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Résumé 

 

 

 

 

 

Il est dit Ƌue l’ġtre humaiŶ se fie à la visioŶ pour approximativemeŶt 8Ϭ% de 

l’iŶformatioŶ Ƌu’il reçoit du moŶde exterŶe. DoŶc, comme le dit le proverďe « voir, 

c’est croire », porter uŶ iŶtérġt à ce Ƌue l’oŶ voit devrait ġtre trğs utile, y compris 

dans le monde de la science.1 Malheureusement plusieurs systèmes, incluant les 

systğmes vivaŶts, Ŷe fourŶisseŶt pas assez d’iŶformatioŶs visuelles détectaďles à 

l’oeil Ŷu pour Ŷous permettre de compreŶdre des évéŶemeŶts spécifiƋues tels Ƌue la 

formation/cassure de liaisons covalentes/non-covalentes ainsi que certains procédés 

ďiologiƋues tels Ƌue la sigŶalisatioŶ cellulaire et l’expressioŶ des protéiŶes.  

C’est la raisoŶ pour laƋuelle les outils Ŷous permettaŶt de voir des procédés à 

l’iŶtérieur de systèmes possédant des complexités diverses sont essentielles non 

seulement pour la recherche basique, mais également pour révéler la formation de 

structures particulières ayant différentes propriétés ou fonctions, pour diagnostiquer, 

traiter ou identifier des anormalités.  

L’utilisatioŶ de la fluoresceŶce est uŶe méthodologie idéale, comparée à la 

radioactivité, l’électromagŶétisme et l’électrochimie.  

La sensibilité élevée (puisque la concentration nécessaire pour détecter l'émission 

dans la plupart des cas est de l’ordre du ŶaŶo- ou micro molaire), l'accès facile à la 

technique et la résolution spatiale et temporelle sans perturber les systèmes sont 

quelques-unes des caractéristiques intéressantes de la fluorescence. D'autre part, 

certains inconvénients comme la courte durée de vie de l'état excité et un petit 
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déplacemeŶt de “tokes eŶtre l’excitatioŶ et l'émissioŶ oŶt poussé les scieŶtifiƋues à 

se tourner vers la phosphorescence.  

Parmi les complexes métalliques qui affichent un état triplet à propriétés 

luminescentes, les complexes organométalliques de platine(II) ont attiré notre 

attention en raison de leur géométrie carrée plan qui favorise la formation d'agrégats 

qui, dans certains cas, sont stabilisés à travers les interactions des orbitales 5dz
2 qui 

peuvent fournir une liaison métal-métal.2-9 Si les interactions électroniques entre le Pt 

(II) sont fortes (généralement lorsque la distance PtPt est inférieure à 3,5 Å), de 

nouveaux états excités sont générés, cela peut conduire à un changement vers 

l'éŶergie iŶférieure de l'émissioŶ et à d’iŶtéressaŶts reŶdemeŶts ƋuaŶtiƋues 

d’émissioŶ.  

Les transitions résultant sont appelés soit transfert de charges métal-métal-ligand 

(MMLCT) ou transfert de charges excimérique ligand à ligand. La transition MMLCT 

implique le transfert de charges entre une orbitale antiliante PtPt pleine et une 

orďitale π* vacaŶte (Figure 1Ϳ. La différeŶce éŶergétiƋue eŶtre l’HOMO et la LUMO de 

cet état excité montre une forte dépendance de la distance métal-métal: il diminue 

en effet avec la distance PtPt.10,11 

 

 

Figure 1. (a) SĐhĠŵa siŵplifiĠ d’OM pouƌ uŶ Đoŵplexe de ŵĠtal de tƌaŶsitioŶ gĠŶĠƌiƋue et 
transitions relatives et spectroscopiques d'excitation. (ďͿ SĐhĠŵa siŵplifiĠ d’OM de deux 
Đoŵplexes plaŶ ĐaƌƌĠ de platiŶe ;IIͿ iŶteƌagissaŶt, ŵoŶtƌaŶt le ĐhevauĐheŵeŶt d’oƌďitales dz2 

iŶteƌŵolĠĐulaiƌes à l’Ġtat foŶdaŵeŶtal et soŶ iŶflueŶĐe suƌ l'ĠŶeƌgie des Ŷiveaux de l’OM. 
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Notre groupe a reporté une classe de complexes de Pt(II) neutres très émissifs 

portant un ligand tridentate dianionique de type N^N^N et une pyridine comme 

ligand auxilliaire. Un contrôl rationnel de la conception de ces molécules permet le 

contrôle de la tendance d'empilement, qui peut être complètement évitée en faveur 

de la pureté de la couleur; 12 ce qui est important pour la technologie OLED. Elle peut 

être également fortement favorisée pour former une structure auto-assemblée. 6-8  

Aprğs l’agrégatioŶ, de tels matériaux afficheŶt ŶoŶ seulemeŶt uŶ effet ďathochrome 

pour les spectres d’aďsorptioŶ et d’émissioŶ dû à la formatioŶ d'uŶ Ŷouvel état excité 

de caractère 3MMLCT, mais également une émission induite par l'agrégation (AIE) / 

une émission induite par l'agrégation améliorée (AIEE) avec un rendement quantique 

de photoluminescence (PLQY) allant jusqu'à 87%6 et ce même sous air, ce qui suggère 

Ƌue le chromophore est protégé coŶtre le dioxygğŶe ou coŶtre l’extiŶctioŶ due à 

l'environnement. 

 

L'objectif de cette thğse est de coŶcevoir, de syŶthétiser et d’étudier de Ŷouveaux 

complexes de platine et ainsi de comprendre comment la structure chimique peut 

dicter la formation d'agrégats luminescents. Un intérêt particulier est consacré à la 

compréhension et à la maîtrise des procédés d'assemblage, avec pour dernier défi de 

passer de la solution à un environnement plus concurrentiel tel que les systèmes 

vivants afin de concevoir une nouvelle génération de sondes dans la bio-imagerie. 

Certaines applications possibles sont également examinées dans les matériaux 

méchanochromiques. 

 

Complexes de platine et leurs assemblages en solution 

Ces travaux de thğse porteŶt sur du l’étude de complexes de Pt;IIͿ possédaŶt uŶ 

ligand tridentate portant différents dérivés de pyridine pour compléter la sphère de 

coordination. Le premier composé à étudier est Pt-CF3tz-pyC5 (figure 2). La 

coordination d'un groupement alkyle auxiliaire pyridine à des 2,6-bis (3-

(trifluorométhyl)-1H-1,2,4- triazol-5-yl) pyridine a permis d'améliorer la solubilité et 

ainsi la processabilité. L'approche synthétique implique une réaction « one-pot » 
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état excité (3MMLCT) qui possède un moment de transition dipolaire orienté le long 

des fibres.  

Plus intéressant encore, les spectres d'excitation obtenus en utilisant l'excitation 

polarisée liŶéairemeŶt moŶtre clairemeŶt Ƌu’uŶ tel momeŶt dipolaire émissif 

correspond à la bande de basse énergie qui est absente lorsque le complexe est 

dissous dans un solvant pur (Figure 2b). Nous avons constaté que le moment 

dipolaire d’uŶe telle traŶsitioŶ est orthogoŶal au momeŶt dipolaire de traŶsitioŶ des 

bandes dans la région UV.  

Afin de corréler la structure chimique du complexe avec le comportement 

d’autoassemďlage, Ŷous avoŶs décidé d’étudier des composés possédaŶt le mġme 

ligaŶd trideŶtate mais uŶ suďstituaŶt pyridiŶe différeŶt. Nous avoŶs examiŶé l’effet 

de l’iŶtroductioŶ d’uŶ seul ceŶtre chiral daŶs la coŶceptioŶ moléculaire puisƋue ces 

structures auto-assemblées luminescentes sont susceptibles de présenter des 

propriétés chiro-optiques très intéressantes14-16 et d’éveŶtuelles applicatioŶs eŶ 

interrupteurs chiro-optiques17 et appareils électroluminescents tels que les diodes 

électroluminescentes organiques 3D (OLED 3D).18  

Nous avons synthétisé deux complexes énantiomères de Pt(II) en utilisant un motif 

chiral comme ligand ancillaire. Comme attendu, les deux complexes énantiomères en 

solution diluée (c = 5x10-5 M) présentent les mêmes propriétés photophysiques 

caractérisées par uŶe forte aďsorptioŶ daŶs la régioŶ de l’UV et uŶe trğs faiďle ;PLQY 

< 1 %) émission de structure bleue qui ressemble bien au complexe discuté ci-dessus 

(Figure 3a).  

En déposant des gouttes de solution à 1,03 mg.mL-1 dans le THF des énantiomères 

soit S soit R sur des substrats en verre, nous avons observé la formation de fibres 

claires émissives (Figure 3d). DaŶs ce cas aussi, la formatioŶ d’uŶe faiďle ďaŶde 

d’aďsorptioŶ et la formatioŶ d’uŶe large émissioŶ déplacée par effet ďatochrome est 

due à l’étaďlissemeŶt d’iŶteractioŶs métallophiles PtPt à l’état foŶdameŶtal Ƌui 

donne une hausse à la bande MMLCT (Figure 3a). 
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fiďreuses semďleŶt ġtre les résultats d’uŶ auto-assemblage de nanostructures plus 

fines telles que des nanofibrilles.  

La formation de telles structures supramoléculaires chirales est en effet responsible 

de l’amplificatioŶ du sigŶal de CD Ƌui Ŷ’a pas lieu lorsƋue les complexes soŶt dissous 

à l’état moléculaire à cause de l’écrasaŶte aďsorptioŶ du complexe par rapport à la 

force du sigŶal de CD doŶŶé par l’uŶiƋue ceŶtre chiral. 

AfiŶ d’étudier l’effet de différeŶtes chaîŶes et d’améliorer la soluďilité du matériau 

daŶs des solvaŶts plus polaires tels Ƌue l’eau, eŶ doŶŶaŶt uŶ caractğre amphiphile à 

la molécule, en la maintenant toujours non chargée, nous avons préparé des dérivés 

de polyéthylène glycol.  

Dans le chapitre 5 sont décrites la synthèse, la caractérisation et le comportement 

photophysique du complexe Pt-CF3tz-pyPEG (Figure 4a) dans lequel la pyridine 

ancillaire a été fonctionnalisée avec un triéthylène glycol hydrophile à travers un 

motif capaďle d’eŶgendrer des liaisons hydrogène directionnelles telles que N–H.  

LorsƋue le complexe est dissous à l’état moléculaire dans le 1,4-dioxane 

«airequilibrated» (c = 0.1–200x10-5 M), seulement une faible émission bleue est 

détectée avec un rendement quantique de photolumiŶesceŶce ;PLQYͿ d’eŶviroŶ 1 %. 

“ous l’iŶjectioŶ éclair d’uŶe solutioŶ de dioxaŶe de Pt-CF3tz-pyPEG (c = 2x10-3 M) 

daŶs l’eau, agissaŶt comme le ŶoŶ-solvant, nous sommes parvenus à cinétiquement 

piéger ce composé dans un état métastable (assemblage A).  

Un tel assemblage, constitué de nanoparticules molles, présente une forte 

phosphorescence orange (PLQY = 84 %), malgré la condition «air-equilibrated», et, 

par coŶséƋueŶt, la préseŶce de dioxygğŶe Ƌui devrait iŶhiďer l’état excité triplet à 

longue vie. La raisoŶ du maŶƋue d’iŶhiďitioŶ peut ġtre attriďuée à la formatioŶ de 

ŶaŶostructures compactes daŶs lesƋuelles l’étaďlissemeŶt d’iŶteractioŶs 

métallophiles4,6,10,19-21 empġche uŶe diffusioŶ efficace de l’iŶhiďiteur daŶs la structure.  

Nous avoŶs coŶstaté Ƌu’eŶ jouaŶt avec le ratio solvaŶt/ŶoŶ solvaŶt et eŶ utilisaŶt 

une sphère intégrante pour étudier les changements dans les propriétés 

photophysiques, nous sommes parvenus à caractériser et controller un paysage 
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supramoléculaire hautement complexe comprenant deux assemblages cinétiques et 

une isoforme thermodynamique. 

 

 

Figure 4. (a) Formule chimique du complexe de platine. (b) Image au microscope confocale 

des assemblages supramoléculaires A (rouge), B (vert) et C (bleu) démontrant leurs vrais 

Đouleuƌ d’ĠŵissioŶ eŶ utilisaŶt l’optioŶ laŵďda-mode et (ĐͿ leuƌs speĐtƌes d’ĠŵissioŶs 
ŶoƌŵalisĠs ƌespeĐtifs à λexc = 405 nm. 

 
A ϵ5% de coŶteŶu eŶ eau, l’assemďlage A est stable pendant plus de 10 heures sans 

changements détectables des propriétés photophysiques, mais si on diminue la 

ƋuaŶtité d’eau eŶ ajoutaŶt le complexe moléculaire dissout daŶs du 1,ϰ-dioxane 

pure, Ƌui dimiŶue la ďarriğre d’éŶergie d’iŶtercoŶversioŶ, le systğme évolue vers 

l’isoforme favoraďle thermodyŶamiƋuement (assemblage C) rendant la visualisation 

en temps réel de tous les processus montrant la cinétique dépendante du solvant. 

L’assemďlage C coŶsiste eŶ uŶe structure eŶ ruďaŶ loŶgue de l’ordre du micromğtre, 

comme détermiŶé par l’aŶalyse au MEB, Ƌui possğde la mġme éŶergie d’émissioŶ et 

profil Ƌue le profil de l’espğce moŶomériƋue ;Figure 4), mais avec un PLQY beaucoup 

plus élevé ;jusƋu’à ϮϬ%Ϳ suggéraŶt Ƌue les iŶteractioŶs PtPt sont effectivement 

perdues, ou très faibles.  

Une analyse photophysique beaucoup plus précise révèle une « off-pathway » qui 

amğŶe à la formatioŶ d’uŶe secoŶde structure metastaďle traŶsitoire ;assemďlage B) 

caractérisée en forme de bâtonnets avec une émission verte/jaune (Figure 4). Une 

étude thermodynamique a clairement démoŶtrée Ƌue l’assemďlage de C (c = 6x10-5M 

dans un mélange 60:40 eau:dioxane) se produit via un mécanisme de coopération 
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entre nucléation-élongation caractérisé par une étape de nucléation défavorable et 

suivaŶt uŶ processus d’éloŶgatioŶ favoraďle.  

Avec la compositioŶ eŶ solvaŶt ϵ5:5 d’eau:dioxaŶe, le processus trğs leŶt de 

nucléation-élongation de B et de C est piégé, reŶdaŶt possiďle l’étude du coŶtrôle de 

l’expaŶsioŶ coopérative de C eŶ utilisaŶt l’eŶsemeŶcemeŶt vivaŶte de la 

polymérisation supramoléculaire. 22  

DaŶs ce ďut, eŶ partaŶt de l’assemďlage pure A à ϵ5% daŶs l’eau ;c = 5x1Ϭ-5M, Dh = 

114.4 nm, IPD = 0.188) nous obtenons sélectivement les semences C avec une plutôt 

bonne distributivité en taille (Dh, =Ϯϲ5.3 Ŷm, IPD = Ϭ.15ϬͿ aprğs soŶicatioŶ. L’addition 

de différeŶts aliƋuotes d’uŶe telle suspeŶsioŶ de seeds C à un excès du métastable A 

pure (95% H2OͿ amğŶe à uŶ chaŶgemeŶt daŶs le spectre d’émissioŶ électroŶiƋue eŶ 

respectaŶt le temps de réactioŶ avec uŶe ciŶétiƋue d’ordre 1 coŶcordaŶt à uŶ ordre 

typique (seeds CͿ de l’expaŶsioŶ de la polymérisatioŶ eŶ chaîŶe. 23  

Les analyses au microscope confocale montres la formation de bâtonnets émettant 

dans le bleu de longueur uniforme qui augmente en diminuant la quantité en C 

(Figure 5 à gaucheͿ. Le coŶtrôle de la taille de l’assemďlage C a aussi été faite, 

cependant, un succès total pour oďteŶir l’assemďlage B par «off-pathway» comme 

une isoforme pure semble toujours être écarté.  

Cela est dû à la nature transitoire intrinsèque de B aussi bien Ƌu’à la formatioŶ 

concomitante de C. MaiŶteŶaŶt, Ŷous découvroŶs Ƌu’il est possiďle de produire uŶe 

rapide interconversion C→B dans 95:5% H2O:dioxane avec une bonne résolution 

spatiale, en gardant les caractéristiques structurales intactes, en irradiant ce premier 

avec uŶ laser plus puissaŶt Ƌue celui utilisé pour l’imagerie (Figure 5 à droite). 

 

 

Figure 5. Images au microscope confocaldes fibres obtenues à partir de ploymérisations sous 

différentes conditions and photoconversions[A]/[C]. 
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Ces résultats iŶdiƋueŶt clairemeŶt commeŶt uŶe coŶceptioŶ ratioŶŶelle d’uŶe 

molécule peut amener à une nouvelle classe de sonde luminescente dans laquelle un 

eŶviroŶŶemeŶt spécifiƋue peut décleŶcher uŶ processus d’auto assemďlage.  

 

L’auto-assemblage comme outil pour la bio-imagerie 

Les interactions métallophiles qui mènent à la formation de bandes MMLCT peuvent 

ġtre utilisées à Ŷotre avaŶtage afiŶ d’iŶduire uŶ déplacemeŶt ďathochrome de 

l’émissioŶ et de l’excitatioŶ tout eŶ augmeŶtaŶt le reŶdemeŶt ƋuaŶtiƋue de 

photoluminescence (PLQY). De telles recherches pourraient mener au 

développemeŶt de Ŷouvelles soŶdes optiƋue pour l’imagerie in vitro possédant une 

forte luminescence ainsi que des temps de vie de luminescence très long.24  

Néanmoins, plusieurs conditioŶs soŶt reƋuises pour Ƌu’uŶ lumiŶophore soit utilisable 

en bio-imagerie. En effet, la stabilité et la solubilité dans des tampons aqueux et des 

milieux de cultures, la faiďle toxicité daŶs l’orgaŶisme et l’assimilatioŶ rapide par les 

cellules sont indispeŶsaďles. Il est égalemeŶt préféraďle d’éviter l’ajout d’ageŶts 

chimiƋues et d’iŶduire uŶe localisatioŶ préféreŶtielle daŶs certaiŶs orgaŶites. 25,26  

Il est facile de compreŶdre Ƌue certaiŶes propriétés eŶtre eŶ coŶflit avec d’autres. 

Par exemple, l’iŶternalisation rapide du luminophore dans les cellules requière un 

caractère lipophile afin de passer la barrière phospholipidique des cellules, ce qui 

rentre en contradiction avec la solubilité aqueuse voulue. Beaucoup de ces 

caractéristiques telles que la localisation ou les propriétés photophysiques dans des 

conditions physiologiques ne peuvent être prédites a priori.  

De fait, la plupart des molécules luminescentes ont été découvertes de manière 

fortuite ou en criblant une série de composés.27-29 AfiŶ d’étudier l’auto-assemblage 

daŶs uŶ eŶviroŶŶemeŶt aussi complexe Ƌu’uŶe cellule vivaŶte, deux Ŷouveaux 

complexes ont été imaginé, synthétisé et étudié dans un milieu cellulaire. Nous avons 

découvert que les complexes Tol-Pt-4OHpy et CF3-Pt-4OHpy (Figure 6) sont 

internalisées dans les cellules cancéreuses cervicales, HeLa, sous certaines conditions. 

NotoŶs Ƌue le composé fluoré s’accumule priŶcipalemeŶt daŶs le Ŷoyau des cellules 
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conduit à un changement réversible de couleur par vapochromisme34,35 ou 

méchanochromisme.  

De tells propriétés ont attiré un intérêt grandissant pour la création de nouveaux 

matériaux et le changement de couleur par agrégation peut être utilisable pour des 

diodes blanche organiques électroluminescentes (WOLED)36,37 ou encore pour le 

développement de «nez électriques» qui peuvent détecter de petite molécules 

organiques volatiles.  

Dans le chapitre 7, nous avons étudié les propriétés du complexe Pt-CF3tz-pyPEG à 

l’état solide. Le complexe préseŶte uŶe émissioŶ daŶs le bleu (Figure 8b) avec des 

maximums à λem = 465 et 495 nm et un PLQY de 20%. Après broyage, le complexe 

devieŶt émissif daŶs le jauŶe avec uŶ PLQY de 51% et uŶ spectre d’émissioŶ 

contenant une bande large à λmax = 598 nm (Figure 8b). Après ajout de quelques 

gouttes d’acétoŶe, le complexe redevieŶt émissif dans le bleu après séchage (Figure 

8e).  

La réversibilité de ce système et la résistance à la fatigue du matériau sont une 

coŶfirmatioŶ Ƌue ces chaŶgemeŶts soŶt dus à uŶe différeŶce d’empilemeŶt des 

complexes. Le complexe Pt-Toltz-pyPEG (Figure 8d) présente également une réponse 

méchanochrome similaire. Avant broyage, le complexe présente une émission dans le 

vert (λmax = 5ϰϮ ŶmͿ avec uŶ PLQY de ϰϲ% alors Ƌu’aprğs ďroyage, l’émissioŶ suďit uŶ 

déplacement bathochrome (λmax = 582 nm) et le PLQY passe à 35% (Figure 8d). 

QuelƋues gouttes d’acétoŶe permetteŶt de retrouver l’émissioŶ iŶitiale aprğs 

séchage (Figure 8g). 
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Chapter 1 

Introduction 

 

 

 

 

Abstract: This chapter introduces the basic concepts regarding the interactions 

between light and matter in terms of electronic states and transitions, providing also 

some fundamentals of fluorescence polarization and anisotropy measurements. We 

will focus on the photophysical properties of d6 and d8 transition metal complexes, in 

particular Pt(II) complexes. Moreover, the self-assembly of Pt(II) complexes into 

supramolecular architectures and the application of such materials will be briefly 

introduced. 
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1.1 Interaction between light and matter 

Light consists of electromagnetic waves, which are synchronized oscillations of 

electric and magnetic fields. The oscillations of the two fields are perpendicular to 

each other, and perpendicular to the direction the wave. They are characterized by 

either the frequency or wavelength of their oscillations, which determines their 

energies (E=h). The resulting electromagnetic spectrum and the corresponding 

interactions with matter are depicted in Figure 1.1.  

 

 
Figure 1.1. The electromagnetic spectrum showing the boundaries between different regions 

and the type of atomic or molecular transition responsible for the change in energy. The UV-

vis region is where photochemistry takes place.
1
 The colored inset shows the visible 

spectrum. 

 

The interaction of light with matter as a natural phenomenon and/or as an artificial 

process permeates most branches of science, from biology to materials science.2,3 For 

instance, our life depends on photosynthesis, a photochemical process taking place in 

nature. Vision process is due to a photochemical process occurring in our eyes. In 

addition, many of the most common functions exploited in our technological 

environment, from signal processing, storage, display to the use of pigments, sensors 

and sensitizers are based on the interaction of light with matter. Solar energy, the 

most important resource on which humanity can rely, is artificially converted into 

useful energy forms by photophysical and photochemical processes.1 
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As regards the interaction of light with molecular systems, on which this entire work 

is based, can be simply defined as an interaction between one molecule and one 

photon. It can be written in the general form A + h→A* where A denotes the 

ground state molecule, h the absorbed photon, and A* the molecule in an 

electronically excited state. As the equation implies, the excited molecule A is the 

molecule A with an extra energy h. It is important to notice that, because of the 

availability of such an extra amount of energy, an excited molecule has to be 

considered as new chemical species. It has indeed its own chemical and physical 

properties, often quite different from the properties of the ground state molecule. 

The various transitions involving electronic states of similar or different spin 

multiplicities, as well as vibrational manifold associated with electronic states, are 

conveniently represented in the so-called Jablonski diagram (Figure 1.2). 

Upon light absorption, a molecule can be quickly (10-15 s) promoted from ground 

state (usually singlet, S0) to an excited electronic state. Due to spin selection rules, 

the excited state has the same spin multiplicity as the initial state. The electron cloud 

can quickly rearrange upon external perturbation, whereas the heavier nuclei can be 

considered stationary (Born–Oppenheimer approximation) and the electronic 

transition vertical (Frank-Condon principle).  

Absorption of a photon leads to the population of a matching vibronic state which is 

followed by a fast (typically with 10-14 - 10-11 s) vibrational relaxation to the lowest 

vibrational state followed by internal conversion (IC) to the lowest singlet state (S1). 

Due to the time scale, the most relevant photophysical and photochemical processes 

occur from loǁest excited siŶglet state ;Kasha’s ruleͿ. 
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Figure 1.2. Perrin–Jablonski diagram. The vibrational manifold associated with electronic 

states is also depicted. Straight lines indicate radiative processes, whereas wavy lines denote 

non-radiative transitions.
4
 

 

Depending on the molecular rigidity radiative and non-radiative deactivation can take 

place. However, the IC decreases exponentially with the increase of the energy gap 

between states (energy gap law). The radiative deactivation between lowest excited 

state and ground state is called fluorescence if it occurs with conservation of 

electronic spin (10-7 – 10-9 s). Generally the emitted light possesses lower energy 

compared to the absorbed light (Stokes shift) due to the loss of heat and 

reorganization energy. Intersystem crossing (ISC) between singlet and triplet state 

can also occur. Due to its spin-forbidden nature it is generally negligible (conservation 

of electronic spin) and characterized by long lifetimes (10-6 - 1 s). Nonetheless, spin 

orbit coupling (SOC) can overcome the selection rule as the flip of the electronic spin 

is coupled to a change of orbital angular momentum (El-Sayed's rules). Heavy atoms 

favor ISC, for instance, by collision (external heavy atom effect). The effect is much 

more pronounced if they are part of the molecule and involved in the electronic 

transitions.  

In particular, transition metals such as Cu, Ru, Os, Re, Ir, Pt and Au can induce SOC 

very efficiently, as the SOC constant scales with the fourth power of atomic number. 
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Singlet and triplet states can be mixed leading to excited states with partial singlet 

and triplet character. Thus, the otherwise strictly forbidden radiative transition from 

the lowest triplet state can be partially allowed. Provided that the rigidity of molecule 

hinders the non-radiative deactivation of the lowest triplet state, a phosphor is 

obtained (phosphorescence). The deactivation of the excited states follows first order 

kinetics and the lifetime of the excited states (S1 or T1) can be represented with the 

equations shown below.  

1 '

1( )F
F ISC IC

S
k k k

 
 

         eq (1) 

1 '

1( )P
P ISC

T
k k

 


         eq (2) 

The ratio between the emitted and the absorbed photons is defined 

photoluminescent quantum yield (). This parameter is particularly useful to 

understand both the nature of the excited state of a molecule and, as it will be 

further discussed, to probe the self-assembly processes. In fact, it is directly related 

to the radiative and non-radiative rate constants, as shown below, and to the inter 

system crossing efficiency (ɳisc).  
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F F F
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k k
k k k

  
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        eq. (3) 
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  
 

       eq. (4) 

'
p

P ISC
P ISC

k
k

k k
 


         eq. (5) 

The value of Ф and ɳisc can vary from 0 to 1. Known the excited state life time and the 

quantum yield, the radiative and non-radiative decay constants can be calculated. 

rk



  (For fluorescence kr = kF and for phosphorescence kr = kP)  eq. (6) 

1
nrk




 ; '
nr IC IC ISCk k k k    (fluorescence); ' '

nr IC ISCk k k   (phosphorescence) eq.(7) 

As already discussed, light is an electromagnetic wave consisting of an electric field E 

and a magnetic field B perpendicular both to each other and to the direction of 

propagation, and oscillating in phase. For natural light, these fields have no 



 

6 
 

preferential orientation, but for linearly polarized light, the electric field oscillates 

along a given direction; the intermediate case corresponds to partially polarized light 

(Figure 1.3)4. 

 

 
Figure 1.3. Natural light and polarized light.

4
 

 
Most chromophores absorb and emit light along a preferred direction depending on 

the electronic state. If the incident light is linearly polarized, the probability of 

excitation of a chromophore is proportional to cos2A, A being the angle between 

the electric vector E of the incident light and the absorption transition moment MA. 

This probability is the maximum when E is parallel to MA of the molecule while it is 

zero when the E is perpendicular, as shown in Figure 1.4. Thus, when a population of 

fluorophores is illuminated by a linearly polarized incident light, those MA oriented in 

a direction close to that of the E of the incident beam are preferentially excited. This 

phenomenon is called photoselection and since the distribution of excited 

fluorophores is anisotropic, the emitted fluorescence is also anisotropic. Any change 

in direction of MA during the lifetime of the excited state will cause this anisotropy to 

decrease. This can be caused for example by non-parallel absorption and emission 

transition moments, torsional vibrations, Brownian motion or transfer of the 

excitation energy to another molecule with different orientation. It follows that 

fluorescence polarization measurements can provide useful information on molecular 

mobility, size, shape and flexibility, fluidity of a medium, and order parameters (e.g. 

in a lipid bilayer). In addition, in the case of rigid system characterized by a high level 
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of order (i.e. crystals), it can provide useful information on the spatial orientation of 

the transition dipole moments which can be also correlated to the molecular packing. 

 

 
Figure 1.4. Transition moments (e.g. anthracene) and photoselection. 

 

Fluorescence can be considered as the result of three independent sources of light 

polarized along three perpendicular axis x, y and z with Ix, Iy and Iz the respective 

intensities. The total will be the sum of these three components (I = Ix + Iy + Iz) each of 

which depend on the polarization of the incident light and on the depolarization 

processes, as shown in Figure 1.5. 

 

 

Figure 1.5. Relations between the fluorescence intensity components resulting from 

symmetry principle. The fluorescent sample is placed at the origin of the system of 

coordinates. 

 

When the incident light is vertically polarized, the vertical axis z is an axis of 

symmetry for the emission of fluorescence and Ix = Iy. The components of the 

fluorescence intensity that are parallel and perpendicular to the electric vector of the 

incident beam are usually denoted as I  and I , respectively. For vertically polarized 

incident light, Iz = I  and Ix = Iy = I . In most cases, fluorescence is observed in a 
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horizontal plane at 90° to the propagation direction of the incident beam, i.e. in 

direction x (Figure 1.5). The fluorescence intensity components I and I  are 

measured by a photomultiplier in front of which a polarizer is rotated. The total 

fluorescence intensity is I = Ix + Iy + Iz = I + 2 I . The polarization state of fluorescence 

is characterized either by the polarization ratio p defined as 
I I

p
I I









 or the 

emission anisotropy r defined as 
2

I I
r

I I








. In the expression of the polarization 

ratio, the denominator represents the fluorescence intensity in the direction of 

observation, whereas in the formula giving the emission anisotropy, the denominator 

represents the total fluorescence intensity. The relationship between r and p is 

2
3

pr
p




 . When the incident light is horizontally polarized, the fluorescence intensity 

Iy = Iz. This configuration is of practical interest in checking the possible residual 

polarization, due to imperfect optical tuning. When a monochromator is used, the 

observed polarization is due to the dependence of its transmission efficiency on the 

polarization of light. The corrected emission anisotropy is then obtained measuring 

the polarization with a horizontally polarized incident beam. 

In the case in which unpolarized light is used to excite the sample, since the light can 

be decomposed into two perpendicular components, the effects on the excitation of 

a population of fluorophores are additive. Therefore, the emission anisotropy is the 

half of that occurring upon excitation by vertically polarized light.  

 

1.2 Transition metal complexes 

In the last few decades, photoactive transition metal complexes (TMCs) have 

received a great deal of attention because of their rich and peculiar physico-chemical 

and redox properties. Particular interest has been devoted to second and third row 

transition metals with d6, d8 and d10 electronic configuration, such as Ir(III), Ru(II), 
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Os(II), Re(I), Pt(II), Pd(II), Ag(I) and Au(I),5 as well as to the first row ones , e.g. Cu(I)6-9 

and Zn(II). 

The presence of heavy metal atoms in TMCs introduces much more complicated, yet 

fascinating and unique, photochemical and photophysical attributes, when compared 

to a general fluorescent organic molecule. Amongst all, the judicious choice of metal 

ions and ligands leads to luminescent compounds, which show great photo- and 

electro-chemical stability, high photoluminescence quantum yield (PLQY), tunable 

emission color across the visible electromagnetic spectrum, from ultra-violet (UV) to 

near infra- red (NIR),10,11 as well as long-lived emissive excited states. Indeed, as a 

consequence of the strong spin–orbit coupling (SOC) exerted by the heavy atom, 

intersystem crossing (ISC) processes lead to the population of energetically low-lying 

triplet excited states allowing the harvesting of both singlet and triplet excitons in 

electroluminescent devices, and leading to an efficient radiative decay to the singlet 

ground state. The photoluminescent quantum yield (PLQY) can, in some cases, 

approach 100%.12 

Nowadays, growing interest in such photoactive TMCs is currently driven by their 

potential and real-market applications in optoelectronics,13,14 photo-catalysis,15-17 

electrochemiluminescence (ECL),18,19 metallogelators,20 molecular devices,21 non-

linear optical (NLO) materials,22 spin-cross over (SCO),23 components for electron and 

energy transfer systems,1 bio-sensing,24 and bio-imaging.25 In very recent years, they 

emerged indeed as promising candidates as active species in photonic devices which 

are attractive and powerful alternatives to conventional lighting, such as energy-

saving organic light-emitting diodes (OLEDs) and light-emitting electrochemical cells 

(LEECs),26-32 as well as solar light harvesting materials for photovoltaic technology, 

such as in dye-sensitized solar cells (DSSCs).33-35 

 

1.2.1 Crystal Field Theory and Ligand Field Theory
36

 

In order to rationalize and correlate the optical spectra, thermodynamic stability, and 

magnetic properties of complexes, the physicists Hans Bethe and John Hasbrouck van 

Vleck37 developed the so-called Crystal-Field Theory (CFT). 
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According to CFT, a ligand lone pair is modelled as a point negative charge (or as the 

partial negative charge of an electric dipole) that repels electrons in the d orbitals of 

the central metal ion. The theory concentrates on the resulting splitting of the d 

orbitals depending on the electronic configuration as shown in Figure 1.6. The 

separation of the two sets of orbitals is called the ligand-field splitting parameter 0 

(where the subscript O signifies an octahedral crystal field). Generally, metal ions 

with d6 electronic configuration, such as Fe(II) (3d6), Ru(II) (4d6), Os(II) (5d6) and Ir(III) 

(5d6), adopt octahedral geometries.  Instead, metal ions with d8 electronic 

configuration, such as Pt(II), Pd(II), Au(III), Ir(I) and Rh(I) tend to adopt square planar 

geometries. 

 

 
Figure 1.6. Splitting of five degenerate d-orbitals of a transition metal ion in the presence of a 

crystal field. 

 

Square planar geometries can be correlated with octahedral field by removing ligands 

on the z-axis. Consequently, the d-orbitals with z-component (dxz, dyz and dz2) are 

stabilized, whereas the d-orbitals in the xy-plane are destabilized compared to 

octahedral field. Depending on the strength of the ligand, the orbital can be higher or 

lower in energy than the dxy orbital. Similarly the other geometry can be correlated to 

the octahedral field upon weighting the different interaction along the x, y and z axes.  



 

11 
 

However, the CFT provides only a simple conceptual model: it treats ligands as point 

charges or dipoles and does not take into account the overlap of ligand and metal 

atom orbitals. A more complete approach is given by the Ligand-Field Theory (LFT),38 

which is an application of Molecular Orbital Theory. In fact, the LFT describes the 

molecular orbitals of a d-metal complex similarly to polyatomic molecules. It means 

that the metal and ligand valence orbitals are used to form symmetry-adapted linear 

combinations and to estimate the relative energies of the molecular orbitals by using 

empirical energy and overlap considerations.  

In the light of this, in order to better understand the photochemical processes that 

involve both d6 and d8 it is important to briefly describe what happens upon 

excitation of the system. As shown in Figure 1.7, if a metal is coordinated by -

conjugated ligands, the set of s, p and d orbitals of the metal are mixed with 

symmetry-adapted orbitals from the ligands. Upon optical excitation, electronic 

transitions between the different orbitals can occur and such processes can be 

described as electron density redistributions between part of the molecules, where 

filled and virtual orbitals with a certain nature are located.  
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Figure 1.7. Simplified MO diagram for a generic transition metal complex and relative 

spectroscopic excitation transitions. 

 

Photoexcitation of transition metal complexes with electromagnetic radiation 

occurring in the ultraviolet-visible (UV-VIS) region leads to the formation of excited 

states described, on the basis of their electronic transition configuration that can be 

classified as 

i) metal centred (MC) involving mainly d-orbitals, occupied non-bonding M and 

anti-bonding unoccupied M* orbitals. Deactivation to the ground state occurs 

through non-radiative pathway, as the equilibrium geometry of the excited 

state strongly differs from the ground state due to the placement of electron 

density in the anti-bonding orbitals. 

ii) ligand centered (LC) involving mainly occupied bonding orbital L and 

unoccupied anti-bonding L* orbital located on the ligands. These states are 

also known as intra-ligand states, and can have also charge transfer character 

such as interligand or ligand-to-ligand charge transfer (ILCT or LLCT). 

iii) Metal to ligand charge transfer (MLCT) involving mainly occupied metal 

centered bonding orbitals M and unoccupied ligand centered anti-bonding 
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orbitals L*. Also LMCT (ligand to metal charge transfer) can occur from 

occupied ligand centered bonding orbitals L* and unoccupied metal centered 

anti-bonding orbitals M*. 

The relative energies of these states depend on many factors. For instance, if the size 

of the metal increases, the interaction of d-orbitals with the ligand orbitals is more 

effective, so the MC states are pushed to higher energy levels. In a similar way, 

oxidation state of the metal center, type, strength and substitution of ligands 

(electron donating or withdrawing groups) alter the character and energy of the 

state. According to perturbation theory, the character of two states can be mixed in 

nature, leading to new states (mixing of states by configuration interaction or spin 

orbit coupling).  

 

1.2.2 Photophysical properties of platinum(II) complexes 

Most of the work herein reported is based on Pt(II) complexes so an overview on the 

photophysical properties of such systems is therefore given in this paragraph. As 

mentioned above, Pt(II) usually forms square planar complexes irrespectively of the 

strength of the ligands and the typical splitting of the degenerate d-orbitals in the 

presence of a square planar ligand field is shown in Figure 1.8. Furthermore, the 

square-planar geometry leads to a high stacking tendency, through establishment of 

ground-state intermolecular non-covalent weak metal···metal and/or ligand–ligand 

interactions through the -electron cloud of the aromatic rings.39-48 The diagram of 

the molecular orbital closer to the frontier region for two axially interacting platinum 

complexes is also shown in Figure 1.8.  
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Figure 1.8. Simplified MO diagram of two interacting square-planar Pt(II) complexes, showing 

the intermolecular dz2 orbital overlap in the ground-state and its influence on the energy of 

the MO levels. Red arrows show the correlation between the distance of the Pt(II) ions and 

the HOMO-LUMO gap. 

 

Typical luminescent platinum compounds bearing strong field cyclometalating ligands 

as well as good -accepting moieties possess highest occupied and lowest 

unoccupied molecular orbitals, namely HOMO and LUMO, with d and * character, 

respectively. Generally, for the monomeric form of the complex, the HOMO is mainly 

constituted by boding orbitals of the ligands L. The LUMO is also mainly centered on 

the ligands with main contributions from the anti-bonding orbitals L*. The relative 

energy levels of MLCT and LC states depend on the energy of the orbitals, L and dz2, 

involved in the electronic configuration of the excited state. 

On the basis of the LFT, for a metal center set in a square planar arrangement of the 

coordinating ligands, relaxation of degeneracy of the d orbitals leads to a filled dz2 

orbital normal to the plane of the molecule, which does not (or only weakly) interact 

with the ligands coordination sphere, and energetically lies below the HOMO level. 

The dz2 occupied orbital is thus prone to interact with surrounding species, as for 

instance solvent molecules or neighboring platinum complexes. In the latter case, the 
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formation of such ground-state metallophilic interaction, through the free axial 

position, destabilizes the filled dz2 orbitals, leading to a switch of the character of the 

HOMO level from d to *(i.e.,dz2···dz2). Owing to the Pt···Pt interaction, new excited- 

states are formed such as metal-metal-to-ligand charge transfer, namely MMLCT5 

(d*-*), and ligand-to-metal-metal charge- transfer (LMMCT). Interestingly, these 

charge transfer (CT) states typically show absorption and luminescence that are 

sizably bathochromically shifted compared to the parental non-interacting platinum 

complexes. Moreover, it is important to note that the energy of such CT transitions 

strongly depends on the metal–metal distance, since the electronic interaction starts 

to occur at a distance typically below 3.5 Å (red arrow of Figure 1.8). 

 

 
Figure 1.9. The potential energy surface of the d–d excited state in Pt(II) complexes is 

displaced relative to the ground state, owing to the strongly antibonding character of the dx2–

y2 orbital that is populated. Although other states (e.g. d-*or -*) may lie at lower 

energies, the d–d state can provide a thermally activated pathway of non-radiative decay. 

Thick arrow represents absorption of light; thin ones indicate vibrational relaxation and non-

radiative decay.
49

 

 

The strong preference of Pt(II) complexes to be square planar, owing to ligand field 

stabilization, results in the unoccupied dx2-y2 orbital being strongly antibonding. 

Population of this orbital will be accompanied by elongation of Pt–L bonds and severe 

distortion, promoting non-radiative decay from the MC (d–d) excited states to the 
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ground state at the isoenergetic crossing point of the potential energy surfaces. Even 

if excited states of different character, such as MLCT (d-*) or LC (-*) states, lie at 

lower energies than the d–d states, the latter can still exert a deleterious influence if 

they are thermally accessible, i.e. if E is comparable to kT (Figure 1.9).49,50 

Even if two closed-shell metal cations (such as Pt(II)) would normally be expected to 

repel each other, evidence of the presence of attractive interactions between closed 

shell metal ions have been increasingly studied in the last few years and are generally 

designated as metallophilic51.The best evidences has been found in the solid state 

where structural data obtained by X-ray diffraction provide precise information about 

the distance between the metals involved. Metallophilic interactions involving d10 

ions,52-55 d8 ions,56-59or the combination of both in heterometallic systems60-63 have 

been reported in the last decade. Numerous theoretical studies on metallophilic 

interactions continue to be carried out at various levels of sophistication which take 

into account relativistic and correlation effects to describe these van der Waals-type 

interactions.64,65
 

The strength of such metal–metal interactions has been compared to that of 

hydrogen bonding (ca. 29–46 kcal mol-1)53 which is sufficient to be employed in the 

preparation of novel structures in the supramolecular chemistry world.  

 

1.3 Self-assembly 

Supramolecular chemistry, an expression introduced by Jean-Marie Lehn and often 

defiŶed as ͞chemistry ďeyoŶd the molecule͟, is the chemistry of complex, orgaŶized 

assemblies formed by the association of single molecules through the interplay of 

noncovalent interactions.66 While a covalent bond normally has a homolytic bond 

dissociation energy that ranges between 100 and 400 kJ mol-1, noncovalent 

interactions are generally weak and vary from less than 5 kJ mol-1 for van der Waals 

forces, through approximately 50 kJ mol-1 for hydrogen bonds, to 250 kJ mol-1 for 

Coulomb interactions (see Table 1).67 

Deep understanding of such interactions is of paramount importance, as they affect 

the properties of the final aggregate.68,69 The chemical self-assembly of relative small 
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and simple molecules into macroscopic, hierarchically organized, complex structures 

is known as supramolecular polymerization.67,70,71 

 

type of interaction or bonding strength (kJ mol-1) 

covalent bond 100-400 

Coulomb 250 

hydrogen bond 10-65 

ion-dipole 50-200 

dipole-dipole 5-50 

cation-π 5-80 

π-π 0-50 

van der Waals forces <5 

hydrophobic effects difficult to assess 

metal-ligand 0-400 

Table 1. Strength of several noncovalent forces.
67

 

 

1.3.1 Supramolecular polymerization 

Supramolecular polymerizations can be classified in different ways: i) on the basis of 

the physical nature of the noncovalent forces (physical origin classification) ii) 

according to the type of monomer (structural monomer classification) or iii) in terms 

of the Gibbs free energy evolution of the self-assembling system (thermodynamic 

classification). 

The thermodynamic approach is directly correlated to the mechanism according to 

which the polymer grows from the monomeric components, upon variation of 

concentration or temperature. The two main mechanisms of growth, which are 

briefly described here below, are the isodesmic and the cooperative polymerization. 

The isodesmic polymerization is characterized by the fact that at all steps of the 

process the association constant K of the linking supramolecular units is identical and 

its value determines the degree of polymerization. In other terms, the reactivity of 
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the monomers and the growing polymer is the same. The supramolecular 

polymerization process is not affected by any neighboring-group effects (Figure 1.10).  

 

 
Figure 1.10. Concentration (a) and temperature (b) dependent properties of a isodesmic 

supramolecular polymer in ideal solution where φ, the fraction of polymerized material, is 

plotted as a function of the dimensionless concentration KCt (a) or the dimensionless 

temperature T/Tm ;bͿ.The latter is giǀeŶ for ǀarious ǀalues of ∆Hp (-30, -40, and -50 kJ mol
-1

, 

respectively). (c) Schematic representation of isodesmic supramolecular polymerizations.
71

 

 

Indeed, the successive addition of monomers to the growing chain leads to a 

constant decrease in the free energy, meaning that the affinity of a subunit for a 

polymer end is independent of the length of the polymer. In addition, due to the 

equivalence of each step during the polymerization, isodesmic supramolecular 

polymerization is characterized by the absence of a critical concentration (Figure 

1.10a) or critical temperature (Figure 1.10b).72-78 

As regards the effect of the concentration, a high degree of polymerization can be 

obtained only for high values of the dimensionless concentration KCt , it means that 

high concentration Ct or high value of the equilibrium constant K are therefore 

required (Figure 1.10a). Instead, upon variation of the temperature the system 

evolves in such a way that the degree of polymerization (DPN) gradually increases 

when the temperature is lowered. To better understand this point, Figure 1.10b 
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shoǁs the fractioŶ of polymerized material ;φͿ as a fuŶctioŶ of the dimeŶsioŶless 

temperature T/Tm, where Tm is defined as the temperature at which the fraction of 

monomer equals 0.5. The behavior is described for a supramolecular polymer that 

polymerizes upon cooling, taking into account three realistic values of ∆Hp 

(temperature independent polymerization enthalpy).  

As it can be observed, the shape of the curve is clearly sigmoidal, whereas the 

steepness of the transition depends on the value of the polymerization enthalpy ∆Hp 

and is not related to any degree of cooperativity. 

 

 
Figure 1.11. Concentration (a) and temperature (b) dependent properties of a cooperative 

supramolecular polymer where φ, the fraction of polymerized material, is plotted as a 

function of the dimensionless concentration KCt ;aͿ for seǀeral ǀalues of σ ;defiŶed as Ke/Kn) 

or the dimensionless temperature T/Te (b) for four values of Ka, ǁith ∆He = 60 kJ mol
-1

).
73

 

 

As regards the cooperative mechanism (Figure 1.11), the growth of the 

supramolecular polymer occurs in at least two distinct stages. The first step consists 

of linear isodesmic polymerization process (nucleation phase) with an association 

constant Kn for the addition of each monomer. During such a process the Gibbs free 

energy of the system increases until a nucleus of a certain degree of polymerization is 

formed. Then the polymerization becomes energetically favorable and the addition of 

a monomer occurs with an association constant Ke that is higher than Kn. (elongation 

phase).  
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In this nucleated supramolecular polymerization, the nucleus is the least stable and 

hence least prevalent species in the reaction and acts as a bottleneck against the 

formation of new supramolecular polymers. This mechanism can be distinguished 

from the isodesmic by the presence of a time-dependent lag in the formation of the 

supramolecular polymer. Such a lag can be abolished by the addition of a preformed 

nucleus (seeding) and by reaching a critical concentration and a critical temperature, 

which for this kind of process do exist. 

To illustrate the concentration-dependent properties of cooperative supramolecular 

polymerizations in ideal solutions Zhao and Moore78 have modified the isodesmic 

model assuming that the dimerization step has a different equilibrium constant from 

that of the elongation constant, defining the degree of cooperativity (σ) as the ratio 

of Kn/Ke, which is smaller than unity for a cooperative process and larger than a unity 

for an anticooperative process. 

Figure 1.11a displays the mole fraction of self-assemďled material ;φͿ as a function of 

the dimensionless concentration KCt for three different values of σ (with Ct defined as 

the total coŶceŶtratioŶ of moŶomer aŶd φ defiŶed as ;Ct-M)/Ct). Increasing the 

cooperativity ;i.e., smaller values of σͿ has a clear iŶflueŶce oŶ the groǁth profile of 

the polymeric species. Whereas for the isodesmic groǁth ;σ = 1Ϳ a gradual iŶcrease iŶ 

polymeric species is observed with increasing concentration, for the cooperative 

systems, below a critical KCt of 1, hardly any polymeric species are formed.  

Only when the concentration is raised above the critical concentration the chain 

growth occurs and all monomers are converted into high molecular weight polymers 

over a relatively small concentration range. Furthermore, in sharp contrast to 

isodesmic supramolecular polymerizations, higher DP values can be obtained not only 

ďy iŶcreasiŶg K ďut also ďy decreasiŶg σ. The temperature-dependent properties of 

cooperative supramolecular polymers can be described as thermally activated 

equilibrium polymerizations.79 Such a polymerization is described by the reaction 

shown in Figure 1.11b, where the activated species M1* react only with non-

activated monomers M1 to form dimers, but M1* does not participate in the 

successive chain elongation steps.  
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The monomeric activation step is described by a dimensionless activation constant 

Ka, whereas subsequent elongation of the polymers is described by a temperature-

iŶdepeŶdeŶt eloŶgatioŶ eŶthalpy ;∆He) and a critical concentration-dependent 

elongation temperature (Te). For supramolecular polymers that polymerize upon 

cooling, the elongation eŶthalpy is Ŷegative ;∆He < 0). Above the critical elongation 

temperature, most of the molecules in the system are in an inactive state (nucleation 

regime), which means that the activation step between inactive and active monomer 

lies almost completely to the left.  

At the critical elongation temperature activation occurs, meaning that the 

equilibrium describing the elongation steps is shifted to the right. As a result, below 

the critical elongation temperature, the small fraction of activated monomer can 

readily elongate to form supramolecular polymers with a high DP. The fraction of 

polymerized material increases abruptly (Figure 1.11b) and the transition becomes 

sharper as Ka becomes smaller. Hardly any polymeric species are present at 

temperatures above the critical Te. Hence, the dimensionless activation constant Ka in 

this model has a role identical to that of the cooperativity parameter σ described 

before. In contrast to isodesmic supramolecular polymerizations, the shape of the 

curves that describe the fraction of aggregated material as a function of temperature 

is clearly nonsigmoidal. 

Very recently, examples of cooperative supramolecular polymerization driven by 

metallophilic interaction has been reported by FerŶ́Ŷdez group80-82 which have 

demonstrated how Pd(II) Pd(II) metallophilic interactions can efficiently induce the 

cooperative supramolecular polymerization of a oligophenyleneethynylene (OPE)83-

based Pd(II) pyridyl complex. Cooperative supramolecular polymerization induced by 

Pt(II)Pt(II) metallophilic interactions has been proved only in 2014 by Mejier84 group 

who have demonstrated how platinum(II) acetylide complexes can form one-

dimensional chiral helical supramolecular polymers by the cooperative growth 

mechanism. 
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1.3.2 Self-assembly and chirality 

It’s importaŶt to uŶderliŶe hoǁ supramolecular polymerizatioŶ is iŶdeed iŶtimately 

related with chirality. The term chirality is used to describe the structural property of 

an object that lacks in symmetry elements. Chiral phenomena are ubiquitous in 

nature from the macroscopic to the molecular level.85-87 For example, right-handed 

shells are popular, whereas the left handed are rare and expensive; and most vine 

plants also tend to grow along the right-handed direction. The origin of such 

consistent chirality is mysterious and probably closely related to the beginning of 

life.88 At a macroscopic level chiral components are necessary to couple rotational 

motions to axial thrust, and vice versa (e.g. screws, bolts, gears, fans, and propellers 

are all chiral).  

By taking a helical shape the packing can be maximized while minimizing the 

formation of sharp kinks, as well as to reversibly store energy in the form of elastic 

deformation since the induced strain can be evenly distributed along the entire wire 

without the formation of sharp kinks. From a biochemical point of view, such 

macroscopic phenomena originate from the chirality of natural small biomolecules 

(e.g. L-amino acids, D-sugars, L-phospholipids, etc.), which usually show high 

preference toward specific enantiomers.  

Even if the two enantiomers of a chiral molecule have identical chemical properties 

and differ only in the ability to rotate the plane of polarization of light,89 the chiral 

recognition has been proven to be a fundamental process in life activities and of 

primary importance in pharmacology.90 DNA helices and amyloid or cellulose fibrils 

are examples of natural helical structures with specific functions. The helical 

morphology of such biomolecules expresses the chirality of their components and 

demonstrates the direct relationship between the molecular and the supramolecular 

chirality.91-93  

The first chiral helical supramolecular polymer was prepared by Lehn and co-workers 

via molecular-recognition-directed self-assembly from complementary chiral 

components.94,95 The synthesis of chiral structures between the molecular level and 

the macroscopic world (nano and micro scale) is still a great challenge due to the fact 
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that they are too big to be made by well-established molecular synthesis, and too 

small to be made individually by top-down methods.96-105 From a synthetic point view 

the breaking of symmetry by imparting chirality in nanostructures can help in 

designing multiple functionalities with more controllable assembly methods which 

has been already shown with Janus (two-sided) particles 106-111  

The physical and photophysical properties of chiral nanostructures could be of 

interest, for example, an electric current flowing through a helical wire can induce a 

magnetic field,112 chiral plasmonic nanostructures have been shown to rotate the 

plane of the polarization of light like molecules113-116 and can, in principle, provide 

new platforms for asymmetric catalysis. Self-assembly is indeed the most efficient 

way in the bottom-up approach in nanotechnology for the fabrication of complex 

͚supermolecules’ aŶd structures.117,118 In this approach the chirality at the molecular 

level, displayed when the atoms of a molecule are arranged in one unique manner in 

space, is transferred to the supramolecular level which involves the nonsymmetric 

arrangement of molecules in a noncovalent assembly and consequently to the 

macroscopic dimension.91,67 

 

1.3.3 Self-assembly of platinum(II) complexes 

The self-assembly of phosphorescent platinum(II) complexes containing -conjugated 

ligands through Pt····Pt and/or ligand–ligand interactions has been employed in the 

last decades as an efficient bottom-up approach towards the preparation of both 

chiral and achiral supramolecular materials up to the micrometer scale.119-123 

Furthermore, the anisotropic growth of ordered supramolecular structures often 

observed in such systems suggests that molecular propagation is faster along the axis 

of the Pt···Pt interaction than in the lateral directions124,125. Nevertheless, the 

cooperative growth mechanism, which has been demonstrated recently for Pt(II) 

complexes84,126, can be considered as a milestone to find reasonable explanation for 

the formation of highly organized aggregates with well-defined size, shapes and 

properties. 
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Due to the weak and non-covalent nature of the Pt···Pt interaction, the so-formed 

self-assembled architectures are generally very much affected by changes in the 

microenvironment such as temperature, solvent compositions and counterions. 

Furthermore, when stimuli-responsive groups are incorporated into these building 

blocks, the assembling and disassembling behavior can be controlled by application 

of external stimuli like pH, temperature, redox, and light, amongst all127,128. As already 

discussed, distinctive spectroscopic properties, such as both lower-energy absorption 

and/or emission bands, have often been observed and considered as a fingerprint of 

the establishment of Pt···Pt interactions. Change of such properties can be hence 

used to probe dynamic transformation of the supramolecular assemblies.42,125,129 

As a result, a rich variety of supramolecular functional architectures has been 

reported which range from pseudo-0D structures such as micelles, to 1D arrays, to 2D 

layers and up to 3D networks. As consequence of their square-planar molecular 

geometry, the most commonly observed self-assembly form is certainly fibrils (1D) 

that often tend to bundle into entangled 3D networks leading, in some cases, to the 

formation of supramolecular gels.121,130,131 In this respect, terpyridine-alkynyl Pt(II) 

complexes have received considerable attention in recent years due to their 

photoluminescence properties.132 

An example of how color changes can be used to probe the self-assembly process has 

been reported by Chan et al.
133 Interestingly, such compounds are not only sensitive 

to the changes in the microenvironment, upon variations of solvent compositions, 

counterions, and pH, but positively charged alkynylplatinum(II) terpyridyl complexes 

can interact with several (bio-)polymers carrying multiple negatively charged 

functional groups134 or biologically relevant biomolecules, such as citrate, thus 

allowing the monitoring of enzymatic activities135. Also oligonucleotides119 were 

found to interact with such class of Pt(II) complexes, resulting into a stabilization of 

the helical conformation through Pt···Pt and π···π interactions as revealed by 

significant enhancement of circular dichroism (CD) signal.  

Among all the reported alkynylplatinum(II) complexes, those bearing an amphiphilic 

anionic bzimpy moiety as terdentate ligand, where bzimpy is 2,6-bis(N-
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alkylbenzimidazol-Ϯ’-yl)pyridine (1), have shown very interesting properties in terms 

of morphological transformation associated with spectroscopical changes both in 

terms of photoluminescence and electronic absorption.136 

At high water content, pseudo-0D micellar structures have been observed, 

characterized by a broad featureless emission band (em = 675–683 nm), attributed to 

a 3MMLCT band due to ground-state Pt···Pt interactions. Interestingly, upon the 

addition of acetone to the aqueous solution of compound 1, the color of the solution 

changed from red  to yellow to blue moving from 100% water to 1:1 and finally 9:1 

acetone:water, respectively, as shown in Figure 1.12. Such spectroscopic changes 

were attributed to variation of the low-lying 1MMLCT absorption bands. 

 

 

Figure 1.12. (a) Structure of complex 1 and (b) the correlation of the morphology with the 

spectroscopic properties obtained by varying the solvent composition for solution of complex 

1.
136

 

 
In particular, the authors attributed the drop of the absorption bands at 532 and 564 

nm for the red solution upon increasing the acetone content (pure water  1:1 

acetone:water) as indication of a partial disaggregation process with disruption of 

Pt···Pt aŶd π-π iŶteractioŶs. At acetoŶe coŶceŶtratioŶ aďove 5Ϭ%, formatioŶ of a Ŷew 

1MMLCT absorption bands at even lower energy was observed attributable to a 

secoŶd aggregated form ǁith stroŶger Pt···Pt aŶd π-π iŶteractioŶs. IŶterestiŶgly, the 

formation of such second aggregates is affected by the ancillary ligand, where 

presence of a bulky trimethylsilyl group completely inhibited aggregation processes.  

As demonstrated by scanning electron micrography (SEM) and transmission electron 

micrography (TEM) images, the change of the spectroscopic properties for 1 was 

accompanied by a neat variation of the morphological features of the aggregates in 
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aqueous solutions from vesicular, at high water content, to long nanofibers at higher 

acetone content. It is likely that, in water, the charged sulfonate groups would point 

toward solvent molecules; while, the hydrophobic Pt(bzimpy) moieties would be 

forced to pack together through Pt···Pt aŶd π-π stackiŶg iŶteractioŶs iŶ order to avoid 

unfavorable contact with water, forming the bilayered structures of the vesicles.  

Upon addition of acetone, expected to well solvate Pt(bzimpy) moieties, the complex 

molecules would be more well dispersed, resulting in the drop of the 1MMLCT 

absorption band. Finally, as the acetone content was further increased, the sulfonate 

groups are no longer well solvated by the organic solvent; thus, the sulfonate ionic 

heads would start to aggregate and pull the complexes into close proximity, leading 

to their aggregation into nanofibers or nanorods. 

In a more systematic study, the same group137 reported on how the alkynyl 

functionalization, in particular, the alkyl chain lengths affects the self-assembly 

process in terms of both morphologic and spectroscopic properties. 

The different morphology was rationalized in terms of the packing parameter (P), 

which correlates molecular structure with shape of amphiphiles and help to define 

molecular geometrical criteria needed to pack molecules in a defined shape. The 

incorporation of neutral triethylene glycol units into platinum(II) bzimpy scaffold (2), 

led to an unusual thermo-responsive behavior as demonstrated by temperature-

dependent UV-visible absorption studies and heating–cooling cycles (Figure 1.13).138 

 

 

Figure 1.13 (a) Structure of complex 2 and (b) Schematic diagram showing the temperature 

dependent formation of the bilayered sheet and micelle of compound 2.
138

 

 



 

27 
 

The observed enhancement of the 1MMLCT absorption and 3MMLCT emission band 

at higher temperature is contradictory to the commonly observed findings, i.e. that 

Pt···Pt interactions would usually be disrupted at elevated temperatures due to the 

molecular dissolution of the complex. Such finding along with electron microscopy 

analysis pointed towards formation of distinct assemblies at lower and higher 

temperature, namely micellar vs. bilayered structure, respectively. 

Interestingly also polyhedral oligomeric silsesquioxanes (POSS) moieties can be 

incorporated onto such class of Pt(II) complexes resulting into organosilane hybrids 

that still exhibit self-association behavior.139 Importantly, various distinguishable 

nanostructures, associated with spectroscopic changes due the establishment of 

Pt···Pt aŶd π-π iŶteractioŶs, caŶ ďe formed iŶ various solveŶt media raŶgiŶg from 

nanorings to rods, opening up a new strategy for the development of new functional 

supramolecular materials with defined shape. 

Another interesting approach to build up soft nanomaterials with phosphorescent 

organoplatinum(II) complexes consists of combining metallophilic interactions with 

ionic self-assembly. A nice example has been recently reported by Chen et al.
140

 in 

which a cationic Pt(II) derivative (3) is rendered soluble in non-polar solvents by 

counterion metathesis with a highly lipophilic anion.  

Although such compounds are also soluble in polar solvents, the spectroscopic 

features observed in non-polar solvents are distinct from those in in the formers and 

the bathochromic shifted absorption/emission spectra have been used to discern 

monomeric to oligomeric species. Interestingly, honeycomb mesostructures can be 

obtained by drop-casting a dilute (0.5 wt.%) CH2Cl2 solution onto a SiO2 wafer. SEM 

micrographs of the so-prepared film showed honeycomb patterns assembled 

presumably through extended metallophilic interactions and ionic self-assembly and 

covering an area of tens of mm2, where each edge of the hexagons is about 1 m 

long and 200 nm wide (Figure 1.14). 
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Figure 1.14 (a) Molecular structure of the Pt(II) complex 3; (b) SEM micrograph and its 

corresponding fast Fourier transform image (c) of the honeycomb mesostructured onto the 

surface of a silicon wafer; (d) amplified SEM micrograph; (e) proposed molecular packing.
140

 

 

Incorporation of chiral moieties onto the molecular structures can lead to the 

formation of chiral supramolecular architectures such as helicoidal fibers141,142 and 

metallogels.143 In this respect, a recent example of the formation of chiral 

supramolecular structures has been reported by Yi and coworkers144 who have 

synthesized a series of amphiphilic bipyridyl alkynylplatinum(II) complexes bearing 

cholesteric groups and ethylene glycol chains.  

Interestingly a solvent-dependent chiral switching of self-assembled structure has 

been observed, where the longer ethylene glycol chains forms regular left-handed 

helical structures in aqueous EtOH solution at H2O content <5% v/v. As H2O ratio 

increased, the chirality changed from left- to right-handed helix as supported by 

circular dichroic (CD) spectroscopy, with concomitant alteration of the packing mode 

from monolayer to a hexagonal motifs. At water content greater than 50% v/v, the 

structure finally transforms into bilayer vesicles with loss of CD signal. The observed 

morphological changes were ascribed as due to a delicate balance between 

hydrophobic and hydrophilic interactions. 

Another example of supramolecular self-assembly of chiral structures has been 

reported by Yam and coworkers145 who have shown how achiral alkynylplatinum(II) 

complexes can interact with carboxylic -1,3-glucan motifs leading to chiral helicoidal 

structures. Interestingly, the handedness of this two-component helical assembly is 

affected by different parameters such as temperature, aging, components ratios and 

mode of preparation and was tentatively rationalized in terms of kinetic vs. 

thermodynamic control. 
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Moreover, when chiral moieties are incorporated onto luminescent Pt(II) complexes, 

the self-assembly process can lead to chiral supramolecular architectures that nicely 

display circularly polarized luminescence. An interesting example has been very 

recently reported by Zhang et al.
146

 who have synthesized chiral cyclometalated Pt(II) 

complexes by incorporating an enantiopure pinene group onto the chromophoric 

terdentate ligand. Solvent-induced aggregation of such compound led to the 

formation of one-dimeŶsioŶal helical structures through Pt···Pt, π−π, aŶd 

hydrophoďic−hydrophoďic iŶteractioŶs ǁith eŶhaŶced aŶd distiŶct chiroptical 

properties, which can be reversibly switched on and off upon temperature change. 

A series of cationic Pt(II) complexes bearing monoanionic ancillary ligands (either Cl− 

or CN−) has been reported by De Cola and co-workers and are displayed in Figure 

1.15.147 They found out that in such derivatives variation of the substitution pattern 

on either tridentate 1,2,3-triazole moieties and ancillary ligand affects the 

intermolecular interactions between neighbor complexes and, therefore, the degree 

of electronic overlap between the platinum centers. 

 

 

Figure 1.15. Schematic representation of the effects of the different functionalization of the 

triazole moieties on the luminescent and morphological properties of the resulting self-

assembled structures.
147

 

 

Interestingly, all the compounds possessing Cl− as the ancillary ligand were not 

photoluminescent at room temperature and did not display any self-assembly 

property; ǁhile, the preseŶce of more π-accepting ancillary ligand, such as CN−, 

induces assembly upon establishment of Pt(II)···Pt(II) interactions and led to emissive 

Pt aggregates when bulky adamantyl groups were replaced with more planar phenyl 

moieties. 
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The replacement of 1,2,3-triazolyl moieties with 1,2,3,4-tetrazolyl rings leads to 

dianonic terdentate ligand that combined with a neutral ancillary moiety, such as 

substituted pyridines, results in neutral Pt(II) complexes with high stacking tendency 

toward formation of 1D fibrils. Such fibers often bundle into entangled 3D networks 

leading to the formation of highly emissive supramolecular gels as reported by 

Strassert et al.
148 In their recent communication, the authors have shown that while 

molecularly dissolved Pt(II) complex displayed no luminescence at room temperature; 

using the compound as low molecular weight gelating agent, a metallogel that can 

reach PLQY up to 90% can be prepared. They also demonstrated that gelation, 

morphological as well as photoluminescence properties of the resulting 3D network 

could be tuned by further functionalization of the ancillary pyridine. As an example, 

introduction of tetraethylene glycol chain149 (4) led to a reversible formation of highly 

luminescent gels in both CH2Cl2 and DMF with solvent-dependent photophysical 

properties and morphology (Figure 1.16). 

 

 

Figure 1.16. (a) Molecular structure of the Pt(II) complex 4; (b) Fluorescence microscope 

images (top) and SEM images (bottom) of CH2Cl2 gel. (c) Excitation (left) and emission (right) 

spectra of the CH2Cl2 gel (solid line) and DMF gel (dotted line).
149

 

 

The corresponding self-assembled fibers can be prepared by either pouring a CH2Cl2 

solution of the complex into cyclohexane or drop-casting the CH2Cl2 solution directly 

onto a glass slide leading to bundled filaments. Furthermore, if the critical gelating 

concentration was reached, supramolecular metallogel formation took place and the 

so-formed gel collapsed into sol by shaking or sonication. In a different manner, the 

gel can be reversibly obtained upon thermal treatment when DMF is employed. Both 

gels were photoluminescent under UV light excitation, whereas the corresponding 
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sols are not emissive in the same condition. The luminescence of the gel states was 

attributed as arising from and excited state with 3MMLCT character and displayed 

intense broad emission maximum centered at em = 550 and 515 nm for CH2Cl2 and 

DMF as solvent, respectively. SEM and fluorescence microscopy images of xerogel 

and gel, respectively, showed that the latter is constituted by a dense entanglement 

of fibers leading to a 3D network. The different PLQY values of 7.5 and 60% recorded 

for the gel prepared from CH2Cl2 and DMF respectively was attributed to the different 

solvation of the polar PEG tail and the apolar chromophoric part in the two solvents. 

Indeed, the Pt(II) centers are expected to interact more strongly with the apolar 

CH2Cl2, whereas the polar chains entangle in order to reduce their exposure to the 

solvent, thus bundling on the same side. On the other hand, in DMF, the Pt···Pt 

interactions are less pronounced due to the solvation of the polar PEG chains, thus 

preventing a closer approach of the metal centers. Consequently, the PEG chains 

could adopt an alternating configuration that favors a longer-range order and 

therefore increase emission quantum yield. The addition of a second tetraethylene 

glycol chain to the ancillary pyridine increased further the amphiphilic character of 

the molecule allowing the preparation of phosphorescent hydrogels through host–

guest interactions between cyclodextrins and the tetraethylene glycol tails of the 

Pt(II) complex.150 

In summary, several classes of square planar Pt(II) complexes yield highly luminescent 

supramolecular self-assembled structures. The proper design of the chelating ligands 

in terms of both bulkiness and electronic properties allows the formation of 

architectures with different morphologies, shapes and interesting functions as well as 

the modulation of the photophysical features. As hereafter discussed, these 

investigations paved the way for their use as active materials in different field of 

applications. 

 

1.4 Mechanochromic properties of platinum(II) complexes 

Interest on stimuli-responsive materials has been largely increasing in the last 

decade, in the ongoing effort of developing artificial systems that can dynamically 
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interact with their environment. The specific input and output of a responsive 

system, i.e. the stimulus and the material property subject to change, determine the 

field of application of the responsive material. 

Pt(II) complexes have been found to change either (or both) absorption and emission 

colors as a result of a variety of stimuli, including vapors of volatile organic 

compounds (VOCs) as recently reviewed by Wenger151 and Kato,152 as well as 

mechanical stresses such as grinding, scraping, or compression.153 Both absorption 

and emission colors are excellent signal candidates for sensing applications, since the 

sensitivity of human eye and of common charge-coupled device (CCD) sensors allows 

for implementation of fast tests performed by individual, non-trained persons, or by 

low-cost automated sensors such as smartphone or industrial cameras. 

Nonetheless, luminescence overcomes absorption by several orders of magnitude in 

terms of sensitivity, and it is thus compulsorily the signal of choice when 

miniaturization is required. 

The particular interest on Pt(II) complexes as mechanochromic materials arises from 

the peculiar tunability of their luminescence spectrum as a function of metal···metal 

distance. In particular, spectral variations can be schematized as two-steps 

transitions, occurring when shortening the distance between two adjacent Pt 

complexes. First, a very sharp transition takes place when Pt···Pt distance becomes 

shorter than approximately 3.5 Å: metal–metal interaction triggers energy levels 

splitting and formation of a new 3MMLCT band. This MO diagram change results in a 

correspondingly sharp variation in emission spectra, where a structured band 

corresponding to 3MLCT transition disappears and a broader, unstructured band 

corresponding appears (see Figure 1.8). The latter is typically bathochromically-

shifted by a degree of 70–200 nm and can be ascribed to an excited state with 

3MMLCT character. This constitutes a truly efficient switch with both ON-OFF and 

OFF-ON signals to be monitored, which, combined together, yield a strong 

ratiometric signal in the visible range, i.e. a color change detectable by human eye or 

by CCD camera without the need for lengthy calibration procedures. Furthermore, a 

smoother transition can occur when the Pt···Pt distance is tuned below 3.5 Å: in this 
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case, a continuous bathochromic shift of the emission band can be observed, which 

provide i) deeper insight on the aggregation state; ii) allow to differentiate aggregates 

with different Pt···Pt distances; iii) allows design of multiple states (multiplexing) 

optoelectronic devices. 

In a recent contribution,154 Ni and coworkers were able to prepare a diimine-

platinum(II) complex with 4-bromo-Ϯ,Ϯ’-bipyridine (5) that exhibits 

mechanoresponsive luminescence, with the typical spectral transition from a 

structured band to unstructured broad emission, and corresponding shift in peak 

emission wavelength of 165 nm upon grinding. X-ray diffraction studies (XRD) 

revealed that such spectral variation corresponds to a crystalline-to-amorphous state 

transition. Interestingly, an analogous crystalline-to-amorphous transition was 

observed upon heating the Pt complex, apart from the fact that the broad emission 

band was in this case shifted by only about 100 nm. This result suggests that the final 

amorphous aggregation state, and in particular the metal-to-metal distance, can 

strongly depend on the way energy is delivered to the Pt complex crystals. 

Mechanical grinding is hence able to bring metals closer while exposure to solvent 

vapors, such as DCM, can restore the original crystalline state (Figure 1.17). 

 

 

Figure 1.17. (a) Chemical structure of the complex 5. (b) the solid-state emission spectral 

changes of the complex in response to dichloromethane vapor, showing a gradual emission 

attenuation of the broad unstructured band centered at ca. 690 nm and a progressive 

emission growing vibronic-structured bands at ca. 525 and 549 nm. (c) Photographic images 

of the complex in response to mechanical grinding under ambient light and UV light 

irradiation (365 nm), showing the color changes from yellow-green to red upon grinding and 

in the reverse process from red to yellow-green on addition of CH2Cl2.
155
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The same researchers found out that the final emission wavelength of the broad 

band corresponding to the ground aggregates can be tuned with the bulkiness of 

ligand substitutions. They ascribe the much smaller bathochromic shift of a tert-butyl-

substituted derivative, 89 nm vs. 155 nm, the latter observed in absence of tert-butyl 

pendant – to the longer Pt···Pt distance induced by the hindrance of this bulky lateral 

group. The effect of spatially encumbered ligands was also explored by Tsai and 

coworkers. Similarly, they concluded that bulky substituents favor the formation of 

monomer-like emitting crystals, which can then show mechanoresponsive properties 

if the substituents allow the crystalline structure to have enough sliding freedom.156 

A recent paper reports the synthesis of a series of imidoylamidinato platinum(II) 

complexes featuring bright luminescence in solid state and mechanochromic 

behavior.157 

Even though the ground state of Pt complexes has always been found to be an 

amorphous aggregate state, Eisenberg and coworkers were able to record X-ray 

structures of a red-emitting polymorph of a terpyridyl Pt complex, analogous to the 

red-emitting ground aggregate. Their findings allowed them to conclude that 

mechanical stresses induce slipping of layers in the crystalline structure, resulting in a 

less dense aggregation state featuring Pt···Pt distances shorter than 3.5 Å.158 

Remarkably, not all reports on mechanoresponsive Pt(II) complex agree on the fact 

that red-shifted emission arise from the formation of aggregates where strong 

metallophilic interactions take place as consequence of the establishment of short 

Pt···Pt distances. Early studies reported that the red-shifted emission of Pt(5dpb)Cl, 

where 5dpbH is 1,3-di(5-methyl-2-pyridyl)benzene, was the result of an interaction 

only taking place at the excited state, i.e. an excimer emission, as observed by time 

resolved spectroscopy.159 
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Figure 1.18. (a) Chemical structure of the complex (6). (b) Crystal structure packing and 

representation of stacking orientation by the green and orange colors representing a set of 

ligands on the molecule and dotted lines representing Pt···Pt interactions. (c) Polarized 

optiĐal miĐrosĐopy images of the Colh phase.;A−CͿ 90° polarized aŶd ;DͿ ŶoŶ polarized 

generated by cooling from the isotropic phase (2 °C/min) between glass substrates. 

 

Very recently, Swager and coworkers prepared a cationic cyclometalated Pt(II) 

complex (6) which form columnar liquid crystal phases owing to the Pt···Pt 

interactions, acting as the dominant attractive force.160 Interestingly, the complex 

(Figure 1.18a) did not display emission properties in the liquid crystalline state in 

which the observed Pt···Pt distance (d =3.65 Å) is at the threshold to trigger formation 

of 3MMLCT band. 

Whereas the solid state crystals showed a broad intense (PLQY up to 86%) 

luminescence band and exhibited mechanochromism as demonstrated by the 

bathochromic shift upon grinding. This was not the first report of Pt complexes 

forming liquid phase crystals responsive to tribological stimulation.161 Furthermore, 

the complex showed strong dependence on environmental factors such as nature of 

polymer matrix in which it is embedded and doping level. Indeed, a bathochromic 

shift in the emission maximum was observed upon varying the polymer matrix, 

suggesting the possibility of tuning of the Pt···Pt distance in aggregated phases.  

Embedment in polymer matrix is a key step for application of Pt complexes as 

responsive materials, in particular as sensors for pressure or mechanical stresses, or 

as memories. Methacrylate polymers have been identified as good candidates to 

obtain mechanically stable, responsive films. In addition, the possibility of changing 

the glass transition of the polymer matrix (Tg) with the length of the methacrylate 

chain allowed to investigate the role of Tg in the response of the luminescent Pt 

complexes embedded in polymers.162 
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It was found that mechanical as well as vapochromic response was detectable and 

stable for high Tg polymers (polymethyl methacrylate, Tg = 90 ºC), while the same 

response was only temporary when Tg approached room temperature (polybutyl 

methacrylate, Tg = 30 ºC). Furthermore, as soon as each polymer mixture was heated 

above its Tg, the luminescence could be reset to the initial – non ground – state, while 

attempts to stress the films above Tg gave no observable response, due to the 

tendency of the polymer to flow, and thus to absorb the mechanical energy conveyed 

for structural rearrangement of the Pt(II) complex crystals. 

PMMA was also employed by Chen163 and coworkers to obtain a device acting as a 

logic gate with mechanical and vapor based stimuli. By using platinum complexes, 

bearing 4-trifluoromethylacetylide ligands (7) (Figure 1.19a), they were able to 

fabricate a proof-of-principle device that can be considered as an example of multi-

state logic gate (Figure 1.19c). The device relies on the ability of Pt complexes to 

undergo not only the transition from absence to presence of metallophilic 

interactions, but also other transitions among structures showing different Pt···Pt 

distances. In their system, such different and well-defined Pt···Pt distances were 

induced by the inclusion of different volatile organic molecules in the crystal 

structure, while the ground powder exhibited the most red-shifted luminescence 

corresponding to an amorphous aggregate. 

 

 

Figure 1.19. (a) Chemical structure of the Pt(II) complex. (b) Solid state emission spectra upon 

different stimuli (CH2Cl2 vapor, grinding, heat and THF vapor and (c) the PMMA based device 

doped with the complex acting as a logic gate with mechanical and vapor based stimuli.
163

 

 

A similar phenomenon was observed by Kanbara and coworkers. The compound 

bears an amide moiety, which was responsible for setting different H-bond networks 
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with DMF and MeOH, resulting in different Pt···Pt distances (emission maxima at 512 

and 574 nm, respectively). Such metal distances could be further shortened upon 

grinding as demonstrated by the red-shifted of the emission peak of the ground 

aggregate down to 635 nm.164  

An interesting development in terms of mechanoresponsive materials with optical 

reading was achieved by You and coworkers. They designed chiral Pt complex, which 

resulted responsive to mechanical stimuli. For such complex, not only the 

luminescence spectrum changes upon grinding, but even more interestingly the CD 

signal is completely depleted, which gives the opportunity to couple optical activity 

and luminescence color as the read-on signals.165  

Overall, the reversible and dynamic establishment of metallophilic interactions upon 

application of mechanical stimuli in platinum complexes as condensed phases 

represents a valuable and interesting manner to prepare luminescent stimuli-

responsive materials with optical read-outs. 

 

1.5 Bioimaging  

Compounds able to dynamically change the emission colors upon external stimuli or 

modification of the microenvironment (e.g. pH, polarity of the environment, oxygen 

content, formation of redox species etc..) are particular important in biology as well 

as in the whole world of science. 166 In fact, it is said that humans rely on vision for 

approximately 80% of all the information they receive from the external world as the 

proverď ͞seeiŶg is ďelieviŶg͟ suggests. UŶfortuŶately, liviŶg systems geŶerally do Ŷot 

supply enough visual information detectable with the naked eye to allow us to 

understand specific biological events, such as cell signaling and protein expression. 

Therefore, tools that allow us to see inside biological systems from cells to whole 

body are essential not only for basic research, but also for revealing internal 

structures hidden by the skin and bones, as well as to diagnose, treat or to identify 

abnormalities. However to the sensitivity required to visualize biological compounds 

at physiological concentrations, which in most cases range from nano- to micro- 

molars, a spatial and temporal resolution to analyze dynamic cell signaling processes 
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is also necessary. Since invasive technique should be avoided for medical application, 

fluorescence imaging is an ideal methodology, compared with other technologies 

based on radioactivity, bioluminescence, electromagnetism, and electrochemistry. 

This is the reason why fluorescence live imaging is probably becoming more and 

more diffused in cell biology.  

Several efforts has been made to overcome some limitations of traditional wide-field 

fluorescence microscopes from the invention of the confocal microscopy 167 to the 

more recent super-resolution microscopy168,169 which enables the capture of images 

with a higher resolution than the diffraction limit as well as by the development of a 

new method (termed CLARITY) able to transform intact tissue into a nanoporous 

hydrogel-hybridized form that is fully assembled but optically transparent170. 

Although internal or endogenous fluorescent molecules in cells171-173 including 

tryptophan, NAD(P)H, and flavins can be imaged, in the most cases, an external 

chemically or genetically synthetized fluorophore is used. Before the middle of the 

1990s, when Shimomura174 discovered the green fluorescent protein which is now 

widely used as a marker for gene expression175,176 and to label proteins in general, 

organic fluorescent molecules were the only choices. Even if organic fluorescent 

compounds are still important and widely used for both labeling and sensing due to 

the fact they are relatively inexpensive and versatile, nowadays many different 

probes using fluorescent proteins, quantum dots (QDs), lanthanide ions and 

transition metal complexes (TMCs) have been developed and successfully employed.  

In order to be suitable for in vivo application compounds that emits with high 

quantum yield in the NIR wavelength range are required due to the fact that 

hemoglobin (the principal absorber of visible light) and water and lipids (the principal 

absorbers of infrared light) have their lowest absorption coefficient in the NIR region 

from around 650 nm to 900 nm (Figure 1.20, iŶsetͿ ofteŶ called ͞ďiological 

ǁiŶdoǁ͟.177  

 



 

39 
 

.  

Figure 1.20. Interaction of light with tissue.
177 

 

Imaging in the NIR region has also the advantage of minimizing the intrinsic 

fluorescence of tissue,178 which can further improve target/background ratios. At the 

same time the possibility to use NIR light to excite the molecule through a 

multiphoton process179,180allow the imaging of small animals. Several attributes are 

indeed required for a generic lumophore to be used as a label for biological 

application such as stability and solubility in aqueous buffers and growth media, low 

toxicity in the organism, fast uptake kinetic into the cells, preferably without the 

addition of chemical agents, a preferential localization for example in a certain 

orgaŶelle aŶd fiŶally they should ďe aďle to operate iŶ the ͞ďiological ǁiŶdoǁ͟. 

However some of these properties are in conflict which each other like the water 

solubility and the fast internalization which generally requires, instead, a lipophilic 

character in order to cross the phospholipidic membrane of the cells. Many of these 

features such as localization as well as the photophysical properties under 

physiological conditions, cannot be predicted a priori so most of the novel 

luminescent molecules were discovered serendipitously or by screening library of 

compounds181-183. 

While several lumophores especially small organic fluorescent molecules and TMCs 

display an intrinsic localization, a specific targeting can be achieved by bioconiugation 
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or using genetically encoded fluorescent fusion tags184. The covalently labeled 

antibodies with fluorescein isocyanate in 1942 by Coons, was the beginning of 

immunofluorescence, which is still widely used today185.In the last decade, the use of 

labelled antibodies186,187 and peptides188,189 allow to visualize mouse tumors in vivo.  

Another important class of luminescent compounds is made up by molecules whose 

own optical properties are altered in response to the target chemical species or 

specific environments and is defined as luminescent probes (Figure 1.21). 

 

 

Figure 1.21. Concept of luminescent probes.
166

 

 

By a rational design of the label the fluorescence signal of a molecule can be 

drastically modulated and the emission can be activated by specific interaction for 

example with metal ions in order to visualize metal accumulation, trafficking, and 

function or toxicity in living systems190, reactive oxygen species191, membrane 

potential changes192, enzyme activity193 and pH194. To trigger specific signal, 

photoinduced processes has been successfully applied such as photoinduced electron 

transfer (PeT)195-197 and Föster resonance energy transfer (FRET)198,199. Intramolecular 

reaction such as spirocyclization200 and bioconversion can also be used, for example 

Uesugi183 reported a fluorescent probe that, upon bioconversion, specifically stains 

mitochondrial surfaces. 

 

1.5.1 Organic fluorophores 

From the discover of the first fluorescent organic molecule by Sir John Herschel in 

1845201, many other organic compounds have been found or created with strong 

fluorescence across all the visible spectra and beyond. As representative platforms 
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fluorescein and rhodamine derivatives (Figure 1.22a and b) must be mentioned, 

which are currently largely employed as fluorescent labels together with BODIPY dyes 

(Figure 1.22c) and cyanine dyes (Figure 1.22d).  

 

 
Figure 1.22. Chemical structures of representative organic fluorescent molecules. (a) 

fluorescein,( b) rhodamine B, (c) BODIPY, (d) cyanine 3. 

 

Due to their long history, organic fluorescent dyes are indeed the most studied and 

the most used in cellular biology. Their use in cellular staining and to study cellular 

viability is now a standard protocol in every laboratory, and a full library of dyes able 

to selective stain cellular target organelle, such as mitochondria, lysosomes, 

endoplasmic reticulum, or Golgi apparatus, is commercially available. Some example 

of this type of compounds used to staiŶ the cellular Ŷucleus iŶclude ϰ′,ϲ-diamidino-2-

phenylindole (DAPI)202 and Hoechst203, that become emissive when bound to DNA 

(Figure 1.23).  

 

 
Figure 1.23. Chemical structure of representative commercial fluorescent dyes for nucleus 

staining. a) Hoechst b) DAPI 

 

Fluorescent molecules that undergo reversible or irreversible photoswitching or 

photoactivation have become of particular interest for super-resolution imaging204, 

including stochastic optical reconstruction microscopy (STORM)205 and 

photoactivated localization microscopy (PALM)206.  
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A classical application of organic fluorophores is probably as probe for metal ions 

since they are required for the proper function of all cells within every living organism 

and interesting reviews has indeed been published on this topic166,190. For sure the 

main advantage of this class of molecules is their easy functionalization: dyes with 

reactive groups such as Isothiocyanate or succinimidyl esters, which are reactive 

towards amino groups to form a thioureido or amide linkage respectively, are also 

commercial available and their application to tag molecules range from biology to 

material chemistry.  

Generally this fluorescent tags display strong and tunable absorption with molar 

extinction coefficient () up to 105 in magnitude as well as high photo luminescent 

quantum yield (PLQY) up to 100% across the all visible region. However they suffer 

from small Stokes shifts, short luminescence lifetimes and high susceptibility to 

photobleaching. 

 

1.5.2 Quantum dots  

A quantum dot (QD) is a nanocrystal made of semiconductor materials that, due to its 

size, exhibit quantum mechanical properties. It was first discovered by Brus in 

1983207. The photophysical and electronic properties of QDs are determined by the 

physical confinement of excitons, which occurs when the dimensions of the 

nanocrystal approaches that of the exciton. The bandgap of the QD widens with 

decreasing size, giving rise to unique, size-dependent optical and spectroscopic 

properties. 

Respects to organic fluorophores, QDs have broader absorption spectra, which can 

be actually seen as both a positive or negative feature depending on the application. 

For instance different colored QDs can be simultaneously excited using a single 

wavelength, but, for other application, a selective excitation of a single label may be 

required and a narrow excitation band is indeed preferred (Figure 1.24)208. 



 

43 
 

 
Figure 1.24. Emission maxima and sizes of QD of different composition.

209
 

 

However QDs have narrow emission spectra, which can be controlled in a relatively 

simple manner by variation of core size and composition, and through variation of 

surface coatings allowing a relatively easy separation of the different signals making 

them well suited to multiplexed imaging. For example Gao and coworkers showed 

the possibility to combine multiple colors and intensities to encode genes, proteins 

and small-molecule libraries210-212. 

Another important feature of QD is their good photostability, which is fundamental 

to monitor the long-term interactions of labelled biological molecules in cells; QDs 

can actually undergo repeated cycles of excitation and fluorescence for hours with a 

high level of brightness and photobleaching threshold. Dihydrolipoic acid (DHLA)-

capped cadmium selenide-zinc sulfide (CdSe-ZnS) QDs showed no loss in intensity 

after 14 h, and were nearly 100 times as stable as, and also 20 times as bright as, 

rhodamine213. 

QDs also have a longer fluorescent lifetime respect to organic fluorophores up to 100 

ns and allow some application in time-gated imaging since endogenous fluorescent 

molecules as well as commercial organic dyes own excited state lifetimes of few 

nanoseconds.  
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Even if QDs display many advantages including the possibility to image small 

animals209 there are also several drawbacks. While size and shape can be controlled 

within using precise growth techniques, the surface defects in the crystal structure 

and the poor surface passivation reduce the overall quantum yield214. The cores are 

highly reactive due to their large surface area:volume ratio, resulting in a very 

unstable structure which is particularly prone to (photo)chemical degradation which 

include desorption of highly toxic free Cd ions The extent of cytotoxicity has been 

found to be dependent upon a number of factors including size, capping materials, 

color, dose of QDs, surface chemistry, coating bioactivity and processing 

parameters215. In addition QDs are mostly synthesized in nonpolar organic solvents. If 

they are to be solubilized in aqueous buffers, their hydrophobic surface must be 

covered with amphiphilic ones. In conclusion a coating of the QD core is necessary in 

order to render them soluble and biocompatible. Keeping into account the possibility 

of the breakdown of the shell and the requirement for such refinements, the 

production of suitable quantum dots for particular applications can be very complex 

and expensive. 

 

1.5.3 Lanthanide complexes 

As an alternative to classical organic fluorescent labels, lanthanide complexes 

emerged in the last decade216 due to their peculiar luminescent properties. Europium 

was the first lanthanide to be studied in solution by Freed et al
217 in the 1939. They 

discover that the relative intensity of the line-like emission spectra (almost atomic 

spectral characteristics) is affected by the solvents in which they are studied making 

this class of compounds potential probes for sensing local environmental changes. 

This characteristic, combined with the extremely long luminescence lifetimes (up to 

ms) and, in some cases, with the photoluminescence in the NIR region218, makes this 

class of compounds extremely attractive in bioimaging.  

Trivalent lanthanides ions such as Sm, Tb, Eu and Yb can coordinate up to eight or 

nine ligands which generally are combinations of Lewis bases, such as amines and 

carboxylic groups, due to the hard characteristics of these metals. Since free 
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lanthanide ions are toxic, very stable complexes are paramount to be viable in 

imaging applications and cage-like ligands are preferred to improve their stability 

such as DOTA219 or EDTA. 

Lanthanide complexes can be distinguished by their characteristic wavelengths of 

emission which are wholly due to the metal centered f-f transitions. Due to the fact 

that f-f transitions are symmetry forbidden (Laporte rule) the direct excitation of the 

metal center is inefficient (very small molar absorption coefficients) and an antenna 

(commonly an organic chromophore) is required to pump energy in the lanthanide 

acceptor states. For this reason the resulting complexes show large Stokes shifts 

upon ligand excitation up to several hundred of nanometers with gaps of zero 

absorption. In addition they display very small sensitivity to photobleaching in view of 

their ability to efficiently harvest energy from triplet states. Perhaps the most 

interesting applications rise from their long excited state lifetimes which enable their 

use as probes in time resolved techniques such as time-resolved fluoro-

immunoassays (TR-FIA), DNA hybridization assays220 and time-resolved luminescence 

microscopy (TRLM)221. 

About the biological applications of lanthanide complexes several interesting reviews 

has been published on this topic222-224. An interesting example of the use of 

lanthanide coordination complexes as emissive optical probes is given by 

Montgomery et al.225 by systematically studying more than 60 emissive complexes, 

examining the time dependence of cellular uptake and compartmentalization, cellular 

toxicity, protein affinity, and quenching sensitivity they were able to identify certain 

structure-activity relationships (Figure 1.25). 
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Figure 1.25. Schematic illustration of the dominant intracellular localization profiles of the 

emissive Eu and Tb macrocyclic complexes.
225

  

 

They reported several Eu and Tb macrocyclic complexes able to report on the 

concentration of key biochemical variables such as local pH, metal concentration (Ca 

and Zn) as well as the concentration of certain anionic metabolites, such as citrate, 

lactate, bicarbonate, or urate (Figure 1.25).  

 

1.5.4 Transition metal complexes 

Heavy-metal complexes including Re(I)-, Ru(II)-, Os(II)-, Ir(III)- and Rh(III) that possess 

d6 electron configuration, Pt(II) complexes with d8 electronic structures, Au(I)and 

Cu(I) complexes with d10 have attracted much attention because of their rich and 

peculiar physico-chemical and redox properties. The main property induced by the 

presence of the heavy atom is the strong spin-orbit coupling which allows an efficient 

intersystem crossing from singlet state to the triplet manifold. Thus, the spin 

selection rule can be removed to a large extent, resulting in highly intense 

phosphorescent emission with useful radiative decay times.  

The judicious choice of metal ions and ligands leads to luminescent compounds, 

which show great photo- and electro-chemical stability, high photoluminescence 



 

47 
 

quantum yield (PLQY), tunable emission color across the visible electromagnetic 

spectrum, from ultra-violet (UV) to near infrared (NIR)10,11.  

Several interesting reviews have been reported25,226-228 trying to rationalize the 

relationship among the structure, the cellular uptake kinetics and the 

compartmentalization. Many TMCs show indeed an intrinsic specific localization as 

can be as can be observed in Figure 1.26. However, as for the organic fluorophores, 

there are not general rules able to predict localization depending on the chemical 

structure. 

 

 

Figure 1.26. Localization of some d
6
 TMCs in cells.

25
 

 

For example triphenylphosphonium ion is known to bind to mitochondria229, however 

Chi-Kin Koo et al.
230 reported a triphenylphosphonium-functionalised cyclometalated 

Platinum(II) complex that, instead, is selective for the nucleus while a Zhengqing Guo 

et al.
231 reported oligo(ethylene glycol)-functionalized cyclometalated platinum(II) 

complexes bearing a triphenylphosphine as ancillary ligand that is, indeed, 

mitochondria-specific.  

Octahedral d6 transition metal complexes such as Ru(II), Ir(III) and Re(I), probably the 

most studied so far, display high kinetic inertness due their low rates of ligand 

exchange. The most common structure of luminescent Ru(II) species entails three 

neutral N^N ligands, mainly derivatives of 2,2'-Bipyridine (bpy) and Phenanthroline 

(phen), coordinated to the metal center. The most applied family of luminescent Ir(III) 

complexes are bis-cyclometallated of general formulation [(C^N)2Ir(L^L)] where the 
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C^N belongs to the phenylpyridine (ppy) family and the L^L chelating ligand can be a 

neutral N^N ligand such as a bpy or an anionic C^N ligand giving monocationic and 

neutral complexes respectively. Re complexes instead are based around fac-

tricarbonyl Re(I) with a N^N ligand and typical formulas are [ReX(bipy)(CO)3] (X = 

halogen) for neutral complexes or [Re(bipy)(CO)3(L)]+ for cationic compounds where L 

is generally a pyridine derivative.  

The charge of heavy-metal complexes significantly affects their cellular uptake. 

Generally when complexes own positive charges they can easily interact with the 

negative surface of the membrane and enter living cells.  

This class of molecules displays several advantages respect to the classes discussed 

previously: ligands can be rationally designed and synthetized to modulate 

photophysical properties and easily functionalized like the small organic fluorescent 

dyes. The coordination to a transition metal ion leads to an increase of the lifetimes 

due to the population of triplet states that allow time resolved techniques, followed 

by an increase of the stokes shift and a bathochromic shift of both excitation and 

emission spectra generally due to the formation of new 3MLCT transition at lower 

energy. However this bands have smaller molar absorption coefficient compared to 

the spin allowed -* transition of the isolated ligand, but still easier to excite if 

compared with lanthanides. Even if PLQY are very high and close to the unit in some 

cases, the excited state lifetimes are subject to shortening by triplet quenchers 

(e.g.3O2). On the hand this property can be exploited to map 3O2 concentration, on 

the other reactive toxic species can be formed such as 1O2.  

 

1.5.5 Platinum(II) complexes 

Even though Pt(II) complexes have been extensively studied for cancer therapy232 due 

to their high toxicity, much less work has been done for their application as bio-

imaging probes compared to the compounds discussed previously. Organometallic 

complexes of Pt(II) possess attractive properties and several groups has reported 

luminescent Pt(II) complexes able to enter living cells and, in some cases, to 

selectively stain specific compartments233. 
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An important contribution to the bioimaging field comes from Williams group234,235 

who show how highly emissive and photostable Pt(II) complexes can be used in 

bioimaging using a combination of confocal one-photon excitation or nonlinear two 

photon excitation (TPE) with time-resolved emission imaging microscopy (TREM) on a 

hitherto uncharted microsecond time scale.  

TPE is emerging as a powerful tool for noninvasive imaging of live cells and tissues. It 

excites chromophores in the range of 600-1000 nm (biological window) by using 

simultaneous absorption of two photons which enables a deeper analysis of the 

sample up to hundreds of micrometers due to the higher transparency of the tissue 

in this optical region. The high photon flux also provides a better spatial resolution 

but demands exceptional photostability of the chromophores used.  

The long lifetime up to s allows an easy separation of the signal coming from the 

phosphorescent complex from fluorescent signals such as from a solution of 

fluorescein in 1M concentration. The general formula of the Pt(II) complex, the 

concept of time gating and its ability to eliminate short-lived background 

fluorescence are depicted in Figure 1.27.  

 

 
Figure 1.27. a) general structure of the Pt(II) complexes investigated by Williams and 

coworkers
234,235

; b) diagrammatic illustration of the concept of time gated imaging
234

.Time-

gated cellular imaging of live CHO cells preincubated with a Pt(II) complex and imaged in the 

presence of a solution of fluorescein. The images were taken at 0 ns (c) and at 10 ns (b) 

delays after the 355-nm laser pulse. (Scale bar 10 m).
234,236

 

 

In addition, they show how lifetime mapping can be used to image live cells and 

tissue section with a wealth of detail within the cell, in particular, nuclear and cell 

membranes which are not visible in the intensity image. They have observed that the 

excited state lifetime increases when moving from the cell membrane, through the 

cytoplasm and into the nucleolus. As shown in Figure 1.28. 
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Figure 1.28. Live CHO-K1 cells labelled with a Pt(II) complex. (a) TP-TREM intensity image 

under 760 nm two-photon excitation, reconstructed by integrating total emission intensity 

pixel-per-pixel; (b) lifetime distribution map corresponding to image (a).
235

 

 

The emission lifetime varies by more than a factor of 20 depending on the location, in 

particular they found it to be shorter (around 300 ns) in the membrane, longer in the 

cytoplasm (around 2 s) up to 4 s in the nucleus with, discrete zones of almost 6 s, 

value similar to that obtained in fully deoxygenated solution. Such differences where 

tentatively assigned to a variable degree of protection from quenching by oxygen 

since this complex, as well as TMCs in general, are strongly quenched by oxygen. Self-

quenching via interactions with another Pt(II) molecule and even binding to proteins 

or intercalating into DNA was also not excluded. Although these probes can 

comfortably sense oxygen to sub- micromolar level, the formation of 1O2 can 

represent a drawback due to the intrinsic toxicity. 

The use of the self-assembly properties of Pt(II) complexes to obtain dynamic labels 

for cell imaging has been recently reported by Yam and coworkers.237 The authors 

reported a water-soluble alkynylplatinum(II) terpyridine complex 8 (Figure 1.29a) that 

can reversibly form aggregates upon changes in pH which are in the physiological 

range. Formation of the aggregates upon establishment of PtPt metallophilic 

interactioŶs result iŶ a ͞sǁitch oŶ͟ of the emissioŶ iŶ the NIR regioŶ ;Figure 1.29b). 
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Figure 1.29. (a) Chemical structure of complex 8. (b) Emission spectra of 8 (200 M) in 

aqueous solution (50 M NaCl) at various pH values (ex = 480 nm). (c–e) Confocal 

microscopy images of fixed MDCK cells incubated with 20 M of complex 8 for 1 hour 

followed by incubation with buffer solutions at different pH: pH 5.72 (c), pH 6.75 (d) and pH 

7.80 (e). ex = 488 nm.
237

 

 

The trigger for the changes in the aggregation properties is the acidity of the phenolic 

proton which at high pH increases the hydrophilicity of the complex and hence its 

deaggregation in aqueous medium. The emission of the complex is present only 

when the compound is in the aggregate format pH between 3.5 and 5.6. Above 5.6 in 

pH the NIR emission shows a significant drop in intensity and becomes completely 

͚͚turŶed-off’’ at or aďove pH ϳ.ϲ ;Figure 1.29b).  

Confocal microscopy images of fixed MDCK cells incubated with the complex  in 

serum aŶd pheŶol red free Dulďecco’s modified Eagle’s medium ;DMEMͿ revealed a 

strong NIR emission band in vesicular distribution (Figure 1.29c). The MDCK cells 

remained viable after the incubation (MTT assay results ca. 97% viability as compared 

to untreated MDCK cells) and showed good co-localization, with the green emission 

of LysoSensor Green DND-189, in acidic organelles such as lysosomes. The 
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relationship between their chemical structures and cell uptake, localization and 

toxicity remains elusive. 

 

1.6 Scope of the thesis 

The work described in this thesis is focused on the synthesis and characterization of 

luminescent Pt(II) complexes. Particular attention is paid to their self-assembly 

properties, exploited to create new functional in- and out-of-equilibrium 

architectures, such as polarized emitting fibers and (chiral) micro/nanostructures. 

Moreover, the dramatic changes in the photophysical properties, shown by such 

materials upon self-assembly, are used to probe in real time the evolution of a 

system with complex pathway dynamics. Finally, some possible applications are 

reported, in particular these assemblies have been used as new phosphorescent 

labels for bioimaging and as devices for data storage and security. 

After a short description of the instruments and the techniques used in this work 

(chapter 2), chapter 3 explores the synthesis of the dianonic tridentate ligands and of 

the resulting Pt(II) complexes. The study of the self-assembly of the latter ones 

revealed the formation of fibers with polarized emission. Fluorescence anisotropy 

studies have clearly shown, for the first time, how the new electronic transition 

dipole moment, originated by the dz2···dz2interactions, is indeed oriented along 

the fiber growth direction.  

In Chapter 4, the syntheses of an ancillary ligand bearing a chiral moiety and the 

corresponding Pt(II) complexes (both enantiomers) are described. The complexes can 

assemble in helicoidal structures, which have been investigated in detail, both 

photophysically and morphologically. Noteworthy, these assemblies represent the 

first examples of enhancement of the chiro-optical properties driven by metallophilic 

interactions in the solid state.  

Chapter 5 is dedicated to the understanding and control of the self-assembly 

mechanism underlying the formation of the above mentioned highly organized 

structures. We describe indeed how interlocked dynamic pathways comprising more 

than two assemblies can be characterized and kinetically controlled. This has allowed 
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us to visualize in real-time the events involved and to fine tune the size of the 

assemblies.  

In addition, the self-assembled architectures show bright emission and enhanced 

stability. Since the emission can be easily modulated and the long-lived emissions 

easily detected, such materials can be applied as labels in biomedicine, as reported in 

Chapters 6 and 7.  

Finally, Chapter 8 focuses on the solid state properties of such materials and, in 

particular, on the changes in the photophysical properties upon mechanical stimulus. 

We show that luminescent mechanochromism, a phenomenon generally observed in 

bulk materials, can be brought on the microscopic level and used to achieve high-

density information writing with AFM nanolithography. 
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Chapter 2 

Experimental techniques 

 

 

 

 

 

 

 

Abstract: This chapter briefly describes the major instrumental methods employed in 

the thesis for the characterization of the compounds both theoretically and 

practically. UV-Vis absorption, Steady state and time resolved emission techniques 

are described as well as quantum yield measurements and cyclic voltammetry. 

Microscopy techniques such as scanning electron microscopy and fluorescence 

microscopy are discussed. The conditions for all other commonly used 

characterizations and experimental techniques (i.e. NMR, mass spectroscopy, sample 

preparation) are given in the experimental sections of the individual chapters. 
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2.1 Absorption spectroscopy
1
 

In order to measure such quantity with no influences exerted by other phenomena 

(mainly related to short-term changes in source intensity), a double-beam UV-Vis 

spectrophotometer is used. A schematic diagram of a double-beam UV-Vis 

spectrophotometer is shown in Figure 2.1. The monochromator selects a particular 

wavelength from the light source, which is split into two separate beams. These two 

beams (I0) are guided through the sample containing and through the pure solvent 

(reference) using optically transparent cells (generally quartz cuvettes). The intensity 

of two beams is compared to give respective absorbances. 

 

 
Figure 2.1. Schematic description of a double beam spectrophotometer. 

 

Consider a thin slab of solution of thickness dx that contains n light-absorbing 

molecules/cm3 (Figure 2.1). If  is the effective cross-section for absorption in cm2, 

the light intensity dI absorbed per thickness dx is proportional to the intensity of the 

incident light I,  and the number of molecules per cm3 (n): 
dI I n
dx

   Rearrangement 

and integration, subject to the boundary condition I = I0 at x = 0, yields the Beer-

Lambert equation, which is generally used in an alternative form: 

0log I cd
I

  where  is the molar extinction coefficient (in M–1 cm–1) and c is the 

concentration in moles/liter. Also the transmittance (T) is frequently used and it is 

defined as the ratio between the intensity of light that passes through a medium 

(transmitted light, I) and the intensity of the incident light (I0). In other words, it is 
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defined as the negative logarithm of the absorbance. Beer's Law predicts that the 

optical density is directly proportional to the concentration of the absorbing species. 

However deviations from Beer's law can result from both instrumental and intrinsic 

causes. Biological and/or supramolecular systems that contain macromolecules or 

other large aggregates, can lead to turbid samples that scatter light. The optical 

density resulting from scatter will be proportional to 1/4 (Rayleigh scattering), and 

may thus be easily recognized as a background absorption that increases rapidly with 

decreasing wavelength.  

If the optical density of the sample is high, and the absorbing species fluorescent, the 

emitted light cannot reach the detector. However this effect can be minimized by 

keeping the detector distant from the sample, decreasing the efficiency with which 

the fluorescence emission is collected or with cuvettes having reduced optical path or 

a different geometry.  

Aggregation processes can also take place and the resulting supramolecular systems 

may possess distinct features from the monomers. Depending upon the wavelength 

chosen for observation, the deviations from Beer's law may be positive or negative. In 

our experiments the electronic absorption spectra were recorded on a Shimadzu UV-

3600 double-beam UV–VIS–NIR spectrophotometer and baseline corrected. Time- 

and temperature-dependent absorption spectra were recorded on a JASCO V-650 

UV–VIS spectrophotometer equipped with cell holder and temperature control. The 

quartz cuvettes (from Hellma) have an optical path of 1 cm. 

 

2.2 Fluorescence spectroscopy 

An emission spectrum is the wavelength distribution of an emission measured at a 

single constant excitation wavelength. Conversely, an excitation spectrum is the 

dependence of emission intensity, measured at a single emission wavelength, upon 

scanning the excitation wavelength. Such spectra can be presented on either a 

wavelength scale or a wavenumber scale. Light of a given energy can be described in 

terms of its wavelength , frequency , or wavenumber. The usual units for 

wavelength are nanometers, and wavenumbers are given in units of cm–1. 
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Wavelengths and wavenumbers are easily interconverted by taking the reciprocal of 

each value. For example, 400 nm corresponds to (400 x 10–7 cm)–1 = 25,000 cm–1. On 

the contrary of absorption spectroscopy in which a double-beam configuration can 

get right of many artefacts, there is no ideal spectrofluorometer. The available 

instruments do not yield true excitation or emission spectra. This is because of the 

spectral output of the light sources and the wavelength-dependent efficiency of the 

monochromators and detector tubes are not uniform. The polarization or anisotropy 

of the emitted light can also affect the measured fluorescence intensities because the 

efficiency of gratings depends on polarization. Emission spectra recorded on different 

instruments can be different because of the wavelength-dependent sensitivities of 

the instruments. In this thesis, steady-state emission spectra were recorded on a 

HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W 

xenon arc lamp as a source of exciting light which passes through a monochromator 

(2.1 nm/mm dispersion; 1200 grooves/mm) and is directed to a reference detector 

and to the sample. 

Emission of the sample, collected at 90° with respect to the incident light, passes 

through another monochromator (2.1 nm/mm dispersion; 1200 grooves/mm)) before 

reaching the detector. Different detectors were used depending on the considered 

region of the light spectrum: for the UV-Vis range, a TBX-04 single photon-counting 

detector was used whereas for the NIR a Hamamatsu R2658P photomultiplier was 

used. The excitation spectra are corrected for source intensity (lamp and excitation 

grating) and for detector spectral response and emission grating by standard 

correction curves. Optical Filters are used, to remove unwanted wavelengths in the 

excitation beam, or to remove scattered light from the emission channel in particular 

a 400 nm long pass filter was employed. For anisotropy measurements a PicoQuant 

FluoTime 300 (PicoQuant GmbH, Germany) equipped with the Multi-Channel Scaling 

(MCS) electronics NanoHarp 250 and a xenon lamp as a source of exciting light was 

used. Figure2.2 shows a schematic diagram of a Fluorolog 3 spectrometer. 
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Figure2.2. Schematic representation of the fluorescence spectrophotometer Fluorolog 3 

model FL3-12 from Horiba Scientific (source: www.horiba.com). 

 

2.3 Luminescence quantum yields  

The photoluminescence quantum yield (PLQY) of a molecule in solution varies 

depending on the experimental conditions, including the type of solvent, the 

concentrations of sample and dissolved oxygen in the solution, temperature, and 

excitation wavelength. When the physical conditions are fully specified, the absolute 

quantum yield can, in principle, be precisely determined. However, even if these 

parameters are specified, a number of pitfalls exist. It must be considered explicitly to 

determine reliable quantum yields. These include polarization effects, refractive 

index effects, reabsorption/ reemission effects, internal reflection effects, and the 

spectral sensitivity of the detection system.2,3 They can be classified into relative (or 

secondary) methods and absolute (or primary) methods.4 

The absolute methods require performing various complex corrections to obtain 

accurate quantum yields. Therefore, in most laboratories relative (secondary) 

methods are used to determine quantum yields.  

In secondary methods, the quantum yield of a sample solution is determined by 

comparing the integrated fluorescence intensity with a standard solution under 

identical conditions of incident irradiance. Thus, it is critical to correct for the spectral 

sensitivity of the instrument, and the measured quantum yield is only as accurate as 

the certainty of the quantum yield of the fluorescence standard according to the 

http://www.horiba.com/
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equation: 
2

2
S SR

S R
R S R

I nOD
I OD n

   where  is the photoluminescence quantum yield 

(PLQY); I is the integrated emission intensity; OD is the optical density, and n is the 

refractive index. The subscripts S and R refer to the sample and reference 

fluorophore the latter must have a known quantum yield. In this expression it is 

assumed that the sample and reference are excited at the same wavelength, so that 

it is not necessary to correct for the different excitation intensities of different 

wavelengths.1 

Many different absolute (or primary) methods for determining PLQY have been 

developed such as the Vavilov method5 (using magnesium oxide as a standard), the 

Weber and Teale method6 (using scattering solution as standard), Calorimetric 

methods7-9 and photoacoustic (optoacoustic) methods10,11 detect the fraction of the 

energy which is lost by nonradiative processes in a luminescent sample, i.e., the 

complement of the luminescence energy yield. These photothermal methods 

generally require making the assumption that the relaxation processes of excited 

molecules involve no photochemical reactions. 

 

 

Figure 2.3. Schematic representation of an integrating sphere for measuring absolute 

luminescence quantum yields. MC stands for monochromator, and BT-CCD is a back thinned 

CCD. The number of photons absorbed is proportional to the difference of the integrated 

excitation light profiles, while the number of photons emitted is proportional to the area 

under its fluorescence spectrum.
4
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Another approach consists in the use of an integrating sphere (Figure 2.3) which 

collects all the emitted photons with a calibrated photodiode and sets them into 

relation with the number of absorbed photons. In this way the effects of polarization, 

scattering and refractive index are eliminated from the measurements.  

Light from a xenon lamp is monochromatized at the selected wavelength and guided 

by an optical fiber into the integrating sphere. The emitted light from the sample is 

collected by a detector after passing through another optical fiber and a second 

monochromator. The PLQY ( ) is then calculated from the number of photons 

absorbed (difference of the integrated excitation light profiles) and the number of 

photons emitted (integrated fluorescence spectrum) according to the equation: 

   

   
( )
( )

sample reference
em em

reference sample
exc exc

I I dPN Em hc
PN Abs I I d

hc

   

   

  
  

  




 where PN(Abs) is the number of 

photons absorbed by a sample and PN(Em) is the number of photons emitted from a 

sample, λ is the waveleŶgth, h is PlaŶck’s coŶstaŶt, c is the velocity of light, sample
excI  and 

reference
excI  are the integrated intensities of the excitation light with and without a sample 

respectively; sample
emI  and reference

emI  are the photoluminescence intensities with and 

without a sample, respectively. For this purpose we used Hamamatsu Photonics 

absolute PL quantum yield measurement system (C9920-02) equipped with a L9799-

01 CW Xenon light source (150 W), monochromator, C7473 photonic multichannel 

analyzer, an integrating sphere and employing U6039-05 PLQY measurement 

software (Hamamatsu Photonics, Ltd., Shizuoka, Japan). 

 

2.4 Lifetime measurements  

Time-resolved experiments, such as the excited state lifetime determination, were 

carried out by time-correlated single-photon counting (TCSPC). The schematic 

diagram of the setup is shown in Figure 2.4. The experiment starts with the excitation 

pulse (either a flash lamp or a laser) which excites the samples and sends a signal to 

the electronics. This signal is passed through a constant function discriminator (CFD), 

which accurately measures the arrival time of the pulse. 
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Figure 2.4 Electronic schematic for TCSPC.

1 
 
The signal (START) is passed to a time-to-amplitude converter (TAC), which starts the 

charging of the capacitor by generating a voltage ramp. The voltage increases linearly 

with time on the nanosecond timescale. A second channel detects the pulse from the 

single detected photon (STOP). The arrival time of the signal is also accurately 

determined using a CFD, which sends a signal to stop the voltage ramp. TAC now 

contains a voltage proportional to the time delay and is stored in a histogram in 

which the x-axis in the histogram is the time difference between START and STOP 

signal and the y-axis is the number of photons detected for this time difference. As 

needed the voltage is amplified by a programmable gain amplifier (PGA) and 

converted to a numerical value by the analog-to-digital converter (ADC). To minimize 

false readings the signal is restricted to given range of voltages. If the signal is not 

within this range the event is suppressed by a window discriminator (WD). The 

voltage is converted to a digital value that is stored as a single event with the 

measured time delay. By repetitive measurements a statistical time distribution of 

emitted photons is obtained.  

Time-resolved measurements up to ∼ 10μs were performed using the TCSPC option 

(PicoHarp) of a FluoTime 3ϬϬ ͞EasyTau͟ apparatus ;PicoQuaŶtͿ eƋuipped ǁith 

subnanosecond LDH sources (375, 405, 440, 510 and 640 nm, with 50–100 ps pulse-

width) powered by a PicoQuant PDL 820 variable (0.2–80 MHz) pulsed power supply. 
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A PMA-C was employed for detection in the UV-visible (200–900 nm). For excited 

state lifetimes >1Ϭ μs, NanoHarp 250 MCS (Multi Channel scaler Card) histogram 

accumulating real-time processor was employed.  

The multichannel analyzer consists of a multichannel card. The light input is 

discriminated for its intensity and if the input pulse amplitude falls within the 

threshold of the lower level discriminator and the upper level discriminator, the 

control and logic circuit are enabled and the peak amplitude is stored. In general, the 

signal intensities are collected in different channels for the duration of a dwell time 

after which an intensity counter moves to the next channel. After the acquisition time 

is reached, the collected total light intensities in all channels are counted and 

correlated to the time frame of each channel giving an intensity-time profile.  

The decays were analyzed by means of PicoQuant FluoFit Global Fluorescence Decay 

Analysis Software (PicoQuant GmbH, Germany). The quality of the fit was assessed by 

minimizing the reduced 2 function and by visual inspection of the weighted 

residuals. For multi-exponential decays, the intensity, namely I(t), has been assumed 

to decay as the sum of individual single exponential decays: 
1

( ) i

tn

i
i

I t a e 




  where i  

are the decay times and ia  are the amplitude of the component at t = 0. The 

percentages to the pre-exponential factors, ia , are listed upon normalization. 

 

2.5 Scanning electron microscope (SEM) 

The schematic diagram of a simplified SEM setup is shown in Figure 2.5. The beam of 

electrons, generated at the top by the electron gun, is accelerated by the anode, 

which is biased +1 to +50 kV respect to the electron gun, down into the electron 

column. After being collimated through condenser lens the beam passes through 

pairs of scanning coils in the electron column, which deflect the beam in the x and y 

axes so that it scans in a raster fashion over a rectangular area of the sample surface. 
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Figure 2.5 Schematic representation of a SEM setup. 

 
Generally the beam is focused in a spot of 1 nm to 5 nm size. The energy exchange 

between the electron beam and the sample results in the reflection of high-energy 

electrons by elastic scattering, emission of secondary electrons by inelastic scattering 

and the emission of electromagnetic radiation, each of which can be detected by 

specialized detectors.  

The most common imaging mode collects low-energy (<50 eV) secondary electrons 

that are ejected from the k-shell of the specimen atoms by inelastic scattering 

interactions. The Backscattered electrons, originated by elastic scattering interactions 

with specimen atoms can also be used for creating the contrast image of the specific 

regions of the sample.  

For conventional imaging in the SEM, specimens must be electrically conductive, at 

least on the surface, and electrically grounded to prevent the accumulation of 

electrostatic charge on the surface. Therefore they are usually coated with an 

ultrathin coating of electrically conducting material, deposited on the sample either 

by low-vacuum sputter coating or by high-vacuum evaporation.  
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In this thesis, the samples were covered by a 5 nm thick gold layer, and finally 

investigated using a FEI Dual Beam 235: FIB-SEM-STEM with an ion beam (FIB, 5 nm) 

and electron beam (SEM, 1 nm). 

 

2.6 Fluorescence microscopy 

Figure 2.6 shows a simplified setup of a widefield fluorescence microscope (left) and 

a laser scanning confocal microscope (right).  

 

 
Figure 2.6. Simplified setup of a widefield fluorescence microscope (left) and schematic 

representation of a Laser Scanning Confocal Microscope (right) adapted from 

www.zeiss.com. 

 

In the widefield microscopes the light source is usually a xenon arc lamp or mercury-

vapor lamp. An excitation filter selects a particular wavelength range, and the 

excitation beam is deflected at 90° by a dichroic (DIC) mirror, reaching the sample 

after passing through an emission filter and the objective lens which focuses the light 

emitted by the sample onto an area array detector system (usually a CCD camera). A 

shutter system limits the excessive exposure to harmful excitation light. The full 

aperture of emission light gathered by the microscope objective maximizes the 

recorded signal and simultaneously minimizes the required exposure times. Thus, 

specimens can be imaged with very brief illumination periods. The major drawback of 

widefield imaging is that fluorescence arising from regions far from the focal plane, as 

well as background signal, often obscures the features of interest. Therefore, 

http://www.zeiss.com/
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widefield imaging achieves the optimum results when the features of interest are 

either large (such as an organelle) or highly punctate in nature. Generally DIC 

microscopy is used in conjunction with widefield fluorescence to monitor the general 

morphology while simultaneously investigating phenomena of interest with 

specifically labeled targets. Thus, the DIC image can be captured from a fluorescently 

labeled specimen using transmitted light followed by imaging in epi-fluorescence 

mode and combined during analysis.  

Nowadays widefield microscopes can capture DIC and fluorescence images 

simultaneously. Multiple fluorophores can be sequentially imaged to elucidate the 

spatial and temporal relationships between labeled targets. 

Laser scanning confocal microscopes (Figure 2.6 right) offer several advantages over 

conventional widefield fluorescence microscopes, in particular the possibility to 

control the depth of field and the elimination of the out-of-focus information. It is 

also possiďle to collect series of ͞optical sectioŶs͟ from thick specimens that can be 

subsequently used to reconstruct the specimens in three dimensions.  

The key to the confocal approach is the usage of spatial filtering to eliminate out-of-

focus light or flare in specimens that are thicker than the plane of focus by 

illuminating the objective through a pinhole. Only if the specimen is in focus, the light 

can pass through the pinhole and reach a detector (usually a PMT).  

As drawback total signal level is lower even if the specific signal-to-noise ratio for the 

features of interest is increased.  

Magnification can be electronically adjusted by altering the scanning laser sampling 

period which varies the area scanned by the laser without having to change 

objectives (zoom factor). Increasing the zoom factor reduces the specimen area 

scanned and simultaneously reduces the scanning rate. However high zoom factor 

may lead to increase photobleaching. 

In this thesis fluorescence microscopy was performed with an Olympus BX51 

microscope using a 20x objective and an Olympus U-MWBV. Images and movies were 

recorded with an Olympus XC-10 color camera. Fluorescence confocal microscopy 
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was performed with a Zeiss LSM 710 confocal microscope system with a 10-63x 

magnification objective.  
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Chapter 3 

Self-assembly of a neutral platinum(II) complex 

into highly emitting microcrystalline fibers 

through metallophilic interactions 

 

 

 

 

 

Abstract: This chapter describes the synthesis of tridentate N^N^N ligands and the 

corresponding Pt(II) complexes with different ancillary ligands. In particular, 3-

trifluoromethyl 2,6-bis(1H-1,2,4-triazol-5-yl)pyridine has been employed as 

coordinating ligand to afford neutral platinum complexes. For one of the derivatives, 

the self-assembly properties have been investigated by using photophysical and 

morphological techniques. The resulting self-assembled fibers have shown both 

polarized absorption and emission with highly efficient photoluminescence quantum 

yield (up to 74%). 
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3.1 Introduction 

Supramolecular organometallic nanostructures have attracted a great deal of 

attention in the last few years because of the possibility to fabricate functional 

materials with superior properties. In particular, square-planar Pt(II)and Pd(II) 

complexes with protruding filled dz
2 orbitals have been known for a long time to 

show a high tendency towards stacking through weak non-covalent metal···metal 

and/or – ligand–ligand interactions1-3. 

 By means of bottom-up approaches, it has been shown that luminescent Pt(II) 

complexes are able to form either homo-4 or hetero-metallic5,6  supramolecular 

architectures such as liquid crystals7,8, nanowires9, nanotubes10, nanosheets11, and 

metallo-gelators12,13, with very appealing (electro)optical,11,13-15 sensing14, and 

semiconducting properties15-18. To date, metal complexes forming long-range ordered 

soft structures showing polarized light emission and photoluminescence quantum 

yield (PLQY) exceeding 0.5 are very rare and typically require the aid of orienting 

scaffolds and special techniques19.  

Self-assembled functional architectures might have great potential applications in 

optoelectronic devices such as organic light emitting diodes (OLEDs),13,15 field effect 

transistors (FETs),11,18 and organic light- emitting FETs (OLEFETs)9. Noteworthy, 

linearly polarized materials with uniaxial molecular orientation find great application 

for improving light extraction in such devices,15 and as active materials in 3D OLED 

displays19.  

In this chapter, the synthesis and chemical characterization of the 3-trifluoromethyl 

2,6-bis(1H-1,2,4-triazol-5-yl)pyridine tridentate ligand and its methyl-subsituted 

counterpart are described along with the corresponding neutral Pt(II) complexes. In 

particular, the Pt(II) derivative containing a formally dianionic N-donor tridentate and 

trifluoromethyl-substituted chromophoric ligand (pyC5-CF3-tzH2, see Figure 3.1) and 

4-amyl pyridine as ancillary ligand, namely Pt-CF3tz-pyC5, is able to self-assemble into 

micrometer-long and highly crystalline fibers with solvent-dependent morphological 

features. As a consequence of high degree of order imparted by weak non-covalent 

intermolecular (metal···metal and –) interactions within the supramolecular 
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structures, the resulting self-assembled fibers have shown both polarized absorption 

and emission with highly efficient photoluminescence quantum yield (up to 74%). 

 

3.2 Result and discussion 

3.2.1 Synthesis and characterization 

3.2.1.1 Synthesis of the tridentate ligands 

The general chemical structure of the 3-substituted tridentate ligands 2,6-bis(1H-

1,2,4- triazol-5-yl)pyridine employed in this chapter is shown in Figure 3.1. 

 

 

Figure 3.1. General chemical structure of the tridentate ligands studied in this chapter. R = 
CH3, CF3. When R = CF3 the ligand is named pyC5-CF3-tzH2. 

 

The synthesis of such type of ligands has been already reported by our group20 and a 

general overview of this synthetic strategy is depicted in Scheme 3.1. 

 

 

Scheme 3.1. General synthetic procedure for the tridentate ligands reported in literature20. a) 
NH2NH2·H2O, EtOH, room temperature, overnight; b) RC(=O)Cl, Na2CO3, DMF, 0 °C to room 
temperature, overnight; c) ethylene glycol ,180 °C, 2 hours. 

 

This synthetic strategy starts from the commercially available 2,6-

pyridinebiscarbonitrile, pyridine-2,6-bis(carboximidhydrazide) (1) is then obtained 

upon reaction with hydrazine monohydrate in ethanol. This intermediate is first 
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condensed with the corresponding acyl chloride, either adamantanecarbonyl chloride 

or p-tolylcarbonyl chloride, directly leading to the 3-substituted 1,2,4-triazole 

precursors. The desired product is obtained through condensation reaction in 

ethylene glycol at 180 °C. This synthetic strategy is easy and straightforward and does 

not require any purification by chromatographic techniques leading to the final 

product in very good yield upon re-crystallization. Unfortunately, such strategy has 

not been found successful for the introduction of different moieties of interest such 

as CF3 groups to yield ligand pyC5-CF3-tzH2. For this reason, a different synthetic 

strategy was employed and developed to achieve this purpose as shown in Scheme 

3.2.21 

 

 

Scheme 3.2. Synthetic pathway employed for ligand pyC5-CF3-tzH2. a) MeOH/MeONa, reflux, 
NH4Cl b) CF3COOEt, NH2NH2×H2O, THF, reflux. 

 

The synthetic strategy to afford pyC5-CF3-tzH2 has been already reported in the 

literature and involves the synthesis of pyridine-2,6-biscarboxamidine 

dihydrochloride 2 from the commercially available 2,6-pyridinedicarbonitrile (Scheme 

3.2). 2 is then reacted in a three component condensation reaction with ethyl 

trifluoroacetate and hydrazine in the presence of sodium hydroxide in refluxing THF 

to afford pyC5-CF3-tzH2
22,23. However, while the intermediate 2,6-biscarboxamidine 

dihydrochloride 2 can be prepared in high yield without purification through 

chromatographic techniques, the condensation reaction is characterized by a very 

modest yield and the final product cannot be obtained in good quality without 

purification by chromatography techniques. Thus, the synthesis of pyC5-CF3-tzH2 has 

been optimized as shown in Scheme 3.3. 
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Scheme 3.3. New synthetic procedure for the tridentate ligand bearing CF3 groups. a) 
NH2NH2·H2O, EtOH, room temperature, 3 days; b) Trifluoroacetic anhydride, diethylene glycol 
dimethyl ether, room temperature, 10 min then refluxed for 1 hour, aqueous HCl, 90 °C, 
overnight. 

 

In this modified synthetic strategy the yield of the intermediate pyridine-2,6-

bis(carboximidhydrazide) 1 is almost quantitative upon optimization of the solvent 

and reagents ratio as well as reaction time when compared to the previously used 

procedure20. Further details can be found in the experimental section. By using this 

precursor, condensation reaction can be carried out by simply mixing the building 

block 1 with 2 equivalents of the desired anhydride followed by thermal treatment 

leading to acylation and ring closure without the need to isolate any intermediate. In 

particular, improvement in the condensation step was found when a water miscible 

and high boiling point solvent such as diethylene glycol dimethyl ether was used. The 

addition of water further induces precipitation of the desired product. However we 

have found that an acidic hydrolysis leads to an increase of both yield and purity 

which is probably due to the fact that a third condensation process can take place 

yielding to acylation of the triazole rings. A proof of this mechanism, which also 

allows an easy and straightforward synthesis of the methyl derivative, is depicted in 

Scheme 3.4. 

 

 

Scheme 3.4. Synthesis of the methyl derivate pyC5-CH3-trzH2. a) acetic anhydride, room 
temperature to 100 °C, overnight; b) H2O, aqueous HCl, 80 °C, overnight. 
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This reaction can be carried out directly in acetic anhydride as solvent that act as 

both acylating and dehydrating agent and the diacylated product 3 can be 

precipitated upon addition of water. The cleavage of the triazole moieties can be 

performed in acidic aqueous media and the desired product can be isolated in high 

yield by filtration. The formation and the cleavage of the amide bonds on the triazole 

moieties can be monitored by 1H-NMR (Figure 3.2). 

 

 

Figure 3.2. Comparison of the 1H NMR spectra of 3 (top), and pyC5-CH3-trzH2 (bottom) in 
DMSO-d6 and D2O respectively. 

 

3.2.1.2 Synthesis of the platinum complexes  

The general methodology to synthesize the complexes is described hereafter and it is 

in accordance to literature procedure previously reported by our group20. The general 

procedure for the complexation of this class of ligands consists in a one-pot reaction 

in which the tridentate ligand, a platinum precursor and an ancillary ligand, – the 

latter is generally a pyridine derivate – are partially dissolved in 2-methoxyethanol in 
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a 1:1.2:1-1.5 ratio, respectively, in presence of a base. The resulting mixture is then 

heated up from 50 to 85°C, depending on the ligands, under N2 atmosphere. The 

synthesis of the complex Pt-CF3tz-pyC5 is show in Scheme 3.5. 

 

 

Scheme 3.5. Synthesis of complex Pt-CF3tz-pyC5. a) 2-methoxyethanol:H2O 3:1, di-
isopropylethylamine, 83 °C overnight, 75.5% yield. 

 

The choice of the Pt(II) source takes into account both solubility and reactivity and 

PtCl2(DMSO)2 was employed according to literature13. At higher temperature and in 

presence of alcohol/water mixtures and/or strong bases such as alkoxide or 

hydroxyde salts, the formation of a black precipitate has been observed which is 

attributed due to the formation of metallic platinum. Upon reaction condition 

optimization, it turned out MeOH, ACN and CHCl3 to be the better solvents than 2-

methoxyethanol. Also, even if any mild base such as amines can be used, 

triethylamine (TEA) and N,N-diisopropylethylamine (DIPEA) were found to be the best 

choices. However, we have found that TEA can coordinate the metal center (Scheme 

3.6) as demonstrated by single-cristal X-ray diffractometric analysis (Figure 3.3). 

 

 
Scheme 3.6. Synthesis of CF3-Pt-TEA. a) Pt(DMSO)2Cl2, TEA ,CHCl3, reflux. 
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Figure 3.3. ORTEP diagram of complex CF3-Pt-TEA with thermal ellipsoids shown at 30% 
probability level with corresponding atom labelling. Selected bond lengths (Å) and angles (°): 
N(1)–Pt = 1.998(5), N(2)–Pt = 2.(6), N(5)–Pt = 2.025(6), N(8)–Pt = 2.107(5), N(1)–Pt– N(2) = 
79.0(2), N(1)–Pt–N(5) = 79.1(2), N(2)–Pt–N(5) = 158.1(2), N(1)– Pt–N(8) = 178.4(2),. N(2)–Pt– 
N(8) = 102.5(2), N(5)–Pt– N(8) = 99.4(2). 

 

3.2.2 Photophysical properties 

The photophysical properties of complex Pt-CF3tz-pyC5 have been investigate in both 

solution and solid state by means of steady-state and time-resolved techniques and 

the results are shown in Figure 3.4. In dilute (concentration 5 × 10-5 M) CHCl3 solution 

at room temperature, the absorption spectrum of Pt-CF3tz-pyC5 displays intense 

bands in the UV region ( = 254 nm,  = 2.3 × 104 M-1 cm-1;  = 302 nm,  = 1.5 × 104 

M-1 cm-1; and  = 337 nm,  = 2.6 × 103 M-1 cm-1). These transitions are mainly 

attributed to the intraligand (1IL) and metal-perturbed interligand charge transfer 

(1ILCT) states. At lower energy, a broad band in the region 350–450 nm ( ca. 0.7 × 

103 M-1 cm-1) is ascribed to the admixture of spin-allowed metal-to-ligand charge 

transfer (1MLCT) and intra-ligand (1IL) transitions corresponding to the HOMO–LUMO 

excitation process, as supported by density functional calculations (data not shown). 

These assignments are further corroborated by the similarity with already reported 

Pt(II) complexes.20,24 Upon photoirradiation a structured blue luminescence is 

observed, peaking at em = 463, 493, 525 and 570 (shoulder) nm, with a vibronical 

progression of 1236–1504 cm-1 attributable to the tridentate intraligand vibrational 
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modes. Such moderate (PLQY = 2%) luminescence is characterized by a very fast 

radiative decay, with a multi-exponential excited-state lifetime, being t1 = 10 ns (48%) 

and t2 = 309 ns (52%), that can be attributed to the T1-S0 radiative transition with 

mainly metal-perturbed 3LC character. 
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Figure 3.4. Absorption and emission spectra obtained for complex Pt-CF3tz-pyC5 in CHCl3 at 
room temperature (black traces) and at 77 K in 2-MeTHF glassy matrix (red trace). 

 

Interestingly, the complex exhibits very different photo-physical behaviour in the 

solid state. In an attempt to crystallize the compound to obtain good quality single-

crystals suitable for X-ray analysis, we have isolated yellow bright emissive 

microcrystalline fibers. The luminescent fibers, Figure 3.5, can be easily obtained 

when an acetone solution of Pt-CF3tz-pyC5 is slowly concentrated by evaporation by 

drop-casting onto a quartz or glass substrate. 
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Figure 3.5. (a) Absorption and emission spectra obtained for complex Pt-CF3tz-pyC5 in CHCl3 
at room temperature (black trace), excitation and emission (exc = 300 nm) spectra of the 
self-assembled fibers obtained from acetone at a concentration of 4 mg mL-1 (red traces). 
Excitation spectrum was recorded at the maximum of the emission band. (b) The 
fluorescence microscopy image of the fibers obtained from acetone under irradiation at  = 

400–440 nm. Scale bar = 100 m. 

 

Upon photo-irradiation with UV light, such discrete fibers showed intense and 

featureless emission centered at em,max = 559 nm with PLQY as high as 0.74. Such a 

great increase of the emission quantum yield is accompanied by a concomitant 

prolongation of the mono-exponential decay of the excited-state ( = 355 ns). The 

sizeable bathochromic shift, the featureless emission profile, and the high emission 

quantum yield are already strong indications that the emissive state of the fibers is 

different from the luminescent state of the complex in solution. Furthermore, the 

outcome is not merely a rigidochromic effect since the nature of the emission is 

different.  

It is well known that the square planar geometry of the compound can favor 

aggregate formation leading to Pt···Pt interactions, through the dz
2 orbitals of the 

metals that rise in energy and become the HOMO orbitals of the assemblies. As a 

consequence, the nature of the lowest electronic transitions can change from ligand 

centered to metal–metal ligand charge transfer, namely MMLCT.  

The presence of such ground-state interaction through a strong coupling between the 

two platinum units is confirmed by the appearance of a lower energy band in the 

excitation spectrum of the fiber ( = 501 nm), as displayed in Figure 3.5a. The 
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electronic excitation transition involved has been ascribed as 1MMLCT. Excitation on 

this band, as well as in any other absorption band, leads to the yellow emission 

attributed to the radiative de-excitation of the triplet-manifold 3MMLCT. 

Furthermore, such metallophilic interactions are accounted to play a major role in the 

nanoscale organization and molecular propagation for the self-assembly of the Pt-

CF3tz-pyC5 complex, and in particular imparting the high directionality to the 

organization. Noteworthy, by investigating the emission with a fluorescence 

microscope equipped with a polarizer in the emission arm, it has been found that the 

intensity of the photoluminescence depends on the emission polarization angle. 

 

3.2.3 Morphological characterization of the self-assembled fibers 

Morphological and structural characterization of these Pt(II) aggregates has been 

performed by both scanning (SEM) and transmission electron microscopy (TEM) 

techniques and the results are shown in Figure 3.6. 

 

 

Figure 3.6. SEM images taken on a sample of fibers of complex Pt-CF3tz-pyC5 obtained from 
acetone at a concentration of 4 mg mL-1 (a) and a zoom-in image (b); (c) the SAED pattern of 
a few fibers as shown in the corresponding shadow image (d). 

 

As shown in the SEM images, the sample of the emissive soft-structures prepared 

from acetone (concentration 4 mg mL-1) is comprised of hundreds of micrometer long 

one-dimensional (1D) fibers. We hypothesize that such fibrous nanostructures is the 

result of a self-assembly process of thinner nanostructures such as nanofibrils. SEM 

analysis, however, could not give us any information on the packing and crystallinity 

of the assembly.  

To explore the crystal structure of the Pt(II) aggregates prepared from acetone, 

selected area electron diffraction (SAED) patterns were acquired corresponding to a 
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local region with a few fibers present. In order to avoid damage of the crystal 

structure as a consequence of the electron beam, a very low dose rate was employed 

for the analysis (see experimental section for further details).  

The morphology and orientation of the fibers contributing to electron diffraction 

were obtained by looking at the shadow image in the central disk of a strongly 

defocused diffraction pattern. Figure 3.6c–d show a representative diffraction 

pattern and the corresponding shadow image. In the diffraction pattern, two pairs of 

spots close to the central beam correspond to a lattice period of 1.33 nm.  

The diffraction vectors are perpendicular to the two groups of fibers numbered in the 

shadow image, respectively. This indicates a periodic arrangement of the Pt complex 

alkyl chains perpendicular to the fiber long axis. In addition, strongly streaked 

diffraction spots corresponding to a lattice period of 3.44 Å were observed parallel to 

the fiber long axis. This lattice period is different from that obtained by X-ray 

scattering analysis and is most likely due to different sample preparation conditions 

required for the TEM analysis (lower concentration and fast evaporation rate). 

However, this periodicity can be attributed to the long-range order of the complex 

along the fiber axis.  

The scattering pattern, obtained by SAXS/WAXS experiments, displays sharp peaks 

which confirms the high degree of long-range order within the self-assembled 

structures, as shown in Figure 3.7. 

 

 

Figure 3.7. SAXS/WAXS pattern recorded as intensity [cps] vs. scattering angle 2 [°] (a) and 
vs. Bragg spacing [Å] (b) on a drop-cast sample of fibers of complex Pt-CF3tz-pyC5 obtained 
from acetone solution at concentration of 4 mg mL-1. 
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Interestingly, it is possible to detect a scattering peak at 3.28 Å that can be most likely 

ascribed to the distance corresponding to dz
2···dz

2 intermolecular interaction 

leading to the strong bathochromic shift of the emission into the self-assembled 

fibers. As a result of this long-range order, light emission polarized parallel to the 

fiber growth axis is unambiguously observed. 

 

3.2.4 Fluorescence anisotropy 

In order to further characterize the properties of such luminescent fibers, several 

attempts to obtain fibers in an aligned fashion onto a substrate were carried out. This 

indeed represents a key-step for the characterization of the anisotropic features of 

the fibers as bulk material. In particular, alignment of the fibers has been successfully 

achieved by immerging a glass microscope slide into an acetone solution of CF3tz-

pyC5 complex and the solvent evaporated at room temperature. In this way, the 

platinum(II) fibers tend to grow aligned onto the glass surface following the direction 

of the air-solvent interface during solvent evaporation as shown in Figure 3.8a. 

 

 

Figure 3.8. (a) The fluorescence microscopy image of the aligned fibers on the glass 
microscope slide under irradiation at  = 400–440 nm. Scale bar = 100 m. (b) Schematic 
representation of the fluorescence anisotropy experiment performed on the aligned fibers. (c) 
Emission intensity recorded at em = 555 nm upon variation of the emission polarization 

angle. The sample was excited by isotropic light source at exc = 450 nm. 

 

In this way anisotropy studies can be performed on the oriented fibers in order to 

elucidate the origin of such polarized emission and its correlation with the molecular 

packing and orientation within the fiber structure (Figure 3.8b). We found that the 

emitted light is maximized when the emission polarization is set parallel to the fiber 

long axis independently from wavelength and polarization angle of the excitation 
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source (Figure 3.8c). Such finding, along with the fact that the emission has a 3MMLCT 

nature, indicates that the radiative de-excitation process arises from a transition that 

is aligned along the fiber long axis on which also lies the Pt···Pt interactions. 

More interestingly, anisotropy excitation spectra suggest that the transition dipole 

moment of the highest energy excitation band (1IL/1ILCT, 250-350 nm) is orthogonal 

with respect to the low energy lying excitation band (1MMLCT, 350-530 nm), as 

shown in Figure 3.9b (IVV and IHV). 

Such orthogonal orientation of the lowest and highest energy band is further 

demonstrated by measuring the emission intensity profile upon variation of the 

excitation polarization angle at two different wavelengths, namely at exc = 300 nm 

for the IL/ILCT band and at exc = 450 nm for the MMLCT. The corresponding results 

are shown in Figure 3.9c.  

 

 

Figure 3.9. (a) Schematic representation of the fluorescence anisotropy experiment 
performed on the aligned fibers. (b) Excitation spectra (em = 555 nm), IVV (black trace), IHV 
(red trace), IHH (blue trace), IVH (green trace). (b) Normalized emission intensity profile 
recorded at em = 555 nm as a function of the excitation polarization angle upon irradiation 
at exc = 450 nm (black trace) and exc = 300 nm (red trace). (c) Schematic representation of 
the main electronic transition before and after self-assembly. 

 

It is possible to observe that at = 300 nm the maximum of the intensity is recorded 

when the polarizer is set at 90° – i.e., perpendicularly to the fiber growth axis – while 

the minimum is recorded at 0° – i.e., parallel to the fiber growth direction. On the 
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other hand, an opposite result is obtained by moving the excitation at 450 nm with 

maximum and minimum of the intensity recorded at 0° and 90°, respectively. 

One should keep in mind that the MMLCT band is not present when the complex is 

molecularly dissolved, but it is formed upon self-assembly into fibers (Figure 3.5a) 

owing to dz
2···dz

2 intermolecular interactions between neighboring complexes.  

On the basis of such findings and consideration, it is possible to conclude that the 

dipole moment of the MMLCT transition is thus oriented in such a way that lies onto 

the plane that contains the axial dz2···dz2 intermolecular interactions (the fiber 

growth axis). On the other hand, if we consider the transition at exc = 300 nm, also 

observed when the complex is molecularly dissolved, the associated transition dipole 

moment lies onto the molecular plane, which is oriented orthogonally with respect to 

the long fiber axis (Figure 3.9c).25,26 The MMLCT band is indeed perpendicular to such 

plane and it follows that the square planar Pt(II) complexes pile on top of each other 

so the establishment of Pt···Pt metallophilic interaction provides high directionality to 

the fiber growth (Figure 3.9d). 

 

3.3 Conclusion 

The synthesis and characterization of a novel blue-emitting platinum(II) complex 

bearing a N^N^N pyridil-triazolate chromophoric ligand is reported. The compound 

shows a remarkable tendency to spontaneously assemble into highly ordered 

structures, such as fibers, through metal···metal and – interactions.  

The assemblies efficiently emit polarized yellow light with a remarkably high PLQY 

value of 74%, which might find application in polarized light-emitting devices and 3D 

OLED displays.  

To gain insight onto the structural properties of the self-assembled structures SAED 

and SAXS/WAXS experiments were performed, which displayed an intermolecular 

distance of 3.44 and 3.28 Å, respectively, attributable to the dz
2···dz

2interactions 

along the growth axis of the fibers.  

Comprehensive steady-state fluorescence anisotropic measurements were carried 

out to elucidate the nature and orientation of the transition responsible of the 



90 
 

emission of the aligned fibers. Anisotropy measurements have clearly shown, for the 

first time, that the new electronic transition dipole moment, originated from the 

dz
2···dz

2interactions, is indeed oriented along the fiber growth axis, while both 

wavelength- and polarization-dependent excitation and emission properties are 

observed and elucidated. 

 

3.4 Experimental section  

3.4.1 Synthesis and characterization 

All the reactions were carried out under inert atmosphere (Schlenk technique). All 

the solvents were used as received from Aldrich or Fluka without any further 

purification. 4-pentylpyridine was bought from TCI Europe. All the chemicals were 

purchased and used as received. The compounds were purified by column 

chromatography by using silica gel 60 (230–400 mesh) as stationary phase. 1H, 13C 

and 19F NMR spectra were recorded on a Bruker Avance 400 spectrometer. The 1H 

NMR chemical shifts ;δͿ are given in ppm and referred to residual protons on the 

corresponding deuterated solvent. All deuterated solvents were used as received 

without any further purification. All coupling constants (J) are given in Hertz (Hz). 

Electrospray ionization mass (ESI-MS) spectra were recorded on a Bruker Daltonics 

(Bremen, Germany) MicroTof with loop injection. Elemental analyses were recorded 

by the analytical service of physical measurements and optical spectroscopy at the 

University of Strasbourg.  

 

3.4.1.1 Pyridine-2,6-biscarboxamidine dihydrochloride (2) 

In a 500 mL round bottom flask 2,6-dicarbonitrile (20.0 g, 154.9 mmol, 1.0 eq.) and 

MeONa (1.67 g, 30.98 mmol, 0.2 eq) were dissolved in 180 mL of dry methanol. After 

refluxing for 6 h, ammonium chloride (12.8 g, 340.8 mmol, 2.2 eq.) was added to the 

reaction mixture and kept overnight under reflux. After cooling, the solid was filtered 

over a Buchner, washed with Et2O, dried and collected as pure compound (30.6 g, 

130.2 mmol, yield 84.0%) 1H NMR (400 MHz, D2OͿ δ: 8.ϰ3 (m). HR-ESI-MS (m/z): [M-

2HCl+H]+ calcd. 164.0933; found 164.0931. 
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3.4.1.2 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine (pyC5-CF3-tzH2) 

In a 500 mL round-bottom flask, ethyltrifluoroacetate (13.7 mL, 114.4 mmol, 1.8 eq.) 

was dissolved in 150 mL of THF and hydrazine monohydrate (6.15 mL, 126.7 mmol, 

2.0 eq.) was added. The reaction mixture was refluxed for 2 h, followed by the 

addition of pyridine-2,6-biscarboxamidine dihydrochloride (15.0 g, 63.5 mmol, 1 eq.) 

and sodium hydroxide (2.54 g, 63.5 mmol, 1 eq.). The reaction mixture was kept 

overnight refluxing under N2. After cooling, the desired product, pyC5-CF3-tzH2, was 

purified from the crude on column chromatography by using silica gel as stationary 

phase and dichloromethane and acetone 9:1 as eluent (2.04 g, 5.84 mmol, yield 

9.2%). 1H NMR (400 MHz, CD2Cl2Ϳ δ: 13.8Ϯ ;ϮHͿ, 8.Ϯ1 ;ϮHͿ, 8.Ϭϲ ;1HͿ; 19F{1H} NMR 

(376 MHz, CD2Cl2, δͿ: –65.61 (6F). HR-ESI-MS (m/z): [M+Na]+ calcd. 372.0395; found 

372.0403. 

 

3.4.1.3 Pyridine-2,6-bis(carboximidhydrazide) (1) 

In a 500 mL round bottom flask 2,6-pyridinedicarbonitrile (10.0 g, 77.45 mmol) was 

dissolved in 200 mL of ethanol then 80 mL of hydrazine monohydrate were added 

and the flask closed with a rub septum. The resulting solution was stirred for three 

days at room temperature. The solution was then filtered and the slightly yellowish 

solid washed with ethanol (50 mL) and dried. The compound was used without 

further purification. Yield 14.6 g (97.5%). 

 

3.4.1.4 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine (pyC5-CF3-tzH2) 

(Optimized version) 

 Compound 1 (2.28 g, 11.8 mmol) was suspended in 25 mL of diethylene glycol 

dimethyl ether and sonicated until a fine white suspension was formed. 

Trifluoroacetic anhydride (3.6 mL, 26 mmol) was slowly added to the mixture at room 

temperature. Upon addition, the suspension dissolves and the solution turns yellow 

in color. The solution was stirred for ten minutes at room temperature then slowly 

heated up using a silicon oil bath until reflux. The progress of the reaction was 
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followed by TLC using acetone as the eluent and was complete within one hour from 

reflux. After cooling down to room temperature, 70 mL of distilled water followed by 

2 mL of concentrated HCl were added and the mixture overnight heated at 90 °C. The 

solution was then cooled down to room temperature and stirred for additional two 

hours. The white precipitate was filtered and abundantly washed with water and 

petroleum ether, then dried overnight at 70 °C. The compound was used without 

further purification. Yield (3.0 g, 74.5%). 1H NMR (acetone-d6,ϰϬϬ MHz, ppmͿ δ: 8.33–

8.40 (m); 19F NMR (acetone-d6, 3ϳϲ MHz, ppmͿ δ: ϲ5.8Ϭ ;s, CF3); 13C NMR (acetone-d6, 

1ϬϬ MHz, ppmͿ δ: 15ϲ.ϰϮ ;sͿ, 15ϲ.Ϭϰ–154.88 (q, J = 39 Hz), 146.05 (s), 141.36 (s), 

124.55–116.53 (q, J = 268 Hz), 123.82 (s). HR-ESI-MS (m/z): C11H5F6N7Na [M+Na]+, 

calcd. 372.040, found 372.035. 

 

3.4.1.5 2,6-bis(3-methyl-1H-1,2,4-triazol-5-yl)pyridine (pyC5-CH3-tzH2) 

To a stirred solution of acetic anhydride (30 ml) in a 50 mL one neck round bottom 

flask, 2,6-bis(carboximidhydrazide)-pyridine (3 g; 15.5 mmol) was added slowly at 

room temperature. The resulting suspension was heated up to 100°C overnight and 

subsequently stirred for 24 hours at room temperature. The resulting precipitate was 

filtered and washed with water (20 ml). The filtrate was filtered again since more 

precipitate is formed and washed again until no more precipitate was formed (3). The 

resulting solid (3) was suspended in a mixture of EtOH/Water 1:1 (v/v; 100 mL) and 

few drops of HCl (37%) were added. The mixture was heated at 80°C overnight. Upon 

heating, the precipitate dissolved fully and the reaction mixture became transparent. 

The solvent was removed completely under vacuum. The residue was dissolved in a 

minimum amount of EtOH (few ml) and diethyl ether (excess) was added to 

precipitate the product. The solid formed was filtered off, washed with diethyl ether 

and dried in vacuo. The product was obtained as a white solid. Yield: 3.05 g; 12.6 

mmol; 81.4 %.  1H NMR (400 MHz, D2O) δ 7.47 (t, 1H, J = 7.6 Hz), 7.18 (d, 2H, J = 6.8 

Hz), 2.25 (s, 6H) ppm.  13C NMR (100 MHz, D2O): δ 155.01, 154.80, 143.98, 138.60, 

120.88, 10.30. MS (m/z–ESI-MS): Found: 264.0957 [M+Na]+, calculated for 

[C11H11N7Na]+: 264.0968. Anal. Calcd for C11H11N7.2/3(H2O).HCl: C, 45.60; H, 4.64; N, 
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33.84. Found: C, 45.41; H, 4.84; N, 33.58. (3) 1H NMR (400 MHz, DMSO-d6) δ 8.22 (d, 

2H, J = 6 Hz), 8.10 (t, 1H, J = 7.8 Hz), 2.75 (d, 12H) ppm. 

 

3.4.1.6 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato(2-)-

κN](4-pentylpyridine-kN) (Pt-CF3tz-pyC5) 

In a 50 mL round-bottom flask, compound pyC5-CF3-tzH2 (200.0 mg, 0.573 mmol, 1.5 

eq.), PtCl2(DMSO)2 (230.0 mg, 0.546 mmol, 1 eq.), 4-pentylpyridine (90.5 L, 0.546 

mmol, 1.0 eq.) and 100 L of DIPEA were suspended in 20 mL of a 3:1 2-

methoxyethanol:water. The reaction mixture was heated overnight at 83 °C under 

nitrogen atmosphere. A yellowish-green precipitate appeared few minutes after the 

heating. The desired compound (Pt-CF3tz-pyC5) was purified on column 

chromatography using silica gel as stationary phase and 1:1 THF:cyclohexane mixture 

as eluent, and obtained as greenish-yellow solid (285 mg, 0.412 mmol, yield 75.5%). 

1H NMR (400 MHz, CD2Cl2, ppmͿ δ: ϵ.38 ;ϮHͿ, 8.Ϭϰ ;1HͿ, ϳ.ϳ5 ;ϮHͿ, ϳ.40 (2H), 2.76 

(2H), 1.73 (2H), 1.38 (4H), 0.92 (3H); 19F{1H} NMR (376 MHz, CH2Cl2Ϳ δ: –64.78 (6F); 13C 

NMR (100 MHz, CD2Cl2Ϳ δ: 1ϲϰ.ϲ1 ;sͿ, 15ϳ.ϲ3 ;sͿ, 153.Ϭ8 ;sͿ, 1ϰϵ.Ϯϲ ;sͿ, 1ϰ3.ϳϬ ;sͿ, 

126.93 (s), 118.77 (s), 35.81 (s), 31.77 (s), 29.91 (s), 22.90 (s), 14.21 (s). HR-ESI-MS 

(positive scan, m/z): [M+H]+ calcd. 692.1280; found 692.1376 Elemental analysis 

calcd. for C21H18F6N8Pt C 36.48%, H 2.62%, N 16.20%, found C 36.88%, H 2.93%, N 

15.85%. 

 

3.4.2 Fluorescence microscopy 

Fluorescence microscopy was performed with an Olympus BX51 microscope using a 

20x objective and an Olympus U-MWBV BP 400–440 nm, dichroic 455 nm, and LP 475 

nm as excitation and emission filter cubes, respectively; images and movies were 

recorded with a Olympus XC-10 color camera. 

 

3.4.3 Small-angle/Wide-angle X-ray Scattering (SAXS/WAXS)  

SAXS/WAXS measurements of samples were performed with SAXSess Small-angle X-

Ray Scattering instrument (Anton Paar GmbH, Austria). The Kratky type camera is 
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attached to a laboratory X-Ray generator (PW3830, PANalytical), and was operated 

with a fine focus glass sealed X-Ray tube at 40 kV and 50 mA (Cu K,  = 0.1542 nm). 

Detection was performed with the 2D imaging plate and analyzed by an imaging plate 

reader Cyclone® (Perkin Elmer). Measurements were performed with standard solid 

sample holder for 30 min. The two-dimensiosal intensity data were converted to one-

dimensional data with SASXQuant software (Anton Paar GmbH, Austria) The 

scattering intensities were corrected for background noise, detector efficiency, empty 

cell scattering and sample transmission, and were placed on an absolute scale using 

bean flux measurements. The samples were prepared by drop-cast technique of an 

acetone solution of the complex at concentration of 4 mg mL-1 onto the sample 

holder. The solution was left aging overnight in order to allow the formation of the 

self- assembled fibers. 

 

3.4.4 Scanning electron microscopy (SEM) 

The SEM images on the fibers were recorder using a Zeiss 1540 EsB dual beam/field 

emission SEM with a working distance of 8 mm and an electronic high tension (EHT) 

of 3kV. 

 

3.4.5 Transmission electron microscopy (TEM) 

The TEM analyses were performed using an aberration (image) corrected FEI Titan 

80-300 electron microscope at an accelerating voltage of 300 kV, with 50 m C2 

condenser aperture and spot size 11 to reach a very low current density (150 e nm-2 s-

1). TEM and SAED patterns were acquired using a Gatan US1000 slowscan CCD 

camera. Samples for TEM analysis were prepared by deposition of the needles from 

organic suspension onto Quantifoil copper grids coated with holey carbon film and 

removing of the residual solvent after 30 sec. A series of 28 pairs of diffraction spots 

were also acquired on fibers prepared by using the same method employed for the 

photophysically characterized samples, and an average lattice spacing of 3.44 ± 0.02 

Å has been found. 

 



95 
 

 

 

3.5 References 

[1] D. M. Roundhill; H. B. Gray; C. M. Che, Acc. Chem. Res., 1989, 22, 55-61. 
[2] P. Pyykkö, Chem. Rev., 1997, 97, 597-636. 
[3] V. H. Houlding; V. M. Miskowski, Coord. Chem. Rev., 1991, 111, 145-152. 
[4] S. Y.-L. Leung; W. H. Lam; V. W.-W. Yam, Proc. Natl. Acad. Sci. U.S.A, 2013, 110, 7986-

7991. 
[5] Y. Tanaka; K. Man-Chung Wong; V. Wing-Wah Yam, Chem. Sci., 2012, 3, 1185-1191. 
[6] X. Zhang; B. Cao; E. J. Valente; T. K. Hollis, Organometallics, 2013, 32, 752-761. 
[7] V. N. Kozhevnikov; B. Donnio; D. W. Bruce, Angew. Chem. Int. Ed., 2008, 47, 6286-

6289. 
[8] M. Krikorian; S. Liu; T. M. Swager, J. Am. Chem. Soc., 2014, 136, 2952-2955. 
[9] M.-Y. Yuen; V. A. L. Roy; W. Lu; S. C. F. Kui; G. S. M. Tong; M.-H. So; S. S.-Y. Chui; M. 

Muccini; J. Q. Ning; S. J. Xu; C.-M. Che, Angew. Chem. Int. Ed., 2008, 47, 9895-9899. 
[10] W. Zhang; W. Jin; T. Fukushima; N. Ishii; T. Aida, Angew. Chem. Int. Ed., 2009, 48, 

4747-4750. 
[11] Y. Chen; K. Li; W. Lu; S. S.-Y. Chui; C.-W. Ma; C.-M. Che, Angew. Chem. Int. Ed., 2009, 

48, 9909-9913. 
[12] M. A. Daniele; S. H. North; J. Naciri; P. B. Howell; S. H. Foulger; F. S. Ligler; A. A. 

Adams, Adv. Funct. Mater., 2013, 23, 698-704. 
[13] C. A. Strassert; C.-H. Chien; M. D. Galvez Lopez; D. Kourkoulos; D. Hertel; K. Meerholz; 

L. De Cola, Angew. Chem. Int. Ed., 2011, 50, 946-950. 
[14] M. C.-L. Yeung; V. W.-W. Yam, Chem. Sci., 2013, 4, 2928. 
[15] T. Masatsugu; Y. Takuma; A. Chihaya, Appl. Phys. Express, 2011, 4, 071602. 
[16] M.-Y. Yuen; V. a. L. Roy; W. Lu; S. C. F. Kui; G. S. M. Tong; M.-H. So; S. S.-Y. Chui; M. 

Muccini; J. Q. Ning; S. J. Xu; C.-M. Che, Angew. Chem. Int. Ed., 2008, 47, 9895-9899. 
[17] L.-M. Huang; G.-M. Tu; Y. Chi; W.-Y. Hung; Y.-C. Song; M.-R. Tseng; P.-T. Chou; G.-H. 

Lee; K.-T. Wong; S.-H. Cheng; W.-S. Tsai, J. Mater. Chem. C, 2013, 1, 7582-7592. 
[18] C.-M. Che; C.-F. Chow; M.-Y. Yuen; V. A. L. Roy; W. Lu; Y. Chen; S. S.-Y. Chui; N. Zhu, 

Chem. Sci., 2011, 2, 216-220. 
[19] M. Grell; D. D. C. Bradley, Adv. Mater., 1999, 11, 895-905. 
[20] M. Mydlak; M. Mauro; F. Polo; M. Felicetti; J. Leonhardt; G. Diener; L. De Cola; C. A. 

Strassert, Chem. Mater., 2011, 23, 3659-3667. 
[21] D. Septiadi; A. Aliprandi; M. Mauro; L. De Cola, RSC Advances, 2014, 4, 25709-25718. 
[22] K. Funabiki; N. Noma; G. Kuzuya; M. Matsui; K. Shibata, J. Chem. Res., Synop., 1999, 

300-301. 
[23] X. Huixia; Y. Yan; Q. Litao; H. Yuying; W. Hua; C. Liuqing; X. Bingshe, Dyes and 

Pigments, 2013, 99, 67-73. 
[24] C. Cebrian; M. Mauro; D. Kourkoulos; P. Mercandelli; D. Hertel; K. Meerholz; C. A. 

Strassert; L. De Cola, Adv. Mater., 2013, 25, 437-442. 
[25] Principles of Fluorescence Spectroscopy, ed. Springer, 2007 

[26] Molecular Fluorescence: Principles and Applications, ed. Wiley, 2013 

 

 



96 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 
 

 
 
 
 

Chapter 4 

Chiral amplification by self-assembly of neutral 

platinum(II) complexes 

 

 

 

 

 

Abstract: This chapter describes the synthesis and the characterizations of two novel 

enantiomerically pure chiral ligands and the corresponding Pt(II) complexes. The self-

assembly properties have been characterized by different morphological and 

photophysical techniques. The two enantiomeric complexes show a tendency to self-

assemble into chiral supramolecular aggregates with right (P) and left-handed (M) 

helical configuration, respectively, as proved by SEM and CD. The formation of such 

organized structures is driven by the formation of metallophilic and - interactions 

between spatially close platinum complexes with an enhancement of the chiro-

optical properties. 
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4.1 Introduction 

The use of self-assembly in chemistry is a very powerful tool for the bottom-up 

preparation of systems and architectures that can mimic biological functions as well 

as to create nano-organized materials with superior properties than the single 

components or the bulk materials, with controlled spatial disposition and 

organization of molecules.1-3 The concept of self-assembly is tightly engaged with 

biology and in particular with biological structures such as membranes, proteins, 

enzymes, and DNA, just to cite some.  

It is possible to distinguish two levels of chirality. The first, at the molecular scale, 

which concerns atoms arranged in one unique fashion in the space due to the 

presence of a chiral center. The second, at the supramolecular level, which involves 

the nonsymmetric arrangement of molecules in a non-covalent assembly.4 Hence, 

there is currently growing interest towards the preparation of synthetic chiral 

functional structures for application in asymmetric catalysis, molecular recognition, 

chiro-optical switches, optoelectronics, and sensing. Some examples of platinum 

complexes showing chiro-optical properties in solution have been reported, mostly 

focused on cycloplatinated helicenes5,6 

In this chapter we describe the preparation of long-range, ordered, functional 

supramolecular chiral assemblies onto surfaces using the already described non-

covalent – and platinum···platinum interactions. The self-assembly properties of a 

series of charge-neutral platinum complexes forming highly luminescent, chiral 

supramolecular aggregates were investigated. They display very interesting chiro-

optical properties,7-9 making them very interesting for applications in chiro-optical 

switches10 and polarized light-emitting devices such as 3D organic light-emitting 

diodes (3D OLEDs).11 

To this purpose, we have synthetized two enantiomeric Pt(II) complexes in which the 

ancillary pyridine ligand has been functionalized with a chiral moiety to introduce just 

one asymmetric carbon atom.  

The characterization of the formed chiral self-assembled solid-state structures has 

been performed using different steady-state and time-resolved photophysical 
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techniques, such as electronic absorption, steady-state and time-resolved 

luminescence, circular dichroism (CD), electron scanning microscopy (SEM) and 

fluorescent microscopy. 

As it will be here described, the self-assembly of the luminescent complexes onto 

surfaces, driven by Pt···Pt interactions, led to the formation of a chiral supramolecular 

structure with enhanced chiro-optical properties.12 

 

4.2 Result and discussion 

4.2.1 Synthesis and characterization 

The synthetic strategy employed for the preparation of two chiral pyridine derivatives 

is shown in Scheme 4.1. 

 

 
Scheme 4.1. Synthesis of the chiral pyridine derivatives. (a) NHS, DCC, 1,4-dioxane, r.t, N2, 

overnight. (b) 4-Picolylamine, 1,4-dioxane, 50 °C, N2, overnight. 

 

The procedure we have used in this study starts from the synthesis of the chiral 

ancillary ligands, which is a derivate of the mandelic acid. We have decided to use 

mandelic acid because both enantiomers are commercially available as optically pure 

compounds, as well as to introduce moieties able to engage hydrogen bonding 

(C=ONH and OH) and - stacking (benzyl ring). We expect that such interactions will 

provide a driving force for the chiral amplification at the supramolecular level. 

Mandelic acid either S(-) or R(+), 1a and 1b, was priory activated by esterification 

with N-hydroxysucciŶimide ;NH“Ϳ iŶ the preseŶce of N,N’-dicyclohexylcarbondiimide 

(DCC) in 1,4-dioxane to give the corresponding succinimidyl esters 2a and 2b.13 The 

reactioŶ mixture ǁas filtered iŶ order to remove N,N’-dicyclohexylurea (DCU) and the 

obtained filtrate, 2a and 2b, was directly condensed with 4-picolylamine. The 

compound 3a was purified by chromatographic techniques while compound 3b was 
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purified by recrystallization from ethyl acetate. Both purification methods provide the 

desired product in good purity as proved by NMR, however the recrystallization 

method has lower yield (28% versus 44%). The complexation reaction is shown in 

Scheme 4.2. 

 

Scheme 4.2. Synthesis of the Pt(II) complexes. (a) PtCl2DMSO2, TEA, MeOH, N2, 8h, reflux. 

 

The platinum(II) complexes were prepared, according to the general procedure 

discussed in chapter 3 by reacting pyC5-CF3-tzH2 with the prepared ancillary ligands 

(either 3a or 3b), PtCl2(DMSO)2 in refluxing methanol for 8 hours in presence of TEA 

as the base. A plentiful solid precipitated during the reaction which was washed 

several times with methanol to purify, finally isolating the complexes as yellow solids. 

All the prepared ligands and final complexes have been characterized by high-

resolution mass spectrometry (HR-MS) and NMR spectroscopy. For both complexes 

the elemental analysis has been carried out as prove of purity. The complexes 

resulted to be poorly soluble in various organic solvents such as ethyl acetate, 

dichloromethane or chloroform. On the other hand, the complexes resulted to be 

slightly soluble in THF, thus this solvent has been used for NMR spectroscopy. Also, 

DMSO seemed to solubilize the compounds, yet giving badly resolved NMR spectra. 

 

4.2.2 Photophysical properties 

The absorption spectra of both complexes 4a and 4b in THF solution at a 5.1 × 10-5 M 

concentration are presented in Figure 4.1. Upon irradiation with unpolarized light, 

these two enantiomers have as expected, the same spectroscopic properties due to 
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the fact that their different chirality (being enantiomers) has no effect on the 

absorption and the emission spectra.  

 

 

Figure 4.1. Absorption and emission spectra (exc = 300 nm) of 4a (black line) and 4b (red line) 

in THF at concentration 5.1 × 10
-5

M. 

 

As show in Figure 4.1, in dilute THF solution (5.1 × 10-5 M) at room temperature, the 

absorption spectra displays intense bands in the UV region with max abs 254 ( = 

28451 M-1 cm-1), 300 ( = 18706 M-1 cm-1) and 332 ( = 3725 M-1 cm-1) nm attributed 

to singlet intraligand (1IL), →  of the tridentate ligand and metal-perturbed charge 

transfer transitions. A broad, featureless and weaker band ( = 784 M-1 cm-1) is 

observed in the region between 340–440 nm. It can be tentatively attributed to the 

HOMO → LUMO traŶsitioŶ aŶd descriďed as metal-to-ligand charge transfer (1MLCT) 

and intraligand (1IL) transition on the basis of other achiral and closely related 

reported complexes.14,15  

Photoexcitation of 4a and 4b in THF solution (5.1 × 10-5 M) at room temperature at 

any absorption band gave a structured blue emission with maximum at 462, 490 and 

527 nm, with low intensity due to the fact that the measured PLQY was only 0.2%. 

Such low emission intensity was also accompanied by very short excited state 

lifetimes. Lifetime measurements showed a multi-exponential decay with 1 = 2.8 ns 
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(54%) and 2 = 1.4 ns (43%) for complex 4a. Similar results have been obtained for the 

other enantiomer 4b.  

 

 

Figure 4.2. (a) CD spectra obtained for the ligands 3a (black trace) and 3b (red trace) in 

methanol solution at concentration of 1.03 × 10
-3

 M at room temperature; (b) CD spectra for 

the complex 4a in THF solution (concentration range: 2.78 × 10
-6

- 4.00 × 10
-4 

M) showing the 

absence of circular polarization of the light.  

 

The circular dichroic (CD) spectrum gives us information about the chirality of the 

system. As expected, the chiral ligands 3a and 3b in MeOH solution (1.03 × 10-3 M) 

give a clear signal and the resulting spectra are the mirror image of each other (Figure 

4.2a). This finding demonstrates that the two ligands are enantiomers, confirming 

that the chirality, priory present in the starting corresponding mandelic acid (1a and 

1b) has been preserved during the synthesis process. We can thus expect that the 

chirality is also maintained for the complexes 4a and 4b.  

The CD spectra of 4a and 4b have been recorded in THF solution. Surprisingly no CD 

signal was detected at any concentration in the range 2.78 × 10-6 - 4.00 × 10-4 M 

(Figure 4.2b). The absence of CD signal in solution can be explained by the origin of 

the transitions observed in the unpolarized absorption spectra of the two 

enantiomeric complexes (Figure 4.1). In the same region of the recorded CD spectra, 

the UV-Vis transitions are mainly due to the 1LC bands of the terdentate ligand, as 

well as, the MLCT and ILCT bands involving both the terdentate ligand and the heavy 

metal center. On such moieties there is no chirality present. In the same spectral 

region, only little contribution of the ancillary ligand to the absorption spectra can be 

expected. As a result the strength of the CD signal, which can be only caused by the 
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single asymmetric carbon of the mandelic acid moiety, is too weak if compared to the 

overall light absorption of the complex. The increase of the concentration is expected 

to increase the strength of the CD signal. However, the saturation of the detector 

occurs before detecting the CD signal.  

Upon drop-casting a 1.03 mg mL-1 THF solution of either 4a or 4b onto quartz 

substrates, the compounds tend to aggregate into highly luminescent fibers (Figure 

4.3b). Photoexcitation of such fibers yield an intense featureless emission broad 

band, which is now strongly bathochromically-shifted with a maximum at 560 nm 

with PLQY as high as 57% for 4a and 37% for 4b (Figure 4.3a).  

In contrast with the THF solutions, samples of the self-organized fibers showed much 

longer excited state lifetimes with multi-exponential decays, where the longest 

components are 582 and 631 ns for 4a and 4b, respectively. The multi-exponential 

decay, as well as the different PLQY can be attributed to the absence of homogeneity 

of the samples. 

 

 

Figure 4.3. (a) Emission and excitation spectra obtained for the self-assembled fibers of 4a 

(black trace) and 4b (red trace) prepared by drop-casting onto a quartz substrate a 1.03 mg 

mL
-1

 THF solution. exc and em were 560 and 400 nm, for emission and excitation spectra, 

respectively. (b) Fluorescence microscopy images of the fibers obtained from 4b as example 

upon irradiation at 400 - 440 nm and imaged with a long-pass emission filter at 455 nm. 

“Đale bar = 20 μm. (c) CD spectra obtained for the fibers made by complex 4a (black line) and 

4b (red line). 

 

The bathochromic shift in the emission profile and the higher PLQY are strong 

indications that the nature of the emitting excited state is most likely different from 

the luminescent excited state for the complexes in solution. The square planar 

geometry leads to the formation of Pt···Pt interactions, through the dz2 orbitals of the 

metals that rise the energy of the HOMO orbitals upon assembling and lead the 
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lowest electronic transitions to become a triplet metal-metal to ligand charge 

transfer (3MMLCT).  

The formation of such new excited state is also clearly visible looking at the excitation 

spectra recorded at em = 560 nm, which shows a strong bathochromic shift with 

respect to the absorption spectra of the solution. This shift is due to the formation of 

a new band with 1MMLCT character upon establishment of Pt···Pt interactions.  

Noteworthy, when the CD spectra were recorded on samples of the self-organized 

fibers made by either 4a or 4b, a strong CD signal was detected as shown in Figure 

4.3c. For the two enantiomers, such signal appears to be the mirror image, even 

though the intensity was not the same due to the fact that the amount of deposited 

fibers can be different. In contrast to the THF fluid solutions of 4a and 4b, mirrored 

CD spectra between the two enantiomers with maxima at 260, 290, 322, 337, 370, 

472 nm can be observed in the aggregates. While the CD signals of the ancillary chiral 

ligands (Figure 4.2a) display a single peak and an onset at around 270 nm, the CD 

signal of the assembled fibers possess several bands with an onset at 580 nm 

(MMLCT band).  

Such findings suggest that the asymmetric carbon located on the ancillary pyridine 

induces the formation of large chiral supramolecular architectures as shown in Figure 

4.4. 

 

 

Figure 4.4. Schematic representation of the supramolecular self-assembly of the chiral Pt(II) 

complex. 

 

4.2.3 Morphological characterization of the self-assembled fibers  

To deeper explore the formation of these fibers, scanning electron microscopy (SEM) 

was performed on the self-assembled structures (Figure 4.5). The SEM analyses were 

performed on samples prepared from the same solution used for the other 
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characterizations (1.03 mg mL-1 THF solution) onto a glass substrate sputtered with 

Au/Ag.  

As show on the images of the fibers for both complexes 4a (Figure 4.5a-b) and 4b 

(Figure 4.5c-d), the samples showed interconnected fibers with a clear helicity as 

consequence of the supramolecular chiral organization of the complexes in the 

assemblies. 

 

 

Figure 4.5. SEM images taken on samples of fibers of complex 4a showing P configuration (a) 

scale bar = 4 μm (b) scale bar = 1 μm and 4b complex showing M configuration (c) scale bar = 

4 μm (d) scale bar = 500 nm. All the samples were prepared from THF at concentration of 

1.03 mg mL
-1

. 

 

In particular, complexes 4a and 4b aggregate in a clockwise and counterclockwise 

arrangement, respectively, yielding self-assembled aggregates with right-handed (P) 

and left-handed (M) helical configuration, respectively. We hypothesize that in both 

cases, the fibrous nanostructures is the result of the self-assembly of thinner 

nanostructures such as nanofibrils. 

This observation clearly proofs the formation of chiral supramolecular structures onto 

a substrate starting from the enantiomerically pure complexes prepared.  

 

4.3 Conclusion 

The synthesis and the characterizations of two novel enantiomerically pure Pt(II) 

complexes and their corresponding chiral ligands has been presented, and the 

compounds characterized by different morphological and photophysical techniques. 

The two enantiomeric complexes, 4a and 4b, show a tendency to self-assemble into 

chiral supramolecular aggregates with right (P) and left-handed (M) helical 

configuration, respectively, as proved by SEM and CD. Surprisingly, both complexes 

4a and 4b did not show any detectable CD signal in solution at any concentration 
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investigated, while a huge enhancement of the CD signal was observed upon 

formation of self-assembled long-range organized fibers in the solid state. 

Photoluminescence investigation helped to demonstrate that the formation of such 

organized structures is driven by the formation of metallophilic and - interactions 

among spatially close platinum complexes. These results represent the first examples 

of enhancement of the chiro-optical properties driven by metallophilic interactions in 

the solid state and can pave the way to design supramolecular chiral functional 

materials. 

 

4.4 Experimental section 

4.4.1 Synthesis and characterization 

All chemicals were obtained from Sigma-Aldrich except for pyC5-CF3-tzH2, which was 

synthesized as described in chapter 3. 

 

4.4.1.1 S(+)-hydroxy-N- (4-pyridinylmethyl)-benzeneacetamide (3a) 

S(+)-mandelic acid (1 eq., 1.011 g, 6.64 mmol) and NHS (1 eq., 757 mg, 6.58 mmol) 

were dissolved in 1,4-dioxane (20 ml) under nitrogen. DCC (1.358 g, 6.58 mmol) was 

added to the mixture at room temperature, and the mixture was stirred for 22 hours, 

then filtered. The filtrate was added on a two neck round bottom flask, then 1 eq. of 

4-(aminomethyl)-pyridine (714 mg, 6.60 mmol) was added and the solution was 

stirred for 1.5 hours under nitrogen at 50 °C. Then the solvent was evaporated and 

then the crude product was purified by column chromatography over silica gel (SiO2, 

ethyl acetate/methanol: 97/3 then 95/5) to give the S(+)-hydroxy-N-(4-

pyridinylmethyl)-benzeneacetamide as a white solid (704 mg, 2.90 mmol) in 44% 

yield. 1H NMR (400 MHz, MeOD) δ (ppm) : 8.41 (d, 2H), 7.50 (d, 2H), 7.35 (m, 3H), 

7.27 (d, 2H), 5.11 (s, 1H), 4.47 (s, 2H). 13C NMR (100 MHz, MeOD) δ (ppm) = 149.98; 

129.42; 129.17; 127.63; 123.75; 75.59; 42.51. ESI-TOF-MS (+) (m/z): [M + H]+ calcd. 

243.1128; found 243.1121. 
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4.4.1.2 R(-)-hydroxy-N-(4-pyridinylmethyl)-benzeneacetamide (3b) 

R(-)-mandelic acid (1 eq., 1.003 g, 6.59 mmol) and NHS (1 eq., 757 mg, 6.58 mmol) 

were dissolved in 1,4-dioxane (50 ml) under nitrogen. DCC (1.359 g, 6.59 mmol) was 

added to the mixture at room temperature, and the mixture was stirred for 

overnight, then filtered. The filtrate was added on a two neck round bottom flask, 

then 1 eq. of 4-(aminomethyl)-pyridine (722 mg, 6.68 mmol) was added and the 

solution was stirred overnight under nitrogen at 50 °C. The solution was dried and the 

crude solid was recrystallized from ethyl acetate to give the R(-)-hydroxy-N-(4-

pyridinylmethyl)-benzeneacetamide as a white solid (450 mg, 1.86 mmol) in 28% 

yield. 1H NMR (400 MHz, MeOD) δ (ppm) : 8.41 (d, 2H), 7.50 (d, 2H), 7.35 (m, 3H), 

7.27 (2H), 5.11 (s, 1H), 4.47 (s, 2H). ESI-TOF-MS (+) (m/z): [M + H]+ calcd. 243.1128; 

found 243.1105 

 

4.4.1.3 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato(2-)-

κN][S(+)-hydroxy-N-(4-pyridinylmethyl)-benzeneacetamide–kN] (4a)  

In a 50 ml two necks round-bottom flask were added pyC5-CF3-tzH2 (201 mg, 576 

μmolͿ, PtCl2(DMSO)2 ;Ϯϰϲ mg, 583 μmolͿ aŶd ϮϬ mL of methaŶol uŶder ŶitrogeŶ. 1ϲϬ 

μL of triethylamine was added to the mixture with a syringe, the mixture become 

yellow bright. Then S(+)-hydroxy-N-(4-pyridinylmethyl)-benzeneacetamide 3a (142 

mg, 58ϲ μmolͿ ǁas added aŶd the mixture ǁas heated to ϲϲ °C for ϲ hours . The 

mixture was filtrated and washed several time with methanol to give a yellow solid 

;3ϰϳ mg, ϰϰϮ μmol, yield ϳϳ%Ϳ. 1H NMR (400 MHz, THF-d8Ϳ δ ;ppmͿ : ϵ.58 ;ďr. d, ϮHͿ, 

8.23 (t, 2H), 7.93 (d, 2H), 7.54 (t, 4H), 7.34-7.24 (m, 3H), 5.51 (d, 1H), 5.12 (d, 1H), 

4.62-4.47 (dd, 2H). 19F NMR (376 MHz, THF-d8Ϳ δ ;ppmͿ : ϲ5.1ϰ. E“I-TOF-MS(+) (m/z): 

[M + Na]+ calcd. 807.0951; found 807.0855. Elemental Analysis Calcd. for 

C25H17O2N9F6Pt: C 38.27%, H 2.18%, N 16.07%. Found: C 38.20%, H 2.29%, N 16.10%. 
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4.4.1.4 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato(2-)-

κN][R(-)-hydroxy-N-(4-pyridinylmethyl)-benzeneacetamide–kN] (4b) 

In a 50 ml two necks round-bottom flask were added pyC5-CF3-tzH2 (201 mg, 576 

μmolͿ, PtCl2(DMSO)2 ;Ϯϰϲ mg, 583 μmolͿ aŶd ϮϬ mL of methanol under nitrogen. 160 

μL of triethylamiŶe ǁas added to the mixture ǁith a syriŶge, the mixture ďecome 

yellow bright. Then R(-)-hydroxy-N-(4-pyridinylmethyl)-benzeneacetamide 3b (142 

mg, 58ϲ μmolͿ ǁas added aŶd the mixture ǁas heated to ϲϲ °C for 6 hours . The 

mixture was filtrated and washed several time with methanol to give a yellow solid 

;3ϰϳ mg, ϰϰϮ μmol, yield ϳϳ%Ϳ. 1H NMR (400 MHz, THF-d8Ϳ δ ;ppmͿ : ϵ.58 ;ďr. d , ϮHͿ, 

8.23 (t, 2H), 7.93 (d, 2H), 7.54 (t, 4H), 7.34-7.24 (m, 3H), 5.51 (d, 1H), 5.12 (d, 1H), 

4.62-4.47 (dd, 2H). 19F NMR (376 MHz, THF-d8Ϳ δ ;ppmͿ: ϲ5.1ϰ. E“I-TOF-MS(+) (m/z): 

[M + Na]+ calcd. 807.0951; found 807.0855 Elemental Analysis. Calcd for 

C25H17O2N9F6Pt: C 38.27%, H 2.18%, N 16.07%. Found: C 38.20%, H 2.29%, N 16.10%. 

 

4.4.2 SEM analysis 

SEM characterization was performed employing a FEI scanning electron microscope 

Quanta FEG 250, at an acceleration voltage of 10 kV. Samples were prepared by drop-

casting a THF solution onto a glass slide, and subsequent plasma-induced deposition 

of a 5 nm thick layer of Au. 

 

4.4.3 Emission microscopy  

Fluorescence microscopy was performed with an Olympus BX51 microscope using a 

20x objective and an Olympus U-MWBV BP 400–440 nm, dichroic 455 nm, and LP 475 

nm as excitation and emission filter cubes, respectively; images and movies were 

recorded with a Olympus XC-10 color camera. 

 

4.4.4 Photophysical measurements  

Absorption spectra were measured on a Shimadzu UV-3600 spectrophotometer 

double-beam UV–VIS–NIR spectrometer and baseline corrected. Steady-state 

emissioŶ spectra ǁere recorded oŶ a Horiďa JoďiŶ−YvoŶ IBH FL-322 Fluorolog 3 
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spectrometer (see chapter 2). Time-resolved measurements were performed on a 

PicoQuant FluoTime 300 (PicoQuant GmbH, Germany). Circular dichroic experiments 

were performed on Jasco J-810. Photoluminescence quantum yield measurements 

;PLQYͿ iŶ solutioŶ ǁere recorded at a fixed excitatioŶ ǁaveleŶgth ;λexc = 400 nm) 

using a Hamamatsu Photonics absolute PLQY measurement Quantaurus.  
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Chapter 5 

Controlling and imaging biomimetic self-

assembly processes 

 

 

 

 

 

Abstract: This chapter describes the synthesis of an amphiphilic Pt(II) compound and 

its self-assembly properties in different solvent mixtures. We have found a complex 

system comprising with three different self-assembly process. The full chemical 

management of such complex landscape is successfully achieved by the proper use of 

supramolecular and photochemical approaches. The monitoring of the different 

emission properties, used as fingerprint for each of the assembled species, allowed 

an unprecedented real-time visualization of the evolving self-assemblies. Finally, 

preliminary results on the role of the molecular design on the self-assembly 

processes are shown. 
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5.1 Introduction 

Supramolecular chemistry represents a powerful tool for the creation of large 

functional complex architectures.1-7 The driving force for creating self-assembled 

objects stems from the ability of small and discrete entities to spontaneously arrange 

into more organized systems by establishing reversible dynamic interactions and 

using chemically-encoded information.8,9 Such approach is ubiquitous in nature, 

where it allows efficient synthesis of complex biological structures out of their 

thermodynamic equilibrium. Initial studies on self-assembly focused on 

thermodynamic control of the reversible bonds formation to create defined 

supramolecular architectures with possibility of inherent error correction. 1-9 

However, organic and biological chemistry has clearly shown that both 

thermodynamic and kinetic controls are essential for accessing a wider range of 

chemical species.10 The ability of managing such complex pathways in supramolecular 

chemistry opens the possibilities to prepare out-of-equilibrium self-assembled 

functional nanostructures with different morphologies and properties.11-16 In this 

respect, Meijer and co-workers16 recently reported on the control of helicity of 

synthetic supramolecular polymers by controlling both thermodynamic and kinetic 

aggregation pathway. Remarkably, the conversion of kinetic structures into the 

thermodynamic assembly mimics biological infection processes, it resemble. It 

resemble, indeed, the nucleation-elongation mechanisms observed in misfolded 

proteins, such as amyloid-, responsible of several neurodegenerative diseases.17  

Such findings inspired the work of Takeuchi et al.18 that reported an example of living 

supramolecular polymerization. By studying the assembly phenomenon involving the 

monomers and the analogies with conventional chain growth polymerization, they 

were able to synthesize supramolecular polymers with controlled length and narrow 

polydispersity. 

However, unravelling complex dynamics involving more than two different 

assemblies is still a challenge to date. Furthermore, real-time visualization of these 

interlocked events has never been reported. 
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Herein, we demonstrate the possibility of comprehensively control the self-

assembling processes of a platinum(II) complex in a complex supramolecular system. 

Recently, we have reported a class of luminescent neutral platinum(II) complexes 

able to self-assemble into highly emissive species.19,20 In these compounds, 

establishment of highly directional metallophilic interactions between neighbor 

molecules, also supported by face-to-face - stacking, induces dramatic changes in 

the electronic spectroscopic properties. 19-25 As a consequence of the dz
2 interaction 

new molecular orbitals are formed leading to metal-metal-to-ligand charge transfer 

(MMLCT) states. In particular, the larger is the Pt···Pt interaction (distances in the 

range 3.0–3.5 Å) the more bathochromically shifted is the MMLCT bands. We use the 

modulation of such metallophilic interaction, and therefore of the emitting 3MMLCT 

state energy, to probe the evolution of complex supramolecular processes.  

In this work, the studied complex is an amphiphilic luminescent square-planar 

platinum(II) complex able to self-assemble trough different aggregation pathways 

leading to the formation of two distinct metastable assemblies, A and B, and a stable 

isoform C (Figure 5.1). 

Taking advantage of its luminescent properties, we unravel the self-assembling 

processes visualizing them in real-time, by following the concomitant changes of 

photophysical properties with the associated self-assembled arrangements. 

Noteworthy, deep understanding of the system allows us to selectively entrap each 

of the kinetic species A and B. Moreover, we achieve size control of the aggregates by 

seeded growth under living supramolecular polymerization condition. 
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Figure 5.1. Chemical formula of the platinum(II) complex 1 and landscape of its 
supramolecular self-assemblies A, B, and C in dynamic equilibrium with the monomeric form. 
It is important to note that the Pt-Pt interaction decreases going from A to B and it is not 
present in C. A schematic representation of the assemblies is also shown to summarize the 
processes. 

 

5.2 Result and discussion 

5.2.1 Synthesis and characterization 

Pt(II) complexes with tridentate ligand bearing two triazole or tetrazole have been 

deeply studied in the literature thanks to their very interesting photophysical 

properties.19 However they suffer of the drawback of poor solubilities. In order to 

overcome this issue without influencing the photophysical porperties the only 

possible strategy is to modify the ancillary ligand. Aiming to maintain the pyridine 

motifs for stability issues, we have designed a straightforward way to introduce linear 

or branched glycol chains in the system. A judicious design of these moieties allowed 

us to prepare systems able to engage directional hydrogen bonds (such as NH).  

In particular, we chose the 4-amino pyridine as substrate and a hydrophilic 

triethylene glycol pendant as chain. Also this is useful to increase the amphiphilic 

character of the molecule and play an important role in the self-assembly. Depending 
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on the experimental condition (solvent, temperature, ionic strength, etc.) the 

interplay between the hydrophobic and hydrophilic is expected to lead different self-

assembly behaviors. 

The synthesis of the ancillary ligand is depicted in Scheme 5.1. The first step consist in 

the condensation of 2-[2-(2-methoxyethoxy)ethoxy]acetic with 4-amino pyridine in 

the presence of a coupling agent such as dicyclohexylcarbodiimide (DCC). The 

reduction of the resulting amide into amine was performed in order to avoid a 

possible hydrolysis and increase stability. 

 

 

Scheme 5.1. Synthesis of the ancillary ligand. a) 2-[2-(2-methoxyethoxy)ethoxy]acetic acid, 
DCC, CHCl3, reflux overnight. b) LiAlH4, THF, 0°C to room temperature overnight. 

 

The platinum complex 1 was synthetized as shown in Scheme 5.2 using Pt Cl2(DMSO)2 

as a platinum source and pyC5-CF3-tzH2 in presence of triethylamine (TEA) in ACN at 

60 °C under nitrogen atmosphere. After flash chromatography purification, the 

desired complex was obtained in modest yield (37%). 

 

 

Scheme 5.2. Synthesis of the platinum complex 1. a) PtCl2(DMSO)2, TEA, CH3CN, 60°C (Yield 

37%). 
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In order to investigate the correlation between the molecular design and the self-

assembly properties, we have synthetized a series of platinum complexes with 

slightly modifications in the ancillary or in the terdentate ligand (Figure 5.2). 

 

 

Figure 5.2. Chemical structures of the prepared Pt(II) complexes in order to investigate the 
structure – self-assembly properties relationship. 

 

In particular, we investigated the role of the functional group (amide versus amine), 

the effect of its position along the chain (complexes 7 and 8) as well as the influence 

of changes in the main ligand (complex 9).  

We tried to replace the coupling agent (DCC), previously employed for the synthesis 

of 2, with the in situ formation of the acyl chloride. Even though yield of the amide 

derivatives was not exceeding 40-50%, the procedure turned out to be very easy to 

carry on and highly versatile. To get the ancillary ligands, 4-picolylamine and 4-

aminopyridine were used as nucleophiles in a nucleophilic acyl substitution to get 

related amides (2 and 4) that were used as obtained for complexes 6 and 7, while 

reduced to amine in 8, by using LiAlH4 on ancillary ligand 4. The complexation 

reaction was performed in a one pot reaction by mixing stechiometric amount of 
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PtCl2(DMSO)2, the terdentate ligand (either pyC5-CF3-tzH2 or pyC5-tolyl-tzH2),19 the 

ancillary ligand and 2 equivalents of TEA in refluxing MeOH overnight under inert 

atmosphere (see experimental section). 

 

5.2.2 Photohysical properties 

In order to gain deeper insights onto the self-assembling properties of such derivative 

in solvent/non-solvent mixtures we undertook a systematic study and chose 1,4-

dioxane:H2O as solvent mixtures due to the following considerations:  

i) monomer 1 is well solubilized by 1,4-dioxane, thus allowing us to study the 

system over a larger range of concentrations;  

ii) the miscibility of the two solvents is complete at any desired ratio;  

iii) the steady variation of the dioxane:H2O – the latter acting as the non-solvent 

for compound 1 – composition mirrors the linear modulation of the dielectric 

constant within a wide range of solvent ratios, thus prompting for easy and 

precise control over polarity of the media.20-22 

 

 

Figure 5.3. Electronic absorption (dotted trace) and emission (solid trace) spectra of complex 
1 in pure 1,4 dioxane (c = 110-4 M, black), after flash-injection into water to form assembly 
A (c = 110-4 M, 95% water content, red trace) and assembly C (blue trace). 
 

It should be also noticed that all the photophysical properties hereafter presented 

and investigated are carried out in air-equilibrated conditions. 
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As shown in Figure 5.3 when 1 is molecularly dissolved in air-equilibrated 1,4-dioxane 

(c = 0.1–200×10-5 M) only a weak blue emission is detected with photoluminescence 

quantum yield (PLQY) of about 1% and short excited state lifetime (intensity 

weighted lifetime, av = 2.6 ns) arising from an excited state with mainly triplet ligand 

centered (3LC) character.23 Upon flash-injecting a 1,4-dioxane solution of 1 (c = 2 10-

3 M) into water – the latter acting as the non-solvent –we noticed the formation of an 

emissive species namely assembly A. The final H2O:dioxane ratio was 95:5 and the 

resulting platinum complex concentration was 110-4 M. The formation of PtPt 

interaction leads to the formation of a new band in the absorption spectrum between 

400 and 550 nm assigned to a transition with 1MMLCT character. More importantly, 

such assemblies are characterized by strong orange phosphorescence with longer 

lifetime (PLQY = 84%, em = 615 nm,  = 646 ns) despite the air-equilibrated condition, 

which instead should promote an efficient quenching of the triplet mainfold excited 

state by the dioxygen molecules (Figure 5.3). Such emission is indeed due to the 

establishment of a sizeable extent of close Pt···Pt metallophilic interactions between 

neighbor molecules of 1, 23-29 due to the fast – i.e., kinetically controlled – formation 

of the emitting nanoparticles (Figure 5.4). Dynamic light scattering (DLS) analysis have 

indeed shown the formation of soft nanoparticles with relatively narrow distribution 

(Dh = 126.2 nm, PDI = 0.059) and their size and spherical shape was confirmed by 

scanning electron microscopy (SEM) analysis (Figure 5.4c). In these aggregates, 

hydrophilic ethylene oxide tails are expected to face the highly polar media and be 

solvated by water molecules intercalated within the –CH2CH2O– tails upon 

engagement with H-bonds, whereas the platinum complex cores tightly pack in the 

inner core of the assembly most likely as consequence of hydrophobic effect. 

Samples of this metastable state A do not show any change in the 

photoluminescence properties up to 10 hours (Figure 5.4a) even if a slight increase of 

hydrodynamic diameter and its distribution was observed (Figure 5.4b).  
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Figure 5.4. (a) Normalized emission spectra recorded at t0 and after 10 hours aging showing 
no detectable changes (exc = 405 nm). (b) DLS analysis of the solution of metastable 
assembly A (c = 110-4 M, 95% water content) at t0 (black trace), and after one hour (red 
trace) and 8 hours (green trace) of aging. (c) SEM images obtained for drop-casted samples 
onto glass of samples of assembly A.  

 

Therefore we hypothesize that the observed aggregate is a metastable kinetically 

entrapped state named as A. We found indeed that the sample tend to 

spontaneously interconvert into a thermodynamically stable isoform (assembly C) 

over three weeks at room temperature. Interestingly, C displays completely different 

morphological and optical properties than A. SEM analysis revealed the formation of 

micrometer-long ribbon-like structures (Figure 5.5a) that possess the same emission 

energy and profile as the monomeric species 1 (Figure 5.3), but with much higher 

PLQY (up to 20%) and longer lifetime (av = 1.08 s). The fact that the energy and 

profile of the emission spectra for 1 and for C are identical suggests absence of any 

Pt···Pt and – interactions. The higher PLQY is therefore due to an increased rigidity 

and to the shielding towards the oxygen quenching exerted by the packing into fiber 

structures. 

 

 

Figure 5.5. (a) SEM images obtained for drop-casted samples onto glass of samples of 
assembly C (scale bar = 50 m). (b) Digital camera photograph of the solution of assembly A 
(left) and C (right) under top-bench UV lamp irradiation (exc = 365 nm). 
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On the basis of the large changes in terms of emission spectra (Figure 5.3 and Figure 

5.5b) and quantum yields observed for the different assemblies, we have undertook 

studies of the system evolution with an innovative approach, by using an integrating 

sphere setup equipped with an EM-CCD camera. The monitoring of the excited state 

properties with this equipment turned out to be a successful way for unraveling the 

assembly processes, different from the commonly used techniques such as electronic 

absorption and/or circular dichroism.30,31 

While performiŶg these studies, it’s importaŶt to keep iŶ miŶd that factors that 

control the self-assembly process are expected to be manifold. In particular, 

environment (such as solvent and solvent polarity), temperature, concentration and 

time are expected to play an important role and to have an impact on the final 

properties of the self-assembled structure. Therefore, we decided to carry out a 

series of systematic experiments in which all these parameters have been varied to a 

certain extent one by one. 

 

5.2.3 Depolymerization curves 

We started by examining the evolution of the system upon changing solvent mixture 

composition, in particular the H2O:dioxane ratio. We thus studied the corresponding 

changes in emission profile and intensities, upon normalization for the total number 

of absorbed photons by the system, as well as PLQY upon excitation in the 

isoabsorptive point observed at abs = 362 nm). This is the wavelength where 

molecularly dissolved 1 and assembly A have the same molar absorptivity at the 

concentration used for the experiments (Figure 5.3). The method simply consists of 

titrating a known volume of a 95:5 water:dioxane mixture of the pure kinetically-

trapped aggregate A (c = 110-4 M) with a dioxane solution of molecularly dissolved 1 

at the same concentration.32 This was important in order to keep the concentration 

constant during the experiment. Upon aliquots addition, spectra were recorded after 

10 seconds of stirring and 50 seconds of equilibration in order to keep the time 

constant (see experimental section). The experiments were conducted at room 
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temperature. The variation of the emission profile of the system is displayed in Figure 

5.6a. In Figure 5.6b instead is shown the solvent-dependent changes of the 

luminescence intensity of assembly C at em = 464 nm (Iem,C, blue line), assembly A at 

720 nm (Iem,A, red line) and of the overall system (black line). These different traces 

can be considered as depolymerization curves.32 

 

 

Figure 5.6. (a) Emission spectra normalized by the number of absorbed photons recorded for 
samples at different solvents composition (grey line) showing the evolution from assembly A 
into C and molecularly dissolved 1 (red, blue and black trace, respectively). Black arrows 
show the emission changes upon increasing dioxane content. The curved arrow indicates an 
increase followed by a decrease of the emission. b) PLQY (black line) and normalized emission 
intensity profile at em = 720 nm (Iem,A, red line) and em = 464 nm (Iem,C, blue trace) 
characteristics of assembly A and C as function of the solvent composition. 

 

The addition of dioxane solution of 1 to the sample containing A leads to a gradual 

decrease in the recorded PLQY values. When 75% of water content is reached, a fast 

drop of the emission intensity of A is observed together with the concomitant 

formation of C. Assembly C quickly grows reaching is maximum at around 60% of 

water; where it is present as pure isoform. Further addition of dioxane solution of 1 

to the mixture leads to a gradual decrease of the emission intensity of C which starts 

to gradually dissolve. Below 30% of water content the PLQY as well as the emission 

intensity of C drops at the constant value of 1%. However, it maintains its 

characteristic emission profile in the blue region, confirming that C is now completely 

disassembled into monomeric units of 1 (Figure 5.6b).  
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5.2.4 Thermodynamic studies 

Afterwards, we carried out thermodynamic investigations on pure isoform assemblies 

A and C at fixed concentration and solvent composition. In particular we used 95% 

water content for assembly A and 60% water content for assembly C and we run UV-

vis experiments under thermodynamic control (cooling rate 1 K min-1, temperature 

region 288.9–358.29 K, 30 seconds of equilibration) as shown in Figure 5.7.  

 

 

Figure 5.7. Temperature-dependent absorption spectra. of samples of assembly C (box a) at 
60% water content (c = 6  10-5 M of 1) and assembly A (box b) at 95% water content (c = 
110-4 M of 1) showing the change in the absorption (black arrows) upon cooling and 
heating, respectively. 

 

We observed that assembly C (c = 610-5M in 60:40 water:dioxane) is molecularly 

dissolved at high temperature (343 K) with the absorption spectra resembling the one 

of the compound in pure dioxane (Figure 5.3). Interestingly, negligible changes in the 

absorption value are observed upon reaching a critical temperature (318 K). Then a 

fast decrease in the absorption is observed which is due to the formation of C. Similar 

thermodynamic studies on the kinetically trapped form A in 95:5 H2O:dioxane 

mixture (c = 110-4 M) showed an opposite behavior. Upon heating a decrease of the 

intensity of the UV band (max = 260 nm) is observed with a concomitant increase of 

scattering (max = 600 nm, Figure 5.7b). 
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Figure 5.8. Temperature-dependent study of assembly A (●, c = 110-4 M, 95% water content, 

abs = 260 nm) and C (▲, c = 610-5 M, 60% water content, abs = 362 nm) fitted with 
cooperative model33 (solid trace). 

 

From the experimental data recorded for C at abs = 362 nm as a function of 

temperature (Figure 5.8) it is possible to demonstrate that assembling of C (c = 6 

10-5.M in 60:40 water:dioxane) occurs via a cooperative nucleation-elongation 

mechanism. The process is characterized by a disfavored nucleation step and a 

subsequent favored elongation process with an abrupt variation of the UV-vis 

features when the elongation temperature, Te, of 318 K is reached. The fitting of the 

data with Eikelder-Markoort-Meijer model33 associates enthalpy values of nuclH
0 = –

18.2 kJ mol-1 and elH
0 = –102.5 kJ mol-1 for the nucleation and elongation process 

respectively. This indicates that the growth of the fibers C is strongly cooperative 

characterized by two different equilibrium constants for the nucleation and the 

elongation processes respectively. The different behavior observed for assembly A is 

attributable to the thermal-induced, diffusion-controlled, increase of the 

nanoparticles size already observed to occur slowly at room temperature (Figure 

5.4b). Furthermore, the high water content ratio (95%) needed to kinetically entrap A 

largely shifts the chemical equilibrium towards formation of assembled species. 

reducing the concentration of dissolved monomer 1. On the basis of the tentative fit 

of the experimental data (Figure 5.8) and also from the shape of the 

depolymerization curve, obtained32 (Figure 5.6b), we could describe that the 
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formation of assembly A is arising from a non-cooperative mechanism characterized 

by a single equilibrium constant (i.e. isodesmic mechanism).  

 

5.2.5 Kinetic studies 

We also monitored the evolution in time of the systems keeping fixed all the other 

parameters (such as concentration, solvent mixture and temperature) fixed. We 

expect that the solvent/non-solvent ratio, which affects the kinetic interconversion 

energy barrier, allow us to kinetically control the A  C transformation. 

 

 

Figure 5.9. a) Emission spectra of the system at 79% water content showing the time-
dependent transformation of A at t0 into C at t∞ (red and blue trace, respectively). Overall 
PLQY (black line) and weighted intensity contributions of assembly A (red trace, em = 750 
nm), C (blue trace, em = 464 nm) and B (green trace) at 79% (box b) and 83% (box c) water 

content upon exc = 362 nm. 

 

Hence, we prepared a fresh suspensions of metastable A (c = 1 10-4 M, 95% water) 

and we added molecularly dissolved 1 in pure dioxane (c = 1 10-4 M) in order to 

slightly lower the water content ratio and thus decrease the trapping barrier for A. 

We chose 83:17 and 79:21 as the ratio for the water:1,4-dioxane mixture and  we 

recorded the photoluminescence properties – emission spectra and PLQY – as 

function of time with an integrating sphere setup (exc = 362 nm, Figure 5.9a for 

sample at 79% water). These two solvent/non solvent ratios have been judiciously 

chosen in order to slow down the process to such an extent to be able to observe the 

system evolution. The resulting spectra show clearly how the solvent composition 

affects A  C transformation, which expectantly becomes faster upon lowering the 

water content (Figure 5.9).  
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Furthermore, we can assume that at the first instant, t0, only A is present, while at 

thermodynamic equilibrium, t∞, C is the only existing species and contributing to the 

overall luminescence of the system. Moreover, we can consider that at em = 464 and 

750 nm the contribution to the emitted photons arises from A and C only, 

respectively. On this basis, we were able to estimate the contribution of each of the 

two species to the total amount of emitted photons (Figure 5.9b-c) and follow the 

kinetics of the two assemblies. In principle, we expect that the sum of the two 

intensity components, namely IA and IC, will traces out the overall PLQY recorded. As 

a matter of fact, a time-dependent number of residual photons, IB, were surprisingly 

observed for both the investigated solvent mixtures (Figure 5.9b-c). The kinetics of IB 

shows a solvent-dependent profile. As shown in Figure 5.9b-c, IB is not detected at t0; 

it reaches a maximum after a certain time, then a gradual decrement is observed 

when approaching the thermodynamic equilibrium (t∞). Such findings strongly 

pointed towards the presence of a transient species (assembly B) that represents a 

second off-pathway isoform. At this stage, the emission of such novel assembly could 

not be resolved in a clear manner due to large spectral overlap. 

It is worth to notice that the time-dependent evolution of the emitted photons IB and 

IC is not linear (Figure 5.9b and c). Indeed, the profiles display an initial lag time 

whose duration depends on solvent composition, being the longer observed for 

higher water content, and corresponds to the nucleation step. After such period of 

time, rapid growth – elongation step – of the emission intensity, with an ascending 

sigmoidal profile, indicates that the formation of the assemblies B and C follows an 

autocatalytic process.32-34 This is mirrored by the descending sigmoidal profile of IA 

recorded for the metastable A that is being consumed, which acts as feedstock 

reservoir. 

In order to deeply understand the mechanism of the described complex pathway 

dynamics and how the equilibria here at work are interplayed by common species, 

we carried out similar kinetic experiments at different initial concentrations of the 

metastable A, whereas the solvent composition has been kept constant at the value 

of 83:17 water:dioxane ratio (Figure 5.10a). 
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Figure 5.10. Time-dependent evolution of the metastable assembly A at different initial 
concentration in 83:17 H2O:dioxane ratio upon excitation at 362 nm. (a) Overall PLQY profile 
at c = 110-4 M (black line), 2.510-4 M (red line) and 3.510-4 M (blue line); (b) Intensity 

profile of assembly A (em = 750 nm) at c = 110-4 M (black line), 2.510-4 M (red line) and 
3.510-4 M (blue line); (c) Intensity profile of assembly C (em = 464 nm) at c = 110-4 M (black 

line), 2.510-4 M (red line) and 3.510-4 M (blue line). 

 

Upon increasing the initial concentration of A, obtained by increasing the overall 

concentration of 1, we observed a higher PLQY at t0. This indicates that higher 

concentrations of 1 affects the equilibria between A and 1 in such way that formation 

of A is now favored (Figure 5.10a). Interestingly, this is followed by a slower kinetic of 

disappearance of A (Figure 5.10b) mirrored by a slower appearance of the 

thermodynamic product C (Figure 5.10c). These findings confirm the fact that the 

formation of C occurs through the nucleation of the monomeric compound 1 instead 

of structural reorganization of C. The molecularly dissolved 1 is the chemical node of 

the interplayed equilibria network between the different assemblies, i.e. the common 

feedstock.16 

 

5.2.6 Real-time imaging of the self-assembly process 

The comprehensive kinetic control of the system jointly with the unique 

photophysical properties of each of the assemblies allowed real-time imaging of the 

system evolution by fluorescence confocal microscopy. To this end, we drop-casted 

freshly prepared samples of A at 79% and 83% H2O content onto a closed quartz petri 

dish, in similar conditions employed for the kinetic experiments, and monitored the 

samples over time at room temperature upon excitation at exc = 405 nm. In this way 
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we were able to clearly observe the presence of three different self-assembled 

isoforms with three different emission spectra. Figure 5.11 

 

 

Figure 5.11. (a) Confocal microscopy image of the supramolecular assemblies showing their 
true-color emission obtained by using lambda-mode option. (b) Normalized emission spectra 
of the assemblies upon exc = 405 nm. 

 

The emission spectra of these three distinct assemblies show clearly a hypsochromic 

shift going in the series A to B and finally to C. As previously described for A, the 

green photoluminescence observed for assembly B, arises from an emitting 3MMLCT 

excited as consequence of axial Pt···Pt interactions between neighbor platinum 

complexes arranged in a face-to-face fashion. The change in the emission color 

indicates that the metal···metal distance is slightly larger than that expected for the 

metastable assembly A while in assembly C no interactions between platinum 

complexes are present. 

As it can be seen in figure 5.11, at t0 the scenario is dominated by the diffusion of red-

emitting nanoparticles corresponding to assembly A. After few minutes, confocal 

images typically show appearance of both assemblies B and C (Figure 5.12). 
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Figure 5.13. Magnification of some pictures taken from our movie at 79% water content 
showing assembly B (green) slowly eaten by assembly C (blue) after a) 13 min, b) 23 min, c) 
56 min and d) 63 min. 

 

All these findings demonstrate that the thermodynamic product C is not formed by 

mere structural rearrangement of either A or B, but that all the species are products 

of delicate interplays between different on- and off-pathways interconnected by 

chemical equilibria with monomeric 1. Remarkably, the kinetic control of the 

evolution of the overall system is achieved by fine tuning the solvent:non-solvent 

ratio. Indeed, upon increasing water content (79%  83%) we are able to slow down 

the kinetics of the observed self-assembly processes as we previously predicted by 

means of the above described kinetic studies (Figure 5.9b and c). As a control 

experiment, we monitored the sample at 95% water content, which shows a very 

slow formation of small amount of B and C while A still dominates the system even 

after more than 10 hours observation (Figure 5.14). 

 

 

Figure 5.14. Snapshots taken from the movies at 95% water at a) 0 min b) 6 h 10min and c) 
12h 25 min showing no significant changes. exc = 405 nm, scale bar 100 m. 
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5.2.7 Seeded living supramolecular polymerization 

At solvent composition of 95:5 water:dioxane, the very slow nucleation–elongation 

processes of B and C, while A is trapped, prompted us to investigate about the 

possibility to control the cooperative growth of C using the seeded living 

supramolecular polymerization.15,18,37-39 To this end, we started with pure assembly A 

at 95% water (c = 510-5 M, Dh = 114.4 nm, PDI = 0.188) and we sonicated for 3 hours, 

selectively obtaining seeds of C in a rather good size distribution (Dh, = 265.3 nm, PDI 

= 0.150) (Figure 5.15).  

 

 

Figure 5.15. a) Dynamic light scattering (DLS) data showing the intensity-averaged 
hydrodynamic diameter (Dh) of the assembly A (red trace, c = 510-5M) and assembly C (blue 
trace) obtained after sonication of the sample. b) SEM images obtained for samples of seeds 
of assembly C obtained after sonication of assembly A. Samples were drop-cased onto glass. 
Scale bar = 1m. 

 

The addition of different aliquots of such suspension of seeds C to pure metastable A 

(95% H2O) leads to changes in its electronic absorption spectra in time (Figure 5.16a). 

Noteworthy, similarly to what observed before for metastable A (Figure 5.9), the 

evolution of the absorption is not linear as expected for an autocatalytic process. 

Nonetheless, the absence of lag time is now the direct consequence of the externally 

seeded growth of the assembly C. However, by plotting the logarithm of the 

polymerization rate at the initial step, log[d/dt], versus the concentration of the 

added seed of C log[seed C] we obtain a linear relationship with slope of 0.94. This 
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value is very close to that of an apparent first-order kinetics with respect to the 

concentration of seed C, as it is typical for chain growth polymerization.40 

 

 

Figure 5.16. (a) Time course of supramolecular polymerization of assembly A initiated by the 
addition of seeds of C under conditions of [A]/[C] = 200:1, (-), 200:2 (-), 200:3 (-), 200:4 (-), 
200:5 (-) and 200:6 (-). The overall concentration of 1 is 510-5 M. Inset: Log–log plot of the 
initial increase of (s-1) as function of seed concentration ([M]), showing a linear 
relationship (correlation coefficient 0.980) with a slope of 0.94. b) Confocal images of fibers 

obtained from seeded polymerization as from box aexc = 405 nm. Scale bar 20 m. 

 

Confocal microscopy investigation showed the formation of blue-emissive rods with 

uniform length that increases upon decreasing the amount of seeds (Figure 5.16b). 

 

5.2.8 Photoconversion 

The size control of assembly C is achieved, however full management for obtaining 

off-pathway assembly B as pure isoform seems to be still precluded. This is due to the 

intrinsically transient nature of B as well as to the concomitant formation of C. 

Therefore we decide to try using an external stimulus such as light to locally induce 

CB transformation. We found out that it was possible to perform a fast CB 

interconversion in 95:5% H2O:dioxane with good spatial resolution, while keeping the 

structural features intact, upon irradiating C with a laser power higher than that used 

for imaging (Figure 5.17b). The externally triggered and spatiotemporally controlled 

interconversion of a thermodynamic assembly back to one of the kinetic 

intermediate, C  B, is unprecedented to the best of our knowledge. 
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Figure 5.17. a) Emission spectra of the assembly obtained upon irradiating assembly C (exc = 
405 nm) with higher laser power (green, solid line). The emission spectra of assembly A (red), 
B (green) and C (blue) obtained during confocal imaging experiments at lower laser power 
(exc = 405 nm) are displayed as dotted traces (see Figure 5.11). b) Confocal pictures of fibers 
before (left) and after (right) 5 minutes of irradiation at exc = 405 nm. Scale bar 20 m. 

 
We believe that the mechanism responsible for such structural rearrangement of the 

platinum complexes within the fibers is due to a photoinduced effect (i.e., 

radiationless deactivation pathways) either through a photochemical or a local 

thermal process. The conversion of the blue emitting fibers in green emissive 

assemblies is completed in ca. 5 minutes and the emission spectrum recorded for the 

obtained fibers traces out the profile obtained from the abovementioned confocal 

imaging experiments (Figure 5.17) confirming that the photochemical product is 

indeed the transient species B. 

 

5.2.9 Effect of the molecular design on the self-assembly process 

At this stage, it was not possible to identify secondary supramolecular interactions 

involved in our system in addition to the PtPt bond formation, which are taking 

place within the different assemblies A, B and C. Nonetheless, the main interactions 

that can be at play between spatially-closed complexes are the following: 

i) hydrophobic interactions, in which CF3 moieties are expected to play an 

important role; 

ii) -stacking between the extended -conjugated ligands; 

iii) strength of the H-bonding (amine vs. amide); 

To answer these questions, we started to investigate the correlation between the 

molecular design, the self-assembly properties and the features of the resulting 
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assemblies. The corresponding structures of the prepared complexes are depicted in 

Figure 5.2. 

 

5.2.9.1 Photophysical properties 

The photophysical properties of complexes 6-9 have been investigated similarly as 

complex 1 in 1,4-dioxane/water mixture.  

 

 

Figure 5.18. Absorption spectra of complex 6 (a), 7 (b), 8 (c) and 9 (d) in pure 1,4-dioxane 
(blue trace) and after flash-injection into water (95% water content, red trace). The 
concentration of the complexes 6-8 is 5 10-5 M while for complex 9 is 1 10-4 M. 

 

We have first examined the absorption spectrum of each compound in pure 1,4-

dioxane (Figure 5.18) and after in a 95:5 water:dioxane ratio obtained by flash 

injection in water. As expected the absorption spectra for complexes 6-8 (c = 5 10-5 

M) is rather similar to complex 1, with typical features for the monomeric form in 

pure dioxane, and the formation of a new absorption band at lower energy (1MMLCT) 
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after flash injection in water, revealing the formation Pt···Pt metallophilic 

interactions. In the case of 9, in which the CF3 moieties on the chromophoric 

terdentate ligand has been replaced with tolyl groups, the absorption spectrum in 

pure dioxane  (Figure 5.18d) displays a clear bathochromic shift being the onset of 

the 1MMLCT at lower energy (500 nm). Upon flash injection of 6-8 into water we 

observed a change in the absorption spectrum with a shift of the onset at 550 nm. 

 

5.2.9.2 Depolymerization curves 

Then we have examined the changes in emission profile and intensities (normalized 

for the total number of absorbed photons by the system) and in PLQY as a function of 

the solvents mixture composition (H2O:dioxane ratio). As excitation wavelength, we 

have chosen as excitation point the isoabsorptive point of molecularly dissolved 

complexes (6-9) in pure dioxane and the assembled systems in 95% water at the 

same concentration in Pt(II) complex (c = 510-5 M). 

As already described, the method consists in a titration of a known volume of a 95:5 

water:dioxane mixture of the aggregate (c = 510-5 M) with a dioxane solution 

containing Pt(II) complex at identical concentration,32 in order to keep the 

concentration variable fixed and constant during the experiment. Spectra were 

recorded after 10 seconds of stirring and 50 seconds of equilibration in order to fix 

the time variable and the experiment were conducted at room temperature. 

Interestingly, only complex 6 seems to behave similarly to 1, forming two different 

assemblies, namely A6 and C6., A6, is characterized by a bathochromically shifted 

emission (em,max = 574 nm, PLQY = 80%) arising from the establishment of strong 

metallophilic interactions amongst closely-packed platinum complexes. Similarly to 

what found for complex 1, the second assembly, named C6, possesses an emission 

energy and profile, which resemble that of the monomeric species (Figure 5.19a), yet 

with higher PLQY (up to 20%). 
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Figure 5.19. Emission spectra normalized by the number of absorbed photons recorded for 
samples at different solvents composition (grey line) showing the spectral change from 95% 
water content (red trace) till the molecularly dissolved complex (black trace) for complex 6 
(a), 7 (b), 8 (c) and 9 (d.) In the case of 7 blue fibers are formed (blue trace) . Black arrows 
show the emission changes upon increasing dioxane content. The curved arrow indicates an 
increase followed by a decrease of the emission. The concentration of the complexes 6-9 is 
510-5 M.  

 

On the other hand, at high water content complexes 7 and 8 have similar emission 

properties to 1 and 6 due to the establishment of strong Pt···Pt metallophilic 

interactions (em,max ≈ 5ϳϰ Ŷm aŶd PLQY ≈ ϰϬ%Ϳ; ǁhereas, additioŶ of the moŶomer 

leads only to a decrease of the emission intensity till molecular dissolution. Likewise, 

for complex 9 it is possible to observe a change in the emission properties from the 

molecularly dissolved state in pure dioxane (em,max ≈ 5ϮϬ Ŷm aŶd PLQY ≈ Ϯ%Ϳ to the 

assembled state at high water content (em,max = ϲϬϮ Ŷm aŶd PLQY ≈ Ϯ8Ϳ. 

We now consider the overall PLQY of the system as a function of the solvent 

composition (Figure 5.20) in a similar manner to what recorded for complex 1 (Figure 

5.6b). 
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Figure 5.20. Depolymerization curve32 showing the PLQY as a function of the solvent 
composition for complexes 6 (black line), 7 (blue line), 8 (red line) and 9 (green line). 

 

As far as compound 6 is concerned, it is possible to notice the presence of three well-

defined regions. The first region, between 95 and 70% water content, with constant 

PLQY around 80%; a second region between 60% and 30% water content, with PLQY 

around 20% and a third region below 30% water content in which 6 is molecularly 

dissolved (constant PLQY of 1%). 

On the other hand, depolymerization curve for complex 7 is characterized by the 

presence of only two regions. At 95% the value of the PLQY (41%) is rather constant 

until the water content is above 70%, then it quickly drops to a constant value of 1%, 

which is attributed to the molecular dissolution of the compound. 

In the case of complex 8, which differs from 7 only for the nature of the hydrogen-

bonding moiety (amine vs. amide for 8 and 7, respectively), the depolymerization 

curve displays the absence of a critical solvent composition since no sharp transition 

is observed (see red trace in Figure 5.20). For this complex, a gradual decrease of the 

PLQY upon increasing the amount of good solvent is recorded till the PLQY reaches 

the constant value of 1% at about 50% water content, which indicates dissolution 

into molecular species. 

Finally, upon changing the substituent group on the terdentate ligand from 

trifluorometyl to tolyl, namely complex 9, a depolymerization curve characterized by 

only one abrupt variation of the PLQY is recorded. In particular, the curve is 
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characterized by an overall lower PLQY, being 20% at water content as high as 95%. 

Such PLQY values were found rather constant until approximatively 75% water 

content. Then, an initial abrupt decrease of the PLQY followed by a more gradual 

variation is observed, similarly to what observed for complex 8, till the constant value 

of 2% is reached as characteristic of the platinum complex 9 in the molecularly 

dissolved state in air-equilibrated condition. 

It seems that the presence of both the CF3 groups on the terdentate ligand as well as 

the absence of a methylene spacer in the ancillary pyridine (Figure 5.2) are both 

required to observe the formation of the blue emitting fibers. Furthermore, the 

shape of the depolymerization curve is appear to be affected by the nature of the 

hydrogen-bonding motif showing sharp transition for the amide and more gradual 

changes in the presence of the amine. As already discussed, sharp transitions in the 

depolymerization curve suggest the presence of cooperativity, however 

thermodynamic studies must be carry out to confirm such hypothesis. 

 

5.2.9.3 Real-time imaging of the self-assembly process 

As above described, the dramatic change in the photophysical properties of these 

materials upon self-assembly allows confocal imaging of the supramolecular 

polymerization processes in real-time. The experiments were carried in a similar 

manner to what above described for complex 1 at a solvent composition of 74:26 

water:dioxane. 
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Figure 5.21. Confocal microscopy snapshots taken from the movies recorded at 74% water 
content. The images show the supramolecular polymerization of complex 7 after (a) 0 min (b) 

80 min(c) 160 min. exc = 405 nm, scale bar = 100 m. 

 

Preliminary confocal results have confirmed that 6 can self-assemble into two kinetic 

species and the thermodynamic product as in the case of 1. For compound 7, the 

formation of the thermodynamic product only was observed and it is constituted by 

long, green emissive, rod-like structures (Figure 5.22). 

 

 

Figure 5.22. Confocal microscopy snapshots taken from the movies recorded at 74% water 
content. The images show the supramolecular polymerization of complex 8 after a) 0 min b) 
15 min c) 30 min. exc = 405 nm, scale bar = 100 m. 

 

At this stage, it was not possible to detect any microscopic self-assembled structures 

for complexes 8 and 9. 

Nonetheless, for better elucidating the energetic landscape and equilibria at play 

between the different assembled species and monomer, a deeper investigation of 

the thermodynamics and kinetics of formation of such assemblies is required for each 

of the complexes 6–9. Such investigation will be subject of future works. 
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5.3 Conclusion 

Our results showed that it is possible to manage with interlocked dynamic pathways 

comprising more than two assemblies by judiciously playing with different stimuli 

such as solvents composition and light, allowing a real-time visualization of the 

events involved. In particular, environment and environmental condition play 

fundamental roles in the self-assembly processes and in presence of cooperativity  

this is reflected by the presence of critical points in the depolymerization curve32. 

Such findings open the possibility not only to tune the size of the assemblies but also 

to prepare out-of-equilibrium supramolecular functional structures able to respond 

to specific stimuli such as environmental changes, which are important in biological 

systems. 

 

5.4 Experimental section 

5.4.1 Synthesis and characterization 

All the reactions were carried out under an inert atmosphere of nitrogen (Schlenk 

technique). All the solvents and chemicals were used as received from Aldrich or 

Fluka without any further purification. The compounds were purified by column 

chromatography by using either silica gel 60 (70–230 mesh) or neutral alumina as 

stationary phase. 1H, 13C, and 19F NMR spectra were recorded on a Bruker Avance 400 

spectrometer. The 1H NMR chemical shifts ;δͿ are giveŶ iŶ ppm aŶd referred to 

residual protons on the corresponding deuterated solvent. All deuterated solvents 

were used as received without any further purification. All coupling constants (J) are 

given in Hertz (Hz). Electrospray ionization mass spectrometry (ESI-MS) was recorded 

on a MicroTOF (Bruker) mass spectrometer equipped with an electrospray source by 

the mass spectrometry service of the Institut de Chemie at the University of 

Strasbourg. Elemental analyses were recorded by the analytical service of physical 

measurements and optical spectroscopy at the University of Strasbourg.  
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5.4.1.1 N-(4-pyridyl)2-[2-(2-methoxyethoxy)ethoxy]acetic acid amide (2) 

2-[2-(2-methoxyethoxy)ethoxy]acetic acid (19.88 g, 111.57  mmol) and 4-

aminopyridine (7.0 g, 74.38  mmol) were dissolved in 150 mL of CHCl3, then N,N'-

dicyclohexylcarbodiimide (DCC), 23.0 g, 111.57 mmol) was added in consecutive little 

aliquots. During the addition the solution warmed up and a white precipitate was 

formed. The solution was stirred for one hour at room temperature then refluxed for 

four hours. After cooling down to room temperature, the solution was filtered and 

the filtrate concentrated in vacuo. The crude yellow oil was purified by column 

chromatography on silica gel using AcOEt to AcOEt:MeOH 9:1 obtaining the pure 

product as light yellow oil. Yield 12.0 g, 63%. 1H NMR (CD2Cl2, ϰϬϬ MHz, ppmͿ δ: ϵ.Ϭϰ 

(s, broad, 1H), 8.51 (d, J = 8 Hz, 2H), 7.62 (d, J = 8Hz, 2H), 4.14 (s, 2H), 3.72–3.80 (m, 

6H), 3.60–3.62 (m, 2H), 3.38 (s, 3H); 13C NMR (CD2Cl2, 1ϬϬ MHz, ppmͿ δ: 1ϲϵ.ϵϮ, 

151.18, 145.10, 114.28, 72.27, 72.00, 71.24, 70.94, 70.52, 59.15. HR-ESI-MS (m/z): 

C12H18N2O4 [M+Na]+, calcd. 277.115, found 277.115. 

 

5.4.1.2 N-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)pyridin-4-amine (3) 

 Under strong nitrogen flux, a solution of 4 (5.5 gr, 21.62 mmol) in anhydrous THF (5 

mL) was dropwise added to 30 mL suspension of LiAlH4 in THF 1 M at 0 °C. After the 

addition the ice bath was removed and the mixture was stirred overnight. Then the 

solution was cooled down at 0 °C and methanol was added slowly (30 mL) under 

strong flux of nitrogen. The resulting suspension was filtered through a pad of neutral 

alumina and the filtrate was evaporated under reduced pressure. The product was 

obtained as yellowish oil purifying the crude by column chromatography on neutral 

alumina using acetone/10%MeOH as eluent. Yield 2.5 g (48%) as. 1H NMR (CD2Cl2, 

ϰϬϬ MHz, ppmͿ δ: 8.1Ϯ ;d, J = 8 Hz, 2H), 6.45 (d, J = 8 Hz, 2H), 4.74 (s, broad, 1H), 

3.65–3.70 (m, 2H), 3.64–3.58 (m, 6H), 3.52–3.50 (m, 2H), 3.34–3.28 (m, 5H); 13C NMR 

(CD2Cl2, 100 MHz, ppmͿ δ: 15ϰ.Ϭ1, 15Ϭ.53, 1Ϭ8.1ϲ, ϳϮ.5Ϯ, ϳ1.ϬϮ, ϳϬ.ϵϰ, ϲϵ.ϲ1, 5ϵ.18, 

42.86. HR-ESI-MS (m/z): C12H20N2O3 [M+H]+, calcd. 241.154, found 241.115. 
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5.4.1.3 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN
2
]pyridinato (2-)-

κN][N-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]-4-pyridinamine-κN] (Pt-CF3tz-

pyPEG) (1) 

In a 100 mL round bottom flask compound 3 (400 mg, 1.145 mmol) and PtCl2(DMSO)2 

(483.7 mg, 1.145 mmol) was dissolved in 20 mL of acetonitrile then N,N-

diisopropylethylamine (DIPEA) (400 L, 2.29 mmol) was added and the resulting 

suspension stirred for 10 minutes. Compound 5 (357.8 mg, 1.489 mmol) dissolved in 

a minimum amount of MeCN was added to the solution and the resulting mixture 

stirred overnight at 60 °C under nitrogen. A yellow precipitate was formed during the 

course of the reaction. The crude was purified by column chromatography using 

cyclohexane:AcOEt 1:4 and then AcOEt:acetone 4:1. The product was then 

recrystallized by dissolving it in the minimum amount of hot MeCN upon cooling it 

down to room temperature overnight. A yellow cotton-like solid was formed and 

filtered. Yield 370 mg, 37%. 1H NMR (CD2Cl2, ϰϬϬ MHz, ppmͿ δ: ϵ.Ϭ3 ;d, J = 8 Hz, 2H), 

8.05 (t, J = 8Hz, 1H), 7.79 (d, J = 8Hz, 2H), 5.88 (m, 1H), 3.78–3.76 (m, 2H), 3.70–3.61 

(m, 6H), 3.57–3.54 (m, 2H), 3.47–3.43 (m, 2H), 3.37 (s, 3H); 19F NMR (CD2Cl2, 376 

MHz, ppmͿ δ: ϲϰ.5ϰ ;sͿ. HR-ESI-MS (m/z): C23H23F6N9NaO3Pt [M+Na]+, calcd. 805.137, 

found: 805.136. Elemental analysis: calcd. C 35.30 %; H 2.96%; N 16.11%; found C 

35.14%; H 3.04%; N 15.78%. 

 

5.4.1.4 2-(2-(2-methoxyethoxy)ethoxy)-N-(pyridin-4-ylmethyl)acetamide (4) 

The amide was synthesized through acyl chloride coupling. In a typical experiment, to 

a toluene solution (80 ml) of 22-[2-(2-methoxyethoxy)ethoxy]acetic acid (1 g, 1 eq, 

0.0056 mol), oxalyl chloride (0.95 ml, 2 eq, 0.011 mol, d= 1.5 g/ml) was added 

dropwise under N2 at r.t. After 15 minutes, 6 drops of DMF on molecular sieves were 

added and a slight effervescence was noted. The solution was stirred for 6 hours at 

r.t. Then the solvent was evaporated and the residue was dissolved in 30ml of dry 

THF and added to a solution of 4-picolylamine (0.606 g, 1 eq, 0.0056 mol of amine in 

100 ml of dry THF) and TEA (1.56 ml, 2 eq, 0.011 mol, d = 0.725 g/ml) under N2 at 0°C. 

The mixture was stirred overnight, thus the solvent was evaporated to yield a 
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yellowish waxy solid (TLC in AcOEt/MeOH 95:5: amide Rf = 0.52), which was purified 

by solvent extraction (DCM/water) and then by column chromatography (Al2O3: 

AcOEt/MeOH from 97:3 to 95:5). Collected: 859mg; yield = 57%.  

1H NMR (CD2Cl2 ϰϬϬ MHz, ppmͿ δ: 3.Ϯ1 ;s, 3H, CH3O), 3.42 (m, 8H, CH2CH2-O- CH2CH2-

O), 4.04 (s, 2H, CH2CO), 4.46 (d, J = 6.3Hz, 2H, CH2), 7.22 (d, J = 5.6 Hz, 2H, Ar-H), 8.51 

(dd, 2H, Ar-H).  

 

5.4.1.5 2-(2-(2-methoxyethoxy)ethoxy)-N-(pyridin-4-ylmethyl)ethan-1-amine (5) 

To a 2 necks round-bottom 100 ml flask LiAlH4 (2ml of a solution 1M in THF, 1 eq) 

were added and stirred at 0°C under nitrogen. 4 in dry THF was added dropwise. The 

suspension was stirred overnight. Afterwards LiAlH4 was quenched with few drops of 

water and AcOEt and stirred for 1h; the mixture was filtered over porous septum 

filter and the organic phase was evaporated. The product was purified through 

column chromatography (SiO2: AcOEt/MeOH 8:2, then Me2CO/MeOH 8:2). 

1H NMR (CD2Cl2, ϰϬϬ MHz, ppmͿ δ: Ϯ.ϳϲ ;t, J = 5.1Hz, ϮH, CH2N), 3.32 (s, 3H, CH3), 

3.47-3.58 (m, 10H, CH2CH2-O-CH2CH2-O-CH2), 3.81 (s, 2H, pyCH2), 7.27 (d, J =5.3Hz, 

2H, Ar-H), 8.49 (d, J = 5.8Hz, 2H, Ar-H). 

 

5.4.1.6 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato (2-)-

κN][N-(4-pyridyl)2-[2-(2-methoxyethoxy)ethoxy]acetic acid amide-κN] (6) 

pyC5-CF3-tzH2 (0.3 g, 1 eq, 0.86 mmol) and PtCl2DMSO2 (0.362 g, 1 eq, 0.86 mmol) 

were suspended and stirred in MeOH under N2 and a yellow suspension was 

obtained; then TEA (0.25 ml, 2 eq, 1.72 mmol) was added and the suspension became 

a yellow solution after 10 minutes. Afterwards 2 (0.22 g, 1 eq, 0.86 mmol) was added 

dropwise and the mixture was heated up at 60°C overnight. A yellow precipitate was 

isolated through decantation and purified through column chromatography (SiO2: 

Cyclohexane/AcOEt 2:8, then AcOEt/Me2CO 7:3). 

1H NMR (CD2Cl2, ϰϬϬ MHz, ppmͿ δ: 3.ϰϲ ;s, 3H, CH3), 3.63-3.80 (m, CH2CH2-O-CH2CH2-

O), 4.18 (s, 2H, CH2CO), 7.86 (d, J = 8.0Hz, 2H, Ar-H), 8.02 (d, J = 7.1Hz, 2H, Ar-H), 8.09 

(t, J = 8.1Hz, 1H, Ar-H), 9.58 (d, J = 7.1Hz, 3H, Ar-H and N-H). m/z: 819.1175 [M+Na]+ 
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Elemental analysis C, H, N for C23H21F6N9O4Pt – calculated: C, 34.68; H, 2.66; F, 14.31; 

N, 15.83;; found: C, 34.57; H, 2.41; N, 15.50. 

 

5.4.1.7 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato (2-)-

κN][2-(2-(2-methoxyethoxy)ethoxy)-N-(pyridin-4-ylmethyl)acetamide-kN] 

(7) 

pyC5-CF3-tzH2 (0.250 g, 1 eq, 0.72 mmol) and PtCl2DMSO2 (0.302 g, 1 eq, 0.72 mmol) 

were dissolved and stirred in MeOH under N2 and a yellow suspension was obtained; 

then TEA (0.2 ml, 2 eq, 1.4 mmol) was added and the suspension became a yellow 

solution after 10 minutes. Afterwards 4 (0.193 g, 1 eq, 0.72 mmol) was added 

dropwise and the mixture was heated up at 60°C overnight. Hence, the solvent was 

evaporated and an orange waxy luminescent solid was obtained (TLC in DCM/MeOH: 

Rf = 0.73). It was then purified through column chromatography (SiO2: DCM/MeOH 

from 95:5 to 90:10).  

1H NMR (CD2Cl2, ϰϬϬ MHz, ppmͿ δ: 3.Ϯ5 ;s, 3H, CH3), 3.49 (m, 2H, CH2), 3.64 (m, 2H, 

CH2), 3.67 (m, 2H, CH2), 3.76 (m, 2H, CH2), 4.10 (s, 2H, CH2CO), 4.60 (d, J = 6.3Hz, 2H, 

CH2N), 7.54 (d, J = 6.7Hz, 2H, Ar-H), 7.79 (d, J = 7.9Hz, 2H, Ar-H), 8.04-8.07 (t, J = 

7.9Hz, 1H, Ar-H), 9.52 (d, J = 6.7Hz, 2H, Ar-H).13C NMR (CD2Cl2, 1ϬϬ MHz, ppmͿ δ: 

30.30, 42.17, 59.05, 70.63, 70.85, 70.98, 72.12, 72.33, 118.92, 125.34, 130.20, 143.87, 

144.68, 149.63, 153.81, 164.72, 171.52. 19F NMR (CD2Cl2, 3ϳϲ MHz, ppmͿ δ: ϲϰ.ϲϬ. 

m/z: 833.13 [M+Na]+ Elemental analysis C, H, N for C24H23F6N9O4Pt – calculated: C, 

35.56; H, 2.86; N, 15.55; found: C, 36.76; H, 3.21; N, 14.53. 

 

5.4.1.8 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato (2-)-

κN][2-(2-(2-methoxyethoxy)ethoxy)-N-(pyridin-4-ylmethyl)ethan-1-amine-

κN] (8) 

pyC5-CF3-tzH2 (0.229 g, 1 eq, 0.66 mmol) and PtCl2DMSO2 (0.277g, 1 eq, 0.66 mmol) 

were suspended and stirred in MeOH under N2 and a yellow suspension was 

obtained; then TEA (0.18 ml, 2 eq, 1.3 mmol) was added and the suspension became 

a yellow solution after 10 minutes. Afterwards, 5 (0.167 g, 1 eq, 0.66 mmol) was 
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added dropwise and the mixture was heated up at 60°C overnight. Hence, the solvent 

was evaporated and an orange waxy luminescent solid was obtained (TLC in 

AcOEt/Me2CO 1:1: Rf = 0.45). It was then purified through column chromatography 

(SiO2: AcOEt/Me2CO 1:1).  

1H NMR (CD2Cl2 ϰϬϬ MHz, ppmͿ δ: Ϯ.85 ;t, ϮH, CH2), 2.85 (s, 3H, CH3), 3.33-3.62 (m, 

10H, CH2CH2-O-CH2CH2-O-CH2), 4.00 (s, 2H, CH2CO), 7.63 (d, J = 6.2Hz, 2H, Ar-H), 7.76 

(d, J = 7.9Hz, 2H, Ar-H), 8.04 (t, J = 8.0, 1H, Ar-H), 9.45 (d, J = 6.6Hz, 2H, Ar-H). 13C 

NMR (CD2Cl2, 1ϬϬMHz, ppmͿ δ: 153.ϰ1, 1ϰϵ.ϰ5, 1ϰ3.ϳϳ, 1Ϯ5.8ϰ, 11ϳ.51, ϳϮ.51, ϳ1.Ϭ5, 

71.00, 70.94, 59.19, 50.50, 49.44. m/z: 797.17 [M+H]+ Elementar analysis C, H, N for 

C24H25F6N9O3Pt – calcd: C, 36.19; H, 3.16; N, 15.83; found: C, 35.26; H, 2.96; N, 15.67. 

 

5.4.1.9 Platinum [2,6-bis[3-(4-methylphenyl)-1,2,4-triazol-5-yl-κN2
]pyridinato(2-)-

κN][N-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]-4-pyridinamine-κN] (9) 

In a 100 mL round bottom flask pyC5-tol-tzH2 (200 mg, 0.508 mmol) and PtCl2(DMSO)2 

(214.7 mg, 0.508 mmol) were dissolved in 20 mL of acetonitrile (ACN) then N,N-

Diisopropylethylamine (DIPEA) (177 uL, 1.016 mmol) was added and the resulting 

suspension stirred for 10 minutes. 3 (158 mg, 0.660 mmol) dissolved in a minimum 

amount of ACN was added and the solution refluxed overnight under nitrogen. The 

mixture was then dried under vacuum at 45°C and the crude purified by column 

chromatography on SiO2, using cyclohexane/ethylacetate 2/1 to pure ethylacetate 

then ethylacetate/acetone to pure acetone. Yield 100 mg (23.7%) as yellow solid. 1H 

NMR (CD2Cl2, 400 MHz, ppm) δ = 9.57 (2H), 8.07 (4H), 7.86 (1H), 7.66 (2H), 7.26 (4H), 

6.70 (2H), 5.68 (1H), 3.75-3.39 (10H), 3.44-3.39 (5H), 2.41 (6H). 13C NMR (CD2Cl2, 100 

MHz, ppm) δ =163.91, 161.05, 154.40, 152.93, 149.55, 141.61, 138.43, 130.80, 

129.58, 126.46, 116.30, 72.54, 71.05, 71.02, 70.93, 69.11, 59.23, 42.67, 21.73. HR-ESI-

MS: C23H23F6N9NaO3Pt (M+Na)+, Calcd: 805.137; Found: 805.136. CHN Analysis – 

calcd. C 35.30 %; H 2.96%; N 16.11%; found C 35.14%; H 3.04%; N 15.78%. 
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5.4.2 Photophysical measurements 

Absorption spectra were measured on a Shimadzu UV-3600 double-beam UV–VIS–

NIR spectrophotometer and baseline corrected. Time- and temperature-dependent 

absorption spectra were recorded on a JASCO V-650 UV–VIS spectrophotometer 

equipped with cell holder and temperature control. Steady-state emission spectra 

ǁere recorded oŶ a Horiďa JoďiŶ−YvoŶ IBH FL-322 Fluorolog 3. The absolute 

photoluminescence quantum yields (PLQY) were measured on a Hamamatsu 

Quantaurus-QY integrating sphere in air-equilibrated condition using an empty quartz 

tube as a reference. The following procedures have been described for complex 1 as 

example of the class. 

 

5.4.3 Samples preparation 

Compound 1 was dissolved in 2 mL of 1,4-dioxane in order to obtain a solution at 

concentration of 210-3 M. 250 L of the solution were taken and poured into a 

volumetric flask (5 mL) which was brought to volume with 1,4-dioxane (solution of 

monomeric 1) or flash injected into 4750 L of pure distilled water (solution of 

metastable assembly A) in order to achieve a final concentration of 110-4 M.  

 

5.4.4 Depolymerization curves and kinetic experiments 

For the depolymerization curves 1 mL of solution of metastable assembly A (95% 

water content, c = 110-4 M) was poured into a quartz tube and PLQY values were 

measured at exc = 362 nm. Aliquots of 1,4-dioxane solution containing molecularly 

dissolved 1 (c = 110-4 M) were then added and stirred 10 sec using an analog vortex 

mixer at 1600 rpm and measured after 50 seconds of equilibration at exc = 362 nm 

(isoabsorptive point). Kinetic experiments were carried out in a similar manner by 

using freshly prepared solutions of assembly A from the same stock solution. The 

measurements were carried out at single scan mode of the integrating sphere using 

as reference an empty quartz tube before the first measurement. Then, the sample 

was monitored for 450 minutes upon exc = 362 nm by measuring every 90 seconds. A 



146 
 

single point measurement was performed after 10 hours aging (t∞) when the 

thermodynamic equilibrium was reached. 

 

5.4.5 Thermodynamic studies 

Assembly A was prepared in a similar manner as described above. The sample was 

placed in a quartz cuvette equipped with a magnetic stirrer and a temperature 

control. The solution was then stirred at 500 rpm and the absorption spectra were 

recorded in the range 250–600 nm with a heating step of 1 K and heating rate of 1 K 

min-1 after 30 seconds of equilibration. Assembly C was directly prepared inside a 

quartz cuvette equipped with a magnetic stirrer by mixing the solution of assembly A 

(95% water content, c = 110-4 M) and the solution of 1,4-dioxane containing 

molecularly dissolved 1 (c = 110-4 M) in order to obtain a final mixture at 60% water 

according to the depolymerization curve, where assembly C is present at room 

temperature as pure isoform. The solution was further diluted with H2O:1,4-dioxane 

60:40 to obtain 610-5 M as the final concentration. The solution was then stirred at 

500 rpm and heated up to 343 K. The solution was left at this temperature for 10 

minutes and the absorption spectra were recorded with a heating step of 1 K and 

heating rate of 1 K min-1 with 30 seconds of equilibration time. 

 

Parameters [1] = 610
-5

 M 

water:dioxane 60:40 

[1] = 110
-4

 M  

water:dioxane 95:5 

0H  (kJ mol-1) –102.5 –180.7 

0H _STD (kJ mol-1) 2.26 14.74 

0S  (kJ mol-1) –0.2 –0.5 

0S _STD (kJ mol-1) 0.00725 0.048 

0
nuclH  (kJ mol-1) –18.2 –0.2 

0
nuclH _STD (kJ mol-1) 0.95 1.4 

Te (K) 318.0 321.2 

Te_STD (K) 0.14 1.29 



147 
 

Table 5.1. Thermodynamic parameters obtained by fitting the curves in Fig. 5.8 with the 
Eikelder-Markoort-Meijer model33. 

 

5.4.6 Real-time confocal imaging 

Fluorescence confocal images were recorded by using a Zeiss LSM 710 confocal 

microscope system with a 10 magnification objective. The samples were excited by 

continuous wave laser at exc = 405 nm. The emission of the assemblies was collected 

in the range from 414 to 721 nm with 9.7 nm resolution by using the lambda-mode 

option. Images were taken every 10 sec over a total five-hour time window by time-

series experiment. The emission profiles of the three assemblies were recorded at a 

resolution of 3.2 nm. The raw data recorded by means of the lambda-mode were 

processed by using linear un-mixing tool option available in the ZEN 2011 software 

package (Zeiss GmbH, Germany). False colors were used to better distinguish the 

different assemblies, in particular, red, green and blue was used for assembly A, B 

and C, respectively. 

The sample was prepared by mixing appropriate volumes of a freshly prepared 

solution of metastable A with 1-4,dioxane solution containing molecularly dissolved 1 

at identical concentration (c = 110-4 M) in a glass vial and then mixed gently using a 

syringe. A couple of drops were casted on a quartz petri dish and closed with a quartz 

cap for time-dependent experiments. 

 

5.4.7 Living supramolecular polymerization 

Compound 1 was dissolved in 2 mL of 1,4-dioxane in order to obtain a solution at c = 

110-3 M then 250 L of the solution were flash-injected into 4750 L of pure distilled 

water (solution of metastable A, 95% water content) in order to achieve a final 

concentration of 510-5 M. Size distribution was then measured by DLS. The solution 

was sonicated for 3 hours (45 kHz, 120 W). The total conversion of assembly A into 

assembly C was confirmed by recording emission and excitation spectra, while size 

distribution was measured by DLS. To 2 mL of freshly prepared assembly A (c = 510-

5M), aliquots of solution containing seeds of assembly C (10, 20, 30, 40, 50 and 60 L, 

c = 510-5M) was added, and the resulting mixture was manually shaked for few 
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seconds and monitored through absorption spectroscopy at room temperature at 

abs = 362 nm. An aliquot of the resulting solution was drop casted onto a glass cover 

slip and the drop removed with a syringe. The luminescent assemblies deposited 

onto glass were easily imaged by using the confocal microscopy. 

 

5.4.8 Photoconversion experiments 

Few drops of a solution obtained from living supramolecular polymerization (95 % 

water content) were casted onto a glass substrate and irradiated at exc = 405 nm 

with high power. The images were taken every second for 5 minutes by time-series 

experiment. The raw data recorded by means of the lambda-mode were preceded by 

using linear un-mixing tool option available in the ZEN 2011 software package (Zeiss 

GmbH, Germany). False colors were used to better distinguish the different 

assemblies, in particular, green and blue were used for assembly B and C, 

respectively. 
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Chapter 6 
 

Bioimaging by self-assembling Pt(II) complexes 
 

 

 

 

 

 

 

 

 

 

Abstract: This chapter describes how the establishment of PtPt interactions 

between neighboring Pt(II) complexes can be advantageously used to obtain dynamic 

labels for imaging application. The assemblies possess enhanced and tunable 

properties with distinct features respect to the molecularly dissolved Pt(II) 

complexes. Such assemblies have been internalized inside HeLa cells giving Stable, 

highly emissive and long-lived aggregates and the assembly and disassembly process 

can be explored as a tool to obtain dynamic labels for imaging application. We have 

found that the molecular design and the conditions used for the incubation 

determine cell internalization of the platinum complexes, as well as, their eventual 

expulsion in the media. 
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6.1 Introduction 

Even though Pt(II) complexes have been extensively studied for cancer therapy1 due 

to their high toxicity, much less work has been done for their application as bio-

imaging probes compared to the compounds discussed previously. Organometallic 

complexes of Pt(II) possess attractive properties and several groups have reported 

luminescent Pt(II) complexes able to enter into living cells and, in some cases, to 

selectively stain specific compartments2. Williams group3,4 shows how highly emissive 

and photostable Pt(II) complexes can be used in bioimaging using a combination of 

confocal one-photon excitation or nonlinear two photon excitation (TPE) with time-

resolved emission imaging microscopy (TREM) on a hitherto uncharted microsecond 

time scale. The long lifetime up to s allows an easy separation of the signal coming 

from the phosphorescent complex from fluorescent signals such as from a solution of 

fluorescein in 1M concentration,3 in addition lifetime mapping can be used to image 

live cells and tissue section with a wealth of detail within the cell, illuminating, in 

particular, nuclear and cell membranes. The general trend observed is the increase of 

the excited state lifetimes when moving from the cell membrane, through the 

cytoplasm and into the nucleolus, which has been assigned to a variable degree of 

protection from quenching. The self-assembly of Pt(II) complexes into supramolecular 

structures with enhanced photochemical properties, induced by the establishment of 

metallophilic interactions (MMLCT band), can be advantageously used for shifting 

both the excitation and the emission in more biologically interesting spectral 

windows, such as red and NIR regions. Furthermore the dynamic formation of such 

assemblies, often followed by an increase of the PLQY, as well as, a prolongation of 

the excited state lifetime, may results in the creation of a new class of bright dynamic 

probes.  

 

6.2 Results and discussion 

The cell is the basic functional unit of life. All cells have a membrane that envelops 

the cell and separates its interior from the surrounding environment. This membrane 

is made mostly from the amphiphilic phospholipid bilayer. A variety of protein 
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molecules are embedded in this membrane. They act as channels and pump for 

different molecules to move into and out of the cell. In addition, the membrane 

maintains the electric potential of the cell. As a result, for small- molecule-based 

heavy-metal complexes, the cellular uptake and compartmentalization behaviors are 

usually related to their charge, size, substitute group and hydrophobicity/ 

hydrophilicity.5 Before discussing the effect of chemical structures on cellular uptake 

of phosphorescent heavy-metal complexes, it is necessary to understand the role of 

incubated media with permeabilizing organic solvent in cell imaging experiments. 

DMSO and short chain alcohols have been for long time in biochemistry as the cell 

permeabilization agents at a concentration of approximately 1% v/v. In fact, DMSO 

makes the membrane significantly floppy, even induces the formation of water pores 

in the membrane for high concentration of DMSO, and permeabilizes the 

phospholipid membrane, corresponding to membrane permeability enhancement 

particularly for hydrophilic molecules.  In order to be usefully applied in fluorescence 

microscopy these complexes must have certain attributes in particular: 

i. Stability and solubility in aqueous buffers or growth media.  

ii. Low Toxicity. Must be non-toxic to the organism at least over the course of 

the experiment; should not show phototoxicity (i.e. generate fatal levels of 

toxic species such as1O2). 

iii. Fast uptake. Must be readily taken up into the cells, preferably without the 

addition of chemical agents to assist membrane permeability (DMSO). Often 

this requires high lipophilicity in the lumophore. 

iv. Localisation. Either show preferential localisation in a certain organelle of the 

cell, or be easily adaptable by bioconjugation to endow this property upon a 

basic structure.6 

As previously described in chapter 1, some of these properties are in conflict with 

each other like the water solubility and the fast internalization, which generally 

requires, instead, a lipophilic character in order to cross the phospholipidic 

membrane of the cells. Many of these features such as localization as well as the 

photophysical properties under physiological conditions cannot be predicted a priori 
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so most of the novel luminescent molecules were discovered serendipitously or by 

screening library of compounds.7-9 However all the Pt(II) complexes described so far 

were not water soluble at all, even the complexes described in chapter 5, that 

possess an hydrophilic PEG chain, were not uptake by the cells in the typical 

experimental conditions (see experimental part).  

 

6.2.1 Synthesis of the platinum complexes  

Initially, 4-hydroxypyridine has been chosen as the ancillary ligand to provide an 

amphiphilic character to the complexes while keeping the overall charge neutral in 

nature and the size small. Neutral square-planar platinum complexes are indeed 

expected to show higher aggregation tendency than charged counterparts, due to the 

fact that the latters might experience much higher repulsive electrostatic interactions 

when spatially near.10 

 

 
Figure 6.1. Structure of the platinum complexes. 

 
The complexation reaction consists in a one pot reaction in which the tridentate 

ligand, a platinum precursor and an ancillary ligand, in presence of a base are heated 

up from 50 to 85°C under N2 atmosphere (see chapter 3). The synthesis of the 

complex CF3-Pt-4OHpy is shown in Scheme 6.1. 
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Scheme 6.1. Synthesis of CF3-Pt-4OHpy. (a) Pt(DMSO)2Cl2, TEA ,3 : 1 2-methoxyethanol: 
water, 85°C, 15.7% yield. 

 
The complex Tol-Pt-4OHpy was prepared in similar conditions described above, by 

employing pyC5-tol-tzH2
11 as tridentate ligand (see experimental part for details). 

Unfortunately, due to the absence of solubilizing chains in the ancillary pyridine, both 

complexes display very low solubility in organic solvents11-14 and no solubility in polar 

media such as water. 

 

6.2.2 Photophysical properties  

The absorption spectra of both complexes in DMSO solution are shown in Figure 6.2.  

 

 
Figure 6.2. Electronic absorption spectra for complex Tol-Pt-4OHpy in DMSO (black trace) 
and DMSO:H2O 1:99 v/v (blue trace) and for complex CF3-Pt-4OHpy in DMSO (red trace) and 
DMSO:H2O 1:99 v /v (magenta trace). 

 
The compounds display broad and featureless weak bands ( = 3.4X103 M-1 cm-1 and 

2.2x103 M-1 cm-1 for CF3-Pt-4OHpy and Tol-Pt-4OHpy, respectively) centered at 
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around 390 nm, which can be attributed to spin-allowed metal-to-ligand charge-

transfer (1MLCT) transitions, as already reported for closely related complexes2,11,13, 

that mainly involve the platinum d orbitals partially mixed with the terdentate-ligand-

centered  and * orbitals. Complex Tol-Pt-4OHpy presents a strong featureless band 

at about 320 nm attributed to ligand-centered (1LC)  → * transitions involve the 

tolyl groups. However only Tol-Pt-4OHpy shows an emission at room temperature 

when excited at any of the absorption bands, with a maximum at 534 nm, while the 

trifluoro-methyl derivative is not emissive in this condition (Figure 6.3) 

 

 
Figure 6.3. Emission (solid traces) and excitation (·-·) spectra for complexes Tol-Pt-4OHpy and 
CF3-Pt-4OHpy in different conditions. Emission and excitation for Tol-Pt-4OHpy in pure DMSO 
(green traces) and in DMSO:H2O solutions (1 : 99 v/v) (orange trace); CF3-Pt- 4OHpy at 77 K 
in 2-MeTHF glassy matrix (black trace) and in DMSO: H2O(1 : 99 v/v) (red trace). The samples 
were excited at exc=330 nm. 

 
The excitation spectrum, also depicted in Figure 6.3, is very similar to the absorption 

spectrum recorded in the same conditions. Interestingly, the addition of water in the 

DMSO solution, DMSO:H2O (1 : 99 v/v), causes the formation of aggregates for both 

complexes. For the Tol-Pt-4OHpy the emission shifts to lower energy reaching a 

maximum at 562 nm, while the CF3-Pt-4OHpy displays now an emission at 587 nm. 

The fact that aggregates are formed is also visible looking at the excitation spectra as 

clearly demonstrated by the formation of a new broad band around 450 nm for Tol-

Pt-4OHpy while for the CF3-Pt-4OHpy the onset shifts to very low energy reaching 
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520 nm. These low energy bands, which are absent in pure DMSO solutions, are 

attributed to the transitions involving a new excited state, namely 3MMLCT, which is 

promoted by metallophilic interactions between platinum centers. The emission of 

the molecularly dissolved complex CF3-Pt-4OHpy, can be detected only at 77 K in 2-

MeTHF glassy matrix. The structured emission presents vibrational sharp peaks at 

452, 482 and 515 nm, it is attributed mainly to the ligand centered (LC) transitions. At 

room temperature, the excited state lifetimes of the complexes show multi-

exponential kinetics and, for Tol-Pt-4OHpy, they become longer going from pure 

DMSO to DMSO/H2O solutions (Table 6.1). The elongation of the lifetimes is due to a 

synergic effect between the establishment of metallophilic interactions that lead to 

the formation of a new excited state with 3MMLCT character and rigidochromic effect 

due to the high packing of the molecule which decreases non radiative pathways and 

protects the lumophore from quenching. In fact the emission quantum yield for CF3-

Pt-4OHpy reaches a value as high as 36% in the aggregate form in air-equilibrated 

DMSO:H2O (1 : 99 v/v) condition. 

 

Compound 

  DMSO:H2O 1:99 

abs () 
[nm, 103 M-1 cm-

1] 

em 
[nm] 


[ns] 

PLQY 
(%) 

em 
[nm] 


[ns] 

PLQY 
(%) 

CF3-Pt-

4OHpy 

 

392 (3.4)a 
452, 482, 

515b – 
 

– 587 
163 (57%) 
22 (28%) 

365 (14%) 

36 

        

Tol-Pt-

4OHpy 

 

322 (14.9), 390 
(2.0)a 534a 

5.1 (26%) 
205 

(67%) 
476 (7%) 

1.2a 

562 

662 (55%) 
139 (27%) 

1772 
(19%) 

2.8 

Table 6.1. Most meaningful photophysical data for complexes Tol-Pt-4OHpy and CF3-Pt-

4OHpy in DMSO and DMSO:H2O (1 : 99 v/v) solutions. 

 
6.2.3 Bioimaging 

The platinum complexes were dissolved in a minimum amount of DMSO and the 

respective solutions were diluted into phosphate buffer saline, PBS, resulting in a 50 

M solution with less than 1% content in DMSO. HeLa cells were incubated for 4 

hours at 37 °C under 5% CO2 atmosphere with the complexes, washed with complex-
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free PBS, followed by cell fixation using 4% paraformaldehyde (PFA) solution. The two 

complexes show bright emission coming from different cellular compartments 

indicating cell internalization. The emission of Tol-Pt-4OHpy was mainly observed 

from cytoplasmic region while CF3-Pt-4OHpy, was partially distributed in the 

cytoplasmic region but bright aggregates were observed inside the nucleus. At this 

stage we have no evidence if the metal complexes are internalized as monomeric 

species and then aggregate inside cells or they are uptaken as small aggregates. The 

emission spectra taken from the highly emissive spots clearly demonstrate that for 

both complexes the emission energy and shape correspond to the assembled systems 

in DMSO:water solution (Figure 6.4 and Figure 6.5). 

 

 
Figure 6.4. (a) Luminescence confocal microscopy images show the distribution of CF3-Pt-

4OHpy inside HeLa cells; (b) emission spectra recorded in DMSO:H2O solution (black solid 
trace) and from the bright aggregate inside the nuclear region (dashed red trace). The 
samples were excited at exc = 330 and 405 nm for solvents and cell experiments, 
respectively. 
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Figure 6.5. (a) Luminescence confocal microscopy images show the distribution of complex 
Tol-Pt-4OHpy inside HeLa cells; (b) emission spectra recorded for DMSO:H2O solution (solid 
black trace) and collected from the cytoplasmic region of the cells (dashed red trace). The 
samples were excited at exc = 330 and 405 nm for solvents and cell experiments, 
respectively. 

 
To better understand the localization of the CF3-Pt-4OHpy complex, co-localization 

studies were performed by staining the three regions where we observe the orange 

emission. The cells were labelled with 40,6-diamidino-2-phenylindole-6-

carboxamidine (DAPI) (nucleus label), Phalloidin Alexa Fluor® 568 (F-actin stain) and 

“YTO® RNA“elect™ GreeŶ FluoresceŶt Cell “taiŶ ;Ŷucleoli staiŶͿ.  

As depicted in Figure 6.6a,b, CF3-Pt-4OHpy is able to localize into cytoplasm and also 

inside the nucleus. The perfect overlap of the emission of the complex and the SYTO® 

RNA“elect™ greeŶ fluoresceŶce iŶdicates that the assemďlies are preseŶt iŶ the 

nucleoli (Figure 6.6b). To prove that the complex is really inside the cell we have also 

done z-scan acquisitions by means of a confocal microscope and the results are 

displayed in Figure 6.6c. 
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Figure 6.6. Confocal microscopy images of the distribution of CF3-Pt-4OHpy inside HeLa cells. 
(a) DAPI staining of nucleus, complex CF3-Pt-4OHpy, Phalloidin Alexa Fluor® 568 stains F-
actin inside cytoplasmic region, overlay of three images. The excitation wavelength for DAPI 
and CF3-Pt-4OHpy was 405 nm, while Phalloidin Alexa Fluor® 568 was excited at 594 nm. 
LoĐalizatioŶ experiŵeŶts ;ďͿ show DAPI staiŶiŶg the ŶuĐleus, SYTO® RNASeleĐt™ GreeŶ 
Fluorescent Cell Stain labels the nucleoli (exc = 488 nm), and in yellow the emission of CF3-Pt-

4OHpy. The overlay image suggests that the aggregates are confined in the nucleoli. (c) 
Orthogonal view of the image show a very bright signal (yellow) due to CF3-Pt-4OHpy 
aggregates coming from inside the nuclear region and co-localized into the nucleoli. Blue 
color is due to the DAPI staining. 

 

Interestingly, these complexes show aggregation process through (extended) ground-

state dz2-dz2 metallophilic interactions possess low-lying 1MMLCT state. As can be 

clearly seen from Figure 6.3 we should be able to excite the systems also in the visible 

region since the excitation spectrum extend to almost 550 nm. To prove that 

excitation can be as low as 543 nm, we have recorded emission images upon 

different excitation wavelengths thus showed that we can efficiently use this complex 

and overcome the problem related to the excitation energy as shown for CF3-Pt-

4OHpy in Figure 6.7. 
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Figure 6.7. Fluorescence confocal microscopy images of CF3-Pt-4OHpy internalized in HeLa 
cells after 4 hours incubation in PBS. The samples were excited at 355 nm (a), 405 nm (b), 
458 nm (c), 488 nm (d), 514 nm (e), and 543 nm (f). 

 
The aggregation process is not only leading to the protection of the platinum 

complexes and prevents oxygen quenching, as already discussed above, but also to 

reduced photobleaching. In order to estimate, to a certain extent, the degree of 

photostability of the investigated systems inside the nucleus of cells, we have 

compared the photobleaching time of DAPI, used to stain nuclear region, with our 

platinum complexes upon excitation at the same wavelength, 405 nm. The results are 

displayed in Figure 6.8 and clearly suggest that our label is more photostable than the 

organic dye. 
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Figure 6.8. Fluorescence confocal microscopy images show the photostability of CF3-Pt-

4OHpy towards photobleaching relative to DAPI. Panels (c-e) show that DAPI (blue) has been 
already photobleached meanwhile CF3-Pt-4OHpy (yellow) still maintains its emission even 
after 20 minutes of continuous UV irradiation at 405 nm. The sample was continuously 
excited with high power laser (32 mW) for 5 minutes and subsequently imaged at low power 
acquisition (1.2 mW) every 5 minutes for a total time of 25 minutes. 

 

It’s importaŶt to poiŶt out that the uptake of the platiŶum complexes aŶd their 

internalization in HeLa cells occur only when PBS is used as incubation media. Indeed, 

the replacement of PBS with cell culture media prevented the complexes to be 

internalized by the cells. Figure 6.9 shows the experiments carried out for the 

complex CF3-Pt-4OHpy. The data obtained suggest that the platinum complex is 

somehow sequestered by the culture media, most likely because of an interaction 

with one of the proteins, and therefore is not uptaken by the cells even if the 

incubation time is extended to 24 hours. 
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Figure 6.9. Fluorescence confocal microscopy images show no uptake of CF3-Pt-4OHpy in 
HeLa cells even after (a) 4 and (b) 24 hours incubation time in culture media. Cells were 
excited at 405 nm. 

 
Furthermore, to confirm this hypothesis, the complex was incubated for 20 minutes 

in PBS solution with cells and, as expected, internalization occurred (Figure 6.10). At 

this point, the cells were washed several times with PBS to eliminate the excess of 

the complex and the PBS was replaced by normal culture media. After several 

minutes (Figure 6.10b and c), the luminescence slowly disappears from inside the 

cells and surprisingly it has been detected in bright small spots surrounding the cells, 

but clearly in the cell culture media. 
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Figure 6.10. The complex CF3-Pt-4OHpy is aggregated inside the nucleus after 20 min 
incubation in PBS and replacement of the PBS with cell culture media causes its 
externalization in few minutes: (a) 0 minute, (b) 10 minutes, and (c) 30 minutes. (d) Emission 
spectrum recorded from the small aggregates in the white circle region, showing a maximum 
centered at 550 nm. 

 
In addition, the emission profile collected from several of these aggregates confirms 

that photoluminescence is coming from the platinum compounds, but the 

wavelength (em = 550 nm) is hypsochromically shifted compared to the platinum 

aggregates inside the cells. This observation supports the hypothesis that the 

platinum complexes experience a different environment and therefore change their 

emission properties. However, internalization of the platinum complexes using cell 

culture media as the incubating media can occur if the cells are dying or cell 

membrane is partly damaged. Live cell imaging was performed on HeLa cells 
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incubated with CF3-Pt-4OHpy in cell culture media using time-lapse acquisition mode. 

The complex was excited at 405 nm and the emission signal was collected with one-

minute acquisition time for a total duration of 75 minutes. The slices of time-lapse 

images for 0 to 75 minutes can be seen in Figure 6.11.  

 

 
Figure 6.11. Time-lapse images show the light-induced internalization of CF3-Pt-4OHpy in 
culture media after different irradiation times: (a) 0 minute, (b) 30 minutes, and (c) 60 
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minutes. (d) zoom-out view; (e) zoom-in view showing the unexcited region and the area 
exposed to the 405 nm laser irradiation. 

Our findings reveal that there was no uptake occurring before the first 30 minutes, 

but surprisingly the uptake of the complex starts very rapidly only when the cells 

were dying due to the long exposure to UV light (see formation of apoptotic sign in 

brightfield image, after one hour). This is not surprising since, as already reported, 

long exposure to UV light can harm the cell, break cell membrane, damage DNA and 

damage other cellular organelles and later induce cell death15. In fact, this specific 

uptake phenomenon has been observed especially in the development of dead cell 

labelling molecules. As shown in Figure 6.11d, this observation is also strongly 

supported by the fact that only area irradiated with UV light shows cellular uptake of 

the complex while cells in the surrounding do not exhibit any internalization since 

they have not been damaged. A control experiment to proving that the platinum 

complex is not responsible for the cell damage, due to the formation of singlet 

oxygen or other reactive species, was performed by irradiating the system, in the 

same conditions, at 455 and 488 nm, where the platinum complexes absorb light. 

 

6.2.4 Role of the ancillary ligand 

The investigated complexes suffer of several drawbacks such as no uptake in healthy 

HeLa cells (in cell culture media), the absence of specific localization and water 

solubility. Unfortunately such aspects are crucial in the application of metal-based 

fluorophores as imaging agents, thus bioconjugation is probably the easiest and 

straightforward strategy to improve these properties (chapter 7).16,17 However we 

have prelimiŶary tested if it’s possiďle to improve the soluďility aŶd the 

internalization of the compounds by changing of the ancillary ligand (Figure 6.12). In 

particular, vitamin B6 is expected to increase the hydrophilic character while keeping 

the size of the molecule small. A biologically active ancillary ligand could also provide 

a better uptake and localization due to its intrinsic activity. We have also tested the 

effect of the change of the nature of the ancillary ligand from pyridine to aliphatic 

amine; in particular, we have chosen diethanolamine (DEA). The replacement of the 

pyridine moiety with DEA should decrease the - interaction in favor of the 
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solubility still keeping the overall charge neutral. At this stage we have decided to 

employ pyC5-CF3-tzH2 as terdentate ligand since the resulting complexes have 

possessed the best known photophysical properties. 

  

 

Figure 6.12. Chemical structures of the platinum complexes. 

 

The complex CF3-Pt-vitB6 and CF3-Pt-DEA were synthetized as described above for 

CF3-Pt-4OHpy and fully characterized by NMR techniques (1H, 13C, 19F), HR mass and 

elemental analysis (see experimental part). Interestingly, CF3-Pt-DEA displays a higher 

solubility than CF3-Pt-4OHpy which is soluble even in rather polar media such 

methanol and ethanol as well as halogenated solvents, while the change in solubility 

is less pronounced for CF3-Pt-vitB6. However the newly synthetized complexes 

require the addition of a solubilizing agent (DMSO) due to their negligible solubility in 

water. 

 

6.2.4.1 Bioimaging 

CF3-Pt-vitB6 seems to behave similarly to CF3-Pt-4OHpy, with no internalization in cell 

culture media. However, if the platinum complex is incubated in DMSO/PBS (c = 50 

M, < 1% DMSO v/v), after 4 hours of incubation (37 °C, 5% CO2), an emission 

attributable to aggregates formed upon establishment of PtPt interaction has been 

observed inside HeLa cells (Figure 6.13). 
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Figure 6.13. (a) Confocal microscopy image of HeLa cells after incubation with CF3-Pt-vitB6 
shows true-color emission of the cell compartments by using lambda-mode option. (b) 
Corresponding normalized emission spectra recorded from the cytoplasmic region (blue line) 
and the nuclear region (red trace) as indicated by the arrows. The emission of CF3-Pt-4OHpy 
in the nuclear region (Figure 6.4b) is also depicted as red dashed trace. The samples were 
excited at exc = 405 nm. 

 
As shown in Figure 6.13, the maximum of the emission in the nuclear region is 

detected at 600 nm and the emission profile in such region traces out the emission of 

the CF3-Pt-4OHpy aggregates in similar conditions (Figure 6.13b); indeed an emission 

at these wavelengths can only be ascribed to the formation of luminescent 

aggregates of Pt(II) complexes. Moving to the cytoplasmic region, the emission 

maximum shifts to 485 nm and this emission band, which is also observed in the 

nuclear region, can be attributed to endogenous fluorophores. The use of vitamin B6 

as ancillary ligand has somehow improved the nuclear localization already present in 

CF3-Pt-4OHpy without changing dramatically the uptake kinetics. As already 

mentioned, internalization of the complex has been observed only in the absence of 

cell culture media which makes such compound not suitable for biological 

application. CF3-Pt-DEA the first compound which is internalized in the presence of 

cell culture media (<1% DMSO) as shown in Figure 6.14.  
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Figure 6.14. (a) Confocal microscopy image of HeLa cells after incubation with CF3-Pt-DEA 

shows true-color emission by using lambda-mode option. (b) Corresponding normalized 
emission spectra. The sample was excited at exc = 405 nm. 

 

Indeed an emission spectrum, attributable to the formation of luminescent 

aggregates of Pt(II), is detected inside the cells (max = 610 nm) after only 25 minutes 

of incubation in the cell culture media which is extraordinary fast if compared with 

the previous investigated compounds, but no preferential localization has been 

observed (Figure 6.14a). These results suggest that decrease of the - interaction 

obtained by replacing the ancillary pyridine with an aliphatic amine has a positive 

effect not only on the solubility of the complex but also on the cellular uptake. 

 

6.3 Conclusion 

We have demonstrated the use of metal complexes and in particular of luminescent 

Pt(II) systems for bio-imaging. Their square planar geometry can induce self-assembly 

into supramolecular architectures possessing interesting photo- physical properties 

together with an enhanced stability. Such aggregates can be indeed considered a new 

class of dynamic probes, since the emission can be easily modulated and their long-

live emission easily detected. The investigated complexes have shown uptake only 

when specific incubation conditions were used. By designing the coordinating ligands 

it is possible to internalize and localize the complexes in specific parts of the cells. The 

investigated complexes are internalized only when specific incubation conditions are 

used (e.g. PBS), in fact the presence of proteins or other biomolecules can inhibit or 
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even sequester the platinum complexes forcing expulsion from cells after their 

internalization (culture media). Irradiation of the cells with 405 nm light causes fast 

uptake of the compounds due to cell damage. Preliminary results have shown that 

the use of an aliphatic amine (DEA) as ancillary ligand significantly improves the 

cellular uptake, which occurs even in cell culture media.  

 

6.4 Experimental Section 

6.4.1 Synthesis and characterization 

All the reactions were carried out under an inert atmosphere of nitrogen(Schlenk 

technique). All the solvents and chemicals were used from Aldrich or Fluka without 

any further purification. The compounds were purified by column chromatography by 

using silica gel 60 (70-230 mesh) as stationary phase. 1H, 13C and 19F NMR spectra 

were recorded on a Bruker Advance 400 spectrometer. The 1H NMR chemical shifts 

;δͿ are giveŶ iŶ ppm aŶd referred to residual protoŶs oŶ the correspoŶdiŶg 

deuterated solvent. All deuterated solvents were used without any further 

purification). All coupling constants (J) are given in Hertz (Hz). Electrospray ionization 

mass (ESI-MS) spectra were recorded on a Bruker Daltonics (Bremen, Germany) 

MicroTof with loop injection. Elemental analysis was realized by the Service 

d’aŶalyses, de mesures physiques et de spectroscopie optique at the université de 

Strasbourg 

 

6.4.1.1 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato(2-)-

κN](4-pyridinol-κNͿ (CF3-Pt-4OHpy) 

Ligand py-CF3-trzH2 (230.0 mg, 0.660 mmol, 1.0 eq.), PtCl2(DMSO)2 (306.0 mg, 0.73 

mmol, 1.1 eq.), 4- hydroxypyridine (63 mg, 0.660 mmol, 1.0 eq.) and 200 L of Et3N 

were suspended in 20 mL of a 3 : 1 2-methoxyethanol and water. The reaction 

mixture was heated overnight at 85 °C. A yellowish-green precipitate appeared few 

minutes after the heating. The desired compound was purified on column 

chromatography using silica gel as stationary phase and 3 : 1 THF–n-hexane mixture 

as eluent, and obtained as greenish-yellow solid (66.1 mg, 0.104 mmol, yield 15.7%). 
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1H NMR (THF-d8, 400 MHz, ppm) : 9.31 (2H), 8.14 (1H), 8.72 (2H), 6.95 (2H); 19F{1H} 

NMR (THF-d8,376 MHz, ppm) : 65.10 (1F). HR-ESI-MS(-)(m/z): [M-H]- calculated 

636.03246; found 636.03002.  

 

6.4.1.2 Platinum [2,6-bis[3-(4-methylphenyl)-1,2,4-triazol-5-yl-κN2
]pyridinato(2-)-

κN] (4-pyridinol-κNͿ (Tol-Pt-4OHpy) 

The platinum(II) complex was prepared in similar conditions described above for CF3-

Pt-4OHpy, by employing py-tol-trzH2 as tridentate ligand. The complex was purified 

on column chromatography using silica gel as stationary phase and 

ethylacetate:ethanol 1:1 as eluent, and obtained as yellow solid (yield 7%). 1H NMR 

(DMSO-d6, 400 MHz, ppm) : 9.10 (2H), 8.17 (1H), 8.01 (4H), 7.80 (2H), 7.29 (4H), 6.50 

(2H), 2.36 (6H); HR-ESI-MS (m/z): [M + H]+ calculated 682.16388; found 682.16471. 

 

6.4.1.3 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato(2-)-

κN][4,5-Bis(hydroxymethyl)-2-methylpyridin-3-ol-kN] (CF3-Pt-vitB6) 

Ligand py-CF3-trzH2 (200 mg, 0.572 mmol, 1 eq.), PtCl2(DMSO)2 (242 mg, 0.572 mmol, 

1 eq.), Pyridoxine hydrochloride (141 mg, 0.687 mmol, 1.2 eq.) and 250 L of Et3N 

were suspended in 20 mL of a 3 : 1 2-methoxyethanol and water. The reaction 

mixture was heated overnight at 85 °C. A yellowish-green precipitate appeared few 

minutes after the heating. The desired compound was purified on column 

chromatography using silica gel as stationary phase and ethylacetate:acetone 8:2 

mixture as eluent, and obtained as greenish-yellow solid (170 mg, 0.239 mmol, yield 

41.7%). 1H NMR (THF-d8, 400 MHz, ppm) : 8.48 (1H), 8.22 (1H), 7.91 (2H), 5.14 (2H), 

4.71 (1H) 4.60 (2H), 2.90 (3); 13C NMR (THF-d8, 100 MHz, ppm) : 165.53, 155.35-

154.2 (q, J =4 Hz), 154.43, 150.75, 150.65, 144.86, 143.39, 136.34, 135.02, 125.38-

117.35 (q, J =27 Hz), 119.3, 61.00, 60.14, 20.84. 19F{1H} NMR (THF-d8,376 MHz, ppm) 

: 66.84. HR-ESI-MS(+)(m/z): [M-Na]+ calcd. 712.0814; found 712.0834. Elemental 

analysis calcd. for C19H14F6N8O3Pt C 32.08%, H 1.98%, N 15.75%, found C 31.63%, H 

2.23%, N 15.89%. 

 



172 
 

6.4.1.4 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato(2-)-

κN](diethanolamine-kN) (CF3-Pt-DEA) 

Ligand py-CF3-trzH2 (178 mg, 0.51 mmol, 1 eq.), PtCl2(DMSO)2 (215 mg, 0.51 mmol, 1 

eq.), DEA (160 mg, 1.53 mmol, 3 eq.) in 20 mL of methanol and water. The reaction 

mixture was refluxed 4 hours. The desired compound was purified on column 

chromatography using silica gel as stationary phase and cyclohexane:ethylacetate 2:1 

mixture as eluent and obtained as greenish-yellow solid (245 mg, 0.38 mmol, yield 

74.5%). 1H NMR (CD2Cl2, 400 MHz, ppm) : 8.15 (1H), 7.88 (2H), 6.06 (1H), 4.41 (2H), 

3.94 (2H) 3.79 (4H), 3.39 (2H); 13C NMR (THF-d8, 100 MHz, ppm) : 165.13, 154.63-

153.61 (q, J =4 Hz), 149.45, 143.98, 124.36-116.32 (q, J =27 Hz), 119.42. 19F{1H} NMR 

(THF-d8,376 MHz, ppm) : 64.84. HR-ESI-MS(+)(m/z): [M-Na]+ calcd. 648.0865; found 

648.0901. Elemental analysis calcd. for C15H15F6N8O2Pt C 32.08%, H 1.98%, N 15.75%, 

found C 31.63%, H 2.23%, N 15.89%. 

 

6.4.2 Cell culture media 

All materials for cell tests were purchased from Gibco. HeLa cells were cultured inside 

media which contains 88% Dulbecco's Modified Eagle Medium (DMEM), 10% Fetal 

Bovine Serum (FBS), 1% penicillin–streptomycin and 1% L-glutamine 200mM under 

37°C and5%of CO2 condition for 48 hours until reaching 70 to 80% cell confluence. 

Subsequently, the cells were washed twice with Phosphate Buffer Solution (PBS), 

trypsinated and approximately 50 000 cells were reseeded on the monolayer glass 

cover slip inside six-well plate culture dish and glass bottom dishes (MatTek). Fresh 

culture media (2 mL) was added gently and cells were grown overnight. 

 

6.4.3 Platinum complexes incubation with PBS 

The culture media was removed and 2 mL of new staining solution containing the 

corresponding platinum complex (50 M in less than 1% DMSO containing PBS) were 

gently added onto cells. After incubation at 37 °C for 4 hours, the incubating media 

was removed and the cell layer on glass cover slips was gently washed (3 ×) with PBS 

and fixed with 4% paraformaldehyde (PFA) solution for 10 min. 
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6.4.4 Incubation with cell culture media 

The cell culture media was removed and 50 M of the corresponding platinum 

complex (in less than 1% DMSO containing culture media) was added to the cells 

grown onto glass bottom dishes. After incubation at 37 °C for either 4 or 24 hours, 

the media was removed and the cell layer on glass cover slips was gently washed (3 ×) 

with PBS and 2 mL of fresh culture media was added. 

 

6.4.5 Organelle staining 

The cell layer was washed twice with PBS and kept in 0.1% Triton X-100 in PBS for 10 

minutes, afterwards in 1% bovine serum albumin, BSA (Sigma Aldrich), and finally in 

PBS for 20 min. The cell layer on glass cover slip was stained with Phalloidin Alexa 

Fluor® 568 (Invitrogen), for F-actin/membrane staining, for 20 min, in the dark at 

room temperature, and washed twice with PBS. For nucleoli staining purpose, 500 

ŶM of “YTO® RNA“elect™GreeŶ FluoresceŶt Cell Stain (Invitrogen) solution were 

added on the top of cells for 20 minutes followed by PBS washing. For visualizing 

nuclear region, cell nucleus was stained with 40,6-diamidino-2-phenylindole 

carboxamidine (DAPI) and washed twice with PBS. The cover slips were mounted 

onto glass slides for microscopy measurements. 

 

6.4.6 Photobleaching experiments 

Photobleaching experiments were carried out on fixed cells stained with CF3-Pt-

4OHpy and DAPI. The sample was continuously excited with high power 405 nm laser 

(32 mW) for 5 minutes and subsequently imaged at low power acquisition (1.2 mW) 

every 5 minutes for a total time of 25 minutes. 

 

6.4.7 Kinetic of internalization of the complex in cell culture media 

The cell culture media of living cells grown onto glass bottom dish was removed and 

2mL of CF3-Pt-4OHpy staining solution (50 M in less than 1% DMSO containing 
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culture media) was added. The cells were subsequently imaged by confocal 

microscopy setup or one minute acquisition time for a total duration of 75 minutes. 

 

6.4.8 Kinetic of cellular expulsion of the complex after cell culture media addition 

Cells growing on glass bottom dish were incubated with 2 mL of CF3-Pt-4OHpy 

staining solution (50 M in less than 1% DMSO containing PBS) for 20 minutes. 

Subsequently, cells were quickly washed three times with PBS to eliminate the excess 

of the complex and PBS media was replaced by normal cell culture media. Confocal 

microscopy experiments were directly per-formed for 2 minutes acquisition time for 

a total duration of 40 minutes. 

 

6.4.9 Fluorescence confocal microscopy 

All of the fluorescence images were taken by using Zeiss LSM 710 confocal 

microscope system with 63 × magnification, numerical aperture, NA, 1.3 of Zeiss LCI 

Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). The samples were 

excited by continuous wave (cw) laser at 405 nm. The emission of the complexes was 

collected in the range from 500 to 620 nm. In addition, the lambda-mode acquisition 

technique was performed to observe the emission spectra of the two complexes after 

cell internalization. In this case, the complexes were excited at 405 nm and emission 

spectra were collected from 412 to 723 nm. For co-localization experiments, the 

samples priorly co-stained with different dyes, DAPI (excitation/emission wavelength: 

358 Ŷm/ϰϲ1 ŶmͿ, “YTO® RNA“elect™ GreeŶ FluoresceŶt Cell “taiŶ 

(excitation/emission wavelength: 490 nm/ 530 nm) and Alexa Fluor® 568 Phalloidin 

(excitation/emission wavelength: 578 nm/600 nm) were excited at 405 nm and 594 

nm, respectively. The emission spectra of the complexes together with the different 

dyes employed were also collected by using lambda-mode acquisition of the confocal 

setup. The raw data, taken by the lambda-mode, were processed by using linear un-

mixing tool available in ZEN 2011 software package (Zeiss GmbH). All images were 

performed by using the same software. False colour images were adjusted to better 
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distinguish of the complexes from cellular organelles, e.g. yellow corresponds to 

complex, blue to DAPI that stains nucleus, green to nucleoli, and red to F-actin. 
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Chapter 7 

β-lactam bioconjugates bearing luminescent 

platinum(II) tags: synthesis and photophysical 

characterization 

 

 

 

 

Abstract: Two novel neutral Pt(IIͿ complexes ďeariŶg a β-lactam unit on the ancillary 

pyridine ligand have been synthesized and their photophysical properties 

investigated. The complexes show interesting emission properties that, in the solid 

state, are dominated by the formation of aggregates due to the square-planar 

geometry of the Pt(II) species. Interestingly, the formation of closed-shell 

metal···metal interactions in such aggregates lead to new excited states that 

conveniently allow excitation in the visible region. The combination of the biologically 

active azetidinone agent and the intense and long-lived emission are of particular 

interest for developing efficient multifunctional biomedical systems. 
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7.1 Introduction  

β-Lactam compounds are historically well-known as one of the most important class 

of antimicrobial agents since the discovery of the naturally occurring bicyclic penicillin 

and cephalosporin compounds.1 It was recognized early on that the four-membered 

azetidiŶoŶe riŶg represeŶts the pharmacophoric core of β-lactams, as attested by the 

discovery of the monocyclic and potent Aztreonam antibiotic.2 However, the 

treatment of bacterial infections has been hindered by the increasing emergence of 

multidrug-resistant microorganisms, which is one of the greatest challenges in the 

clinical management of infectious diseases.3 Resistance is an inevitable side effect of 

antibiotic use and requires a continuous search for new bacterial targets and novel 

therapeutic agents to treat drug- resistant microorganisms.4,5 Research in this field 

remaiŶs active, aŶd reports of Ŷeǁ β-lactam derivatives against resistant bacteria 

continue to appear.6  

In a recent contribution from our group, a series of new azetidinones were tested in 

vitro against Gram-positive and Gram-negative clinical isolates. In particular, the new 

β-lactams were found to be active against methicillin-resistant and methicillin-

susceptible Staphylococcus Aureus strains, MRSA and MSSA respectively, isolated 

from patients with cystic fibrosis.7-9 

The ďiological activity of moŶocyclic β-lactams is not limited to their antibacterial 

properties, and specific activities are continuously emerging from new azetidinone 

derivative. The design and synthesis of new azetidinones thus has resulted in the 

discovery of valuable inhibitors of serine proteases in- cludiŶg elastase, β-lactamase, 

phospholipase A2, and bacterial signal peptidase, inhibitors of HFAAH, HDAC, Ca- 

thepsin K, and vasopressin, anticancer, antitubercular, and anti-inflammatory 

agents.10,11  

The study of transition-metal-bioconjugates is an active field of research that has led 

to potential therapeutics. Such compounds can function as tracers in immunological 

analysis based on several analytical methods.12 Furthermore, the possibility of 

combining therapeutic properties with diagnostics tools making compounds with dual 

functionality (i.e., theranostic agents) has recently blossomed. These compounds can 
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be simultaneously used as powerful imaging tools to unveil real-time biochemical 

processes, compound accumulation, drug activity and interaction, and to gather 

information about the fate of the compounds.13-19 In this respect, much effort is 

currently devoted to the preparation of luminescent complexes based on second- 

and third-row transition metals such as iridium(III), rhenium(I), ruthenium(II), and 

platinum(II), for applications in bioimaging in vitro, in cellulo and in vivo.20-24 Such 

increasing scientific interest is driven by the fact that the judicious choice of 

coordinating ligands together with the presence of the heavy metals might provide 

enhanced physicochemical properties, such as photostability, large Stokes shifts, 

tunable emission colors, and high photoluminescence quantum yield. 20-24 

Furthermore, as a consequence of the formally spin-forbidden nature of the radiative 

processes, such transition-metal complexes (TMCs) possess long-lived excited states 

with lifetimes that span over greater orders of magnitude when ompared to widely 

used organic fluorophores,25-27 allowing the successful employment of time- gated 

microscopy techniques for imaging purposes.28,29 However, TMCs typically show 

excitation bands in the deep- blue and ultraviolet region, which severely hampers 

their use in real applications for in cellulo and in vivo experiments. 

Among all the investigated complexes, luminescent platinum(II) derivatives possess 

the tendency to aggregate into self-assemďled ŶaŶostructures ďy meaŶs of ǁeak π-π 

and closed-shell metallophilic (dz2 ··dz2) interactions.30-36 The establishment of such 

intermolecular interactions leads to the formation of lower-lying excited states, 

namely metal-metal- to-ligand charge transfer (MMLCT). 

We have very recently demonstrated that it is possible to take advantage of the 

formation of such aggregates to obtain luminescent TMC- based labels that are able 

to self-assemble in cellular compartments, forming highly emitting aggregates as a 

consequence of their protection from quenchers (e.g., dioxygen) in biologically 

relevant environments.20,37 More interestingly, the formation of MMLCT bands leads 

to sizeable bathochromic shift of both excitation and emission, allowing easy 

excitation of the probe with visible light.37,38 
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The β-lactams have seldom been studied as ligands for metal complexes,39-41 and 

most of the examples deal with metallocene derivatives. Recently, examples of Pd 

and Pt complexes with azetidinones42 and bio-orgaŶometallic Ir aŶd Rh ǁith β-lactam 

ligands were reported.43 However, specifically designed metal complex bioconjugates 

should alloǁ the possiďility to couple the multifaceted ďiological activities of β-

lactams with photoactive metal complexes. This could represent an interesting 

combination because among the new strategies to combat antibiotic-resistant 

infections, antimicrobial photodynamic therapy appears promising for the treatment 

of local infections caused by both Gram-positive and Gram-negative bacteria.44,45 

In this chapter we propose the first step towards the development of bioconjugates 

between azetidinones and luminescent platinum complexes. We have chosen 

platinum compounds because of their interesting photophysics, which can be tuned 

upon the formation of aggregates. Furthermore, platinum complexes are widely used 

in biomedical applications due to their anticancer activity,46-50 and their ability to 

recognize proteins.51-54 We can envisage that the molecules reported and here 

characterized here could therefore be parent compounds of a novel set of bioimaging 

probes with self-assembling properties for particular biological targets, such as 

bacteria, proteins, or receptors. 

 

7.2 Results and discussion 

7.2.1 Synthesis and characterization 

Starting from the commercially available (3R,4R)-4-acetoxy- 3-[(1R)-1-(tert-

butyldimethylsilyloxy)ethyl]azetidin-2-one (A), a nucleophilic substitution reaction 

was performed to insert on the C-ϰ positioŶ of the β-lactam ring a pyridine residue 

that would act as ancillary ligand. As a first attempt, 4-OH-pyridine was chosen as a 

nucleophile and the corresponding azetidinone 1 was obtained in quantitative yields. 

On attempting the complexation of 1 with Pt(II)Cl2(DMSO)2 as the platinum 

precursor, and py-CF3-trzH2 as the tridentate ligand in CHCl3, and in the presence of 

DIPEA at 50 °C, only the CF3-Pt-4OHpy was obtained. A tentative explanation is that 

the Cϰ positioŶ of the expected β-lactam B could become activated by the direct 
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conjugation of the phenolic moiety with the pyridine coordinated to platinum. Thus, 

in the aqueous work-up, displacement of the ligand from the azetidinone 

intermediate B occurred and only CF3-Pt-4OHpy was isolated (Scheme 7.1). 

 

Scheme 7.1. Synthetic strategy used to access the new β-lactam platinum conjugate. 

 

To avoid the electronic coupling between the pyridine and the azetidinone moiety, a 

short alkyl chain was introduced as a spacer. Thus, 3-pyridylpropanol and the 4-

acetoxy-azetidinone A were coupled (Scheme 7.2) to give azetidinone 2. Compound 2 

was then treated with the platinum(II) precursor and py-CF3-trzH2, in the presence of 

DIPEA in CHCl3 at 5Ϭ °C, leadiŶg to the β-lactam complex 3 (Scheme 7.2). The new 

platinum-based bioconjugate was purified by column chromatography and fully 

characterized. 

 

 
Scheme 7.2. Synthetic strategy used to access the new β-lactam platinum conjugate 3. 

 

However, complex 3 was poorly soluble in organic solvents and completely insoluble 

in water. To improve its solubility, we then inserted a short tetraethylene glycol (TEG) 

chaiŶ as spacer ďetǁeeŶ the pyridiŶe aŶd the β-lactam moieties. The synthetic 
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pathway is depicted in Scheme 7.2Figure 7.3 and started from the reaction of 4-

(chloromethyl)pyridine hydrochloride with tetraethylene glycol to give 4. The new 

tetraethyleneglycol-pyridyl ligand 4 was preliminarily evaluated as platinum ligand in 

reaction with the Pt(II) precursor, obtaining successfully complex 5 (Scheme 7.3).  

 

 
Scheme 7.3. Synthetic strategy for TEG platinum conjugate 5. 

 

Treatment of the starting 4-acetoxy-azetidinone A with 4 gave the β-lactam 

conjugate 6, which was treated with the Pt(II) precursor, py-CF3- trzH2 and DIPEA in 

CHCl3 at 5Ϭ °C to give the desired β-lactam complex 7.  

 

 
Scheme7.4 . Synthetic route to azetidinone-PtII complex 7. 

 

The β-lactam conjugate 7 was obtained in 59% yield after flash chromatography 

purification and was fully characterized. Complex 7 is very soluble in several organic 

solvents (CH2Cl2, CHCl3, THF, MeOH, ethyl acetate, and acetone), and in water it 

rapidly formed a colloidal suspension. 
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The purified complexes 3 and 7 were fully characterized by mass spectrometry (ESI), 

IR, and NMR spectroscopy. The 1H NMR spectra of compounds 2, 3 and 7 are 

compared in Figure 7.1. The successful complexatioŶ of the β-lactam 2 to platinum in 

compounds 3 and 7 was confirmed by the downfield shift of the ortho-aromatic 

pyridiŶe protoŶs of the Cϰ side chaiŶ of the β-lactam, which moved from 8.5 ppm in 

compound 2 to 9.4 ppm for 3 and 7. In contrast, resonance peaks relative to the 

peculiar hydrogen atoms oŶ the β-lactam ring b, c, and d (Figure 7.1) were influenced 

ďy complexatioŶ to a much lesser exteŶt. Therefore, the β-lactam ring should not be 

involved in platinum complexation and it could retain its own characteristics and 

properties. This is an important observation in view of the possible application of the 

conjugation described here to biologically active azetidinones. 

 

 
Figure 7.1 Comparison of the 

1
H NMR (400 MHz) spectra of 2 (bottom), 3 (middle), and 7 

(top) in CDCl3. 
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7.2.2 Photophysical Characterization 

The absorption and emission spectra in dilute CHCl3 solution (concentration 1 × 10–5 

M) at room temperature and at a concentration of 5 × 10–5 M in 2-MeTHF glassy 

matrix at 77 K are displayed in Figure 7.2. As shown in the electronic absorption 

spectrum in dilute CHCl3 fluid solution, both compounds 3 and 7 display absorption 

features in two main regions. At lower energy in the region 360–400 nm, a weak 

ďroad aŶd featureless ďaŶd ǁith molar extiŶctioŶ coefficieŶt, ɸ, of Ϭ.8 aŶd 1.1 × 1Ϭ3 

M–1cm–1 ;at λabs = 403 nm) for compound 3 and 7, respectively, is attributable to the 

overlap of energetically lower-lying spin-allowed singlet-manifold metal-to-ligand 

charge transfer, 1MLCT, and ligand-centered, 1LC, excitation processes as typical of 

similar reported cyclometalated platinum(II) complexes.30,37,55-59 Such excitation can 

be mainly described as a shift of electron density from the filled d metal-based 

molecular orbitals to the empty MOs of the tridentate ligand ǁith π* character, 

dπ;PtͿ→π*. 

 

 
Figure 7.2. Room temperature (solid traces) absorption and normalized emission spectra for 

samples of compound 3 (black) and 7 (red) at 1×10
–5

 M in CHCl3 and low temperature (77 K) 

emission spectra (dashed traces) at 5×10
–5

 M in 2-MeTHF glassy matrix. Emission spectra 

were collected upon λexc at = 300 nm. 

 



185 
 

OŶ the other haŶd, the more iŶteŶse ;ɸ = Ϭ.Ϯϲ–2.44×104 M–1cm–1) and structured 

aďsorptioŶ features preseŶt at higher eŶergy ;λabs = 250–340 nm) can be attributed to 

1LC bands. Unfortunately, the low solubility of the complexes in solvents with a wide 

range of polarity hampered studies on solvent dependence.  

As shown in Figure 7.2, upon photoexcitation in the range of 300–400 nm, diluted 

fluid air-equilibrated solutions in CHCl3 of both complexes display moderate (PLQY = 

2%) and structured emission in the blue region of the visible spectrum with a 

maximum at 464, and vibrational bands at 492, 525, and a shoulder at 567 nm. The 

observed emission band with vibronic progression is similar to other reported 

platinum(II) derivatives bearing N∧N∧N tridentate chelating motifs and is attributed 

to π–π* traŶsitioŶs iŶvolviŶg the tridentate ligand.30,58 All the complexes possess bi-

expoŶeŶtial radiative deactivatioŶ kiŶetics: τ1 = Ϯϳ8 Ŷs aŶd τ2 = 13 ns for compound 4 

aŶd τ1 = Ϯ3ϵ Ŷs aŶd τ2 = 14 ns for compound 7 (see Table 7.1 for more details).  

 
Table 7.1. Photophysical data for 3 and 7 in fluid solution at room temperature, 77 K glassy 

matrix, and solid state. 

 Room temperature 
CHCl3 

77 K 
2MeTHF glassy matrix 

Solid state 

 λabs ;ɸͿ 
[nm, (×103 M–1cm–

1)]  

em 
[nm][a] 

ns] PLQY 
(%) 

em 
[nm][a] 

τ ;<τ>Ϳ[b] 
[µs] 
 

em 
[nm] 

ns] PLQY 
(%) 

3 255 (22.6), 267 
(19.8), 303 (15.1), 
338 (2.6), 402 (0.8) 

464, 492, 
525, 567 
(sh) 

278 
(77%) 
13 
(23%) 
 

2 451, 
480, 
517, 
554 (sh) 

4.2, 69% 10.7, 
31% (6.2)[c] 
3.6, 96% 7.7, 
4% (3.8)[d] 

596 
 

321 55 

7 255 (24.4), 266 
(22.2), 303 (16.4), 
338 (3.3), 402 (1.1) 

464, 492, 
525, 567 
(sh) 

239 
(66%) 
14 
(34%) 

2 451, 
483, 
517, 571 
 

4.0, 71% 
9.6, 29% (5.6)[c] 
3.5, 97% 7.7, 
3% (3.6)[d] 

589 341 56 

[a] ͚sh͛ deŶotes shoulder. [b] Amplitude-weighted lifetimes. [c] Recorded at 450 nm. [d] 

Recorded at 585 nm. 

 
Such bi-exponential de-excitation kinetics can be attributed either to the formation of 

aggregates, even in diluted solution, meaning the coexistence of different species in 

solution, or to the presence of two close-lying excited states, an emissive state with 

3MLCT/3LC nature, and an energetically close-lying nonemitting (quenching) state. 

30,58 To clarify the photophysical behavior, low-temperature and solid-state 

measurements have been performed. At 77K in 2-MeTHF glassy matrix (c =5×10–5 M), 
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the emission spectra display a slight hypsochromic shift of only 621 cm–1 with an 

enhancement of the band structure, featuring maxima at 451, 480, 517 and a 

shoulder at 554 nm for compound 3, whereas an additional band is clearly visible for 

compound 7 at approximately 571 nm. The emission at higher energy (ca. 450 nm) 

has an amplitude- weighted lifetime of 6.2 and 5.6 µs (for 3 and 7, respectively). On 

the other haŶd, at loŶger ǁaveleŶgths ;λem = 585 nm), the amplitude-weighted 

lifetime reduces to 3.8 and 3.6 µs, for 3 and 7, respectively. As shown by the 

excitation spectra at 585 nm for both compounds (Figure 7.3), the presence of a 

lower-energy excitation band extending towards 500 nm suggests partial aggregation 

through formation of closed-shell metallophilic Pt···Pt interactions. 

 

 
Figure 7.3. Normalized excitation spectra recorded at 77 K for samples of compound 3 (black) 

and 7 (red) at 5×10
-5

 M in in 2-MeTHF glassy matrix. Spectra were recorded at 445 (solid 

lines) and 585 (dashed lines) nm. 

 

This effect is even stronger for compound 7, indicating that the emissive excited state 

is generated by aggregation, with the formation of the luminescent 3MMLCT state. To 

further support the assignment of the nature of the emitting excited states, a 

concentration- dependent emission study was conducted in the range 0.1– 5×10–5 M 

at low temperature (77 K) for the derivative that showed higher tendency toward 

aggregation, i.e., compound 7. 
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Figure 7.4. Normalized emission (a) and excitation (b) spectra for samples of compound 7 at 

concentration of 0.1×10
-5

 (squares), 1×10
-5

 (circles) and 5×10
-5

 M (triangles) in 2-MeTHF 

glassy matrix. Emission spectra were recorded at exc = 300 nm while excitation spectra were 

recorded at em = 450 (filled symbols) and 585 nm (empty symbols). 

 

The resulting emission and excitation spectra are displayed in Figure 7.4, respectively, 

and the corresponding lifetimes are listed in Table 7.2. 

 

 450 nm 585 nm 

Sample concentration 

[M] 

[s] 


[s] 

1 
 

3.7 (24%) 10.0 (76%) Not detectable 

10 
 

4.0 (40%) 10.0 (60%) 3.2 (84%) 5.8 (16%) 

50 
 

4.0 (71%) 9.6 (29%) 3.5 (97%) 7.4 (3%) 

Table 7.2. Lifetime data for compound 7 at 77 K in 2-MeTHF glassy matrix at different 

concentration in the range 0.1–5×10
-5

 M recorded at em = 450 and 585 nm, upon exc = 375 

nm. 

 

As expected from radiative transition attributed to a 3MMLCT emission of the ground 

state aggregated platinum complexes, we observed that, upon increasing the 

concentration, both low-eŶergy emissioŶ aŶd excitatioŶ ;recorded at λem = 585 nm) 

bands increase their relative intensity. On the other hand, the excitation spectra 

recorded at higher energy (i.e., 450 nm) show a negligible concentration dependency. 

Concomitantly, in the time-resolved emission decay recorded at 585 nm, the shorter 

lifetime component (i.e., 4.0 µs) attributed to 3MMLCT increases its relative weight. A 
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mirrored trend is obtained upon monitoring the lifetime at the higher energy band 

;λem = 450 nm), for which the longer lifetime component (i.e., 10.0 µs) attributed to 

the 3LC/3MLCT excited state of the monomeric species increases its weight upon 

dilution. Similar consideration can be made for complex 3. Therefore, we can 

conclude that at 77 K and even at room temperature in dilute solution the 

multiexponential decays are due to the formation of small aggregates. For the latter 

case, i.e., in dilute CHCl3 solution, we attribute the short component to the 

monomeric species and to the longer excited-state lifetime to the aggregates. The 

assemďliŶg formatioŶ for the β-lactam-platinum conjugates 3 and 7 have also been 

investigated in the solid state, and the corresponding normalized excitation and 

emission spectra are reported in Figure 7.5. Interestingly, upon photoexcitation 

between 300 and 400 nm, the solid- state samples display a very intense emission 

band centered at 596 and 589 nm with PLQY as high as 55 and 56% for compound 3 

and 7, respectively. The excited-state lifetimes decay with monoexponential kinetics 

and are 321 and 341 ns for complex 3 and 7, respectively. Similar to the 77 K spectra, 

such bright emission is attributable to the 3MMLCT emitting excited-state established 

upon aggregation of the complex in the solid state. 

 
Figure 7.5. Normalized excitation (dotted traces) and emission (solid traces) spectra for solid-

state samples of 3 (black) and 7 (red). Excitation and emission spectra were collected at the 

λem maximum and upon λexc at 350 nm, respectively. 
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Even more interestingly, the excitation spectra recorded at the maximum of emission 

wavelength display a typical 1MMLCT band with onset wavelength as long as 580 nm 

for compound 3, allowing the possibility to excite such luminescent probes in their 

aggregated form with visible light with a wavelength that approaches the so-called 

biological window (600– 1300 nm). Overall, the several nanosecond lifetime scale, 

the very bright emission in air-equilibrated conditions of the aggregated compounds, 

as well as the excellent stability of the compounds, are valuable properties that 

should facilitate further exploration of the behavior of such species for 

bioapplications and as theranostic agents. 

 

7.3 Conclusions  

New luminescent Pt(IIͿ complexes ďeariŶg a β-lactam unit were successfully 

syŶthesized aŶd the Ŷeǁ β-lactam platinum conjugates showed interesting 

photophysical properties. Furthermore, the formation of aggregates, due to the 

square-planar geometry of the Pt(II) species, leads to new excited states that allow 

excitatioŶ iŶ the visiďle regioŶ. The comďiŶatioŶ of a ďiologically active ageŶt ;the β-

lactam unit) and an intense and long-lived emission (platinum complex) are of 

particular interest for the development of biomedical systems in which imaging and 

antimicrobial properties are combined in a single compound. 

 

7.4 Experimental Section 

7.4.1 Synthesis and characterization 

Commercial reagents were used as received without additional purification. 1H, 13C, 

and 19F NMR spectra were recorded with an INOVA 400 or a Bruker Avance 400 

instrument with a 5 mm probe. All chemical shifts are quoted relative to deuterated 

solvent signals (δ in ppm and J in Hz). TLC was performed with Merck 60 F254 plates. 

Column chromatography was performed with Merck silica gel 200–300 mesh. HPLC-

MS were recorded with an Agilent Technologies HP1100 instrument, equipped with a 

ZOB- RAX-Eclipse XDB-C8 Agilent Technologies column (mobile phase: H2O/ACN, 0.4 

mL/min, gradient from 30 to 80% ACN in 8 min, 80% ACN until 25 min), coupled with 
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an Agilent Technologies MSD1100 single-quadrupole mass spectrometer, full scan 

mode from m/z 50 to 2600, scan time 0.1 s in positive ion mode, ESI spray voltage 

4500 V, nitrogen gas 35 psi, drying gas flow 11.5 mL/min, fragmentor voltage 20 V. 

Elemental analysis were performed with a Thermo Flash 2000 CHNS/O Analyzer. 

 

7.4.1.1 (3R,4R)-3-{(R)-1-[(tert-Butyldimethylsilyl)oxy]ethyl}-4-(pyridin-4-

yloxy)azetidin-2-one (1) 

In a 25 mL flask, to a stirred solution of A (143 mg, 0.5 mmol) in acetonitrile (1.0 mL) 

were slowly added H2O (4.0 mL), then 4-hydroxypyridine (95 mg, 1.0 mmol) and 

finally TEA (154 µL, 1.1 mmol). The reaction was followed by TLC (EtOAc/cyclohexane, 

8:2) and after 1 h stirring, the mixture was extracted with CH2Cl2 (3×10 mL), dried 

with Na2SO4, and evaporated in vacuo. After flash-chromatography purification 

(acetone to acetone/MeOH, 95:5), the desired product 1 (144 mg, 100%) was 

oďtaiŶed as a ǁhite solid; [α]D = Ϯϵ.8 ;c = Ϭ.ϲϮ, CH2Cl2). 1H NMR (400 MHz, CDCl3Ϳ: δ = 

0.10 (s, 3 H, MeSi), 0.12 (s, 3 H, MeSi), 0.89 (s, 9 H, tBuSi), 1.25 (d, J = 7.4 Hz, 3 H, Me), 

3.20 (dd, J = 1.5, 4.2 Hz, 1 H, CHCONH), 4.28 (m, 1 H, CHOTBS), 5.43 (s, 1 H, CHOPyr), 

6.37 (d, J = 7.6 Hz, 2 H, ArH), 7.55 (d, J = 7.6 Hz, 2H, ArH), 7.88 (s, 1 H, NH) ppm. 13C 

NMR(100.6 MHz, CDCl3Ϳ: δ = –5.0, –4.3, 17.9, 22.5, 25.7, 64.4, 68.1, 68.5, 118.9, 

136.3, 165.7, 179.6 ppm. IR (neat): ṽ = 3391, 2956, 2929, 2857, 1784, 1634, 1549, 

1386, 1257, 1174, 1099, 982, 836, 776 cm–1. HPLC-MS (ESI+): Rt = 6.70 min; m/z = 323 

(100) [M+H]+, 645 (59) [2M+H]+, 667 (23) [2M+Na]+. 

 

7.4.1.2 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN2
]pyridinato(2-)-

κN](4-pyridinol-κNͿ (CF3-Pt-4OHpy) 

In a 25 mL two-neck flask with a Liebig condensor under a nitrogen atmosphere, to a 

stirred solution of 2 (84 mg, 0.23 mmol) in CHCl3 (10.0 mL) were added py-CF3-trzH2 

(80 mg, 0.23 mmol), PtCl2(DMSO)2 (97 mg, 0.23 mmol), and DIPEA (80 µL, 0.46 mmol). 

The mixture was heated at 50 °C, stirred overnight and then analyzed by TLC 

(EtOAc/acetone, 8:2). Direct evaporation afforded a crude reaction mixture that was 

purified by flash-chromatography (EtOAc/acetone, 9:1 to acetone) to give complex 
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CF3-Pt-4OHpy (102 mg, 70%) as a yellow luminescent waxy solid. Spectroscopic 

characterization was in accordance to the previously reported.  

 

7.4.1.3 (3R,4R)-3-((R)-1-((t-butyldimethylsilyl)oxy)ethyl)-4-(3-(pyridin-4-yl) 

propoxy)azetidin-2-one (2) 

In a 25 mL two-neck flask dried and under nitrogen atmosphere, to a stirred solution 

of A (143 mg, 0.5 mmol) in 5.0 mL of dioxane, 3-pyridine-propanol (274 mg, 2.0 

mmol) and ZnBr2 (450 mg, 2.0 mmol) were added. The reaction was monitored by 

TLC (AcOEt/cyclohexane 8/2) and after 56 h quenched by stirring with a NaHCO3 

saturated aqueous solution (5 mL), extracted with DCM (3×10 mL), dried over 

Na2SO4 and evaporated in vacuum. After flash-chromatography purification with a 

polarity gradient eluent from AcOEt/cyclohexane 4/6 to 8/2, compound 3 was 

obtained as a colorless oil in a 61% yield (111 mg). 

[α]D = –1.9 (c = 0.76, CH2Cl2). 1H NMR (400 MHz, CDCl3Ϳ: δ Ϭ.Ϭϲ ;s, 3H, Me“iͿ, Ϭ.Ϭ8 ;s, 

3H, MeSi), 0.87 (s, 9H, tBuSi), 1.25 (d, J = 6.2 Hz, 3H, Me), 1.94 (m, 2H, OCH2CH2), 2.71 

(t, J = 7.6 Hz, 2H, OCH2CH2CH2), 3.02 (d, J = 4.2 Hz, 1H, CHCONH), 3.49 (t, J = 6.4 Hz, 

2H, OCH2), 4.17 (m, 1H, CHOTBS), 5.04 (s, 1H, CHNH), 6.61 (bs, 1H, NH), 7.12 (d, J = 

4.0 Hz, 2H, Arom), 8.50 (d, J = 4.0 Hz, 2H, Arom) ppm. 13C NMR (100.6 MHz, CDCl3Ϳ: δ 

–5.1, –4.4, 17.9, 22.5, 25.7, 29.9, 31.5, 64.2, 65.5, 66.6, 80.5, 124.0, 149.3, 150.9, 

167.9 ppm. IR: ṽ = 3227, 2955, 2929, 2857, 1767, 1605, 1463, 1417, 1361, 1255, 1120, 

1098, 836 cm-1. HPLC-MS (ESI+): Rt = 9.65 min; m/z = 365 [M+H]+ 

 

7.4.1.4 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN
2
]pyridinato(2-)-

κN] [(3R,4R)-3-((R)-1-((t-butyldimethylsilyl)oxy)ethyl)-4-(3-(pyridin-4-

yl)propoxy)azetidin-2-one-kN] (3) 

In a 25 mL two-neck flask with a Liebig refrigerator under nitrogen atmosphere, to a 

stirred solution of 2 (60 mg, 0.165 mmol) in 7.2 mL of CHCl3 py-CF3-trzH2 (58 mg, 

0.165 mmol), PtCl2DMSO2 (67 mg, 0.165 mmol) and DIPEA (69 µL, 0.396 mmol) were 

added. The mixture was heated at 50°C overnight and monitored by TLC with AcOEt 

as eluent. The crude, obtained after evaporation of the reaction solvent, was purified 
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by flash-chromatography with CH2Cl2/AcOEt 3/7, to obtain the compound 3 as a 

yellow to orange fluorescent waxy solid in a 39% yield (58 mg). 

[α]D = –2.8 (c = 0.87, DCM). 1H NMR (400 MHz, CDCl3Ϳ: δ Ϭ.Ϭϳ ;s, 3H, Me“iͿ, Ϭ.Ϭϵ ;s, 

3H, MeSi), 0.87 (s, 9H, tBuSi), 1.29 (d, J = 6.4 Hz, 3H, Me), 2.03 – 2.12 (m, 2H 

OCH2CH2), 2.75–2.99 (m, 2H, OCH2CH2CH2), 3.06 (d, J = 3.6 Hz, 1H, CHCONH), 3.50–

3.55 (m, 1H, OCHAHB), 3.56–3.66 (m, 1H, OCHAHB), 4.12–4.26 (m, 1H, CHOTBS), 5.09 

(s, 1H, CHNH), 6.94 (s, 1H, NH), 7.34 (d, J = 6.2 Hz, 2H, Arom), 7.63 (d, J = 8.0 Hz, 2H, 

Arom), 7.90 (t, J = 8.0 Hz, 1H, Arom), 9.33 (d, J = 6.2 Hz, 2H, Arom) ppm. 13C NMR 

(100.6 MHz, CDCl3Ϳ: δ –5.1, –4.3, 17.9, 22.5, 25.7, 28.9, 31.7, 64.3, 65.6, 66.0, 80.5, 

118.1, 119.6 (q, 1JC-F = 270 Hz), 121.0, 126.4, 143.0, 148.4, 152.5, 152.6 (q, 2JC-F = 38 

Hz), 155.4, 163.5, 167.8 ppm. 19F NMR (376 MHz, CDCl3Ϳ: δ –64.1 ppm. IR: ṽ = 3286, 

2958, 2930, 2858, 1767, 1628, 1482, 1202, 1156, 1132, 1098 cm-1. MS (ESI+): m/z 907 

[M+H]+, 929 [M+Na]+, 1836 [2M+Na]+. Found C, 39.65; H, 4.21; N, 12.44 %; 

C30H35F6N9O3SiPt requires C, 39.73; H, 3.89; N, 13.90 % 

 

7.4.1.5 1-(pyridin-4-yl)-2,5,8,11-tetraoxatridecan-13-ol (4) 

In a 100 mL two-neck flask under nitrogen atmosphere, to a stirred solution of 4-

chloromethyl-pyridine hydrochloride (820 mg, 5.0 mmol) in 40.0 mL of ACN were 

added tetraethylene glycole (949 µL, 6.5 mmol) and TEA (1.4 mL, 10.0 mmol). After 1 

hour stirring NaH 60% in mineral oil (400 mg, 10.0 mmol) was added and the mixture 

was stirred overnight at room temperature. The progress of the reaction was 

monitored by TLC (AcOEt/cyclohexane 8/2) and the reaction mixture was 

concentrated under vacuum. The obtained crude was then purified by flash-

chromatography with acetone/MeOH 95/5, obtaining the alcohol 4 as a colorless oil 

in a 76% yield (217 mg). 

1H NMR (400 MHz, CDCl3Ϳ: δ 3.ϲϬ–3.73 (m, 16H, OCH2CH2O), 4.61 (s, 2H, OCH2Arom), 

7.36 (d, J = 5.2 Hz, 2H, Arom), 8.60 (d, J = 5.2 Hz, 2H, Arom) ppm. 13C NMR (100.6 

MHz, CDCl3Ϳ: δ ϲϬ.8, ϲϵ.5, ϲϵ.ϲ, ϲϵ.ϳ, ϲϵ.ϵ, ϳϬ.Ϭ, ϳϬ.8, ϳϮ.Ϯ, ϳϮ.3, 1Ϯ1.3, 1ϰϳ.ϰ, 1ϰ8.ϵ 

ppm. IR: ṽ = 3375, 2969, 2925, 2879, 1465, 1419, 1378, 1301, 1127, 1106, 952 cm-1. 

HPLC-MS (ESI+): Rt = 1.28 min; m/z 286 [M+H]+. 
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7.4.1.6 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN
2
]pyridinato(2-)-

κN] [1-(pyridin-4-yl)-2,5,8,11-tetraoxatridecan-13-ol-kN] (5) 

In a 25 mL two-neck flask equipped with a Liebig refrigerator under nitrogen 

atmosphere, to a stirred solution of 4 (48 mg, 0.17 mmol) in 7.4 mL of CHCL3, py-CF3-

trzH2 (59 mg,  0.17 mmol), PtCl2DMSO2 (72 mg,  0.17 mmol) and DIPEA (71 µL, 0.408 

mmol) were added. The mixture was heated at 50°C, left stirring overnight and then 

monitored by TLC (acetone/AcOEt 8/2).The crude was purified by CombiFlash using 

silica as stationary phase with CH2Cl2/MeOH 98/2 to obtained 5 as a yellow to orange 

fluorescent waxy solid in a 32% yield (45 mg). 

1H NMR (400 MHz, CDCl3Ϳ: δ 3.5ϲ–3.87 (m, 16H, OCH2CH2O), 4.76 (s, 2H, OCH2Arom), 

7.68 (d, J = 6.0 Hz, 2H, Arom), 7.89 (d, J = 8.0 Hz, 2H, Arom), 8.08 (t, J = 8.0 Hz, 1H, 

Arom), 9.62 (d, J = 6.0 Hz, 2H, Arom). 13C NMR (100.6 MHz, CDCl3Ϳ: δ ϲ1.ϲ, ϳϬ.3, ϳϬ.ϰ, 

70.5, 70.6, 70.6, 70.7, 70.7, 72.5, 117.8, 119.4 (q, 1JC-F = 269 Hz), 123.5, 142.7, 147.7, 

152.0, 152.1 (q, 2JC-F = 38 Hz), 152.6, 163.0 ppm. 19F NMR (376 MHz, CDCl3Ϳ: δ –64.3 

ppm. IR [ν˜]: 3ϰϮ3, 3ϬϲϮ, ϮϵϮϮ, Ϯ3ϲ3, 1ϲϮϵ, 1ϰ8Ϯ, 1463, 1132 cm-1. MS (ESI+): m/z 

850 [M+Na]+, 1677 [2M+Na]+. Found C, 35.99; H, 3.52; N, 11.90 %; C25H26F6N8O5Pt 

requires C, 36.28; H, 3.17; N, 13.54 %. 

 

7.4.1.7 (3R,4R)-3-((R)-1-((t-butyldimethylsilyl)oxy)ethyl)-4-((1-(pyridin-4-yl)-

2,5,8,11-tetraoxatridecan-13-yl)oxy)azetidin-2-one (6) 

In a 25mL two-necked flask equipped with a Liebig refrigerator, dried and under 

nitrogen atmosphere, to a stirred solution of A (143 mg, 0.5 mmol) in 4.0 mL of 

dioxane, 5 (142 mg, 0.5 mmol) and ZnBr2 (112 mg, 0.5 mmol) were added. The 

reaction was warm to 50°C and monitored by TLC (AcOEt). After 30 hours stirring the 

reaction was quenched with a NaHCO3 saturated aqueous solution (5 mL) and 

evaporated under vacuum. The solid mixture was treated with 10 mL of ACN/MeOH 

1/1, filtered and the liquid phase concentrated under vacuum. After a flash-

chromatography purification with a polarity gradient eluent from AcOEt to 

AcOEt/MeOH 95/5, product 6 was obtained as a colorless oil in a 35% yield (90 mg). 
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[α]D = 4.4 (c = 1.00, DCM). 1H NMR (400 MHz, CDCl3Ϳ: δ Ϭ.Ϭϲ ;s, 3H, Me“iͿ, Ϭ.Ϭϳ ;s, 3H, 

MeSi), 0.88 (s, 9H, tBuSi), 1.25 (d, J = 6.4 Hz, 3H, Me), 2.94 (dd, J = 1.2, 4.0 Hz, 1H, 

CHCONH), 3.44–3.96 (m, 16H, OCH2CH2O), 4.11–4.18 (m, 1H, CHOTBS), 4.60 (s, 2H, 

OCH2Arom), 5.00 (d, J = 1.2 Hz, 1H, CHNH), 7.29 (d, J = 5.6 Hz, 2H, Arom), 7.51 (s, 1H, 

NH), 8.57 (d, J = 5.6 Hz, 2H, Arom) ppm. 13C NMR (100 MHz, CDCl3Ϳ δ –5.1, –4.2, 17.9, 

22.4, 25.7, 26.5, 64.5, 65.4, 69.9, 70.2, 70.3, 70.4, 70.5, 70.7, 71.2, 71.5, 82.8, 122.2, 

148.1, 149.9, 167.6 ppm. IR: ṽ = 3330, 2955, 2928, 2858, 1764, 1462, 1375, 1253, 

1103, 949, 778, 732 cm-1. HPLC-MS (ESI+): Rt  = 1.45 min; m/z 513 [M + H]+. 

 

7.4.1.8 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN
2
]pyridinato(2-)-

κN] [(3R,4R)-3-((R)-1-((t-butyldimethylsilyl)oxy)ethyl)-4-((1-(pyridin-4-yl)-

2,5,8,11-tetraoxatridecan-13-yl)oxy)azetidin-2-one-kN] (7) 

In a 25mL two-neck flask with a Liebig refrigerator under nitrogen atmosphere, to a 

stirred solution of 6 (44 mg, 0.086 mmol) in 7.2 mL of CHCl3, py-CF3-trzH2 (30 mg, 

0.086 mmol), PtCl2DMSO2 (36 mg, 0.086 mmol) and DIPEA (36 µL, 0.206 mmol) were 

added. The mixture was heated at 50°C overnight and then monitored by TLC with 

AcOEt/acetone (8/2). The crude, obtained after evaporation of the reaction solvent 

was purified by flash-chromatography with AcOEt/acetone 95/5 to obtained 7 as a 

yellow to orange luminescent waxy solid in a 59% yield (54 mg). 

[α]D = –0.4 (c = 0.91, THF). 1H NMR (400 MHz, CDCl3Ϳ: δ –0.01 (s, 3H, MeSi), 0.00 (s, 

3H, MeSi), 0.80 (s, 9H, tBuSi), 1.17 (d, J = 6.4 Hz, 3H, Me), 2.88 (d, J = 4.4 Hz, 1H, 

CHCONH), 3.46–3.85 (m, 16H, OCH2CH2O), 4.02–4.14 (m, 1H, CHOTBS), 4.68 (s, 2H, 

OCH2Arom), 4.91 (s, 1H, CHNH), 7.46 (s, 1H, NH), 7.53 (d, J = 6.0 Hz, 2H, Arom), 7.72 

(d, J = 8.0 Hz, 2H, Arom), 7.95 (t, J = 8.0 Hz, 1H, Arom), 9.48 (d, J = 6.0 Hz, 2H, Arom). 

13C NMR (50.3 MHz, CDCl3Ϳ: δ –3.7, –3.6, 14.0, 22.6, 23.8, 25.6, 61.7, 66.3, 66.9, 67.4, 

67.6, 70.4, 70.7, 70.8, 72.5, 82.5, 118.0, 120.8 (q, 1JC-F = 265 Hz), 123.7, 142.9, 148.4, 

152.6, 152.7 (q, 2JC-F = 40 Hz), 152.8, 160.9, 163.5 ppm. 19F NMR (376 MHz, CDCl3Ϳ: δ –

64.2 ppm. MS (ESI+): m/z 1077 [M+Na]+. Found C, 40.88; H, 4.20; N, 12.30%; 

C36H47F6N9O7SiPt requires C, 40.99; H, 4.49; N, 11.95 %. 
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Chapter 8 

Mechanochromism: from bulk material to the 

nanoscale 

 

 

 

 

Abstract: Luminescence mechanochromism is a phenomenon in which a mechanical 

action on solids leads to a change in the photoluminescent properties. Such 

phenomenon is studied from bulk materials for a family of pegylated Pt(II) to the 

nanoscale for a Pt(II) complex self-assembling in ultra-long ribbons. At the nanoscale, 

atomic force microscopy (AFM) is used to modulate the mechanical stress from pure 

pressure (piezochromism) to high friction (tribochromism), while confocal spectral 

imaging is used as the detection system. We design and achieve high-density 

information writing with AFM nanolithography on individual self-assembled ribbons. 

Moreover, we report that ribbons show changes in the emission spectrum upon 

exposure to light (photochromism) that can be used to conceal information 

previously written with nanolithography. 
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8.1 Introduction 

Luminescence mechanochromism1-4 is defined as a change of emission spectrum 

upon mechanical stresses. Depending on the nature of the mechanical means, the 

terms piezochromism and tribochromism are often used to distinguish respectively 

the effect of pressure from friction or grinding.5 

The phenomenon of mechanochromism has recently emerged as a powerful new tool 

for a variety of applications, ranging from sensing6 and tracking of mechanical 

stresses to data storage7 and security8. In particular, data storage and data 

encryption9 based on optical reading have attracted enormous interest, because 

miniaturization of memory units, eventually down to a single molecule, can lead to 

massive increase in information density and capacity.10 

The race for miniaturization and read-out speed demands high brightness and large 

signal difference between two or more states. In the most desirable case, a 

switchable system should feature two forms both providing bright signals, which 

should be clearly distinguishable from one another and could be possibly probed 

separately.11,12 As a consequence, an ideal mechanochromic system would thus 

feature high ƋuaŶtum yield of ďoth ͞relaxed͟ ;RͿ aŶd ͞mechaŶically stressed͟ ;M“Ϳ 

forms, large differences between their emission spectra, and large differences in 

excitation spectra, so that each form can be selectively excited and efficiently 

detected.13,14 In recent years, quite a broad selection of Pt(II) complexes has been 

prepared showing mechanochromism, and responding to some of these 

requirements.4,15,16 Conversely, the possibility of using them in novel high density 

memory was never explored. The use of microcrystalline mechanochromic powders 

for operations such as exposure, writing and reading at the submicron scale poses 

indeed serious problems in terms of obtaining a microscopically homogeneous 

memory substrate.17,18 

However the possibility to prepare ultra-long ribbons of controlled size (see chapter 

5) prone us to investigate on the possibility to directly employ them as microdevices 

for data storage and security. 
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In this chapter we correlate the mechanochromic properties of the bulk materials 

with single fibers at the nanoscale. In particular we have monitored the change in the 

photoluminescent properties upon mechanical grinding (tribochromism) and by 

pressure dependent studies (piezochromism). At the nanoscale we have used an AFM 

tip to modulate the mechanical stress from pure pressure to high friction in a single 

self-assembled fiber. Moreover, we have found that an AFM tip can be used to write 

submicron features with high fidelity on individual ribbons, which are individually 

used as homogeneous memory substrates. The information written by AFM can also 

be hidden upon irradiation. The photoconversion of the fiber (in R form) into a yellow 

emitting form (PC), featuring similar luminescence as MS, reduces the luminescence 

contrast with the unwritten region of the ribbon. 

 

8.2 Result and discussion 

8.2.1 Mechanochromic properties of the bulk materials 

The synthesis of the compounds, their self-assembly properties, as well as the 

photophysical property in solution have been discussed in details in chapter 5. In this 

chapter we will focus on the solid state properties and on their responsiveness to 

mechanical and photochemical stimuli. Molecular structures of the complexes 

investigated in this chapter are depicted in Figure 8.1. 

 

 
Figure 8.1. Molecular structures of the investigated platinum complexes. 

 
Complex ϭ displays ďright ďlue emissioŶ iŶ solid state ;R formͿ peakiŶg at em = ϰϲ5, 

ϰϵϰ, 5Ϯϳ Ŷm ǁith a multi-expoŶeŶtial excited-state lifetime, ďeiŶg av = 1.Ϭ8 s. After 
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a geŶtle griŶdiŶg usiŶg a pestle, the complex ďecomes ďright yelloǁ ;M“ formͿ aŶd 

the emissioŶ spectra is characterized ďy a ďroad ďaŶd ceŶtered at max = 5ϵ8 Ŷm ǁith 

PLQY up to 51% aŶd ďi-expoŶeŶtial excited state lifetime ǁith av = 51ϰ Ŷs. The 

lifetime oďserved for R form is ascriďaďle to the triplet Ŷature of the 3LC/3MLCT 

excited state of the moŶomeric species; ďy coŶtrast, the decrease of the excited state 

lifetime after griŶdiŶg ;M“ formͿ is due to a larger iŶflueŶce of the heavy metal iŶ the 

Ŷature of the Ŷeǁ 3MMLCT excited state. UpoŶ treatmeŶt of the grouŶd poǁder ǁith 

a feǁ drops of acetoŶe, the yelloǁ lumiŶesceŶce from this complex chaŶges ďack to 

the origiŶal ďlue lumiŶesceŶce after dryiŶg of the solid iŶ air for a feǁ miŶutes ;Figure 

8.ϮͿ. 

 

 
Figure 8.2. (a) Solid state emission (line) and excitation (dashed line) spectra of complex 1 

before (blue) and after grinding (red) with a pestle. Photographs showing 1 on an agate 

mortar under UV irradiation (exc=365 nm) before (b) and after (c) grinding. 

 

Also complex Ϯ exhiďits a similar mechaŶochromic respoŶse: ďefore griŶdiŶg the 

compouŶd is characterized ďy aŶ iŶteŶse greeŶ emissioŶ ;R formͿ ǁith PLQY up to 

ϰϲ% av = Ϯ.ϮϬϳ μs aŶd max = 5ϰϮ Ŷm ǁhile, after griŶdiŶg ;M“ formͿ, the emissioŶ 

spectrum ďecomes ďroader ǁith max = ϲϬϮ Ŷm PLQY up to 35% aŶd av = 1.18ϲ μs 

;Figure 8.3Ϳ. Like complex ϭ upoŶ treatmeŶt of the grouŶd poǁder ǁith a feǁ drops of 

acetoŶe, the yelloǁ lumiŶesceŶt turŶs ďack iŶto the origiŶal greeŶ lumiŶesceŶt after 

dryiŶg the solid. 

 



201 
 

 
Figure 8.3. (a) Solid state emission (line) and excitation (dashed line) spectra of complex 2 

before (blue) and after grinding (red) with a pestle. Photographs showing 2 on an agate 

mortar under UV irradiation (exc=365 nm) before (b) and after (c) grinding. 

 
Both complexes ϭ aŶd Ϯ shoǁ a decrease of the excited state lifetime ǁheŶ the R 

form is mechaŶically coŶverted iŶto the M“ form. Hoǁever the PLQY iŶcreases ǁheŶ 

coŶvertiŶg R iŶto M“ for complex ϭ, ďut it decreases for complex Ϯ ;Taďle 8.1Ϳ.  

 

 em;ŶmͿ PLQY ;%Ϳ t ;sͿ Kr ;1Ϭϰ s-1Ϳ KŶr ;1Ϭϰ s-1Ϳ 

ϭ R form ϰϲ5, ϰϵϰ, 5Ϯϳ ϮϬ 1.Ϭ8 18.5Ϯ ϳϰ.Ϭϳ 

ϭ M“ form 5ϵ8 51 Ϭ.51ϰ ϵϵ.ϮϮ ϵ5.33 

Ϯ R form 5ϰϮ, 5ϲϵ;shͿ ϰϲ Ϯ ϮϬ.8ϰ Ϯϰ.ϰϳ 

Ϯ M“ form ϲϬϮ 35 1.18 Ϯϵ.51 5ϰ.81 

Table 8.1. Photophysical properties of compounds 1 and 2 before (R form) and after grinding 

(MS form). 

 
“iŶce complex ϭ displays the largest shift of the emissioŶ maximum ďetǁeeŶ the R 

aŶd the M“ form ;see Taďle 8.1Ϳ ǁe have performed pressure depeŶdeŶt emissioŶ oŶ 

complex ϭ ďy usiŶg a diamoŶd aŶvil cell ;DACͿ ǁhich alloǁs pressures up to ~3Ϭ kďar. 

The pressure has ďeeŶ calculated usiŶg a ruďy microcrystal as iŶterŶal refereŶce ;R-

liŶe emissioŶ at ~ϲϵϰ ŶmͿ. The resultiŶg spectra are depicted iŶ Figure 8.ϰ. 

 



202 
 

 
Figure 8.4. Pressure dependent emission spectra recorder for 1 at 0 kbar (blue line), 4.5 kbar 

(green line), 8.7 kbar (magenta line), 14.3 kbar (brown line), 24.2 kbar (orange line), 30.5 

kbar (red line) and after release of the pressure (black line). 

 
The peaks at ϰϲϰ at ϰϵϰ Ŷm have ďeeŶ used as fiŶgerpriŶt of the R form ǁhile the 

ďaŶd ceŶtered at ~ϲϬϬ Ŷm as fiŶgerpriŶt of the M“ form. As caŶ ďe oďserved from 

Figure 8.ϰ, Ŷo sigŶificaŶt chaŶges iŶ the emissioŶ spectrum occur uŶtil a pressure of 

~15 kďar is reached. WheŶ the applied pressure exceeds this threshold, the 

coŶversioŶ of the R form iŶto the M“ form takes place. IŶterestiŶgly eveŶ at a 

pressure of ~3Ϭ kďar, ǁhich correspoŶds to the iŶstrumeŶtal limit, the coŶversioŶ of 

the R form iŶto the M“ form is still uŶcomplete ;Figure 8.ϰ, red liŶeͿ. Moreover, upoŶ 

release of the pressure, a partial coŶversioŶ of the M“ form ďack to the iŶitial R form 

is oďserved as iŶdicated ďy the relative iŶteŶsity iŶcrease of the peaks at ϰϲ5 aŶd ϰϵϰ 

;Figure 8.ϰ, ďlack liŶeͿ respect to the ďaŶd ceŶtered at ~ϲϬϬ Ŷm. EveŶ if it’s Ŷot 

possiďle to ƋuaŶtify the exact local pressure exerted ďy geŶtle griŶdiŶg usiŶg a mortar, 

ǁhich has ďeeŶ performed ďy haŶd, these prelimiŶary results suggest that frictioŶ 

exerted ďy griŶdiŶg is more effective thaŶ simple pressure iŶ triggeriŶg the 

mechaŶochromic respoŶse, alloǁiŶg a ƋuaŶtitative coŶversioŶ from the R form to the 

M“ form. 
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assessed by means of SEM directly after use of the tip: we observe different degrees 

of wear and of contamination of the tip, but we can estimate an average contact 

surface with diameter ranging between 80 and 150 nm. We observe first occurrence 

of mechanochromism at ca. 15 N force, which corresponds to a pressure in the 

range 2-7 kbar according to the actual contact surface. Fiber breaking occurs at force 

> 40 N. At such loading, the AFM tip enters deep into the fiber and originates a 

sudden burst of newly scratched luminescent material. 

In the case of scanning force (Figure 8.6b) the tip is scanned over the ribbon with 

constant applied force, the dominating mechanical stress shifts from pressure to 

friction. At low scan rates (<10 m/s) we observe a similar trend as for the simple 

pressure experiment, except that an earlier onset of mechanochromism can be 

detected, with MS emission first occurring at 4 N applied force, as well as an earlier 

damage of the fiber (15 N). At high scan rates (>100 m/s) or on particularly rough 

surface regions, ribbons can be heavily scratched even at very low forces (ca 1 N, 

not shown), while ribbon wear and debris scattering increase due to high friction and 

to increased lateral forces. 

Very importantly, no propagation of mechanochromism is observed. When tip 

approaches the surface and presses the ribbon, mechanochromism is observed only 

closer to the tip, within the resolution limit of fluorescence microscopy (ca 500 nm in 

the setup here used). Even when the tip enters deep into the material and destroys 

the fiber, the fracture and the consequent mechanochromism occur in a relatively 

small and confined region, ascribable to the size of the whole tip cone (see 

experimental part). 

This observation led us to test the effective potential of the ultra-long 

mechanochromic ribbons as memory micro-devices, by using the tip of an AFM as a 

lithographic tool to write information on individual ribbons, following an approach 

similar to nanoshaving19,20 or nanoscratching.21-23 During the writing process, we can 

monitor the ribbon luminescence with UV light, or visualize what is being written by 

selectively exciting the MS form with visible light. The information stored can indeed 

be read with two different excitation wavelengths: UV excitation (355 nm) excites 
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both native and mechanically stressed forms, and provides an average vision of the 

emission properties of the ribbons; blue excitation (488 nm) excites selectively the 

mechanically stressed form (MMLCT), and is thus able to report even very small 

mechanochromic effects. 

 

8.2.3 nanolithography  

We use software controlled nanolithography in contact mode to write information 

with submicron resolution. A 7-letters ǁord ;͞MechaŶo͟ or ͞Chromic͟Ϳ is ǁritteŶ 

with high resolution, with each line composing the letters featuring FWHM in the 

range 400-700 nm, approaching the limit of resolution of confocal detection with a 

63x objective (Figure 8.7). The high color contrast allows for easy detection and 

reading of the stored information, as apparent from the real-color coded confocal 

spectral images in Figure 8.7a-b. Similarly to what previously discussed for static or 

dynamic mechanical stresses, also in the writing process friction plays a key-role. At 

low writing speed (<10m/s, Figure 8.7a) the ribbons are engraved with low trenches 

and the resulting information is detectable and clearly distinguished from the cyan 

background. When speed is increased to maximum 100 m/s, with the same applied 

force (24 N), deeper trenches are engraved, yielding more intense signal but also 

scattered debris which vitiates the readability of the stored information (Figure 8.7b). 
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Figure 8.7. Nanolithography on ultra-long ribbons. Confocal spectral images of ribbons 

engraved with a 7-letters ǁord ;͞MeĐhaŶo͟Ϳ by meaŶs of AFM ŶaŶolithography ĐoŶduĐted at 
10 m/s maximum scan rate (a) or 100 m/s maximum scan rate (b), with constant force = 

24 N. Excitation laser used is 488nm and spectral window 490-700 nm with resolution 9nm, 

objective 63x. (c) and (d) Intensity profiles in correspondence of written letters showing the 

resolution of data storage through FWHM of single lines and peak-to-peak distance of 

adjacent resolved lines (black lines and dots denote the experimental intensity profiles, red 

dotted lines are Gaussian fits). 

 

8.2.4 Photochromism 

Finally, we find out that the ribbons are responsive not only to mechanical stresses, 

but also to light stimuli. Photoconversion of native R form occurs indeed upon 

excitation with UV or blue light: using focused laser excitation (405 nm or 473 nm) in 

a confocal microscope setup, prolonged irradiation results in photoconversion of the 

native blue emitting ribbons in yellow emitting ribbons (PC form), showing very 

similar luminescence spectrum as the mechanically stressed form. In particular, 

normalized spectra in Figure 8.8a reveal that photoconversion is a continuous, 

gradual process, which causes a progressive bathochromic shift of the emission until 

it reaches a state (PC) with a similar emission spectrum as MS, even though broader. 

Photoconversion is particularly efficient at relatively low irradiation rates, since at 

high excitation power leads to photodegradation of the Pt(II) complex. The prolonged 

exposure time needed to reach the maximum photoconversion efficiency (several 
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source turŶs completely to a yelloǁ lumiŶesceŶt form ǁithiŶ Ϯ hours. The iŶformatioŶ 

ǁritteŶ ďy mechaŶical ŶaŶolithography is heŶce disguised aŶd Ŷot aŶy loŶger 

readaďle. 

 

8.3 Conclusion 

We investigate the change of the photophysical properties of pegylated Pt(II) 

complexes in the bulk solid using mechanical grinding till the nanoscale using atomic 

force microscopy (AFM) on individual self-assembled ribbons. Confocal spectroscopy, 

used as a highly sensitive detection system, reveals that friction related mechanisms 

are more efficient triggering mechanochromic response than simple pressure. Data 

can be written with AFM nanolithography on individual self-assembled ribbons, 

which hence behave as micro-devices for data storage. The luminescence of written 

information has high contrast respect to native luminescence due to the 

establishment of PtPt interaction (MMLCT band). Also photochromism, emission 

spectrum changes upon exposure to light, has been observed and conveniently used 

to conceal information previously written with nanolithography, since the region of 

the ribbon surrounding the stored information is homogeneously converted with 

irradiation. 

 

8.4 Experimental section 

The syŶthesis of the compouŶds aŶd their self-assemďly properties are descriďed iŶ 

chapter 5. “teady-state emissioŶ aŶd excitatioŶ spectra aŶd time resolved emissioŶ 

decays ǁere recorded oŶ a PicoƋuaŶt FT3ϬϬ fluorometer ǁith a ϰ5Ϭ W xeŶoŶ arc 

lamp, aŶd a 3ϳ5Ŷm diode laser, respectively. EmissioŶ aŶd excitatioŶ spectra ǁere 

corrected for source iŶteŶsity ;lamp aŶd gratiŶgͿ aŶd emissioŶ spectral respoŶse 

;detector aŶd gratiŶgͿ ďy staŶdard correctioŶ curves. The aďsolute 

photolumiŶesceŶce ƋuaŶtum yields ;PLQYͿ ǁere measured oŶ a Hamamatsu 

QuaŶtaurus-QY iŶtegratiŶg sphere iŶ air-eƋuiliďrated coŶditioŶ usiŶg aŶ empty Ƌuartz 

tuďe as a refereŶce. 
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8.4.1 Pressure dependent emission 

High pressure emission spectra were performed at ambient temperature using a 

screw-driven diamond anvil cell (DAC) from Diacell designed for pressures up to ~30 

kbar. Because of relatively modest pressures probed, the standard tedious procedure 

of preindentation and subsequent drilling of gaskets was not applied. Instead, ready-

to-use laser-machined gaskets out of stainless steel were used. Low-viscosity silicon 

oil served as a pressure transmitting medium. Ruby microcrystals were added to a 

sample in the DAC as a standard pressure sensor (via detection of the shift in ruby R-

line emission at ~694 nm). Photoluminescence spectra were measured with a a Witec 

CMA200 Raman microscope at a laser excitation wavelength of 405 nm. The emission 

was separated from the laser line with a 450 nm longpass filter. 

 

8.4.2 Wide-field imaging 

Local fluorescence was monitored during mechanical stimulation by means of an 

inverted fluorescence microscope (Nikon wide-field) coupled to an Asylum AFM 

(MFP-3D) mounted on the stage. The microscope was equipped with a color CCD 

camera and with two filter sets i.e. (i) HC-QD filter set (excitation 435/400nm, 

emission LongPass 500nm) to monitor the average luminescence from the ribbons 

and (ii) FITC filter set (excitation 475/435nm, emission 530/543nm) to selectively 

monitor the luminescence from the mechanically stressed form. 

 

8.4.3 Confocal Imaging 

Confocal Imaging was performed on a Zeiss LSM 710 confocal microscope system 

equipped with built-in spectral module, 375nm, 405nm and 488nm excitation lasers, 

and 10x or 63x magnification objectives (Zeiss GmbH, Germany). 

 

8.4.4 Sample preparation 

Samples were prepared by depositing self-assembled ribbons onto adhesive glass 

slides, to obtain ribbons directly accessible (not embedded in a matrix) but also fixed 

on a substrate, not moving during mechanical stimulation. Glass slides were coated 
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with a thin layer of partially photocured optical glue (NOA 81, Norland Products Inc.), 

obtained by spin coating (3000 rpm, 30 s) followed by exposure to UV light (365 nm, 

30 s). 

 

8.4.5 AFM studies and nanolithography 

All nanomechanical assays and lithographic patterns were performed with silicon 

tapping-mode cantilevers (k = 42 N m-1) on a commercial AFM (Asylum Research, 

MFP-3D AFM) in contact mode. The loading force was varied in the range 0-45 

microN (set-point 0-10 V) as determined through calibration of cantilever deflection 

and measurement of its spring constant by thermal noise method.  

Static pressure was applied with an AFM tip operated in contact mode, engaged 

without scanning at increasing deflection voltages. A movie was recorded during 

loading, then intensity data was extracted with image analysis from signal integration 

in the green channel of the color CCD, on an area of 9 pixels centered on the tip 

(where the maximum luminescence intensity is recorded), and finally plotted versus 

applied force. Friction experiments were performed by writing squares of 20 m side 

at scan rate 10m s-1 (0.5 Hz) or larger. Nanolithography was performed by using 

built-in software (Asylum Research). 
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Summary 

 

 

This thesis titled ͞PlatiŶum complexes aŶd their lumiŶesceŶt assemďlies͟ focuses oŶ 

the synthesis and characterization of square planar Pt(II) complexes. Such complexes 

display large changes of their photophysical properties, upon self-assembly. The 

manuscript starts with a short introduction that focuses on the general photophysical 

and self-assembly properties of Pt(II) complexes (Chapter1) and the experimental 

techniques employed for carrying out the work herein described (Chapter 2). 

First, Chapter 3 describes the synthetic protocols for the preparation of ligands 

and the corresponding Pt(II) compounds. In particular, the complex bearing a 

tridentate ligand 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine and 4-

amylpyridine as the ancillary moiety (Pt-CF3tz-pyC5) has been prepared and 

characterized, and the photophysical properties comprehensively investigated (Figure 

1). In dilute chloroform (CHCl3) solution (5x10-5 M) at room temperature, the 

absorption spectrum displays intense bands in the UV region mainly attributed to the 

intraligand (1IL) and metal-perturbed interligand charge transfer (1ILCT) states (Figure 

1b); whilst, upon photoexcitation the sample display a weak blue luminescence 

attributed to an emissive excited state with mainly 3LC character. 

The self-assembly properties of complex Pt-CF3tz-pyC5 were investigated and a 

solvent-assisted organization into micrometer-long and highly crystalline fibers was 

observed (Figure 1a). Interestingly, slow evaporation of the solvent leads to the 

formation of yellow bright emissive microcrystalline fibers onto a substrate such as 

quartz, display an intense and featureless emission centered at em,max = 559 nm with 

PLQY of 0.74 (Figure 1b) and a new band at lower energy ( = 501 nm) in the 

excitation spectra due to the establishment of highly directional metallophilic 
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interaction (MMLCT). Also, the self-assembled fibers can be nicely grown in an 

aligned fashion as shown in Figure 1a so that bulk sample of the aggregates shows 

linearly polarized light absorption as well as highly efficient polarized yellow-orange 

light emission. 

 

 
Figure 1. (a) Fluorescence microscopy image of the aligned fibers obtained from acetone 

under irradiation at  = 400–440 nm. Scale bar = 100 m. (b) Absorption spectra and 

emission spectra (exc =300 nm) obtained in CHCl3 (5x10
-5

 M) at room temperature (black 

trace) and for the fibers obtained from 4 mg mL
-1

 acetone solution at em = 630 nm and exc = 

300 nm (red trace). (c) Excitation spectra (em= 555 nm) using linearly polarized light to excite 

the fibers parallel (black traces) and perpendicular (red trace) to the growth direction. (c) 

Emission polarization (exc= 300 nm, em= 555 nm). (e) The cartoon shows the molecular 

structure of the Pt(II) complex and the electronic transition before and after the self-

assembly. 

 
As far as a sample of aligned fibers is concerned, we found that the emitted light is 

maximized when the emission polarization is set parallel to the fiber long axis 

independently from wavelength and polarization angle of the excitation source 

(Figure 1d). Such finding, along with the fact that the emission has a 3MMLCT nature, 

indicates that the radiative de-excitation process arises from a transition that is 

aligned along the fiber long axis on which also  Pt···Pt interactions are expected to lie. 

More interestingly, anisotropy excitation spectra suggest that the transition dipole 

moment of the highest energy excitation band (1IL/1ILCT, exc = 250–350 nm) is 

orthogonal with respect to the low energy lying excitation band (1MMLCT, exc = 350–

530 nm), as shown in Figure 1c. 

On the basis of such findings and considerations, it is possible to conclude that the 

dipole moment of the MMLCT transition is thus oriented along the long fiber axis, 
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which also contains the axial dz
2···dz

2 intermolecular interactions. On the other 

hand, if one considers the transition at exc = 300 nm, also observed when the 

complex is molecularly dissolved, the associated transition dipole moment lies onto 

the molecular plane that is oriented orthogonally with respect to the long fiber axis. 

The MMLCT band is indeed perpendicular to such plane and it follows that the Pt···Pt 

metallophilic interaction provides high directionality to the fiber growth (Figure 1e). 

In Chapter 4 the effects of the introduction of a single chiral center into the 

molecular structure onto the photophysical properties in both solution and solid 

state were investigated. This is because these luminescent self-assembled structures 

might display very interesting chiro-optical properties1-3 with possible application in 

chiro-optical switches4 and polarized light-emitting devices such as 3D organic light-

emitting diodes (3D OLEDs).5 Thus, two enantiomeric Pt(II) complexes bearing a chiral 

ancillary moiety ((S or R)-2-hydroxy-2-phenyl-N-(pyridin-4-ylmethyl)acetamide)) were 

synthetized and chemically characterized (complex 4a-b). As a result, in diluted CHCl3 

solution (5x10-5 M) the two enantiomeric complexes displayed identical 

photophysical properties and very much similar to those above mentioned for the 

parental complex Pt-CF3tz-pyC5 (Figure 2a).  

When the complexes were molecularly dissolved it was not possible to detect any 

circular dichroic signal (CD) (concentration range 10-6-10-4 M) even if the ancillary 

chiral pyridine presents a clear CD signal. 

Upon drop-casting a 1.03 mg mL-1 THF solution of either the S- or the R- enantiomer 

onto a quartz substrate, formation of bright emissive fibers was observed. Also in this 

case, the formation of a low-lying absorption band and the formation of a 

bathochromically-shifted broad emission is due to the establishment of ground state 

Pt···Pt metallophilic interactions, and can be attributed to a 1,3MMLCT band (Figure 

2a). 
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Figure 2. (a) Absorption spectra and emission spectra (exc = 300 nm) obtained in THF (5x10

-5
 

M) at room temperature (black trace) and for the fibers obtained from 1.03 mg mL
-1

 acetone 

solution at em = 630 nm and upon excitation at exc = 300 nm (red trace). (b) CD signal of the 

platinum complex (concentration range 10
-6–10

-4
 M). (c) CD signal of the self-assembled 

fibers after drop-casting a THF solution containing S- enantiomer (black trace) and R- 

enantiomer (red trace) onto glass. (d) SEM pictures of the chiral fibers of enantiomer R- (top) 

and S- (bottom) showing the different helicity. (e) Structure of the Pt(II) complex and 

schematic representation of the supramolecular self-assembly of the chiral Pt(II) complex 4a 

(S) and 4b (R). 

 
Differently to what observed in solution, the self-assembled fibers display a strong CD 

signal (Figure 2c) and the sign of the Cotton effects is function of the enantiomeric 

configuration of the molecular structure of the platinum complex. Indeed, two 

mirroring CD spectra were obtained for complexes 4a-b. The self-assembled 

structures were further characterized by means of morphological techniques such as 

scanning electron microscopy (SEM) and the corresponding micrographs are 

displayed in Figure 2d. SEM images of the enantiomerically pure samples showed the 

presence of interconnected fibers with a handness as a consequence of the 

supramolecular chiral organization of the enantiomeric complexes in the assemblies. 

In particular, enantiomers R- and S- aggregate in a clockwise and counterclockwise 

arrangement, respectively, yielding self-assembled nanostructures with right- (P) and 

left-handed (M) helical configuration, respectively (Figure 2d). It is possible to 

hypothesize that in both cases the fibrous assemblies are composed by thinner 

nanostructures such as nanofibrils. Thus, formation of such chiral supramolecular 
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structures in the solid state samples upon establishment of metallophilic and - 

interactions is indeed responsible of the amplification of the CD signal which does not 

occur when the complexes are molecularly dissolved. 

In Chapter 5 the self-assembly properties of an amphiphilic Pt(II) complex 

functionalized with a hydrophilic triethylene glycol pendant through a moiety capable 

to engage directional hydrogen bonding such as N–H, namely Pt-CF3tz-pyPEG (Error! 

Reference source not found.a), were comprehensively investigated. When complex 

Pt-CF3tz-pyPEG is molecularly dissolved in air-equilibrated 1,4-dioxane (0.1–200x10-5 

M) only a weak blue emission is detected with PLQY of about 1%. Upon flash-injecting 

a dioxane solution of Pt-CF3tz-pyPEG (c = 2x10-3 M) into water – the latter acting as 

the non-solvent – it was achieved to kinetically entrap this compound into a 

metastable state (assembly A). Such assembly is constituted by soft nanoparticles and 

displays a strong orange phosphorescence (PLQY = 84%) despite the air-equilibrated 

conditions due to the physical shield of the excited state located on the complex 

moieties. The strong bathochromically shifted emission band when compared to the 

emission in dilute dioxane solution is attributed to the establishment of Pt···Pt 

metallophilic interactions (Error! Reference source not found.a).6-11 It was found that 

by playing with the solvent/non solvent ratio and using an integrating sphere setup to 

investigate the overall changes in the photophysical properties, it was possible to 

characterized and control a highly complex supramolecular landscape comprising two 

kinetic assemblies (namely A and B) and the thermodynamic isoform (namely, 

assembly C) as shown in figure 3. 

At 95% water content, assembly A is stable for more than 10 hours without any 

detectable change in the photophysical properties. On the other hand, upon 

decreasing the amount of water by adding molecularly dissolved complex in pure 1,4-

dioxane, which lowers the interconversion energy barrier, the system evolves to the 

thermodynamically favored isoform (assembly C). The kinetic control as well as the 

large spectral changes over the different assemblies allowed an unprecedented real-

time visualization of the self-assembly processes which showed solvent dependent 

kinetics (Figure 3b-c). 
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Figure 3. (a) Illustration of the landscape of the supramolecular self-assemblies of complex 1. 

Left, chemical formula of the platinum(II) complex 1. Middle, schematic illustration of the 

assemblies A (top), B (middle), and C (bottom) in dynamic equilibrium with the monomeric 

species. Right, the extent of the Pt···Pt interaction corresponding to each assembly are 

shown. The strength of the interactions decreases from A to B and is not present in C. (b) 

Confocal microscopy image of the supramolecular assemblies A (red), B (green) and C (blue) 

showing their true-color emission obtained by using lambda-mode option and (c) their 

respective normalized emission spectra upon exc = 405 nm. 

 
Assembly C consists of micrometer-long ribbon-like structure, as found by SEM 

analysis, that possesses the same emission energy and profile as the monomeric 

species, but with much higher PLQY (up to 20%) suggesting the Pt···Pt interactions are 

indeed lost or weakened down to a negligible extent. A more accurate photophysical 

analysis revealed that there is an off-pathway that leads to the formation of a second 

metastable transient structure (assembly B), which is characterized by rod-like 

structure with green-yellow emission. Thermodynamic investigation has clearly 

demonstrated that the formation of assembly C (c = 6x10-5M in 60:40 water:dioxane) 

occurs via a cooperative nucleation-elongation mechanism characterized by a 

disfavored nucleation step and a subsequent favored elongation process12,13. At 

solvent composition of 95:5 water:dioxane, the very slow nucleation–elongation 

processes of B and C, while A is trapped, prompted investigation about the possibility 

to control the cooperative growth of C using the seeded living supramolecular 
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polymerization.14 To this end, starting from pure assembly A at 95% water (c = 5x10-5 

M, Dh = 114.4 nm, PDI = 0.188) we selectively obtain seeds of C in a rather good size 

distribution (Dh, = 265.3 nm, PDI = 0.150) upon sonication. The addition of different 

aliquots of such suspension of seeds C to an excess of pure metastable A (95% H2O) 

leads to changes in the electronic absorption spectra with respect to the reaction 

time with an apparent first-order kinetics with respect to [seed C] typical for chain 

growth polymerization15. Confocal microscopy investigation showed the formation of 

blue-emissive rods with uniform length that increases upon decreasing the amount of 

seeds (Figure 4 left). 

Size control of assembly C was also achieved, however full management for 

obtaining off-pathway assembly B as pure isoform seems to be still precluded. This is 

due to the intrinsically transient nature of B as well as to the concomitant formation 

of C. Yet, we find out that it is possible to perform a fast C  B interconversion in 

95:5% H2O:dioxane with good spatial resolution, while keeping the structural features 

intact, upon irradiating the former with a laser power higher than that used for 

imaging (Figure 4 right). 

 

 
Figure 4. Confocal images of fibers obtained from seeded polymerization under different 

[A]/[C] condition and photoconversion. 

 
In conclusion, in Chapter 5 a landscape comprising two kinetic assemblies and the 

thermodynamic isoform was characterized in detail. The monitoring of the different 

emission properties, used as fingerprint for each of the assembled species, allowed 

an unprecedented real-time visualization of the evolving self-assemblies. 

In Chapter 6, it is reported on how the establishment of Pt···Pt interactions 

between neighboring Pt(II) complexes can be advantageously used to obtain dynamic 

labels for imaging applications. It was found that the complexes Tol-Pt-4OHpy and 
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formation of closed-shell metal···metal interactions in such aggregates leads to novel 

excited states that conveniently allow excitation in the visible region. This is a 

fundamental achievement for the useful application of luminescent transition metal 

complexes for bioimaging application. The combination of the biologically active 

azetidinone agent and the intense and long-lived emission are of particular interest 

for developing efficient multifunctional biomedical systems. 

As already described the photoluminescent properties of this class of compounds 

strongly depends not only on the ligand-field splitting, but also on the intermolecular 

distance between the Pt(II) ions. It has been already demonstrated that Pt···Pt 

separation can be modulated also in solid state upon exposure to volatile organic 

compounds (VOCs)17 and mechanical stimuli18,19 which often results in a reversible 

change in the color of the materials upon grinding (mechanochromism) and exposure 

to solvents vapors (vapochromism)20,21. Such properties have attracted increasing 

attention for the creation of new materials and the change in color upon aggregation 

has application in white light organic emitting diodes (WOLEDs)22,23 as well sensing, in 

particular the developmeŶt of ͞electroŶic Ŷoses͟24 that can detect harmful volatile 

organic (and inorganic) chemicals in the environment. 

In this respect, in Chapter 8 the mechanochromic properties of bulk materials 

were correlated with those at the nanoscale (single fibers) comprising a highly 

luminescent platinum complexes, namely Pt-CF3tz-pyPEG and Pt-Toltz-pyPEG. 

Different complementary techniques at bulk and nanoscopic level were employed to 

monitor changes in the photoluminescent properties upon mechanical grinding 

(tribochromism) and by pressure-dependent studies (piezochromism). In particular, 

an AFM tip was employed to modulate the mechanical stress from pure pressure to 

high friction in a single self-assembled fiber at the nanoscale. Moreover, it was found 

that an AFM tip can be used to write submicron features with high fidelity on 

individual ribbons, which are individually used as homogeneous memory substrates. 

The information written by AFM can also be hidden upon irradiation. The 

photoconversion of the fiber in the relaxed form (R) into a yellow emitting form (PC), 
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section of aspect ratio about 1:10 and featuring thickness in the range 2:5 m and 

width in the range 15:50 m. It was found that is possible to use the AFM as 

lithographic tool (Figure 7f) to record data with sub-micrometer resolution based on 

the mechanochromic properties of the ribbons. Furthermore, the high control on 

applied force and its ability to follow surface profile guarantee the lithography of 

patterns with high fidelity. Also photochromism, i.e. emission spectrum changes upon 

exposure to light, has been observed on these materials. Such property can be 

conveniently used to conceal information previously written with nanolithography, 

when the region of the ribbon surrounding the stored information is homogeneously 

converted with irradiation. 

In conclusion, in these Ph.D. thesis is reported the design, synthesis and 

comprehensive characterization of a set of novel luminescent platinum complexes 

which display fascinating self-assembly properties. It was demonstrated how such 

Pt(II) complexes can be self-assembled in a controlled manner managing with kinetics 

and thermodynamic pathways. This chemical management led to supramolecular 

architectures with enhanced and unique properties useful for the development of 

new functional materials in and out of the thermodynamic equilibrium. The prepared 

materials can be useful mechanochromic and data storage devices as well as to be 

used as novel long-lived luminescent tags in biomedical field. Finally, some of the 

possible applications envisaged for such compounds were also demonstrated. 
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