polymers. In order to get more insights, another TGA-DTA 

analysis up to 300 °C was performed, and the study was extended to the cooling of the derivative 

back to RT (Figure III-2). 

 

Figure III-2 : TGA-DTA analysis of the precursor A under nitrogen flux, up to 270 °C and back to room 

temperature. 

 

In this second measurement, this exothermic peak occuring at 233 °C is clearly observed and it 

is confirmed that it is not accompanied by a loss of weight. No similar peak can be seen occuring 

during the cooling process, hinting to an irreversible transition. When the sample, after such 

thermal treatment was collected and exposed to UV light (ex = 365 nm), no emitted perceptible 

changes occured regarding the RT eye-perceived solid-state luminescence properties displayed, 

with an eye-perceived blue light, very similar to the one displayed by the precursor A before 

the heating experiment. Concomitantly, the solid-state sample morphology (a colorless 

polycrystalline powder) remained similar as before the thermal treatment. 
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Considering this irrerversible thermal transition observed for the precursor A, reminding of the 

one found in the coordination polymers Cn, it was decided to further study in details this 

transition of the precursor affording a new phase denominated A’. 

 

III-1.b Infrared spectroscopy of transited phase A’ 

 

 

Figure III-3 : Infrared spectrum of the thermally transited phase A’ ; insert : focus on the (CN) stretching 

vibration band. The dot marks the PF6
- counter-anion t1u vibration mode band. The blue squares mark dppm 

ligand bands. 

 

It is apparent in the solid-state infrared spectrum of derivative A’ (Figure III-3) that the (CN) 

stretching band is preserved after the heating experiment, however, shifted to a higher 

frequency and is found at 2127 cm-1 in the infrared spectrum of A’ (Figure III-4). 
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Figure III-4 : Superimposition of the infrared spectrum of A and A’ ; insert : focus on the (CN) stretching 

vibration band. The dot marks the PF6
- counter-anion t1u vibration mode band. The blue squares mark the dppm 

ligand bands. 

 

This shift in the position of the (CN) stretching band is the only noticeable change observed in 

the IR spectrum of A’ when compared with A. Otherwise, the infrared spectrum of A’ is highly 

similar to the spectrum of the initial phase A, with the presence of typical absorption bands of 

the dppm ligands backbone present at the same wavenumbers. The PF6
- counter anion is also 

confirmed to be preserved in the transited phase A’ with the presence of a band at 834 cm-1. 

This observation along with the similarities between the two spectra suggests that the 

irreversible thermal transition in A is not a chemical reaction and does not change the 

composition of the compound. Considering the observed shifting of the (CN) stretching band to 

higher wavenumbers, it can be attributed to structural rearrangements taking place in the solid-

state along the thermal transition and leading to small changes in the tetrametallic metallacycle 

structure of the compound. 

 

III-1.c Powder X-ray diffraction of transited precursor A’ 

 

However, it was unfortunately not possible to conduct single crystal X-ray diffraction 

measurements on this derivative A’ since the initial crystals of the phase A did not keep single 
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crystal integrity once removed from the crystallisation solution. Nonetheless, it is possible to 

assess the crystallinity of the thermally transited A’ phase by powder X-ray diffraction analysis 

(Figure III-5). 

 

Figure III-5 : Powder X-ray diffaction diagram of thermally transited phase A'. 

 

As can be seen in the powder X-ray diffraction diagram (Figure III-5), after the thermal 

transition occuring, the A’ phase present a significant crystallinity in spite of the thermal 

process applied. Moreover, when superimposed to the powder X-ray diffraction diagram of 

derivative A freshly synthesized, it is clear that a structural change occured during the heating 

applied on A (Figure III-6). Nonetheless, when the transited phase of the precursor A’ is 

recrystallized by dissolving it in dichloromethane and submitted to pentane vapor diffusion, 

colorless crystals could be recovered which have been characterized as crystals of the initial 

precursor A by single crystal X-ray diffraction measurements. This result confirms that the 

thermal treatment applied to the solid-state of derivative A, occuring as an exothermic transition 

located at 233 °C does not cause a chemical reaction but rather a crystal phase transition. A 

measurement of the variation of the powder X-ray diffraction of A depending on the 

temperature was also performed. 



92 

 

 

Figure III-6 : Comparison between the powder X-ray diffraction of A (red) and A’ (black). 

 

This measurement revealed that upon heating of the precursor A, three distincts crystalline 

phases could be observed. The first one is thermically stable up to 140 °C, where a second 

crystalline phase appears. This second phase is stable up to 210 °C. The final phase obtained is 

stable all the way up to 280 °C, and is conserved back to room temperature. This last phase, 

obtained at high temperature is identical to the crystalline phase of the thermally transited 

precursor A’ obtained at RT (Figure III-5). The presence of multiple successive crystalline 

phases during the heating process leading to the irreversible thermal transition adds to the 

complexity of understanding the mechanism behind this transition. A direct correlation between 

these TD-PXRD data (under Argon) and the TGA-DTA (under Nitrogen) measurement is not 

straightforward since the conditions of both measurements are not stricly similar. Moreover the 

kinetics of the heating are not the same. Yet one can suggest that the phase transition observed 

at 233 °C in the TGA-DTA measurement correspond to the crystal phase transition observed at 

210 °C in the TD-PXRD measurement since the phase obtained in fine are the same according 

to their PXRD diagrams. The crystal phase transition observed in the TD-PXRD diagrams at 

140 °C is likely associated to another crystal phase reorganization of the RT crystal phase that 

is itself not strictly corresponding to the calculated diagram obtained from the single crystal 

structure, likely due to a crystalline phase transition after the crystals are dried and a significant 
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amount of included CH2Cl2 molecules are evaporated. However, all these crystal phases 

transition reflect the high flexibility of the Cu(I) based supramolecular assemblies. 

 

Figure III-7 : Temperature dependant powder X-ray diffraction (TD-PXRD) of precursor A from 30 to 280 K. 

 

Even if the thermal transition and the subsequent structural rearrangement does not lead a priori 

to a striking change in the luminescence in A compared to the polymers Cn, mainly due to the 

fact that the precursor is originally blue luminescent at RT, the luminescence properties of this 

new phase A’ were investigated in details. 

 

III-1.d Luminescence properties of thermally transited precursor A’ 

 

The compound A’ retains a crystalline white powder aspect under visible light. Its solid-state 

UV-visible absorption spectrum was recorded, consisting in a band centered around 300 nm, 

similarly to the UV-visible absorption spectrum of the precursor A. The RT excitation spectrum 

of A’ recorded at 455 nm presents two large band situated at 325 and 375 nm, close to the values 

observed for the precursor A (310 and 360 nm) (Figure III-9). 
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Figure III-8 : Solid-state UV-visible absorption spectrum of A'. 

 

 

Figure III-9 : Solid-state room temperature excitation spectrum of A'. 

 

Upon the irreversible thermal transition taking place, no drastic changes are occuring in the 

solid-state RT luminescence of A’. Under UV-light (ex = 365 nm) it stills emits an intense eye-

perceived deep blue light, similar to the one displayed by the precursor A. This luminescence 
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is characterized in the solid-state at room temperature by a large band (FWHM = 70 nm) in the 

emission spectrum centered around 455 nm, highly similar to the RT emission spectra of A, 

(Figure III-10). 

 

Figure III-10 : Solid-state RT normalized emission spectrum of A (black) and A' (red) (ex = 325 nm). 

 

The study of the thermal dependence of the emission spectrum of A’ reveals a bathochromic 

shift of the large unstructured band observed at RT occuring upon cooling of the sample, a 

similar behavior than observed for A. At 80 K, the luminescence is characterized in the emission 

spectrum by a large band (FWHM = 77 nm) centered at ca. 492 nm, corresponding to the 

emission of an eye-perceived greenish luminescence. It can be noted that a shift of 6 nm to the 

higher wavelengths at 80 K is observed for the max value when compared to A. Beside this 

shift, there is almost no difference in the thermal dependence of the emission spectrum of A 

and A’ (Figure III-11). 
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Figure III-11 : Temperature dependence of the normalized emission spectrum of thermally transited precursor 

A' (ex = 325 nm). 

 

A study of the temperature dependence of the decay times of the excited states of this new phase 

A’ in the solid-state was also performed (Figure III-12). At room temperature, the lifetime 

consists in a monoexponential component with a decay time of 20 µs. Upon cooling, an increase 

of the decay time is observed and upon reaching 80 K, the lifetime value is 200 µs. It can be 

noted that a plateau of the lifetime values is was reached at ca. 200 K during the cooling process 

and is maintained as the temperature decreases. 
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Figure III-12 : Temperature dependence of the decay time of the thermally transited phase A’. 

 

The photoluminescence properties displayed by the thermally transited phase A’, on top of 

being similar to the ones displayed by the precursor A, are reminiscent of TADF behavior, 

hinting that this property of A is retained during the irreversible thermal transition. The curve 

of the thermal dependence of the decay time of the excited state has been fited with the equation 

given in the introduction chapter (Equation I-1) and gives values of lifetimes of 198 µs for T1, 

45 ns for S1 and an energy band gap ΔE(S1-T1) of 1281 cm-1, that compare to values that are 

similar to the ones found for the initial precursor A (ΔE(S1-T1) = 1560 cm-1, τ(T1) = 185 µs and 

τ(S1) = 9.9 ns). 

The RT solid-state luminance of the phase A’ under UV light irradiance of 3.5 W/m² is 

59 Cd/m², very close to the value of 55 Cd/m² measured for the solid-phase of A under the same 

irradiance. 
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III-1.e Thermal behavior of the transited phase A’ 

 

Finally, the thermal properties of this new phase A’ were measured (Figure III-13). 

 

Figure III-13 : TGA-DTA analysis of thermally transited precursor A' until 300 °C and back to room 

temperature. 

 

The TGA-DTA analysis of A’ reveals that no further thermal events are present during the 

heating process up to 300 °C. The measurement was not conducted at higher temperatures due 

to the fact the initial compound A is thermally stable only until 350 °C. The loss of weight 

registered during the measurement is attributed to the beginning of a thermal decomposition of 

the compound when it is maintained at the maximum temperature of the measurement. During 

the cooling process, the presence of any thermal events was not observed. 

These measurements indicate that upon this irreversible transition occuring, the precursor A 

undergoes a structural rearrangement in the solid-state, likely reaching a more 

thermodynamically crystalline stable phase in which no solvent molecules are included. Upon 

further heating of this new phase A’, no new thermally induced structural rearrangements seem 

to occur hinting that this new phase is stable in these ambiant condition in the solid-state. 

This result, along with the previously conducted recrystallization of A from A’, comforted us 

in the idea that A’ and A are two solid-state phases of the same compound, with A being 
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obtained directly from synthesis and crystallization and A’ being the result of a solid-state 

thermal transition of the phase A. 

To sum up this preliminary study, upon discovering an irreversible thermal transition in the 

polymers Cn, leading to a noticeable change in their luminescence properties, a similar TGA-

DTA study was performed on the precursor A, to possibly gather more information about this 

transition. An irreversible thermal transition is also found to be occuring (at 233 °C) in the 

precursor in the solid-state, leading to a new solid-state RT blue luminescent phase A’. This 

thermally transited precursor A’ was analyzed in depth, leading to a better understanding of the 

thermal transition. Upon this transition the general metallacycle structure of A is likely 

preserved but a reorganization in the crystalline solid-state occurs, leading to changes in the 

overall geometry of the tetrametallic metallacycle structure and the luminescent properties, 

especially observed at low temperatures. This behavior in the solid-state reflects the high 

flexibility of the Cu(I) based polymetallic assemblies that can undergo phase transition in the 

solid-state at rather high temperature for a molecular solid without collapse of their gross 

molecular structure.  
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III-2 Effect of the transition on the polymers Cn 

III-2.a Infrared measurements of the transited compounds Cn’. 

 

Infrared spectroscopy measurements on the  compounds Cn’ have been first conducted (Figure 

III-14). 

 

Figure III-14 : Infrared spectrum of the thermally transited phase C1' ; insert : focus on the (CN) stretching 

band. The dot marks the PF6
- counter anion t1u vibration mode band. Blue squares mark dppm ligand bands. 

 

For example, in the RT solid-state infrared spectrum of the thermally transited phase C1’, the 

(CN) stretching band can be observed to be a moderatly intense band located at 2127 cm-1, 

shifted to higher frequencies, from 2102 cm-1, in the initial polymer C1. This value is different 

from the one found in the tetrametallic metallacycle precursor A, however it is identical to the 

(CN) stretching band found in the infrared spectrum of the thermally transited precursor A’. 

When the RT solid-state infrared spectrum of C1’ is compared to the RT solid-state infrared 

spectrum C1 (Figure III-15), it can be observed that they are highly similar. The most intense 

absorption band found in both spectra is located at 832 cm-1 in the infrared spectrum of C1’ and 

is attributed to the PF6
- counter anion. In addition, the typical absorption bands attributed to the 

dppm ligand backone are still present with no noticeable shifts in their frequencies. In the case 

of the infrared spectrum of C1’, the absorption bands of the dppm ligand can be found at 1485, 
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1436, 739 and 690 cm-1, values that are very similar to the ones found in the inital polymer C1 

infrared spectrum. 

Yet, importantly, the vibration band located at ca. 1609 cm-1 in the infrared spectrum of C1 and 

which is attributed to the coordination of the Bn linker to the metallic centers, is absent in the 

infrared spectrum of the thermally transited phase C1’. No bands that are attributed to the linker 

can be observed in the infrared spectrum of the transited phase which leads to the assumption 

that the ligand in missing the phase C1’ after the heating process. This observation can help 

explain the shift of the (CN) stretching band as the coordinaton number of theCu(I) metal centers 

would be lowered, leading to an increased frequency when compared to the initial polymer C1. 

 

Figure III-15 : Comparison between the infrared spectrum of C1' (black) and C1 (red); insert : focus on the (CN) 

stretching band and reported values. The dot marks the PF6
- counter anion t1u vibration mode band. Blue squares 

mark dppm ligand bands. Red triangles mark ligand B1 bands. 

 

Such observation in the infrared spectrum of thermally transited phases Cn’ are similar for a 

majority of them, from C1’-C4’, and C7’. Each of the aforementioned thermally transited 

compounds present an infrared spectrum in which the (CN) stretching can be observed at 2127 

cm-1, with a similar shift to higher frequencies compared to the initial polymers Cn. They all 

present similar values of the absorption bands of the dppm ligand backbone, as well as the lack 

of the absorption band attributed to the coordinated linker at ca. 1610 cm-1 (Figure III-16). 



102 

 

 

Figure III-16 : Comparison between the infrared spectrum of C3' (black) and C3 (red); insert : focus on the (CN) 

stretching band. The dot marks the PF6
- counter anion t1u vibration mode band. Blue squares mark dppm ligand 

bands. Red triangles mark ligand B3 bands. 

 

This similarity between the infrared spectra before and after the thermal transition for 

compounds C1’-C4’ and C7’ indicate that all polymers follow the same behavior upon heating 

where a decoordination of the linker Bn from the tetrametallic metallacycle subunit seems to 

take place, as suggested by the observed shift of the cyanide stretching band. Moreover the 

connecting ligands seems also to be removed from the solid-state samples since there are no 

more band typical of these ligands that are observed in the solid phases at the end of the thermal 

process. 

Concerning the remaining two transited phases, C5’ and C6’, both follow a similar other trend, 

with a clear shift toward higher frequencies for the stretching band of the cyanide ligand (Figure 

III-17). 
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Figure III-17 : Comparison between the infrared spectrum of C6' (black) and C6 (red); insert : focus on the (CN) 

stretching band. The dot marks the PF6
- counter anion t1u vibration mode band. Blue squares mark dppm ligand 

bands. Red triangles mark ligands bands B6. 

 

Both transited phases C5’ and C6’ present a (CN) stretching band located at 2127 cm-1, similar 

to the transited precursor A’ and also to the other transited Cn’ compounds. Both display similar 

bands of their dppm ligand backbones, and a similar PF6
- counter anion t1u vibration band. One 

main difference however lies in their infrared spectra compared to the other transited phases : 

a band located at ca. 1600~1575 cm-1 attributed to the corresponding non coordinated linkers 

B5 and B6 can be found in their infrared spectra, suggesting that the linker is still present in the 

compounds. 

The infrared measurements conducted on the thermally transited phases Cn’ point toward a 

decoordination of the linker Bn from the metallic centers of the tetrametallic metallacycle 

subunit as the exothermic event observed in the TGA-DTA analysis occurs. The linkers seems 

to be missing in the transited compounds except in the case of C5’ and C6’. It seems that upon 

this decoordination occuring, the molecular solid undergoes a structural rearrangement in a 

strictly identical manner across the entire series of compounds Cn’ as in the phase A’ (obtained 

after thermal treatment of A) witnessed by an identical value of the (CN) stretching band located 

at 2127 cm-1 for all thermally transited compounds A’ and Cn’. 
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To better understand the loss of the linker Bn observed in the transited phases C1-4’ and C7’, 

heating experiments in a sublimation apparatus were conducted. After the thermal process was 

performed, colorless residue were observed on the cold part of the sublimation device and 

collected for NMR analysis that revealed that the linkers molecules B1-B4 were condensed, 

confirming the hypothesis of their sublimation along the thermal process. In the case of C7 

polymer the decoordination temperature is the highest of the series and it is likely that the linker 

B7 decomposes at this temperature, leading to the sublimation of a mixture of unidentifed 

degradation species. 

This experiment confirmed the observed loss of the linker in the solid-state during the heating 

process for the C1-C4 and C7 polymers, due to their sublimation once their decoordination in 

the solid-state occurs. 

 

III-2.b Hypothesis of the nature of the thermal transition 

 

The study of the thermally transited compounds Cn’ so far indicates that as the thermal transtion 

happens, all compounds undergo an irreversible and non destructive change in the solid-state. 

This crystalline change is further supported by the recorded infrared spectrum of the transited 

compounds with in particular, a change of the (CN) stretching band energy of the cyanide 

ligand. Despite the different values for this stretching band obtained prior to the transition, all 

transited compounds display this band at 2127 cm-1, a value that is similar to the one recorded 

for the transited precursor A’. Furthermore, for all transited compounds, with the exception of 

C5’ and C6’, the ligands bands previously identified are missing from the infrared spectrum. 

To probe further in this mechanism, an experiment was conducted where these transited 

compounds C1’-C4’ and C7’ were dissolved in CH2Cl2, and the resulting solution left to 

crystallize under pentane vapor diffusion. The crystals obtained were characterized by single 

crystal X-ray diffraction as being identical to crystals of the precursor A, a result that is similar 

to the outcome obtained as the same recrystallization procedure was conducted on the thermally 

transited precursor A’. 
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Figure III-18 : Hypothesis concerning the mechanism behind the thermal transition observed in compounds Cn'. 

 

Upon the thermal transition occuring in the initial polymers Cn, a decoordination of the linker 

Bn from the tetrametallic metallacycle likely occurs. The linker Bn, once decoordinated from 

the metallacycle is, in most cases, sublimates at these temperatures. Concomitantly, the sample 

undergoes a structural rearrangement, reaching an identical structure across all transited 

compounds Cn’ and the transited precursor A’. 

This hypothesis applies for the transited precursor A’ and all transited compounds Cn’, with the 

exception of C5’ and C6’. Indeed, the infrared measurements of these two compounds show that 

the ligand is still present after the thermal transition occurs since they apparently do not 

sublimate. This can be correlated with their relatively high molecular weights. In any case, 

regarding such assumption, the photophysical properties of the transited phases should be 

markedly different of those of the initial one-dimensional coordination polymers Cn. 

 

III-2.c Photophysical properties of the thermally transited Cn’ compounds 

 

Indeed, as reported at the end of the previous chapter, this irreversible thermal transition was 

first detected due to the fact that the luminescence of the solid-state samples changed after the 

thermal process, leading for all transited compounds to emit under UV-light an intense, eye-

perceived blue luminescence. In addition, upon the irreversible thermal transition occuring, 
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most of the samples of phases Cn’ returned to room temperature retain the aspect of a white 

polycrystalline powder. Only two exceptions are found in the series : After this thermal 

transition, C5’ present the aspect of a pale red powder different from white powder observed 

before transition and C6’ becomes a light orange red powder contrasting from the yellow 

powder observed for C6. 

 

Figure III-19 : Photography of the thermally transited phases Cn' as well as the thermally transited percurssor 

A' under visible (top) and UV light (ex = 365 nm) (bottom). 

 

Therefore the photophysical properties of the transited phases Cn’ were studied in order to better 

characterize this transition (Figure III-19). 
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III-2.c.i Solid-state UV-visible absorption spectra 
 

 

Figure III-20 : UV-visible absorption spectrum of compound C3'. 

 

In the UV-visible absorption spectrum of transited compound C3’, presented in Figure III-20, a 

large band starting at ca. 400 nm is observed with a maximum at ca. 320 nm. This band is 

reminiscent of the band presents in the absorption spectrum of the transited precursor A’, 

associated with -* transitions centered on the organic aromatic ligands. 
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Figure III-21 : top) Uv-visible absorption spectrum of C5’; bottom) UV-visible absorption spectrum of C6’. 

 

The absorption spectra of transited compounds C5’ and C6’, presented in Figure III-21, show a 

similar large band with a maximum located at ca. 320 nm, but the absorption band extend to 

wavelengths up to 600 and 550 nm respectively before it vanishes, which can be related to the 

coloration of the powder observed after the transition for both compounds and is likely 

connected with the presence of the uncoordinated linkers B5 and B6 in these molecular solids. 
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III-2.c.ii Luminescent properties of transited compounds Cn’ 
 

In the solid-state at room temperature under UV-visible excitation, all the thermally transited 

Cn’ compounds present an eye-perceived colored blue luminescence, characterized by a large, 

featureless band in their emission spectrum, centered at 454 nm and presenting a FWHM of 

74 nm (Figure III-22). 

 

Figure III-22 : Normalized emision spectra of transited compounds Cn' (ex = 325 nm). 

 

The temperature dependence of the emission of the transited phases Cn’ revealed that they all 

present a very similar behavior : Upon cooling, a large, gradual increase of their emission 

intensity can be observed along with a bathochromic shift of the emission maximum. At 80 K, 

their emissions are charaterized by large featureless bands centered at ca. 494 nm, with a 

FWHM of 64 nm (Figure III-23). 
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Figure III-23 : Temperature dependence of the emission spectrum of transited phases C3’ (a) and C4’ (b) from 

300 to 80 K. 

 

Importantly, such temperature dependant behavior of the emission spectra is very similar to the 

behavior found in the transited precursor A’, with the same bathochromic shift upon cooling. 

 em (nm) ex (nm) I80/IRT Φem obs (µs) kr (s-1) knr (s-1) 

C1’ 
450 

(491) 
325 1.7 70 

44 

(262) 
1.6 x 104 7 x 103 

C2’ 
452 

(493) 
325 1.6 72 

56 

(264) 
1.3 x 104 5 x 103 

C3’ 
451 

(489) 
325 1.8 85 

44 

(263) 
1.9 x 104 3 x 103 

C4’ 
450 

(490) 
325 1.5 63 

53 

(268) 
1.2 x 104 7 x 103 

C5’ 
452 

(492) 
325 1.3 66 

43 

(251) 
1.5 x 104 8 x 103 

C6’ 
457 

(498) 
325 1.7 67 

35 

(259) 
1.9 x 104 9 x 103 

C7’ 
459 

(496) 
325 1.8 65 

40 

(255) 
1.6 x 104 9 x 103 

Table III-1 : Photophysical data (ex = 325 nm) for the transited Cn’ compounds, at 300 K and 80 K, in the 

solid-state. Values at 80 K are given in parentheses. I80/IRT is the intensity at maximum of emission at 80 K 

divided y the intensity at maximum at 300 K. kr = Φem/obs, knr = (1-Φem)/obs. 
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III-2.c.iii Lifetime measurements of the transited compounds Cn’ 
 

The lifetime of the excited states of the transited compounds Cn’ have all been measured 

depending of the temperature from 80 to 300 K, under an irradiation of 375 nm. At RT, the 

transited compounds display a lifetime in the range of 35-55 µs. Upon gradual cooling the 

transited compounds to liquid nitrogen temperature of 80 K, the lifetime of the excited states of 

compounds Cn’ follow a steady, gradual increase to attain a lifetime values in the range of 250-

265 µs (Figure III-24). 

 

Figure III-24 : Variation of the lifetime of the excited state depending of the temperature of transited phases C2’ 

(a) and C6’ (b) from 300 K to 80 K. 

 

III-2.c.iv Quantum yields and luminance of the transited compounds Cn’ 
 

Along the very noticeable change in the photophysical properties of the transited compounds 

Cn’ compared to the coordination polymers Cn, a change in the intensity of the RT luminescence 

of the solid-state samples is clearly noted, comparing the intensity of the light emitted before 

and after the exothermic transition was realized. Indeed, after the thermal transition, the 

compounds are emitting a light that seems more intense than initially. 

To characterize this change in intensity, the quantum yield in the solid-state at room temperature 

of the compounds Cn’ was measured. The obtained values revealed a large increase in the RT 

luminescent quantum yield compared to the emission quantum yield observed in the initial 

polymers Cn, displaying an average emission quantum yield of 69 % across the series. The 

increase of emission quantum yield is particularly impressive in the case of C5’, being a striking 
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difference when compared to the initial polymer C5 which is basically non emissive in the solid-

state under UV light excitation at room temperature. 

To complete the photophysical study of the transited compounds Cn’, their luminance under 

UV light irradiance (ex = 365 nm) was evaluated. This measurement revealed a change in the 

luminance across the series when the thermal transition occured, leading to higher luminance 

values (Table III-2). 

Compound A’ (A) C1’ (C1) C2’ (C2) C3’ (C3) C4’ (C4) C5’ (C5) C6’ (C6) C7’ (C7) 

Luminance 

(Cd/m²) 
59 (49) 54 (6) 54 (9) 56 (67) 49 (31) 16 (1) 10 (19) 24 (3) 

Table III-2 : Values of luminance for thermally transited phases Cn' and thermally transited precursor A' under 

an irradiance of 3.5 W/m². The values of precursor A and initial polymers Cn are given in parenthesis. 

 

In the Table III-2, it can be noted that the transited compounds C1’-C4’ have very similar values 

of luminance, which is also close to the luminance of the thermally transited phase A’. The 

three others compounds C5’, C6’ and C7’ display noticeably lower values of their luminance 

with each being in the range of 10 to 20 Cd/m² under an irradiance of 3.5 W/m². In the case of 

C5’ and C6’, this can be correlated to the presence of the uncoordinated linkers in the solid-

state. The reason for why the value of luminance of C7’ is also lower is still unclear. 

 

III-2.d Powder X-ray diffraction of transited phases Cn’ 

 

The thermally transited phases Cn’ were studied by PXRD and TD-PXRD studies. 

As is the case for the initial polymers once taken out of solution and A’, it is unfortunately not 

possible to conduct single crystal X-ray diffraction study on the transited compounds Cn’. 

However, it is possible to assess their crystallinity by performing powder X-ray diffraction, 

revealing that transited Cn’ compounds are crystalline after the thermal exothermic transition 

occurs. The powder X-ray diffraction diagram of the phase C3’ is present in Figure III-25. 
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Figure III-25 : Powder X-ray diffraction diagram of compound C3'. 

 

Figure III-26 : Comparison between the powder X-ray diffraction diagram of C3 (red) and C3' (black). 

 

It can be noticed here in the overlayed diagrams of C3 and C3’ that a crystalline phase transition 

occured during the heating process, leading to a different crystalline structure than in the initial 
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compound. A similar phenomenon is displayed in the other transited phases Cn’ (Figure III-26 

and in this chapter’s appendix). 

 

Figure III-27 : Comparison between the powder X-ray diffraction diagram of C6 (red) and C6' (black). 

 

In Figure III-27 the superposition of the PXRD diagrams of C6’ and C6 reveals a similar 

behavior with a new crystalline phase obtained after the thermal transition occurs. To further 

analyze the change in these crystalline structure Temperature Dependant X-Ray Diffraction 

(TD-PXRD) on compounds C2, C3 and C6 have been conducted, where the compounds were 

heated from room temperature to 280 °C, under nitrogen atmosphere. 

Multiple crystalline phases are observed during the heating process, with three phases being 

observed for C2, from RT to 130 °C, from 140 to 170 °C, and a final phase stable up to 270 °C. 

A similar observation is possible for the TD-PXRD measurement of the polymer C3 with four 

distincts phases present, from RT to 120 °C, a crystalline phase lasting from 130 to 140 °C, a 

third phase from 160 to 230 °C and finally, a final crystalline phase stable to 270 °C (Figure 

III-28, Figure III-29). 

For the measurement conducted on C6, three phases are observed, one from RT to 130 °C, and 

the other from 160 °C up to 280 °C. An intermediate crystalline phase is observed between 140 

and 160 °C (Figure III-30). 
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Figure III-28 : TD-PXRD measurement of polymer C2, from 30 to 280 °C. Selected temperatures are displayed. 

 

 

Figure III-29 : TD-PXRD measurement of polymer C3, from 30 to 280 °C. Selected temperatures are displayed. 
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Figure III-30 : TD-PXRD measurement of polymer C6, from 30 to 280 °C. Selected temperatures are displayed. 

 

This set of measurement confirm the homogeneity of the transited phases when the linker is 

sublimated along the thermal process after its decoordination. The obtained stable, high 

temperature crystalline phases from TD-PXRD measurements are identical when comparing 

A’, C2’, C3’ and C6’. It reveals that the irreversible thermal transition leads to a gradual change 

of the crystalline phase, in which several steps occur. Here again, the direct correlation of the 

TD-PXRD data and the TGA-DTA curves recorded for derivatives C2, C3 and C6 is not possible 

since the two measurements are conducted in different conditions. Yet, it seems coherent to 

assign the different phases transitions to rearrangements occuring in the crystal packing as the 

molecules are reorganized as a consequence of the included solvent evaporation, the connected 

ligands are decoordinated and finally eventually sublimated in the solid-state. 

 

III-2.e Thermal properties of the transited phase Cn’ 

 

Similar TGA-DTA analysis to the one that led to the discovery of the irreversible thermal 

transition, were performed on the transited phases Cn’ in order to highlight the presence or not 

of further transitions (Figure III-31, Figure III-32). 
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Figure III-31 : TGA-DTA analysis of thermally transited phase C2’. 

 

Figure III-32 : TGA-DTA analysis of thermally transited phase C6'. 

 

It can be observed that no events take place in the heating part of the experiment, up to 270 °C, 

and no noticeable events are seen occuring during the return to room temperature. This behavior 

is found across the entirety of the series of transited species Cn’ with the series of TGA-DTA 

analysis provided in this chapter’s appendix. Therefore, these measurements reveal that once 
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the solid-state thermal transition affording the phase Cn’ is realized, the materials are 

irreversibly changed to these new Cn’ phases that are now thermally stable. 

 

III-3 Recovering the initial luminescence post thermal transition 

Considering the hypothesis formulated in section III-2.b (Figure III-18), the transited phase C6’ 

should present in the solid-state a stoichiometric ratio of tetrametallic metallacycle and 

uncoordinated linker B6 prearranged at the molecular level in an adequate manner to allow 

potentially the reformation of the 1D coordination polymer C6. 

With this in mind, the thermally transited phase C6’ was exposed to few drops or vapors of 

dicholoromethane. After this exposure, a pale yellow powder is recovered instantaneously 

which is hereafter denominated C6’DCM. This new phase C6’DCM was studied in detail to 

determine whether or not it was indeed similar to the original polymer C6. The solid-state 

infrared spectroscopy of the C6’DCM phase was firstly conducted. 

 

III-3.a Solid-state infrared spectroscopy measurements on the C6’DCM phase 

 

 

Figure III-33 : Infrared spectrum of the treated compound C6'DCM ; insert : focus on the region of the (CN) 

stretching band and report of the observed value of this band. The dot marks the PF6
- counter anion t1u vibration 

mode band. Blue squares mark dppm ligand bands. Red triangles mark B6 ligands bands. 
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It revealed that the phase C6’DCM (Figure III-33) presents clear similarities with the initial 

polymer C6 (Figure III-34). The PF6
- counter anion presents a t1u vibration located at 835 cm-1 

in the infrared spectrum and the bands attributed to the dppm ligand backbone can still be 

observed at 1483, 1436, 737 and 692 cm-1, values that are highly similar to the ones found 

across the series of polymers Cn or transited phases Cn’. The bands specifics to the B6 linker, 

attributed to the 1,3,5-triazine core are present in the infrared spectrum, located at 1516 and 

1374 cm-1, similar to the observed values in the initial polymer C6 and its transited phase C6’. 

Lastly, the (CN) stretching band of the cyanide ligand is observed in the infrared spectrum at 

2102 cm-1, a value identical to the one observed for the initial polymer C6 and clearly different 

of the the value of 2127 cm-1 found in the transited phase C6’. 

The presence of the bands attributed to the dppm ligand backbone and the cyanide ligand in the 

infrared spectrum indicates that the tetrametallic metallacycle subunit is still present in the 

phase C6’DCM. Bands attributed to the linker B6 are also observed indicating that the linker is 

conserved in the compound. Finally, the (CN) stretching band of the cyanide linker is shifted to 

lower frequencies in the infrared spectrum of C6’DCM, which indicates that the Cu(I) centers 

possess a higher coordination number. This suggests therefore that the linker is likely re-

coordinated to the copper atoms and the initial polymer C6 is regenerated. This (CN) stretching 

band in C6’DCM is also observed to be located at the exact same frequency as in the infrared 

spectrum of C6, 2102 cm-1, indicating that the geometry of the two phases are likely highly 

similar. 



120 

 

 

Figure III-34 : Comparison between the infrared spectrum of C6’DCM (black) and C6 (red) ; insert : focus on the 

(CN) stretching band and reported wavenumber value. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark dppm ligand bands. Red triangles mark bands assigned to the coordinated B6 ligand. 

 

III-3.b Powder X-ray diffraction on the regenerated phase C6’DCM 

 

In order to get more insight on the molecular structure of the phase C6’DCM, powder X-ray 

diffraction measurements were conducted (Figure III-35). 
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Figure III-35 : Powder X-ray diffraction diagram of treated compound C6'DCM. 

 

In these powder X-ray diffraction diagram of C6’DCM, it can be observed that the treated powder 

remains polycrystalline. A slight amorphisation can be observed, attributed to the subsequent 

heating and chemical treatments the compound was subjected to. Yet the diagram is highly 

similar to the one obtained from the initial 1D coordination polymer C6, suggesting a similar 

crystal packing and hinting toward a recovery of the initial molecular structure (Figure III-36). 
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Figure III-36 : Comparison between the powder X-ray diffraction of C6'DCM (black) and the initial polymer C6 

(red). 

 

More importantly, the photophysical properties of the phase C6’DCM are altered regarding these 

of the transited phase C6’. 

 

III-3.c Photophysical properties of the regenerated polymer C6’DCM 

 

Indeed, compound C6’DCM is a pale yellow polycrystalline powder that presents under UV-light 

(ex = 365 nm) the emission of an eye-perceived yellow-orange luminescence, very reminiscent 

of the luminescence of the initial polymer C6 (Figure III-37) The regeneration of this yellow-

orange luminescence occurs instantaneously as the vapor of CH2Cl2 are exposed to the phase 

C6’. 
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Figure III-37 : Photography of the initial polymer C6, the thermally transited phase C6’ and the regenerated 

phase C6’DCM under visible (top) and UV light (ex = 365 nm) (bottom). 

 

III-3.c.i Solid-state UV-visible absorption spectrum 
 

To characterize the photophysical properties of this new phase C6’DCM, UV-visible absorption 

spectroscopy measurement was conducted (Figure III-38). 

 

Figure III-38 : Solid-state UV-visible absorption spectrum of C6’DCM. 
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It can be observed that the absorption spectrum of the treated phase is a large band centered at 

ca. 300 nm. Therefore, when comparing the absorption spectra of both the initial polymer C6 

and the treated phase C6’DCM, a high similarity can be observed (Figure III-39). The comparison 

of both these absorption spectra to the absorption spectrum of the transited phase C6’ reveals 

the absence of exacerbated maximas of absorption at ca. 300 and 400 nm and absorption bands 

that are blue shifted, starting at ca. 500 nm. 

 

Figure III-39 : Comparison between the normalized solid-state UV-visible absorption spectra of C6’DCM (black), 

C6 (red) and C6’ (blue). 

 

III-3.c.ii Luminescence properties of the C6’DCM phase 
 

The photophysical properties of C6’DCM have been studied in detail and compared in particular 

with the luminesent properties of the initial polymer C6. Its RT emission spectrum presents a 

large featureless band centered around 585 nm with a FWHM of 154 nm, similar to the emission 

of the intial C6 polymer. During the measurement of the temperature dependence of the 

emission of C6’DCM, an increase of the emission intensity upon cooling was observed, similar 

to the behavior of C6. However, unlike the hypsochromic behavior observed for C6, no clear 

shift in the emission maximum was observed when cooling the sample, and at 80 K, the 

emission was still characterized by a large featureless band centered at ca. 585 nm, with a 

FWHM of 141 nm (Figure III-40). 
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Figure III-40 : Temperature dependence of the emission spectrum of the C6’DCM phase from 300 K to 80 K. 

 

 

Figure III-41 : Variation of the lifetime depending of the temperature of compound C6’DCM from 300 K to 80 K. 

 

The temperature variation of the lifetime of the excited state of the C6’DCM from 300 K to 80 K 

was measured(Figure III-41). The lifetime of the excited state at RT in the solid-state of C6’DCM 

is measured to be 0.8 µs. A gradual increase of the lifetime of the excited state is observed upon 
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cooling, leading to a measured lifetime of 14 µs at 80 K. These measured values, and the 

behavior upon cooling with an observed gradual increase, are highly similar to the behavior 

displayed by the initial polymer C6 (τ(300 K) = 18.3 µs, τ(80 K) = 0.5 µs, Figure II-20). 

The RT solid-state quantum yield, is measured to be 15 % in the phase C6’DCM, comparable to 

the emission quantum yield in the same conditions for the initial polymer C6. 

In the same vein, the solid-state luminance of the treated phase C6’DCM is found to be 16 Cd/m² 

under an irradiance of 3.5 W/m². This is highly similar to the luminance of the initial polymer 

C6 under the same irradiance. During the measurement of the evolution of the luminance 

depending of the irradiance, a similar behavior was observed between both compounds C6 and 

C6’DCM, with a linear increase of the luminance (Figure III-42). 

 

Figure III-42 : Variation of the luminance of phases C6 and C6’DCM depending on the irradiance. 

 

These measurements reveal a clear analogy between the photophysics of the phases C6 and 

C6’DCM suggesting that the regenerated phase C6’DCM presents a very similar molecular 

architecture and electronic structure than its original phase C6. 
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III-3.c.iii Thermal behavior of the C6’DCM phase 
 

Lastly, TGA-DTA analysis on the treated phase C6’DCM was conducted to assess the 

recyclability of the transition/regeneration process. Indeed, if the treated phase is similar to the 

initial polymer, then the irreversible thermal transition should be observed upon heating in the 

solid-state, characterized by an exothermic peak observed in the TGA-DTA measurement. The 

same thermal treatment was therefore applied to C6’DCM, with a heating to 270 °C followed by 

a return to room temperature. (Figure III-43). 

 

Figure III-43 : TGA-DTA analysis of C6'DCM under a nitrogen flux, up to 270 °C and with the record of the 

return to room temperature. 

 

Indeed, a similar exothermic peak can be observed in the TGA-DTA analysis of C6’DCM, present 

at 195 °C, and not accompanied by a loss of mass. This thermal behavior is very reminiscent of 

the thermal responce of the initial polymer C6, occuring at 190 °C. During the return to room 

temperature, no thermal events can be observed, which indicates an irreversible thermal 

transition. 

After this TGA-DTA measurement, the sample under UV-light (ex = 365 nm) emitts an intense 

eye-perceived blue luminescence, markedly different to the light orange emission displayed 

after treatment by dichloromethane, and similar to the blue luminescence of the thermally 

transited compound C6’. 
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This observation support the idea that this process is circular and that it is possible to alternate 

between light orange luminescent initial and regenerated phases and irreversible thermally 

transited blue luminescent phases. This process doesn’t seem to induce noticeable changes in 

the properties of both phases, with the exception of a moderate structural amorphisation due to 

the heating process and the dichrolometane regenerating treatment. 

 

III-4 Conclusion on the irreversible thermal transition of the polymers Cn 

A drastic change in the luminescent properties of the one-dimensional coordination polymers 

Cn can be observed with the naked eyes as they are heated in the solid-state and returned to RT, 

occuring along an irreversible thermal transition. Powder X-ray diffraction and infrared 

spectrum analysis let to conclude that all transited compounds Cn’ display a similar structural 

rearrangement, highly analogous to the structural rearrangement found in the transited percursor 

A’. This is especially observed in the infrared spectrum where the (CN) vibration band of the 

cyanide fragment, present in the tetrametallic metallacycle backbone, is observed at the exact 

same value of 2127 cm-1 across the entirety of transited compounds. 

The analysis of the photophysical properties of the thermally transited phases Cn’ revealed also 

clear similarities with the transited percursor A’. The eye-perceived blue luminescence 

displayed at room temperature is characterized for all of them by a large band in the emission 

spectrum centered at 454 nm, similar to both the transited phase A’ and precursor A. Upon 

cooling to the temperature of liquid nitrogen, a bathochromic shift is observed, and at 80 K the 

emission is characterized by a large band centered around 495 nm. This value is found across 

the series of transited Cn’ compounds and is similar to the value measured for A’ transited 

precursor. The decay times also present a clear difference in the transited phases compared with 

the coordination polymers Cn, with similar values across the serie of ca. 40 µs at RT, with a 

steady increase upon cooling to reaching ca. 250 µs at 80 K. Similarly, the photophysical 

properties are characterized by an increase in the emission quantum yield in the solid-state at 

room temperature across all transited phases Cn’. This change in the emission quantum yield is 

finally reflected in luminance measurements with clearly increased values under similar 

irradiance compared to the initial polymers Cn. 

Therefore with this study, an original process is highlighted, revealing that these Cu(I) 1D-CPs 

Cn present the unique ability of drastically changing their luminescence properties due to an 

exothermic phase transition in the solid-state at a temperature significantly above the room 
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temperature. This might be due to the supramolecular achitecture of these 1D-CPs alternating 

tetrametallic metallacycles building blocks and polytopic linkers. The high flexibility of the 

Cu(I) coordination sphere is certainly a key factor to allow such process in which, moreover, 

the high variety of photophysical properties of Cu(I) based derivatives confer to this transition 

attractive luminescence behavior. This gives access to a new class of multifunctional 

luminescent materials that can potentially probe the thermal history of their environment.1 

An in depth study of the phase C6’ revealed that it is constituted of an intimate mixture of the 

uncoordinated linker B6 and the tetrametallic metallacycle and it was showed that it is possible 

to « regenerate » the initial polymer C6, along with its intial orange luminescence from the 

irreversible thermally transited phase C6’ by exposure to a minimal amount of drops of 

dichloromethane. It can be noted that it is also possible to obtain a seemingly similar 

regenerative process from exposure to vapors of the same solvent, with a similar return to a 

yellow colored polycrystalline powder emitting an eye-perceived orange luminescence. 

The regenerated phase C6’DCM was also characterized by infrared spectrum and powder X-ray 

diffraction. It was found that this regenerated phase presents mostly a similar molecular 

structure to that of the initial 1D coordination polymer C6. The photoluminescence properties 

of the treated phase were studied and revealed very close, with some minutes differences, 

luminescence properties when compared to the one displayed by the C6 compound, with similar 

luminescence at room temperature as well as similar behavior upon cooling to 80 K. The 

measurements of the emission quantum yield in the solid-state at room temperature and the 

luminance revealed values in close range to the one displayed by the initial polymer C6. Finally, 

the study of the thermal behavior of the regenerated phase revealed the presence of a similar 

exothermic irreversible transition in the regenerated phase to that of the initial polymer. This 

result is particularly interesting since it reveals the possibility of recycability of the process, 

where the compound C6 can undergo an irreversible thermal transition to become the blue 

luminescent phase C6’, with the possibility of a regeneration of the intial phase from exposure 

to minimal amount of solvent (Figure III-44). 
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Figure III-44 : Diagram of the circular process behind the thermal transition found in C6. 

 

Notably, a similar process should also take place with the phase C5’ but preliminary 

experiments have displayed unclear results, suggesting that the initial phase C5 is not 

regenerated in the C5’DCM phase but rather another new phase presenting significantly different 

photophysical properties. This requests further experiments to be conducted in order to succeed 

rationalize the phenomenon observed. 

 

References of chapter III : 

1. Lescop, C. POLYMERE DE COORDINATION D'UN PRECURSEUR A BASE 

D'IONS CU(I). EP3820929A1, 2020. 
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Chapter IV Toward the obtention of alternative self-assembled 

luminescent Cu(I) multimetallic species 

 

It has been possible to obtain a number of one-dimensional Cu(I) based coordination polymers 

that display photophysical properties in the solid-state with diverse radiative relaxation 

processes and luminescent colors of emission spanning the entirety of the visible spectrum from 

the precursor A. 

Moreover, these coordination polymers exhibit an intriguing irreversible thermal transition. 

Indeed, once the polymers were heated in the solid-state up to ca. 200 °C and allowed to cool 

down to room temperature, an irreversible change to the luminescent properties is observed. 

The change of the luminescent specific color of emission of the polymers to an eye-perceived 

blue emission of the precursor A occurs during this irreversible thermal transition. 

This thermal transition and the change in observed luminescent properties in the obtained 

phases open the way toward application as luminescent markers targeting temperature sensitive 

applications. However, a restriction to a use of these derivaties in all day life applications is 

present in the core of the polymers with the presence of the cyanide linker within the 

tetrametallic metallacycles subunits. 

Cyanide is a compound found in nature, produced by a number of plants species as a mean of 

antifeeding strategy. It is also present in prussian blue, an historical blue pigment, with a 

[Fe4
III(FeII(CN)6]3 composition.1 It is an important ditopic linker, used in a number of different 

coordination compounds.2,3,4,5,6 

However, cyanide is also a poison and a great source of pollution in air as well as in water. Its 

use in the gold and silver mining industry as a way to separate the metal from the raw rocks 

exposes workers to large amounts of cyanide7 and it has led to disastrous industrial spills that 

destroyed entire rivers’ fish population. It can also be found in more common applications in 

the gases emitted by the exhaust of cars, contributing to the worsening of air quality in 

metropolitan areas.8 

Finally, its presence in manufactured objects can lead to the release of highly hazardous 

hydrogen cyanide gas in the event of a fire. All the dangerous aspects of cyanide, whether be it 
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ecologically or toward health, lead to it being phased out of most concrete applications and 

indutrial processes. 

Our interest in this part was to study the feasibility of obtaining a new series of luminescent 1D 

coordination compounds that would exhibit a similar irreversible thermal transition impacting 

the luminescence properties similarly to that of the coordination polymers previously studied, 

but without the presence of cyanide fragment at their core. 

The first attempt undertaken for this prospect was to study the reactivity of the bimetallic core 

[Cu2(µ2-dppm)2]
2+ itself with ditopic linkers other than cyanide. The idea was to keep using 

pyridyl-terminated organic ligands such as the linkers Bn already presented earlier in this PhD 

thesis. In this context, a serendipity result was obtained with the use of the 3,3’-bipyridine B3 

linker, due to the propensity of the 3-pyridyl site to form discret supramolcular 

assemblies.9,10,11,12 

 

IV-1 Synthesis and structural characterization of the metallacycles Dx
13 

The first experiment conducted in this context was to react directly the [Cu2(µ2-dppm)2]
2+ 

precursor to the linker B3 targeting the synthesis of a 1D coordination polymer. The pre-

assembled Cu(I) precursor was first prepared in solution by dissolving stoichiometric amount 

of [Cu(CH3CN)4] PF6 and bis(diphenylphosphino)methane (dppm) under stirring at room 

temperature, under air, in dichloromethane. After one hour, time given to allow the [Cu2(µ2-

dppm)2]
2+ precursor to be formed in-situ, the linker B3 was added, dissolved in dichloromethane 

(Figure IV-1). 

 

Figure IV-1 : Synthesis diagram of the reaction between the [Cu2(µ2-dppm)2]2+ dimeric unit, 3,3' bipyridine B3 

linker. 



133 

 

A colorless clear solution was obtained, which was then put to crystallize by slow pentane vapor 

diffusion. After few days, several kind of polycrystalline species were present in the solution, 

displaying under UV light excitation (ex = 365 nm) various eye-perceived colors of emission, 

ranging from light blue to yellow. 

From this batch, it was not possible to determine the crystal structure of any of the species 

formed, due to poor quality of the crystals and it was also not possible to manualy separate the 

different species due to rapid collapse of the crystals into polycrystalline powder once taken out 

of the solution. 

However, a few weeks after this initial set of polycrystalline species appeared, few crystals of 

another species, bearing eye-perceived light blue luminescent under UV light (ex = 365 nm), 

began forming in the crystallisation experiment. Single crystal X-ray diffraction experiment 

were able to be conducted on this new compound, denominated DCl. This measurement revealed 

that DCl crystallizes in the triclinic P-1 space group, with an asymetric unit which contains half 

of the discrete supramolecular assembly DCl, one hexafluorophosphate PF6
- counter anion and 

five dichloromethane solvent molecules. The structure of DCl compound (Figure IV-2) consists 

of a centrosymmetric tetrametallic metallacycle formed by two dimeric units 

[Cu2(µ2-dppm)2(µ2-Cl)]+ that are linked together via the coordination to two linkers B3. The 

two Cu(I) ions of each dimeric units share a similar P2Cl1N1 tetrahedral distorded coordination 

sphere. The intermetallic distance found in the dimeric units is quite large at 

d(Cu-Cu) = 3.179(7) Å, clearly above the upper limit comonly accepted for cuprophilic 

interactions to take place(Figure IV-2).14,15 

 

Figure IV-2 : Molecular structure of DCl obtained via single-crystal X-ray diffraction (hydrogen atoms, counter-

anion PF6
- and included solvent molecules have been omited for clarity). 
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The two binding µ2-chloro ligands are located within the ring defined by the copper atoms of 

the metallacycle, directed toward the center but outside of the mean plane by 0.753 Å. The 

distance between the two chlorine atoms is 4.55 Å. The 3,3’ bipyridine linkers B3 are 

coordinated in a cisoid and symmetrical manner to the dimeric units, with similar Cu-Cu-N 

angles as well as identical Cu-N bond lengths (Table IV-1). The Cu-N bond length is observed 

in DCl to be 2.121(3) Å, a value close to the similar Cu-N bond length value of 2.181(3) Å 

observed in polymer C3, and higher than the Cu-N bond length of 2.034(3) Å found in a 

previously reported 2D network of Cu2I2 units linked by B3.16,17 The torsion angle between the 

6-membered rings of B3 is found to be 17.1°, much smaller than the value of 42.1° for the 

polymer C3 or 43.5° found in the reported Cu2I2 2D network. This small torsion angle highlights 

the steric constraints that are applied to the linker B3 due to its coordination within the 

tetrametallic metallacycle unit of DCl. 

The bridging µ2-chloro ligand’s origin is hypothesized to come from abstraction of the 

dichloromethane CH2Cl2 solvent used during the reaction, with similar examples having been 

previously reported.18,19,20,21,22 Due to the long time required for the obtention of crystals of DCl 

it seems that equilibria between several species occur in solution. With this in mind, it seems 

possible to introduce on purpose a µ2-chloro ligand on the initial dimeric unit [Cu2(µ2-

dppm)2]
2+, leading to the formation of µ2-Cl bridged dimeric units, and paving the way toward 

a more selective self-association reaction with linker B3. 

To assess this theory, a new synthesis was tried, where a CH2Cl2 solution of two equivalents of 

dppm ligand, one equivalent of [Cu(CH3CN)4]PF6 and one equivalent of CuCl was prepared 

and left upon stirring at room temperature, under air for one hour. This afforded a clear, 

colorless solution to which was added one equivalent of linker B3 dissolved in CH2Cl2, leading 

to the obtention of slightly yellow clear solution. This solution was left under stirring at room 

temperature overnight and was then left to crystallize under air at room temperature under slow 

pentane vapor diffusion. After few days, a batch of homogeneous crystals formed from the 

solution and were confirmed to be crystals of DCl from single crystal X-ray diffraction 

experiments. This batch of crystals were filtered off from the solution and after drying under 

air, afforded a homogeneous sample of block-shaped colorless polycrystalline solid DCl with a 

yield of 66 %. 

This confirmed the hypothesis that the presence of chloride anions with the CuCl reagent in the 

crude solution enables the formation in-situ of the dimeric unit [Cu2(µ2-dppm)2(µ2-Cl)]+, acting 

as a precursor in the reaction with linker B3. This in turn, permits to avoid the slow unselective 
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process encountered during the initial reaction, with the slow formation of competing species, 

followed by the late formation of the DCl metallacycle in a very low yield. This new reaction 

procedure enables the obtention of the DCl compound directly and selectively in high yield. 

Additionaly, this approach may allow for the use of other halogens in place of the µ2-chloro 

bridging ligand. Similar syntheses were therefore conducted, replacing the CuCl reagent by 

CuBr and CuI. Following the same crystallization conditons, these reactions led to the 

formation of homogeneous batch of colorless crystals, denominated respectively DBr and DI. 

The obtained crystals were of suitable quality to conduct single crystal X-ray diffraction 

experiments, revealing that DBr and DI are isostructural to DCl, where two bimetallic units 

[Cu2(µ2-dppm)2(µ2-X)]+ are linked together in a tetrametallic metallacycle via two linkers B3 

(Figure IV-3). 

 

Figure IV-3 : a) Sideway view of the molecular structure of DBr ; b) Top view of the molecular structure of DI ; 

c) Side view of the three obtained metallacycles Dx. 

 

The change of halide atom used during the reaction led to an increase of the intermetallic 

distance inside the dimeric units of the obained assemblies, following the increase of atomic 

radius of the halide atom : DCl : 3.179(7) Å < DBr : 3.261(8) Å < DI : 3.362(7) Å. Concerning 

the rest of the metallacycle, the other values observed in the tetrametallic metallacycles Dx are 

highly similar, with a conservation of the µ2-symmetry of the bridging coordination halide 

atom, as well as its deviation from the mean plane of the metallacycle being in the same range 

across the series. The length of the Cu-N coordination bond to the linker B3 as well as the Cu-

Cu-N angle are also found to be of similar values when compared to the initial compound DCl. 

The only metric showing a significant evolution is the torsion angle between the rings of the B3 

linker, displaying a flattening of the linker across the series, from 17.1° in the intialy obtained 

DCl, to 15.9° in DBr, and to 9.8° in DI, leading to a significant planarity of the linker (Table 

IV-1). 
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Distances DCl DBr DI 

Cu-Cu (Å) 3.180(4) 3.261(5) 3.362(5) 

Cu-N (Å) 
2.121(3) 

2.121(3) 

2.109(4) 

2.121(5) 

2.119(6) 

2.124(5) 

Cu-X (Å) 
2.4034(12) 

2.4048(11) 

2.5218(11) 

2.5211(10) 

2.6646(11) 

2.6636(12) 

Cu-P (Å) 

2.2687(10) 

2.2569(10) 

2.2604(11) 

2.2527(11) 

2.2682(15) 

2.2567(14) 

2.2595(16) 

2.2546(16) 

2.2474(17) 

2.2576(16) 

2.2549(19) 

2.2539(19) 

Cu-Cu-N (°) 
150.25(3) 

150.37(4) 

150.76(5) 

150.27(6) 

151.51(5) 

151.15(5) 

Cu-X-Cu (°) 82.80(3) 80.58(2) 78.24(3) 
Table IV-1 : Measurements of selected distances and angles in Dx metallacycles. 

 

Interestingly, the nature of the halide atoms used in the reaction seems to have influenced 

mainly on the intermetallic Cu(I) distances, as well as the conformation of the two B3 linkers, 

with the other parts of the molecular structure being higly similar. 

The tetrametallic metallacycles Dx were also characterized by infrared spectroscopy. Their 

infrared spectra are highly similar, with the strongest band, located at 832 cm-1, being attributed 

to the t1u band of the hexafluorophosphate PF6
- counter anion present in the structure and bands 

attributed to the dppm ligand backbone, at 1484, 1434, 737 and 690 cm-1. The IR measurement 

conducted afforded infrared spectra that are actually similar to the one observed from the 

compounds C3, except for the abscence of bands around 2000~2200 cm-1, that indicates the 

presence of CN linker in the Cn structure. Moreover, contrary to the polymer C3, bands 

associated to the coordination of the linker B3 are not present in the infrared spectra of 

compounds Dx, being very likely overlapped with the dppm ligand’s bands (Figure IV-4 and 

Figure IV-5). 
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Figure IV-4 : Infrared spectrum of the DCl metallacycle. The black dot marks the PF6
- counter anion t1u vibration 

mode. Blue squares mark dppm ligand bands. The other invididual infrared spectra are available in this chapter’s 

appendix. 

 

 

Figure IV-5 : Infrared spectra of the Dx metallacycles, superimposed. The black dot marks the PF6
- counter-

anion t1u vibration mode. Blue squares mark dppm ligand bands. 
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IV-2 Photophysical measurements of the tetrametallic metallacycles Dx
13 

IV-2.a Solid-state UV-visible absorption spectrum 

 

The metallacycles Dx (where X = Cl, Br or I) are white powders under visible light and emit 

under UV light irradiation (ex = 365 nm), in the solid-state, at RT, an intense eye-perceived 

blue-cyan luminescence (Figure IV-6). 

 

Figure IV-6 : Photography of the tetrametallic metallacycles Dx under visible (top) and UV light (ex = 365 nm) 

(bottom). 

 

The solid-state RT absorption spectra of the Dx supramolecular assemblies display a broad 

absorption band in the UV region, with a maxium centered at ca. 300 nm (Figure IV-7, 

absorption spectra of DBr and DI can be found in this chapter’s appendix). Such absorption 

spectra are typical of -* type transition centered on the aromatic rings of the dppm backbone 

ligand as well as on the B3 linkers. 
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Figure IV-7 : Solid-state RT absorption spectrum of the DCl metallacycle. 

 

IV-2.b Solid-state luminescence of the metallacycles Dx 

 

Two maxima located at ca. 325 nm and ca. 370 nm can be observed in the solid-state room 

temperature excitation spectrum of the tetrametallic metallacycles compounds Dx (Figure 

IV-8). 
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Figure IV-8 : Solid-state room temperature excitation spectrum of the DCl metallacycle. 

 

The emission spectra of DCl, DBr and DI are characterized in the solid-state at room temperature 

by broad featureless bands centered around 475, 476 and 464 nm respectively, with larges 

FWHM values of 105, 116 and 100 nm across the series. Their room temperature, solid-state 

excited state lifetimes are 74, 119 and 70 µs respectively, which are accompanied by RT solid-

state emission quantum yields (EQYs) values of 80, 60 and 54 %, respectively for DCl, DBr and 

DI. The values of RT solid-state EQY found for the Dx are quite high for compounds exhibiting 

such long lifetimes of several tenths of microseconds. This kind of excited state lifetime values 

indicates a triplet origin for the luminescence. Another point worth mentioning is the fact that 

the EQY of the obtained metallacycles follow a downward trend with the increase of the atomic 

number of the bridging µ2-halide ligand, going against the general behavior observed in Cu(I)-

halide derivatives with more efficient radiative relaxation processes due to the heavy-atom 

effect. 

To gain a better understanding of the photophysical processes observed in the Dx tetrametallic 

metallacycles, a study of their temperature dependant response of their photophysical 

properties, from 300 to 80 K was conducted. 

During the cooling process, a net increase of the intensity of emission from DCl can be observed, 

along with a progressive red-shift of the large band. This behavior is completed by a gradual 

structuration of the emission band, leading to the apparition at 80 K of a vibronic substructure 
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centered at 432 and 484 nm. The highest intensity is attained at 484 nm. This emission band is 

completed by the presence of three shoulders located at 452, 465 and 502 nm (Figure IV-9). 

 

Figure IV-9 : Temperature dependence of the solid-state emission spectra of the DCl metallacycle, from 80 to 

300 K, upon excitation of 325 nm. 

 

In the temperature variation of the lifetime of the excited state of DCl, a continuous increase of 

the decay time is observed during the cooling process, leading to an excited state lifetime of 4.3 

ms at 80 K (Figure IV-10). 
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Figure IV-10 : Plot of the emission decay lifetime of the DCl metallacycle against temperature, from 80 to 300 

K. 

This behavior of the photophysical properties upon cooling observed in DCl, with an increase 

of the intensity and gradual structuration of the emission band, along with an important increase 

of the excited state lifetime upon reaching 80 K is also observed in the other two metallacycles 

DBr and DI (Figure IV-11, Figure IV-12 and Table IV-2). 

 

Figure IV-11 : Temperature dependence of the solid-state emission spectra of DBr from 80 to 300 K, upon 

excitation at 325 nm. Insert : plot of the emission decay lifetime against temperature, from 80 to 300 K. 
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Figure IV-12 : Temperature dependence of the solid-state emission spectra of DI from 80 to 300 K, upon 

excitation at 325 nm. Insert : plot of the emission decay lifetime against temperature, from 80 to 300 K. 

 

 em (nm) I80/IRT Φem obs (µs) kr (s-1) knr (s-1) 

DCl 
475 

(432, 452s, 465s, 484, 502s) 
2.3 80 

74 

(4315) 
1.1 x 104 2.7 x 103 

DBr 
476 

(432, 452, 464, 484s, 500s) 
4 60 

119 

(7660) 
5.0 x 103 3.4 x 103 

DI 
464 

(432, 452s, 462, 486, 505s) 
4.8 54 

70 

(5881) 
7.7 x 103 6.6 x 103 

Table IV-2 : photophysical data (ex = 325 nm) for the Dx metallacycles, at 300 K and 80 K, in the solid-state. 

Values at 80 K are given in parentheses. s designates shoulders, I80/IRT is the intensity at maximum of emission 

at 80 K divided by the intensity at maximum of emission at 300 K. kr = Φem/obs, knr = (1-Φem)/obs. 

 

It can be noted that a large, weak additional emission band appears during the cooling process 

at ca. 200 K in the emission spectrum of the DBr compound between 375 and 425 nm. This 

emission band is accompanied by a fast decay time of the excited state of 3.5 ns, typical of 

purely organic fluorescence and therefore is associated with ligand centered residual 

luminescence. This is confirmed by photophysical measurents conducted on the linker B3, 

revealing an emission characterized by a large unstructured band centered around 455 nm, 

accompanied by a decay time of the excited state of 4.5 ns at 80 K. 

The values of the recorded emission lifetimes clearly indicate a triplet origin of the 

luminescence arising from these Cu(I) metallacycles and, together with the general thermal 

variation of the profiles of the emission spectra, preclude to suggest a TADF process to explain 
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the overall temperature-dependent data collected for the photophysical properties of these three 

metallacycles, in spite of the high RT EQY measured. 

Regarding specifically the RT photophysical behaviors for this series of metallacycles, the kr 

radiative rate constant values are in agreement with a 3MLCT phosphorescence in which the 

high temperature large emission bands can be assigned to radiative processes involving likely 

electronic densities located on the 3,3’-bipyridine ligands B3. Yet, the large enhancement of the 

decay times of the excited states as the temperature decreases, together with the vibronic 

structuration that appears in the low temperature emission band, suggest at low temperature a 

3π-π* phosphorescence centered on the connecting ligands B3. Such vibronic structuration is 

indeed not observed in the thermal variation of related TADF luminescent polymetallic 

supramolecular assemblies based on the [Cu2(μ2-dppm)2] moiety and cyano-based connecting 

inorganic ligands,23,24,25 in which radiative processes mostly rely on transitions from the highest 

occupied molecular orbitals (HOMOs), being metal-cyano antibonding, to low unoccupied 

molecular orbitals including the LUMO that presents a mixed metal and ligand character 

involving the four metal centers of the metallacycle and the dppm ligands. Conversely, in a 1D-

coordination polymer based on related [Cu2(μ2-dppm)2(μ2-OH2]
2+ dicationic fragments 

connected by 1,4-dicyanobenzene connecting ditopic ligands,26 a similar progressive 

structuration of the emission band is observed upon temperature cooling. In the case of this 1D-

coordination polymer, the low temperature photophysical properties were assigned to 1,4-

dicyanobenzene ligand-centered 3π-π* phosphorescence which supports the activation of such 

radiative processes in the low temperature luminescence properties of derivatives DCl, DBr and 

DI. Considering these observations, it is likely that purely ligand-centered 3π-π* 

phosphorescence occurs at low temperature and tends to vanish at higher temperatures due to a 

thermally activated interconversion between 3π-π* and 3MLCT states.27,28,29 

Interestingly, it is worth noting that only a minor contribution of the orbital lying on the semi-

bridging aqua ligand μ2-OH2 was observed in the electronic excitation process in the previously 

reported 1D-coordination polymer based on the [Cu2(μ2-dppm)2(μ2-OH2]
2+ dicationic unit and 

the 1,4-dicyanobenzene connecting ditopic ligand.26 Regarding the similarities in the local 

molecular structures of the Cu(I) dimer in this coordination polymer and the metallacycles 

reported herein ([Cu2(μ2-dppm)2(μ2-OH2]
2+ fragments versus [Cu2(μ2-dppm)2(μ2-X2]

+ moieties, 

X = Cl, Br, I), a similar electronic structure could explain the relatively low and unusual impact 

of the variation of the μ2-bridging halide atom on the photophysical properties of the 

metallacycles DCl, DBr and DI. Unfortunately, the computational cost of the full TD-DFT 



145 

 

geometry optimizations of the excited states of the large assemblies DCl, DBr and DI studied 

here, that would allow getting deep insights of the photophysical mechanisms, revealed to be 

too prohibitive to be conducted along this study. In this context, it is not straightforward to 

account the origin of the high solid-state RT EQY exhibited by these metallacyclic triplet 

luminophores. It was previously observed that the overall multicyclic networks built in such 

Cu(I)-based CDS assemblies clearly induce structural constraints that significantly hamper 

highly detrimental non-radiative relaxation pathways and structural re-organisation in the 

excited states. The RT values of the knr non-radiative rate constants in this series of 

metallacycles reveals that non-radiative decays are quite small and more effectively suppressed 

in the case of the lighter bridging halides. This may be related to backbones bearing shorter 

intermetallic distances. Indeed, in the one hand, this might be responsible of overall lower 

degrees of conformational flexibilities allowed in the solid-state in more compact and rigid 

assemblies. In the other hand, shorter intermetallic distances associated with lighter bridging 

halides also induce higher spin-orbit coupling constants23 which impact the electronic 

processes, facilitating radiative de-excitation pathways. This is supported by the higher kr 

radiative rate constant values obtained for the μ2-Cl bridged derivative DCl (Table IV-2). 

Therefore, varying the nature of the bridging halides in this family of metallacycles leads to a 

dual effect, favoring the lighter halide regarding both radiative and non-radiative processes for 

the exaltation of the solid-state luminescence properties. 

Finally, the pronounced planarity observed in the solid-state for the 3,3’-bipyridine ligands B3 

in DCl, DBr and DI reveals that the coordination of these ditopic ligands on the 

[Cu2(μ2-dppm)2(μ2-X)]+ units locks their conformation within these self-assembled 

metallacycles in an arrangement that promotes an efficient overlap of the π-orbitals along the 

ligands B3 quasi-planar backbone. This induces a stabilization of the molecular orbitals located 

on these 3,3’-bipyridine ligands in DCl, DBr and DI and supports the assumption that 3MLCT 

and 3ILCT phosphorescence radiative relaxation processes occur in these metallacycles being 

based on molecular orbitals lying at least partially on these connecting ligands B3. Very likely, 

such conformational constrains applied on the coordinated ligands B3 in derivatives DCl, DBr 

and DI contribute to the differences observed between the photophysics of these metallacycles 

and those of the previously reported luminescent Cu(I) coordination polymer bearing the 

3,3’-bipyridine ligands in a twisted conformation.16,17 Indeed, in this latter case, it was 

concluded that the recorded emission could be attributed to the delayed fluorescence from the 

1(M+X)LCT excited state at RT and changed to simple phosphorescence from the same triplet 
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excited state at 77 K, suggesting radiative relaxation processes involving a larger contribution 

of molecular orbitals centred on the inorganic part of this derivative.16,17 

Therefore, by forcing upon self-assembly processes the 3,3’-bipyridine scaffolds to be almost 

planar (Figure IV-3c), the radiative relaxations pathways in derivatives DCl, DBr and DI are 

significantly altered compared to the luminescent Cu(I) coordination polymer bearing the 

3,3’-bipyridine ligand B3 reported previously. This clearly demonstrate, in such Cu(I)-based 

supramolecular assemblies, the great dependence of the photophysical properties to the 

molecular engineering applied. 

The tetrametallic metallacycles Dx are discrete supramolecular assemblies, and thus did not 

fulfill the original goal of this chapter of obtaining 1D coordination polymers. However, the 

molecular structure of these derivatives and the exhibited luminescence behaviors proved to be 

attractive and the study of the thermal stabilities of the metallacycles Dx were investigated. 

 

IV-3 Thermal stability study of the Dx tetrametallic metallacycles 

The thermal stabilities of the tetrametallic metallacycles Dx were studied by conducting TGA-

DTA measurements. During the measurement, the samples were heated up to 950 °C with a 

heating ramp of 5 °C/min, under a constant nitrogen atmosphere. 

This measurement revealed that the metallacycle DCl is thermally stable up to ca. 250 °C where 

a loss of mass of ca. 7 % is occuring along an endothermic event at 265 °C. This loss of mass 

may be attributed to the decoordination of the B3 ligand from the tetrametallic metallacycles, 

and its subsequent sublimation. This endothermic event is directly followed by another 

endothermic event occuring at ca. 300 °C and accompanied by the loss of 80 % of the total 

mass of the sample. This large loss of mass can be attributed to the thermal decomposition of 

the compound leading to the isolation of a black residue, likely composed of inorganic 

materials. No notable events are occuring at higher temperatures (Figure IV-13). 
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Figure IV-13 : TGA-DTA analysis of DCl metallacycle until 950 °C. 

 

This thermal behavior from DCl is also observed with the other tetrametallic metallacycles DBr 

and DI when subjected to a similar heating experiment. A similar initial loss of mass amounting 

to ca. 10 % of the total mass is observed along an endothermic event occuring at 260 °C. This 

initial event is directly followed by a second endothermic event accompanied by the loss of 80 

% of the total mass of the sample (Figure IV-14). 
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Figure IV-14 : top) TGA-DTA analysis of DBr until 950 °C ; bottom) TGA-DTA analysis of DI until 950 °C. 

 

It can be observed in the thermal behavior of the tetrametallic metallacycles Dx that no thermal 

events are found to be occuring before the sublimation of the B3 linker, hinting at the absence 

of a thermal transition similar to the one discovered in the studied series of 1D coordination 

polymers Cn. This is quite not surprising and confirm the importance of the formation of a 1D 

network to allow the observation of the thermal transition observed in the polymers Cn. 
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IV-4 Conclusion 

In the search toward new supramolecular assemblies displaying a similar irreversible thermal 

transition to that of 1D coordination polymers Cn, it was possible to obtain a new series of 

tetrametallic metallacycles Dx. 

The incorporation of CuX in the initial reaction mixture leads to the in-situ formation of dimeric 

units [Cu2(µ2-dppm)2(µ2-X)]+ that provides a rigid and directed environment toward the 

coordination of the B3 linker. 

This novel series of supramolecular assemblies presents an emission in the solid-state at room 

temperature characterized by an intense, eye-perceived blue-cyan luminescence that was 

characterized as originating from 3MLCT phosphorescence centered on the linker and switching 

to 3ILCT phosphorescence centered on the linker at low temperature. The planarity of the linker 

B3 backbone, associated with the presence of μ2-bridging halides atoms allow for high RT EQY 

to be observed in these derivatives. The thermal stability of the Dx tetrametallic metallacycles 

revealed that the compounds are stable up to 250 °C where the decoordination and subseqent 

sublimation of the linker start to occur. The thermal decomposition of the compounds begins at 

ca. 300 °C leading to a complete decomposition of the tetrametallic metallacycles. This 

measurement revealed that no irreversible thermal transition akin to the one discovered in the 

1D coordination polymers Cn is present in this series of metallacycles. 

To summarize, the tetrametallic metallacycles Dx required the use of an original synthetic 

strategy to be obtained selectively and rapidly, and presented photoluminescent properties with 

high solid-state room temperature quantum yields. However, they do not display an irreversible 

thermal transition of their photophysical properties reinforcing the idea that a one-dimensional 

architecture is necessary. In order to gain access to this irreversible thermal transition without 

the use of cyanide ligand, the use of a different assembling and connecting ligand backbone and 

the search for a molecular structure different from a Cu(I) tetrametallic metallacycle might be 

an option to study. 

With this in mind, promising results have been obtained by using the tridentate ligand 

bis(diphenylphosphinomethyl)phenylphosphine (dpmp) allowing the identification of a Cu(I) 

trimetallic building block [Cu3(µ2-X)2(µ3-dpmp)2]
+ (with X = Cl, Br or I), that can be reacted 

with a variety of polytopic linkers. For examples with X = Br and the linker B6, a 1D 

coordination polymer have been characterized (Figure IV-15). 
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Figure IV-15 : a) View of the molecular structure of the 1D coordination polymer obtained via single crystal X-

ray diffraction (hydrogen atoms, counter-anions PF6
- and included solvent molecules have been omitted for 

clarity). b) Normalized emission spectrum of the [Cu3(µ2-X)2(µ3-dpmp)2]+ based 1D coordination polymer in the 

solid-state at RT (ex = 415 nm). 

 

This 1D coordination polymer is luminescent in the solid-state, emitting an eye-perceived deep 

red light under UV-visible excitation. Preliminary results has shown that upon heating in the 

solid-state, this 1D polymer undergoes an irreversible change in its luminescence properties 

(from deep red to a yellow eye-perceived luminescence) (Figure IV-16), suggesting that the 

properties of the 1D coordination polymers Cn can be also observed in other 1D coordination 

polymer assemblies highlighting the generality of this original property. 

 

Figure IV-16 : Photographs of the 1D coordination polymer a) as obtained, under visible light ; b) as obtained, 

under UV light (ex = 365 nm) ; c) After heating, under UV light (ex = 365 nm). 
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General conclusion 

 

This thesis reports the study of the photophysical properties of Cu(I) based complexes obtained 

using the [Cu2(μ2-dppm)2(CH3CN)4]
2+ bimetallic unit. The photophysical properties of such 

complexes were studied, taking advantage of the electronic configuration of the Cu(I) ion and 

the rigidity provided to the structure by the chelating polydentate phosphine based backbone 

ligand. In this thesis, new luminescent supramolecular assemblies were obtained and their 

photophysical and thermal properties were studied in detail. 

In chapter II, a number of 1D coordination polymers were obtained after reaction between a 

tetrametallic metallacycle precursor A and different polytopic 3- and 4-pyridyl capped linkers. 

The seven coordination polymers Cn obtained possess a similar molecular structure presenting 

an alternation of the tetrametallic metallacycle and the linker coordinated to one of the Cu(I) 

ions of the bimetallic units. A change of geometry of the tetrametallic metallacycle is noted in 

infrared spectrocopy measurements characterized by a shift of the cyanide ν(CN) stretching band. 

Despite the similarities in the molecular structure of the 1D coordination polymers Cn, they 

display very diverse luminescence properties with the emission in the solid-state at room 

temperature of eye-perceived luminescent colors spanning the entirety of the visible spectrum, 

from light blue in C1 to red in C7. The photophysical properties were studied with the 

measurement of the variation of the emission spectrum and the decay times of the excited states 

depending on the temperature. These measurements revealed diverse radiative relaxation 

processes displayed by the polymers with the compounds C1 and C2 presenting 3MLCT 

phosphorescence properties. The polymers C4, C5 and C7 present, with low kr values and high 

structured bands in their emission spectra, seemingly metal perturbated intralinker 

phosphorescence properties. Finaly, the polymers C3 and C6 likely present a conservation of 

the TADF behavior of the precursor A. The thermal properties of the polymers Cn were studied, 

revealing the presence, in their DTA curves, of an exothermic peak associated, or not, with a 

loss of weight. This exothermic peak is accompagnied by a drastic change of the luminescence 

properties observed in the polymers after heating, with the emission at room temperature of an 

eye-perceived intense blue color of emission, highlighting an irreversible phase transition. 

This irreversible thermal transition observed in the 1D coordination polymers Cn was studied 

in depth in chapter III, along with the photophysical properties of the heated phases, 
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denominated Cn’. A thermal transition was also observed in the precursor A leading to the 

obtention of the transited phase A’ presenting slightly modified photophysical properties but 

conserving the TADF behavior of the initial precursor. 

This irreversible thermal transition was characterized in the solid-state by infrared spectroscopy 

with a systematic shift of the cyanide ν(CN) stretching band to 2127 cm-1, along with the 

disappearance of the bands assigned to the linkers Bn, in the phases C1’-C4’ and C7’. The 

disappearance of the linker was confirmed by heating experiments conducted in a sublimation 

apparatus. The photophysical properties of the phases Cn’ are similar in the entirety of the series 

with an observed behavior upon cooling in their emission spectrum and their decay times of the 

excited states similar to the transited phase A’ : a bathochromic shift of the emission spectrum 

with an increase of the decay times of the excited states to 200 μs at 80 K from 40 μs at RT. 

This could indicate a TADF behavior displayed by the heated phases Cn’ which would coincide 

with the increase of their solid-state RT emission quantum yield compared to those of the initial 

polymers Cn. A study of the PXRD diagrams of the phases Cn’ reveals a crystal phase transition 

occuring in the structure during the irreversible thermal transition and TD-PXRD measurements 

conducted on polymers C2, C3 and C6 showed that this structural rearrangements is gradual, 

with different intermediate phases appearing which can be attributed to the different steps of 

the transition : desolvatation, decoordination, sublimation of the linker. Finally, TGA-DTA 

measurements conducted on the phases Cn’ revealed that no further thermal processes are 

present after the irreversible thermal transition occurs, showing that the heated compounds Cn’ 

are thermally stable phases. 

In the second part of chapter III, the phase C6’ was studied in more depth as it was observed 

that the linker B6 is not sublimated during the thermal transition, leading to the heated phase 

being an intimate mixture of the tetrametallic metallacycle and the linker. It was possible, after 

exposing C6’ to few drops or vapors of the reaction solvent (CH2Cl2), to obtain a new phase 

denominated C6’DCM presenting under UV light the emission of an eye-perceived orange 

luminescence, highly reminiscent of the emission of polymer C6. The study of the infrared 

spectroscopy spectrum, PXRD diagram and photophysical properties of this regenerated phase 

revealed highly similar behaviors when compared to the polymer C6, leading to the conclusion 

that C6’DCM and C6 are almost identical. The study of the thermal properties of C6’DCM revealed 

the conservation of the irreversible thermal transition leading to the emission of an 

eye-perceived blue luminescence, showing that a circular process based on irreversible thermal 

transition in the solid-state and regeneration by exposure to the reaction solvent is possible for 
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polymer C6. The irreversible thermal transition observed in the polymers Cn allows these 

compounds to be attractive toward potential applications reporting of the thermal history of 

temperature sensitive tools and machine parts for example. 

In chapter IV, The possibility of obtaining other luminescent Cu(I) based multimetallic species 

without relying on the presence of a cyanide fragment was explored. The reaction of the 

[Cu2(µ2-dppm)2]
+ bimetallic unit with the ditopic linker 3,3’bipyridine B3 led to the obtention 

of a series of Cu(I) based tetrametallic metallacycles bridged by halide ions, denominated Dx 

where X can be Cl, Br or I. The photophysical properties of these tetrametallic metallacycles 

were studied in details, revealing a ligand centered triplet luminophore behavior with high RT 

emission quantum yields being displayed. It was noted that the structural parameters and the 

photophysical properties in the solid-state of these tetrametallic metallacycles are comparable, 

regardless of the bridging halide ions. Lastly, the thermal stability of these metallacycles Dx 

was investigated by conducting TGA-TDA experiments. These measurements revealed that no 

exothermic peaks are present in the TDA curves of the metallacycles Dx and that they do not 

display the irreversible thermal transition that was observed in the polymers Cn. 

To conclude, this work studied the obtention of a series of 1D coordination polymers from the 

reaction between a Cu(I) based tetrametallic metallacycle precursor and polytopic linkers, 

displaying in the solid-state varied photophysical properties. The presence on an unexpected 

and original thermal transition in the solid-state of these polymers was discovered and the 

subsequent change of their luminescence was studied. The search to reproduce this thermal 

property without the use of cyanide led to the obtention of a novel series of Cu(I) based 

tetrametallic metallacycles displaying attractive ligand centered photophysical properties, 

however not displaying the thermal transition property. This study highlights the stimuli 

sensitive behavior of Cu(I) based coordination polymers, with further studies of polymers 

displaying the discovered novel thermal transition being currently under way.  



156 

 

Appendix 

I-General Appendix : 

For all reported syntheses, procedures were performed under air, in a simple flask. 

Commercially available solvents and reagents were used as received, without further 

purification. [Cu(CH3CN)4]PF6, CuBr, 1,2-di(4-pyridyl)ethane (B1), and 1,2-di(4-

pyridyl)ethylene (B7) were obtained from Sigma-Aldrich. 1,1’-bis(diphenylphosphino)methane 

(dppm) and CuCl were obtained from Acros Organics. 1,3-di(4-pyridyl)propane (B2), 3,3’-

bipyridyl (B3), 1,4-di(4-pyridyl)benzene (B4) and 4,4’-di(4-pyridyl)biphenyl (B5) were 

obtained from TCI Chemicals. CuI was obtained from STREM Chemicals. 2,4,6-tri(4-pyridyl)-

1,3,5-triazine (B6) was obtained from AmBeed. 1,6-dicyanohexane (B8) was obtained from Alfa 

Aesar. Bis(diphenylphosphinomethyl)phenylphosphine (dpmp) was synthesized in the 

Universität Regensburg, Regensburg, Germany, in the group of Pr. Dr. Manfred Scheer 

according to litterature procedures with minor alterations1. The purity of the ligand was verified 

by 1H and 31P NMR measurements. 

FT-IR measurements were performed on a Perkin-Elmer Frontier spectrometer using UATR 

(Universal Attenuated Total Reflectance) accessory. Spectra have been recorded between 650 

and 4000 cm-1 on pure samples. 

UV-visible solid-state absorption measurements have been recorded on a Perkin-Elmer Lambda 

650 spectrometer using a 60 mm integrating sphere. Spectra have been recorded between 800 

and 200 nm on the powder samples spread and smoothed under a 15 mm diameter uncoated 

fused silica window from Edmund Optics, in a lab-made sample holder. 

Steady-state emission spectra and luminescence quantum yield measurements were recorded 

on a Horiba Jobin-Yvon (HJY) Fluorolog-3 (FL3-2iHR550) fluorescence spectrofluorometer 

equipped with an IR R928P PMT / HJY FL-1073 detector and with an integrating sphere. Low 

temperature measurements were performed by using an OptistatCF (Oxford Inst.) in the range 

of 77 K to 300 K. High temperature measurements were made by using a Newport 350B 

thermoelectric temperature controller in the range of 223 K to 423 K. Excited-state lifetimes in 

the range of 80 K to 300 K were measured with a delta hub (TCSPC : Time-Correlated-Single-

Photon-Counting) + delta diode system allowing to measure excited state lifetimes between 500 

ps and 10 µs and with a pulsed xenon source (FL-1035) allowing to measure excited state 

lifetimes longer than 10 µs. Solid samples were placed in a quartz sample holder inside the 
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integrating sphere and the cryostat and maintained at the desired temperature until equilibrium 

was reached before recording the spectrum. 

Thermal analysis have been performed using a Perkin-Elmer Pyris Diamond TG/DTA, between 

25 °C and 950 °C with a 5 °C.min-1 heating ramp in platinum crucibles under N2 atmosphere, 

and between 25 °C and 350 °C with a 5 °C.min-1 heating ramp in aluminum crucibles under N2 

atmosphere. 

Luminance intensities in Cd.m-2 were measured with a Konica Minolta LS-150 luminance 

meter on the powder samples spread and smoothed under an 20 mm diameter uncoated fused 

silica window from Edmund Optics, in a lab-made sample holder. The source was a 

CUN66B1B 365 nm UV diode from Roithner Lasertechnik on a lab-made mount powered by 

a programmable bench power supply E36104B from Keysight Technologies. The intensity of 

the UV irradiance at the exact sample location was measured in W.m-2 with a VilberLourmat 

VLX-3W radiometer with a CX-365 sensor. 

Powder X-ray diffraction diagrams have been collected using a Panalytical X’Pert Pro 

diffractometer with an X’celerator detector. The typical recording conditions were 45 kV, 40 

mA for Cu K ( = 1.542 Å), the diagrams were recorded in θ/θ mode in 60 minutes between 

4° and 75° with a step size of 0.0132° and a scan time of 0.6 s. Temperature dependant powder 

X-ray diffraction measurements were performed by fitting a HTK1200 Anton-Paar oven, under 

controlled atmosphere. TD-PXRD were performed by collecting a diffraction diagram every 

10 °C with a heating ramp of 20 °C.min-1 between each measurement. TD-PXRD diagrams 

were performed in 5 minutes between 4° and 50° with a step size of 0.0132° and a scan time of 

0.09s.  

Sublimation experiments were conducted in a Büchi Glass Oven B580 equipped with a Drying 

tube sublimation insert. The transition of the luminescence was followed under UV light 

produced by a handheld Consort dual wavelength UV Lamp capable of 254/365 nm emission. 

After the transition occured, the sublimation insert was washed with dichloromethane that was 

then collected in a beaker. After the dichloromethane was entirely evaporated, the residue left 

inside the beaker was cleaned with CDCl3 that was subsequently analysed by NMR 

spectroscopy. 

Solution NMR spectra were measured in CD2Cl2 or CDCl3 on a Bruker 300 MHz AvI 

spectrometer using 5 mm standard NMR tubes. All 31P and 1H NMR spectra were recorded with 

decoupling from either 31P or 1H nuclei during acquisition at a Larmor frequency of 300.13 
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MHz for 1H NMR and 121.50 MHz for 31P NMR. Chemical shifts are reported relatives to 

tetramethylsilane (TMS) for 1H NMR and 85 wt.% H3PO4 for 31P NMR. 
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II-Appendix to chapter II : 

 

II-1 Synthesis of A precursor and polymers Cn 

II-1.a Synthesis of precursor A : 

The synthesis of precursor A presented herein is similar to the published procedure with minor 

alterations.2 

A dichloromethane solution (30 ml) of [Cu(CH3CN)4].PF6 (0.180 g, 0.48 mmol) and 1,1-

bis(diphenylphosphino)methane (dppm) (0.1845g, 0.48 mmol) was prepared and stirred for one 

hour at room temperature. A methanol solution (5 ml) of KCN (0.0156 g, 0.24 mmol) was added 

to the crude solution and the stirring was maintained overnight, along the appearance of few 

amount of a white precipitate. This crude solution was then filtered over cotton and was left 

upon n-pentane vapor diffusion to afford after a week colorless crystals of A. The final product 

was taken out of the solution by filtration over a paper filter and after drying is obtained as a 

white polycrystalline powder with a yield of 76 % (0.1952 g, 0.09 mmol). This air-stable 

powder emits under UV excitation (ex = 365 nm) an eye-perceived deep blue luminescence. 

 

II-1.b Synthesis of polymers Cn : 

All synthesis were performed in the same manner for the whole of the family of 1D coordination 

polymers Cn. The main differences in the preparation of each individual polymer are the way 

crystalline samples are best obtained, and slight changes in the stoichiometry. 

 

Synthesis of polymer C1 : 

A dichloromethane solution (15 ml) of A (0.060 g, 0.028 mmol) was prepared and stirred for 

one hour. A dichloromethane solution (5 ml) of 1,2-di(4-pyridyl)ethane (B1 linker) (0.0052 g, 

0.028 mmol) was added to the crude solution. The stirring was stopped and the solution was 

left at room temperature for few hours. The solution was then filtered over cotton and was left 

upon n-pentane vapor diffusion to afford after a week small colorless crystals of C1. The final 

product was taken out of the solution by filtration over a paper filter and after drying is obtained 
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as a white polycrystalline powder with a yield of 65 % (0.042 g, 0.018 mmol). This air-stable 

powder emits under UV excitation (ex = 365 nm) an eye-perceived light blue luminescence. 

 

Synthesis of polymer C2 : 

A dichloromethane solution (15 ml) of A (0.060 g, 0.028 mmol) was prepared and stirred for 

one hour. A dichloromethane solution (5 ml) of 1,3-di(4-pyridyl)propane (B2 linker) (0.0056 g, 

0.028 mmol) was added to the crude solution. The stirring was stopped and the solution was 

left at room temperature for few hours. The solution was then filtered over cotton and was left 

upon n-pentane vapor diffusion to afford after a week small, colorless crystals of C2. The final 

product was taken out of the solution by filtration over a paper filter and after drying is obtained 

as a pure white polycrystalline powder with a yield of 82 % (0.054 g, 0.023 mmol). This air-

stable powder emits under UV excitation (ex = 365 nm) an eye-perceived blue luminescence. 

 

Synthesis of polymer C3 : 

A dichloromethane solution (15 ml) of A (0.060 g, 0.028 mmol) was prepared and stirred for 

one hour. A dichloromethane solution (5 ml) of 3,3’bipyridyl (B3 linker) (0.0066 g, 0.042 

mmol) was added to the crude solution. The stirring was stopped and the solution was left at 

room temperature for few hours. The solution was then filtered over cotton and was left upon 

n-pentane vapor diffusion to afford after a week small, colorless crystals of C3. The final 

product was taken out of the solution by filtration over a paper filter and after drying is obtained 

as a pure white polycrystalline powder with a yield of 78 % (0.0502 g, 0.022 mmol). This air-

stable powder emits under UV excitation (ex = 365 nm) an eye-perceived light green 

luminescence. 

 

Synthesis of polymer C4 : 

A dichloromethane solution (15 ml) of A (0.060 g, 0.028 mmol) was prepared and stirred for 

one hour. A dichloromethane solution (5 ml) of 1,4-di(4-pyridyl)benzene (B4 linker) (0.0065 g, 

0.028 mmol) was added to the crude solution. The stirring was stopped and the solution was 

left at room temperature. After a week, small colorless crystals of C4 were formed at the bottom 

of the reaction flask. The final product was taken out of the solution by filtration over a paper 
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filter and after drying is obtained as a pure white polycrystalline powder obtained with a yield 

of 81 % (0.0539 g, 0.023 mmol). This air-stable powder emits under UV excitation (ex = 365 

nm) an eye-perceived green luminescence. 

 

Synthesis of polymer C5 : 

A dichloromethane solution (20 ml) of A (0.080 g, 0.038 mmol) was prepared and stirred for 

one hour. A dichloromethane solution (10 ml) of 4,4’-di(4-pyridyl)biphenyl (B5 linker) (0.0116 

g, 0.038 mmol) was added to the crude solution. The stirring was stopped and the solution was 

left at room temperature. After a week, small colorless crystals of C5 were formed at the bottom 

of the reaction flask. The final product was taken out of the solution by filtration over a paper 

filter and after drying is obtained as a pure white polycrystalline powder with a yield of 77 % 

(0.0706 g, 0.029 mmol). This air-stable powder emits under UV excitation (ex = 365 nm) an 

eye-perceived weak green luminescence. 

 

Synthesis of polymer C6 : 

A dichloromethane solution (15 ml) of A (0.060 g, 0.028 mmol) was prepared and stirred for 

one hour. A dichloromethane solution (5 ml) of 2,4,6-tri(4-pyridyl)-1,3,5-triazine (B6 linker) 

(0.0088 g, 0.028 mmol) was added to the crude solution. The stirring was stopped and the 

solution was left at room temperature. After a week, yellow crystals of C6 were formed at the 

bottom of the reaction flask. The final product was taken out of the solution by filtration over a 

paper filter and after drying is obtained as a pure yellow polycrystalline powder with a yield of 

90 % (0.0617 g, 0.025 mmol). This air-stable powder emits under UV excitation (ex = 365 nm) 

an eye-perceived orange-red luminescence. 

 

Synthesis of polymer C7 : 

A dichloromethane solution (20 ml) of A (0.080 g, 0.038 mmol) was prepared and stirred for 

one hour. A dichloromethane solution (10 ml) of 1,2-di(4-pyridyl)ethylene (B7 linker) (0.0102 

g, 0.058 mmol) was added to the crude solution. The stirring was stopped and the solution was 

left at room temperature. After a week, small yellow crystals of C7 were formed at the bottom 

of the reaction flask. The final product was taken out of the solution by filtration over a paper 
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filter and after drying is obtained as a pure pale yellow polycrystalline powder with a yield of 

57 % (0.0491 g, 0.021 mmol). This air-stable powder emits under UV excitation (ex = 365 nm) 

an eye-perceived deep red luminescence. 

 

II-2 Infrared spectroscopy study 

 

Figure SII.1 : Infrared spectrum of compound C1. The dot marks the PF6
- counter anion t1u vibration mode band. 

Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B1 ligands bands. 

 

IR (cm-1) :695 (vs), 738 (vs), 766 (s), 785 (s), 835 (vs), 971 (vw), 1001 (w), 1027 (w), 1098 (m), 1188 (w), 1227 (vw), 1279 

(vw), 1311 (w), 1365 (w), 1436 (s), 1483 (m), 1574 (vw), 1586 (w), 1610 (m), 2102 (m), 3056 (w). 
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Figure SII.2 : Infrared spectrum of compound C2. The dot marks the PF6
- counter anion t1u vibration mode band. 

Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B2 ligands bands. 

IR (cm-1) :691 (vs), 736 (vs), 754 (s), 786 (s), 834 (vs), 971 (vw), 1000 (w), 1027 (w), 1095 (m), 1187 (w), 1224 (vw), 1277 

(vw), 1310 (w), 1364 (w), 1435 (s), 1483 (m), 1574 (vw), 1586 (w), 1608 (m), 2095 (m), 3054 (w). 

 

Figure SII.3 : Infrared spectrum of compound C3. The dot marks the PF6
- counter anion t1u vibration mode band. 

Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B3 ligands bands. 

IR (cm-1) :693 (vs), 737 (vs), 755 (s), 833 (vs), 973 (vw), 1001 (w), 1028 (w), 1099 (m), 1190 (w), 1278 (vw), 1311 (w), 

1367 (w), 1436 (s), 1484 (m), 1572 (vw), 1586 (w), 1624 (m), 2103 (m), 3057 (w). 
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Figure SII.4 : Infrared spectrum of compound C4. The dot marks the PF6
- counter anion t1u vibration mode band. 

Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B4 ligands bands. 

IR (cm-1) :691 (vs), 735 (vs), 756 (s), 778 (s), 833 (vs), 972 (vw), 1001 (w), 1027 (w), 1095 (m), 1187 (w), 1224 (vw), 1309 

(w), 1334 (vw), 1365 (w), 1400 (vw), 1435 (s), 1484 (m), 1547 (vw), 1574 (vw), 1602 (m), 2096 (m), 3051 (w). 

 

Figure SII.5 : Infrared spectrum of compound C5. The dot marks the PF6
- counter anion t1u vibration mode band. 

Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B5 ligands bands. 

IR (cm-1) :691 (vs), 734 (vs), 753 (s), 782 (s), 832 (vs), 971 (vw), 1001 (w), 1027 (w), 1069 (w), 1097 (m), 1161 (vw), 1187 

(w), 1221 (vw), 1278 (vw), 1309 (w), 1333 (vw), 1364 (w), 1395 (vw), 1435 (s), 1483 (m), 1547 (vw), 1574 (vw), 1586 (w), 

1605 (m), 2088 (m), 3055 (w). 
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Figure SII.6 : Infrared spectrum of compound C6. The dot marks the PF6
- counter anion t1u vibration mode band. 

Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B6 ligands bands. 

IR (cm-1) :690 (vs), 736 (vs), 777 (s), 832 (vs), 972 (vw), 999 (w), 1027 (w), 1060 (w), 1096 (m), 1188 (w), 1278 (vw), 1315 

(w), 1331 (vw), 1364 (w), 1375 (s), 1436 (s), 1482 (m), 1517 (s), 1575 (m), 1586 (w), 2102 (m), 3050 (w). 

 

Figure SII.7 : Infrared spectrum of compound C7. The dot marks the PF6
- counter anion t1u vibration mode band. 

Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B7 ligands bands. 

IR (cm-1) :691 (vs), 738 (vs), 755 (s), 781 (s), 833 (vs), 992 (w), 1027 (w), 1071 (w), 1096 (m), 1187 (w), 1277 (vw), 1308 

(w), 1333 (vw), 1364 (w), 1375 (s), 1436 (s), 1484 (m), 1501 (vw), 1575 (vw), 1586 (vw), 1603 (m), 2100 (m), 3055 (w). 
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II-3 X-ray crystallographic study 

Single crystal data collection for polymers Cn were performed at 150 K with a D8 Venture 

Bruker AXS (Centre de Diffractométrie, Université de Rennes 1, France) with Mo-K radiation 

( = 0.71073 Å). Reflections were indexed, Lorentz-polarization corrected and integrated by 

the DENZO program of the KappaCCD software package. The data merging process was 

performed using the SCALEPACK program.3 Structure determinations were performed by 

direct methods with the solving program SIR97,4 that revealed all the non-hydrogen atoms. 

SHELXL program5 was used to refine the structures by full-matric least-squares based on F². 

All non-hydrogen atoms were refined with anisotropic displacement parameters. 

The measured single crystals were always coated in Fomblin oil, mounted at low temperature 

on the diffractometer goniometer as quickly as possible. The X-ray data collections were 

performed at low temperature. In all the derivatices studied, the included dichloromethane 

solvent molecules were found to be highly disordered and a correct modelling of the disorder 

of these solvent molecules was not always possible leading to rather high anisotropic 

displacement parameters for some of their atoms. A « squeeze » treatment6,7 was therefore 

conducted to remove the scattering contribution of these molecules which cannot be correctly 

modelled. 

 

II-3.1 Molecular structure of Cn compounds 

 

Figure SII.8 : View of the molecular structure of the one-dimensional coordination polymer C1 obtained via 

single-crystal X-ray diffraction (hydrogen atoms, counter-anions PF6
- and included solvent molecules have been 

omitted for clarity). Only one of the orientation of the cyano ligands over the two orientations possible are 

shown. 
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Figure SII.9 : View of the molecular structure of the one-dimensional coordination polymer C2 obtained via 

single-crystal X-ray diffraction (hydrogen atoms, counter-anions PF6
- and included solvent molecules have been 

omitted for clarity). Only one of the orientation of the cyano ligands over the two orientations possible are 

shown. 

 

 

Figure SII.10 : View of the molecular structure of the one-dimensional coordination polymer C3 obtained via 

single-crystal X-ray diffraction (hydrogen atoms, counter-anions PF6
- and included solvent molecules have been 

omitted for clarity). Only one of the orientation of the cyano ligands over the two orientations possible are 

shown. 

 

 

Figure SII.11 : View of the molecular structure of the one-dimensional coordination polymer C4 obtained via 

single-crystal X-ray diffraction (hydrogen atoms, counter-anions PF6
- and included solvent molecules have been 

omitted for clarity). Only one of the orientation of the cyano ligands over the two orientations possible are 

shown. 
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Figure SII.12 : View of the molecular structure of the one-dimensional coordination polymer C5 obtained via 

single-crystal X-ray diffraction (hydrogen atoms, counter-anions PF6
- and included solvent molecules have been 

omitted for clarity). Only one of the orientation of the cyano ligands over the two orientations possible are 

shown. 

 

 

Figure SII.13 : View of the molecular structure of the one-dimensional coordination polymer C6 obtained via 

single-crystal X-ray diffraction (hydrogen atoms, counter-anions PF6
- and included solvent molecules have been 

omitted for clarity). Only one of the orientation of the cyano ligands over the two orientations possible are 

shown. 

 

 

Figure SII.14 : View of the molecular structure of the one-dimensional coordination polymer C7 obtained via 

single-crystal X-ray diffraction (hydrogen atoms, counter-anions PF6
- and included solvent molecules have been 

omitted for clarity). Only one of the orientation of the cyano ligands over the two orientations possible are 

shown. 
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II-3.2 Crystallographic tables of the polymers Cn: 

 C1* C2 C3 C4 

Molecular formula 

C114 H100 Cu4 F12 N4 P10 

(C122 H108 Cl16 Cu4 F12 

N4 P10) 

C115 H102 Cu4 F12 N4 P10 

(C120 H102 Cl10 Cu4 F12 

N4 P10) 

C56 H48 Cu2 F6 N2 P5 

(C115 H100 Cl6 Cu4 F12 

N4 P10) 

C59 H50 Cu2 F6 N2 P5 

(C62 H55 Cl5 Cu2 F6 N2 

P5) 

CCDC number / / / / 

Molecular weight 2317.84 (2989.18) 2331.87 (2746.42) 1144.89 (2542.55) 1182.94 (1400.25) 

a (Å) 15.9341(7) 18.690(2) 34.355(6) 13.131(2) 

b (Å) 23.7640(9) 19.489(2) 18.703(4) 14.318(5) 

c (Å) 16.7961(7) 19.737(2) 18.816(4) 18.268(2) 

 (°) 90 78.743(3) 90 105.585(4) 

 (°) 96.028(4) 62.797(4) 110.418(5) 98.707(4) 

 (°) 90 76.283(3) 90 103.710(4) 

V (Å3) 6324.8(5) 6180.2(11) 11331(4) 3128.0(7) 

Z 2 2 8 2 

Dc (g.cm-3) 1.217 (1.570) 1.253 (1.476) 1.342 (1.490) 1.256 (1.487) 

Crystal system Monoclinic Triclinic Monoclinic Triclinic 

Space group P21/n P-1 C2/c P-1 

Temperature (K) 150(2) 150(2) 150(2) 150(2) 

Wavelength Mo-K (Å) 0.71069 0.71069 0.71069 0.71069 

Crystal size (mm) 0.26 * 0.12 * 0.09 0.3 * 0.11 * 0.10 0.20 * 0.16 * 0.06 0.11 * 0.09 * 0.08 

μ (mm-1) 0.850 (1.196) 0.871 (1.096) 0.948 (1.093) 0.861 (1.080) 

F(000) 2372 (3028) 2388 (2788) 4680 (5176) 1210 (1424) 

θ limit (°) 3.42 – 32.36 2.16 – 27.52 2.14 – 27.73 2.18 – 27.59 

Index ranges hkl 

-23 < h < 23 

-32 < k < 32 

-25 < l < 25 

-24 < h < 24 

-25 < k < 24 

-25 < l < 25 

-44 < h < 44 

-23 < h < 17 

-24 < l < 24 

-17 < h < 17 

-18 < k < 18 

-23 < l < 23 

Reflections collected 48181 143965 62203 67298 

Independant reflections 20063 28422 11822 14401 

Reflection [I>2σ(I)] 12676 (13316) 18482 (18019) 8385 (8221) 11724 (11740) 

Data/restraints/parameters 
20013 / 0 / 649  

(20063 / 0 / 766) 

28422 / 0 / 1310 

(28422 / 0 / 1517) 

11822 / 0 / 635 

(11822 / 0 / 680) 

14401 / 0 / 668  

(14401 / 0 / 758) 

Goodness of fit on F² 0.970 (1.033) 0.946 (1.012) 1.095 (1.074) 1.080 (1.047) 

Final R indices [I>2σ(I)] 
R1 = 0.0629 (0.0843) 

wR2 = 0.1461 (0.1970) 

R1 = 0.0523 (0.0660) 

wR2 = 0.1136 (0.1606) 

R1 = 0.0682 (0.0697) 

wR2 = 0.1701 (0.1666) 

R1 = 0.0523 (0.0583) 

wR2 = 0.1511 (0.1596) 

R indices (all data) 
R1 = 0.1028 (0.1294) 

wR2 = 0.1628 (0.2245) 

R1 = 0.0899 (0.1199) 

wR2 = 0.1270 (0.1934) 

R1 = 0.0961 (0.1065) 

wR2 = 0.1828 (0.1872) 

R1 = 0.0628 (0.0733) 

wR2 = 0.1606 (0.1721) 

Largest diff peak and hole 

(e Å-3) 

0.961 and -0.671 

(1.749 and -1.404) 

0.501 and -0.713 

(1.701 and -1.694) 

1.051 and -1.605 

(1.468 and -1.594) 

1.784 and -0.920 

(1.852 and -1.347) 

* : measurement conducted at Universität Regensburg, Germany. 

Table SII.1 : Crystallographic data of compounds C1-C4. Data presented are after squeeze treatment. Data 

before squeeze treatment are given in brackets. 
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 C5 C6 C7 

Molecular formula 

C124 H103 Cu4 F12 N4 

P10 (C132 H118 Cl16 Cu4 

F12 N4 P10) 

C120 H100 Cu4 F12 N8 

P10 (C63 H54 Cl6 Cu2 F6 

N4 P5) 

C57 H49 Cu2 F6 N2 P5 

(C59 H53 Cl4 Cu2 F6 N2 

P5) 

CCDC number / / / 

Molecular weight 2440.96 (3119.36) 2445.94 (1475.73) 1157.91 (1327.76) 

a (Å) 14.0761(12) 23.594(1) 13.003(2) 

b (Å) 25.029(3) 30.804(2) 14.326(2) 

c (Å) 19.674(2) 18.242(2) 18.407(2) 

 (°) 90 90 67.527(4) 

 (°) 91.509(4) 97.462(2) 71.071(4) 

 (°) 90 90 77.265(4) 

V (Å3) 6928.9(12) 13145.8(18) 2978.8(7) 

Z 2 4 2 

Dc (g.cm-3) 1.169 (1.495) 1.236 (1.491) 1.291 (1.480) 

Crystal system Monoclinic Monoclinic Triclinic 

Space group P21 C2/c P-1 

Temperature (K) 150(2) 150(2) 150(2) 

Wavelength Mo-K (Å) 0.71069 0.71069 0.71069 

Crystal size (mm) 0.2 * 0.13 * 0.11 0.17 * 0.15 * 0.11 0.2 * 0.16 * 0.11 

μ (mm-1) 0.780 (1.096) 0.823 (1.072) 0.903 (1.086) 

F(000) 2496 (3168) 5000 (5992) 1184 (1352) 

θ limit (°) 2.07 – 30.57 2.17 – 27.53 2.15 – 27.56 

Index ranges hkl 

-20 < h < 16 

-35 < k < 35 

-28 < l < 28 

-30 < h < 30 

-40 < k < 40 

-23 < l < 23 

-16 < h < 16 

-18 < k < 18 

-23 < l < 23 

Reflections collected 206897 156767 51085 

Independant reflections 41941 15112 13714 

Reflection [I>2σ(I)] 30390 (29970) 12312 (11529) 12123 (12075) 

Data/restraints/parameters 
41941 / 1 / 1388 

(41941 / 1 / 1604) 

15112 / 0 / 696  

(15112 / 0 / 787) 

13714 / 0 / 651  

(13714 / 0 / 727) 

Goodness of fit on F² 1.001 (1.015) 1.020 (1.044) 1.101 (1.089) 

Final R indices [I>2σ(I)] 
R1 = 0.0547 (0.0709) 

wR2 = 0.1089 (0.1643) 

R1 = 0.0427 (0.0429) 

wR2 = 0.0914 (0.0997) 

R1 = 0.0352 (0.0360) 

wR2 = 0.0993 (0.0951) 

R indices (all data) 
R1 = 0.0847 (0.1145) 

wR2 = 0.1167 (0.1865) 

R1 = 0.0588 (0.0668) 

wR2 = 0.0972 (0.1145) 

R1 = 0.0392 (0.0425) 

wR2 = 0.1017 (0.1028) 

Largest diff peak and hole 

(e Å-3) 

0.897 and -0.657 

(3.017 and -1.340) 

0.377 and -0.341 

(1.438 and -1.144) 

0.622 and -0.554 

(1.050 and -1.191) 

Table SII.2 : Crystallographic data of compounds C5-C7. Data presented are after squeeze treatment. Data 

before squeeze treatment are given in brackets. 
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II-4 Photophysical study of Cn polymers 

II-4.1 Solid-state UV-vis absorption 

 

 

Figure SII.15 : Solid-state UV-visible absorption spectrum of C1. 

 

 

Figure SII.16 : Solid-state UV-visible absorption spectrum of C2. 
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Figure SII.17 : Solid-state UV-visible absorption spectrum of C3. 

 

 

Figure SII.18 : Solid-state UV-visible absorption spectrum of C4. 
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Figure SII.19 : Solid-state UV-visible absorption spectrum of C5. 

 

 

Figure SII.20 : Solid-state UV-visible absorption spectrum of C6. 
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Figure SII.21 : Solid-state UV-visible absorption spectrum of C7. 

 

II-4.2 Solid-state excitation spectra 

 

Figure SII.22 : Solid-state room temperature excitation spectrum of C1. 
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Figure SII.23 : Solid-state room temperature excitation spectrum of C2. 

 

 

Figure SII.24 : Solid-state room temperature excitation spectrum of C3. 
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Figure SII.25 : Solid-state room temperature excitation spectrum of C4. 

 

 

Figure SII.26 : Solid-state excitation spectrum of C5 measured at 80 K. 
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Figure SII.27 : Solid-state room temperature excitation spectrum of C6. 

 

 

Figure SII.28 : Solid-state room temperature excitation spectrum of C7. 
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II-4.3 Solid-state temperature dependant emission spectra 

 

Figure SII.29 : Temperature dependence of the emission spectrum of the polymer C1 from 80 K to 300 K. 

 

 

Figure SII.30 : Temperature dependence of the emission spectrum of the polymer C2 from 80 K to 300 K. 
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Figure SII.31 : Temperature dependence of the emission spectrum of the polymer C3 from 80 K to 300 K. 

 

 

Figure SII.32 : Temperature dependence of the emission spectrum of the polymer C4 from 80 K to 300 K. 
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Figure SII.33 : Temperature dependence of the emission spectrum of the polymer C5 from 80 K to 300 K. 

 

 

Figure SII.34 : Temperature dependence of the emission spectrum of the polymer C6 from 80 K to 300 K. 
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Figure SII.35 : Temperature dependence of the emission spectrum of the polymer C7 from 80 K to 300 K. 

 

II-4.4 Solid-state temperature dependant excited states lifetimes 

 

Figure SII.36 : Variation of the lifetime depending on the temperature of C1 from 80 to 300 K 
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Figure SII.37 : Variation of the lifetime depending on the temperature of C2 from 80 to 300 K 

 

 

Figure SII.38 : Variation of the lifetime depending on the temperature of C3 from 80 to 300 K 
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Figure SII.39 : Variation of the lifetime depending on the temperature of C4 from 80 to 300 K 

 

 

Figure SII.40 : Variation of the lifetime depending on the temperature of C5 from 80 to 300 K 
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Figure SII.41 : Variation of the lifetime depending on the temperature of C6 from 80 to 300 K 

 

 

Figure SII.42 : Variation of the lifetime depending on the temperature of C7 from 80 to 300 K 
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II-4.5 Solid-state variation of the luminance depending of the irradiance 

 

Figure SII.43 : Variation of the luminance of polymer C1 depending on the irradiance. 

 

 

Figure SII.44 : Variation of the luminance of polymer C2 depending on the irradiance. 
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Figure SII.45 : Variation of the luminance of polymer C3 depending on the irradiance. 

 

 

Figure SII.46 : Variation of the luminance of polymer C4 depending on the irradiance. 
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Figure SII.47 : Variation of the luminance of polymer C5 depending on the irradiance. 

 

 

Figure SII.48 : Variation of the luminance of polymer C6 depending on the irradiance. 
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Figure SII.49 : Variation of the luminance of polymer C7 depending on the irradiance. 

 

II-5 TGA-DTA measurements 

 

Figure SII.50 : TGA-DTA analysis of C1 compound until 950 °C. 
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Figure SII.51 : TGA-DTA analysis of C2 compound until 950 °C. 

 

 

Figure SII.52 : TGA-DTA analysis of C3 compound until 950 °C. 
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Figure SII.53 : TGA-DTA analysis of C4 compound until 950 °C. 

 

 

Figure SII.54 : TGA-DTA analysis of C5 compound until 950 °C. 
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Figure SII.55 : TGA-DTA analysis of C6 compound until 950 °C. 

 

 

Figure SII.56 : TGA-DTA analysis of C7 compound until 950 °C. 
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Figure SII.57 : TGA-DTA analysis of compound C1 until 300 °C and record of the return to room temperature. 

 

 

Figure SII.58 : TGA-DTA analysis of compound C2 until 300 °C and record of the return to room temperature. 
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Figure SII.59 : TGA-DTA analysis of compound C3 until 300 °C and record of the return to room temperature. 

 

 

Figure SII.60 : TGA-DTA analysis of compound C4 until 300 °C and record of the return to room temperature. 
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Figure SII.61 : TGA-DTA analysis of compound C5 until 300 °C and record of the return to room temperature. 

 

 

Figure SII.62 : TGA-DTA analysis of compound C6 until 300 °C and record of the return to room temperature. 
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Figure SII.63 : TGA-DTA analysis of compound C7 until 300 °C and record of the return to room temperature. 
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III-Appendix to chapter III : 

 

III-1 Experimental conditions to obtain the transited phases phase A’ and Cn’ 

The thermal transitions in the solid-state of precursor A to its transited phase A’ and polymers 

Cn to their transited phases Cn’ were performed on a heating plate. The crystalline powder of 

the initial phase is deposited and flattened on a glass plate then deposited on the heating plate. 

The evolution of the transition is followed by conducting the heating process under a UV lamp 

(ex = 365 nm). At high temperature, the luminescence displayed by the initial phase is faint, 

however, it is still possible to follow the transition with the naked eye. Once five minutes passed 

under heating at a temperature superior to the temperature of transition of the polymer, and once 

the transition can be observed, characterized for the heated phase by the emission of an eye-

perceived blue colored light, the sample is taken out of heating and allowed to cool down to 

room temperature. This experiment is repeated once to allow a complete transition of the 

entirety of the processed sample. Concerning the the transition of the precursor A, the change 

in luminescence upon the thermal transition occuring is not perceptible by the naked eye, and 

the sample is simply maintained at 250 °C for the duration of the transition. 
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III-2 Infrared spectroscopy study of phases Cn’ 

 

Figure SIII.1 : Infrared spectrum of compound C1’. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. 

IR (cm-1) :690 (vs), 739 (vs), 762 (s), 785 (s), 832 (vs), 975 (vw), 999 (w), 1027 (w), 1072 (w), 1099 (m), 1188 (vw), 1310 

(w), 1335 (vw), 1364 (vw), 1436 (s), 1484 (m), 1575 (vw), 1587 (vw), 2127 (m), 3059 (w). 

 

Figure SIII.2 : Infrared spectrum of compound C2’. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. 

IR (cm-1) :689 (vs), 739 (vs), 785 (s), 831 (vs), 918 (w), 975 (vw), 999 (m), 1028 (w), 1073 (w), 1098 (m), 1140 (vw), 1152 

(vw), 1190 (w), 1310 (w), 1335 (vw), 1364 (vw), 1436 (s), 1484 (m), 1575 (vw), 1587 (vw), 2127 (m), 3060 (w). 
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Figure SIII.3 : Infrared spectrum of compound C3’. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. 

IR (cm-1) :689 (vs), 739 (vs), 786 (s), 831 (vs), 919 (w), 975 (vw), 999 (m), 1028 (w), 1073 (w), 1098 (m), 1140 (vw), 1152 

(vw), 1191 (w), 1311 (w), 1335 (w), 1364 (vw), 1436 (s), 1484 (m), 1575 (vw), 1587 (vw), 2127 (m), 3060 (w). 

 

Figure SIII.4 : Infrared spectrum of compound C4’. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. 

IR (cm-1) :690 (vs), 739 (vs), 785 (s), 833 (vs), 919 (w), 975 (vw), 1000 (m), 1027 (w), 1072 (w), 1099 (m), 1141 (vw), 1152 

(vw), 1189 (w), 1310 (w), 1335 (w), 1365 (vw), 1436 (s), 1484 (m), 1574 (vw), 1587 (vw), 2127 (m), 3059 (w). 
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Figure SIII.5 : Infrared spectrum of compound C5’. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B5 ligands bands. 

IR (cm-1) :690 (vs), 739 (vs), 785 (s), 832 (vs), 918 (w), 975 (vw), 999 (m), 1027 (w), 1072 (w), 1100 (m), 1140 (vw), 1152 

(vw), 1189 (w), 1228 (w), 1310 (w), 1335 (w), 1364 (vw), 1436 (s), 1484 (m), 1574 (vw), 1588 (vw), 1615 (m), 2127 (m), 

3059 (w). 

 

Figure SIII.6 : Infrared spectrum of compound C6’. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B6 ligands bands. 

IR (cm-1) :691 (vs), 739 (vs), 794 (s), 832 (vs), 920 (w), 975 (vw), 1000 (m), 1027 (w), 1073 (w), 1098 (m), 1140 (vw), 1152 

(vw), 1189 (w), 1307 (w), 1335 (w), 1372 (vw), 1436 (s), 1484 (m), 1513 (s), 1575 (w), 1586 (w), 2127 (m), 3058 (w). 
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Figure SIII.7 : Infrared spectrum of compound C7’. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. 

IR (cm-1) :690 (vs), 739 (vs), 784 (s), 832 (vs), 919 (w), 975 (vw), 999 (m), 1027 (w), 1072 (w), 1098 (m), 1123 (vw), 1187 

(w), 1309 (w), 1335 (w), 1371 (vw), 1436 (s), 1484 (m), 1575 (w), 1587 (w), 2127 (m), 3059 (w). 

 

III-3 Sublimation experiments on polymers Cn 

Here are presented 1H NMR spectra of the residues collected from the cold finger of the 

sublimation apparatus during experiments conduted on polymers C1-C4 and C7. Along the 

thermal transition of C5 and C6, the linker is not sublimated. Therefore, nothing is collected on 

the cold finger of the sublimation apparatus. Concerning C7, the thermal transition temperature 

being close to the degradation temperature, only a complex mixture of non-identified 

degradation residues were collected on the cold finger of the sublimation apparatus. 
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Figure SIII.8 : 1H NMR spectrum of the linker B1 residue in CDCl3 collected on the cold finger of the 

sublimation apparatus, as the sample C1 is heated above the transition temperature. 

 

 

Figure SIII.9 : 1H NMR spectrum of the linker B2 residue in CDCl3 collected on the cold finger of the 

sublimation apparatus, as the sample C2 is heated above the transition temperature. 
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Figure SIII.10 : 1H NMR spectrum of the linker B3 residue in CDCl3 collected on the cold finger of the 

sublimation apparatus, as the sample C3 is heated above the transition temperature. 

 

 

Figure SIII.11 : 1H NMR spectrum of the linker B4 residue in CDCl3 collected on the cold finger of the 

sublimation apparatus, as the sample C4 is heated above the transition temperature. 
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III-4 Photophysical study of phases Cn’ 

III-4.1 Solid-state UV-visible absorption 

 

Figure SIII.12 : Solid-state UV-visible absorption spectrum of C1’. 

 

 

Figure SIII.13 : Solid-state UV-visible absorption spectrum of C2’. 
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Figure SIII.14 : Solid-state UV-visible absorption spectrum of C3’. 

 

 

Figure SIII.15 : Solid-state UV-visible absorption spectrum of C4’. 
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Figure SIII.16 : Solid-state UV-visible absorption spectrum of C5’. 

 

 

Figure SIII.17 : Solid-state UV-visible absorption spectrum of C6’. 
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Figure SIII.18 : Solid-state UV-visible absorption spectrum of C7’. 

 

III-4.2 Solid-state excitation spectrum 

 

Figure SIII.19 : Solid-state room temperature excitation spectrum of phase C1’. 
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Figure SIII.20 : Solid-state room temperature excitation spectrum of phase C2’. 

 

 

Figure SIII.21 : Solid-state room temperature excitation spectrum of phase C3’. 
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Figure SIII.22 : Solid-state room temperature excitation spectrum of phase C4’. 

 

 

Figure SIII.23 : Solid-state room temperature excitation spectrum of phase C5’. 
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Figure SIII.24 : Solid-state room temperature excitation spectrum of phase C6’. 

 

 

Figure SIII.25 : Solid-state room temperature excitation spectrum of phase C7’. 
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III-4.3 Temperature dependant emission spectrum 

 

Figure SIII.26 : Temperature dependence of the emission spectrum of transited phase C1’. 

 

 

Figure SIII.27 : Temperature dependence of the emission spectrum of transited phase C2’. 
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Figure SIII.28 : Temperature dependence of the emission spectrum of transited phase C3’. 

 

 

Figure SIII.29 : Temperature dependence of the emission spectrum of transited phase C4’. 
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Figure SIII.30 : Temperature dependence of the emission spectrum of transited phase C5’. 

 

 

Figure SIII.31 : Temperature dependence of the emission spectrum of transited phase C6’. 
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Figure SIII.32 : Temperature dependence of the emission spectrum of transited phase C7’. 

 

III-4.4 Temperature dependence of the decay times of the excited states 

 

Figure SIII.33 : Variation of the lifetime of the excited state depending of the temperature of transited phase 

C1’. 
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Figure SIII.34 : Variation of the lifetime of the excited state depending of the temperature of transited phase 

C2’. 

 

 

Figure SIII.35 : Variation of the lifetime of the excited state depending of the temperature of transited phase 

C3’. 
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Figure SIII.36 : Variation of the lifetime of the excited state depending of the temperature of transited phase 

C4’. 

 

 

Figure SIII.37 : Variation of the lifetime of the excited state depending of the temperature of transited phase 

C5’. 
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Figure SIII.38 : Variation of the lifetime of the excited state depending of the temperature of transited phase 

C6’. 

 

 

Figure SIII.39 : Variation of the lifetime of the excited state depending of the temperature of transited phase 

C7’. 
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III-5 Powder X-ray diffaction of phases Cn’ 

III-5.1 Powder X-ray diffraction of initial polymers Cn 

 

Figure SIII.40 : Comparison between the PXRD diagram of C1 (black) and the calculated diagram from the 

crystallographic data (red). 

 

 

Figure SIII.41 : Comparison between the PXRD diagram of C2 (black) and the calculated diagram from the 

crystallographic data (red). 
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Figure SIII.42 : Comparison between the PXRD diagram of C3 (black) and the calculated diagram from the 

crystallographic data (red). 

 

 

Figure SIII.43 : Comparison between the PXRD diagram of C4 (black) and the calculated diagram from the 

crystallographic data (red). 
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Figure SIII.44 : Comparison between the PXRD diagram of C5 (black) and the calculated diagram from the 

crystallographic data (red). 

 

 

Figure SIII.45 : Comparison between the PXRD diagram of C6 (black) and the calculated diagram from the 

crystallographic data (red). 
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Figure SIII.46 : Comparison between the PXRD diagram of C7 (black) and the calculated diagram from the 

crystallographic data (red). 

 

III-5.2 Powder X-ray diffraction of transited phases A’ and Cn’ 

 

Figure SIII.47 : Powder X-ray diffraction diagram of phase A’. 
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Figure SIII.48 : Powder X-ray diffraction diagram of phase C1’. 

 

 

Figure SIII.49 : Powder X-ray diffraction diagram of phase C2’. 
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Figure SIII.50 : Powder X-ray diffraction diagram of phase C3’. 

 

 

Figure SIII.51 : Powder X-ray diffraction diagram of phase C4’. 
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Figure SIII.52 : Powder X-ray diffraction diagram of phase C5’. 

 

 

Figure SIII.53 : Powder X-ray diffraction diagram of phase C6’. 
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Figure SIII.54 : Powder X-ray diffraction diagram of phase C7’. 

 

III-5.3 Temperature dependant powder X-ray diffraction of precursor A and polymers C2, C3 

and C6. 

 

Figure SIII.55 : TD-PXRD measurement of precursor A from 30 to 280 °C, in 10 °C increments. 
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Figure SIII.56 : TD-PXRD measurement of polymer C2 from 30 to 280 °C, in 10 °C increments. 

 

 

Figure SIII.57 : TD-PXRD measurement of polymer C3 from 30 to 280 °C, in 10 °C increments. 
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Figure SIII.58 : TD-PXRD measurement of polymer C6 from 30 to 280 °C, in 10 °C increments. 

 

III-6 TGA-DTA measurements performed on transited phases 

 

Figure SIII.59 : TGA-DTA analysis of transited phase C1’ until 300 °C and record of the return to room 

temperature. 
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Figure SIII.60 : TGA-DTA analysis of transited phase C2’ until 300 °C and record of the return to room 

temperature. 

 

 

Figure SIII.61 : TGA-DTA analysis of transited phase C3’ until 300 °C and record of the return to room 

temperature. 
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Figure SIII.62 : TGA-DTA analysis of transited phase C4’ until 300 °C and record of the return to room 

temperature. 

 

 

Figure SIII.63 : TGA-DTA analysis of transited phase C5’ until 300 °C and record of the return to room 

temperature. 
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Figure SIII.64 : TGA-DTA analysis of transited phase C6’ until 300 °C and record of the return to room 

temperature. 

 

 

Figure SIII.65 : TGA-DTA analysis of transited phase C7’ until 300 °C and record of the return to room 

temperature. 
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III-7 Measurements conducted on the regenerated phase C6’DCM 

The regenerated phase C6’DCM was obtained by submerging the sample of thermally transited 

phase C6’ in 3 ml of dichloromethane. The solution was stirred manually with a glass rod for 

five minutes to allow for the complete regeneration of the transited phase. The regenerated 

phase was then filtered on a paper filter out of the solution. After drying under air, the 

regenerated phase C6’DCM consists of a pale yellow polycrystalline powder emitting under UV 

light excitation (ex = 365 nm) a yellow-orange luminescence. 

 

Figure SIII.66 : Infrared spectrum of regenerated phase C6’DCM. The dot marks the PF6
- counter anion t1u 

vibration mode band. Blue squares mark typical dppm δ(C-H) ligand bands. Red triangles mark B6 ligands bands. 

 

IR (cm-1) :692 (s), 737 (vs), 777 (s), 835 (vs), 972 (vw), 1000 (w), 1027 (w), 1060 (w), 1097 

(m), 1162 (vw), 1189 (vw), 1279 (vw), 1315 (w), 1374 (m), 1436 (m), 1484 (m), 1516 (s), 1575 

(m), 1586 (w), 2102 (m), 3052 (w). 
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Figure SIII.67 : Solid-state UV-visible absorption spectrum of regenerated phase C6’DCM. 

 

 

Figure SIII.68 : Temperature dependence of the emission spectrum of regenerated phase C6’DCM. 
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Figure SIII.69 : Variation of the lifetime of the excited state depending of the temperature of regenerated phase 

C6’DCM. 

 

 

Figure SIII.70 : Variation of the luminance of regenerated phase C6’DCM depending on the irradiance. 
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Figure SIII.71 : TGA-DTA analysis of regenerated phase C6’DCM until 300 °C and record of the return to room 

temperature. 
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IV-Appendix to chapter IV : 

IV-1 Synthesis of tetrametallic metallacycles Dx 

Synthesis of deivative DCl : 

To a dichloromethane solution (10 ml) of [Cu(CH3CN)4]PF6 (0.040 g, 0.11 mmol) and CuCl 

(0.011 g, 0.11 mmol) was added a dichloromethane solution (5 ml) of dppm (0.085 g, 0.22 

mmol). This solution was stirred for 1 hour. A dichloromethane solution (5 ml) of 

3,3’bipyridine (0.017 g, 0.11 mmol) was added to the crude solution. The stirring was stopped 

and the solution was left undisturbed overnight at room temperature. The solution was filtered 

over cotton and was left upon n-pentane vapor diffusion to obtain the product CCl after 

crystallization. 

The final product after filtration on paper filter was a pure colorless crystalline powder obtained 

with a yield of 66% (0.087 g, 0.035 mmol). This powder emits under UV-Vis excitation (lamp 

= 365nm) an eye-perceived light blue luminescence. 

1H NMR (300 MHz, CD2Cl2, ppm):  3.44 (broad s, 8H, PCH2P), 6.97 (t, 4H, 1J(H-H) = 9 Hz, 

H3,3’bipyridine), 7.02-7.42 (broad m, 80H, Haromdppm), 7.59 (d, 4H, 1J(H-H) = 9 Hz, H3,3’bipyridine), 

8.40 (broad s, 4H, H3,3’bipyridine), 8.48 (s, 2H, H3,3’bipyridine). 

31P{1H} NMR (121 MHz, CD2Cl2, ppm):  = -8.77 (s, Pdppm), -144.38 (sept, 1J(P-F) = 708 Hz, 

PF6
-). 

IR (cm-1): 690 (vs), 737 (vs), 766 (s), 788 (s), 832 (vs), 931 (vw), 1002 (w), 1028 (w), 1096 

(m), 1196 (w), 1245 (vw), 1280 (vw), 1308 (vw), 1351 (w), 1434 (s), 1484 (m), 1588 (w), 3057 

(w) 

 

Synthesis of deivative DBr : 

To a dichloromethane solution (10 ml) of [Cu(CH3CN)4]PF6 (0.040 g, 0.11 mmol) and CuBr 

(0.016 g, 0.11 mmol) was added a dichloromethane solution (5 ml) of dppm (0.085 g, 0.22 

mmol). This solution was stirred for 1 hour. A dichloromethane solution (5 ml) of 

3,3’bipyridine (0.017 g, 0.11 mmol) was added to the crude solution. The stirring was stopped 

and the solution was left undisturbed overnight at room temperature. The solution was filtered 
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over cotton and was left upon n-pentane vapor diffusion to obtain the product CBr after 

crystallization. 

The final product after filtration on paper filter was a pure colorless crystalline powder obtained 

with a yield of 84% (0.116 g, 0.05 mmol). This powder emits under UV-Vis excitation (lamp = 

365nm) an eye-perceived light blue luminescence. 

1H NMR (300 MHz, CD2Cl2, ppm):  = 3.28 (broad s, 4H, PCH2P), 3.51 (broad s, 4H, PCH2P), 

6.95 (t, 4H, 1J(H-H) = 7 Hz, H3,3’bipyridine), 7.07-7.48 (broad m, 80H, Haromdppm), 7.67 (d, 4H, 

1J(H-H) = 7 Hz, H3,3’bipyridine), 8.43 (broad s, 4H, H3,3’bipyridine), 8.54 (s, 4H, H3,3’bipyridine). 

31P{1H} NMR (121 MHz, CD2Cl2, ppm):  = -8.84 (s, Pdppm), -144.44 (sept, 1J(P-F) = 707 Hz, 

PF6
-). 

IR (cm-1): 690 (vs), 737 (vs), 766 (s), 788 (s), 832 (vs), 931 (vw), 1002 (w), 1028 (w), 1096 

(m), 1196 (w), 1245 (vw), 1280 (vw), 1308 (vw), 1351 (w), 1434 (s), 1484 (m), 1588 (w), 3057 

(w) 

 

Synthesis of deivative DI : 

To a dichloromethane solution (10 ml) of [Cu(CH3CN)4]PF6 (0.04 g, 0.11 mmol) and CuI 

(0.021g, 0.11 mmol) was added a dichloromethane solution (5 ml) of dppm (0.085 g, 0.22 

mmol). This solution was stirred for 1 hour. A dichloromethane solution (5 ml) of 

3,3’bipyridine (0.017 g, 0.11 mmol) was added to the crude solution. The stirring was stopped 

and the solution was left undisturbed overnight at room temperature. The solution was filtered 

over cotton and was left upon n-pentane vapor diffusion to obtain the product CI after 

crystallization. 

The final product after filtration on paper filter was a pure colorless crystalline powder obtained 

with a yield of 60% (0.085 g, 0.03 mmol). This powder emits under UV-Vis excitation (lamp = 

365nm) an eye-perceived light blue luminescence. 

1H NMR (300 MHz, CD2Cl2, ppm) :  = 3.40 (broad s, 4H, PCH2P), 3.62 (broad s, 4H, PCH2P), 

6.97 (t, 4H, 1J(H-H) = 6 Hz, H3,3’bipyridine), 7.02-7.47 (broad m, 80H, Haromdppm), 7.69 (d, 4H, 

1J(H-H) = 6 Hz, H3,3’bipyridine), 8.46 (broad s, 4H, H3,3’bipyridine), 8.56 (s, 4H, H3,3’bipyridine). 
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31P{1H} NMR (121 MHz, CD2Cl2, ppm) : = -9.81 (s, Pdppm), -144.40 (sept, 1J(P-F) = 708 Hz, 

PF6
-). 

IR (cm-1): 690 (vs), 737 (vs), 766 (s), 788 (s), 832 (vs), 931 (vw), 1002 (w), 1028 (w), 1096 

(m), 1196 (w), 1245 (vw), 1280 (vw), 1308 (vw), 1351 (w), 1434 (s), 1484 (m), 1588 (w), 3057 

(w) 

 

Synthesis of the polymer described in part IV-4 : 

A dichloromethane solution (10 ml) of [Cu(CH3CN)4]PF6 (0.0147 g, 0.04 mmol), CuBr 

(0.0113, 0.08 mmol) and bis(diphenylphosphinomethyl)phenylphosphine (dpmp, 0.040 g, 0.08 

mmol) was prepared and stirred for one hour. A dichloromethane solution (5 ml) of 2,4,6-tri(4-

pyridyl)-1,3,5-triazine (B6 linker) (0.0123 g, 0.04 mmol) was added to the crude solution. The 

stirring was stopped and the solution was left at room temperature. After a week, the final 

product was obtained as a polycrystalline orange crystals and recovered out of the solution by 

filtration over a paper filter and after drying is obtained as a pure orange polycrystalline powder 

obtained. This air-stable powder emits under UV excitation (ex = 365 nm) an eye-perceived 

deep red light luminescence. 

IV-2 Infrared spectroscopy study 

 

Figure SIV.1 : Infrared spectrum of compound DCl. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. 
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Figure SIV.2 : Infrared spectrum of compound DBr. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. 

 

 

Figure SIV.3 : Infrared spectrum of compound DCl. The dot marks the PF6
- counter anion t1u vibration mode 

band. Blue squares mark typical dppm δ(C-H) ligand bands. 
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IV-3 X-ray crystallographic study 

IV-3.1 Molecular structure of compounds Dx 

 

Figure SIV.4 : ORTEP views of the molecular structure of the dicationic derivative DCl. Hydrogen atoms, 

hexafluorophosphate counter-anions and included CH2Cl2 solvent molecules have been omitted for clarity. 

Atoms color codes: dark orange : copper, light orange : phosphorus, grey : carbon, blue : nitrogen, light green : 

chlorine 

 

 

Figure SIV.5 : ORTEP views of the molecular structure of the dicationic derivative DBr. Hydrogen atoms, 

hexafluorophosphate counter-anions and included CH2Cl2 solvent molecules have been omitted for clarity. 

Atoms color codes: dark orange : copper, light orange : phosphorus, grey : carbon, blue : nitrogen, brown : 

bromine. 
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Figure SIV.6 : ORTEP views of the molecular structure of the dicationic derivative DI. Hydrogen atoms, 

hexafluorophosphate counter-anions and included CH2Cl2 solvent molecules have been omitted for clarity. 

Atoms color codes: dark orange : copper, light orange : phosphorus, grey : carbon, blue : nitrogen, violet : 

iodine. 
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IV-3.2 Crystallographic tables of compounds Dx 

 DCl DBr DI 

Molecular formula 

C120 H104 Cl2 Cu4 F12 

N4 P10 (C130 H112 Cl22 

Cu4 F12 N4 P10) 

C120 H104 Br2 Cu4 F12 

N4 P10 (C130 H112 Br2 

Cl20 Cu4 F12 N4 P10) 

C120 H104 I2 Cu4 N4 P8 

(C132 H98 I2 Cl24 Cu4 

F12 N4 P10) 

CCDC number 2074606 2074608 2074607 

Molecular weight 2464.83 (3302.00) 2553.75 (3390.92) 2357.79 (3636.60) 

a (Å) 14.113(2) 14.182(3) 14.308(2) 

b (Å) 14.181(2) 14.237(3) 14.297(2) 

c (Å) 18.602(2) 18.585(3) 18.459(2) 

 (°) 87.110(4) 87.431(6) 68.401(6) 

 (°) 69.039(4) 69.448(5) 87.648(5) 

 (°) 84.128(4) 84.493(6) 85.231(6) 

V (Å3) 3458.0(8) 3497.2(12) 3498.7(3) 

Z 1 1 1 

Dc (g.cm-3) 1.184 (1.586) 1.213 (1.610) 1.119 (1.726) 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

Temperature (K) 150(2) 150(2) 150(2) 

Wavelength Mo-K (Å) 0.71069 0.71069 0.71069 

Crystal size (mm) 0.35 x 0.28 x 0.11 0.45 x 0.11 x 0.09 0.16 x 0.11 x 0.07 

μ (mm-1) 0.819 (1.215) 1.343 (1.734) 1.171 (1.682) 

F(000) 1260 (1668) 1296 (1704) 1194 (1806) 

θ limit (°) 2.02 – 27.57 2.19 – 27.63 2.17 – 27.55 

Index ranges hkl 

-18 < h < 18 

-17 < k < 18 

-24 < l < 24 

-18 < h < 18 

-18 < k < 15 

-24 < l < 24 

-18 < h < 18 

-17 < k < 18 

-23 < l < 23 

Reflections collected 70583 55169 56861 

Independant reflections 15920 15866 15846 

Reflection [I>2σ(I)] 12697 (12710) 12432 (12827) 10279 (10872) 

Data/restraints/parameters 
15920 / 0 / 719  

(15920 / 0 / 854) 

15866 / 0 / 709  

(15966 / 0 / 854) 

15846 / 0 / 622  

(15846 / 0 / 875) 

Goodness of fit on F² 1.088 (1.058) 1.088 (1.042) 1.105 (0.988) 

Final R indices [I>2σ(I)] 
R1 = 0.0680 (0.0891) 

wR2 = 0.1995 (0.2353) 

R1 = 0.0852 (0.1127) 

wR2 = 0.2290 (0.2853) 

R1 = 0.0857 (0.1143) 

wR2 = 0.2219 (0.2866) 

R indices (all data) 
R1 = 0.0802 (0.1082) 

wR2 = 0.2210 (0.2568) 

R1 = 0.1009 (0.1329) 

wR2 = 0.2418 (0.3035) 

R1 = 0.1188 (0.1607) 

wR2 = 0.2413 (0.3248) 

Largest diff peak and hole 

(e Å-3) 

1.483 and -1.383 

(2.209 and -1.730) 

2.452 and -1.635 

(4.816 and -1.559) 

2.247 and -1.797 

(3.434 and -1.857) 

Table SIV.1 : Crystallographic data of compounds DCl, DBr and DI. Data presented are after squeeze treatment. 

Data before squeeze treatment are given in brackets. 
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IV-4 Photophysical study of metallacycles Dx 

IV-4.1 Solid-state UV-visible absorption of compounds Dx 

 

Figure SIV.7 : Solid-state UV-visible absorption spectrum of DCl. 

 

 

Figure SIV.8 : Solid-state UV-visible absorption spectrum of DBr. 
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Figure SIV.9 : Solid-state UV-visible absorption spectrum of DI. 

 

IV-4.2 Solid-state excitation spectrum of compounds Dx 

 

Figure SIV.10 : Solid-state room temperature excitation spectrum of DCl. 
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Figure SIV.11 : Solid-state room temperature excitation spectrum of DBr. 

 

 

Figure SIV.12 : Solid-state room temperature excitation spectrum of DI. 
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IV-4.3 Solid-state temperature dependant emission spectra of compounds Dx 

 

Figure SIV.13 : Temperature dependence of the emission spectrum of compound DCl. 

 

 

Figure SIV.14 : Temperature dependence of the emission spectrum of compound DBr. 
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Figure SIV.15 : Temperature dependence of the emission spectrum of compound DI. 

 

IV-4.4 Temperature dependence of the decay times of the excited states of compounds Dx 

 

Figure SIV.16 : Variation of the lifetime of the excited state depending of the temperature of metallacycle DCl. 
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Figure SIV.17 : Variation of the lifetime of the excited state depending of the temperature of metallacycle DBr. 

 

 

Figure SIV.18 : Variation of the lifetime of the excited state depending of the temperature of metallacycle DI. 
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IV-5 TGA-DTA measurements performed on metallacycles Dx 

 

Figure SIV.19 : TGA-DTA analysis of compound DCl until 950 °C. 

 

 

Figure SIV.20 : TGA-DTA analysis of compound DBr until 950 °C. 
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Figure SIV.21 : TGA-DTA analysis of compound DI until 950 °C. 
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Titre :  Nouveaux assemblages supramoléculaires de l’ion Cu(I) présentant une transition 
thermique irréversible de leurs propriétés de luminescence à l’état solide 
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Résumé : Les travaux de cette thèse 
s’inscrivent dans l’optique de la synthèse de 
nouveaux assemblages supramoléculaires 
luminescents en utilisant un précurseur à base 
d’ions Cu(I) et de fragments cyanure possédant 
des propriétés photophysiques attractives. La 
première partie de ces travaux concerne 
l’obtention de nouveaux polymères de 
coordination 1D en faisant réagir le précurseur 
avec des ligands polytopiques à terminaison 
pyridine, ainsi que l’étude approfondie de leurs 
propriétés photophysiques d’émission. La 
seconde partie de la thèse concerne l’obtention 
de nouveaux métallacycles supramoléculaires 
luminescents ne contenant pas de fragments 
cyanure au sein de leur structure moléculaire. 
Le premier chapitre sert d’introduction au cont- 

exte dans lequel s’inscrit la thèse. Le chapitre II 
rend compte de l’obtention de sept nouveaux 
polymères de coordination luminescents qui 
présentent des propriétés photophysiques 
variées, attribuées à la présence de divers 
processus de relaxation radiative. L’étude de la 
stabilité thermique révéle la présence d’une 
transition thermique irréversible à haute 
température entrainant un changement 
drastique de leur luminescence. Les propriétés 
photophysiques de ces nouvelles phases, ainsi 
que la possibilité d’une régénération de l’une 
d’elle sont étudiées dans le chapitre III. Le 
chapitre IV rend compte de l’obtention de trois 
métallacycles tétramétalliques pontés par des 
ions halogènures et présentant une 
luminescence basée sur le ligand connecteur. 

 

Title : New supramolecular assemblies based on Cu(I) ion bearing an irreversible thermal transition 
of their solid state luminescence 
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Abstract : The work presented in this thesis is 
done in the context on the synthesis of new 
supramolecular luminescent assemblies using a 
Cu(I) ion based precursor bearing cyano moities 
possessing attractive photophysical properties. 
The first part of this work deals with the 
obtention of new one-dimensional coordination 
polymers by the reaction of the precursor with 
pyridyl capped polytopic linkers and the 
thorough study of their luminescent properties. 
The second part of this work describes the 
obtention of new luminescent supramolecular 
metallacycles which do not possess a cyanide 
fragment in their molecular structure. The first 
chapter of this thesis serves as an introduction 
to the context of this work. In chapter II, the 
synthesis of seven new 1D coordination 

polymers displaying various photophysical 
properties is discussed. The origin of such 
variety is attributed to the presence of different 
radiative relaxation processes despite the 
observed similarities of their molecular 
structure. The study of the thermal stability of 
these polymers reveals the presence of an 
irreversible thermal transition property leading 
to a drastic change of the luminescence at high 
temperature. The photophysical properties of 
these new transited phases and the possibility 
of the regeneration of one of those phases are 
studied in chapter III. Chapter IV reports the 
synthesis of three new tetrametallic 
metallacycles, bridged by halides ions and 
displaying a luminescence attributed to a 
connecting ligand centered origin of emission. 
 

 


