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SOMMAIRE 

Les transferts d’électrons photo-induits et d’énergie jouent un rôle primordial dans un grand 

nombre de processus photochimiques et photobiologiques, comme la respiration ou la 

photosynthèse.  Une très grande quantité de systèmes à liaisons covalentes ont été conçus pour 

copier ces processus de transferts. Cependant, les progrès sont, en grande partie, limités par les 

difficultés rencontrées dans la synthèse de nouveaux couples de types donneurs-accepteurs. 

Récemment, des espèces utilisant des liaisons non-covalentes, comme les liaisons hydrogènes, 

les interactions π-π, les liaisons de coordination métal-ligands ou encore les interactions 

électrostatiques sont le centre d’un nouvel intérêt du fait qu’ils soient plus faciles à synthétiser et 

à gérer pour obtenir des comportements de  transferts d’électrons ou d’énergie plus flexibles et 

sélectifs. C’est dans cette optique que le travail de cette thèse a été mené, i.e. de concevoir des 

composés auto-assemblés avec des porphyrines et un cluster de palladium pour l’étude des 

transferts d’électrons photo-induits et d’énergie. Cette thèse se divise en quatre parties 

principales. 

Dans la première section, le chapitre 3, deux colorants porphyriniques, soit le 5-(4-

carboxylphényl)-10, 15, 20-tristolyl(porphyrinato)zinc(II) (MCP, avec Na+ comme contre-ion) et 

5, 15-bis(4-carboxylphényl)-15, 20-bistolyl(porphyrinato)zinc(II) (DCP, avec Na+ comme 

contre-ion) ont été utilisés comme donneurs d’électrons, et le [Pd3(dppm)3(CO)]2+ ([Pd3
2+], 

dppm = (Ph2P)2CH2,  PF6‾ est le contre-ion) a été choisi comme accepteur d’électrons. La 

structure de l’assemblage [Pd3
2+]•••porphyrine a été élucidée par l’optimisation des géométries à 

l’aide de calculs DFT. La spectroscopie d’absorption transitoire (TAS) montre la vitesse de 

transferts d’électrons la plus rapide (< 85 fs, temps inférieurs  à la limite de détection) jamais 

enregistrée pour ce type de système (porphyrine-accepteur auto-assemblés). Généralement, ces 

processus sont de l’ordre de l’échelle de la ps-ns. Cette vitesse est comparable aux plus rapides 

transferts d’électrons rapportés dans le cas de systèmes covalents de type porphyrine-accepteur 

rapide (< 85 fs, temps inférieurs  à la limite de détection). Ce transfert d’électrons ultra-rapide 

(ket > 1.2 × 1013 s-1) se produit à l’état énergétique S1 des colorants dans une structure liée 

directement par des interactions ioniques, ce qui indique qu’il n’est pas nécessaire d’avoir de 

forts liens ou une géométrie courbée entre le donneur et l’accepteur. 
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Dans une deuxième section, au chapitre 4, nous avons étudié en profondeur l’effet de l’utilisation 

de porphyrines à systèmes π-étendus sur le comportement des transferts d’électrons. Le colorant 

9, 18, 27, 36-tétrakis-meso-(4-carboxyphényl)tétrabenzoporphyrinatozinc(II) (TCPBP, avec Na+ 

comme contre-ion)  a été sélectionné comme candidat, et le 5, 10, 15, 20-tétrakis-meso-(4-

carboxyphényl)porphyrineatozinc(II) (TCPP, avec Na+ comme contre-ion) a aussi été utilisé à 

des fins de comparaisons. TCPBP et TCPP ont, tous deux, été utilisés comme donneurs 

d’électrons pour fabriquer des assemblages supramoléculaires avec le cluster [Pd3
2+]  comme 

accepteur d’électrons. Les calculs DFT ont été réalisés pour expliquer les structures de ces 

assemblages. Dans les conditions expérimentales, ces assemblages sont composés 

principalement d’une porphyrine avec 4 équivalents de clusters. Ces systèmes ont aussi été 

investigués par des mesures de quenching (perte de luminescence), par électrochimie et par 

d’autres techniques. Les transferts d’électrons (< 85 fs; temps inférieurs à la limite de détection) 

étaient aussi observés, de façon similaire aux assemblages MCP•••[Pd3
2+] et 

[Pd3
2+]•••DCP•••[Pd3

2+].  Les résultats nous indiquent que la modification de la structure de la 

porphyrine vers la tétrabenzoporphyrine ne semble pas influencer le comportement des 

cinétiques de transferts d’électrons (aller ou retour). 

Dans la troisième section, le chapitre 5, nous avons synthétisé la porphyrine hautement π-

conjuguée: 9, 18, 27, 36-tétra-(4-carboxyphényléthynyl)tétrabenzoporphyrinatozinc(II) 

(TCPEBP, avec Na+ comme contre-ion) par des fonctionnalisations en positions meso- et β, β-,  

qui présente un déplacement vers le rouge de la bande de Soret et des bandes Q. TCPEBP  était 

utilisé comme donneur d’électrons pour fabriquer des motifs supramoléculaires avec le [Pd3
2+] 

comme accepteur d’électrons. Des expériences en parallèle ont été menées en utilisant la 5, 10, 

15, 20-tétra-(4-carboxyphényl)éthynylporphyrinatozinc(II) (TCPEP, avec Na+ comme contre-

ion). Des calculs DFT et TDDFT ont été réalisés pour de nouveau déterminer de façon théorique 

les structures de ces systèmes. Les constantes d’association pour les assemblages 

TCPEBP•••[Pd3
2+]x  sont les plus élevées parmi tous les assemblages entre des porphyrines et le 

cluster de palladium rencontrés dans la littérature. La TAS a montré, encore une fois, des 

processus de transferts d’électrons dans des échelles de l’ordre de 75-110 fs. Cependant, les 

transferts de retour d’électrons sont aussi très rapides (< 1 ps), ce qui est un obstacle potentiel 

pour des applications en cellules solaires à pigment photosensible (DSSCs). 
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Dans la quatrième section, le chapitre 6, les transferts d’énergie triplets (TET) ont été étudiés 

pour les assemblages MCP•••[Pd3
2+] et [Pd3

2+]•••DCP•••[Pd3
2+]. Les analyses spectrales des 

états transitoires dans l’échelle de temps de la ns-s démontrent de façon évidente les TETs; 

ceux-ci présentent des transferts d’énergie lents et/ou des vitesses moyennes pour des transferts 

d’énergie T1-T1 (3dye*•••[Pd3
2+] → dye•••3[Pd3

2+]*) opérant à travers exclusivement le 

mécanisme de Förster avec des valeurs de kET autour de ~ 1 × 105 s-1 selon les mesures 

d’absorption transitoires à 298 K. Des forces motrices non-favorables rendent ces types de 

processus non-opérants ou très lents dans les états T1. L’état T1 de [Pd3
2+] (~8190 cm-1)  a été 

qualitativement déterminé par DFT et par la mise en évidence de l’émission S0 ← Tn retardée à 

680-700 nm provenant de l’annihilation T1-T1, ce qui fait que ce cluster peut potentiellement agir 

comme un donneur à partir de ses états Tn, et accepteur à partir de T1 à l’intérieur de ces 

assemblages. Des pertes d’intensités de types statiques pour la phosphorescence dans le proche-

IR sont observées à 785 nm. Ce travail démontre une efficacité modérée des colorants à base de 

porphyrines pour être impliquée dans des TETs avec des fragments organométalliques, et ce, 

même attachées grâce à des interactions ioniques. 

En conclusion, les assemblages ioniques à base de porphyrines et de clusters de palladium 

présentent des propriétés de transferts d’électrons S1 ultra-rapides, et des transferts d’énergie T1 

de vitesses modérées, ce qui est utile pour de possibles applications comme outils 

optoélectroniques. D’autres études, plus en profondeur, sont présentement en progrès. 
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ABSTRACT 

Photoinduced electron and energy transfers play the pivotal role in various photochemical and 

photobiological redox processes including photosynthesis and respiration. Abundant covalently 

bonded systems have been designed to mimic the natural electron and energy transfer processes. 

However, the progress is often interfered by the difficulties to synthesize novel and versatile 

covalent donor-acceptor pairs. Recently, entities utilizing non-covalent interactions including 

hydrogen-bonding, π-π stacking, metal-ligand coordination and electrostatic interactions are 

becoming a hot topic since they are easy to be fabricated and tuned for selective and flexible 

electron and energy transfer behaviors. In this respect, the work presented in this thesis designed 

self-assemblies with porphyrins and a palladium cluster for photoinduced electron and energy 

transfers. It includes four main sections. 

In the first section, Chapter 3, two porphyrinic dyes, 5-(4-carboxylphenyl)-10, 15, 20-

tristolyl(porphyrinato)zinc(II) (MCP, as sodium salt) and 5, 15-bis(4-carboxylphenyl)-15, 20-

bistolyl(porphyrinato)zinc(II) (DCP, as sodium salt), were used as electron donors, and 

[Pd3(dppm)3(CO)]2+ ([Pd3
2+], dppm = (Ph2P)2CH2, as PF6‾ salt) cluster was adopted as the 

electron acceptor. The structure of [Pd3
2+]•••porphyrin assemblies was elucidated by geometry 

optimization using Density Functional Theory (DFT) calculations. Transient absorption 

spectroscopy (TAS) indicated a record fast electron transfer rate (< 85 fs, the time resolution 

limit) among the porphyrin-acceptor self-assemblies. Typically, these occur in ps-ns time scale. 

This rate is also comparable to the fastest electron transfer rate reported for the covalently linked 

porphyrin-acceptor systems (~ 50 fs, the time resolution limit). The ultrafast photo-induced 

electron transfers (ket > 1.2 × 1013 s-1) occurring at the S1 levels of the dyes in the structurally 

well-defined “straight up” ionic assemblies indicate that it is not necessary to have a strong bond 

and bent geometry between the donor and acceptor. 

In the second section, Chapter 4, we further studied the effect of using π-extended porphyrins on 

the electron transfer behavior of these assemblies. 9, 18, 27, 36-Tetrakis-meso-(4-

carboxyphenyl)tetrabenzoporphyrinatozinc(II) (TCPBP, as a sodium salt) was selected as the 

candidate, and the 5, 10, 15, 20-tetrakis-meso-(4-carboxyphenyl)porphyrinatozinc(II) (TCPP, as 

a sodium salt) dye was also studied for comparison purposes. TCPBP and TCPP were both 

utilized as electron donors to fabricate supramolecular assemblies with the [Pd3
2+] cluster as the 
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electron acceptor. DFT calculations were used to explain the structure of these assemblies. Under 

the experimental conditions used, these assemblies mainly exist in the form of one porphyrin 

with four equivalent clusters. These systems were also investigated by quenching measurements, 

electrochemistry, and other techniques. Ultrafast electron transfers (< 85 fs; time resolution limit) 

were also observed, which is similar as those for MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] 

assemblies. The results indicate the structural modification from porphyrin to 

tetrabenzoporphyrin does not seemingly influence the kinetic behavior of the forward and back 

electron transfers.  

In the third section, Chapter 5, we synthesized a highly π-conjugated porphyrin, 9, 18, 27, 36-

tetra-(4-carboxyphenylethynyl)tetrabenzoporphyrinatozinc(II) (TCPEBP, as a sodium salt) by 

meso- and β, β-bifunctionalization, which exhibits large red shift of the Soret and Q-bands. 

TCPEBP was utilized as electron donors to fabricate supramolecular motifs with [Pd3
2+] cluster 

as the electron acceptor. Parallel experiments were conducted using 5, 10, 15, 20-tetra-(4-

carboxyphenyl)ethynylporphyrinatozinc(II) (TCPEP, as a sodium salt). DFT and TDDFT 

calculations were applied to elucidate the structure of these assemblies. Binding constants for 

TCPEBP•••[Pd3
2+]x is the largest one among all the assemblies with porphyrin and palladium 

cluster. TAS showed again the ultrafast electron transfer process within the 75-110 fs time frame. 

However, the back electron transfers are also very fast (< 1 ps), which may be a potential 

obstacle for future applications in dye-sensitized solar cells (DSSCs). 

In the fourth section, Chapter 6, triplet energy transfers (TET) of the assemblies MCP•••[Pd3
2+] 

and [Pd3
2+]•••DCP•••[Pd3

2+] were studied. The transient spectral analysis in the ns-s time scale 

clearly demonstrates evidence for TET, which shows a slow to medium T1-T1 energy transfer 

(3dye*•••[Pd3
2+] → dye•••3[Pd3

2+]*) operating through a Förster mechanism exclusively with kET 

values of ~ 1 × 105 s-1 based on transient absorption measurements at 298 K. Unfavourable 

reductive and oxidative driving forces make this type of process inoperative or very slow in the 

T1 states. The T1 state of [Pd3
2+] (~8190 cm-1) has been quantitatively determined by DFT 

computations and by evidence for a delayed  S0 ← Tn emission at 680-700 nm arising from T1-

T1 annihilation, which makes this cluster potentially acting as the energy donor from its Tn state, 

and T1 acceptor within the assemblies. The static quenching of their near-IR phosphorescence at 
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785 nm was observed. This work demonstrated a moderate efficiency of the porphyrin dye to be 

involved in TET with an organometallic fragment, even when attached through ionic interactions. 

Conclusively, ionic assemblies with porphyrins and palladium clusters exhibit ultrafast S1 

electron transfer and moderate T1 energy transfer properties, which is useful for possible 

application as optoelectronic devices. Further research in more depth is in progress. 
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CHAPTER 1. 

INTRODUCTION 

1.1. General backgrounds 

The global environmental issue and energy depletion have motivated the search of clean energy 

to replace the traditional fossil energy such as petroleum and coal. Solar light is an important 

source of renewable and inexhaustible energy, which has interested human a lot during the long 

history. There is approximate 3,850,000 exajoules (EJ, 1018 joules) of solar energy absorbed 

annually by the earth atmosphere, oceans and landmasses. This value is about 6800 times larger 

than the total world energy consumption in 2012, which was 559.8 EJ.1 This large magnitude 

undoubtedly, proves that solar light is an appealing alternative as a potential energy source. 

The solar spectrum at the earth's surface is mostly spread over the visible and near-infrared 

ranges with a small proportion in the near ultraviolet as shown in Figure 1.1. 

 

Figure 1.1. Solar radiation spectrum (Obtained from ref. 2). 

Solar energy cannot be used as captured and has to be converted into useful forms which are 

stored as carbohydrates or heat. The widespread instance for conversion of the light energy is the 

plants, algae and photosynthetic bacteria where sunlight is utilized to synthesize carbohydrate 

molecules, e.g. sugar, with the assistance of carbon dioxide and water by means of 

photosynthesis. This process has a great importance for survival of all life on our planet because 

it provides the energy source and reduces the carbon dioxide as well as produces molecular 

oxygen necessary for oxygen consuming organisms. In fact, this process can be considered as a 

vital link between energy and material cycling in the biosphere. 



 

The design of efficient artificial photosynthetic systems for the conversion and storage of solar 

light requires a fundamental understanding of 

photosynthesis. Generally, green plants and some photosynthetic bacteria harvest 

means of their molecular antenna systems. L

consist of pigment molecules such as chlo

absorbed photons are used to generate excitons (

then travels stepwise from molecule to id

reaction centers (RCs). The energy received by the RCs is utilized as driving force for 

electron transfer from the donors to the acceptors, and charge separation states are formed. 

Trapping of the excitation energy can be initiated by this photochemical process and the solar 

energy is finally converted into chemical energy after subsequent photophosphorylation.

overall series of photo-processes is represented in Figure 1.2.
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The fine-tuning of photophysical and 
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can occur. A schematic scaffold is shown in Figure 1.3
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separated state.  
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Figure 1.3. Schematic representation of a 
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robust covalent bond between donor and acceptor.7,8 Conversely, non-covalent interactions (i.e. 

hydrogen bond, π-π stacking, electrostatic effect) provide a much easier means to design energy 

and electron donor-acceptor supramolecular ensembles that could mimic the energy and electron 

transfer processes of photosynthesis.9 These biomimetic motifs are reversible and their binding 

energies can be tuned by means of the chemical environment and temperature, etc. By 

functionalizing various donors and acceptors, non-covalent assemblies can exhibit comparable or 

even more efficient charge separation behaviors.7,9,10 Therefore assemblies utilizing non-covalent 

interactions could be a strong tool to construct functionally integrated architectures for achieving 

long-lived charge separation states and applications in electronic devices. 

1.1.2. Supramolecular assembly involving porphyrins 

Over the past few years, supramolecular assemblies using porphyrins as donors have been widely 

constructed with various acceptors, especially involving fullerenes and carbon nanotubes (CNTs).  

Numerous efforts have been made to change the size and shape in order to functionalize the 

resulting supramolecular ensembles through weak forces on a molecular basis. The main 

interactions involved to govern the stability and geometry of the non-covalently bonded 

architectures are hydrogen-bonding (complementary base pairing), π-π stacking and electrostatic 

interactions, etc. Supramolecular assemblies using metal-ligand coordinations are also reported. 

Besides, synergistic interactions utilizing different bonds have been widely observed.10,11 

1.1.2.1. Hydrogen bond supramolecular complexes 

The search of strong and directional hydrogen bonding dominating the energy and electron 

transfer processes in photosynthetic reaction centers inspired various studies. Martin and Guldi et 

al. reported a porphyrin-fullerene ensemble interfaced by two-point amidinium-carboxylate 

hydrogen bonding (Figure 1.4), which stands as a good case. This binding motif favored the 

linear interfaced donor-acceptor pair reinforcing the strength of the hydrogen bonding network 

and ensured an optimal pathway for the motion of charges between both electroactive units.12 

1H NMR spectroscopy was recorded to verify the formation of H-bonded donor-acceptor 

complex. Increasing the addition of carboxylate appended C60 to the amidinium functionalized 

porphyrin resulted in a dramatic chemical shift (~0.35 ppm) in the ortho- aryl protons to the 

amidine group. Noteworthy, no further changes were observed upon addition of more than one 

equivalent of the fullerenes, thus confirming the exclusive formation of 1:1 complex. Further 



 

evidence for the formation of complex w

spectroscopic studies. Appreciable bathochromic shifts in the Soret and Q

spectra and significant quenching of the porphyrin fluorescence emission upon addition of the 

fullerene derivative were both observed, which can confirm the formation of the stable non

covalent hydrogen bonded assemblies. C

were also employed to study the dyad

Figure 1.4. Top: Porphyrin-fullerene assemblies

carboxylate hydrogen bonding. Bottom left: 

carboxylic acid 2 into the solution 

spectra of porphyrin amidine donor

(9:1, v/v) at room temperature (Modified from ref
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particularly the three point guanosine

dyads. Sessler et al. utilized this

transfer between porphyrin and fullerene moieties. Specifically, a cyt
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fullerene derivative were both observed, which can confirm the formation of the stable non

covalent hydrogen bonded assemblies. Cyclic voltammetry and transient absorption spectroscopy

were also employed to study the dyads. 

fullerene assemblies interfaced with two-point amidinium

Bottom left: 1H NMR shifts upon titration of fulleropyrrolidine 

into the solution of porphyrin amidine donor 1a. Bottom right:

spectra of porphyrin amidine donor 1b with variable concentration of 2 in toluene/acetonitrile 

room temperature (Modified from ref. 12). 
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this type of H-bonding to investigate the photo-
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(ZnP-C) and fullerene containing guanosine (G-C60) were synthesized and a new self-assembled 

donor-acceptor dyad (Figure 1.5) was established via a Watson-Crick base pairing in 

dichloromethane.13 

 

Figure 1.5. Porphyrin-fullerene assemblies using complementary base pairing (Modified from 

ref. 13). 

Non-covalent supramolecular arrangements using porphyrin-like molecules (e.g. 

phthalocyanines) as donors and fullerenes as acceptors has also been successfully achieved by 

Watson-Crick base pairing.14 Functionalization of the fullerene molecules is another way to 

expand this type of assembly. A uracil-substituted fullerene derivative was prepared in order to 

bind with adenine, adenosine and adenosine 5’-triphosphate (ATP) and thus build donor-acceptor 

dyads to probe photo-induced electron transfer.15 Moreover, 2-aminopurine, an emissive donor 

chromophore, was used to construct donor-acceptor dyad with C60-uracil derivative as an 

electron acceptor.16 Besides, a novel bis[zinc(II)porphyrin]-fullerene supramolecular triad 

(Figure 1.6) was prepared using the diacetylamidopyridine-uracil H-bonding motif.17 

 

Figure 1.6. Triad assembly employing complementary base pairing (Modified from ref. 17). 

The structure and topology of the dyads and triads constructed by complementary base pairs are 

far from optimum. Through-space interactions are usually assumed to control the charge 
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separation and charge recombination kinetics,16 indicating a linear arrangement in H-bonding 

hybrids could be more favorable. 

1.1.2.2. π-π Stacking supramolecular complexes  

Supramolecular π-π interactions between conjugated macrocycles and electron acceptors such as 

fullerenes, single wall carbon nanotubes (SWCNTs) and graphene comprise a promising strategy 

in the quest for artificial photosynthetic systems. This approach is non-destructive and preserves 

the basic structure and electronic properties of the donors and acceptors. A wide array of donors 

has been shown as suitable building blocks and porphyrins are the most widely utilized 

photosensitizers because of the affinity of acceptors towards the π-network of porphyrin, thus, 

leading to closest donor-acceptor assembly.18 In particular, free base porphyrins have shown to 

interact more strongly with SWCNTs than with the corresponding zinc(II)porphyrins.19  

 

Figure 1.7. Assembly constructed with cyclic porphyrin dimer and C60 by π-π stacking 

(Modified from ref. 20). 

Aida and co-workers published a highly stable host-guest complex (Figure 1.7) comprising a 

porphyrin and fullerene assembled through π-π interactions.20 This face-to-face cyclic dimer 

formed a stable 1:1 inclusion complex with C60 via donor-acceptor interactions in non-polar 

benzene solution. In order to study the role of central metal ions in the porphyrin core for 
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controlling the supramolecular donor-acceptor interactions in these inclusion complexes, C60 and 

C70 were treated with a series of metalloporphyrin cyclic dimers (M = 2H, Co, RhMe, Ni, Cu, Ag 

and Zn). The association constants for the RhMe porphyrin dimer with C60 and C70 were 

calculated to be ~2.4 × 107 M–1 and ~2.4 × 108 M–1, which demonstrated the extremely high 

affinity of RhMe porphyrin dimer toward fullerenes. This concept of generating inclusion 

complexes of porphyrins and fullerenes via π-π interactions was used in selective extraction of 

fullerene derivatives from the combustion-based industrial production source.21 

1.1.2.3. Electrostatic attraction supramolecular complexes 

Electrostatic attractions are relatively strong interactions compared to above weaker forces. 

Carboxylate group is very often used as anion part because it has the potential to provide good 

affinity with various substrates such as amines and other cations. For instance, Guldi and Hirsch 

et al. reported the electrostatic assembly of fullerene dendrimer (C60-D) and octapyridinium zinc 

porphyrin salt (Zn-P) with 1:1 formation in a phosphate buffer (pH 7.2).22 The association 

constant was determined as ~3.5 × 108 M–1. Transient absorption spectroscopy confirmed the 

photo-induced intracomplex electron transfer from Zn-P to C60-D with 1.1 μs lifetime for the 

charge-separated state. 

 

Figure 1.8. Supramolecular complexes using electrostatic attraction (Modified from ref. 22). 

Non-covalent binding between monomer porphyrins and fullerenes is relatively weak in polar 

solvents, which are generally used for photo-induced electron transfer reactions. However, 

electrostatic interactions are relatively strong in polar solvents.23 Multi-point binding sites can be 

introduced by using multi-substituted porphyrins and/or multimetalloporphyrins (dimers, trimers, 

dendrimers and oligomers, etc.) allowing stronger binding. In our group, we have developed a 
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series of well-defined assemblies using mono- and multi-substituted porphyrins with palladium 

cluster in methanol, which will be explained in more detail in the following chapters.24 

1.1.2.4. Metal-ligand coordination supramolecular complexes 

Supramolecular metalloporphyrin-fullerene dyads assembled via metal-ligand axial coordination 

were typically presented in the form of zinc(II)porphyrin coordinated to either pyridine or 

imidazole attached to C60 (Figure 1.9).25 D’Souza and Ito et al. reported that the coordination of 

pyridine or imidazole appended fullerene ligand to the zinc atom of the porphyrin is reversible in 

these complexes.26 Increasing additions of fullerenes resulted in notable bathochromic shifts of 

the Soret and visible bands in the UV-visible spectrum, followed by efficient quenching of 

porphyrin fluorescence bands, revealing the complex formation with binding constants of ~7000 

M−1 and ~11 000 M−1 in the case of C60-pyridine and C60-imidazole, respectively. 

 

Figure 1.9. Supramolecular complexes using metal-ligand coordination (Modified from ref. 26). 

 

Figure 1.10. Self-assembly of the Russian doll complex (Modified from ref. 27). 
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Recently many stable and sophisticated assemblies were designed. Anderson et al. reported a 

Russian doll complex of two porphyrin nanorings via self-assembly process utilizing N-Zn and 

N-Al coordination (Figure 1.10). Four categories of components, including a zinc(II)porphyrin 

12-ring, an aluminum(III)porphyrin 6-ring, bifunctional bridging ligands, and a hexapyridyl 

template, selectively associated to yield a supramolecular complex reminiscent of the chlorophyll 

arrays. The complex showed quantitative excitation energy migration (also often called exciton) 

occurring within 40 ps from the 6-ring to the 12-ring.27 

1.1.2.5. Supramolecular complexes utilizing synergistic interactions 

Self-assemblies utilizing synergistic interactions have been widely reported. Guldi et al. reported 

the assembly of guanidinium bis-porphyrin tweezers (Por-t-G) and fullerene carboxylate (C60-

COOH) into a novel supramolecular electron donor-acceptor hybrid (Figure 1.11). This assembly, 

which features a highly confined topography, builds up from a combination of guanidinium-

carboxylate hydrogen bonding and π-π stacking interaction. Thus, the guanidinium scaffold not 

only acts as a structural linker between the two porphyrins, but it also plays an active role to 

complement anionic guests. The cooperativity between π-π stacking and hydrogen bonding 

resulted in strong binding and the association constant can reach ~8.1 × 106 M−1. Positive 

cooperativity between the applied binding motifs is corroborated by a number of experimental 

techniques such as NMR, absorption, fluorescence, etc. In addition, transient absorption 

experiments shed light onto electron-transfer processes taking place in the ground state and upon 

photoexcitation. 

 

Figure 1.11. Assembly of guanidinium bis-porphyrin tweezers (Por-t-G) and fullerene 

carboxylate (C60-COOH) involving cooperativity of π-π stacking and hydrogen bonding 

(Modified from ref. 28). 
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Amabilino et al. showed a family of zinc(II)porphyrins which can exhibit hierarchical self-

assembly with a complicated combination of supramolecular environments (Figure 1.12). The 

zinc(II) interaction with pyridyl moieties is the dominant interaction. Also hydrogen bonding and 

van der Waals interactions are responsible for the massive change in absorption and aggregation 

behaviors.29 These assemblies give rise to high optical activity over a wide range of wavelength 

(from 390 to 475 nm) generated by a single chromophoric unit. 

 

Figure 1.12. Self-assembly utilizing coordination and hydrogen bonding (Modified from ref. 29). 

1.1.3. Introduction to tetrabenzoporphyrins 

In the past decades, porphyrins have been the focus of intense research interest due to the key 

role of porphyrinoid π-systems in various biological processes such as photosynthesis and 

respiration. Recently, modified porphyrins with strong absorption bands in the near-infrared 

(NIR) spectrum have been investigated extensively, due to their potential future use in 

photodynamic therapy, nonlinear optical materials, fluorescent probes and solar energy 

conversion.30 Various strategies (Chart 1.1), such as peripheral conjugation at β, β-positions, 

introduction of alkynyl substituents at meso-positions and the formation of porphyrin oligomers, 

have been explored to shift the Soret and Q-band centers to the NIR region.31 
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Fusion of aromatic rings to all four pyrrole residues results in particularly strong effects on the π-

system than unsymmetrical fusion with one, two or three aromatic rings, leading to enhanced 

light absorption and efficient emission in the near-infrared region. Also, from the viewpoint of 

synthesis, symmetrical fusions are relatively easier than unsymmetrical fusions. A variety of 

peripherally π-extended porphyrins (Chart 1.1) have been synthesized by fusing benzene, 

naphthalene, pyrene, azulene, anthracene, corannulene and other aromatic moieties to β, β-

positions of the porphyrin core.32 However, compared with the conventional tetrapyrrole 

porphyrins, the research is still very limited due to the difficulty in synthesis for the fusion of 

aromatic rings. Among them, tetrabenzoporphyrins (TBPs) are most widely synthesized, which 

is chosen as a model in our following research. 

 

Chart 1.1. Structures of fused porphyrins. 

1.1.3.1. Synthesis of tetrabenzoporphyrins 

TBPs were first prepared from carboxymethylphthalide under harsh conditions (345-420 °C) by 

Linstead and Noble in 1937,33 but the major problems associated with TBPs synthesis were 

thoroughly studied until 1990’s. Nowadays, preparation of TBPs have been mainly described in 

the literature by using three different isoindole precursors: 4, 5, 6, 7-tetrahydroisoindole or 4, 7-

dihydroisoindole followed by oxidative aromatization; 4,7-dihydro-4,7-ethano-2H-isoindole 

followed by retro-Diels-Alder reaction (Chart 1.2). 
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Chart 1.2. Isoindole precursors used in general synthetic routes for TBPs. 

4, 5, 6, 7-Tetrahydroisoindole was early used as precursors to obtain TBPs. However, the 

following aromatic oxidation using DDQ or tetracyclone of the unsaturated hexatomic ring 

requires extreme reaction conditions (e.g. melting at 350-400 °C) and yields many byproducts. 

Also, when functional groups like nitro group was present, the oxidation became even more 

difficult and the separation of the products was almost impossible. This method has become 

impractical with the development of new synthetic approaches, although in certain cases, it was a 

relatively straightforward and cost-effective way (Scheme 1.1).32 

 

Scheme 1.1. Synthetic route for TBPs using 4, 5, 6, 7-tetrahydroisoindole as precursors.32 

4, 7-Dihydroisoindole as precursor has two less hydrogen atoms than 4, 5, 6, 7-

tetrahydroisoindole. It was reported that reduction in the number of hydrogens can greatly 

improve the efficiency of oxidative aromatization. This approach showed clear advantages and 

many TBPs which cannot be oxidized using 4, 5, 6, 7-tetrahydroisoindole were synthesized 

here.34 Also, it allowed the synthesis of TBPs with different types of substitution, representing an 

extremely versatile strategy (Scheme 1.2). However, the synthetic steps for 4, 7-dihydroisoindole 

is kind of long, and yield of oxidative aromatization is still kind of low (10%-30%). 

 

Scheme 1.2. Synthetic route for TBPs using 4, 7-dihydroisoindole as precursors.34 
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The strategy called retro-Diels-Alder method using 4, 7-dihydro-4, 7-ethano-2H-isoindole, a 

pyrrole fused with a bicyclic skeleton, was first reported by Ono et al in 1997.35 This approach 

has inspired a large number of publications preparing TBPs with different forms of substitution 

in the benzene-fused rings and the meso-position phenyl groups.36 However, it was typically 

hampered by the synthesis of starting pyrrole, which can lose stability at ~130 °C. Recently, Lim 

and co-workers published an approach to optimize the preparation of 4, 7-dihydro-4, 7-ethano-

2H-isoindole, which can promote this method favorably (Scheme 1.3).37 

 

Scheme 1.3. Synthetic route for TBPs using 4, 7-dihydro-4, 7-ethano-2H-isoindole as precursors.37 

Krautler and co-workers reported the synthesis of TBPs using the direct cycloaddition with 

sulfoleneporphyrins and benzoquinone.38 Also, Wang et al. reported an innovative method based 

on the Heck reaction involving a one-pot aromatization.39 However so far, these approaches are 

only applied for synthesis of certain TBPs, which are still not as universal as above methods to 

synthesize TBPs with versatile functional groups. 

The electronic effects of substituents are generally greater at the meso-positions than at the β, β-

positions due to the quite different contribution for the HOMO and HOMO-1 molecular orbitals 

of porphyrins.40 One typical strategy used for traditional porphyrins is to incorporate ethynyl 

groups at meso-positions. So far, tetrabenzoporphyrins with meso-substituted ethynyl groups are 

rather rare, which could effectively shift the Q bands into NIR region.41 Furthermore, if 

functional groups such as carboxyl could be introduced, TBPs with meso-ethynyl groups have 

the potential to be utilized for DSSCs. 

The introduction of halogen atoms (Br and I) at the meso-positions porphyrins, especially mono-

substituted halogen, is thought to be very important, not only because of the modification of their 

electronic states and structural properties, but also because of their possible conversion into 

various functionalized porphyrins by coupling reactions.42 Recently selective and direct 

halogenations of classical porphyrins have been effectively achieved by using n-
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bromosuccinimide (NBS) or n-iodosuccinimide (NIS). Unfortunately, these reactions are not 

valid for TBPs due to steric hindrance of the β, β-functional rings and poor solubility in common 

solvents. This problem is still waiting for ingenious solutions. 

1.1.3.2. Main applications of tetrabenzoporphyrins in photodynamic therapy, sensors, non-

linear optical materials and optoelectronic devices 

Porphyrin derivatives have been widely recognized in the field of photodynamic therapy (PDT). 

PDT involves the occurrence of chemical reactions, which require a nontoxic photosensitizer in 

the target area, activated by visible light that is used to destroy selectively target cells or tissues. 

TBPs, which display high chemical stability, more π-conjugated plane, red-shifted absorption 

bands and decreased oxidation potentials compared with the parent porphyrins, could involve 

different properties in terms of biological activity. Sol et al. reported a series of new conjugated 

tetraglucosyl-TBPs and tetrapolyamine-TBPs (Chart 1.3), and the preliminary viability tests in 

vitro on two human cancer lines (MCF-7 and HaCaT) in the presence of a polychromatic light 

source showed a pronounced photocytotoxicity activity.43 

 

Chart 1.3. Substituted tetrabenzoporphyrins.43 

Another biological application for TBPs is as O2-sensors. Quantification of dissolved O2 is an 

important clinical interest for the evaluation of complications from diabetes, peripheral vascular 

diseases, cerebrovascular and cardio-vascular events, and eye pathology, as well as for the 

detection of tumours. The main strategy to build O2-sensor molecules is to encapsulate Pd (or Pt) 
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TBPs inside dendrimers, because dendrimers surrounded by luminescent chromophores can 

increase diffusion barriers for oxygen.44 Vinogradov et al. reported the synthesis of 

polyethyleneglycolcoated Pd(II) TBP-based dendritic nanoprobes and found these 

phosphorescent probes were non-phototoxic in a standard cell-survival assay. The results 

revealed that, as long as light doses are less than or equal to those commonly employed in PDT, 

TBP dendritic probes could be safely used for tissue oxygen measurements.45 TBPs dendrimers 

were also explored as fluorescent pH sensors.46 

Studies for triplet-triplet annihilation upconversion (TTA-UC) is becoming hot topic for 

potential use in photovoltaics and imaging. TTA-UC is inherently independent to the coherence 

of the excitation light, and requires extremely low intensity (as low as 1 W•cm–2) from the 

excitation source. The process of TTA-UC in multimolecular systems is considered as three 

successive processes.47 The first step is intersystem crossing (ISC), which is strongly enhanced 

by the spin-orbit coupling between the metal center and metalated macrocyclic sensitizer. The 

second process is the transfer of the excitation energy of the sensitizer triplet to the emitter triplet. 

The third process is the subsequent triplet–triplet annihilation.48 More details can be found in 

Chapter 2. Vinogradov et al. demonstrated magnetic modulation of delayed fluorescence and 

delayed phosphorescence in solution-based TTA systems comprising perylene as the annihilator 

and tetrabenzoporphyrins as triplet sensitizers. 

It was reported that TBPs possess excellent performance as optoelectronic devices (e.g. organic 

lightemitting diodes), organic solar cells, organic field-effect transistors, electrochemical 

transistors.48,49 Aramaki et al. demonstrated that the precursors can be converted into the 

corresponding TBPs film even in the solid state by heating, resulting in a good semiconductor.50 

Similar strategy was applied for organic photovoltaic cells using TBPs as donor material and 

fullerene as an acceptor. Insoluble TBPs were obtained from the soluble precursor by in situ 

thermal treatment to fabricate TBP-fullerene bulk heterojunction (BHJ) photovoltaic cells. These 

solution-processed devices have attained power conversion efficiencies as high as 5%, and the 

performance of TBP-based PV cells could be improved by introducing different fullerenes.51 

Generally speaking, TBPs have shown inspiring applications in various fields. However, the 

synthesis of TBPs with fewer and more efficient steps, especially the construction of TBPs with 

significantly different substituents, continues to be an important issue to be solved. 
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1.1.4. Introduction to the [Pd3(μ-dppm)3(μ3-CO)]2+ cluster 

The dicationic [Pd3(μ-dppm)3(μ3-CO)]2+
 ([Pd3

2+], dppm = Ph2PCH2PPh2) cluster is a unsaturated 

42-electron species with various counter anions. It was first reported by Manojlović-Muir and 

Puddephatt et al. in 1983.52 The structure of [Pd3
2+] is shown in Chart 1.4. The complex can be 

prepared by reacting palladium(II) acetate with dppm under carbon monoxide atmosphere in 

aqueous acetone (1:1 molar ratio) containing excess of trifluoroacetic acid under room 

temperature. The trifluoroacetate salt [Pd3(μ-dppm)3(μ3-CO)][O2CCF3]2 was initially formed 

(Equation 1.1) and its treatment with excess NH4PF6 yielded [Pd3(μ-dppm)3(μ3-CO)][PF6]2 

(Equation 1.2), which was used as the target cluster in our following research. 

 

Chart 1.4. Structure of [Pd3
2+]. 

3Pd(OAc)2 + 3dppm + 3CO + 2H2O +2CF3CO2H → [Pd3(μ-dppm)3(μ3-CO)][O2CCF3]2 +2CO2 + 6AcOH          (1.1.) 

[Pd3(μ-dppm)3(μ3-CO)][O2CCF3]2 + 2NH4PF6 → [Pd3(μ-dppm)3(μ3-CO)][PF6]2 + 2NH4[O2CCF3]                       (1.2.) 

1.1.4.1. Structure of the [Pd3
2+] cluster 

Counter anions such as halide, cyanide, acetyl and carboxyl groups can strongly interact with 

unsaturated face of [Pd3
2+] to form various salts.52,53 Here [Pd3(μ-dppm)3(μ3-CO)][PF6]2 will be 

mainly discussed as an example to elucidate the structure of  [Pd3
2+] clusters because it has the 

typical structure and widely used in our following work. The molecular structure of [Pd3
2+] (as 

PF6
－salt in Figure 1.13) comprised a unsaturated cluster core of triangular metal skeleton Pd3 in 

which the palladium atoms were directly bonded to each other with an average Pd-Pd distance of 

~2.61 Å. The Pd3 triangle is spanned by three edge-bridging dppm ligands and further capped by 

a triply bridging carbonyl group at Pd-C distances of ~2.15 Å on average. The Pd3P6 unit is 

roughly planar, individual displacements between the palladium common plane and phosphorus 



 

atoms not exceeding ~0.26 Å. As for the two 

side where is above the Pd3 plane

The other PF6
－is placed below the 

Pd interactions were considered 

approximates to Cs symmetry

perpendicularly to the Pd3 triangle and

shown in Figure 1.13. 

The [Pd3
2+] cluster features that 

to ~5 Å. The dppm ligands, which form a 5

three methylene groups are pointing in the same

direction. This can make the cavity size variable,

interactions.53 

Figure 1.13. Representative structure of 

1.1.4.2. Host-guest assembly of 

Halide ions (Cl−, Br−, I−) were first

Manojlović-Muir and Puddephatt 

interact with [Pd3
2+] on the unsaturated face (Chart 1.5).

by UV-visible spectroscopy using the Benesi

various [Pd3
2+]-substrate assemblies are summarized in Table 1.1. It can be observed

negatively charged species exhibit drastically (approximately 10

than the neutral ones, which is consistant with

the binding constants are larger when the substrate c
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Å. As for the two PF6
－anions, one is located at the carbonyl

plane, which is placed between the carbonyl and two phenyl groups. 

below the Pd3 plane, which is beside to one of the Pd2P2

considered as strong metal-metal bonding. The overall molecular geometry 

symmetry by omitting PF6
− anions, with the mirror plane lying 

triangle and passing through the one Pd atom and C=O 

features that the phenyl groups form a cavity with H  H distances from 

which form a 5-membered ring, can adopt two conformations: the 

three methylene groups are pointing in the same direction, or one is pointing in the opposite 

on. This can make the cavity size variable, which provides available space for substrate 

Representative structure of [Pd3
2+]. The hydrogens are omitted for clarity.

guest assembly of [Pd3
2+] with various substrates 

) were first reported for the host-guest interaction of cluster by 

Muir and Puddephatt et al. in 1985.54 Afterwards, various substrates were used to 

on the unsaturated face (Chart 1.5).55 The binding constants (K), extracted 

visible spectroscopy using the Benesi-Hildebrand, Scatchard and Scott plots,

substrate assemblies are summarized in Table 1.1. It can be observed

negatively charged species exhibit drastically (approximately 103-106 times) larger constants 

is consistant with electrostatic effects on these interactions. Also, 

the binding constants are larger when the substrate contains an aromatic group, which may be 

anions, one is located at the carbonyl-capped 

is placed between the carbonyl and two phenyl groups. 

2C rings. The Pd-

overall molecular geometry 

, with the mirror plane lying 

passing through the one Pd atom and C=O atoms, as 

H distances from ~2.6 

two conformations: the 

direction, or one is pointing in the opposite 

which provides available space for substrate 

 

omitted for clarity. 

guest interaction of cluster by 

Afterwards, various substrates were used to 

The binding constants (K), extracted 

Hildebrand, Scatchard and Scott plots,53,56 for 

substrate assemblies are summarized in Table 1.1. It can be observed that the 

) larger constants 

electrostatic effects on these interactions. Also, 

ontains an aromatic group, which may be 



 

due to better hydrophobic interactions between the aromatic groups and the dppm phenyl 

residues. It is worth mention

interactions with [Pd3
2+] cluster as 

thesis. On the other hand, carboxylate

sensitizer in the field of dye-sensitized solar cells (DSSCs). Therefore the 

system could be a suitable model to understand the fundamentals in DSSCs.

Chart 1.5. Representative interaction mode for 

substrates.55 

Table 1.1. Binding constants (K)

Anionic substrates K (M
Porphyrin (TCPP)b 
Porphyrin (DCP)b 
Porphyrin (MCP)b 

Benzoate 
p-Toluate 

4-Aminobenzoate 
Propionate 

Acetate 
aAll results are found to be the same within the experimental uncertainties ~ 

multiple measurements.  

bTCPP: 5, 10, 15, 20-tetra(4

carboxylphenyl)-15, 20-(tolylporphyrinato)zinc(II)

tritolyl-(porphyrinato)zinc(II). 

1.1.4.3. Photophysical and electrochemical properties of 

[Pd3
2+] exhibited maximum absorbance at ~500 nm at 298 K and ~480 nm at 77 K. T

not luminescent at room temperature, but exhibits a small emission 
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due to better hydrophobic interactions between the aromatic groups and the dppm phenyl 

residues. It is worth mentioning that carboxylate-containing porphyrins exhibited strong 

cluster as demonstrated by the large binding constants

. On the other hand, carboxylate-containing porphyrins have been widely utilized as the 

sensitized solar cells (DSSCs). Therefore the [Pd

could be a suitable model to understand the fundamentals in DSSCs. 

Representative interaction mode for [Pd3
2+]-substrate assemblies

Binding constants (K)a for various [Pd3
2+]-substrate assemblies.55 

K (M-1) Neutral substrates 
24500 Nitrobenzene 
22000 Benzonitrile 
19300 DMF 
10000 Nitromethane 
9800 Acetonitrile 
3300 Toluene 
2600 p-Xylene 
730 Benzene 

All results are found to be the same within the experimental uncertainties ~ 

tetra(4-carboxyphenyl)porphyrinato zinc(II); DCP

(tolylporphyrinato)zinc(II); MCP: 5-(4-carboxylphenyl)

Photophysical and electrochemical properties of [Pd3
2+] cluster 

exhibited maximum absorbance at ~500 nm at 298 K and ~480 nm at 77 K. T

not luminescent at room temperature, but exhibits a small emission band centered at 

due to better hydrophobic interactions between the aromatic groups and the dppm phenyl 

containing porphyrins exhibited strong 

binding constants provided in this 

containing porphyrins have been widely utilized as the 

[Pd3
2+]-porphyrin 

 

substrate assemblies; S ans S– are 

K (M-1) 
1.75 
1.35 
0.54 
0.17 
0.10 
0.08 
0.07 
＜0.07 

All results are found to be the same within the experimental uncertainties ~ ±10% based on 

DCP: 5, 15-(4-

carboxylphenyl)-10, 15, 20-

exhibited maximum absorbance at ~500 nm at 298 K and ~480 nm at 77 K. The cluster is 

centered at ~705 nm at 



 

77 K in glassy matrice. The emission quantum yield Φ is 

very weak luminescent property hampers the study of its excited states, especially the search of 

the phosphorescence emission. Thus in the following research, its luminescent 

cluster [Pt3(μ-dppm)3(μ3-CO)][PF

the excited state properties.57 

The [Pd3
2+] cluster, when electrochemically reduced by 

rich reactivity towards small molecules. However, its 

failed.58 In our following research, it will serve as 

be useful to account for its electrochemical properties. 

[Pd3
2+] cluster (as PF6

－ salt) has been investigated

AcCN, DMF and CH2Cl2. The counter anion

ions inside the cavity were previously reported but 

typical cyclic voltamogramm is shown in Figure 1.14.

A1/A1’(E1/2 = − 0.21 V vs SCE) and 

following redox processes (Equation

Pd3(dppm)3(CO)2+ + e− → Pd3(dppm)

Pd3(dppm)3(CO)+  +  e− → Pd3(dppm)

Figure 1.14. Cyclic voltamogramm of 

electrolyte under scan rate of 100 mV

The [Pd3
2+] cluster also exhibits two signals at

−2.69 V vs SCE) under significantly more negative potential, which could be assigned on the 

basis of the relative peak current to a mono
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The emission quantum yield Φ is < 0.001 in butyronitrile

luminescent property hampers the study of its excited states, especially the search of 

. Thus in the following research, its luminescent 

[PF6]2 ([Pt3
2+]) is employed as a calibration to qualitatively predict 

when electrochemically reduced by one or two electrons, shows particularly 

rich reactivity towards small molecules. However, its direct chemical reduction has

In our following research, it will serve as both energy and electron acceptor.

electrochemical properties. The electrochemical reduction of the title 

salt) has been investigated in several solvents such as THF, 

. The counter anion effect (PF6
− vs CF3CO2

−) and the presence of halide 

cavity were previously reported but will not be discussed here 

typical cyclic voltamogramm is shown in Figure 1.14.59 The initial two reversible peaks of 

) and A2/A2’(E1/2 = − 0.47 V vs SCE) in THF correspond to the 

Equations 1.3-1.4): 

(dppm)3(CO)+        (A1/A1’ cycle)                                             

(dppm)3(CO)0        (A2/A2’ cycle)                                             

 

Cyclic voltamogramm of [Pd3
2+] cluster with 0.2 M Bu4NPF

100 mV/s (Modified from ref. 59). 

exhibits two signals at A3/A3’ (E1/2 = −2.39 V vs SCE

significantly more negative potential, which could be assigned on the 

peak current to a mono-electronic process as below (Equation

butyronitrile at 77 K.57 The 

luminescent property hampers the study of its excited states, especially the search of 

. Thus in the following research, its luminescent homologue 

calibration to qualitatively predict 

shows particularly 

chemical reduction has always 

both energy and electron acceptor. Here it will 

The electrochemical reduction of the title 

in several solvents such as THF, MeOH, 

and the presence of halide 

discussed here in detail. The 

The initial two reversible peaks of 

correspond to the 

)                                             (1.3.) 

)                                             (1.4.) 

NPF6 as supporting 

SCE) and A4 (E1/2 = 

significantly more negative potential, which could be assigned on the 

Equations 1.5-1.6):59 
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Pd3(dppm)3(CO)0 + e− → Pd3(dppm)3(CO)−           (A3/A3’ cycle)                                            (1.5.) 

Pd3(dppm)3(CO) − + e− → Pd3(dppm)3(CO)2−         (A4)                                                            (1.6.) 

The two latter species are the most anionic forms ever discovered for this Pd3 cluster. The A3/A3’ 

signal is electrochemically quasi reversible whereas the A4 process is irreversible, indicating that 

the monoanionic and dianionic species are stable and unstable, respectively. Hence, this [Pd3
2+] 

cluster appears as an “electron sponge” for the stepwise reversible capture of three electrons.  

1.2. Objectives of the thesis 

Aforementioned descriptions have revealed that non-covalent supramolecular assemblies can be 

utilized to construct functional architectures for electronic devices. However, the energy and 

electron transfer behavior in the synthesized dyads or polyads still need to be fully understood 

and optimized for achieving long-lived charge separated states, and ultimately for potential 

applications in the field of optoelectronic devices, sensors, luminescent markers and solar energy 

conversion.  

Our group has long focused on the molecular design of porphyrin derivatives. In our former 

research, supramolecular assembly using porphyrin carboxylates and palladium cluster has been 

proved to be a good system for photoinduced singlet (S1) electron and energy transfers as well as 

triplet (T1) energy transfer. However, the electron transfer behavior in femtosecond (fs) time 

scale still lack of understanding. Here, in this thesis, and as continuation of our previous interest, 

the project is aimed to study the electron transfer in fs time scale and energy transfer for different 

ionic assemblies for better understanding of the structural factors that influence their rates. Study 

of such systems is very important since it is essential to understand the photophysical properties 

of such molecules in order to establish a relationship between rates and structure of the materials 

for better applications. Tetrabenzoporphryins were also selected as the donor in the assembly 

since, to our knowledge, there is very little literature for their use in non-covalent photosynthetic 

systems. 

In Chapter 3, we report the ultrafast (< 85 fs) photo-induced electron transfers in the “straight up” 

ionic assemblies [Pd3
2+]•••MCP and [Pd3

2+]•••DCP•••[Pd3
2+] (MCP, DCP = 5-(4-

carboxylphenyl)-10, 15, 20-tristolyl(porphyrinato)zinc(II),
 5, 15-bis(4-carboxylphenyl)-15, 20-
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bistolyl(porphyrinato)zinc(II), respectively). The binding behavior and assembly structure were 

discussed to corroborate the ultrafast electron transfers. 

In Chapter 4, two new ionic assemblies, TCPBP•••[Pd3
2+]x and TCPP•••[Pd3

2+]x (TCPBP, 

TCPP = 9, 18, 27, 36-tetrakis-meso-(4-carboxyphenyl)zinc(II)tetrabenzoporphyrin;
 5, 10, 15, 20-

tetrakis-meso-(4-carboxyphenyl)zinc(II)porphyrin, respectively), were designed to study effects 

of tetrabenzoporphryins. These assemblies show increase in binding constants and variation in 

driving force for electron transfer. The rate for electron transfers (forward and back) is still 

ultrafast and does not drastically change.  

In Chapter 5, in order to study the cooperative effects of tetrabenzoporphryins and meso-

substituted ethynyl group, TCPEBP•••[Pd3
2+]x and TCPEP•••[Pd3

2+]x (TCPEBP, TCPEP = 9, 

18, 27, 36-tetra-(4-carboxyphenylethynyl)tetrabenzoporphyrinatozinc(II);
 5, 10, 15, 20-tetra-(4-

carboxyphenylethynyl)porphyrinatozinc(II), respectively) were designed to fabricate ionic 

assemblies. Both assemblies exhibit strong binding constants and this efficient process is 

ultrafast (within the 75-110 fs time frame). An ultrafast back electron transfer (< 1 ps) was 

observed here. 

In Chapter 6, we show that the triplet energy transfers proceed via Förster mechanism with 

medium T1-T1 kET values (in the 105 s−1 time scale) for the aforementioned [Pd3
2+]•••MCP and 

[Pd3
2+]•••DCP•••[Pd3

2+] assemblies. While the dye*-cluster interactions are characterized by 

ultrafast electron transfers (< 85 fs) in the S1 states of these assemblies, unfavourable reductive 

and oxidative driving forces make this type of process inoperative or very slow in the T1 states.  

In Chapter 7, general discussions for electron and energy transfer behaviors for all 

supramolecular assemblies were summarized.  

All in all, our research successfully established a series of ionic assemblies with porphyrins and 

palladium cluster, which exhibit ultrafast S1 electron transfer and moderate T1 energy transfer 

properties. This work will be useful for potential applications of these assemblies in 

optoelectronic devices, and inspires further research in related fields. 

 

1.3. References for Chapter 1 

They are listed as Bibliography in the end of the thesis.  



 

This part outlines the physical basis as well as the techniques that are employed to characterize 

the photoactive systems.  

2.1. Absorption 

When light passes through a medium in liquid, solid or gas state, the intensity of the emergent 

light is lower than the incident light. The attenuation of the light intensity as the result of passing 

through different media is known as absorption of light 

light produces the colored light. 

into internal energy of the absorber. 

and transitions is called the Jablonski diagram or the state diagram as shown in Figure 

Figure 2.1. The Jablonski diagram 

appropriate time scale. The time scales are for typical organic molecules but can be variable.

Based on quantum physics,1 a series of electronic states are available in the molecules or ions. 

The lower energy state is referred to as the ground state (

higher energy states are referred to as singlet excited states when multiplicity keeps constant as 1, 

where S1 and S2 represent the first and second singlet excited states, respectively. The higher 

energy states are referred to as the triplet 

first and second triplet states are denoted as T

where the electrons do not change

electrons flip the spin. When the energy of the incident photons is equal to the energy difference 
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CHAPTER 2. 

THEORY 

This part outlines the physical basis as well as the techniques that are employed to characterize 

When light passes through a medium in liquid, solid or gas state, the intensity of the emergent 

light is lower than the incident light. The attenuation of the light intensity as the result of passing 

through different media is known as absorption of light and the selective absorption of white 

light produces the colored light. Absorption means the energy of a photon

of the absorber. The energy level diagram representing the different states 

the Jablonski diagram or the state diagram as shown in Figure 

The Jablonski diagram describing the various electronic levels and processes with 

The time scales are for typical organic molecules but can be variable.

a series of electronic states are available in the molecules or ions. 

The lower energy state is referred to as the ground state (S0). For diamagnetic molecul

higher energy states are referred to as singlet excited states when multiplicity keeps constant as 1, 

represent the first and second singlet excited states, respectively. The higher 

the triplet excited states when multiplicity changes to 3, where the 

first and second triplet states are denoted as T1 and T2, respectively. S refers to a singlet state 

change the spin on excitation. T means a triplet state where the 

the energy of the incident photons is equal to the energy difference 

This part outlines the physical basis as well as the techniques that are employed to characterize 

When light passes through a medium in liquid, solid or gas state, the intensity of the emergent 

light is lower than the incident light. The attenuation of the light intensity as the result of passing 

and the selective absorption of white 

photon is transformed 

The energy level diagram representing the different states 

the Jablonski diagram or the state diagram as shown in Figure 2.1. 

 

and processes with 

The time scales are for typical organic molecules but can be variable. 

a series of electronic states are available in the molecules or ions. 

or diamagnetic molecules, the 

higher energy states are referred to as singlet excited states when multiplicity keeps constant as 1, 

represent the first and second singlet excited states, respectively. The higher 

excited states when multiplicity changes to 3, where the 

, respectively. S refers to a singlet state 

T means a triplet state where the 

the energy of the incident photons is equal to the energy difference 
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between S0 and Sn (or Tn, n = 1, 2, 3……n), the chromophore can absorb the photon energy to 

generate the excited states. It should be mentioned that the transition from S0 to Sn usually 

possesses much higher intensity than that from T0 to Tn because S0→Sn is spin-allowed while 

T0→Tn is spin-forbidden. The triplet state is more stable than the singlet counterpart because the 

electrons in the singlet excited state are coupled and close to each other, thus the Colomb 

repulsive energy between them is higher. The splitting between these two states is dependent on 

the nature of the orbitals. When the two states involve similar orbitals (i.e. π→π*), the overlap 

between them will be large and the two electrons will be forced to approach each other. 

Consequently the Singlet-Triplet splitting will be large. On the other hand, if the involved 

orbitals are different (i.e. n→π*), the overlap and resulted splitting will be small. 

Absorption spectroscopy is a common technique to measure this process. Organic molecules 

containing π-electrons and non-bonding electrons usually can utilize the energy of ultraviolet and 

visible light to generate the excited states. Thus, ultraviolet-visible (UV-vis) spectroscopy has 

been widely applied for characterization of the molecules. The UV-vis spectrum is obtained by 

measuring the attenuation of the beam after passing the sample based on Beer-Lambert law as 

shown in Equation 2.1: 

                          cl
I

I
A  )log( 0        or      cl

oII  10                                                         (2.1.) 

where A is the absorption; I0 and I are the intensity of the incident and transmitted beam, 

respectively; l is the thickness of the medium; c is the concentration of the absorbing material; 

and ε is the molar absorptivity, which depends upon the frequency of the radiation as well as the 

nature of the substance. The percentage I/I0 is known as transmittance (T). 

2.2. Fluorescence, phosphorescence and non-radiative emission 

The absorption process happens by absorbing a photon with sufficient energy, leading to excited 

state species. Then, the molecule located at an excited electronic state can relax to the ground 

state by various processes. The processes can be divided into radiative and non-radiative events. 

The radiative process is the emissive process, which can be sub-divided into fluorescence and 

phosphorescence. Besides, there are many types of radiationless processes, including internal 

conversion, intersystem crossing, vibrational relaxation, etc. 
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Emission and luminescence are general terms meaning the radiative process regardless of its 

origin and nature of the excited state. It includes the fluorescence and phosphorescence in 

diamagnetic molecules. Fluorescence is a radiative process involving same multiplicity as singlet 

(i.e. S1→S0 and S2→S0) from the excited state to the ground state. The fluorescence spectra show 

the intensity of the emitted light versus the wavelength, which is obtained by initial irradiation of 

the sample normally at a single wavelength where light absorption occurs. The lifetime of 

fluorescence is typically in the range of 10−8-10−9 s (i.e. ns time scale) for organic molecules and 

faster for metal-containing compounds (10−10 s or shorter). Typically, fluorescence would 

disappear immediately upon the removal of the excitation source, while phosphorescence  

substance would continue to glow after the radiation energy has been turned off. 

Phosphorescence, which is the emission from triplet states, usually from T1, but not exclusively, 

exhibits longer lifetime in comparison with fluorescence. Transition from higher triplet excited 

state T2 to T1 is typically assigned as internal conversion. These long-lived emissions occur on 

time scale of 10−3 s for organic samples and 10−5-10−7 s for metal-containing species. This 

difference between the fluorescence and phosphorescence is associated with fact that it involves 

a spin-forbidden electronic transition. Moreover, the phosphorescence bands are always red-

shifted in comparison with the fluorescence counterpart because the triplet state has relative 

lower energy compared with the singlet manifold. It is found that the non-radiative processes in 

the triplet states increases exponentially with the decrease in triplet energies, which can be 

explained by energy gap law. Hence, it is more difficult to observe phosphorescence when the 

triplet states bear very low energy. On the other hand, phosphorescence is easier to observe at 

lower temperatures where the thermal decay is inhibited.2 

Internal conversion (IC) is observed when molecules in the higher excited states relax to the 

lower excited states. This is a radiationless transition between two different electronic states of 

the same multiplicity, which can be increased when there is a good overlap between the 

vibrational wavefunctions that are involved in the start and end states. Internal conversion 

typically occurs on a time scale of 10−12 s. 

Intersystem crossing (ISC) is another non-radiative process, where a singlet state passes to a 

triplet state in a nonradiative way, or conversely a triplet state jumps to a singlet state. ISC can 

take place on the time scale of 10−8-10−11 s. This process is very important for metal-containing 
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molecules because of spin-orbit coupling, i.e. an interaction between the orbital angular 

momentum and spin angular momentum, which permits mixing the spin angular momentum of 

both Sn and Tn states. If the vibrational levels of the singlet and triplet excited states overlap, the 

energy difference is such small that the singlet and triplet states are no longer “pure”, where the 

transition from one state to the other is less forbidden by multiplicity rules. The increase of ISC 

can be achieved by the heavy atom effect,3 which introduces an increased mixing of spin and 

orbital quantum number with increased atomic number. This can be done either by the 

introduction of heavy atoms into the molecule via chemical bond (internal heavy atom effect) or 

by the solvent (external heavy atom effect), where the presence of paramagnetic species in 

solution can enhance ISC transitions. The relaxation from triplet T1 to ground state S0 (IP) is also 

a kind of  ISC process. 

The radiative quantum yield (Φ) can provide information about the excited electronic states such 

as the rates of radiation and radiationless processes. It can also be used for the determination of 

chemical structures and sample purity. The emission quantum yield can be defined as the 

fraction of molecules which emits a photon after direct excitation by a light supply.4 Thus it is 

also a measure of the proportion of the radiative relaxation of the excited molecules. 

The widespread method for measurement of the relative quantum yield involves the comparison 

of very dilute solution of the target sample with a solution of approximately equal optical density 

of compound of known quantum yield (i.e. reference). The quantum yield of the target sample is 

calculated by the equation 2.2: 
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where the subscripts S refers to “sample” and R refers to “reference”, respectively; Φ is the 

quantum yield; A is the absorbance at a given excitation wavelength; F is the integrated emission 

area across the band; n is the refractive index of the solvent containing the sample or the 

reference. Many reference compounds have been reported in the literature.5 The absorption and 

emission of the selected standard should be close to those for the sample as much as possible for 

more accuracy. The absorbance of both the standard and sample must be between 0.45-0.55 in 

order to be in the linear region of the Beer-Lambert law. The excitation wavelength must be the 

same for both sample and reference. 



 

2.3. Ultrafast transient absorption spectroscopy

The initial steps of photosynthesis

system to harvest the light energy,

to compete with the energy loss processes such as 

emission, the energy and electron transfer processes that fix the excited

photosynthesis must be extremely fas

fs to hundreds of ps. Nowadays, the high time resolution 

possible to investigate the ultrafast events taking place within a light

time. Ultrafast transient absorption spectroscopy 

group, the laser pulse with FWHM of 

Figure 2.2. State diagram and various processes 

The basic principles of transient absorption spectroscopy can be described as follow

2.2). A fraction of the molecules is promoted to the singlet excited state by means of an 

excitation (or pump) pulse. This fraction typically ranges from 0.1% to tens of percents

depending on the laser power and the absorptivity of the sample

occur depending on the width of the la
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. Ultrafast transient absorption spectroscopy 

sis occur after the absorption of the photon through

energy, which is eventually delivered to the reaction center. In order 

the energy loss processes such as internal conversion, intersystem crossing and 

, the energy and electron transfer processes that fix the excited

photosynthesis must be extremely fast, typically taking place on a time scale from less than 100 

fs to hundreds of ps. Nowadays, the high time resolution (＜ 100 fs) spectroscopy has made it 

possible to investigate the ultrafast events taking place within a light-harvesting antenna in real 

me. Ultrafast transient absorption spectroscopy (TAS) is a fascinating tool among them. In our 

group, the laser pulse with FWHM of ＜100 fs is available now. 

 

and various processes involved in TAS. 

transient absorption spectroscopy can be described as follow

). A fraction of the molecules is promoted to the singlet excited state by means of an 

excitation (or pump) pulse. This fraction typically ranges from 0.1% to tens of percents

ng on the laser power and the absorptivity of the sample. Then different

occur depending on the width of the laser pulse (pump). If the laser pulse is very 

ps) and a second excitation (probe) is performed almost right away, then S1→S

for larger excitation pulse duration (i.e. ns) or the probe is 

the species lying on the S1 state have the time to relax to the T1 state. At this point, the 

species is the highest. Observation of T1→Tn absorption bands is possible by 

choosing an appropriate delay time between the pump and probe excitation.6 

through an antenna 

to the reaction center. In order 

internal conversion, intersystem crossing and 

, the energy and electron transfer processes that fix the excited-state energy in 

t, typically taking place on a time scale from less than 100 

spectroscopy has made it 

harvesting antenna in real 

is a fascinating tool among them. In our 

transient absorption spectroscopy can be described as follows (Figure 

). A fraction of the molecules is promoted to the singlet excited state by means of an 

excitation (or pump) pulse. This fraction typically ranges from 0.1% to tens of percents 

different scenarios can 

pulse (pump). If the laser pulse is very short (i.e. fs or 

→Sn absorption is 

ns) or the probe is after the first 

state. At this point, the 

absorption bands is possible by 
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During the course of measurements, a weak probe pulse (i.e. a pulse that has such a low intensity 

that multiphoton processes can be avoided) went through the sample with a delay time with 

respect to the pump pulse. A transient absorption spectrum is then calculated by using the 

absorption spectrum with pump excitation minus the absorption spectrum without pump 

excitation (∆A). By changing the delay time (τ) between the pump and the probe and recording a 

∆A spectrum at each time delay, a ∆A profile as a function of τ and wavelength (λ) (i.e. ∆A(τ, λ)) 

is obtained. Global analysis procedures can be applied to treat the data. In general, the 

information we can extract from ultrafast transient absorption spectroscopy can be briefly 

summarized as follows:7 

(a) Transient state lifetime 

As stated, if the measurements of these absorption bands are performed as a function of delay 

time between the pulse and probe pulses, then one can monitor the decrease in concentration of 

the species residing on the Sn, T1 or Tn states. In this way, the decay kinetics and lifetimes of Sn, 

T1 or Tn species can be extracted.6 The evolution of non-emissive states can also be investigated 

by this time-resolved absorption spectroscopy. This is very important for systems where non-

emissive states play a number of vital roles. 

(b) Ground state bleach 

The fraction of molecules in the ground state decreased because a number of the molecules have 

been promoted to the excited state by pump pulse. Therefore, the ground state absorption in the 

excited sample is less than that in the non-excited sample, and a negative signal in ∆A(τ, λ) 

spectrum can be observed. 

(c) Excited state absorption 

Upon excitation with the pump beam, the absorption of the probe pulse, which is generated by 

optically allowed transitions from the lower excited states of a chromophore to the higher excited 

states, may occur in certain wavelength regions. Consequently, a signal in the ∆A(τ, λ) spectrum 

is observed in the wavelength region of excited-state absorption. Again, the intensity of the probe 

pulse is so weak that the excited-state population is not appreciably affected by the excited-state 

absorption process. 

(d) Product absorption 
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After excitation of the general photosynthetic system, reactions may occur to generate a long-

lived molecular state such as charge separated state. The absorption of such a product will be 

observed in the ∆A(τ, λ) spectrum. 

2.4. Electron and energy transfer 

The excited state can be deactivated by various paths such as electron and energy transfer, 

radiative decays (typically fluorescence and phosphorescence for diamagnetic molecules), 

thermal release and photochemical reaction. Electron and energy transfer will be mainly 

discussed here because radiative decays have been mentioned above and thermal release and 

photochemical reaction are beyond the scope of our research. 

2.4.1 Electron transfer 

Photoinduced electron transfer (PET) is one of the most fundamental and ubiquitous phenomena 

in the fields of chemistry, physics and biology. PET are found to be an essential step among 

many crucial processes involving photosynthesis and solar cells, etc. PET involves an electron 

transfer within an electron donor-acceptor pair, which can be simply represented in Figure 2.3. 

PET is a process taking place between a donor and acceptor after excitation resulting in the 

formation of a charge separated state which relaxes to the ground state via electron 

recombination (back electron transfer). 

 

Figure 2.3. Simple representation of photoinduced electron transfer. 

Marcus theory is typically used to study and interpret PET.8 As shown in Figure 2.4, transition 

state theory is applied for analyzing PET process, where the intermediate reactant state 

represents the excited donor and acceptor (D*A) while the product state is the charge separated 

state of donor and acceptor (D+A‾). The distortion and energy variations of the reactants, 

products and solvents from their equilibrium configuration is depicted by parabolas, which are 

shifted relative to each other according to the standard Gibbs free energy ∆G0 as driving force. 

On the basis of the Frank-Condon rule, the photoexcitation initiates a vertical transition from the 

ground state to the excited state which proceeds to a rapid nuclear equilibration. The process of 



 

electron transfer would be highly endothermic

donor. However, after exciting the donor, electron transfer

the equilibrated excited state and the product state

Figure 2.4. Schematic representation of 

(DA), the reactant (excited) state (D*A

the Gibbs free energy difference between the activated state and the product state; and 

standard free energy of the reaction; 

state (Modified from ref. 8). 

The change in Gibbs free energy associated with the electron transfer event is given by Equation 

2.3: 
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where λ, as the total reorganization energy

components (λ = λi + λS), which is 

structure without electron transfer

variations that occur in bond lengths and bond angles during the electron transfer 

rate for electron transfer can be extracted
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electron transfer would be highly endothermic and thus unfavorable without excitation of the 

. However, after exciting the donor, electron transfer process can occur at the crossing of 

the equilibrated excited state and the product state, which will be favorable. 

 

Schematic representation of potential energy curves for initial donor

state (D*A), and the charge separated (product) state (D

the Gibbs free energy difference between the activated state and the product state; and 

standard free energy of the reaction; λ is the total reorganization energy; and TS means transition 

The change in Gibbs free energy associated with the electron transfer event is given by Equation 
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total reorganization energy, is composed of a solvent (λS) and internal (λ

which is necessary to distort the reactant structure to the product 

cture without electron transfer. The internal reorganization energy λi represents the energy 

in bond lengths and bond angles during the electron transfer 

extracted through Eyring equation: 

ithout excitation of the 

at the crossing of 

potential energy curves for initial donor-acceptor pair 

state (D+A‾). ∆G# is 

the Gibbs free energy difference between the activated state and the product state; and ∆G0 is 

λ is the total reorganization energy; and TS means transition 

The change in Gibbs free energy associated with the electron transfer event is given by Equation 
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represents the energy 

in bond lengths and bond angles during the electron transfer process. The 
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where κn is the electronic transmission factor

reaction coordinate; R is the molar gas constant; T is the Kelvin temperature

The potential energy illustrating the different Marcus regimes can be seen in Figure 

the effect of the driving force for the rate of electron transfer calculated from Marcus theory. 

using Equation 2.3 and 2.4 for the estimation of the rate constant for the electron transfer, 

Marcus normal region is assigned as that where the value of ΔG

rates become more positive. The second region is the optimal region

for electron transfer equals the reorganization energy, 

negative, the activation barrier ΔG

situation is observed over the regime known as the Marcus inverted region, which ha

demonstrated experimentally. 

Figure 2.5. Variation of the electron transfer rate with driving force in different free energy 

regimes (Modified from ref. 8). 

2.4.2. Energy transfer 

In the donor-acceptor pair, the excited donor (D*) can be deactivated by energy transfer 

presence of an energetically lower excited state of acceptor (A*). This process 

represented as follows: 

                                       D + hν → D*  

                                       D* + A → D + A*                        

The energy level of the excited state of D*

(singlet or triplet) for the energy transfer to happen
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is the electronic transmission factor; νn is the effective frequency of motion along the 

is the molar gas constant; T is the Kelvin temperature. 

The potential energy illustrating the different Marcus regimes can be seen in Figure 

the effect of the driving force for the rate of electron transfer calculated from Marcus theory. 

for the estimation of the rate constant for the electron transfer, 

Marcus normal region is assigned as that where the value of ΔG0 increases and consequently the 

. The second region is the optimal region at which the driving force 

for electron transfer equals the reorganization energy, i.e. –ΔG0 = λ. If ΔG0 becomes even more 

negative, the activation barrier ΔG# reappears resulting in decrease in the values of 

regime known as the Marcus inverted region, which ha

Variation of the electron transfer rate with driving force in different free energy 

the excited donor (D*) can be deactivated by energy transfer 

presence of an energetically lower excited state of acceptor (A*). This process 

→ D*                                                                          

D* + A → D + A*                                                                     

excited state of D* (singlet or triplet) has to be higher than that for A* 

for the energy transfer to happen efficiently. Meanwhile, the lifetime of D* has 

                      (2.4.) 

is the effective frequency of motion along the 

The potential energy illustrating the different Marcus regimes can be seen in Figure 2.5. It shows 

the effect of the driving force for the rate of electron transfer calculated from Marcus theory. By 

for the estimation of the rate constant for the electron transfer, 

increases and consequently the 

at which the driving force 

becomes even more 

reappears resulting in decrease in the values of kET. This last 

regime known as the Marcus inverted region, which has been 

 

Variation of the electron transfer rate with driving force in different free energy 

the excited donor (D*) can be deactivated by energy transfer in the 

presence of an energetically lower excited state of acceptor (A*). This process can be 

                            (2.5.) 

                       (2.6.) 

has to be higher than that for A* 

, the lifetime of D* has 



 

to be longer than the time scale of the energy transfer pro

into radiative and non-radiative type

For the radiative energy transfer, the ex

luminescence and this radiation is absorbed by the acceptor (A)

                                       D* → hν

                                       hν’+ A → A*                                                         

The luminescence of the excited

in order to make the energy transfer efficient. This interaction 

distance between the donor and accepto

transfer is very inefficient because luminescence 

a very small fraction of the emitted light c

Non-radiative energy transfer is

different types of non-radiative energy transfer

and Dexter energy transfer. 

2.4.2.1. Förster energy transfer

Förster energy transfer is also known as 

coupling energy transfer, which 

of the donor overlapped with the absorption 

transfer can occur without the emission of a photon. 

over long distances (~30 to 100

electron of the excited donor at

transferred to the ground state acceptor 

initially in the HOMO of the acceptor is promoted to the LUMO

only in the singlet states of the donor and 

Figure  2.6. Förster mechanism for energy transfer.
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to be longer than the time scale of the energy transfer process. Energy transfer is usually divided 

type. 

transfer, the excess energy of the excited state D* is rel

is absorbed by the acceptor (A), which can be elucidated

ν’+ D                                                                                     (

’+ A → A*                                                                                     

excited D* need overlap with the absorbance of A as much as possible 

energy transfer efficient. This interaction can happen even when 

distance between the donor and acceptor is long (~100 Å). However, this radiative 

is very inefficient because luminescence can be released in three dimensions

small fraction of the emitted light could be captured for generating excited

is a far more efficient energy transfer process

radiative energy transfer based on the dominating mechanisms: Förster 

energy transfer 

is also known as Förster resonance energy transfer 

 was first reported by Förster.9 Typically the emission 

of the donor overlapped with the absorption spectrum of the acceptor, and then the 

transfer can occur without the emission of a photon. Förster energy transfer process can occur 

30 to 100 Å). The basic mechanism can be illustrated in Figure 

at the LUMO relaxes to the HOMO and the released energy is 

acceptor via dipole-dipole interactions. Resultantly

the acceptor is promoted to the LUMO state. This mechanism 

singlet states of the donor and acceptor because of the spin conservation law

 

Förster mechanism for energy transfer. 

transfer is usually divided 

released in form of 

elucidated below: 

’+ D                                                                                     (2.7.) 

                            (2.8.) 

as much as possible 

happen even when the 

this radiative energy 

dimensions. Thus only 

for generating excited acceptor. 

energy transfer process. There are two 

mechanisms: Förster 

Förster resonance energy transfer or dipole-dipole 

the emission spectrum 

of the acceptor, and then the rapid energy 

process can occur 

illustrated in Figure 2.6. An 

the LUMO relaxes to the HOMO and the released energy is 

antly an electron 

. This mechanism works 

of the spin conservation law. 
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The rate of energy transfer (kET) under Förster mechanism can be evaluated with Equation 2.9:1 

                                              60 )(
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where τF is the lifetime of the donor; R is the inter-chromophore separation; and R0 is the Förster 

(critical) radius of the donor-acceptor pair at which 50% of the excited state decays by energy 

transfer, i.e., the distance at which the energy transfer has the same rate constant as the excited 

state decays by the radiative and non-radiative channel (kET = kr + knr). R0 depends on the 

overlap integral of the emission spectrum of the donor’s excited state (D*) and the absorption 

spectrum of the acceptor (A) and their mutual molecular orientation as shown in Equation 2.10: 
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where ΦD is the fluorescence quantum yield of the donor in the absence of the acceptor; K2 is the 

dipole orientation factor which depends on the relative dipole positions of the donor and acceptor, 

which is typically close to 1 in fluid and ~0.6 in solid under random orientation of donor and 

acceptor; η is the refractive index of the medium; ƒD(ν) is the oscillator strength of donor 

emission spectrum, and εA(ν) is the acceptor molar extinction coefficient. 
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is typically defined as J-integral. 

2.4.2.2. Dexter energy transfer 

Dexter energy transfer, which was first proposed by Dexter,10 involves a double electron 

exchange between the donor and the acceptor. This energy transfer process is also a non-

radiative process like the Förster energy transfer, but differs largely in donor-acceptor length 

scale and underlying behavior. As shown in Figure 2.7, the basic mechanism is that one electron 

transfers from the LUMO of the donor to the LUMO of the acceptor, while at the same time an 

electron jumps from the HOMO of the acceptor to the HOMO of the donor. Both the singlet-

singlet and triplet-triplet energy transfers are possible under this mechanism based on the Wigner 

spin conservation law.11 This point contrasts with the Förster mechanism, which only operates in 

the singlet-singlet states. 



 

There should be a molecular wavefunction overlap 

for this double electron exchange process to proceed

short-range interactions (~6 to 20 Å and even shorter) and can be attenuated exponentially with 

intermolecular distance between the donor and

Equation 2.11: 

                                          kET

where H is a pre-exponential factor that describes the degree 

distance between the donor and the acceptor; L is the effective Bohr radius of orbitals; and 
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Figure 2.7. Dexter mechanism for energy transfer.

Upon comparing the Förster and Dexter

that dipole-dipole interactions works

operating through a double electron transfer process. Another difference is 

mechanism is only used to describe interactions between singlet

mechanism can be used for both single

mechanisms are possible for the singlet

possible for triplet-triplet process
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There should be a molecular wavefunction overlap between the excited donor and the acceptor 

for this double electron exchange process to proceed efficiently. Dexter mechanism involves 

range interactions (~6 to 20 Å and even shorter) and can be attenuated exponentially with 

etween the donor and acceptor. The rate constant can be extracted from 
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exponential factor that describes the degree of orbital interaction

distance between the donor and the acceptor; L is the effective Bohr radius of orbitals; and 

integral as mentioned before. 

 

Dexter mechanism for energy transfer. 

Förster and Dexter mechanisms for energy transfer, the first difference is

works in the Förster mechanism and the Dexter

operating through a double electron transfer process. Another difference is 

is only used to describe interactions between singlet-singlet states, 

can be used for both single-singlet and triplet-triplet interactions. 

mechanisms are possible for the singlet-singlet energy transfer but only Dexter

process. Thirdly, their length scale of interactions is 

between the excited donor and the acceptor 

. Dexter mechanism involves 

range interactions (~6 to 20 Å and even shorter) and can be attenuated exponentially with 

acceptor. The rate constant can be extracted from 

                                   (2.11.) 

of orbital interaction; RDA is 

distance between the donor and the acceptor; L is the effective Bohr radius of orbitals; and  

the first difference is 

Dexter mechanism is 

operating through a double electron transfer process. Another difference is that Förster 

singlet states, while Dexter 

triplet interactions. Therefore, both 

Dexter mechanism is 

 different. Förster 



 

mechanism can operate at a long range (~30

range (~6 to 20 Å and even shorter) b

2.4.2.3. Triplet-triplet annihilation

The typical process for triplet-triplet annihilation 

3A*) collide with each other to generate one 

as donor or sensitizer, and one singlet

annihilator. If TTA occurs between two identical entities

ground state (1A) and one singlet

heat release. 

                                                                     3D* + 

                                                            3A* + 

Upconversion materials can absorb lower

which have the potential for applications 

solar-driven photophysical areas

photo upconversion approach because it has 

absorption coefficient, high quantum yield

2D(S1) → 2D(T

Figure 2.8. Schematic diagram for triplet

donor. ISC is intersystem crossing; TTET means triplet

The general mechanism for triplet

in Figure 2.8. Firstly the donor 
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long range (~30-100 Å), while Dexter is predominant 

shorter) because this process requires orbital overlap

triplet annihilation 

triplet annihilation (TTA) is that two triplet entities

collide with each other to generate one singlet ground state (1D), which is usually referred 

and one singlet excited  state (1A*), which is often seen as acceptor or 

between two identical entities (i.e. 3A*), it will generate 

let excited  state (1A*).12 This process is usually 

D* + 3A* → 1D + 1A* + heat                                            

* + 3A* → 1A + 1A* + heat                                            

Upconversion materials can absorb lower-energy photons and emit higher-

for applications in the field of photovoltaics, photocatalysis

s.12 Triplet-triplet annihilation has been reported as a promising 

photo upconversion approach because it has lower excitation energy requirement

high quantum yield and readily tunable absorption and emission bands

) → 2D(T1) → 2A(T1) → A(S1) → A(S0) + fluorescence 

Schematic diagram for triplet-triplet annihilation upconversion using a sensitizer 

donor. ISC is intersystem crossing; TTET means triplet-triplet energy transfer. 

riplet-triplet annihilation upconversion (TTA-UC) 

. Firstly the donor (sensitizer) under singlet excited state (S1,D) is populated with 

Dexter is predominant at a short 

orbital overlaps. 

entities (i.e. 3D* and 

D), which is usually referred 

A*), which is often seen as acceptor or 

it will generate one singlet 

 accompanied by 

                              (2.12) 

                (2.13) 

-energy photons, 

photocatalysis and other 

has been reported as a promising 

energy requirement, strong molar 

absorption and emission bands. 
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excitation irradiation from the ground-state donor (S0,D). Then S1,D is converted into the triplet-

excited state of the sensitizer (T1,D) through intersystem crossing (ISC), where transition metal 

atoms are usually necessary for this process. Noteworthy, the direct transition from S0,D to the 

T1,D is usually forbidden due to multiplicity-conserving rule. Thirdly, as the lifetime of T1,D is 

usually much longer (i.e. ~ms) than that of S1,D (i.e. ~ns), the energy transfer can occur from the 

triplet-state sensitizer (T1,D) to the triplet-state acceptor (T1,A) via the triplet-triplet energy 

transfer (TTET) process following Dexter mechanism. Fourthly, the triplet acceptor (T1,A) 

molecules can collide with each other for triplet-triplet annihilation and generate the singlet 

excited state of the acceptor (S1,A) following the spin-statistic law. Finally, the radiative decay 

from the singlet excited state of acceptor to the ground state of acceptor (S0,A) generates the 

upconverted emission, which has higher energy than the excitation wavelength. 

2.5. Binding constants 

The binding constant is associated with the reversible binding reaction of substrates (S) and 

ligand (L) molecules. The absorption spectra of the substrate, ligand and complex (SL) should 

have very different absorption spectra. The fixed wavelength is usually selected to give the 

largest possible values of ΔA for more accuracy. All the species existing in the solution are 

assumed to follow the Beer-Lambert law. The molar absorptivity of the substrate (εS), ligand (εL) 

and complex (εC) are chosen at a wavelength where the given absorptivities are very different. 

By assuming the total concentration of substrate is St in absence of ligand, the solution 

absorption extracted from Beer-Lambert law can be: 

                                 ]S[lA tS0                                                                                            (2.14.)  

where A0 is absorptivity in absence of ligand. By assigning the total concentration is Lt in the 

presence of ligand, the absorbance of a solution containing the same total substrate concentration 

consequently is: 

                              ]SL[l]L[l]S[lA CLS                                              (2.15.) 

where A is absorptivity in presence of ligand. Upon applying the mass conservation law for S 

and L, the above equation can be rewritten as: 

                                ]SL[l]L[l]S[lA CtLtS                                          (2.16.) 
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where LSCC  . Because St is extremely larger than Lt in the experimental condition, 

so ]L[l tL  can be neglected and the resulted absorbance can become: 

                                  ]SL[l]S[lA CtS                                                (2.17.) 

Knowing that Kb = [SL]/([S]•[L]), the above equation will become: 

                                   ]L][S[lKA Cb                                                    (2.18.) 

where ΔA = A – A0. From the mass conservation rule 

                                ][][ SLSSt      or     ])L[K/(S]S[ bt  1                         (2.19.) 

By inserting equation 2.19 into equation 2.18 we can get the following equation: 

                                     
]L[K

]L[KlS
A

b

Cbt






1
                                                      (2.20.) 

The above equation can be rewritten to give the Benesi-Hildebrand (B.-H.) equation: 

                                                  
CtCbt lS]L[KlSA 







111
                                            (2.21.) 

The plot of 1/ΔA vs 1/[L] is linear and Kb can be extracted from the below equations: 

                                                             
slope

ntercepti
Κb                                                              (2.22.) 

Another equation which can be applied is the Scott equation: 

                                                   
CbtCt KlSSl

]L[

A

]L[









1
                                      (2.23.) 

where Kb is given by plotting [L]/ΔA vs [L]:  

                                                          
intercept

slope
K b                                                    (2.24.) 

Moreover, the Scatchard plot is given as following equation by plotting ΔA/[L] vs ΔA:  

                                                      Cbtb KlSAK
]L[

A



                                     (2.25.) 
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where 

                                                             )slope(Kb                                                 (2.26.) 

2.6. Quenching of emission 

Emission quenching including fluorescence and phosphorescence quenching refers to any 

process that decreases the emission intensity of a sample. A variety of molecular interactions can 

result in quenching, which include excited-state reactions, molecular rearrangements, electron 

and/or energy transfer, ground-state complex formation and collisional quenching. Generally 

speaking, emission quenching can be classified into dynamic (collisional) and static quenching. 

In the case of collisional quenching, the quencher must diffuse to the chromophore during the 

lifetime of the excited state. Upon contact, the chromophore returns to the ground state, without 

emission of a photon. In static quenching, a complex is formed between the chromophore and the 

quencher and this complex is nonemissive. For either dynamic or static quenching to occur the 

chromophore and quencher must be in contact. 

A wide variety of substances can act as quenchers.13 Molecular oxygen could be the best known 

quencher among them, which can quench almost all fluorophores. Besides, halogens, heavy 

atoms, clusters, purines and pyrimidines, etc. are also reported as quenchers. It is important to 

note that not all chromophores are quenched by all the substances listed above. This fact allows 

selective quenching of a given chromophore. The occurrence of quenching depends upon the 

mechanism, which in turn depends upon the chemical properties of the individual molecules. So 

quenching can be a valuable source of information about interactions between the emissive 

sample and the quencher.  

Quenching of emission can be described by the Stern-Volmer relationship as equation 2.27:13 

                                             ]Q[K]Q[K
F

F
SVq  11 0

0                                                 (2.27.) 

where F0 and F are the chromophore intensities in the absence and presence of quencher, 

respectively; Kq is the quenching constant; τ0 is the lifetime of the chromophore in the absence of 

quencher; and [Q] is the concentration of quencher. The Stern-Volmer quenching constant is 

given by KSV = kqτ0. If the quenching is known to be dynamic, the Stern-Volmer constant will be 

represented by KD. For static quenching KSV will be the association constant and usually 
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expressed as KS. KSV can be extracted from the linear relationship by plotting F0/F vs [Q] as the 

slope.  A linear Stern-Volmer plot is generally indicative of a single class of chromophore, all 

equally accessible to quencher. It is important to recognize that observation of a linear Stern-

Volmer plot does not prove that quenching is collisional or static. 

Collisional quenching is a rate process that depopulates the excited state. The decrease in 

lifetime also occurs. An important characteristic of collisional quenching is that an equivalent 

decrease in emission intensity and lifetime as shown in equation 2.28:  

                                                       


 00 
F

F
                                                                          (2.28.) 

where τ is the lifetime of the chromophore in the presence of quencher. 

Static quenching removes a fraction of the chromophore from observation. The complexed 

chromophores are nonemissive, and the only observed emission is from the uncomplexed 

chromophores. The uncomplexed fraction is unperturbed, and hence the lifetime is τ0. Therefore, 

for static quenching τ0/τ = 1. The measurement of fluorescence lifetimes is the most definitive 

method to distinguish static and dynamic quenching, which will be used in our following 

research. 

The static quenching systems are much often encountered in the thesis. Here the number of 

binding sites can be calculated using equation 2.29:14 

                                                 ]Qlog[nKlog
F

FF
log b 

0                                               (2.29.) 

where F0 and F are the  emission intensities for the chromophore in the absence and presence of 

quencher, respectively; Kb is binding (association) constant; n is the number of binding sites; [Q] 

is the concentration of quencher. 

In many instances the chromophore can be quenched both by collisions and complex formation 

with the same quencher. The nonlinearity of Stern-Volmer plot suggests that quenching is not 

purely collisional or static quenching process. Here the sphere-of-action quenching model could 

be applied to descride the process, as shown in equations below:15 

                             
]Q[

W
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F

F
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]Q[
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0

0
                                                   (2.30.) 



 

                                           W

where F0 and F are the emission 

quencher, respectively; KD is the dynamic bin

and it represents the volume of the sphere of action; 

quenching by the collisional mechanism, which

graph of [1-(F/F0)]/[Q] vs (F/F0), 

intercept leads to the W values as a function of 

ln(W) vs [Q] plots. The quenching process can be decided as being dominated by 

quenching if the static constant is much larger than the dynamic constant, and 

2.7. Latimer and modified Latimer diagrams

Latimer diagram is a way to represent the

element which has multiple oxidation states. 

written from highest oxidation state

on the right. The oxidation states of successive substances can differ by one or more 

should be mentioned that Latimer diagram is dependent upon 

precipitator).16 The Latimer diagram was t

strong acid ([H+] = 1 M, pH = 0) or strong base ([OH

series of iodine species in acidic 

Figure 2.9. Latimer diagram of iodine in acid solution.

The number means the standard 

which lie on the both sides of that number

potential of H5IO6/IO3‾ couple. If we recover the half

with indicating the number of transferred electrons. Gibbs free energy can be obtained by 

equation ∆G = − n × F × ∆E, where n is the number of transferred electrons, F is Faraday 

constant as 96485 C mol−1, ∆E is the cell potential in v
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])Q[Vexp(                                                              

emission intensities for the chromophore in the absence and presence of 

is the dynamic binding constant; V is the static quenching constant 

and it represents the volume of the sphere of action; W is the fraction of the excited

quenching by the collisional mechanism, which can be correlated to V by equation 

), KD is obtained from the slope using a least-square fit and the 

intercept leads to the W values as a function of [Q]. Then V is extracted from the slopes in the 

plots. The quenching process can be decided as being dominated by 

f the static constant is much larger than the dynamic constant, and vice versa

Latimer diagrams 

Latimer diagram is a way to represent the standard reduction electrode potential

oxidation states. Standard reduction electrode potential

written from highest oxidation state, which is on the left, to the lowest oxidation state

The oxidation states of successive substances can differ by one or more 

Latimer diagram is dependent upon pH, solvent and

atimer diagram was typically shown under standard conditions in either 

0) or strong base ([OH‾] = 1 M, pH = 14). Latimer diagram of 

 solution can be shown in Figure 2.9. 

 

Latimer diagram of iodine in acid solution. 

standard reduction electrode potential of the two electrochemical species 

of that number. For instance, 1.60 is the standard reduction

couple. If we recover the half-reaction, H+ and H2O should be included 

with indicating the number of transferred electrons. Gibbs free energy can be obtained by 

E, where n is the number of transferred electrons, F is Faraday 

E is the cell potential in volts which involves two half

                 (2.31.) 

in the absence and presence of 

is the static quenching constant 

is the fraction of the excited-state 

quation 2.31. From a 

square fit and the 

. Then V is extracted from the slopes in the 

plots. The quenching process can be decided as being dominated by static 

vice versa. 

electrode potential (E0) data of one 

electrode potential values are 

lowest oxidation state, which is 

The oxidation states of successive substances can differ by one or more electrons. It 

and complexant (or 

under standard conditions in either 

Latimer diagram of a 

of the two electrochemical species 

reduction electrode 

O should be included 

with indicating the number of transferred electrons. Gibbs free energy can be obtained by 

E, where n is the number of transferred electrons, F is Faraday 

which involves two half-reactions. 



 

Latimer diagrams can be used to

positive the standard reduction potential, the more readily the species on the left is reduced to the 

species on the right side. Thus, highly positive standard reduction potentials indicate that the 

species at the left is a good oxidizing agent. 

the species to the right behaves as a reducing agent. 

of iodine species ranks as H5IO6 

ranks as H5IO6 ˂ IO3
− ˂ HIO ˂ I2

Figure 2.10. Modified Latimer diagrams for analysis of photo

Modified Latimer diagrams can be used to locate the excited

quencher system. Electron transfer direction (from the substrate to quencher or the reverse) can 

be determined with the assistance of electrochemical and photophysical

electron donor and acceptor could be differentiated. 

can be illuminated with the porphyrin

potential of S1 excited state (E0/

porphyrins 0-0 peaks under low temperature are usually adopted for accuracy. (2) 

Electrochemistry is conducted to obtain the

(3) Then the excited state driving forces for oxidative electron transfer (E*

with Equation E*/+,S = E0/*,S - E0/+,S

the overall thermodynamic outcome for 

E0/-,Q. (5) On the other hand, by using the reduction data (

driving forces for reduction electron transfer (E*
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can be used to predict the redox behavior of a series of species.

positive the standard reduction potential, the more readily the species on the left is reduced to the 

species on the right side. Thus, highly positive standard reduction potentials indicate that the 

species at the left is a good oxidizing agent. Negative standard reduction potentials indicate that 

the species to the right behaves as a reducing agent. As shown in Figure 2.9, the oxid

6 ˃ IO3
− ˃ HIO ˃ I2 ˃ I−. On the other hand, the reduc

2 ˂ I−. 

Latimer diagrams for analysis of photo-induced electron transfer.

Latimer diagrams can be used to locate the excited-state redox potentials in a substrate

quencher system. Electron transfer direction (from the substrate to quencher or the reverse) can 

be determined with the assistance of electrochemical and photophysical measurements. Thus the 

electron donor and acceptor could be differentiated. This methodology as shown in Figure 

porphyrin-quencher system which is used in our research

0/*,S) for substrate can be located by UV-vis measurements. For 

0 peaks under low temperature are usually adopted for accuracy. (2) 

Electrochemistry is conducted to obtain the first oxidation peak potential (E0/+,S) of the substrate. 

state driving forces for oxidative electron transfer (E*/+,S) can be calculated 

0/+,S. (4) By using the reduction potential (E0/-,Q) of the quencher,

the overall thermodynamic outcome for oxidative process can be extracted as ∆E

by using the reduction data (E0/-,S) of substrate, the excited state 

driving forces for reduction electron transfer (E*/-,S) can be evaluated as E*/-,S = 

species.17 The more 

positive the standard reduction potential, the more readily the species on the left is reduced to the 

species on the right side. Thus, highly positive standard reduction potentials indicate that the 

Negative standard reduction potentials indicate that 

, the oxidizing ability 

. On the other hand, the reducing ability 

 

induced electron transfer. 

state redox potentials in a substrate-

quencher system. Electron transfer direction (from the substrate to quencher or the reverse) can 

measurements. Thus the 

as shown in Figure 2.10 

is used in our research:18 (1) the 

vis measurements. For 

0 peaks under low temperature are usually adopted for accuracy. (2) 

) of the substrate. 

) can be calculated 

) of the quencher, 

as ∆EOX = E*/+,S + 

of substrate, the excited state 

= -E0/*,S - E0/-,S. (6) 
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With the oxidation potential (E0/+,Q) for the quencher, the overall thermodynamic outcome for 

reductive process can be extracted as ∆ERED = E*/-,S + E0/+,Q. (7) Finally, by comparing ∆EOX and 

∆ERED, ∆EOX ˃ ∆ERED means this electron transfer process is thermodynamically more favorable 

for oxidation of the substrate, while ∆EOX ˂ ∆ERED means this electron transfer process is 

thermodynamically more favorable for reduction of the substrate. Thus electron donor and 

acceptor can be easily assigned based on these designations. 
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CHAPTER 3. 

ARE THE ORIENTATION AND BOND STRENGTH OF THE RCO2‾M 

LINK KEY FACTORS FOR ULTRAFAST ELECTRON TRANSFERS? 

3.1. Project outlines 

Photoinduced electron transfer (PET) in donor-acceptor systems is one of the fastest growing 

research areas due to its importance in solar energy harvesting and building molecular electronic 

devices. A large number of covalently bonded donor-acceptor ensembles have been designed to 

mimic the natural electron transfer processes in photosynthetic reaction centers. However, tough 

attempts were often hampered by the synthetic difficulties with regard to incorporating covalent 

bonds between donors and acceptors. Recently, self-assembly entities utilizing the non-covalent 

bonds, e.g., hydrogen-bonding, π-π stacking and electrostatic interaction are increasingly 

receiving attentions. In contrast to covalently linked structures, the assemblies constructed using 

these weak forces are easier to fabricate, and reversible, selective and flexible in design. Various 

electron donors including porphyrins, phthalocyanines and π-conjugated oligomers are connected 

to electron acceptors, especially fullerenes and carbon nanotubes, to optimize the electron 

transfer processes. Among them, carboxylate porphyrins have been widely studied because they 

exhibit versatile reactivity and are useful to understand the electron transfer behaviors in dye-

sensitized solar cells (DSSCs). 

Current DSSCs research usually involves the use of the dye featuring one or more carboxylate 

groups covalently anchored onto the conducting TiO2 nanoparticles. The insolubility of the TiO2 

nanoparticles renders the direct characterization of the electron transfer process difficult. Based 

on the previous research in our group, the unsaturated metal cluster [Pd3(dppm)3(CO)]2+(PF6ˉ)2 

([Pd3
2+]; Chart 1), which bears a cavity built with dppm-phenyl groups, has been reported as an 

excellent electron and energy acceptor due to its dicationic form can bind carboxylates via. ionic 

interactions. Here we propose to construct a soluble donor-acceptor assembly that interacts in the 

similar manner as carboxylate–TiO2 interactions to mimic and understand the electron transfer 

behaviors in DSSCs. 

In the present study, two porphyrinic slats (MCP and DCP; Chart 1) with different number of 

carboxylate groups were used as electron donors, and [Pd3
2+] cluster was adopted as the electron 
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acceptor. The structure of [Pd3
2+]•••porphyrin assemblies was elucidated by DFT and TDDFT 

calculations. Transient absorption spectra (TAS), quenching measurements and cyclic 

voltammetry, etc., were utilized. TAS indicated a record fast electron transfer rate (< 85 fs, the 

time resolution limit) among porphyrin-acceptor supramolecular assemblies (typical in ps-ns 

time scale). This rate is also comparable to the fastest electron transfer rate among covalently 

linked porphyrin-acceptor systems (< 85 fs, the time resolution limit). These results could spread 

the understanding in designing future DSSCs because assemblies with non-covalent interaction 

and bent geometry could also exhibit fast electron transfer behaviors. 

This work was published in Chemical Communications, 2015, 51 (97), 17305-17308 by Peng 

Luo, Paul-Ludovic Karsenti, Gessie Brisard, Benoit Marsan and Pierre D. Harvey. This research 

work was conducted in Université de Sherbrooke under the supervision of Prof. Benoit Marsan 

(UQAM) and Prof. Pierre D. Harvey. I synthesized the compounds and performed all the 

measurements and calculations reported in the paper. Paul-Ludovic Karsenti measured the 

transient absorption spectra. Prof. Gessie Brisard supervised me for the electrochemical 

characterizations. I wrote the first draft of the manuscript. Prof. Benoit Marsan and Prof. Pierre 

D. Harvey revised and finalized the manuscript. 

3.2. Paper published in Chemical Communications, 2015, 51 (97), 17305-17308. 

Are the Orientation and Bond Strength of the RCO2‾M Link Key Factors for Ultrafast 

Electron Transfers? 

Peng Luo,a Paul-Ludovic Karsenti,a  Gessie Brisard,a  Benoit Marsan*b and Pierre D. Harvey*a 

aDépartement de chimie, Université de Sherbrooke, Sherbrooke, QC, J1K 2R1, Canada.  
bDépartement de chimie, Université du Québec à Montréal, Montréal, QC, H2X 2J6, Canada. 

3.2.1. Abstract 

The photo-induced electron transfers in the “straight up” ionic assemblies [Pd3
2+]•••MCP and 

[Pd3
2+]•••DCP•••[Pd3

2+] ([Pd3
2+]* →

 MCP or DCP) are ultrafast (< 85 fs) indicating that it is 

not necessary to have a strong coordination bond or a bent geometry to obtain fast injection in 

porphyrin-containing DSSCs. 
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TOC Graphic 

3.2.2. Introduction 

Porphyrins are heavily investigated for dye sensitized solar cells (DSSCs) applications 

notoriously in their “push-pull” versions.1 Numerous issues concerning the fast electron injection 

from the excited dye to the TiO2 nanoparticles were raised. For examples, the use of carboxylates 

vs phosphates, directly comparing their interactions with Ti4+,1c,2 and the presence of J-

aggregates,3 were recently debated parameters. It also became clear that the DSSCs efficiency 

depends not only on the rate of electron injection but also on the relative amount of dyes 

deactivating without electron transfer.4 This rate is predictably distance-dependent between the 

dye and TiO2 center,5 which also contribute in retarding the competing charge recombination.6 

Moreover, recent studies also showed that the binding geometry plays a determining role on the 

electron transfer rate, ket.
7

 The current belief is that a strong O-Ti coordination bond and a bent 

conformation of the dye over the TiO2 surface promote ultrafast ket. The typically reported ket’s 

are in the fs-ps time scale,2-7 going as low as < 50 fs (i.e. the time resolution limit).8 To accurately 

define all parameters that lead to fast electron injection, it now appears necessary to examine 

weakly bonded models with a “straight up” geometry; two seemingly unfavorable parameters. In 

such cases, ket should be significantly slower (long ps). In this respect, the easily reducible 

unsaturated Pd3(dppm)3(CO)2+ cluster ([Pd3
2+]; dppm = Ph2PCH2PPh2; Chart 1; E0/-1

 ~ -0.50 V vs 

SCE as CF3CO2‾ salt in various solvents)9 is an appropriate model as it weakly binds carboxylate 

ions “straight up” above the Pd3 plane strictly via ionic interactions (based on X-ray data using 

CF3CO2‾ ions).10 This geometry is favored via host-guest interactions of the RCO2‾ group inside 

the cavity formed by the phenyls of the dppm ligands above the M3 frame. Despite the 

expectation for a slow rate, we now report that the photo-induced electron transfers for the 
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[Pd3
2+]•••MCP and [Pd3

2+]•••DCP•••[Pd3
2+] assemblies (MCP, DCP = 5-(4-carboxylphenyl)-

10, 15, 20-tristolyl(porphyrinato)zinc(II),
 5, 15-bis(4-carboxylphenyl)-15, 20-

bistolyl(porphyrinato)zinc(II), respectively; as Na+ salts; Chart 1) are also ultrafast (< 85 fs).  

 

Chart 1. Structures of MCP, DCP and [Pd3
2+] (as PF6‾ salt). 

3.2.3. Results and discussion 

3.2.3.1 Structure of [Pd3
2+]•••porphyrin assemblies 

The host-guest assemblies (eqs. 1 and 2) are generated in MeOH solutions easily monitored by 

UV-vis spectroscopy (detail in ESI). The binding constants, K11 and K12, were extracted using the 

Scatchard, Scott and Benesi-Hilderbrand plots.11,12 The K11 and K12 values for the sequential 

formation of [Pd3
2+]•••DCP and [Pd3

2+]•••DCP•••[Pd3
2+] are reasonably assumed to be the same 

as no slope change in the low and high concentration range of [Pd3
2+] was detected. This effect is 

consistent with the absence of steric hindrance. The similarity of the 19300 and 22000 M‾1 

constants readily attests this assumption.  

  [Pd3
2+] + MCP  [Pd3

2+]•••MCP                     K11 = 19300 M‾1   (1) 

2 [Pd3
2+] + DCP  [Pd3

2+]•••DCP•••[Pd3
2+] 

                               K12 = 22000 M‾1   (2) 

Previous X-ray data indicated a “straight up” geometry of the CF3CO2‾•••M3 unit with ionic 

Pd•••O distances of 2.57 to 3.06 Å with the CO2 unit placed closer to one of the Pd-Pd bond.10 In 

the absence of X-ray data, the optimized geometries of the assemblies were calculated using DFT 

and confirmed the expected geometry (Figure 1; see ESI for [Pd3
2+]•••DCP•••[Pd3

2+]). The 

computed “gas phase” Pd•••O distances ranging from 2.411 to 3.368 Å are also consistent with 

ionic interactions. 
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Figure 1. Side (a) and top (b) views of the optimized geometry (DFT) of the [Pd3
2+]•••MCP host 

guest assembly (ground state). Pd•••O distances: 1st O; 3.368, 3.298, 2.416, 2nd O; 3.516, 3.175, 

2.411 Å. The O-atoms (red) are placed more closely above a Pd-Pd bond rather of being in the 

center. For [Pd3
2+]•••DCP•••[Pd3

2+], see ESI. 

3.2.3.2. Fluorescence quenching behavior of [Pd3
2+]•••porphyrin assemblies 

The MCP and DCP fluorescence bands exhibit quenching upon addition of [Pd3
2+] (Figure 2; 

top) but the fluorescence lifetimes remain constant (ESI) indicating the presence of static 

quenching (i.e. the free dyes and assemblies are emissive and non-emissive, respectively). The 

lack of linearity in the Stern-Volmer plots (Figure 2; middle) corroborates this conclusion. In 

such a case, the data are analyzed using the relation log[(F°-F)/F]
 = log(Kb) + (n •

 log[Pd3
2+]) 

where F° andF are the fluorescence intensities in respectively the absence and presence of 

[Pd3
2+], Kb is the binding constant, and n is the average number of binding sites (Figure 2; 

bottom).13
 Values of n =

 0.97 (MCP) and 1.83 (DCP) are obtained, which are consistent with the 

number of carboxylates on the dyes. In order to verify whether the quenching is dominantly 

static, a mixed dynamic-static model was used,14 which is derived from a sphere of action 

quenching model: [1-(F/F°)]/[Pd3
2+] = KD • (F/F°) 

+
 (1-W)/[Pd3

2+] where W is the fraction of 

the excited-state quenching from a collisional process given by exp(-V • [Pd3
2+]) (V is the static 

quenching constant representing the volume of the sphere of action) and KD is the dynamic 

quenching constant. From a plot [1-(F/F°)]/[Pd3
2+] vs (F/F°), KD is extracted from the slope 

using a least-square fit (ESI) and the intercept leads to the W values as a function of [Pd3
2+]. 

Then V is evaluated from the slopes in the ln(W) vs [Pd3
2+] plots (ESI).  These values are KD = 

241 and V = 17900 for [Pd3
2+]•••MCP and KD = 2750 [M]‾1 and V = 21300 [M]‾1 for 
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[Pd3
2+]•••DCP•••[Pd3

2+]. Because the V values are much larger than those for KD, the static 

quenching dominates the overall mechanism, and unsurprisingly, K11 and K12 are similar to V.  

 

Figure 2. Top: graphs reporting the decrease of the relative fluorescence intensity of MCP and 

DCP upon addition of [Pd3
2+] (F and F° are the intensity in the presence and absence of 

[Pd3
2+], respectively). Middle: Stern-Volmer plots of the fluorescence quenching of MCP and 

DCP by [Pd3
2+]. Bottom: graph reporting log[(F°-F)/F] vs log[Pd3

2+]. The red lines are the 

best fits allowing extracting n. 

In order to confirm this conclusion, this same analysis was performed on the assemblies’ 

fluorescence at 77 K (i.e. only static quenching is possible). Indeed, the same relationship (i.e. KD 
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< V) is observed (Table 1, and all graphs are placed in the ESI). The K11, K12 and KD constants 

are then employed to evaluate of the proportion of molecular complexes at various CO2‾/[Pd3
2+] 

ratios (Table 2), which is useful for the interpretation of the fs transient absorption spectra (TAS) 

below. 

Table 1. KD, V and n data for the assemblies (solvent = MeOH at 298 K, and MeOH:2MeTHF 

1:1 at 77 K). 

Assemblies (Temperature) n KD (M‾1) V (M‾1) 
    [Pd3

2+]•••MCP               (298 K) 0.97   241 17900 
    [Pd3

2+]•••DCP•••[Pd3
2+] (298 K) 1.83 2750 21300 

    [Pd3
2+]•••MCP                (77 K) 0.91 3400 21900 

    [Pd3
2+]•••DCP•••[Pd3

2+] (77 K) 2.10 3700 25800 
 

Table 2. Relative percentage of complexed dyes vs the [CO2‾]/[Pd3
2+] ratio. 

[CO2‾]/[Pd3
2+] K11, V (in [M]‾1) K12, V (in [M]‾1) 

1:1 
[Pd3

2+]•••MCP 22.1, 21.1 [Pd3
2+]•••DCP     28.0, 28.0 

/ ([Pd3
2+])2•••DCP 13.3, 12.7 

1:2 
[Pd3

2+]•••MCP 37.4, 35.8 [Pd3
2+]•••DCP     33.3, 33.3 

/ ([Pd3
2+])2•••DCP 32.7, 32.0 

1:4 
[Pd3

2+]•••MCP 55.8, 54.2 [Pd3
2+]•••DCP     21.3, 28.0 

/ ([Pd3
2+])2•••DCP 72.0, 58.7 

 

Both the MCP and DCP dyes exhibit irreversible oxidation and reduction waves in the cyclic 

voltammograms, CV (ESI). MCP is slightly harder to oxidize and easier to reduce compared to 

DCP (Table 3) which is
 consistent with their number of negative charges. Concurrently, [Pd3

2+] 

exhibits oxidation and reduction potentials at E0/+1 = +0.95 V15 and E0/-1
 = -0.50 V vs SCE.9 Using 

the 0-0 peak position of the Q band (600 nm; 2.07 eV), the S1 driving forces for the oxidative 

(+1.57 V) and reductive quenching (-1.12 V vs SCE) can be extracted as well as Gs for 

donor*•••[Pd3
2+] → donor+•••

 [Pd3
+] (+0.67; MCP, +0.72 V vs SCE; DCP), and for acceptor* 

•••[Pd3
2+] → acceptor‾•••[Pd3

3+] (+0.38; MCP, +0.32 V vs SCE; DCP). Thermodynamically, the 

oxidative quenching of the dyes is more favorable than the reductive one. 
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Table 3. Redox potentials of MCP and DCP (in V vs SCE).  

 Oxidation Epa Reduction Epc 
MCP +0.90, +1.50 -0.74 
DCP +0.85, +1.38, +1.52 -0.79 

   

In order to corroborate this conclusion, DFT computations were performed in order to obtain 

their MO representations and energies of the frontier MOs (Figure 3 and ESI). For instance, the 

[Pd3
2+]•••MCP assembly exhibits a HOMO and LUMO+1 that are typical -MO for a 

chromophore. Concurrently, the HOMO-2 and LUMO are respectively the first filled and empty 

d orbitals of the Pd3 frame. Importantly, these levels are clearly energetically well isolated from 

one another (> ~0.4 eV) and so the oxidation and reduction processes can only take place in the 

porphyrin and cluster units, respectively. 

 

Figure 3. Selected frontier MO representations of [Pd3
2+]•••MCP (in eV; see ESI for 

[Pd3
2+]•••DCP•••[Pd3

2+] and for the HOMO-1 (MCP -level)). 

3.2.3.3. Transient absorption measurements of [Pd3
2+]•••porphyrin assemblies 

As the assemblies are non-emissive due to the oxidative quenching of the excited dyes by 

[Pd3
2+], TAS was used to extract ket. First, these units are investigated separately to obtain their 

spectral and kinetic signatures (Figure 4a, b, d). The MCP and DCP TAS are characterized by the 

appearance of a broad transient signal (430-530 nm) and a strong bleach of the Soret band (425). 

The deconvolution of the data allows for the extraction of the various components and lifetimes. 

The strong and long ns-components (440 and 70 ns, respectively) are triplet species (T1)
 but their 

lifetimes are simply considered inaccurate due to the delay line of only 3.3 ns. Indeed, the 

previously reported T1 value for MCP in 2MeTHF is 137 s (without O2).
16 For the singlet 
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species, S1, the signals are weak. The ~2.1 ns component in MCP is clearly the S1 emissive 

species (F = 1.97 ± 0.08 ns), but it is not observed for DCP (F = 2.04 ± 0.10 ns; note that a 

signal with a lifetime of ~1.5 ns is detected in Figure 4f, h and is likely this species). This 

absence is due to the weakness of this signal compared to the dominant triplet species. The ps-

components are the known non-emissive species Zn(porphyrin)•••solvent.17 No exhaustive study 

was performed on these species since this was not the aim of this investigation. Concurrently, the 

[Pd3
2+] TAS exhibits two components (~2.9 and 296 ps) with practically identical signatures 

(Figure 4b). These are tentatively assigned to S1 and T1 species. The exact knowledge of these 

species is a minor issue in this work since these signals are not observed in the TAS of the 

assemblies (Figure 4). This situation is likely due to the weakness of the signal relative to those 

of the dyes.  

 

Figure 4. Individual components extracted from fs TAS (exc= 600 nm, MeOH, 298 K) with 

CO2‾/[Pd3
2+] ratios for MCP of 1:0 (a), 1:1 (c) 1:2 (e), and 1:4 (g) and for DCP of 1:0 (d), 1:1 (f) 

and 1:2 (h), and [Pd3
2+] (b). The transient and bleach signals are respectively below and above 

the zero line. 
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The TAS vs the CO2‾/[Pd3
2+] ratios allow for the reliable detection of the signals associated with 

the assemblies [Pd3
+]•••MCP+ and [Pd3

+]•••DCP+•••[Pd3
2+]. Upon increasing these ratios new 

signals with different shapes and lifetimes appear and are readily assigned to these charge 

separated species. Noteworthy, if the quenching was due to S1 energy transfer, the band shape of 

the transient signals would be constant, which is clearly not the case. For MCP, this distinctive 

signal is the one with lifetimes respectively of 160 and 65.5 ps (Figure 4e,g). Because its
 signal is 

expectedly stronger for the 1:4 ratio (Figure 4g), both its band shape and lifetime are more 

reliable (and used for the extraction of ket). For DCP, this distinctive signal is the one with a 

lifetime of 36.3 ps (Figure 4h). 

Normally ket is reliably obtained from the rise times monitored at wavelengths where their 

signals are stronger. However, no rise time longer than the pulse width was detected (for all 

monitoring wavelengths in fact) indicating that all species are formed during the laser pulse (< 

85 fs; Figure 5), including the charge separated [Pd3
+]•••MCP+ and [Pd3

+]•••DCP+•••[Pd3
2+] 

species. Therefore ket must be > 1.2 × 1013 s‾1, which is clearly an ultrafast event.18 This time 

scale also compares favorably to what is commonly encountered for other zinc(II)porphyrins 

linked to the surface of TiO2 nanoparticles (Figure 6; this list is far from exhaustive but is 

representative). However, these values can also be considered to be on the fast side. Similarly, 

the charge recombination characterized by TAS decays here found in the order of ~36 and ~66 

ps, which also fall in the range of what it is currently reported.7 

 

Figure 5. Monitoring of the TAS of MCP and DCP in the presence of [Pd3
2+] in MeOH using 

CO2‾/[Pd3
2+] ratios of 1:4 and 1:2, respectively. The pulse width of the laser pulse is 85 fs and no 

rise time is observed. 



54 
 

 

Figure 6. Some examples of time scales for electron injection of various mono-carboxylates of 

zinc(II)porphyrin into TiO2 nanoparticles.7a,c 

3.2.4. Conclusion 

In conclusion, the ultrafast photo-induced electron transfers (ket > 1.2 × 1013 s‾1) occurring at the 

S1 levels of the dyes in the structurally well-defined “straight up” ionic assemblies clearly 

indicate that it is not necessary to have a strong bond and bent geometry between the donor and 

acceptor.  
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Experimental section 

Materials 

The [Pd3(dppm)3(CO)](PF6)2 cluster, [Pd3
2+],1a 5-(4-carboxylphenyl)-10, 15, 20-tritolyl-

(porphyrinato)zinc(II)1b and 5, 15-(4-carboxylphenyl)-15, 20-(tolylporphyrinato)zinc(II)1c were 

prepared according to literature procedures. Carboxylate sodium salts MCP and DCP were 

synthesized by ion-exchange resin from their acid counterparts.2 

Electrochemical measurements 

Electrochemical measurements were conducted with a three-electrode potentiostat (Princeton, 

Applied Research Corporation, Model 273A) in solvents deoxygenated by purging with purified 

Ar gas. Cyclic voltammetry was obtained by using a three-electrode cell equipped with a glassy 

carbon disk (0.07 cm2) as the working electrode, a platinum wire as auxiliary electrode, and a 

freshly polished silver wire as pseudo reference electrode at 298 K. The working electrode was 

polished with aluminium (0.03 μm) on felt pads (Buehler) and treated ultrasonically for 1 min 

before each experiment. The reproducibility of individual potential values was within ± 5 mV. 

Tetra-n-butylammonium hexafluorophosphate (TBAPF6) was used as supporting electrolyte, 

which was obtained from Sigma-Aldrich, and used without further purification. 

Ferrocene/ferrocenium (Fc/Fc+) was used as internal standard before and after each measurement 

(less than 1 h). Potentials were converted to values for saturated calomel electrode (SCE) by 

addition of 0.16 V, which was calibrated using ferrocene/ferrocenium (Fc/Fc+). 

Calculation procedures 

All density functional theory (DFT) and time dependent density functional theory (TD-DFT) 

calculations were performed with Gaussian 093 at the Université de Sherbrooke with the 

Mammouth supercomputer supported by Le Réseau Québécois De Calculs Hautes Performances. 

The DFT geometry optimizations as well as TD-DFT calculations4-13 were carried out using the 

B3LYP method. A 6-31g* basis set was applied to C, H, N, O, Na atoms in porphyrins alone, 

while a 3-21g* basis set was used for C, H, N, O, P atoms in palladium cluster and its assembly 

with porphyrins. VDZ (valence double ζ) with SBKJC effective core potentials were used for all 

Zn and Pd atoms.14-19 All calculations were carried out in a methanol solvent field. The 

calculated absorption spectra were obtained from GaussSum 2.1.20 
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Instruments 

Absorption spectra were measured on a Varian Cary 300 Bio UV-Vis spectrometer at 298K and 

on a Hewlett-Packard 8452A diode array spectrometer with a 0.1 second integration time at 77K.  

Steady state fluorescence and excitation spectra were acquired on an Edinburgh Instruments 

FLS980 phosphorimeter equipped with single monochromators, or measured by QuantaMaster 

400 phosphorimeter from Photon Technology International (PTI), which was excited by a Xenon 

lamp and recorded with a PMT-7-B detector. All fluorescence spectra were corrected for 

instrument response. Fluorescence lifetime measurements were made with the FLS980 

phosphorimeter using a 378 nm picosecond pulsed diode laser (FWHM = 90 ps) as an excitation 

source. Phosporescence lifetime measurements were acquired on the FLS980 using a 

microsecond flashlamp set with a 515 nm excitation. Data collection on the FLS980 system is 

done by time correlated single photon counting (TCSPC).  

Femtosecond transient absorption spectroscopy 

The fs transient spectra and decay profiles were acquired on a homemade system using the SHG 

of a Soltice (Spectra Physics) Ti-sapphire laser (λexc = 398 nm; FWHM = 75 fs; pulse energy = 

0.1 μJ per pulse, rep. rate = 1 kHz; spot size ∼500 μm), a white light continuum generated inside 

a sapphire window and a custom made dual CCD camera of 64 × 1024 pixels sensitive between 

200 and 1100 nm (S7030, Spectronic Devices). The delay line permitted to probe up to 4 ns with 

an accuracy of ∼4 fs. The results were analysed with the program Glotaran (http://glotaran.org) 

permitting to extract a sum of independent exponentials (�(�, �) = ��(�) ×  �
�
��
� + ��(�) ×  �

�
��
� + ⋯ ) that fits 

the whole 3D transient map. 
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Evolution of the absorption spectra upon addition of [Pd3
2+] in the dye solutions 

 

Figure S1. UV-Vis spectra for the addition of [Pd3
2+] (1.21 × 10-4 M) into MCP (0.46 × 10-5 M) 

in MeOH. Curves were obtained with successive addition of 0.1 mL [Pd3
2+] solution. 

 

Figure S2. UV-Vis spectra for the addition of [Pd3
2+] (1.18 × 10-4 M) into DCP (0.38 × 10-5 M) 

in MeOH. Curves were obtained with successive addition of 0.1 mL [Pd3
2+] solution. 
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Figure S3. Absorption (black) and fluorescence (red) spectra of MCP (left) and DCP (right) in 

MeOH at 298 K. 

Table S1. F data (in ns) for MCP and DCP in MeOH at 298 K and MeOH/2MeTHF 1:1 at 77 K. 

[Pd3
2+]/[MCP] 298 K 77 K 

0 1.965±0.084 1.759±0.113 
1.3 1.961±0.074 1.746±0.084 
2.5 1.968±0.070 1.733±0.093 
3.8 1.955±0.084 1.720±0.073 
5.1 1.951±0.060 1.711±0.101 
6.4 1.949±0.096 1.705±0.098 
7.6 1.946±0.088 1.690±0.103 
8.9 1.942±0.069 1.686±0.124 

 

 [Pd3
2+]/[DCP] 298 K 77 K 

0 2.041±0.097 2.403±0.113 
1.2 2.042±0.075 2.504±0.108 
2.3 2.040±0.074 2.545±0.095 
3.3 2.039±0.074 2.538±0.098 
4.2 2.037±0.074 2.525±0.095 
5.0 2.036±0.074 2.555±0.284 
5.8 2.036±0.074 2.545±0.095 
6.5 2.037±0.077 2.354±0.080 
7.1 2.031±0.073 2.345±0.085 
7.7 2.032±0.073 2.325±0.195 
8.3 2.027±0.109 2.315±0.095 
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Figure S4. Comparison of the emission spectra of MCP and DCP in MeOH at 298 K (right) and 

MeOH/2MeTHF 1:1 at 77 K (left). Note the phosphorescence peak at about 784 nm. 

 
Figure S5. Cyclic voltammograms of MCP (black) and DCP (red) at a glassy carbon disk in 

MeOH (298 K, 1.0 × 10-3 M) containing 0.1 M TBAPF6 as supporting electrolyte. (Scan rate = 

50 mV/s) 
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Figure S6. Variation of the fluorescence spectra of MCP (0.42 × 10-5 M) with adding [Pd3

2+] 

(1.27 × 10-4 M) in MeOH at 298 K. Curves were obtained with successive addition of 0.1 mL 

[Pd3
2+] solution. 

 
Figure S7. Variation of the fluorescence spectra of DCP (0.31 × 10-5 M) with adding [Pd3

2+]  

[Pd3
2+] (1.22 × 10-4 M) in MeOH at 298 K. Curves were obtained with successive addition of 0.1 

mL [Pd3
2+] solution. 

 
Figure S8. Graphs reporting [-(F/F°)]/[Pd3

2+] vs F/F° for MCP in MeOH. 
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Figure S9. Graphs reporting [-(F/F°)]/[Pd3

2+] vs F/F° for DCP in MeOH. 

 
Figure S10. Graphs reporting ln(W) vs [Pd3

2+] for MCP in MeOH. 

 
Figure S11. Graph reporting ln(W) vs [Pd3

2+] for DCP in MeOH at 298 K. 
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Figure S12.  Left: fluorescence spectra of MCP (5.4 × 10-6 M) upon adding [Pd3

2+] in MeOH/ 

2MeTHF 1:1 at 77 K. Right: graphs reporting the decrease of the relative fluorescence intensity 

of MCP upon addition of [Pd3
2+] (F and F° are the intensity in the presence and absence of 

[Pd3
2+], respectively). 

 
Figure S13. Left: Stern-Volmer plots of the fluorescence quenching of MCP in MeOH/2MeTHF 

1:1 at 77 K by [Pd3
2+] (not linear). Right: Graph reporting log[(F°-F)/F] vs log[Pd3

2+] (n = 

0.91). 

 
Figure S14. Graph reporting [-(F/F°)]/[Pd3

2+] vs F/F° and ln(W) vs [Pd3
2+] for MCP in 

MeOH/2MeTHF 1:1 at 77 K: dynamic constant KD = 3411 M-1, static constant V = 21913 M-1. 
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Figure S15.  Left: fluorescence spectra of DCP (5.1 x 10-6 M) upon adding [Pd3

2+] in MeOH/ 

2MeTHF 1:1 at 77 K. Right: graphs reporting the decrease of the relative fluorescence intensity 

of DCP upon addition of [Pd3
2+] (F and F° are the intensity in the presence and absence of 

[Pd3
2+], respectively). 

 
Figure S16. Left: Stern-Volmer plots of the fluorescence quenching of DCP in MeOH/2MeTHF 

1:1 at 77 K by [Pd3
2+] (not linear). Right: Graph reporting log[(F°-F)/F] vs log[Pd3

2+] (n = 

2.20). 

 
Figure S17. Graph reporting [-(F/F°)]/[Pd3

2+] vs F/F° and ln(W) vs [Pd3
2+] for DCP in 

MeOH/2MeTHF 1:1 at 77 K: dynamic constant KD = 3673 M-1, static constant V = 25819 M-1. 
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Calculations of the relative percentage of complexed dyes 

The relative percentage of complexed dyes is a function of the starting dye concentration. Here 

the starting concentration for calculation would be chosen as the exact concentration used for 

transient absorption measurements, which was favorable to elucidate the TAS. All the equations 

were solved by mathematical software Maple 10 from Waterloo Maplesoft Company. 

(1) [MCP] vs [Pd3
2+] = 1:1, viz., [CO2‾]/[Pd3

2+] = 1:1 

                                           MCP      +       [Pd3
2+]          [Pd3

2+]•••MCP       K11 = 19300 M-1 

Starting concentration      1.9×10-5           1.9×10-5                           0 

Equilibrium                     1.9×10-5-x        1.9×10-5-x                      x   

�

(�.�×������)�
= 19300 ,  

x = 4.2×10-6, ([Pd3
2+]•••MCP)% = 4.2×10-6/1.9×10-5 = 22.1%. 

 

(2) [MCP] vs [Pd3
2+] = 1:2, viz., [CO2‾]/[Pd3

2+] = 1:2 

                                           MCP      +     [Pd3
2+]           [Pd3

2+]•••MCP       K11 = 19300 M-1 

Starting concentration      1.9×10-5           3.8×10-5                           0 

Equilibrium                     1.9×10-5-x        3.8×10-5-x                      x   

�

(�.�×������)(�.�×������)
= 19300,  

x = 7.1×10-6, ([Pd3
2+]•••MCP)% = 7.1×10-6/1.9×10-5 = 37.4%. 

 

(3) [MCP] vs [Pd3
2+] = 1:4, viz., [CO2‾]/[Pd3

2+] = 1:4 

                                           MCP      +     [Pd3
2+]           [Pd3

2+]•••MCP       K11 = 19300 M-1 

Starting concentration      1.9×10-5           7.6×10-5                           0 

Equilibrium                     1.9×10-5-x        7.6×10-5-x                      x   

�

(�.�×������)(�.�×������)
= 19300,  
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x = 10.6×10-6, ([Pd3
2+]•••MCP)% =10.6×10-6/1.9×10-5 = 55.8%. 

 

(4) [MCP] vs [Pd3
2+] = 1:1, viz., [CO2‾]/[Pd3

2+] = 1:1 

                                          MCP      +      [Pd3
2+]          [Pd3

2+]•••MCP       V11 = 17900 M-1 

Starting concentration      1.9×10-5           1.9×10-5                           0 

Equilibrium                     1.9×10-5-x        1.9×10-5-x                      x   

�

(�.�×������)�
= 17900,  

x = 4.0×10-6, ([Pd3
2+]•••MCP)% = 4.0×10-6/1.9×10-5 = 21.1%. 

 

(5) [MCP] vs [Pd3
2+] = 1:2, viz., [CO2‾]/[Pd3

2+] = 1:2 

                                           MCP      +     [Pd3
2+]          [Pd3

2+]•••MCP       V11 = 17900 M-1 

Starting concentration      1.9×10-5           3.8×10-5                           0 

Equilibrium                     1.9×10-5-x        3.8×10-5-x                      x   

�

(�.�×������)(�.�×������)
= 17900,  

x = 6.8×10-6, ([Pd3
2+]•••MCP)% = 6.8×10-6/1.9×10-5 = 35.8%. 

 

(6) [MCP] vs [Pd3
2+] = 1:4, viz., [CO2‾]/[Pd3

2+] = 1:4 

                                          MCP      +      [Pd3
2+]           [Pd3

2+]•••MCP       V11 = 17900 M-1 

Starting concentration      1.9×10-5           7.6×10-5                           0 

Equilibrium                     1.9×10-5-x        7.6×10-5-x                      x   

�

(�.�×������)(�.�×������)
= 17900,  

x = 10.3×10-6, ([Pd3
2+]•••MCP)% = 10.3×10-6/1.9×10-5 = 54.2%. 
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(7) [DCP] vs [Pd3
2+] = 1:2, viz., [CO2‾]/[Pd3

2+] = 1:1 

                                           DCP      +     [Pd3
2+]           [Pd3

2+]•••DCP        K12 = 21700 M-1 

Starting concentration       1.5×10-5           3.0×10-5                           0 

Equilibrium                     1.5×10-5-x-y    3.0×10-5-2x-y                   y   

                                    [Pd3
2+]•••DCP  +  [Pd3

2+]           2[Pd3
2+]•••DCP       K12 = 21700 M-1 

Starting concentration             0                3.0×10-5                           0 

Equilibrium                             y             3.0×10-5-2x-y                   x   

�

(�.�×��������)×(�.�×���������)
= 21700;  

�

�×(�.�×���������)
= 21700; 

x = 2.0×10-6, (2[Pd3
2+]•••DCP)% = 2.0×10-6/1.5×10-5 = 13.3%;                          

y = 4.2×10-6, ([Pd3
2+]•••DCP)% = 4.2×10-6/1.5×10-5 = 28.0%.  

                                        

(8) [DCP] vs [Pd3
2+] = 1:4, viz., [CO2‾]/[Pd3

2+] = 1:2 

                                           DCP       +      [Pd3
2+]            [Pd3

2+]•••DCP        K12 = 21700 M-1 

Starting concentration       1.5×10-5           6.0×10-5                           0 

Equilibrium                     1.5×10-5-x-y    6.0×10-5-2x-y                   y   

                                    [Pd3
2+]•••DCP  +  [Pd3

2+]           2[Pd3
2+]•••DCP       K12 = 21700 M-1 

Starting concentration              0               6.0×10-5                            0 

Equilibrium                             y             6.0×10-5-2x-y                     x   

�

(�.�×��������)×(�.�×���������)
= 21700;  

�

�×(�.�×���������)
= 21700; 

x = 4.9×10-6, (2[Pd3
2+]•••DCP)% = 4.9×10-6/1.5×10-5 = 32.7%;                     

y = 5.0×10-6, ([Pd3
2+]•••DCP)% = 5.0×10-6/1.5×10-5 = 33.3%.  

                                        

(9) [DCP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 1:4 

                                            DCP      +      [Pd3
2+]           [Pd3

2+]•••DCP        K12 = 21700 M-1 
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Starting concentration       1.5×10-5           12.0×10-5                          0 

Equilibrium                    1.5×10-5-x-y    12.0×10-5-2x-y                   y   

                                    [Pd3
2+]•••DCP  +  [Pd3

2+]           2[Pd3
2+]•••DCP       K12 = 21700 M-1 

Starting concentration             0                12.0×10-5                           0 

Equilibrium                             y             12.0×10-5-2x-y                   x   

�

(�.�×��������)×(��.�×���������)
= 21700;  

�

�×(��.�×���������)
= 21700; 

x = 10.8 ×10-6, (2[Pd3
2+]•••DCP)% = 10.8×10-6/1.5×10-5 = 72.0%;                      

y = 3.2 ×10-6, ([Pd3
2+]•••DCP)% = 3.2×10-6/1.5×10-5 = 21.3%. 

 

(10) [DCP] vs [Pd3
2+] = 1:2, viz., [CO2‾]/[Pd3

2+] = 1:1 

                                           DCP      +      [Pd3
2+]            [Pd3

2+]•••DCP      V12 = 21300 M-1 

Starting concentration       1.5×10-5           3.0×10-5                           0 

Equilibrium                     1.5×10-5-x-y    3.0×10-5-2x-y                   y   

                                    [Pd3
2+]•••DCP  +  [Pd3

2+]           2[Pd3
2+]•••DCP    V12 = 21300 M-1 

Starting concentration             0                3.0×10-5                            0 

Equilibrium                             y             3.0×10-5-2x-y                    x   

�

(�.�×��������)×(�.�×���������)
= 21300; 

�

�×(�.�×���������)
= 21300; 

x = 1.9×10-6, (2[Pd3
2+]•••DCP)% = 1.9×10-6/1.5×10-5 = 12.7%; 

y = 4.2×10-6, ([Pd3
2+]•••DCP)% = 4.2×10-6/1.5×10-5 = 28.0%.  

 

(11) [DCP] vs [Pd3
2+] = 1:4, viz., [CO2‾]/[Pd3

2+] = 1:2 

                                           DCP       +        [Pd3
2+]          [Pd3

2+]•••DCP      V12 = 21300 M-1 

Starting concentration       1.5×10-5           6.0×10-5                           0 

Equilibrium                     1.5×10-5-x-y    6.0×10-5-2x-y                   y   
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                                    [Pd3
2+]•••DCP  +  [Pd3

2+]           2[Pd3
2+]•••DCP    V12 = 21300 M-1 

Starting concentration             0                 6.0×10-5                            0 

Equilibrium                             y             6.0×10-5-2x-y                     x   

�

(�.�×��������)×(�.�×���������)
= 21300,  

�

�×(�.�×���������)
= 21300; 

 x = 4.8×10-6, (2[Pd3
2+]•••DCP)% = 4.8×10-6/1.5×10-5 = 32.0%;                     

y = 5.0×10-6, ([Pd3
2+]•••DCP)% = 5.0×10-6/1.5×10-5 = 33.3%.   

      

(12) [DCP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 1:4 

                                           DCP       +       [Pd3
2+]           [Pd3

2+]•••DCP        V12 = 21300 M-1 

Starting concentration       1.5×10-5           12.0×10-5                          0 

Equilibrium                    1.5×10-5-x-y    12.0×10-5-2x-y                   y   

                                    [Pd3
2+]•••DCP  +  [Pd3

2+]           2[Pd3
2+]•••DCP       V12 = 21300 M-1 

Starting concentration             0                12.0×10-5                           0 

Equilibrium                             y             12.0×10-5-2x-y                    x   

�

(�.�×��������)×(��.�×���������)
= 21300;  

�

�×(��.�×���������)
= 21300; 

x = 8.8 ×10-6, (2[Pd3
2+]•••DCP)% = 8.8×10-6/1.5×10-5 = 58.7%;                      

y = 4.2 ×10-6, ([Pd3
2+]•••DCP)% = 4.2×10-6/1.5×10-5 = 28.0%. 

  



 

DFT calculation results for MCP

Figure S18. Optimized geometry of 

Figure S19. Representations of the frontier MOs of 

(energies in eV). 

Table S2. Computed positions and oscillator strengths for the first 100 electronic transitions for 

MCP (MeOH solvent field applied).

No. 
Wavelength 

(nm) 
Osc. 

Strength 

1 549 0.0564 

2 548 0.0482 

3 401 1.6096 

4 400 1.5542 
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DFT calculation results for MCP 

 

. Optimized geometry of MCP (Na+ salt) in MeOH solvent field. 

. Representations of the frontier MOs of MCP (Na+ salt) in MeOH solvent field 

. Computed positions and oscillator strengths for the first 100 electronic transitions for 

(MeOH solvent field applied). 

Major contributions (%) 

H-1→L+1 (34), HOMO→LUMO (65)

H-1→LUMO (35), HOMO→L+1 (64)

H-1→L+1 (62), HOMO→LUMO (32)

H-1→LUMO (62), HOMO→L+1 (33)

 

salt) in MeOH solvent field 

. Computed positions and oscillator strengths for the first 100 electronic transitions for 

1→L+1 (34), HOMO→LUMO (65) 

1→LUMO (35), HOMO→L+1 (64) 

1→L+1 (62), HOMO→LUMO (32) 

1→LUMO (62), HOMO→L+1 (33) 
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5 367 0.1084 H-6→LUMO (15), H-5→LUMO (81) 

6 366 0.104 H-6→L+1 (14), H-5→L+1 (82) 

7 347 0.0005 H-9→L+1 (12), H-4→L+1 (18), H-3→LUMO (39) 

8 343 0 H-4→LUMO (21), H-3→L+1 (51) 

9 340 0.004 H-4→LUMO (57), H-3→L+1 (35) 

10 337 0.0343 H-7→LUMO (80) 

11 337 0.0063 H-6→L+1 (11), H-4→L+1 (68), H-3→LUMO (10) 

12 337 0.003 H-7→L+1 (61) 

13 336 0.0237 H-7→L+1 (19), H-4→LUMO (11), H-2→LUMO (47) 

14 335 0.0076 H-9→LUMO (14), H-8→L+1 (12), H-6→LUMO (14), H-2→LUMO (36) 

15 334 0.0004 H-9→L+1 (13), H-6→L+1 (23), H-3→LUMO (43), H-2→L+1 (12) 

16 331 0.0003 H-8→LUMO (10), H-2→L+1 (69) 

17 331 0.0287 H-9→LUMO (14), H-6→LUMO (42), HOMO→L+2 (21) 

18 329 0.0008 H-10→LUMO (17), H-8→LUMO (22), H-6→L+1 (30), H-2→L+1 (17) 

19 327 0.0106 HOMO→L+2 (72) 

20 325 0.0015 H-9→L+1 (64), H-8→LUMO (12) 

21 321 0.0011 H-10→L+1 (18), H-9→LUMO (49), H-8→L+1 (28) 

22 315 0.0009 H-16→LUMO (14), H-10→LUMO (41), H-8→LUMO (31) 

23 314 0.0079 H-11→LUMO (71), HOMO→L+3 (12) 

24 312 0.0115 H-11→L+1 (87) 

25 310 0.0023 H-10→L+1 (28), H-8→L+1 (26), HOMO→L+3 (29) 

26 308 0.0036 H-11→LUMO (15), H-10→L+1 (14), HOMO→L+3 (51) 

27 307 0.0006 H-13→L+1 (91) 

28 307 0.0008 H-14→LUMO (80) 

29 306 0.0002 H-15→L+1 (81) 

30 303 0.001 H-1→L+2 (84) 

31 302 0.0023 H-13→LUMO (93) 

32 301 0.0003 H-14→L+1 (85) 

33 301 0 H-15→LUMO (83) 

34 299 0.0248 H-17→L+1 (15), H-16→LUMO (54), H-10→LUMO (10) 

35 298 0.0028 H-12→LUMO (93) 

36 297 0.1949 H-17→LUMO (84) 

37 297 0.1831 H-17→L+1 (68), H-16→LUMO (15) 

38 295 0.0004 H-16→L+1 (79) 

39 294 0 H-12→L+1 (99) 

40 289 0.026 H-1→L+3 (94) 

41 280 0.0135 HOMO→L+4 (98) 

42 278 0.0341 HOMO→L+5 (97) 

43 276 0.001 HOMO→L+6 (93) 

44 276 0.0091 HOMO→L+7 (67), HOMO→L+9 (25) 

45 274 0.0035 HOMO→L+8 (96) 

46 274 0.0037 HOMO→L+7 (26), HOMO→L+9 (69) 

47 273 0 H-2→L+2 (44), H-2→L+3 (49) 
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48 271 0.0047 HOMO→L+10 (35), HOMO→L+11 (61) 

49 267 0 H-19→L+1 (47), H-18→LUMO (50) 

50 263 0.0092 H-1→L+4 (97) 

51 262 0.0265 H-1→L+5 (94) 

52 261 0 H-19→LUMO (43), H-18→L+1 (43), H-1→L+6 (11) 

53 259 0.0057 H-1→L+7 (58), H-1→L+9 (37) 

54 259 0.0001 H-1→L+6 (85) 

55 258 0.0001 H-1→L+8 (93) 

56 257 0.0016 H-1→L+7 (39), H-1→L+9 (58) 

57 257 0 HOMO→L+10 (63), HOMO→L+11 (37) 

58 254 0.001 H-1→L+10 (36), H-1→L+11 (62) 

59 251 0 H-6→L+2 (12), H-5→L+2 (64) 

60 249 0.0043 H-19→L+1 (45), H-18→LUMO (41) 

61 247 0 H-12→L+2 (45), H-12→L+3 (50) 

62 244 0.0044 H-19→LUMO (42), H-18→L+1 (43) 

63 243 0.0002 H-1→L+10 (63), H-1→L+11 (37) 

64 240 0.0024 H-8→L+2 (11), H-7→L+2 (40) 

65 240 0 H-3→L+2 (87) 

66 239 0.001 H-4→L+2 (78) 

67 237 0.0004 H-8→L+2 (21), H-7→L+2 (44) 

68 237 0.0002 H-6→L+2 (57), H-5→L+2 (12), H-4→L+2 (11) 

69 234 0.0581 H-10→L+2 (56), H-8→L+2 (25) 

70 234 0 H-2→L+2 (48), H-2→L+3 (45) 

71 233 0.1009 H-9→L+2 (72), H-6→L+2 (10) 

72 232 0 HOMO→L+14 (95) 

73 231 0.0139 
H-16→L+2 (14), H-16→L+3 (12), H-8→L+2 (14), H-2→L+10 (16), H-

2→L+11 (10) 

74 230 0.0019 H-4→L+6 (11) 

75 230 0.0001 H-3→L+6 (19) 

76 230 0.0008 H-14→L+4 (11), H-4→L+8 (17) 

77 229 0.0002 H-5→L+2 (14), H-5→L+3 (58) 

78 228 0.0058 H-10→L+3 (14), H-7→L+3 (33), H-3→L+3 (40) 

79 227 0.0617 H-11→L+2 (37), H-9→L+3 (11), H-6→L+3 (32) 

80 227 0.0067 
H-22→LUMO (13), HOMO→L+15 (11), HOMO→L+16 (46), 

HOMO→L+17 (21) 

81 226 0.0002 H-22→LUMO (48), H-21→L+1 (47) 

82 226 0.2069 H-11→L+2 (46), H-6→L+3 (17) 

83 225 0.0095 H-7→L+3 (20), H-3→L+3 (40) 

84 225 0.0083 H-22→L+1 (49), H-21→LUMO (46) 

85 224 0.0001 H-22→LUMO (35), H-21→L+1 (46) 

86 224 0.0039 H-10→L+2 (10), H-10→L+3 (10), H-3→L+3 (10), H-2→L+10 (38) 

87 223 0.0003 H-2→L+10 (14), H-2→L+11 (64) 

88 223 0.0257 H-9→L+3 (10), H-6→L+3 (17), H-5→L+3 (11), H-4→L+3 (40) 
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89 222 0.017 H-22→L+1 (39), H-21→LUMO (31), H-6→L+3 (11) 

90 221 0.0088 
H-16→L+2 (11), H-14→L+2 (10), H-10→L+3 (22), H-8→L+3 (18), H-

2→L+10 (14), H-2→L+11 (10) 

91 221 0.0047 H-13→L+2 (30), H-9→L+3 (27), H-4→L+3 (17) 

92 221 0.0005 H-1→L+14 (93) 

93 221 0.0102 H-13→L+2 (53), H-9→L+3 (11) 

94 220 0.0021 H-16→L+2 (14), H-15→L+2 (13), H-14→L+2 (46) 

95 220 0.0045 H-15→L+2 (60), H-14→L+2 (20) 

96 218 0.0006 HOMO→L+12 (95) 

97 218 0.0004 H-10→L+3 (25), H-8→L+3 (41), H-7→L+3 (19) 

98 218 0 HOMO→L+13 (99) 

99 217 0.0381 H-20→LUMO (31), H-17→L+2 (47) 

100 217 0.1111 H-20→L+1 (92) 

 

 

Figure S20. Left: Computed positions and oscillator strength for the 100st electronic transitions 

for MCP (MeOH solvent field applied). The black line is generated by applying a thickness of 

500 cm-1. Right: Experimental UV-vis spectrum (in MeOH) and oscillator strength for the 100st 

electronic transitions for MCP (MeOH solvent field applied). 
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DFT calculation results for DCP 

 

Figure S21. Optimized geometry of DCP (Na+ salt) in MeOH solvent field. 

 

Figure S22. Representations of the frontier MOs of DCP (Na+ salt) in MeOH solvent field 

(energies in eV). 

Table S3. Computed positions and oscillator strengths for the first 100 electronic transitions for 

DCP (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 549 0.0616 H-1→L+1 (34), HOMO→LUMO (66) 

2 547 0.0452 H-1→LUMO (36), HOMO→L+1 (64) 

3 401 1.666 H-1→L+1 (63), HOMO→LUMO (32) 
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4 401 1.5557 H-1→LUMO (61), HOMO→L+1 (34) 

5 367 0.1121 H-6→LUMO (38), H-5→LUMO (58) 

6 366 0.1032 H-6→L+1 (35), H-5→L+1 (61) 

7 347 0 H-12→LUMO (11), H-7→L+1 (24), H-4→LUMO (44) 

8 343 0 H-7→LUMO (15), H-4→L+1 (63) 

9 338 0 H-7→LUMO (18), H-4→L+1 (28), H-2→LUMO (40) 

10 338 0.0329 H-10→LUMO (10), H-8→LUMO (82) 

11 337 0.005 H-8→L+1 (62), H-3→LUMO (16) 

12 337 0.0062 H-8→L+1 (14), H-3→LUMO (81) 

13 336 0 H-7→LUMO (16), H-2→LUMO (55) 

14 335 0.0002 H-11→L+1 (12), H-7→L+1 (20), H-4→LUMO (50), H-2→L+1 (12) 

15 334 0.0035 H-6→L+1 (49), H-5→L+1 (31), H-3→L+1 (15) 

16 333 0.0857 H-6→LUMO (56), H-5→LUMO (33) 

17 332 0 H-7→LUMO (15), HOMO→L+2 (74) 

18 332 0 H-12→LUMO (10), H-9→LUMO (11), H-2→L+1 (72) 

19 331 0.0009 H-3→L+1 (85) 

20 329 0 H-12→LUMO (21), H-9→LUMO (30), H-7→L+1 (31), H-2→L+1 (13) 

21 327 0 
H-12→L+1 (15), H-11→LUMO (19), H-7→LUMO (33), HOMO→L+2 

(20) 

22 322 0.0003 H-11→L+1 (71), H-7→L+1 (21) 

23 321 0 H-12→L+1 (16), H-11→LUMO (52), H-9→L+1 (27) 

24 316 0.0003 H-18→LUMO (18), H-12→LUMO (40), H-9→LUMO (39) 

25 316 0.0137 H-13→LUMO (35), HOMO→L+3 (62) 

26 315 0.0029 H-19→LUMO (17), H-10→LUMO (70), H-8→LUMO (10) 

27 311 0.0036 H-13→LUMO (24), H-10→L+1 (35), H-8→L+1 (13), HOMO→L+3 (15) 

28 311 0 H-18→L+1 (10), H-12→L+1 (41), H-9→L+1 (46) 

29 309 0.0058 H-13→L+1 (86) 

30 308 0.0063 H-13→LUMO (26), H-10→L+1 (42), HOMO→L+3 (19) 

31 308 0.0004 H-16→L+1 (66), H-1→L+2 (29) 

32 307 0 H-16→LUMO (12), HOMO→L+4 (83) 

33 306 0.0007 H-17→L+1 (89) 

34 306 0.0006 H-16→L+1 (31), H-1→L+2 (62) 

35 303 0 H-16→LUMO (85), HOMO→L+4 (12) 

36 302 0 H-17→LUMO (92) 

37 299 0.0021 H-18→LUMO (78), H-12→LUMO (11) 

38 299 0.0219 H-20→L+1 (20), H-19→LUMO (55), H-10→LUMO (17) 

39 298 0.002 H-15→LUMO (87) 

40 298 0.0001 H-14→LUMO (92) 

41 297 0.1809 H-20→LUMO (82) 

42 297 0.0951 H-20→L+1 (51), H-19→LUMO (18), H-1→L+3 (16) 

43 295 0 H-18→L+1 (87) 

44 294 0.0005 H-19→L+1 (80) 

45 294 0 H-14→L+1 (98) 
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46 294 0 H-15→L+1 (95) 

47 293 0.1391 H-20→L+1 (15), H-1→L+3 (80) 

48 287 0.0011 H-1→L+4 (94) 

49 277 0.0315 HOMO→L+5 (97) 

50 277 0.0001 HOMO→L+7 (96) 

51 275 0.0018 HOMO→L+6 (97) 

52 274 0.0154 HOMO→L+8 (95) 

53 273 0 H-3→L+3 (37), H-2→L+2 (29), H-2→L+4 (17) 

54 273 0 H-3→L+2 (29), H-3→L+4 (18), H-2→L+3 (38) 

55 271 0.0022 HOMO→L+9 (96) 

56 270 0.0076 HOMO→L+12 (90) 

57 267 0.0001 H-22→L+1 (46), H-21→LUMO (52) 

58 262 0.0269 H-1→L+5 (98) 

59 261 0.0001 H-22→LUMO (45), H-21→L+1 (44) 

60 261 0.0003 H-1→L+7 (95) 

61 258 0 H-1→L+6 (90) 

62 257 0.0051 H-1→L+8 (98) 

63 257 0 HOMO→L+10 (12), HOMO→L+11 (87) 

64 257 0 HOMO→L+10 (81), HOMO→L+11 (12) 

65 255 0 H-1→L+9 (97) 

66 254 0.0013 H-1→L+12 (92) 

67 252 0 H-6→L+2 (30), H-5→L+2 (47) 

68 249 0.0041 H-22→L+1 (47), H-21→LUMO (39) 

69 247 0 H-15→L+3 (36), H-14→L+2 (31), H-14→L+4 (18)→ 

70 247 0 H-15→L+2 (31), H-15→L+4 (18), H-14→L+3 (36) 

71 245 0 H-22→LUMO (41), H-21→L+1 (43) 

72 243 0.0001 H-1→L+10 (25), H-1→L+11 (73) 

73 243 0.0003 H-1→L+10 (68), H-1→L+11 (26) 

74 241 0.0002 H-4→L+2 (89) 

75 241 0.0027 H-9→L+3 (13), H-8→L+2 (58) 

76 240 0.0032 H-9→L+2 (34), H-8→L+3 (15) 

77 239 0.0043 H-11→L+2 (13), H-7→L+2 (70) 

78 237 0.0003 H-10→L+2 (31), H-8→L+2 (23) 

79 237 0 H-6→L+2 (51), H-5→L+2 (36) 

80 236 0 H-3→L+2 (61), H-3→L+4 (16), H-2→L+3 (17) 

81 236 0 H-3→L+3 (16), H-2→L+2 (56), H-2→L+4 (16) 

82 235 0.0443 H-12→L+2 (64), H-9→L+2 (11) 

83 233 0.1786 H-11→L+2 (73), H-7→L+2 (14) 

84 232 0 HOMO→L+17 (94) 

85 231 0.0143 
H-19→L+2 (10), H-18→L+3 (13), H-10→L+2 (20), H-3→L+11 (12), H-

2→L+10 (11) 

86 231 0.0109 
H-19→L+3 (11), H-18→L+2 (13), H-10→L+3 (10), H-9→L+2 (17), H-

3→L+10 (11), H-2→L+11 (12) 
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87 230 0.0019 H-17→L+7 (11), H-16→L+5 (13), H-5→L+6 (10), H-4→L+8 (24) 

88 230 0.0008 H-5→L+3 (22), H-4→L+6 (17) 

89 229 0 H-6→L+3 (30), H-5→L+3 (43) 

90 229 0 H-6→L+4 (20), H-5→L+2 (10), H-5→L+4 (41) 

91 229 0 H-8→L+4 (18), H-4→L+3 (56) 

92 228 0.0136 H-9→L+4 (12), H-8→L+3 (39), H-4→L+4 (19) 

93 227 0 H-13→L+2 (16), H-11→L+3 (15), H-7→L+3 (45) 

94 226 0.0045 
H-25→LUMO (39), HOMO→L+18 (10), HOMO→L+20 (24), 

HOMO→L+21 (12) 

95 226 0.0021 H-25→LUMO (27), H-24→L+1 (47), HOMO→L+20 (12) 

96 226 0.5141 H-7→L+4 (50), H-6→L+3 (20) 

97 226 0 H-13→L+2 (65), H-7→L+3 (13) 

98 226 0.0001 H-10→L+2 (20), H-8→L+4 (13), H-4→L+3 (23) 

99 225 0.0027 H-12→L+2 (15), H-9→L+2 (21), H-4→L+4 (25) 

100 225 0 H-25→L+1 (49), H-24→LUMO (42) 

 

 

Figure S23. Left: Computed positions and oscillator strength for the 100st electronic transitions 

for DCP (MeOH solvent field applied). The black line is generated by applying a thickness of 

500 cm-1. Right: Experimental UV-vis spectrum (in MeOH) and oscillator strength for the 100st 

electronic transitions for DCP (MeOH solvent field applied). 
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Figure S24. Optimized geometry of 

distances are 2.685 Å, 2.679 Å, and 2.649 Å.

Figure S25. Representations of the frontier MOs of 
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DFT calculation results for [Pd3
2+] 

          

Side View                                                                
. Optimized geometry of [Pd3

2+] in MeOH solvent field. The computed Pd

distances are 2.685 Å, 2.679 Å, and 2.649 Å. 

. Representations of the frontier MOs of [Pd3
2+] in MeOH solvent field (energies in 

           

 Top View 
in MeOH solvent field. The computed Pd-Pd 

 

in MeOH solvent field (energies in 
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Table S4. Computed positions and oscillator strengths for the first 100 electronic transitions for 

[Pd3
2+] (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 605 0.0062 H-2→LUMO (71), HOMO→LUMO (22) 

2 544 0.0668 H-3→LUMO (56), HOMO→LUMO (21) 

3 522 0.1267 H-4→LUMO (35), H-3→LUMO (12), H-1→LUMO (44) 

4 499 0.269 
H-4→LUMO (30), H-3→LUMO (16), H-1→LUMO (11), 

HOMO→LUMO (29) 

5 495 0.3364 
H-4→LUMO (22), H-2→LUMO (14), H-1→LUMO (27), 

HOMO→LUMO (23) 

6 421 0.012 
H-26→LUMO (10), H-19→LUMO (11), H-15→LUMO (14), H-

14→LUMO (23) 

7 418 0.0113 H-23→LUMO (25), H-19→LUMO (17) 

8 413 0.0115 H-24→LUMO (20), H-21→LUMO (18) 

9 397 0.0022 H-32→LUMO (15), H-26→LUMO (13), H-19→LUMO (14) 

10 387 0.0017 H-33→LUMO (32), H-25→LUMO (14) 

11 381 0.0052 H-34→LUMO (34), H-23→LUMO (13) 

12 374 0.0002 H-5→LUMO (83) 

13 366 0.0001 H-6→LUMO (69) 

14 365 0.0001 H-10→LUMO (28), H-8→LUMO (43), H-7→LUMO (11) 

15 364 0.0002 H-8→LUMO (31), H-7→LUMO (37), H-6→LUMO (19) 

16 361 0.0002 H-10→LUMO (47), H-8→LUMO (13), H-7→LUMO (23) 

17 361 0.0009 H-9→LUMO (58) 

18 357 0.0006 H-11→LUMO (74) 

19 355 0.0009 H-12→LUMO (75) 

20 351 0.0016 H-13→LUMO (62), HOMO→L+1 (15) 

21 350 0.0067 H-13→LUMO (10), H-1→L+1 (12), HOMO→L+1 (63) 

22 349 0.0204 H-1→L+1 (76) 

23 346 0.0016 H-16→LUMO (14), H-15→LUMO (47) 

24 343 0.0021 H-17→LUMO (12), H-16→LUMO (22), H-14→LUMO (24) 

25 342 0.0012 H-18→LUMO (12), H-16→LUMO (17), H-14→LUMO (14) 

26 341 0.0004 H-17→LUMO (66) 

27 339 0.003 H-20→LUMO (18), H-18→LUMO (36), H-2→L+1 (10) 

28 338 0.0156 H-2→L+1 (60) 

29 336 0.0059 H-23→LUMO (15), H-22→LUMO (15), H-20→LUMO (34) 

30 335 0.0003 H-25→LUMO (28), H-19→LUMO (28) 

31 333 0.0042 
H-25→LUMO (11), H-23→LUMO (11), H-22→LUMO (12), H-

21→LUMO (13) 

32 331 0.0036 H-27→LUMO (14), H-1→L+2 (15), HOMO→L+2 (30) 

33 331 0.0073 H-35→LUMO (20), H-28→LUMO (31), H-1→L+2 (12) 

34 330 0.0081 H-24→LUMO (21), H-21→LUMO (18) 
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35 327 0.023 H-27→LUMO (12), H-26→LUMO (26), H-25→LUMO (16) 

36 327 0.0275 H-29→LUMO (13), H-22→LUMO (18) 

37 324 0.0237 H-1→L+2 (18), H-1→L+3 (17), HOMO→L+2 (26) 

38 322 0.0625 H-30→LUMO (15), H-1→L+2 (15), HOMO→L+3 (14) 

39 320 0.0485 H-30→LUMO (28), H-29→LUMO (22), HOMO→L+3 (17) 

40 320 0.0055 H-32→LUMO (22), H-2→L+3 (16) 

41 318 0.006 H-32→LUMO (19), H-3→L+1 (32), H-1→L+3 (10) 

42 317 0.0096 H-31→LUMO (42), H-3→L+1 (22) 

43 315 0.0043 H-35→LUMO (28), H-28→LUMO (14) 

44 314 0.0159 
H-36→LUMO (19), H-32→LUMO (12), H-31→LUMO (23), H-2→L+3 

(12) 

45 311 0.0533 H-35→LUMO (10), H-1→L+3 (26), HOMO→L+3 (20) 

46 309 0.0104 H-4→L+1 (64) 

47 306 0.313 H-3→L+1 (12), H-2→L+2 (38), H-2→L+3 (16) 

48 304 0.3167 H-36→LUMO (10), H-4→L+1 (16), H-2→L+2 (18), H-2→L+3 (29) 

49 298 0.0124 H-3→L+2 (76) 

50 294 0.0166 H-3→L+3 (77) 

51 291 0.032 H-4→L+2 (78) 

52 286 0.0164 H-4→L+3 (77) 

53 283 0.0034 HOMO→L+4 (79) 

54 281 0.0177 H-1→L+4 (86) 

55 280 0.0065 H-1→L+5 (47), HOMO→L+5 (39) 

56 278 0.0094 H-1→L+5 (31), HOMO→L+5 (44) 

57 276 0.013 H-1→L+5 (10), H-1→L+6 (65) 

58 275 0.0133 H-2→L+4 (14), HOMO→L+6 (54) 

59 274 0.0138 H-2→L+4 (52), HOMO→L+6 (21) 

60 273 0.0165 H-24→L+1 (13), H-14→L+1 (10), H-5→L+1 (12) 

61 272 0.0075 H-2→L+4 (18), H-2→L+5 (62) 

62 270 0.0932 H-21→L+1 (14), H-15→L+1 (12) 

63 269 0.1083 H-38→LUMO (17), H-14→L+1 (17) 

64 268 0.0383 H-2→L+6 (34), HOMO→L+7 (34) 

65 268 0.1501 H-23→L+1 (15), H-19→L+1 (23), HOMO→L+7 (13) 

66 267 0.0308 H-2→L+6 (43), H-1→L+7 (10), HOMO→L+7 (22) 

67 265 0.0081 H-1→L+7 (48), HOMO→L+8 (29) 

68 264 0.0076 H-5→L+1 (64) 

69 263 0.0009 H-1→L+7 (18), H-1→L+9 (27), HOMO→L+8 (29) 

70 263 0.0067 H-1→L+8 (39), H-1→L+9 (38) 

71 262 0.0137 H-7→L+1 (24), H-1→L+8 (10) 

72 261 0.0161 H-1→L+8 (33), H-1→L+9 (17), HOMO→L+9 (10) 

73 260 0.0005 H-2→L+7 (10), HOMO→L+9 (50) 

74 260 0.0145 H-10→L+1 (10) 

75 260 0.0142 H-2→L+7 (43) 

76 259 0.0132 H-6→L+1 (27), HOMO→L+10 (37) 
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77 259 0.0059 H-9→L+1 (15), H-2→L+8 (15) 

78 258 0.0241 H-8→L+1 (12), H-6→L+1 (16), HOMO→L+10 (34) 

79 258 0.0287 H-8→L+1 (12), H-2→L+8 (12), H-1→L+10 (12) 

80 258 0.0124 H-9→L+1 (13), H-8→L+1 (25), H-2→L+8 (13) 

81 258 0.0328 H-1→L+10 (59) 

82 258 0.0079 H-8→L+1 (12), H-7→L+1 (31), H-6→L+1 (17) 

83 257 0.0055 H-10→L+1 (10) 

84 256 0.0096 H-3→L+4 (18) 

85 256 0.0274 H-11→L+1 (11), H-2→L+8 (12) 

86 256 0.0027 H-11→L+1 (17), H-10→L+1 (23), H-8→L+1 (13) 

87 255 0.0084 HOMO→L+11 (54) 

88 255 0.0095 H-12→L+1 (22), H-11→L+1 (12) 

89 254 0.0143 H-9→L+1 (16) 

90 254 0.0392 H-3→L+4 (15), H-2→L+9 (10), H-1→L+11 (13) 

91 254 0.0323 HOMO→L+11 (10) 

92 253 0.12 H-2→L+10 (12), H-1→L+11 (11) 

93 253 0.0481 H-12→L+1 (12) 

94 253 0.0157 H-1→L+11 (43), H-1→L+12 (10) 

95 252 0.0145 H-12→L+1 (11) 

96 252 0.0035 H-3→L+5 (22), H-2→L+9 (40) 

97 252 0.0277 H-1→L+12 (27), HOMO→L+12 (16) 

98 251 0.0268 
 

99 251 0.009 H-13→L+1 (40) 

100 251 0.0169 H-13→L+1 (10), H-2→L+10 (30) 

 

Figure S26. Left: Computed positions and oscillator strength for the 100st electronic transitions 

for [Pd3
2+] (MeOH solvent field applied). The black line is generated by applying a thickness of 

500 cm-1. Right: Experimental UV-vis spectrum (in MeOH) and oscillator strength for the 100st 

electronic transitions for [Pd3
2+] (MeOH solvent field applied).  

 



 

DFT calculation results for [Pd

                                              Side View
View 
Figure S27. Optimized geometry of 

Pd distances are 2.655 Å, 2.640 Å, and 2.624 Å; Pd•••O distances: 

O), 2.416 Å (1st O), 3.516 Å (2nd

Figure S28. Representations of the frontier MOs of 

(energies in eV). 
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DFT calculation results for [Pd3
2+]•••MCP assembly 

          

Side View                          

. Optimized geometry of [Pd3
2+]•••MCP in MeOH solvent field. The computed Pd

Pd distances are 2.655 Å, 2.640 Å, and 2.624 Å; Pd•••O distances: 3.368 Å (1st

nd O), 3.175 Å (2nd O), 2.411 Å (2nd O). 

. Representations of the frontier MOs of [Pd3
2+]•••MCP in MeOH solvent field 

 

    Top 

in MeOH solvent field. The computed Pd-

st O), 3.298 Å (1st 

 

in MeOH solvent field 
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Table S5. Computed positions and oscillator strengths for the first 100 electronic transitions for 

[Pd3
2+]•••MCP (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 682 0.0014 H-3→LUMO (57), H-2→LUMO (40) 

2 616 0.0253 H-5→LUMO (38), H-3→LUMO (23), H-2→LUMO (35) 

3 574 0.001 HOMO→LUMO (97) 

4 541 0.0191 H-6→LUMO (71), H-4→LUMO (16) 

5 527 0.0789 H-1→L+2 (33), HOMO→L+1 (67) 

6 525 0.0397 H-1→L+1 (35), HOMO→L+2 (64) 

7 519 0.2601 
H-5→LUMO (28), H-4→LUMO (37), H-3→LUMO (10), H-2→LUMO 

(12) 

8 505 0.0019 H-1→LUMO (98) 

9 496 0.1747 
H-8→LUMO (33), H-6→LUMO (15), H-5→LUMO (10), H-4→LUMO 

(31) 

10 486 0.1743 H-8→LUMO (53), H-5→LUMO (13) 

11 433 0.0017 H-17→LUMO (65), H-16→LUMO (14) 

12 420 0.0009 H-2→L+1 (97) 

13 417 0.015 H-3→L+1 (88) 

14 417 0.0055 H-28→LUMO (31), H-27→LUMO (18), H-26→LUMO (18) 

15 414 0.0004 H-2→L+2 (99) 

16 411 0.0019 H-3→L+2 (98) 

17 408 0.0574 H-32→LUMO (17), H-16→LUMO (15), H-15→LUMO (23) 

18 405 0.0099 H-49→LUMO (11), H-20→LUMO (13), H-19→LUMO (11) 

19 398 0.0306 H-50→LUMO (11), H-30→LUMO (10), H-18→LUMO (18) 

20 397 0.4312 H-7→L+1 (40), H-4→L+1 (34), H-1→L+2 (16) 

21 395 0.0453 H-7→L+1 (31), H-4→L+1 (63) 

22 394 0.3823 H-7→L+2 (66), H-1→L+1 (21), HOMO→L+2 (10) 

23 390 0.003 H-4→L+2 (98) 

24 383 1.5805 H-7→L+1 (26), H-1→L+2 (43), HOMO→L+1 (22) 

25 381 1.1194 H-7→L+2 (30), H-1→L+1 (41), HOMO→L+2 (24) 

26 373 0.0243 H-30→LUMO (23), H-18→LUMO (26) 

27 372 0.0001 H-7→LUMO (97) 

28 370 0.0008 H-5→L+1 (98) 

29 365 0.0001 H-5→L+2 (100) 

30 353 0.0006 H-16→LUMO (20), H-15→LUMO (56) 

31 350 0.0005 H-6→L+1 (98) 

32 349 0 H-9→LUMO (95) 

33 346 0.0004 H-12→LUMO (25), H-10→LUMO (48) 

34 346 0.0003 H-13→L+1 (11), H-12→L+2 (12), H-9→L+1 (19), H-6→L+2 (44) 

35 345 0.0092 HOMO→L+3 (58), HOMO→L+4 (10) 

36 345 0.0016 H-9→L+1 (15), H-6→L+2 (56) 
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37 344 0.0009 H-10→LUMO (29) 

38 343 0.0135 H-2→L+3 (27) 

39 343 0.0014 H-13→LUMO (22), H-11→LUMO (52) 

40 342 0.0006 H-12→LUMO (32) 

41 341 0.0008 H-20→LUMO (14), H-19→LUMO (45), H-18→LUMO (19) 

42 340 0.0013 
H-19→LUMO (10), H-13→L+2 (10), H-12→L+1 (15), H-10→L+1 (12), 

H-9→L+2 (19) 

43 340 0.0021 
H-28→LUMO (10), H-20→LUMO (10), H-19→LUMO (12), H-9→L+2 

(11) 

44 337 0.0018 H-24→LUMO (23), H-22→LUMO (15), H-20→LUMO (29) 

45 336 0.0044 H-32→LUMO (10), H-24→LUMO (37), H-22→LUMO (22) 

46 335 0.0118 
H-29→LUMO (12), H-14→LUMO (13), H-13→LUMO (21), H-

11→LUMO (12) 

47 335 0.0035 H-13→LUMO (46), H-11→LUMO (19) 

48 335 0.0356 H-11→L+1 (86) 

49 334 0.0649 H-10→L+1 (13), H-3→L+3 (19) 

50 334 0.0205 H-11→L+2 (10), H-10→L+1 (40), H-9→L+2 (19) 

51 333 0.031 H-26→LUMO (33), H-3→L+3 (11) 

52 333 0.021 H-11→L+2 (47), H-8→L+1 (36) 

53 332 0.0025 H-11→L+2 (24), H-10→L+1 (13), H-8→L+1 (50) 

54 331 0.0002 H-14→LUMO (28) 

55 331 0.0011 H-13→L+2 (21), H-12→L+1 (21), H-9→L+2 (35) 

56 330 0.0022 H-31→LUMO (11), H-27→LUMO (32), H-10→L+2 (13) 

57 330 0.0182 H-10→L+2 (57), H-9→L+1 (15) 

58 329 0.0005 H-12→L+2 (39), H-9→L+1 (32), H-8→L+2 (15) 

59 328 0.0001 H-8→L+2 (77) 

60 327 0.0234 H-2→L+3 (19), H-2→L+4 (47) 

61 325 0.0022 H-35→LUMO (15), H-32→LUMO (13), H-31→LUMO (20) 

62 325 0 H-13→L+1 (61), H-12→L+2 (25) 

63 324 0.0369 H-3→L+4 (11), HOMO→L+4 (17) 

64 323 0.0047 HOMO→L+3 (11), HOMO→L+4 (60) 

65 322 0.0344 H-3→L+4 (14), H-2→L+5 (12) 

66 321 0.0163 H-37→LUMO (10), H-34→LUMO (35), H-30→LUMO (17) 

67 320 0.0091 H-36→LUMO (44), H-34→LUMO (12) 

68 320 0.0874 H-3→L+4 (17) 

69 319 0.0221 H-13→L+2 (46), H-12→L+1 (38) 

70 319 0.0358 H-1→L+3 (77), H-1→L+4 (14) 

71 318 0.0126 H-4→L+3 (14), H-4→L+4 (11), H-3→L+3 (15), H-3→L+5 (15) 

72 317 0.0577 H-14→L+1 (72) 

73 316 0.0068 H-37→LUMO (29), H-36→LUMO (16) 

74 316 0.0067 H-14→L+2 (71) 

75 316 0.0384 H-38→LUMO (16) 

76 316 0.0266 H-40→LUMO (15), H-2→L+5 (12) 
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77 315 0.0011 
H-44→LUMO (11), H-39→LUMO (23), H-38→LUMO (15), H-

34→LUMO (11) 

78 314 0.0218 H-39→LUMO (22), H-38→LUMO (26) 

79 314 0.0082 H-40→LUMO (19), H-39→LUMO (17) 

80 313 0.0059 HOMO→L+5 (71), HOMO→L+6 (16) 

81 313 0.0001 H-22→LUMO (14), H-21→LUMO (54) 

82 312 0.001 H-41→LUMO (75) 

83 311 0.0603 HOMO→L+5 (12), HOMO→L+6 (34) 

84 311 0.0262 H-25→LUMO (12), HOMO→L+6 (19) 

85 311 0.0067 H-25→LUMO (83) 

86 310 0.0503 H-2→L+6 (21) 

87 310 0.0184 H-42→LUMO (29) 

88 309 0.031 H-43→LUMO (13) 

89 309 0.0109 HOMO→L+9 (55) 

90 309 0.0011 H-23→LUMO (30) 

91 308 0.0009 H-23→LUMO (61) 

92 308 0.0103 
H-44→LUMO (15), H-43→LUMO (11), H-42→LUMO (21), H-2→L+6 

(13) 

93 307 0.0154 H-3→L+5 (12), H-3→L+6 (32) 

94 306 0.0127 H-48→LUMO (10) 

95 305 0.0032 HOMO→L+7 (75) 

96 304 0.006 H-33→LUMO (50), H-31→LUMO (10) 

97 304 0.0011 H-47→LUMO (12), H-45→LUMO (16), H-2→L+7 (13) 

98 303 0.0469 H-4→L+4 (11), H-4→L+5 (12) 

99 303 0.0098 
H-46→LUMO (16), H-45→LUMO (10), H-3→L+8 (11), HOMO→L+8 

(10) 

100 303 0.0009 H-23→L+1 (77), H-21→L+2 (11) 

 
Figure S29. Left: Computed positions and oscillator strength for the 100st electronic transitions 
for [Pd3

2+] •••MCP (MeOH solvent field applied). The black line is generated by applying a 
thickness of 500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for the 100st 
electronic transitions for [Pd3

2+] •••MCP (MeOH solvent field applied). The experimental UV-
vis spectrum was recorded under 1 eq. [MCP] vs 8 eq. [Pd3

2+] in MeOH. 
 



 

DFT calculation results for [Pd

             Side View                                                      Top View
Figure S30. Optimized geometry of 

computed Pd-Pd distances are 2.658 Å, 2.642 Å, and 2.624

2.624 Å in the right; Pd•••O distances

O), 3.518 Å (2nd O), 3.179 Å (2

(1st O), 3.320 Å (1st O), 2.411 Å

introduction of second palladium

Figure S31. Representations of the frontier MOs of 

field (energies in eV). 
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DFT calculation results for [Pd3
2+]•••DCP•••[Pd3

2+] assembly

Side View                                                      Top View 
. Optimized geometry of [Pd3

2+]•••DCP•••[Pd3
2+] in MeOH solvent field.

Pd distances are 2.658 Å, 2.642 Å, and 2.624 Å in the left; 2.659 Å, 2.641 Å, and 

2.624 Å in the right; Pd•••O distances in left hand: 3.365 Å (1st O), 3.318 Å (1st

2nd O), 2.417 Å (2nd O); Pd•••O distances in right hand

, 2.411 Å (1st O), 3.518 Å (2nd O), 3.179 Å (2nd O), 2.417

palladium cluster has almost no effect on the porphyrin-cluster 

. Representations of the frontier MOs of [Pd3
2+]•••DCP•••[Pd3

2+] in MeOH solvent 

] assembly 

 

in MeOH solvent field. The 

Å in the left; 2.659 Å, 2.641 Å, and 

st O), 2.411 Å (1st 

in right hand: 3.366 Å 

2.417 Å (2nd O). The 

cluster assembly. 

 
in MeOH solvent 
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Table S6. Computed positions and oscillator strengths for the first 100 electronic transitions for 

[Pd3
2+]•••DCP•••[Pd3

2+] (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 668 0.0014 H-4->L+1 (45), H-2->L+1 (49) 

2 668 0.0014 H-5->LUMO (45), H-3->LUMO (49) 

3 629 0.0015 HOMO->LUMO (96) 

4 629 0.0015 HOMO->L+1 (95) 

5 607 0.0036 H-9->LUMO (10), H-8->L+1 (25), H-4->L+1 (23), H-2->L+1 (18) 

6 607 0.0302 H-9->LUMO (25), H-8->L+1 (10), H-5->LUMO (23), H-3->LUMO (18) 

7 566 0 H-1->LUMO (100) 

8 565 0 H-1->L+1 (100) 

9 532 0.0035 H-12->LUMO (17), H-11->L+1 (52), H-6->L+1 (13) 

10 532 0.037 H-12->LUMO (52), H-11->L+1 (17), H-7->LUMO (13) 

11 524 0.0813 H-1->L+3 (34), HOMO->L+2 (65) 

12 519 0.0121 H-1->L+2 (42), HOMO->L+3 (57) 

13 513 0.142 H-8->L+1 (12), H-7->LUMO (13), H-6->L+1 (38) 

14 513 0.2816 H-9->LUMO (12), H-7->LUMO (37), H-6->L+1 (12) 

15 492 0.0879 H-15->LUMO (50), H-9->LUMO (17), H-7->LUMO (13) 

16 492 0.0898 H-14->L+1 (50), H-8->L+1 (17), H-6->L+1 (13) 

17 477 0.0909 H-15->LUMO (20), H-14->L+1 (18), H-9->LUMO (12), H-8->L+1 (10) 

18 477 0.2684 H-15->LUMO (18), H-14->L+1 (20), H-9->LUMO (11), H-8->L+1 (12) 

19 465 0 H-2->LUMO (100) 

20 464 0 H-3->L+1 (100) 

21 457 0 H-4->LUMO (96) 

22 456 0 H-5->L+1 (96) 

23 440 0 H-6->LUMO (96) 

24 440 0 H-7->L+1 (96) 

25 424 0.0021 
H-43->LUMO (17), H-41->LUMO (11), H-34->LUMO (13), H-29-

>LUMO (18) 

26 424 0.002 H-43->L+1 (15), H-41->L+1 (12), H-34->L+1 (12), H-29->L+1 (20) 

27 411 0.0025 H-51->LUMO (12), H-47->LUMO (20), H-46->LUMO (16) 

28 411 0.0024 H-50->L+1 (10), H-47->L+1 (19), H-46->L+1 (21) 

29 403 0.0284 H-25->LUMO (11) 

30 402 0.0523 H-24->L+1 (10) 

31 401 0 H-8->LUMO (100) 

32 400 0 H-9->L+1 (100) 

33 400 0.0013 
 

34 400 0.0145 
 

35 393 0.0725 
 

36 393 0.0175 
 

37 392 0.0096 H-10->LUMO (86) 
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38 392 0.0065 H-10->L+1 (88) 

39 392 0.0014 H-2->L+2 (92) 

40 391 0.0033 H-3->L+2 (94) 

41 391 0.4483 H-10->L+2 (61), H-1->L+3 (15) 

42 386 0.1196 H-5->L+2 (36), H-4->L+2 (50) 

43 385 0.0117 H-5->L+2 (53), H-4->L+2 (45) 

44 384 0.2439 H-10->L+3 (67), H-1->L+2 (17), HOMO->L+3 (10) 

45 380 0.0199 H-2->L+3 (98) 

46 379 0.0357 H-3->L+3 (97) 

47 379 1.371 H-10->L+2 (18), H-1->L+3 (28), HOMO->L+2 (16) 

48 378 0 H-11->LUMO (94) 

49 377 0 H-12->L+1 (93) 

50 374 0.0285 H-13->LUMO (50), H-5->L+3 (13), H-4->L+3 (26) 

51 374 0.0385 H-13->LUMO (42), H-5->L+3 (17), H-4->L+3 (31) 

52 374 0.0002 H-13->L+1 (91) 

53 374 0.0107 H-5->L+3 (59), H-4->L+3 (38) 

54 373 0.0044 H-7->L+2 (16), H-6->L+2 (83) 

55 373 0.0091 
 

56 373 0.0127 
 

57 372 0.099 H-7->L+2 (67), H-6->L+2 (13) 

58 371 0.6769 H-10->L+3 (23), H-1->L+2 (31), HOMO->L+3 (22) 

59 367 0.0009 H-19->L+1 (17), H-16->L+1 (69) 

60 367 0.0004 H-19->LUMO (19), H-16->LUMO (67) 

61 365 0.0001 H-18->LUMO (21), H-17->LUMO (71) 

62 365 0.0001 H-17->L+1 (91) 

63 363 0.0001 HOMO->L+4 (84), HOMO->L+6 (10) 

64 363 0.0021 H-6->L+3 (93) 

65 363 0.0124 H-7->L+3 (95) 

66 362 0.0002 H-18->LUMO (61), H-17->LUMO (17), H-14->LUMO (17) 

67 361 0.0002 H-18->L+1 (76), H-15->L+1 (18) 

68 359 0.0011 H-22->LUMO (41), H-21->LUMO (19) 

69 359 0.0012 H-22->L+1 (12), H-21->L+1 (47) 

70 358 0 H-19->LUMO (49), H-16->LUMO (12), H-14->LUMO (29) 

71 358 0 H-19->L+1 (51), H-16->L+1 (10), H-15->L+1 (29) 

72 357 0 H-19->LUMO (28), H-16->LUMO (11), H-14->LUMO (49) 

73 357 0 H-19->L+1 (28), H-18->L+1 (10), H-16->L+1 (10), H-15->L+1 (49) 

74 350 0.2399 H-1->L+3 (10), HOMO->L+5 (49), HOMO->L+7 (17) 

75 350 0.0072 H-27->LUMO (21), H-25->LUMO (15) 

76 350 0.0125 H-26->L+1 (20), H-24->L+1 (14) 

77 347 0.0001 H-33->LUMO (22), H-27->LUMO (31), H-25->LUMO (14) 

78 347 0.0002 H-31->L+1 (21), H-26->L+1 (28), H-24->L+1 (15) 

79 347 0.0021 H-32->LUMO (37) 

80 347 0.0015 H-30->L+1 (40), H-26->L+1 (12) 
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81 346 0.0013 H-8->L+2 (78) 

82 346 0.0039 H-9->L+2 (79) 

83 346 0 H-19->L+2 (28), H-17->L+3 (23), H-13->L+2 (44) 

84 344 0.0004 H-39->L+1 (13), H-31->L+1 (40) 

85 344 0.0004 H-39->LUMO (15), H-33->LUMO (12), H-32->LUMO (27) 

86 342 0.0103 H-2->L+4 (17), H-2->L+5 (25) 

87 342 0.0058 H-3->L+4 (19), H-3->L+5 (24) 

88 342 0.0006 H-35->L+1 (58) 

89 342 0.0006 H-36->LUMO (57) 

90 341 0 H-1->L+4 (86), H-1->L+6 (11) 

91 341 0.0015 H-44->L+1 (10), H-43->L+1 (13), H-35->L+1 (15), H-20->L+1 (13) 

92 340 0.0014 H-43->LUMO (13), H-36->LUMO (14), H-20->LUMO (13) 

93 340 0.0001 H-19->L+3 (17), H-17->L+2 (53), H-13->L+3 (23) 

94 339 0.0002 H-40->L+1 (13), H-37->L+1 (28), H-20->L+1 (11) 

95 339 0.0002 
H-41->LUMO (10), H-38->LUMO (18), H-37->LUMO (15), H-20-

>LUMO (12) 

96 337 0.0021 H-42->LUMO (45), H-40->L+1 (11), HOMO->L+6 (10) 

97 337 0.0003 H-42->LUMO (15), H-40->L+1 (41) 

98 337 0.0005 HOMO->L+6 (73) 

99 336 0.0422 H-16->L+2 (88) 

100 336 0.0002 H-8->L+3 (11), HOMO->L+5 (26), HOMO->L+7 (53) 

 

 

Figure S32. Left: Computed positions and oscillator strength for the 100st electronic transitions 

for [Pd3
2+]•••DCP•••[Pd3

2+] (MeOH solvent field applied). The black line is generated by 

applying a thickness of 500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength 

for the 100st electronic transitions for [Pd3
2+]•••DCP•••[Pd3

2+] (MeOH solvent field applied). 

The experimental UV-vis spectrum was recorded under 1 eq. [DCP] vs 4 eq. [Pd3
2+] in MeOH. 
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Fs transient absorption spectroscopy 

 
Figure S33. TAS spectra of [Pd3

2+] in MeOH at 298 K as a function of delay time between the 

pump and probe laser pulses. 

A B  

C D  
Figure S34. TAS of MCP (A), and MCP with 1 (B), 2 (C), and 4 (D) eqs. of [Pd3

2+] in MeOH 

at 298 K as a function of delay time between the pump and probe laser pulses.  
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A  
 

B  
 

C  
 

Figure S35. TAS of DCP (A), and DCP with 1 (B) and 2 (C) eqs. of [Pd3
2+] in MeOH at 298 K 

as a function of delay time between the pump and probe laser pulses. 
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A B  
Figure S36. Decay traces of the TAS signal monitored at different wavelengths for [Pd3

2+] in 

MeOH at 298 K as a function of delay time between the pump and probe laser pulses. 

A B  

C D  
 

Figure S37. Decay traces of the TAS signal monitored at different wavelengths for MCP (A), 

and MCP with 1 (B), 2 (C), and 4 (D) eqs. of [Pd3
2+] in MeOH at 298 K as a function of delay 

time between the pump and probe laser pulses. 
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A  

B  

C  
 
Figure S38. Decay traces of the TAS signal monitored at different wavelengths for DCP (A), 

and DCP with 1 (B) and 2 (C) eqs. of [Pd3
2+] in MeOH at 298 K as a function of delay time 

between the pump and probe laser pulses. 
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CHAPTER 4. 

ELECTRON-TRANSFER KINETICS WITHIN SUPRAMOLECULAR 

ASSEMBLIES OF DONOR TETRAPYRROLIC DYES AND AN 

ACCEPTOR PALLADIUM CLUSTER 

4.1. Project outlines 

In Chapter 3, ultrafast photoinduced electron transfer was reported in the assemblies fabricated 

with porphyrins and palladium cluster, where typical porphyrins (MCP and DCP) with 

carboxylate group as binding site were applied. DCP with two carboxylate groups exhibited 

stronger binding interaction than that for MCP with one carboxylate group. It will be reasonable 

to suppose what can be induced if more binding sites were incorporated. Besides, the π-

conjugation of the central porphin in a typical porphyrin has been reported previously. It should 

be meaningful to study the effect of using π-extended porphyrins on the electron transfer 

behavior in the assemblies. Here the extended research of former Chapter was presented. 

Tetrabenzoporphyrin is a series of modified porphyrins peripherally tailing four benzo groups at 

β, β-positions. Fusion of four aromatic rings introduces strong electronic communications for the 

highly π-conjugated plane of porphyrins, especially worth noting the bathochromic absorption 

and efficient emission in the near-infrared region. The synthesis and application of 

tetrabenzoporphyrin have been summarized in Chapter 1. Due to these excellent properties, 9, 18, 

27, 36-tetrakis-meso-(4-carboxyphenyl)tetrabenzoporphyrinatozinc(II) (TCPBP, as a sodium salt; 

Chart 2) was selected as the candidate, and 5, 10, 15, 20-tetrakis-meso-(4-

carboxyphenyl)porphyrinatozinc(II) (TCPP as a sodium salt; Chart 2) was also studied for 

comparison purpose. 

Among this study, TCPBP and TCPP, both with four carboxylate groups, were utilized as 

electron donors to construct supramolecular assemblies with [Pd3
2+] cluster as the electron 

acceptor. DFT and TDDFT calculations were used to explain the structure of these assemblies. 

Measurements of binding constants proved that these assemblies mainly exist in the form of one 

porphyrin with four equivalent clusters. Also, these systems were investigated by transient 

absorption spectra (TAS), quenching measurements and electrochemistry, etc. Ultrafast electron 

transfers (< 85 fs; time resolution limit) were observed, which is similar as those for 
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MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+]. Our results indicated the structural modification 

from porphyrin to tetrabenzoporphyrin does not greatly influence the kinetic behavior of the 

forward and back electron transfers, so a large improvement of the solar cell efficiency based on 

this type of structural functionalization cannot be expected. 

This work was published in Inorganic Chemistry, 2016, 55 (4), 1894-1904 by Peng Luo, Paul-

Ludovic Karsenti, Gessie Brisard, Benoit Marsan and Pierre D. Harvey. This research work was 

conducted in Université de Sherbrooke under the supervision of Prof. Benoit Marsan (UQAM) 

and Prof. Pierre D. Harvey. I synthesized the compounds and performed all the measurements 

and calculations reported in the paper. Paul-Ludovic Karsenti measured the transient absorption 

spectra. Prof. Gessie Brisard supervised me for the electrochemical characterizations. I wrote the 

first draft of the manuscript. Prof. Benoit Marsan and Prof. Pierre D. Harvey revised and 

finalized the manuscript. 

4.2. Paper published in Inorganic Chemistry, 2016, 55 (4), 1894-1904. 

Electron-Transfer Kinetics within Supramolecular Assemblies of Donor Tetrapyrrolic 

Dyes and an Acceptor Palladium Cluster 

Peng Luo,a Paul-Ludovic Karsenti,a  Gessie Brisard,a  Benoit Marsan*b and Pierre D. Harvey*a 

aDépartement de chimie, Université de Sherbrooke, Sherbrooke, QC, J1K 2R1, Canada.  
bDépartement de chimie, Université du Québec à Montréal, Montréal, QC, H2X 2J6, Canada. 

4.2.1. Abstract  

9, 18, 27, 36-Tetrakis-meso-(4-carboxyphenyl)tetrabenzoporphyrinatozinc(II), (TCPBP, as a 

sodium salt) was prepared in order to compare its photoinduced electron transfer behaviour to an 

unsaturated cluster Pd3(dppm)3(CO)2+ ([Pd3
2+], dppm = Ph2PCH2PPh2

 as a PF6‾
 salt) with that of 5, 

10, 15, 20-tetrakis-meso-(4-carboxyphenyl)porphyrinatozinc(II), TCPP, in non-luminescent 

assemblies of the type dye•••[Pd3
2+]x (x = 0-4, dye = TCPP, TCPBP) using fs transient 

absorption spectroscopy. Binding constants extracted from UV-vis titration methods are the same 

as those extracted from fluorescence quenching measurements (static model) and both indicate 

that the TCPBP•••[Pd3
2+]x assemblies (K14 = 36000 M-1) are slightly more stable than those for 

TCPP•••[Pd3
2+]x (K14 = 27000 M-1). DFT computations (B3LYP) corroborate this finding as the 

average ionic Pd•••O distance is shorter in the TCPBP•••[Pd3
2+] assembly compared to that for 
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TCPP•••[Pd3
2+]. Despite the difference in binding constants and excited state driving forces for 

the photoinduced electron transfer in dye*•••[Pd3
2+] → dye+•••[Pd3

+], the time scale for this 

process is ultrafast in both cases (< 85 fs). The time scales for the back electron transfers 

(dye+••• [Pd3
+] → dye•••[Pd3

2+]) occuring in the various observed species (dye•••[Pd3
2+]x; x = 

0-4) are the same for both series of assemblies. It is concluded that the structural modification 

going from porphyrin to tetrabenzoporphyrin does not greatly affect the kinetic behavior in these 

processes. 

 

TOC Graphic 

4.2.2. Introduction 

The free bases 5, 10, 15, 20-tetrakis-(meso-phenyl)porphyrin (H2TPP) and 9, 18, 27, 36-tetrakis-

(meso-phenyl)tetrabenzoporphyrin (H2TPBP) are two symmetric molecules bearing the central 

porphin chromophore (Chart 1). Both motifs and their substituted derivatives, whether they are 

in their metallated forms (respectively MTPP and MTPBP) or not, are known to exhibit 

photovoltaic properties. Indeed, the 5, 10, 15, 20-tetrakis-meso-(4-carboxyphenyl)porphyrin, 

TCPP, under the acid form (see structure in Chart 2 as the sodium salt), as well as their 

metallated versions (M = Mg, Zn, Pd), were investigated for their photovoltaic abilities.1 

Concurrently, the H2TPBP, MTPBP and their substituted derivatives have been thoroughly 

investigated for their photoinduced electron transfer properties,2 but such type of chromophores 

is notoriously known for triplet-triplet annihilation behaviour and their applications in 

upconversion in relation with solar cells.3 Indeed, the design of photovoltaic cells was also 

made.4 More specifically, the TCPBP motif (Chart 2 under the acid form, M = 2H, Pd, Pt) is 

also known, but their investigations are mostly limited to biological applications including 

oxygen sensing imaging and photodynamic therapy.5 Recently, our groups reported the rate for 
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electron transfers between 5-(4-carboxylphenyl)-10, 15, 20-tristolyl(porphyrinato)zinc(II) (MCP) 

and 5, 15-bis(4-carboxylphenyl)-15, 20-bistolyl(porphyrinato)zinc(II) (DCP) (Chart 1) and an 

unsaturated cluster Pd3(dppm)3(CO)2+ ([Pd3
2+], dppm = Ph2PCH2PPh2 as a PF6‾ salt, Chart 2),6  

known for its good electron acceptor ability,7 held together through ionic interactions 

(CO2‾∙∙∙Pd3
2+).8 The time scale turned out to be particularly short (< 85 fs). We now report a 

comparative study between the TCPP and TCPBP dyes where the driving force for electron 

transfer differs (Chart 2).  

 
 

Chart 1. Structures of H2TPP, H2TPBP, MCP and DCP. 

Chart 2. Structures of TCPP, TCPBP and [Pd3
2+]. 

4.2.3. Experimental section 

4.2.3.1. Materials.  

All commercial reagents were used as received, or purified by standard procedures before use. 

The [Pd3(dppm)3(CO)](PF6)2 cluster, [Pd3
2+],9a 5, 10, 15, 20-tetrakis(4-

carboxyphenyl)porphyrinatozinc(II),9b 4, 7-dihydro-4, 7-ethano-2H-isoindole9c were prepared 

according to literature procedures. 9, 18, 27, 36-Tetrakis-meso-(4-

carboxyphenyl))tetrabenzoporphyrinatozinc(II)9d-f was synthesized based on corrected method 
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reported previously. Carboxylate sodium salts TCPP and TCPBP were further obtained from 

relevant acid counterparts.10 

9, 18, 27, 36-Tetrakis(4-carboxymethylphenyl)-3, 6, 12, 15, 21, 24, 30, 33-octahydro-3, 6; 12, 15; 

21, 24; 30, 33-tetraethanotetrabenzoporphyrinatozinc(II) (TCPBP-1): 

(i) Trifluoroacetic acid (TFA, 114 mg, 1 mmol) was added into a stirred solution of 4,7-dihydro-

4,7-ethano-2H-isoindole (1450 mg, 10 mmol) and methyl 4-formylbenzoate (1650 mg, 10 mmol) 

in 1000 mL dry DCM under argon at room temperature. After stirring for 4 h, DDQ (2500 mg, 

11 mmol) and 10 mL triethylamine were added, and the reaction mixture was stirred for an 

additional 2 h. The solvents were removed in vacuo, and the residue was purified by column 

chromatography on alumina gel eluting with DCM:THF (9:1). The green fraction was collected 

and the solvents were removed. (ii) Zn(OAc)2·2H2O  (660 mg, 3 mmol) in 20 mL MeOH was 

added to 100 mL DCM solution of above free-base porphyrin. The mixture was stirred overnight 

at room temperature. The solution was washed with water and brine, and dried over anhydrous 

Na2SO4. The residue was purified by column chromatography on alumina gel eluting with 

DCM:THF (9:1). The crude product was collected as a green fraction and recrystallized with 

DCM/MeOH to yield the title compound (640 mg, 0.52 mmol, 21%). 1H NMR (400 MHz, 

CD2Cl2-d2): δ (ppm) 8.85-8.30 (m, 16 H, Ar), 6.60-6.35 (m, 8 H, CH=CH), 4.23-4.12 (m, 12 H, 

CH3), 3.71-3.62 (m, 8 H, CH), 1.51-1.40 (m, 16 H, CH2CH2); MS (MALDI-TOF): calcd. for 

C76H60N4O8Zn 1220.3703, found. 1220.4802 (M), 1192.4335 (M – C2H4), 1164.3977 (M – 

C4H8), 1136.3715 (M – C6H12), 1108.3301 (M – C8H16). 

9, 18, 27, 36-Tetrakis(4-carboxymethylphenyl)tetrabenzoporphyrinatozinc(II) (TCPBP-2): 

TCPBP-1 (123 mg, 0.1 mmol) was heated in a sample tube under vacuum at 180-200 °C for 10 

min. Then the solid was purified by column chromatography on silica gel eluting with DCM, and 

recrystallized with DCM/MeOH to yield the title compound (100 mg, 0.1 mmol, 90%). 1H NMR 

(400 MHz, CD2Cl2-d2): δ (ppm) 8.65-8.35 (m, 16 H, Ar), 7.40-7.05 (m, 16 H, β-benzo), 4.23-

4.12 (m, 12 H, CH3); MS (MALDI-TOF): calcd. for C68H44N4O8Zn 1108.2451, found. 

1108.3179. 

9, 18, 27, 36-Tetrakis(4-carboxyphenyl)tetrabenzoporphyrinatozinc(II) acid (TCPBP-H): 
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Aqueous NaOH solution (5 M, 1 mL, 5.0 mmol) was added to a 2:1 THF:MeOH solution of 

TCPBP-2 (110 mg, 0.1 mmol, 60 mL). The mixture was stirred under reflux for 5 h. Then 

aqueous HCl solution (1 M) was carefully added to adjust the solution pH to 6-7. The resultant 

precipitate was filtered and washed with H2O and ether to afford title compound (84 mg, 0.08 

mmol, 80%). 1H NMR (400 MHz, CD2Cl2-d2): δ (ppm) 8.70-8.35 (m, 16 H, Ar), 7.79-6.75 (m, 

16 H, β-benzo); MS (MALDI-TOF): calcd. for C64H36N4O8Zn 1052.1825, found. 1048.3673 (M 

– 4H from carboxyl), 1071.3959 (M + Na – 4H from carboxyl), 1087.3663 (M + K – 4H from 

carboxyl). 

Sodium 9, 18, 27, 36-Tetrakis(4-carboxyphenyl)tetrabenzoporphyrinatozinc(II) (TCPBP): 

TCPBP-H (105 mg, 0.1 mmol) was dissolved in 30 mL THF under argon. Then 4.0 equivalent 

aqueous NaOH solution was added slowly, and the mixture was stirred overnight at room 

temperature. The resultant precipitate was filtered and washed with DCM, THF and ether. The 

solid was dissolved in 50 mL MeOH and filtered, then 30 mL toluene was added into the filtrate. 

By carefully removing the MeOH in vacuo, the porphyrin salt was precipitated out of the 

solution. The resultant precipitate was filtered and washed with DCM and ether. After drying 

under vacuum, the title compound was obtained (80 mg, 70%). 1H NMR (400 MHz, CD3OD-d4): 

δ (ppm) 8.55-8.15 (m, 16 H, Ar), 7.40-7.05 (m, 16 H, β-benzo). 

4.2.3.2. Instruments 

NMR spectra were collected on a Bruker DRX 400 spectrometer using deuterated solvent with 

tetramethylsilane (TMS) as internal standard. MALDI-TOF mass spectra were recorded on a 

Waters Synapt MALDI HDMS TOF mass spectrometer (Waters Canada, Ontario, Canada) 

powered by a solid state laser with dithranol (DIT) as matrix. All samples were freshly prepared 

and measured within 1 h. Absorption spectra were measured on a Varian Cary 300 Bio UV-Vis 

spectrometer at 298 K and on a Hewlett-Packard 8452A diode array spectrometer with a 0.1 

second integration time at 77 K.  Steady state UV-Vis emission spectra were acquired on an 

Edinburgh Instruments FLS980 phosphorimeter equipped with single monochromators, while 

steady state near infrared (NIR) emissions were measured by QuantaMaster 400 phosphorimeter 

from Photon Technology International (PTI), which were excited by a Xenon lamp and recorded 

with a NIR PMT-7-B detector. All emission spectra were corrected for instrument response. 

Fluorescence lifetime measurements were made with the FLS980 phosphorimeter using a 378 
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nm picosecond pulsed diode laser (FWHM = 90 ps) as an excitation source. Data collection on 

the FLS980 system is done by time correlated single photon counting (TCSPC) system.  

4.2.3.3. Electrochemical measurements 

Electrochemical measurements were conducted with a three-electrode potentiostat (Princeton, 

Applied Research Corporation, Model 273A) in solvents deoxygenated by purging with purified 

Ar gas. Cyclic voltammetry was obtained by using a three-electrode cell equipped with a glassy 

carbon disk (0.07 cm2) as the working electrode, a platinum wire as auxiliary electrode, and a 

freshly polished silver wire as pseudo reference electrode at 298 K. The working electrode was 

polished with aluminium oxide (0.03 μm) on felt pads (Buehler) and treated ultrasonically for 1 

min before each experiment. The reproducibility of individual potential values was within ± 5 

mV. Tetra-n-butylammonium hexafluorophosphate (TBAPF6) was used as supporting electrolyte, 

which was obtained from Sigma-Aldrich, and used without further purification. 

Ferrocene/ferrocenium (Fc/Fc+) was used as internal standard before and after each measurement 

(less than 1 h). Potentials were converted to values for saturated calomel electrode (SCE) by 

addition of 0.16 V, which was calibrated using ferrocene/ferrocenium (Fc/Fc+).  

4.2.3.4. Density functional theory calculations 

All density functional theory (DFT) and time dependent density functional theory (TDDFT) 

calculations were performed with Gaussian 0911 at the Université de Sherbrooke using the 

Mammouth supercomputer supported by Le Réseau Québécois De Calculs Hautes Performances. 

The DFT geometry optimizations as well as TDDFT calculations12-21 were carried out using the 

B3LYP method. A 6-31g* basis set was applied to the H, C, N, O, Na, and P atoms in porphyrins, 

palladium cluster, and porphyrin-palladium cluster assembly. Valence double ζ with 

Stevens−Basch−Krauss−Jasien−Cundari effective core potentials were used for all Zn and Pd 

atoms.22-27 All calculations were carried out in a MeOH solvent field. The calculated absorption 

spectra were obtained from GaussSum 2.1.28 

4.2.3.5. Femtosecond transient absorption spectroscopy 

The fs transient spectra and decay profiles were acquired on a homemade system using the SHG 

of a Soltice (Spectra Physics) Ti-sapphire laser (λexc = 398 nm; FWHM = 75 fs; pulse energy = 

0.1 μJ per pulse, rep. rate = 1 kHz; spot size ∼ 500 μm), a white light continuum generated inside 
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a sapphire window and a custom made dual CCD camera of 64 × 1024 pixels sensitive between 

200 and 1100 nm (S7030, Spectronic Devices). The delay line permitted to probe up to 4 ns with 

an accuracy of ∼4 fs. The results were analysed with the program Glotaran (http://glotaran.org) 

permitting to extract a sum of independent exponentials (�(�, �) = ��(�) ×  �
�
��
� + ��(�) ×  �

�
��
� + ⋯ ) 

that fits the whole 3D transient map. 

4.2.4. Results and discussion 

4.2.4.1. Synthesis 

During the course of this study the new compound TCPBP as Na+ salt was prepared (Scheme 1). 

The key intermediate, TCPBP-2, was synthesized from the known procedures involving the 

starting materials 4, 5, 6, 7-tetrahydroisoindole (1)29 or 4, 7-dihydroisoindole (2).30 The route 

using 1 is widely used in the literature despite the cost of reactants. Its popular approach stems 

from the ease with which target tetrabenzoporphyrin are prepared from this starting material. 

Concurrently, the route using 2 involves more steps. Moreover, both 1 and 2 show relatively low 

yield (~30-40%) when they are oxidized by DDQ en route to prepare the benzoporphyrin 

skeleton. Recently, the preparation of 4, 7-dihydro-4, 7-ethano-2H-isoindole (3)9c was well 

optimized by a short and economical route with comparable yield as for the preparation of 1 and 

2, which became an attractive synthon in the synthesis of tetrabenzoporphyrin materials. 

 

Scheme 1. Synthetic route for TCPBP. Reagents and conditions: (i) TFA, 4 h, DDQ; (ii) 

Zn(OAc)2·2H2O, rt, overnight, overall yield for (i) and (ii), 21 %; (iii) solid state, 180-200 °C, 10 

min, 90%; (iv) NaOH, reflux, 5 h, 80%; (v) THF, NaOH, rt, overnight, 70%. 
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Based on the Lindsey method,31 3 and methyl 4-formylbenzoate were condensed under acid 

catalysis conditions, and Zn(OAc)2·2H2O was used to incorporate zinc(II) inside the macrocycle 

to obtain TCPBP-1 (Scheme 1). This intermediate is not stable because of the four fragile -

CH2CH2- bridges. TCPBP-1 was oxidized in TCPBP-2 in the solid state directly. Afterwards, 

TCPBP-2 was hydrolyzed to produce the corresponding TCPBP-H acid. These oxidation and 

hydrolysis steps cannot be reversed (hydrolysis then oxidation) as the hydrolysis of TCPBP-1 

breaks the ethylene bridges and causes undesired secondary reactions. Moreover, the hydrolyzed 

TCPBP-1 product with four carboxyl groups could be unsuitable for purification by column 

chromatography. The sodium salt was introduced by the neutralisation of the acid groups by 

NaOH. The desired functional group -CO2‾ promotes the desired ionic interactions with the 

[Pd3
2+] cluster. 

4.2.4.2. Photophysical characterization of the dyes 

The electronic spectra of TCPP and TCPBP are presented in Figure 1 (the spectral data are 

placed in Table 1) and exhibit the typical * signature of the porphyrin chromophore. The 0-0 

phosphorescence peaks for TCPP and TCPBP at 77 K are observed at ~780 (Figure 1) and 830 

nm (SI). The fluorescence lifetimes are 2.24 and 3.32 ns for TCPP and 2.44 and 2.99 ns for 

TCPBP, respectively in MeOH at 298 K and 1:1 MeOH:2MeTHF at 77 K, which are also 

reminiscent for that of the porphyrinatozinc(II) chromophore. The fluorescence quantum yields, 

F, for TCPP and TCPBP in MeOH are 0.038 and 0.031 based on H2TPP (F = 0.11).32 
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Figure 1. Top: absorption (black), emission (red), and excitation (blue) spectra of TCPP in 

MeOH at 298 K (left) and in 1:1 MeOH:2MeTHF at 77 K (right). Bottom: absorption (black), 

emission (red), and excitation (blue) spectra of TCPBP in MeOH at 298 K (left) and in 1:1 

MeOH:2MeTHF at 77 K (right). 

Table 1. Absorption, emission and excitation data of TCPP and TCPBP (as sodium salt). 

  
Absorption λmax (nm) 
(ε (× 103 M-1·cm-1)) 

Emission λmax 
(nm)a 

Excitation λmax 
(nm)b 

TCPP 
298 K 424 (311.2), 556 (17.1), 597 (6.5) 607, 658 425 
77 K 428, 560, 600 600, 655 428 

TCPBP 
298 K 463 (249.8), 602 (27.8), 647 (41.4) 710 461 
77 K 479, 608, 664 706 479 

a exc = 420 nm for TCPP at 298 (in MeOH) and 77 K (in 1:1 MeOH:2MeTHF mixture); 460 nm for TCPBP at 298 

and 480 nm for TCPBP at 77 K. bem = 650 nm for TCPP at 298  and 77 K; 710 nm for TCPBP at 298  and 77 K. 
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4.2.4.3. Cyclic voltammetry and driving force for electron transfer 

The cyclic voltammograms, CV, of TCPP and TCPBP (as Na+ salts) in MeOH have been 

recorded (Figure 2; Table 2). Both species exhibit irreversible oxidation (in the 0.70-1.80 V vs 

SCE window) and reduction (in the -0.80 - -1.00 V vs SCE range) waves. For the purpose of this 

work, the lower oxidation potential for TCPBP is consistent with its richer electronic density due 

to the fused benzo rings. Consequently, the photo-induced electronic electron transfer discussed 

below should be thermodynamically more favorable for TCPBP in comparison with TCPP. The 

difference in oxidation peak potential is however small (see Table 2: 0.76 vs 0.81 V, and 1.23 vs 

1.26 V). 

 

Figure 2. CV`s of TCPP (black, 1.0 × 10-3 M) and TCPBP (red, 3.0 × 10-3 M) in MeOH at 298 

K containing 0.1 M TBAPF6 as supporting electrolyte (scan rate = 50 mV/s). 

Table 2. Oxidation and reduction peak potentials (Ep) of TCPP and TCPBP in MeOH (in V vs 

SCE). 

 Oxidation Ep Reduction Ep 
TCPP +0.81, +1.26 -0.99 

TCPBP +0.76, +1.23, +1.78 -0.84 
 

In parallel, the [Pd3
2+] cluster exhibits oxidation and reduction potentials at E0/+1 = +0.95 V and 

E0/-1
 = -0.50 V vs SCE, respectively.7c, 33 Using the 0-0 peak position of the Q band (at 77 K for 

more precision: 600 nm (TCPP; 2.07 eV) and 664 nm (TCPBP; 1.87 eV)), the S1 driving forces 

for the oxidative (respectively +1.26 and +1.11 V vs SCE) and reductive quenching (respectively 
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-1.08 and -1.03 V vs SCE) can be extracted as well as Es for donor*•••[Pd3
2+] → donor+••• 

[Pd3
+] (+0.76 (TCPP), +0.61 (TCPBP) V vs SCE), and for acceptor*•••[Pd3

2+] → 

acceptor‾•••[Pd3
3+] (+0.13 (TCPP), +0.08 (TCPBP) V vs SCE). Thermodynamically, these 

processes are all favorable but the oxidative quenching of the dyes is clearly more favorable than 

the reductive one. Moreover, the size of the Es for acceptor*•••[Pd3
2+] → acceptor‾•••[Pd3

3+] 

are most likely too small to overcome the reorganization energy. Consequently, this process will 

be too slow to be significant and the fluorescence quenching must pass through an oxidative 

process (dye*•••[Pd3
2+] → dye+••• [Pd3

+]). 

4.2.4.4. DFT and TDDFT computations 

In order to address the nature of the frontier MOs, a computational study is performed on 

optimized geometries of TCPP and TCPBP (as Na+ salt). Selected MO representations for 

TCPBP are provided in Figure 3 (see SI for more representations as well as those of TCPP). In 

both cases, the resulting optimized geometries exhibit a saddle-shaped structure, somewhat more 

pronounced for TCPBP, witnessing steric contacts between the ortho-C-H bonds of the fused 

benzenes and the meso-phenyl substituents (Figure 3). The first four frontier MO representations 

are clearly reminiscent of the Gouterman model for the metallo-porphyrin - and *orbitals. 

TDDFT computations are used to address the electronic spectra of both dyes in MeOH (Figure 3 

and Table 3). The calculated positions of the 0-0 peaks indicate degenerescence which is 

consistent with the local D4h symmetry (i.e. not considering the meso-phenyl substituents). The 

calculated 548 and 611 nm positions, respectively for TCPP and TCPBP, are ~ 50 and 35 nm 

blue-shifted with respect to their corresponding experimental values (597 and 647 nm). In the 

same manner, the computed positions of the Soret bands, in the vicinity of 400 and 450 nm for 

TCPP and TCPBP, respectively, exhibit a little blue shift as well (Tables 1 and 3). The 

computed positions and oscillator strengths compare favourably with the experimental spectra 

(Figure 3, bottom right and SI). All in all, the DFT and TDDFT confirm that the nature of the 

low-energy singlet excited states are *, as expected. 
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Figure 3. Left: Representation of the selected frontier MOs of TCPBP in a MeOH field. Top 

right: side view of the optimized geometry of TCPBP stressing the saddle shape of the 

chromophore. Bottom right: graph reporting the computed position (TDDFT in nm) of the 

electronic transitions as a function of the calculated oscillator strength (f; blue) for TCPBP in a 

MeOH solvent field overlaid with the experimental absorption spectrum. 

Table 3. Computed positions (TDDFT) and oscillator strengths (f) of the first four electronic 

transitions, and the major contributions for TCPP and TCPBP. 

No. (nm) f Major contributions (%) 

TCPP 

1 548 0.055 H-1→L+1 (33), HOMO→LUMO (61) 
2 548 0.055 H-1→LUMO (33), HOMO→L+1 (61) 

3 402 1.680 
H-1→LUMO (39), H-1→L+1 (23),  

HOMO→LUMO (12), HOMO→L+1 (21) 

4 402 1.680 
H-1→LUMO (23), H-1→L+1 (39),  

HOMO→LUMO (21), HOMO→L+1 (12) 

TCPBP 

1 611 0.108 H-1→LUMO (27), HOMO→L+1 (72) 
2 611 0.111 H-1→L+1 (27), HOMO→LUMO (72) 
3 446 1.636 H-1→LUMO (71), HOMO→L+1 (28) 
4 446 1.625 H-1→L+1 (71), HOMO→LUMO (27) 
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4.2.4.5. Assembling of the dyes with [Pd3
2+] 

The assembling of TCPP and TCPBP with [Pd3
2+] has been monitored by UV-vis spectroscopy 

(Figure 4). Additions of [Pd3
2+] into solutions containing the TCPP dye lead to an evolution of 

the spectra where the [Pd3
2+] band maximum shifts from ~475 towards 490 nm. This spectral 

signature is typical for host-guest interactions between the carboxylate and the unsaturated site of 

the cluster.10a,34 

 

Figure 4. Left: evolution of the absorption spectra of TCPP (0.55 × 10-5 M) in MeOH upon 

additions of [Pd3
2+] (6.01 × 10-5 M). Curves A-J were recorded with successive additions of 0.1 

mL of the [Pd3
2+] solution. Right: evolution of the absorption spectra of TCPBP (0.32 × 10-5 M) 

in MeOH upon additions of [Pd3
2+] (8.77 × 10-5 M). Curves A-M were recorded with successive 

additions of 0.1 mL of the [Pd3
2+] solution. 

 

Figure 5. Evolution of the absorption spectra of [Pd3
2+] (7.90 × 10-5 M) in MeOH at 298 K upon 

additions of TCPBP (8.77 × 10-5 M). Curves A-L were obtained with successive additions of 0.1 

mL of the TCPBP solution. The right frame is the continuation of the left one. 
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However, this expected red shift was not observed for the TCPBP dye because of the 

particularly strong overlap between the Soret band and [Pd3
2+] absorption (Figure 4, right). 

Instead, additions of TCPBP was made into TCPBP-containing solutions where clear isobestic 

points were detected (Figure 5). The red shift of the [Pd3
2+] band is then evident upon increasing 

the relative amount of TCPBP•••[Pd3
2+] assemblies. In overall, this assembling proceeds as 

illustrated in eq. 1 : 

                        dye + x [Pd3
2+]              dye•••[Pd3

2+]x       (x = 1-4)                (1) 

The binding constants were measured by UV-vis spectroscopy using the three different graphical 

approaches (Benisi-Hildebrand, Scott, and Scatchard)35 to insure reliability. These graphs are 

placed in the SI and permit to evaluate the binding constants (Table 4). Noteworthy, the slopes 

extracted from these various graphs are not dependent upon the stoichiometries, meaning that the 

sequencial anchoring of clusters onto the tetra-carboxylated dyes is not sterically nor 

electronically influenced by the previous one (i.e. dye∙∙∙[Pd3
2+]x; x → 0, 1, 2, 3, 4; K11 ≈ K12 ≈ 

K13 ≈ K14). The fact that K14(TCPBP) > K14(TCPP) is consistent with the richer electronic 

density on the former chromophore.  

These absorption spectral changes are accompanied by a systematic decrease in the fluorescence 

intensity, indicating the presence of quenching (SI). However, the fluorescence lifetimes, F 

(~2.2 ± 0.1 and ~3.4 ± 0.2 ns in MeOH at 298 K, and ~2.4 ± 0.1 and ~3.1 ± 0.2 ns in 1:1 

MeOH:2MeTHF at 77 K for TCPP and TCPBP, respectively; see SI for detail) remain constant 

for all [Pd3
2+] concentrations. This behaviour is strongly suggestive of a static quenching in both 

singlet and triplet excited states (eq. 2):  

dye* + x [Pd3
2+]              dye*•••[Pd3

2+]x   (x =1-4) (2) 

        emissive       non-emissive 

Table 4. Binding constants for the dye•••[Pd3
2+] and assemblies.a 

Substrate 
binding constants K14 (M

-1) 
Benesi-Hildebrand Scott Scatchard 

 TCPP•••[Pd3
2+]4 27200 26400 28800 

 TCPBP•••[Pd3
2+]4 37200 39800 38900 

a The uncertainties are ~ ±10 % based on multiple measurements. 
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Figure 6. Top left: evolution of the fluorescence spectra of TCPBP (0.74 × 10-5 M) upon adding 

[Pd3
2+] in MeOH at 298 K. Curves A-J were recorded with successive additions of 0.1 mL of 

[Pd3
2+] (6.69 × 10-5 M). Top right: decrease of the relative fluorescence intensity (F/F°) as a 

function of the [Pd3
2+]/[TCPBP]. Middle left: plots of (F°/F) vs [Pd3

2+] (i.e. Stern-Volmer 

plot). Middle right: graph of log[(F°-F)/F] vs log[Pd3
2+]. Bottom left: graph of [1-

(F/F°)]/[Pd3
2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3

2+] for the TCPBP•••[Pd3
2+]4 

assembly in MeOH at 298 K. 
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In order to confirm this mechanism, the fluorescence quenching at 298 K is also analyzed 

graphically (Figure 6 for TCPBP and SI for TCPP). The lack of linearity of the Stern-Volmer 

plots indicates that the process cannot be due to only dynamic quenching. The data are then 

analyzed using the relationship log[(F°-F)/F] = log(Kb) + (n •
 log[Pd3

2+]), where F°
 andF are 

the fluorescence intensities in, respectively, the absence and presence of [Pd3
2+], Kb is the 

binding constant, and n is the average number of binding sites.36 

Values of n =
 4.14 (TCPP) and 3.87 (TCPBP) are determined, which are fully consistent with the 

number of carboxylates on the porphyrin chromophores. In order to verify whether the 

quenching is dominantly static, a mixed dynamic-static model was used.37 This mathematical 

approach is derived from a sphere of action quenching model using the relationship [1-

(F/F°)]/[Pd3
2+] = KD • (F/F°) + (1-W)/[Pd3

2+], where W is the fraction of the excited-state 

quenching from a collisional process given by exp(-V • [Pd3
2+]) where V is the static quenching 

constant defining the volume of the sphere of action and KD is the dynamic quenching constant. 

From a graph [1-(F/F°)]/[Pd3
2+] vs (F/F°), KD is obtained from the slope using a least-

square fit and the intercept leads to the W values as a function of [Pd3
2+]. Then V is extracted 

from the slopes in the ln(W) vs [Pd3
2+] plots.  These values are KD = 5600 and V = 26500 for 

TCPP•••[Pd3
2+]4, and KD = 8200 M-1 and V = 38000 M-1 for TCPBP•••[Pd3

2+]4. Because the V 

values are much larger than those for KD, the static quenching dominates the overall mechanism. 

Moreover, K14 (obtained from absorption spectroscopy) are similar to V (extracted from 

fluorescence quenching experiments) as expected. In order to confirm this conclusion, this same 

analysis was performed on the assemblies’ fluorescence at 77 K (i.e. only static quenching is 

possible; the data are placed in the SI). Indeed, the n, KD and V values are very similar at both 

temperatures (Table 5). 

Table 5. Various quenching constants, n, KD and V, extracted from the fluorescence quenching 

at 298 and 77 K. 

Assemblies (Temperature) n KD (M
-1) V (M-1) 

[Pd3
2+]4•••TCPP (298 K) 4.14 5600 26500 

[Pd3
2+]4•••TCPBP (298 K) 3.87 8200 38000 

[Pd3
2+]4•••TCPP (77 K) 3.72 6400 27250 

[Pd3
2+]4•••TCPBP (77 K) 3.62 8250 40250 

 



 

4.2.4.6. Optimized geometry for the TCPP•••[Pd

MO representations 

The geometry of the title assemblies have been optimized by DFT computations. Only one 

anchored cluster was computed for calculation size reasons (Figure 7). The resulting geometries 

exhibit the anticipated long Pd

selected data in the figure caption). The longer average Pd

TCPBP is fully consistent with the smaller binding constants for 

Figure 7. Optimized geometry of 

in MeOH solvent field. Pd-O separations for 

3.741 Å), 2nd O: 5.605, 4.447, 4.444 (av. = 4.832 Å); for 

3.485 (av. = 3.587 Å), 2nd O: 4.055, 3.745, 3.443 (av. = 3.748 Å). For other selected distances 

(Pd-Pd and Pd-P), see SI. 

The representations of the frontier MOs (Figure 8) exhibit absolutely no coupling between the 

two fragments, i.e. the porphyrin dyes and [Pd

communication. This expected conclusion supports that the interactions between the anion and 

cation are solely ionic in nature. The HOMO, HOMO

TCPBP•••[Pd3
2+]  (Figure 8) and 
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Optimized geometry for the TCPP•••[Pd3
2+], TCPBP•••[Pd3

2+] assemblies

The geometry of the title assemblies have been optimized by DFT computations. Only one 

computed for calculation size reasons (Figure 7). The resulting geometries 

O separations generally associated with ionic interactions (see 

selected data in the figure caption). The longer average PdO distances for TCPP

is fully consistent with the smaller binding constants for TCPP•••[Pd3
2+

. Optimized geometry of TCPP•••[Pd3
2+] (up) and TCPBP•••[Pd3

2+] (down)

O separations for TCPP•••[Pd3
2+]: 1st O: 3.861, 3.754, 3.608 (av. = 

O: 5.605, 4.447, 4.444 (av. = 4.832 Å); for  TCPBP•••[Pd3
2+]: 1st

O: 4.055, 3.745, 3.443 (av. = 3.748 Å). For other selected distances 

presentations of the frontier MOs (Figure 8) exhibit absolutely no coupling between the 

the porphyrin dyes and [Pd3
2+], which indicates absence of electronic 

communication. This expected conclusion supports that the interactions between the anion and 

cation are solely ionic in nature. The HOMO, HOMO-1, LUMO+1 and LUMO+2 for 

(Figure 8) and TCPP•••[Pd3
2+]  (SI) are the same as those illustrated for the 

] assemblies, and their 

The geometry of the title assemblies have been optimized by DFT computations. Only one 

computed for calculation size reasons (Figure 7). The resulting geometries 

O separations generally associated with ionic interactions (see 

TCPP compared to 

2+]. 

 

 

(down) assemblies 

O: 3.861, 3.754, 3.608 (av. = 

st O: 3.645, 3.631, 

O: 4.055, 3.745, 3.443 (av. = 3.748 Å). For other selected distances 

presentations of the frontier MOs (Figure 8) exhibit absolutely no coupling between the 

], which indicates absence of electronic 

communication. This expected conclusion supports that the interactions between the anion and 

1, LUMO+1 and LUMO+2 for 

are the same as those illustrated for the 



 

free dyes (Figure 3 and SI), indicating that these weak interactions do not alter the MO schemes 

of the chromophores.  

Figure 8. Representations of the frontier MOs of the 

solvent field (energies in eV). For the 

The LUMO is the in-plane d*(Pd

agreement with previous DFT calculations on the cluster alone

dye.8 This “insertion” of a cluster localized MO within the four 

porphyrin dye is interesting as it introduces the possibility of electronic transitions between the 

filled frontier MOs and this LUMO, although these are expected to be essentially forbidden due 

to poor MO overlaps. Indeed, the three lowest energy electronic transitions involve this d

Pd) MO, and cluster-centered and 

electronic transitions, and their oscillator strengths are either nil or very small (Table 6). For the 

upper energy electronic transitions, the calculated positions are very similar to that reported for 

the free dyes (Figure 3 and Table 3). 
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free dyes (Figure 3 and SI), indicating that these weak interactions do not alter the MO schemes 

. Representations of the frontier MOs of the TCPBP•••[Pd3
2+] assembly in MeOH 

solvent field (energies in eV). For the TCPP•••[Pd3
2+] see SI. 

*(Pd-Pd) MO centered onto the [Pd3
2+] cluster, which is in full 

agreement with previous DFT calculations on the cluster alone38 and the cluster associated with a 

This “insertion” of a cluster localized MO within the four  and * manifolds of the 

porphyrin dye is interesting as it introduces the possibility of electronic transitions between the 

UMO, although these are expected to be essentially forbidden due 

to poor MO overlaps. Indeed, the three lowest energy electronic transitions involve this d

centered and  → d*(Pd-Pd) transitions are computed for the first three 

ectronic transitions, and their oscillator strengths are either nil or very small (Table 6). For the 

upper energy electronic transitions, the calculated positions are very similar to that reported for 

the free dyes (Figure 3 and Table 3).  

free dyes (Figure 3 and SI), indicating that these weak interactions do not alter the MO schemes 

 

assembly in MeOH 

cluster, which is in full 

and the cluster associated with a 

* manifolds of the 

porphyrin dye is interesting as it introduces the possibility of electronic transitions between the 

UMO, although these are expected to be essentially forbidden due 

to poor MO overlaps. Indeed, the three lowest energy electronic transitions involve this d*(Pd-

Pd) transitions are computed for the first three 

ectronic transitions, and their oscillator strengths are either nil or very small (Table 6). For the 

upper energy electronic transitions, the calculated positions are very similar to that reported for 
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Table 6. Computed positions and oscillator strengths (f) of selected first electronic transitions 

and the major contributions for TCPP•••[Pd3
2+] and TCPBP•••[Pd3

2+] by TDDFT (see SI for the 

100st electronic transitions). 

No.  (nm) f Major contributions (%) 
TCPP•••[Pd3

2+] 
1 739 0 HOMO→LUMO (100) 
2 665 0.0004 H-3→LUMO (88) 
3 633 0 H-1→LUMO (100) 

TCPBP•••[Pd3
2+] 

1 900 0 HOMO→LUMO (100) 
2 798 0.0028 H-2→LUMO (95) 
3 701 0.0003 H-1→LUMO (99) 
4 613 0.0638 H-1→L+2 (26), HOMO→L+1 (68) 
5 613 0.1239 H-1→L+1 (27), HOMO→L+2 (69) 
6 611 0.0471 H-5→LUMO (45), H-3→LUMO (30) 
7 572 0.0437 H-10→LUMO (50), H-4→LUMO (14), H-3→LUMO (16) 
8 540 0.2303 H-10→LUMO (25), H-5→LUMO (20), H-3→LUMO (44) 
9 520 0.3575 H-4→LUMO (75) 
10 497 0.0062 H-21→LUMO (12), H-14→LUMO (48) 
11 466 0.0181 H-21→LUMO (38) 
12 461 0.0029 H-47→LUMO (20), H-44→LUMO (17), H-42→LUMO (26) 
13 450 1.9293 H-1→L+1 (67), HOMO→L+2 (27) 
14 449 1.2599 H-1→L+2 (62), HOMO→L+1 (24) 

 

 

Figure 9. Experimental UV-Vis spectrum and oscillator strength for the 100st electronic 

transition for TCPP•••[Pd3
2+] (left) and TCPBP•••[Pd3

2+] (right) in a MeOH solvent field. The 

experimental UV-Vis spectrum was recorded under 1 eq. TCPP (or TCPBP) vs 8 eq. [Pd3
2+] in 

MeOH. 
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The comparison between the graphs of the calculated positions and oscillator strengths of the 

first electronic transitions with the experimental spectra for both assemblies in MeOH indicates a 

reasonable match when including the 35-50 nm blue-shifts of the calculated vs experimental 

positions mentioned above (Figure 9). The presence of weak features at higher wavelengths from 

the Q-bands is obvious in the experimental spectra as the tails extending all the way to 700 nm 

range are obvious. In conclusion, the DFT and TDDFT calculations corroborate well the 

presence of assemblies in solutions.  

4.2.4.7. Relative proportions of TCPP•••[Pd3
2+]x and TCPBP•••[Pd3

2+]x 

Because the interactions between the cations and anions are weak, as well illustrated by the 

binding constants in Tables 4 and 5, the stoichiometry for the generation of the assemblies has to 

be adjusted to secure reasonable amount for the measurements of the transient absorption spectra. 

Their relative amounts have been evaluated using both K14 (from absorption, Table 4) and V 

(from fluorescence quenching, Table 5) constants (Table 7; the calculation procedure has been 

placed in the SI). In order to achieve [CO2‾]/[Pd3
2+] ratios of 1:1 and 1:2, it is necessary to use 

1:4 and 1:8 equivalents of dyes and cluster, respectively. By using the 1:2 [CO2‾]/[Pd3
2+] ratio, > 

99 % of the dyes are associated with at least one cluster, and the major component is the 

dye•••[Pd3
2+]4 assemblies. 

Table 7. Relative percentage of complexed dyes vs the [CO2‾]/[Pd3
2+] ratio. 

[CO2‾]/[Pd3
2+]       assembly        %: K14, V         assembly            %: K14, V 

1:1 

TCPP•••[Pd3
2+]4    28.1, 28.2 TCPBP•••[Pd3

2+]4    36.7, 35.8 
TCPP•••[Pd3

2+]3    23.3, 23.3 TCPBP•••[Pd3
2+]3    25.4, 25.2 

TCPP•••[Pd3
2+]2    19.3, 19.3 TCPBP•••[Pd3

2+]2    17.5, 17.7 
TCPP•••[Pd3

2+]      16.0, 16.0 TCPBP•••[Pd3
2+]      12.1, 12.5 

1:2 

TCPP•••[Pd3
2+]4    69.6, 69.7 TCPBP•••[Pd3

2+]4    79.0, 78.1 
TCPP•••[Pd3

2+]3    21.3, 21.3 TCPBP•••[Pd3
2+]3    16.6, 17.1 

TCPP•••[Pd3
2+]2     6.50, 6.46 TCPBP•••[Pd3

2+]2     3.50, 3.75 
TCPP•••[Pd3

2+]      2.00, 1.96 TCPBP•••[Pd3
2+]      0.75, 0.82 

 

4.2.4.8. Transient absorption spectroscopy 

This technique was employed to extract the rates for excited state quenching of the dyes by the 

[Pd3
2+] as the assemblies are not luminescent. Prior to analysis, the unassociated cluster and dyes 

were examined separately. The transient absorption spectra of [Pd3
2+] were reported by us before 



119 
 

(see SI of ref 8; it is placed again in this SI for convenience). It exhibits positive (bleach) and 

negative (transient) signals at ~510 and ~410 nm, respectively, and the decay is in the short ps 

time scale. The signals are weak compared to that of the porphyrins and does not interfere in any 

of the spectra. 

 

Figure 10. Top: time evolution of the transient spectra of TCPP in MeOH at 298 K. Middle: 

spectra of transient species deconvoluted from the experimental spectra above. Bottom: rise 

times and decays measured at various wavelengths (exc = 600 (left) and 400 nm (right)). 

The transient spectra of TCPP (Figure 10) using exc = 600 nm (i.e. directly in the S1 state) 

exhibit a species decaying in the ns time scale clearly associated with a triplet state, i.e. T1, of the 
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dye (note that the indicated value is not accurate because of the delay line limited to about 8 ns). 

This triplet state species is formed rapidly within the pulse (FWHM = 75 fs), so the relative 

amount of the emissive S1 species (where F = 2.24 ns) is small despite evidence of a fluorescent 

species. Upon exciting at exc = 400 nm (i.e. in the high energy side of the Soret band), three 

species are depicted. First, the T1 species with the ns-decay (again its lifetime is inaccurately 

estimated due to the delay line) is again the dominant species. Second, the species decaying at 1 

ps (blue spectrum; middle right; purple decay; bottom right), is the S2 species clearly identified 

by the comparison of its lifetime with that of 5, 10, 15, 20-tetrakis-meso-

phenylporphyrinatozinc(II) (ZnTPP; S2) ≈ 1.3 ps).39 Finally, the third species decaying at 780 

ps (green spectrum; middle right) is very weak, rendering the measurement of its lifetime 

difficult, and is tentatively assigned to a S1 species (note the that the F is ~2 ns at 298 K). 

However, solvent-induced vibrationally relaxed S1 species commonly encountered in ZnTPP-

containing chromophores also exist,40 but these non-emissive S1 species decay in the ps to tens of 

ps. Because of this large difference between the lifetime of such species and the experimental 

values, this possibility is excluded. Noteworthy, the weakness of the signal makes this species as 

a non-interfering component in this study. 

Upon generating the TCPP•••[Pd3
2+]x  assemblies using [CO2‾]/[Pd3

2+] stoichiometry  of 1:1 and 

1:2, the time evolution of the transient absorption spectra changes drastically. Instead of a strong 

single signal associated with the T1 species (see Figure 10, middle left, exc = 600 nm) decaying 

in the ns time scale, two bleached peaks in the Soret region are depicted and are decaying with 

different kinetics (Figure 11, top). The deconvolution of these time-resolved experimental 

spectra leads to four species (Figure 11, middle), one of which is the signature of the T1 

component. Noteworthy, the intensity of this T1 signal decreases as the [CO2‾]/[Pd3
2+] ratio 

increases, in agreement with the data of Table 7 (the relative amount of free TCPP is 

respectively 13.3 and 0.6 % for the 1:1 and 1:2 stochiometries). The three other components 

exhibit spectral shapes that strongly differ from that of the TCPP alone (Figure 10). These 

species are the charge separated states (dye+•••[Pd3
+]), as previously demonstrated.8 
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Figure 11. Top: time evolution of the transient spectra of the TCPP•••[Pd3
2+]x assemblies in 

MeOH at 298 K (exc = 600 nm). Middle: spectra of transient species deconvoluted from the 

experimental spectra above. Bottom: rise times and decays measured at various wavelengths. 

The [CO2‾]/[Pd3
2+] stoichiometry  is 1:1 (left) and 1:2 (right). See Table 7 for the relative 

proportions. 

Upon increasing the [CO2‾]/[Pd3
2+] ratio, the deconvoluted transient signals exhibit 

approximately the same shape but there relaxation times decrease. This phenomenon, also 

observed for the TCPBP analogues below, is related to an external heavy atom effect driven by 
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simple ion pairing (different from host guest interactions) between the free dye and clusters. 

Indeed, the ns-component for free TCPBP (Figure 12, middle right, red line) decays more 

slowly than that for the TCPBP•••[Pd3
2+]x assemblies with 1:2 [CO2‾]/[Pd3

2+] ratio (Figure 12, 

bottom). The free TCPBP also exhibits a dominant T1 signal. Again, its lifetime cannot be 

measured accurately due to the delay line (exc = 680 nm exciting in the S1 manifold). The weak 

signal (pale green,  = 361 ps) is likely the S1 species. The medium intensity signal (blue line 

decaying at 0.28 ps) could be due to the solvent-induced vibrationally relaxed S1 species, which 

disappears upon adding [Pd3
2+].  

 

Figure 12. Top: time evolution of the transient spectra of the TCPBP•••[Pd3
2+]x assemblies in 

MeOH at 298 K (exc = 680 nm). Middle: spectra of transient species deconvoluted from the 
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experimental spectra above. Bottom: rise times and decays measured at various wavelengths. 

The [CO2‾]/[Pd3
2+] stoichiometry  is 1:0 (left) and 1:2 (right). See Table 7 for the relative 

proportions. 

Upon the generation of the TCPBP•••[Pd3
2+]x assemblies, the T1 (yellow, ~16 ns) and S1 (green, 

~30 ps) species remain as weak species exhibiting shorter kinetics, but three new transients 

appear (Figure 12, middle right; purple, red and turquoise lines). The time evolution of the 

transient spectra also shows a broader bleached signal in the vicinity of the Soret band. The 

deconvolution of new three transient species is reminescent of what was observed for the TCPP 

analogues in Figure 11. For the TCPBP•••[Pd3
2+]x assemblies, the decays are respectively 0.33, 

5.16 and 105 ps. For the TCPP•••[Pd3
2+]x ones, these decays are 0.82, 7.05 and 47 ps for a same 

[CO2‾]/[Pd3
2+] ratio. We assign these transients to charge separated states as well 

(dye+•••[Pd3
+]). However, it is not possible to assign which dye•••[Pd3

2+]x assembly is which. 

However, electrostatic arguments would intuitively suggest as the number of [Pd3
2+] dication 

species around the dye+ increases, the total positive charge increases around this radical cation, 

and consequently this central mono-cation unit should be easier to reduce. Therefore, the back 

electron transfer (dye+••• [Pd3
+] → dye•••[Pd3

2+]) should be faster as x increases in the 

dye•••[Pd3
2+]x  assemblies. The similarities in the time scale for these processes (0.82, 7.05 and 

47 ps for TCPP•••[Pd3
2+]x and 0.33, 5.16 and 105 ps for TCPBP•••[Pd3

2+]x) suggests that the 

driving forces are similar, which is consistent with the similarity in the photoinduced (forward) 

electron transfer (deduced from the CV traces in Figure 2 and Table 2). These time scales are 

also similar to those reported for the MCP (1.0 and 65.5 ps) and DCP (1.2, 36.3, and 80.7 ps; 

structures shown in Chart 1).8 Moreover, attempts to observe the rise times of these charge 

separated species stubbornly failed in all cases. The rises for each transient signal occur well 

within the excitation pulse (FWHM = 85 fs). This means that the photoinduced electron transfer 

(dye*••• [Pd3
2+] → dye+••• [Pd3

+]) occurs at a time scale < 85 fs. This time scale limit (i.e. < 85 

fs) was also deduced for MCP and DCP.8 These processes are ultrafast.  

4.2.5. Conclusion 

In conclusion, the comparison with our previous study on MCP and DCP allows for two main 

conclusions. The increase in binding constants, K1x (19300, 22000, 27000 and 38000 M-1 for 

MCP, DCP, TCPP, TCPBP, respectively), which can change the Pd•••O distances in the 
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assemblies, and the variation in driving force for electron transfer (+0.67,  +0.72, +0.76, and 

+0.61 V vs SCE for MCP, DCP, TCPP, and TCPBP, respectively) does not drastically change 

the rate for back electron transfers and no specific conclusion can be drawn for the forward 

electron transfer except they are both ultrafast. These conclusions are important if one would like 

to extrapolate this conclusion to solar cell technology. Because this structural modification going 

from porphyrin to tetrabenzoporphyrin does not greatly influence the kinetic behavior of the 

forward and back electron transfers, it is readily believed that a large improvement in the solar 

cell efficiency (ratio of the number of ejected electrons per absorbed photons) based on this type 

of structural modification, here D4h symmetry, will not likely be made. The push−pull porphyrin 

dyes, which use donor and acceptor substituents, represent an interesting class of pigments for 

further investigations. 
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4.2.8. Supporting Information (SI) for Chapter 4 

Table of Content 

Table S1. Fluorescence lifetimes of TCPP and TCPBP. 
Figure S1. Transient absorption spectra of [Pd3

2+] in MeOH at 298 K as a function of delay time 
between the pump and probe laser pulses. 
Figure S2. Benesi-Hildebrand, Scott and Scatchard plots for the formation of the 
TCPP•••[Pd3

2+]4 (top) and TCPBP•••[Pd3
2+]4 (bottom) assemblies. 

Figure S3. Top left: evolution of the fluorescence spectra of TCPP upon adding [Pd3
2+] in 

MeOH at 298 K. Curves A-J were recorded with successive additions of 0.1 mL of [Pd3
2+]. Top 

right: decrease of the relative fluorescence intensity (F/F°) as a function of the 
[Pd3

2+]/[TCPP]. Middle left: plots of (F°/F) vs [Pd3
2+] (i.e. Stern-Volmer plot). Middle right: 

graph of log[(F°-F)/F] vs log[Pd3
2+]. Bottom left: graph of [1-(F/F°)]/[Pd3

2+] vs (F/F°). 
Bottom right: graph of ln(W) vs [Pd3

2+] for the TCPP•••[Pd3
2+]4 assembly in MeOH at 298 K. 

Figure S4. Top left: evolution of the fluorescence spectra of TCPP upon adding [Pd3
2+] in 1:1 

MeOH:2MeTHF at 77 K. Curves A-J were recorded with successive additions of 0.1 mL of 
[Pd3

2+]. Top right: decrease of the relative fluorescence intensity (F/F°) as a function of the 
[Pd3

2+]/[TCPP]. Middle left: plots of (F°/F) vs [Pd3
2+] (i.e. Stern-Volmer plot). Middle right: 

graph of log[(F°-F)/F] vs log[Pd3
2+]. Bottom left: graph of [1-(F/F°)]/[Pd3

2+] vs (F/F°). 
Bottom right: graph of ln(W) vs [Pd3

2+] for the TCPP•••[Pd3
2+]4 assembly in 1:1 

MeOH:2MeTHF at 77 K. 
Figure S5. Top left: evolution of the fluorescence spectra of TCPBP upon adding [Pd3

2+] in 1:1 
MeOH:2MeTHF at 77 K. Curves A-J were recorded with successive additions of 0.1 mL of 
[Pd3

2+]. Top right: decrease of the relative fluorescence intensity (F/F°) as a function of the 
[Pd3

2+]/[TCPBP]. Middle left: plots of (F°/F) vs [Pd3
2+] (i.e. Stern-Volmer plot). Middle right: 

graph of log[(F°-F)/F] vs log[Pd3
2+]. Bottom left: graph of [1-(F/F°)]/[Pd3

2+] vs (F/F°). 
Bottom right: graph of ln(W) vs [Pd3

2+] for the TCPBP•••[Pd3
2+]4 assembly in 1:1 

MeOH:2MeTHF at 77 K. 
Figure S6. Optimized geometry of TCPP (Na+ salt) in MeOH solvent field. 
Figure S7. Representations of the frontier MOs of TCPP in MeOH solvent field. 
Table S2. Computed positions, oscillator strengths and major contributions for the first 100 
electronic transitions for TCPP (MeOH solvent field applied). 
Figure S8. Left: Computed positions and oscillator strengths for the 100st electronic transitions 
for TCPP in MeOH solvent field. The black line is generated by applying an arbitrary thickness 
of 500 cm-1. Right: Experimental UV-vis spectrum and calculated oscillator strengths for the 
100st electronic transitions for TCPP in MeOH solvent field. 
Figure S9. Optimized geometry of TCPBP in MeOH solvent field. 
Figure S10. Representations of the frontier MOs of TCPBP in MeOH solvent field. 
Table S3. Computed positions, oscillator strengths, and major contributions for the first 100 
electronic transitions for TCPBP (MeOH solvent field applied). 
Figure S11. Left: Computed positions and oscillator strengths for the 100st electronic transition 
for TCPBP (Na+ salt) in MeOH solvent field. The black line is generated by applying an 
arbitrary thickness of 500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for 
the 100st electronic transitions for TCPBP (Na+ salt) in MeOH solvent field. 
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Figure S12. Optimized geometry of the TCPP•••[Pd3
2+] assembly in MeOH solvent field. 

Table S4. Selected distances for the optimized geometry of the TCPP•••[Pd3
2+] assembly. 

Figure S13. Representations of the frontier MOs of the TCPP•••[Pd3
2+] assembly in MeOH 

solvent field. 
Table S5. Computed positions, oscillator strengths and major contributions for the first 100 
electronic transitions for the TCPP•••[Pd3

2+] assembly (MeOH solvent field applied). 
Figure S14. Left: Computed positions, oscillator strengths and major contributions for the 100st 
electronic transitions for the TCPP•••[Pd3

2+] assembly in MeOH solvent field. The black line is 
generated by applying an arbitrary thickness of 500 cm-1. Right: Experimental UV-vis spectrum 
and oscillator strength for the 100st electronic transitions for TCPP•••[Pd3

2+] in MeOH solvent 
field. The experimental UV-vis spectrum was recorded under 1 eq. TCPP vs 8 eq. [Pd3

2+] in 
MeOH. 
Figure S15. Optimized geometry of TCPBP•••[Pd3

2+] assembly in MeOH solvent field. 
Table S6. Selected distances for the optimized geometry of the TCPBP•••[Pd3

2+] assembly. 
Figure S16. Representations of the frontier MOs of the TCPBP•••[Pd3

2+] assembly in MeOH 
solvent field. 
Table S7. Computed positions, oscillator strengths and major contributions for the first 100 
electronic transitions for TCPBP•••[Pd3

2+] assembly (MeOH solvent field applied). 
Figure S17. Left: Computed positions and oscillator strengths for the 100st

 electronic transitions 
for TCPBP•••[Pd3

2+] in MeOH solvent field. The black line is generated by applying an arbitrary 
thickness of 500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for the 100st 
electronic transitions for TCPBP•••[Pd3

2+] in MeOH solvent field. The experimental UV-Vis 
spectrum was recorded under 1 eq. TCPBP vs 8 eq. [Pd3

2+] in MeOH. 
Calculations of the relative percentage of complexed dyes. 
Figure S18. 1H NMR spectrum of TCPBP-1 in CD2Cl2. 
Figure S19. MALDI-TOF mass spectrum of TCPBP-1 in THF. 
Figure S20. 1H NMR spectrum of TCPBP-2 in CD2Cl2. 
Figure S21. MALDI-TOF mass spectrum of TCPBP-2 in THF. 
Figure S22. 1H NMR spectrum of TCPBP-H in CD2Cl2. 
Figure S23. MALDI-TOF mass spectrum of TCPBP-H in THF. 
Figure S24. 1H NMR spectrum of TCPBP in CD3OD. 
References of SI for Chapter 4 
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Lifetime measurements upon adding [Pd3
2+] into TCPP and TCPBP solutions 

Table S1. Fluorescence lifetimes (F in ns) of TCPP and TCPBP 

[Pd3
2+]/[TCPP] 

298 K 
MeOH 

77 K 
1:1 MeOH:2MeTHF 

0 2.237±0.093 3.320±0.228 
1.1 2.209±0.087 3.580±0.282 

2.6 2.309±0.061 3.520±0.417 

3.3 2.238±0.077 3.526±0.415 

4.4 2.249±0.081 3.420±0.238 

5.1 2.199±0.063 3.408±0.324 

6.9 2.239±0.087 3.524±0.269 

8.6 2.249±0.085 3.553±0.428 

 

[Pd3
2+]/[TCPBP] 

298 K 
MeOH 

77 K 
1:1 MeOH:2MeTHF 

0 2.444±0.368 2.994±0.344 
0.8 2.431±0.197 3.146±0.384 
1.5 2.316±0.170 3.236±0.393 
2.9 2.424±0.184 3.220±0.373 
5.3 2.304±0.094 3.128±0.173 
7.4 2.312±0.160 3.211±0.201 

 
 

 
 

Figure S1. Transient absorption spectra of [Pd3
2+] in MeOH at 298 K as a function of delay time 

between the pump and probe laser pulses. 
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Binding constant measurements 

The absorption spectra of the [Pd3(dppm)3(CO)](PF6)2 cluster used for the measurement of the 

binding constants were carried out in methanol. This solvent leads to the largest difference in 

λmax between the free cluster and host-guest assembly. The binding constant K14 was measured 

according to typical methods.S1,S2 A brief summary was presented below: two different methanol 

solutions (A and B) were prepared. Solution A contained the “free cavity” cluster 

[Pd3(dppm)3(CO)](PF6)2. Solution B was the mixture of the cluster, which contains exactly the 

same concentration as that used in solution A, with the porphyrin carboxylate salt. The 

spectroscopic changes induced by solution A as a result of additions of a constant volume (0.1 

mL) of solution B were monitored by measuring the absorption spectra after each addition. The 

competitive binding constant K14 was measured by plotting 1/ΔA vs 1/[substrate] (Benesi-

Hildebrand method, B-H), where ΔA is the absorbance change upon an increase in the substrate 

concentration. The substrate concentration was corrected based on the change of the total volume 

at each addition, and these adjusted values were used for the plots. The ratio of intercept/slope in 

this plot gives K14. The binding constant value was more accurately evaluated by using the Scott 

method by plotting [substrate]/ΔA vs [substrate] with K14 = slope/intercept, and Scatchard 

method by plotting ΔA/[substrate] vs ΔA with K14 = –slope. All results are found to be the same 

within the experimental uncertainties ±10% based on multiple measurements. 

 

 

Figure S2. Benesi-Hildebrand (B-H, a), Scott (b) and Scatchard (c) plots for the formation of the 

TCPP•••[Pd3
2+]4 (top) and TCPBP•••[Pd3

2+]4 (bottom) assemblies. 
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Fluorescence quenching measurements 

 
Figure S3. Top left: evolution of the fluorescence spectra of TCPP (1.02 × 10-5 M) upon adding 
[Pd3

2+] in MeOH at 298 K. Curves A-J were recorded with successive additions of 0.1 mL of 
[Pd3

2+] (1.06 × 10-4 M). Top right: decrease of the relative fluorescence intensity (F/F°) as a 
function of the [Pd3

2+]/[TCPP]. Middle left: plots of (F°/F) vs [Pd3
2+] (i.e. Stern-Volmer plot). 

Middle right: graph of log[(F°-F)/F] vs log[Pd3
2+]. Bottom left: graph of [1-(F/F°)]/[Pd3

2+] 

vs (F/F°). Bottom right: graph of ln(W) vs [Pd3
2+] for the TCPP•••[Pd3

2+]4 assembly in MeOH 
at 298 K. 
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Figure S4. Top left: evolution of the fluorescence spectra of TCPP (1.02 × 10-5 M) upon adding 
[Pd3

2+] in 1:1 MeOH:2MeTHF  at 77 K. Curves A-J were recorded with successive additions of 
0.1 mL of [Pd3

2+] (9.88 × 10-5 M). Top right: decrease of the relative fluorescence intensity 
(F/F°) as a function of the [Pd3

2+]/[TCPP]. Middle left: plots of (F°/F) vs [Pd3
2+] (i.e. Stern-

Volmer plot). Middle right: graph of log[(F°-F)/F]
 vs log[Pd3

2+]. Bottom left: graph of [1-
(F/F°)]/[Pd3

2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3
2+] for the TCPP•••[Pd3

2+]4 
assembly in 1:1 MeOH:2MeTHF at 77 K. 
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Figure S5. Top left: evolution of the fluorescence spectra of TCPBP (8.77 × 10-6 M) upon 
adding [Pd3

2+] in 1:1 MeOH:2MeTHF at 77 K. Curves A-J were recorded with successive 
additions of 0.1 mL of [Pd3

2+] (7.29 × 10-5 M). Top right: decrease of the relative fluorescence 
intensity (F/F°) as a function of the [Pd3

2+]/[TCPBP]. Middle left: plots of (F°/F) vs [Pd3
2+] 

(i.e. Stern-Volmer plot). Middle right: graph of log[(F°-F)/F]
 vs log[Pd3

2+]. Bottom left: 
graph of [1-(F/F°)]/[Pd3

2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3
2+] for the 

TCPBP•••[Pd3
2+]4 assembly in 1:1 MeOH:2MeTHF at 77 K. 



 

DFT calculation

Figure S6. Optimized geometry of 

 

Figure S7. Representations of the frontier MOs of 
(energies in eV). 
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DFT calculation results for TCPP 

. Optimized geometry of TCPP (Na+ salt) in MeOH solvent field. 

. Representations of the frontier MOs of TCPP (Na+ salt) in MeOH solvent field 

 

 

salt) in MeOH solvent field 
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Table S2. Computed positions, oscillator strengths and major contributions for the first 100 

electronic transitions for TCPP (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 548 0.0553 H-1→L+1 (33), HOMO→LUMO (61) 

2 548 0.0551 H-1→LUMO (33), HOMO→L+1 (61) 

3 402 1.6799 H-1→LUMO (39), H-1→L+1 (23), HOMO→LUMO (12), HOMO→L+1 (21) 

4 402 1.6796 H-1→LUMO (23), H-1→L+1 (39), HOMO→LUMO (21), HOMO→L+1 (12) 

5 368 0.1016 H-6→LUMO (96) 

6 367 0.1012 H-6→L+1 (96) 

7 346 0 H-8→L+1 (27), H-7→LUMO (27) 

8 342 0 H-8→LUMO (22), H-7→L+1 (22) 

9 338 0.0324 H-14→LUMO (15), H-9→LUMO (79) 

10 338 0.0323 H-14→L+1 (15), H-9→L+1 (79) 

11 338 0 H-3→L+1 (38), H-2→LUMO (44) 

12 337 0.0002 H-5→LUMO (30), H-4→LUMO (51) 

13 337 0.0002 H-5→LUMO (10), H-5→L+1 (41), H-4→L+1 (40) 

14 337 0 H-3→L+1 (37), H-2→LUMO (30) 

15 335 0 HOMO→L+2 (84) 

16 334 0 H-3→LUMO (33), H-2→L+1 (38) 

17 333 0.006 H-5→L+1 (38), H-4→L+1 (45) 

18 333 0.005 H-5→LUMO (49), H-5→L+1 (11), H-4→LUMO (34) 

19 333 0 H-3→LUMO (42), H-2→L+1 (36) 

20 332 0 H-8→LUMO (39), H-7→L+1 (38) 

21 331 0 H-8→L+1 (25), H-7→LUMO (25) 

22 328 0.0341 H-10→LUMO (90) 

23 328 0.0333 H-10→L+1 (89) 

24 327 0.0001 H-16→LUMO (18), H-15→L+1 (15), H-8→LUMO (13), H-7→L+1 (12) 

25 327 0 
H-16→LUMO (13), H-15→L+1 (16), H-12→L+1 (18), H-11→LUMO (18), 

H-8→L+1 (12), H-7→LUMO (11) 

26 323 0.0005 
H-16→L+1 (10), H-15→LUMO (11), H-12→L+1 (14), H-11→LUMO (13), 

H-8→L+1 (12), H-7→LUMO (11) 

27 323 0 H-16→L+1 (21), H-15→LUMO (20), H-12→LUMO (19), H-11→L+1 (20) 

28 316 0 H-12→LUMO (11), HOMO→L+3 (74) 

29 316 0.0003 H-16→L+1 (13), H-15→LUMO (14), H-12→L+1 (12), H-11→LUMO (14) 

30 315 0 H-16→LUMO (17), H-15→L+1 (18), H-12→L+1 (20), H-11→LUMO (17) 

31 315 0.0041 H-14→LUMO (24), H-13→LUMO (39) 

32 315 0.004 H-14→L+1 (24), H-13→L+1 (38) 

33 313 0.018 HOMO→L+4 (73) 

34 313 0.0179 HOMO→L+5 (73) 

35 313 0 H-12→LUMO (23), H-11→L+1 (23) 

36 312 0.0007 H-21→L+1 (13), H-14→L+1 (23), H-13→LUMO (27) 
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37 312 0.0007 H-21→LUMO (13), H-14→LUMO (23), H-13→L+1 (27) 

38 311 0 
H-16→L+1 (22), H-15→LUMO (22), H-12→LUMO (14), H-11→L+1 (14), 

HOMO→L+3 (15) 

39 309 0.0001 H-1→L+2 (82) 

40 307 0.0145 H-26→LUMO (13), H-21→LUMO (54), HOMO→L+4 (14) 

41 307 0.0148 H-26→L+1 (13), H-21→L+1 (54), HOMO→L+5 (14) 

42 300 0.0003 H-23→LUMO (15), H-22→LUMO (38), H-22→L+1 (17) 

43 300 0.0038 H-23→L+1 (52), H-22→LUMO (23) 

44 300 0.0097 H-26→L+1 (11), H-25→LUMO (25), H-24→LUMO (29) 

45 300 0.0104 H-26→LUMO (11), H-25→L+1 (25), H-24→L+1 (28) 

46 299 0 HOMO→L+6 (90) 

47 299 0.0006 H-18→LUMO (18), H-17→LUMO (50) 

48 299 0.0004 
H-20→LUMO (17), H-19→L+1 (19), H-18→LUMO (22), H-18→L+1 (17), 

H-17→LUMO (14) 

49 299 0.0005 H-20→L+1 (38), H-18→LUMO (22), H-17→LUMO (12) 

50 299 0.0002 H-20→L+1 (13), H-19→LUMO (12), H-19→L+1 (51), H-18→L+1 (10) 

51 297 0.0843 H-26→LUMO (48), H-25→LUMO (15) 

52 297 0.0837 H-26→L+1 (48), H-25→L+1 (14) 

53 296 0 H-23→LUMO (28), H-23→L+1 (20), H-22→LUMO (19), H-22→L+1 (19) 

54 296 0 H-23→LUMO (35), H-22→L+1 (44) 

55 296 0 H-1→L+3 (98) 

56 296 0.0008 H-25→L+1 (31), H-24→LUMO (14), H-24→L+1 (35) 

57 296 0.0008 H-25→LUMO (32), H-24→LUMO (35), H-24→L+1 (14) 

58 295 0 H-17→LUMO (16), H-17→L+1 (73) 

59 295 0 H-19→LUMO (80), H-19→L+1 (14) 

60 295 0 H-20→LUMO (32), H-20→L+1 (27), H-18→LUMO (32) 

61 295 0 H-20→LUMO (29), H-18→L+1 (57) 

62 293 0.119 H-26→L+1 (10), H-1→L+4 (80) 

63 292 0.1188 H-26→LUMO (10), H-1→L+5 (80) 

64 280 0.0019 H-1→L+6 (93) 

65 274 0.0002 
H-5→L+4 (11), H-4→L+4 (13), H-2→L+2 (13), H-2→L+3 (14), H-2→L+4 

(18) 

66 274 0.0002 H-5→L+3 (11), H-4→L+2 (12), H-4→L+4 (10), H-2→L+4 (21) 

67 274 0.0004 H-5→L+5 (22), H-4→L+5 (18), H-3→L+2 (20), H-3→L+3 (21) 

68 274 0 H-5→L+2 (16), H-4→L+3 (14), H-3→L+5 (37) 

69 272 0 HOMO→L+7 (97) 

70 270 0.0025 HOMO→L+8 (89) 

71 269 0.0192 HOMO→L+9 (25), HOMO→L+13 (70) 

72 269 0.0192 HOMO→L+10 (21), HOMO→L+14 (74) 

73 267 0 H-28→LUMO (47), H-27→L+1 (47) 

74 260 0 H-28→L+1 (45), H-27→LUMO (46) 

75 256 0 HOMO→L+11 (36), HOMO→L+12 (55) 

76 256 0 HOMO→L+10 (73), HOMO→L+14 (23) 
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77 256 0 HOMO→L+9 (57), HOMO→L+11 (13), HOMO→L+13 (23) 

78 256 0 HOMO→L+9 (12), HOMO→L+11 (47), HOMO→L+12 (37) 

79 255 0 H-1→L+7 (97) 

80 254 0 H-1→L+8 (91) 

81 254 0.0037 H-1→L+9 (25), H-1→L+13 (72) 

82 254 0.0036 H-1→L+10 (21), H-1→L+14 (74) 

83 254 0.0001 H-6→L+2 (80) 

84 249 0.0048 H-28→LUMO (30), H-28→L+1 (14), H-27→LUMO (13), H-27→L+1 (30) 

85 247 0 H-20→L+2 (10), H-18→L+3 (22), H-18→L+4 (23) 

86 247 0 H-17→L+2 (14), H-17→L+3 (19), H-17→L+4 (20) 

87 247 0 H-20→L+5 (26), H-19→L+2 (19), H-19→L+3 (18), H-18→L+5 (10) 

88 247 0 H-20→L+3 (18), H-19→L+5 (28) 

89 245 0.0002 H-28→LUMO (13), H-28→L+1 (28), H-27→LUMO (28), H-27→L+1 (13) 

90 243 0 H-9→L+2 (71) 

91 242 0 H-1→L+11 (37), H-1→L+12 (54) 

92 242 0.0004 H-1→L+10 (73), H-1→L+14 (23) 

93 242 0.0003 H-1→L+9 (63), H-1→L+13 (24) 

94 242 0 H-1→L+11 (51), H-1→L+12 (39) 

95 241 0 H-12→L+2 (13), H-8→L+2 (47), H-2→L+2 (14) 

96 241 0 H-11→L+2 (13), H-7→L+2 (48), H-3→L+2 (13) 

97 240 0.0071 H-12→L+2 (16), H-2→L+2 (13) 

98 240 0.0072 H-11→L+2 (15), H-3→L+2 (12) 

99 240 0.0063 H-13→L+2 (16), H-12→L+5 (11), H-11→L+4 (11), H-9→L+3 (15) 

100 239 0 H-4→L+2 (75) 

 

Figure S8. Left: Computed positions and oscillator strengths for the 100st electronic transitions 

for TCPP (Na+ salt) in MeOH solvent field. The black line is generated by applying an arbitrary 

thickness of 500 cm-1. Right: Experimental UV-vis spectrum and calculated oscillator strengths 

for the 100st electronic transitions for TCPP (Na+ salt) in MeOH solvent field. 

 



 

DFT calculation results for TCPBP

Figure S9. Optimized geometry of 

 

Figure S10. Representations of the frontier MOs of 

(energies in eV). 
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DFT calculation results for TCPBP 

. Optimized geometry of TCPBP (Na+ salt) in MeOH solvent field. 

. Representations of the frontier MOs of TCPBP (Na+ salt) in MeOH solvent field 

 

 

salt) in MeOH solvent field 
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Table S3. Computed positions, oscillator strengths, and major contributions for the first 100 

electronic transitions for TCPBP (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 611 0.1083 H-1→LUMO (27), HOMO→L+1 (72) 

2 611 0.1108 H-1→L+1 (27), HOMO→LUMO (72) 

3 446 1.6362 H-1→LUMO (71), HOMO→L+1 (28) 

4 446 1.625 H-1→L+1 (71), HOMO→LUMO (27) 

5 381 0.0331 HOMO→L+2 (96) 

6 367 0 H-3→LUMO (32), H-2→L+1 (29), HOMO→L+3 (34) 

7 361 0 H-3→LUMO (15), H-2→L+1 (18), HOMO→L+3 (64) 

8 357 0 H-3→LUMO (10), HOMO→L+6 (77) 

9 357 0.0129 HOMO→L+4 (98) 

10 356 0.014 HOMO→L+5 (98) 

11 355 0 H-3→LUMO (32), H-2→L+1 (34), HOMO→L+6 (11) 

12 354 0.0002 H-3→L+1 (41), H-2→LUMO (52) 

13 352 0.0366 H-3→L+1 (51), H-2→LUMO (40) 

14 342 0.0096 H-17→LUMO (48), H-9→LUMO (41) 

15 341 0.007 H-17→L+1 (54), H-9→L+1 (32) 

16 341 0 H-11→LUMO (11), H-10→L+1 (12), H-1→L+2 (71) 

17 340 0.0272 H-17→L+1 (32), H-9→L+1 (22), H-8→LUMO (38) 

18 339 0.0252 H-17→LUMO (30), H-9→LUMO (16), H-8→L+1 (45) 

19 338 0 H-11→LUMO (47), H-10→L+1 (46) 

20 337 0.0415 H-9→L+1 (32), H-8→LUMO (43) 

21 336 0.0578 H-17→LUMO (18), H-9→LUMO (30), H-8→L+1 (37) 

22 333 0 H-11→LUMO (32), H-10→L+1 (31), H-1→L+2 (14) 

23 333 0.0063 H-11→L+1 (16), H-10→LUMO (31), H-1→L+6 (16), HOMO→L+7 (29) 

24 330 0 H-11→L+1 (27), H-10→LUMO (11), H-1→L+3 (43) 

25 328 0.0005 H-5→L+1 (40), H-4→LUMO (50) 

26 328 0.0015 H-5→LUMO (49), H-4→L+1 (42) 

27 328 0 H-7→L+1 (42), H-6→LUMO (54) 

28 328 0 H-7→LUMO (44), H-6→L+1 (37), H-1→L+3 (15) 

29 325 0.0006 H-7→LUMO (41), H-6→L+1 (53) 

30 325 0.0038 H-5→LUMO (45), H-4→L+1 (44) 

31 325 0.0043 H-5→L+1 (55), H-4→LUMO (37) 

32 325 0 H-7→L+1 (54), H-6→LUMO (43) 

33 324 0.0004 H-11→L+1 (15), H-10→LUMO (39), H-1→L+3 (36) 

34 323 0.0001 H-13→LUMO (17), H-1→L+4 (67), HOMO→L+8 (11) 

35 323 0.0001 H-13→L+1 (18), H-1→L+5 (64), HOMO→L+9 (13) 

36 322 0.0238 H-11→L+1 (36), H-10→LUMO (12), H-1→L+6 (24), HOMO→L+7 (23) 

37 321 0 HOMO→L+10 (97) 

38 321 0.0357 H-1→L+4 (10), HOMO→L+8 (83) 
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39 320 0.0419 H-1→L+5 (11), HOMO→L+9 (81) 

40 319 0.0617 H-13→LUMO (66), H-1→L+4 (18) 

41 318 0.0627 H-13→L+1 (63), H-1→L+5 (19) 

42 317 0.0899 H-1→L+6 (50), HOMO→L+7 (41) 

43 314 0.0086 H-18→LUMO (10), H-12→LUMO (80) 

44 313 0.0109 H-18→L+1 (11), H-12→L+1 (81) 

45 309 0 H-19→LUMO (14), H-15→L+1 (27), H-14→LUMO (47) 

46 308 0.0016 H-20→LUMO (23), H-15→LUMO (70) 

47 308 0 
H-20→L+1 (17), H-19→LUMO (11), H-15→L+1 (44), H-14→LUMO 

(24) 

48 308 0.0025 H-19→L+1 (22), H-14→L+1 (71) 

49 305 0.0004 H-27→LUMO (10), H-16→LUMO (85) 

50 305 0.0022 H-27→L+1 (10), H-16→L+1 (87) 

51 302 0.0501 H-21→LUMO (86) 

52 302 0.0445 H-21→L+1 (87) 

53 301 0.0006 
H-20→LUMO (28), H-19→L+1 (18), H-15→LUMO (15), H-14→L+1 

(13) 

54 301 0 H-20→L+1 (32), H-19→LUMO (36) 

55 300 0 
H-20→L+1 (20), H-19→LUMO (18), H-15→L+1 (11), H-14→LUMO 

(10), H-1→L+7 (30) 

56 299 0.0659 H-26→LUMO (83) 

57 299 0.0703 H-26→L+1 (84) 

58 299 0.0659 H-20→LUMO (34), H-19→L+1 (44) 

59 298 0 HOMO→L+11 (92) 

60 296 0 HOMO→L+12 (97) 

61 295 0.0096 H-18→LUMO (79), H-12→LUMO (13) 

62 295 0.0075 H-18→L+1 (79), H-12→L+1 (13) 

63 293 0 H-29→LUMO (10), H-20→L+1 (11), H-19→LUMO (15), H-1→L+7 (43) 

64 292 0.0004 H-1→L+8 (77) 

65 292 0 H-29→LUMO (29), H-28→L+1 (33) 

66 292 0.0004 H-1→L+9 (75) 

67 292 0.0001 H-24→LUMO (46), H-22→L+1 (43) 

68 291 0.0001 H-25→L+1 (38), H-23→LUMO (45) 

69 291 0 H-25→LUMO (48), H-23→L+1 (41) 

70 291 0 H-24→L+1 (34), H-22→LUMO (43) 

71 291 0 H-1→L+10 (61) 

72 291 0.0064 H-29→L+1 (40), H-28→LUMO (45) 

73 290 0.0024 H-27→LUMO (86), H-16→LUMO (10) 

74 290 0.0017 H-27→L+1 (86), H-16→L+1 (10) 

75 289 0 H-24→LUMO (40), H-22→L+1 (51) 

76 289 0 H-24→L+1 (42), H-23→LUMO (14), H-22→LUMO (29) 

77 289 0.0001 H-25→L+1 (43), H-23→LUMO (28), H-22→LUMO (14) 

78 289 0.0002 H-25→LUMO (40), H-23→L+1 (45) 
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79 289 0 H-29→L+1 (38), H-28→LUMO (28), H-1→L+10 (23) 

80 288 0.0211 HOMO→L+17 (96) 

81 287 0.0221 HOMO→L+18 (97) 

82 286 0 H-29→LUMO (35), H-28→L+1 (37), H-1→L+7 (17) 

83 277 0 HOMO→L+13 (100) 

84 277 0 HOMO→L+14 (99) 

85 277 0 HOMO→L+15 (99) 

86 277 0 HOMO→L+16 (99) 

87 277 0.0001 H-7→L+2 (11), H-6→L+3 (12), H-5→L+5 (11), H-4→L+4 (11) 

88 277 0.0001 H-7→L+3 (12), H-6→L+2 (11), H-5→L+4 (12), H-4→L+5 (11) 

89 277 0 H-7→L+4 (18), H-6→L+5 (18), H-5→L+3 (22), H-4→L+2 (21) 

90 277 0 H-7→L+5 (18), H-6→L+4 (19), H-5→L+2 (21), H-4→L+3 (21) 

91 273 0.0011 H-1→L+11 (96) 

92 273 0 H-1→L+12 (96) 

93 266 0.0135 H-30→L+1 (29), H-1→L+17 (60) 

94 266 0.02 H-30→LUMO (38), H-1→L+18 (49) 

95 264 0.0648 H-30→L+1 (28), H-3→L+2 (32), H-1→L+17 (30) 

96 264 0.0557 H-30→LUMO (22), H-2→L+2 (29), H-1→L+18 (40) 

97 261 0.008 H-30→LUMO (34), H-2→L+2 (54) 

98 261 0.0083 H-30→L+1 (36), H-3→L+2 (53) 

99 254 0 H-1→L+13 (94) 

100 254 0 H-8→L+2 (46), H-3→L+5 (10), H-2→L+4 (11) 

 

 

Figure S11. Left: Computed positions and oscillator strengths for the 100st electronic transition 

for TCPBP (Na+ salt) in MeOH solvent field. The black line is generated by applying an 

arbitrary thickness of 500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for 

the 100st electronic transitions for TCPBP (Na+ salt) in MeOH solvent field. 

 



 

DFT calculation results for TCPP•••[Pd

Figure S12. Optimized geometry of the 

Table S4. Selected distances for the optimized geometry of the 

 
Pd-Pd (Å) 2.706, 2.696, 2.690 (av.=2.697)
Pd-P (Å) 2.415, 2.408, 2.405, 2.401, 2.398, 2.394 (av.=2.404)

Pd•••O (Å) 
1st O: 3.861, 3.754, 3.608 (av.=3.741)
2nd 

 

Figure S13. Representations of the frontier MOs of the 

field (energies in eV). 

144 

DFT calculation results for TCPP•••[Pd3
2+] assembly 

. Optimized geometry of the TCPP•••[Pd3
2+] assembly in MeOH solvent field.

. Selected distances for the optimized geometry of the TCPP•••[Pd3
2+] 

Singlet S0 
2.706, 2.696, 2.690 (av.=2.697) 
2.415, 2.408, 2.405, 2.401, 2.398, 2.394 (av.=2.404)

O: 3.861, 3.754, 3.608 (av.=3.741) 
 O: 5.605, 4.447, 4.444 (av.=4.832) 

. Representations of the frontier MOs of the TCPP•••[Pd3
2+] assembly in MeOH solvent 

 

assembly in MeOH solvent field. 

] assembly. 

2.415, 2.408, 2.405, 2.401, 2.398, 2.394 (av.=2.404) 

 

assembly in MeOH solvent 
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Table S5. Computed positions, oscillator strengths and majore contributions for the first 100 

electronic transitions for the TCPP•••[Pd3
2+] assembly (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 739 0 HOMO→LUMO (100) 

2 665 0.0004 H-3→LUMO (88) 

3 633 0 H-1→LUMO (100) 

4 569 0.0213 
H-11→LUMO (24), H-9→LUMO (16), H-5→LUMO (28), H-2→LUMO 

(17) 

5 554 0.0582 H-10→LUMO (50), H-2→LUMO (20) 

6 551 0.0759 H-1→L+2 (34), HOMO→L+1 (66) 

7 551 0.0573 H-1→L+1 (34), HOMO→L+2 (65) 

8 540 0.0337 H-11→LUMO (25), H-5→LUMO (57), H-4→LUMO (11) 

9 524 0.3252 H-11→LUMO (12), H-10→LUMO (13), H-2→LUMO (55) 

10 512 0.3446 H-11→LUMO (13), H-4→LUMO (66) 

11 486 0.0131 H-11→LUMO (14), H-9→LUMO (64) 

12 457 0.0017 H-14→LUMO (28), H-12→LUMO (14), H-10→LUMO (10) 

13 445 0.0074 H-47→LUMO (10), H-42→LUMO (16), H-41→LUMO (18) 

14 444 0.0009 H-47→LUMO (14), H-44→LUMO (18), H-43→LUMO (25) 

15 438 0.004 H-50→LUMO (11), H-49→LUMO (15), H-48→LUMO (22) 

16 416 0 H-8→LUMO (60), H-7→LUMO (37) 

17 414 0.0001 H-8→LUMO (30), H-7→LUMO (61) 

18 412 0.0008 H-12→LUMO (28), H-6→LUMO (25) 

19 411 0.0006 H-63→LUMO (10), H-45→LUMO (11), H-6→LUMO (13) 

20 409 0.0038 H-62→LUMO (19), H-53→LUMO (11), H-6→LUMO (29) 

21 408 0.0002 H-62→LUMO (13), H-12→LUMO (14), H-6→LUMO (33) 

22 405 0.0009 H-63→LUMO (21), H-52→LUMO (20), H-47→LUMO (18) 

23 404 2.0168 H-1→L+2 (54), HOMO→L+1 (27) 

24 404 1.5392 H-1→L+1 (54), HOMO→L+2 (28) 

25 394 0 H-13→LUMO (98) 

26 394 0.0014 H-23→LUMO (86) 

27 392 0 H-16→LUMO (30), H-15→LUMO (29) 

28 389 0 H-16→LUMO (16), H-15→LUMO (69) 

29 384 0.0001 H-29→LUMO (45), H-18→LUMO (10), H-17→LUMO (25) 

30 384 0.0001 H-29→LUMO (43), H-18→LUMO (11), H-17→LUMO (27) 

31 381 0.0007 H-34→LUMO (13), H-33→LUMO (11), H-32→LUMO (63) 

32 380 0 H-18→LUMO (66), H-17→LUMO (21) 

33 380 0 
H-34→LUMO (12), H-28→LUMO (13), H-21→LUMO (15), H-20→LUMO 

(12), H-16→LUMO (27) 

34 379 0.0002 H-34→LUMO (62) 

35 377 0 HOMO→L+3 (100) 

36 376 0.0006 H-36→LUMO (12), H-35→LUMO (61) 
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37 375 0 H-20→LUMO (42), H-19→LUMO (51) 

38 375 0.0025 H-36→LUMO (67), H-35→LUMO (13) 

39 373 0 H-22→LUMO (77) 

40 371 0.0003 H-37→LUMO (44), H-28→LUMO (16) 

41 370 0.0004 
H-37→LUMO (32), H-28→LUMO (22), H-20→LUMO (15), H-19→LUMO 

(12) 

42 369 0 H-28→LUMO (26), H-21→LUMO (60) 

43 367 0.1029 H-13→L+1 (78) 

44 367 0.0871 H-13→L+2 (81) 

45 367 0.0346 H-13→L+1 (10), H-13→L+2 (10), H-5→L+1 (15), H-2→L+1 (51) 

46 367 0.0006 H-38→LUMO (79) 

47 364 0.0011 H-2→L+2 (85) 

48 363 0.0006 H-40→LUMO (75), H-38→LUMO (10) 

49 363 0.0007 H-5→L+1 (38), H-3→L+1 (25), H-2→L+1 (28) 

50 360 0.0007 H-5→L+2 (19), H-3→L+1 (13), H-3→L+2 (61) 

51 359 0.0005 H-5→L+1 (33), H-3→L+1 (51), H-3→L+2 (13) 

52 358 0 H-27→LUMO (82) 

53 358 0 H-4→L+1 (94) 

54 357 0.0015 H-5→L+2 (50), H-4→L+2 (25), H-3→L+2 (17) 

55 356 0.0012 H-44→LUMO (11), H-43→LUMO (24), H-41→LUMO (33) 

56 356 0 H-26→LUMO (95) 

57 356 0.0004 H-5→L+2 (21), H-4→L+2 (70) 

58 356 0.0004 
H-45→LUMO (10), H-44→LUMO (21), H-43→LUMO (13), H-42→LUMO 

(11) 

59 355 0 H-25→LUMO (95) 

60 354 0.0028 H-45→LUMO (20), H-44→LUMO (12), H-42→LUMO (25) 

61 353 0 HOMO→L+4 (99) 

62 352 0 H-24→LUMO (100) 

63 351 0.0025 
H-65→LUMO (10), H-47→LUMO (21), H-45→LUMO (18), H-30→LUMO 

(10) 

64 351 0.0004 H-31→LUMO (15), H-30→LUMO (60) 

65 349 0.001 H-46→LUMO (40) 

66 349 0 H-33→LUMO (62), H-32→LUMO (12), H-30→LUMO (18) 

67 347 0.0001 H-1→L+3 (100) 

68 347 0.003 
H-53→LUMO (13), H-49→LUMO (26), H-46→LUMO (10), H-45→LUMO 

(13) 

69 347 0.0001 H-15→L+1 (28), H-12→L+2 (17) 

70 346 0 H-33→LUMO (12), H-31→LUMO (70) 

71 345 0.0028 H-64→LUMO (35), H-50→LUMO (27) 

72 343 0.0003 HOMO→L+5 (93) 

73 343 0.0018 
H-65→LUMO (16), H-58→LUMO (10), H-54→LUMO (21), H-47→LUMO 

(10) 

74 343 0.001 H-15→L+2 (21), H-12→L+1 (15) 

75 342 0.0006 H-52→LUMO (37) 
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76 340 0.0001 H-39→LUMO (92) 

77 340 0.0006 H-51→LUMO (62) 

78 339 0.0291 H-20→L+1 (14), H-16→L+1 (43), H-14→L+1 (15) 

79 339 0.035 H-20→L+2 (10), H-16→L+2 (40), H-14→L+2 (13), H-6→L+1 (13) 

80 339 0.0081 H-6→L+1 (62) 

81 338 0.019 H-2→L+3 (61) 

82 338 0.0019 H-7→L+2 (47), HOMO→L+9 (21) 

83 337 0.0011 H-8→L+2 (48), HOMO→L+9 (11) 

84 337 0.0038 H-54→LUMO (33), H-8→L+2 (17) 

85 337 0.0002 H-8→L+2 (18), HOMO→L+9 (38) 

86 336 0.0165 H-64→LUMO (18), H-50→LUMO (10), H-3→L+3 (14), H-2→L+3 (13) 

87 336 0.0167 H-54→LUMO (11), H-3→L+3 (57) 

88 335 0.0003 H-9→L+1 (15), H-7→L+1 (12), H-6→L+2 (50) 

89 335 0.0003 H-9→L+1 (58) 

90 334 0.0129 H-55→LUMO (51) 

91 334 0.0013 H-7→L+1 (54), H-6→L+2 (27) 

92 334 0.0096 H-8→L+1 (66), H-8→L+2 (11) 

93 333 0.0002 H-15→L+2 (30), H-12→L+1 (19), H-8→L+1 (13) 

94 332 0 HOMO→L+6 (92) 

95 332 0.0116 H-4→L+3 (85) 

96 331 0.0071 H-21→L+1 (11), H-15→L+1 (21), H-14→L+2 (10), H-12→L+2 (18) 

97 330 0.0002 H-9→L+2 (78) 

98 330 0.0019 H-57→LUMO (48) 

99 330 0.0132 H-64→LUMO (19), H-56→LUMO (47) 

100 329 0.0313 H-17→L+1 (46), H-17→L+2 (15) 

 

Figure S14. Left: Computed positions, oscillator strengths and major contributions for the 100st 
electronic transitions for the TCPP•••[Pd3

2+] assembly in MeOH solvent field. The black line is 
generated by applying an arbitrary thickness of 500 cm-1. Right: Experimental UV-vis spectrum 
and oscillator strength for the 100st electronic transitions for TCPP•••[Pd3

2+] in MeOH solvent 
field. The experimental UV-vis spectrum was recorded under 1 eq. TCPP vs 8 eq. [Pd3

2+] in 
MeOH. 



 

DFT calculation results for TCPBP•••[Pd

Figure S15. Optimized geometry of 

Table S6. Selected distances for the optimized geometry of the 

 
Pd-Pd (Å) 2.702, 2.691, 2.675 (av.=2.689)
Pd-P (Å) 2.449, 2.438, 2.403, 2.397, 2.392, 2.389 (av.=2.411)

Pd•••O (Å) 
1st O: 3.645, 3.631, 3.485 (av.=3.587)
2nd 

 

Figure S16. Representations of the frontier MOs of the 

solvent field (energies in eV). 
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DFT calculation results for TCPBP•••[Pd3
2+] assembly 

. Optimized geometry of TCPBP•••[Pd3
2+] assembly in MeOH solvent

. Selected distances for the optimized geometry of the TCPBP•••[Pd3
2+

Singlet S0 
2.702, 2.691, 2.675 (av.=2.689) 
2.449, 2.438, 2.403, 2.397, 2.392, 2.389 (av.=2.411)

O: 3.645, 3.631, 3.485 (av.=3.587) 
 O: 4.055, 3.745, 3.443 (av.=3.748) 

. Representations of the frontier MOs of the TCPBP•••[Pd3
2+] assembly in MeOH 

 

assembly in MeOH solvent field. 

2+] assembly. 

2.449, 2.438, 2.403, 2.397, 2.392, 2.389 (av.=2.411) 

 

assembly in MeOH 
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Table S7. Computed positions, oscillator strengths and major contributions for the first 100 

electronic transitions for TCPBP•••[Pd3
2+] assembly (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 900 0 HOMO→LUMO (100) 

2 798 0.0028 H-2→LUMO (95) 

3 701 0.0003 H-1→LUMO (99) 

4 613 0.0638 H-1→L+2 (26), HOMO→L+1 (68) 

5 613 0.1239 H-1→L+1 (27), HOMO→L+2 (69) 

6 611 0.0471 H-5→LUMO (45), H-3→LUMO (30) 

7 572 0.0437 H-10→LUMO (50), H-4→LUMO (14), H-3→LUMO (16) 

8 540 0.2303 H-10→LUMO (25), H-5→LUMO (20), H-3→LUMO (44) 

9 520 0.3575 H-4→LUMO (75) 

10 497 0.0062 H-21→LUMO (12), H-14→LUMO (48) 

11 466 0.0181 H-21→LUMO (38) 

12 461 0.0029 H-47→LUMO (20), H-44→LUMO (17), H-42→LUMO (26) 

13 450 1.9293 H-1→L+1 (67), HOMO→L+2 (27) 

14 449 1.2599 H-1→L+2 (62), HOMO→L+1 (24) 

15 447 0.3135 H-51→LUMO (14), H-23→LUMO (11) 

16 441 0.0111 H-44→LUMO (13), H-42→LUMO (12), H-7→LUMO (17) 

17 433 0.0035 H-7→LUMO (40), H-6→LUMO (16) 

18 431 0.0005 H-7→LUMO (14), H-6→LUMO (71) 

19 430 0.008 H-63→LUMO (12), H-44→LUMO (14), H-6→LUMO (10) 

20 416 0.0034 H-64→LUMO (14), H-54→LUMO (13) 

21 407 0 H-12→LUMO (13), H-9→LUMO (14), H-8→LUMO (54) 

22 404 0.0003 H-11→LUMO (90) 

23 403 0.0001 H-12→LUMO (34), H-9→LUMO (42) 

24 400 0.0041 H-15→LUMO (14), H-13→LUMO (25) 

25 400 0.0003 H-2→L+1 (98) 

26 398 0.0001 H-12→LUMO (14), H-9→LUMO (37), H-8→LUMO (34) 

27 398 0.0004 H-2→L+2 (99) 

28 397 0.0038 H-23→LUMO (10), H-15→LUMO (18), H-13→LUMO (30) 

29 393 0.0004 H-16→LUMO (54), H-14→LUMO (16), H-12→LUMO (15) 

30 387 0 H-15→LUMO (62), H-13→LUMO (36) 

31 386 0.0009 HOMO→L+3 (88) 

32 385 0.0103 HOMO→L+3 (11), HOMO→L+4 (58), HOMO→L+7 (21) 

33 385 0.0007 H-25→LUMO (33), H-24→LUMO (46) 

34 383 0.0219 HOMO→L+4 (31), HOMO→L+7 (56) 

35 380 0.0003 H-32→LUMO (40), H-30→LUMO (14) 

36 377 0.0007 H-35→LUMO (15), H-33→LUMO (43) 

37 375 0.0009 H-35→LUMO (16), H-33→LUMO (25), H-17→LUMO (28) 

38 374 0.0002 H-36→LUMO (40), H-17→LUMO (12) 
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39 373 0.0001 H-36→LUMO (13), H-18→LUMO (63), H-16→LUMO (10) 

40 373 0.0002 H-35→LUMO (38), H-17→LUMO (15) 

41 373 0.0001 H-3→L+1 (96) 

42 371 0.0012 H-3→L+2 (79) 

43 371 0.0009 
H-40→LUMO (11), H-38→LUMO (27), H-36→LUMO (10), H-17→LUMO 

(11) 

44 370 0.0003 H-19→LUMO (80) 

45 369 0.0023 H-7→L+2 (11), H-6→L+1 (18), H-3→L+2 (17), HOMO→L+10 (34) 

46 367 0 H-22→LUMO (89) 

47 366 0.0002 HOMO→L+5 (91) 

48 366 0.0007 H-40→LUMO (19), H-23→LUMO (22), H-20→LUMO (22) 

49 365 0.0026 H-7→L+2 (10), H-6→L+1 (10), HOMO→L+6 (54) 

50 365 0.0001 H-20→LUMO (63), H-17→LUMO (21) 

51 362 0.0014 H-39→LUMO (10), H-34→LUMO (16), H-31→LUMO (30) 

52 362 0.0011 H-6→L+1 (10), HOMO→L+6 (21), HOMO→L+10 (42) 

53 361 0 H-4→L+1 (99) 

54 360 0.0005 H-43→LUMO (59), H-42→LUMO (15) 

55 359 0 H-4→L+2 (99) 

56 359 0.0007 H-41→LUMO (81) 

57 358 0.0008 HOMO→L+15 (62) 

58 358 0.0103 HOMO→L+12 (33), HOMO→L+13 (48) 

59 356 0.0148 H-7→L+1 (10), HOMO→L+14 (77) 

60 356 0.0016 H-7→L+1 (30), H-6→L+2 (10), HOMO→L+14 (12), HOMO→L+15 (15) 

61 355 0 H-7→L+1 (18), H-6→L+2 (67) 

62 355 0.0004 H-46→LUMO (17), H-45→LUMO (52) 

63 353 0.0022 H-47→LUMO (30), H-46→LUMO (12), H-45→LUMO (10) 

64 353 0.0292 H-7→L+2 (32), H-6→L+1 (39) 

65 351 0.0198 H-48→LUMO (25), H-2→L+4 (14) 

66 351 0.0067 
H-68→LUMO (10), H-48→LUMO (29), H-46→LUMO (12), H-44→LUMO 

(16) 

67 351 0.002 H-25→LUMO (50), H-24→LUMO (30) 

68 350 0.0001 H-31→LUMO (28), H-27→LUMO (28), H-26→LUMO (27) 

69 349 0.0001 HOMO→L+8 (84) 

70 349 0 H-29→LUMO (98) 

71 349 0 H-28→LUMO (96) 

72 348 0.0065 H-52→LUMO (17), H-49→LUMO (18) 

73 348 0.0152 H-68→LUMO (14) 

74 346 0.0149 HOMO→L+9 (39) 

75 346 0.0114 HOMO→L+9 (54) 

76 346 0.0061 
H-39→LUMO (12), H-34→LUMO (21), H-31→LUMO (12), H-27→LUMO 

(14), H-26→LUMO (13) 

77 346 0.0118 H-50→LUMO (49) 

78 345 0.0003 H-27→LUMO (46), H-26→LUMO (49) 
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79 345 0.0077 H-52→LUMO (10), H-49→LUMO (34) 

80 344 0.0036 H-1→L+4 (16), H-1→L+6 (11), H-1→L+7 (38) 

81 344 0.0054 H-1→L+3 (59) 

82 343 0.0109 H-53→LUMO (13), H-48→LUMO (11), H-2→L+3 (10), H-1→L+3 (27) 

83 343 0.0089 
H-22→L+1 (16), H-13→L+2 (10), H-12→L+1 (10), H-7→L+1 (11), H-

5→L+1 (44) 

84 342 0.0103 H-22→L+2 (46), H-13→L+1 (34) 

85 342 0.0012 H-1→L+4 (74), H-1→L+7 (12) 

86 342 0.0131 H-22→L+1 (47), H-13→L+2 (14), H-5→L+1 (18) 

87 341 0.005 H-22→L+2 (15), H-12→L+2 (23), H-5→L+2 (38) 

88 341 0.0149 H-58→LUMO (11), H-52→LUMO (25) 

89 340 0.0201 H-22→L+1 (14), H-13→L+2 (24), H-12→L+1 (26) 

90 340 0.0301 H-2→L+3 (46) 

91 340 0.0005 H-39→LUMO (49), H-38→LUMO (19), H-34→LUMO (15) 

92 339 0.0202 
H-22→L+2 (15), H-16→L+2 (14), H-15→L+1 (12), H-13→L+1 (13), H-

5→L+2 (24) 

93 339 0.0001 HOMO→L+11 (73), HOMO→L+12 (18) 

94 338 0 H-37→LUMO (74) 

95 338 0.0262 H-22→L+2 (10), H-16→L+2 (16), H-15→L+1 (34), H-13→L+1 (13) 

96 338 0.0025 H-55→LUMO (19), H-53→LUMO (36) 

97 338 0.0011 H-56→LUMO (15), H-55→LUMO (15), H-54→LUMO (37) 

98 337 0.0255 H-13→L+1 (17), H-12→L+2 (33), H-8→L+2 (12) 

99 337 0.0577 H-13→L+2 (29), H-12→L+1 (27), H-8→L+1 (10) 

10
0 

336 0.0059 
H-58→LUMO (12), H-57→LUMO (31), H-53→LUMO (11), H-51→LUMO 

(10) 

 

 

Figure S17. Left: Computed positions and oscillator strengths for the 100st electronic transitions 
for TCPBP•••[Pd3

2+] in MeOH solvent field. The black line is generated by applying an arbitrary 
thickness of 500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for the 100st 
electronic transitions for TCPBP•••[Pd3

2+] in MeOH solvent field. The experimental UV-vis 
spectrum was recorded under 1 eq. TCPBP vs 8 eq. [Pd3

2+] in MeOH. 
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Calculations of the relative percentage of complexed dyes 

The relative percentage of complexed dyes is a function of the starting dye concentration. Here 

the starting concentration for calculations would be chosen as the exact concentration used for 

transient absorption measurements. All the equations were solved using the mathematical 

software Maple 16 from Waterloo Maplesoft Company. 

(1) [TCPP] vs [Pd3
2+] = 1:4, viz., [CO2‾]/[Pd3

2+] = 1:1 

                                          TCPP        +          [Pd3
2+]          TCPP•••[Pd3

2+]    K14 = 26395 M-1 

Starting concentration      2.8×10-5               11.2×10-5                             0 

Equilibrium                2.8×10-5-x-y-z-w      11.2×10-5-4x-3y-2z-w            w 

                                     TCPP•••[Pd3
2+]    +  [Pd3

2+]           TCPP•••[Pd3
2+]2   K14 = 26395 M-1 

Starting concentration            0                    11.2×10-5                             0 

Equilibrium                            w              11.2×10-5-4x-3y-2z-w                z 

                                     TCPP•••[Pd3
2+]2   +  [Pd3

2+]           TCPP•••[Pd3
2+]3   K14 = 26395 M-

1 

Starting concentration            0                    11.2×10-5                             0 

Equilibrium                            z              11.2×10-5-4x-3y-2z-w                 y 

                                     TCPP•••[Pd3
2+]3   +   [Pd3

2+]         TCPP•••[Pd3
2+]4    K14 = 26395 M-

1 

Starting concentration             0                  11.2×10-5                              0 

Equilibrium                             y            11.2×10-5-4x-3y-2z-w                 x 

�

(�.�×������������)×(��.�×���������������)
= 26395                         [1-1] 

�

�×(��.�×���������������)
= 26395                                                     [1-2]  

�

�×(��.�×���������������)
= 26395                                                      [1-3] 

�

�×(��.�×���������������)
= 26395                                                      [1-4] 

Solve equations [1-1], [1-2], [1-3] and [1-4] to get 
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x = 7.86×10-6, (TCPP•••[Pd3
2+]4)% = 7.86×10-6/2.8×10-5 = 28.1%; 

y = 6.52×10-6, (TCPP•••[Pd3
2+]3)% = 6.52×10-6/2.8×10-5 = 23.3%; 

z = 5.41×10-6, (TCPP•••[Pd3
2+]2)% = 5.41×10-6/2.8×10-5 = 19.3%; 

w = 4.49×10-6, (TCPP•••[Pd3
2+])% = 4.49×10-6/2.8×10-5 = 16.0%. 

 

(2) [TCPP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 2:1 

                                         TCPP        +         [Pd3
2+]           TCPP•••[Pd3

2+]     K14 = 26395 M-1 

Starting concentration     2.8×10-5                  22.4×10-5                         0 

Equilibrium                 2.8×10-5-x-y-z-w    22.4×10-5-4x-3y-2z-w          w 

                                     TCPP•••[Pd3
2+]   +  [Pd3

2+]            TCPP•••[Pd3
2+]2   K14 = 26395 M-1 

Starting concentration           0                       22.4×10-5                         0 

Equilibrium                           w                 22.4×10-5-4x-3y-2z-w           z 

                                     TCPP•••[Pd3
2+]2  + [Pd3

2+]            TCPP•••[Pd3
2+]3    K14 = 26395 M-

1 

Starting concentration           0                       22.4×10-5                        0 

Equilibrium                           z                 22.4×10-5-4x-3y-2z-w            y 

                                     TCPP•••[Pd3
2+]3  + [Pd3

2+]            TCPP•••[Pd3
2+]4    K14 = 26395 M-

1 

Starting concentration           0                      22.4×10-5                         0 

Equilibrium                           y                22.4×10-5-4x-3y-2z-w            x 

�

(�.�×������������)×(��.�×���������������)
= 26395                         [2-1] 

�

�×(��.�×���������������)
= 26395                                                     [2-2] 

�

�×(��.�×���������������)
= 26395                                                      [2-3] 

�

�×(��.�×���������������)
= 26395                                                      [2-4] 

Solve equations [2-1], [2-2], [2-3] and [2-4] to get 
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x = 19.49×10-6, (TCPP•••[Pd3
2+]4)% = 19.49×10-6/2.8×10-5 = 69.6%; 

y = 5.96×10-6, (TCPP•••[Pd3
2+]3)% = 5.96×10-6/2.8×10-5 = 21.3%; 

z = 1.82×10-6, (TCPP•••[Pd3
2+]2)% = 1.82×10-6/2.8×10-5 = 6.50%; 

w = 0.56×10-6, (TCPP•••[Pd3
2+])% = 0.56×10-6/2.8×10-5 = 2.00%. 

 

(3) [TCPP] vs [Pd3
2+] = 1:4, viz., [CO2‾]/[Pd3

2+] = 1:1 

                                          TCPP        +         [Pd3
2+]             TCPP•••[Pd3

2+]     V = 26499 M-1 

Starting concentration      2.8×10-5               11.2×10-5                             0 

Equilibrium                2.8×10-5-x-y-z-w      11.2×10-5-4x-3y-2z-w            w 

                                    TCPP•••[Pd3
2+]   +   [Pd3

2+]              TCPP•••[Pd3
2+]2    V = 26499 M-

1 

Starting concentration            0                    11.2×10-5                             0 

Equilibrium                            w              11.2×10-5-4x-3y-2z-w                z 

                                    TCPP•••[Pd3
2+]2  +  [Pd3

2+]              TCPP•••[Pd3
2+]3    V = 26499 M-1 

Starting concentration            0                    11.2×10-5                            0 

Equilibrium                            z              11.2×10-5-4x-3y-2z-w                y 

                                    TCPP•••[Pd3
2+]3   + [Pd3

2+]              TCPP•••[Pd3
2+]4    V = 26499 M-1 

Starting concentration             0                  11.2×10-5                             0 

Equilibrium                             y            11.2×10-5-4x-3y-2z-w                x 

�

(�.�×������������)×(��.�×���������������)
= 26499                         [3-1] 

�

�×(��.�×���������������)
= 26499                                                     [3-2] 

�

�×(��.�×���������������)
= 26499                                                      [3-3] 

�

�×(��.�×���������������)
= 26499                                                      [3-4] 

Solve equations [3-1], [3-2], [3-3] and [3-4] to get 
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x = 7.89×10-6, (TCPP•••[Pd3
2+]4)% = 7.89×10-6/2.8×10-5 = 28.2%; 

y = 6.53×10-6, (TCPP•••[Pd3
2+]3)% = 6.53×10-6/2.8×10-5 = 23.3%; 

z = 5.41×10-6, (TCPP•••[Pd3
2+]2)% = 5.41×10-6/2.8×10-5 = 19.3%; 

w = 4.47×10-6, (TCPP•••[Pd3
2+])% = 4.47×10-6/2.8×10-5 = 16.0%. 

 

(4) [TCPP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 2:1 

                                         TCPP        +           [Pd3
2+]            TCPP•••[Pd3

2+]     V = 26499 M-1 

Starting concentration     2.8×10-5                  22.4×10-5                         0 

Equilibrium                 2.8×10-5-x-y-z-w    22.4×10-5-4x-3y-2z-w           w 

                                    TCPP•••[Pd3
2+]    +    [Pd3

2+]            TCPP•••[Pd3
2+]2    V = 26499 M-

1 

Starting concentration           0                       22.4×10-5                         0 

Equilibrium                           w                 22.4×10-5-4x-3y-2z-w            z 

                                    TCPP•••[Pd3
2+]2   +  [Pd3

2+]             TCPP•••[Pd3
2+]3    V = 26499 M-1 

Starting concentration           0                       22.4×10-5                          0 

Equilibrium                           z                 22.4×10-5-4x-3y-2z-w              y 

                                    TCPP•••[Pd3
2+]3  +  [Pd3

2+]              TCPP•••[Pd3
2+]4    V = 26499 M-1 

Starting concentration           0                      22.4×10-5                            0 

Equilibrium                           y                22.4×10-5-4x-3y-2z-w               x 

�

(�.�×������������)×(��.�×���������������)
= 26499                         [4-1] 

�

�×(��.�×���������������)
= 26499                                                     [4-2] 

�

�×(��.�×���������������)
= 26499                                                      [4-3] 

�

�×(��.�×���������������)
= 26499                                                      [4-4] 

Solve equations [4-1], [4-2], [4-3] and [4-4] to get 
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x = 19.52×10-6, (TCPP•••[Pd3
2+]4)% = 19.52×10-6/2.8×10-5 = 69.7%; 

y = 5.95×10-6, (TCPP•••[Pd3
2+]3)% = 5.95×10-6/2.8×10-5 = 21.3%; 

z = 1.81×10-6, (TCPP•••[Pd3
2+]2)% = 1.81×10-6/2.8×10-5 = 6.46%; 

w = 0.55×10-6, (TCPP•••[Pd3
2+])% = 0.55×10-6/2.8×10-5 = 1.96%. 

 

(5) [TCPBP] vs [Pd3
2+] = 1:4, viz., [CO2‾]/[Pd3

2+] = 1:1 

                                        TCPBP        +         [Pd3
2+]        TCPBP•••[Pd3

2+]    K14 = 39788 M-1 

Starting concentration      2.8×10-5             11.2×10-5                         0 

Equilibrium                 2.8×10-5-x-y-z-w    11.2×10-5-4x-3y-2z-w       w 

                                   TCPBP•••[Pd3
2+]   +   [Pd3

2+]        TCPBP•••[Pd3
2+]2   K14 = 39788 M-

1 

Starting concentration            0                    11.2×10-5                       0 

Equilibrium                            w              11.2×10-5-4x-3y-2z-w          z 

                                    TCPBP•••[Pd3
2+]2  + [Pd3

2+]        TCPBP•••[Pd3
2+]3   K14 = 39788 M-1  

Starting concentration            0                    11.2×10-5                        0 

Equilibrium                            z               11.2×10-5-4x-3y-2z-w           y 

                                    TCPBP•••[Pd3
2+]3  + [Pd3

2+]       TCPBP•••[Pd3
2+]4    K14 = 39788 M-1 

Starting concentration           0                  11.2×10-5                           0 

Equilibrium                           y               11.2×10-5-4x-3y-2z-w            x 

�

(�.�×������������)×(��.�×���������������)
= 39788                         [5-1] 

�

�×(��.�×���������������)
= 39788                                                     [5-2] 

�

�×(��.�×���������������)
= 39788                                                      [5-3] 

�

�×(��.�×���������������)
= 39788                                                      [5-4] 

Solve equations [5-1], [5-2], [5-3] and [5-4] to get 
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x = 10.28×10-6, (TCPBP•••[Pd3
2+]4)% = 10.28×10-6/2.8×10-5 = 36.7%; 

y = 7.10×10-6, (TCPBP•••[Pd3
2+]3)% = 7.10×10-6/2.8×10-5 = 25.4%; 

z = 4.90×10-6, (TCPBP•••[Pd3
2+]2)% = 4.90×10-6/2.8×10-5 = 17.5%; 

w = 3.38×10-6, (TCPBP•••[Pd3
2+])% = 3.38×10-6/2.8×10-5 = 12.1%. 

 

(6) [TCPBP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 2:1 

                                        TCPBP      +          [Pd3
2+]        TCPBP•••[Pd3

2+]     K14 = 39788 M-1 

Starting concentration      2.8×10-5             22.4×10-5                          0 

Equilibrium                 2.8×10-5-x-y-z-w    22.4×10-5-4x-3y-2z-w        w 

                                    TCPBP•••[Pd3
2+]   + [Pd3

2+]        TCPBP•••[Pd3
2+]2    K14 = 39788 M-

1 

Starting concentration            0                    22.4×10-5                         0 

Equilibrium                            w              22.4×10-5-4x-3y-2z-w           z 

                                    TCPBP•••[Pd3
2+]2  + [Pd3

2+]        TCPBP•••[Pd3
2+]3    K14 = 39788 M-

1 

Starting concentration            0                    22.4×10-5                         0 

Equilibrium                            z               22.4×10-5-4x-3y-2z-w           y 

                                    TCPBP•••[Pd3
2+]3 + [Pd3

2+]        TCPBP•••[Pd3
2+]4    K14 = 39788 M-1 

Starting concentration           0                  22.4×10-5                           0 

Equilibrium                           y               22.4×10-5-4x-3y-2z-w           x 

�

(�.�×������������)×(��.�×���������������)
= 39788                         [6-1] 

�

�×(��.�×���������������)
= 39788                                                     [6-2] 

�

�×(��.�×���������������)
= 39788                                                      [6-3] 

�

�×(��.�×���������������)
= 39788                                                      [6-4] 

Solve equations [6-1], [6-2], [6-3] and [6-4] to get 
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x = 22.12×10-6, (TCPBP•••[Pd3
2+]4)% = 22.12×10-6/2.8×10-5 = 79.0%; 

y = 4.65×10-6, (TCPBP•••[Pd3
2+]3)% = 4.65×10-6/2.8×10-5 = 16.6%; 

z = 0.98×10-6, (TCPBP•••[Pd3
2+]2)% = 0.98×10-6/2.8×10-5 = 3.50%; 

w = 0.21×10-6, (TCPBP•••[Pd3
2+])% = 0.21×10-6/2.8×10-5 = 0.75%. 

 

(7) [TCPBP] vs [Pd3
2+] = 1:4, viz., [CO2‾]/[Pd3

2+] = 1:1 

                                        TCPBP      +           [Pd3
2+]         TCPBP•••[Pd3

2+]     V = 38120 M-1 

Starting concentration      2.8×10-5             11.2×10-5                          0 

Equilibrium                 2.8×10-5-x-y-z-w    11.2×10-5-4x-3y-2z-w        w 

                                   TCPBP•••[Pd3
2+]   +   [Pd3

2+]         TCPBP•••[Pd3
2+]2    V = 38120 M-1 

Starting concentration            0                    11.2×10-5                        0 

Equilibrium                            w              11.2×10-5-4x-3y-2z-w           z 

                                   TCPBP•••[Pd3
2+]2   +  [Pd3

2+]        TCPBP•••[Pd3
2+]3    V = 38120 M-1 

Starting concentration            0                    11.2×10-5                        0 

Equilibrium                            z               11.2×10-5-4x-3y-2z-w          y 

                                   TCPBP•••[Pd3
2+]3   +  [Pd3

2+]       TCPBP•••[Pd3
2+]4    V = 38120 M-1 

Starting concentration           0                  11.2×10-5                          0 

Equilibrium                           y               11.2×10-5-4x-3y-2z-w          x 

�

(�.�×������������)×(��.�×���������������)
= 38120                         [7-1] 

�

�×(��.�×���������������)
= 38120                                                     [7-2] 

�

�×(��.�×���������������)
= 38120                                                      [7-3] 

�

�×(��.�×���������������)
= 38120                                                      [7-4] 

Solve equations [7-1], [7-2], [7-3] and [7-4] to get 

x = 10.03×10-6, (TCPBP•••[Pd3
2+]4)% = 10.03×10-6/2.8×10-5 = 35.8%; 
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y = 7.06×10-6, (TCPBP•••[Pd3
2+]3)% = 7.06×10-6/2.8×10-5 = 25.2%; 

z = 4.96×10-6, (TCPBP•••[Pd3
2+]2)% = 4.96×10-6/2.8×10-5 = 17.7%; 

w = 3.49×10-6, (TCPBP•••[Pd3
2+])% = 3.49×10-6/2.8×10-5 = 12.5%. 

 

(8) [TCPBP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 2:1 

                                        TCPBP        +          [Pd3
2+]       TCPBP•••[Pd3

2+]     V = 39788 M-1 

Starting concentration      2.8×10-5             22.4×10-5                         0 

Equilibrium                 2.8×10-5-x-y-z-w    22.4×10-5-4x-3y-2z-w       w 

                                   TCPBP•••[Pd3
2+]   +   [Pd3

2+]        TCPBP•••[Pd3
2+]2    V = 39788 M-1 

Starting concentration            0                    22.4×10-5                       0 

Equilibrium                            w              22.4×10-5-4x-3y-2z-w         z 

                                   TCPBP•••[Pd3
2+]2  +  [Pd3

2+]        TCPBP•••[Pd3
2+]3    V = 39788 M-1 

Starting concentration            0                    22.4×10-5                       0 

Equilibrium                            z               22.4×10-5-4x-3y-2z-w          y 

                                   TCPBP•••[Pd3
2+]3  +  [Pd3

2+]        TCPBP•••[Pd3
2+]4    V = 39788 M-1 

Starting concentration           0                  22.4×10-5                           0 

Equilibrium                           y               22.4×10-5-4x-3y-2z-w           x 

�

(�.�×������������)×(��.�×���������������)
= 38120                         [8-1] 

�

�×(��.�×���������������)
= 38120                                                     [8-2] 

�

�×(��.�×���������������)
= 38120                                                      [8-3] 

�

�×(��.�×���������������)
= 38120                                                      [8-4] 

Solve equations [8-1], [8-2], [8-3] and [8-4] to get 

x = 22.87×10-6, (TCPBP•••[Pd3
2+]4)% = 21.87×10-6/2.8×10-5 = 78.1%; 

y = 4.79×10-6, (TCPBP•••[Pd3
2+]3)% = 4.79×10-6/2.8×10-5 = 17.1%; 



 

z = 1.05×10-6, (TCPBP•••[Pd3
2+]

w = 0.23×10-6, (TCPBP•••[Pd3
2+

Figure S18. 1H NMR spectrum of 

24, 30, 33-octahydro-3, 6; 12, 15; 21, 24; 30, 33

(TCPBP-1) in CD2Cl2. Signals associated with impurities were always observed because of the 

instability of TCPBP-1. Similar observations were also reported previously.

consequence on this work since the following products were obtained pure as they were stable.
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]2)% = 1.05×10-6/2.8×10-5 = 3.75%; 

2+])% = 0.23×10-6/2.8×10-5 = 0.82%. 

H NMR spectrum of 9, 18, 27, 36-tetrakis(4-carboxymethylphenyl)

3, 6; 12, 15; 21, 24; 30, 33-tetraethanotetrabenzoporphyrinato

. Signals associated with impurities were always observed because of the 

imilar observations were also reported previously.S3 

consequence on this work since the following products were obtained pure as they were stable.

 

carboxymethylphenyl)-3, 6, 12, 15, 21, 

tetraethanotetrabenzoporphyrinatozinc(II) 

. Signals associated with impurities were always observed because of the 

 This fact has no 

consequence on this work since the following products were obtained pure as they were stable. 



 

Figure S19. MALDI-TOF mass spectrum of 

12, 15, 21, 24, 30, 33

tetraethanotetrabenzoporphyrinato

relevant peaks were attributed to the sodium type of corresponding species.
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TOF mass spectrum of 9, 18, 27, 36-tetrakis(4-carboxymethylphenyl)

12, 15, 21, 24, 30, 33-octahydro-3, 6; 12, 15; 21, 

tetraethanotetrabenzoporphyrinatozinc(II) (TCPBP-1) in THF. The tiny peaks at the right side of 

were attributed to the sodium type of corresponding species. 

 

carboxymethylphenyl)-3, 6, 

3, 6; 12, 15; 21, 24; 30, 33-

in THF. The tiny peaks at the right side of 



 

  

Figure S20. 1H NMR spectrum of 

porphyrinatozinc(II) (TCPBP-2)
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H NMR spectrum of 9, 18, 27, 36-tetrakis(4-carboxymethylphenyl)tetrabenzo

) in CD2Cl2. 

phenyl)tetrabenzo-



 

Figure S21. MALDI-TOF mass spectrum of 

benzoporphyrinatozinc(II) (TCPBP
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TOF mass spectrum of 9, 18, 27, 36-tetrakis(4-carboxymethyl

TCPBP-2) in THF. 

 

methylphenyl)tetra-



 

 

Figure S22. 1H NMR spectrum of 

carboxyphenyl)tetrabenzoporphyrin

 

 

164 

H NMR spectrum of 9, 18, 27, 36

carboxyphenyl)tetrabenzoporphyrinato-zinc(II) (TCPBP-H) in CD2Cl2. 

 

9, 18, 27, 36-tetrakis(4-



 

Figure S23. MALDI-TOF mass spectrum of 

porphyrinatozinc(II) (TCPBP-H

  

165 

TOF mass spectrum of 9, 18, 27, 36-tetrakis(4-carboxyphenyl)tetrabenzo

H) in THF. 

 

carboxyphenyl)tetrabenzo-



 

Figure S24. 1H NMR spectrum of

carboxyphenyl)tetrabenzoporphyrinatozinc(II) 
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H NMR spectrum of sodium 9, 18, 27, 36

carboxyphenyl)tetrabenzoporphyrinatozinc(II) (TCPBP) in CD3OD-d4. 
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CHAPTER 5. 

ULTRAFAST ELECTRON TRANSFERS IN ORGANOMETALLIC 

SUPRAMOLECULAR ASSEMBLIES BUILT WITH A NIR-

FLUORESCENT TETRABENZOPORPHYRIN DYE AND THE 

UNSATURATED CLUSTER Pd3(dppm)3(CO)2+ 

5.1. Project outlines 

Recently, the development of dyes with strong absorbance in near-IR region has been reported as 

an important method to improve the efficiency of DSSCs. Extending the π-conjugation of the 

chromophore is an effective way for bathochromatic shift. As for porphyrins, which have been 

widely used as sensitizers in DSSCs, their π-conjugation was usually expanded by incorporating 

aromatic rings at the β, β-positions or ethynyl groups at meso-positions. In Chapter 4, TCPBP, 

with extended π-conjugation by introducing four benzene rings at β, β-positions, was utilized as 

electron donors to construct supramolecular assemblies with [Pd3
2+] cluster as the electron 

acceptor, where ultrafast electron transfers (< 85 fs; time resolution limit) were reported. Herein 

it would be significant to study the effect of applying meso-substituted porphyrins or meso- and β, 

β-substituted bifunctional porphyrins on the behaviors of electron transfers, which can pave the 

way for future DSSCs applications. 

Up until now, porphyrinic sensitizers with meso- and β, β-substituted bifunctional groups have 

not been reported yet due to synthetic difficulties. In this part, 9, 18, 27, 36-tetra-(4-

carboxyphenylethynyl)tetrabenzoporphyrinatozinc(II) (TCPEBP, as a sodium salt; Chart 1) with 

large red shift of Soret and Q-bands was synthesized and utilized as electron donors to fabricate 

supramolecular motifs with [Pd3
2+] cluster as the electron acceptor. Parallel experiments were 

conducted using 5, 10, 15, 20-tetra-(4-carboxyphenyl)-ethynylporphyrinatozinc(II) (TCPEP, as 

a sodium salt; Chart 1). DFT and TDDFT calculations were applied to elucidate the structure of 

these assemblies. Binding constants for TCPEBP•••[Pd3
2+]x and TCPEP•••[Pd3

2+]x are larger 

than those for TCPBP•••[Pd3
2+]x. These assemblies mainly exist in the form of 

TCPEBP•••[Pd3
2+]4 and TCPEP•••[Pd3

2+]4. Quenching measurements and electrochemistry, etc. 

were also used to study the assemblies. Transient absorption spectra (TAS) showed the ultrafast 
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electron transfer process within the 75-110 fs time frames. However, the back electron transfers 

are also very fast (< 1 ps), which may be potential obstacle for future applications in DSSCs.  

This work was published in Organometallics, 2016, 35 (5), 816-826 by Peng Luo, Paul-Ludovic 

Karsenti, Gessie Brisard, Benoit Marsan and Pierre D. Harvey. This research work was 

conducted in Université de Sherbrooke under the supervision of Prof. Benoit Marsan (UQAM) 

and Prof. Pierre D. Harvey. I synthesized the compounds and performed all the measurements 

and calculations reported in the paper. Paul-Ludovic Karsenti measured the transient absorption 

spectra. Prof. Gessie Brisard supervised me for the electrochemical characterizations. I wrote the 

first draft of the manuscript. Prof. Benoit Marsan and Prof. Pierre D. Harvey revised and 

finalized the manuscript. 

5.2. Paper published in Organometallics, 2016, 35 (5), 816-826. 

Ultrafast Electron Transfers in Organometallic Supramolecular Assemblies Built With a 

NIR-Fluorescent Tetrabenzoporphyrin Dye and the Unsaturated Cluster 

Pd3(dppm)3(CO)2+ 

Peng Luo,a Paul-Ludovic Karsenti,a  Gessie Brisard,a  Benoit Marsan*b and Pierre D. Harvey*a 

aDépartement de chimie, Université de Sherbrooke, Sherbrooke, QC, J1K 2R1, Canada.  
bDépartement de chimie, Université du Québec à Montréal, Montréal, QC, H2X 2J6, Canada. 

5.2.1. Abstract 

The sodium 9, 18, 27, 36-tetra-(4-carboxyphenylethynyl)tetrabenzoporphyrinatozinc(II) 

(TCPEBP) and sodium 5, 10, 15, 20-tetra-(4-carboxyphenylethynyl)porphyrinatozinc(II) 

(TCPEP, for comparison purposes) salts were prepared to investigate the ionic driven host-guest 

assemblies made with the unsaturated redox-active cluster Pd3(dppm)3(CO)2+ ([Pd3
2+], dppm = 

Ph2PCH2PPh2 as a PF6‾ salt). Non-emissive dye•••[Pd3
2+]x assemblies (x = 1-4) are formed in 

methanol with K1x (binding constants) values of 83200 (TCPEBP) and 70400 M‾1 (TCPEP; 

average values extracted from graphical methods (Benesi-Hildebrand, Scott and Scatchard), and 

matching those obtained from fluorescence quenching experiments (static model)). These values 

are consistent with the more electron rich TCPEBP dye. This conclusion is corroborated by 

electrochemical data, which indicate a lower oxidation potential of the TCPEBP dye (+0.46 V) 

vs TCPEP (+0.70 V vs SCE), and by shorter calculated average Pd•••O distances (DFT 



 

(B3LYP): 3.259 vs 3.438 Å, respectively). Using the position of the 0

bands and the electrochemical data, the excited state driving forces for dye

dye+•••[Pd3
+][Pd3

2+]x-1 are estimated for 

SCE). The time scale for this process occurs within the laser pulse (FWHM < 75

the measurements of the fs transient absorption spectra. Conversely, the back electron transfers 

(dye+•••[Pd3
+][Pd3

2+]x-1 → dye•••

for TCPEBP and TCPEP). Arguments are provided that the reorganization energy governs this 

difference. 

5.2.2. Introduction 

The rates for photo-induced electron transfers from dyads composed of 

containing porphyrin dyes linked to the surface of TiO

420 ps).1 This property bears an obvious incidence of the overall efficiency of dye

solar cells (DSSCs).2 Knowing that thermodynamic parameters control the size of these rates, the 

latter’s are unavoidably bound to their molecular structures (

oxidation potentials, and excited state driving forces). More recently pointed o

photons, particularly exploiting the near

sought in solar cells. Obviously, shifting the absorption bands to the NIR is easily achieved by 

extending the -system of the chromophore. In co

tetraphenylporphyrinatozinc(II); 

the -system is to introduce ethynyl groups between the C

case (i.e. 5, 10, 15, 20-tetra-(4-

169 

3.438 Å, respectively). Using the position of the 0-0 component of the Q

bands and the electrochemical data, the excited state driving forces for dye

are estimated for TCPEBP (+1.22 V vs SCE) and TCPEP 

SCE). The time scale for this process occurs within the laser pulse (FWHM < 75

the measurements of the fs transient absorption spectra. Conversely, the back electron transfers 

dye•••[Pd3
2+]x) occur well within 1 ps (respectively 650 and 170 fs 

). Arguments are provided that the reorganization energy governs this 

TOC Graphic 

induced electron transfers from dyads composed of 

containing porphyrin dyes linked to the surface of TiO2 nanoparticles are very fast

This property bears an obvious incidence of the overall efficiency of dye

Knowing that thermodynamic parameters control the size of these rates, the 

latter’s are unavoidably bound to their molecular structures (i.e. singlet state manifold energies, 

oxidation potentials, and excited state driving forces). More recently pointed out, absorbing more 

photons, particularly exploiting the near-IR region (NIR; 750-950 nm), is another parameter 

sought in solar cells. Obviously, shifting the absorption bands to the NIR is easily achieved by 

system of the chromophore. In comparison with ZnTPP (5, 10, 15, 20

tetraphenylporphyrinatozinc(II); max(Q-band) ~580 nm), a particularly efficient way to expand 

system is to introduce ethynyl groups between the Cmeso and the phenyl groups.

-phenylethynyl)-porphyrinatozinc(II)), the Q-band is shifted to 

0 component of the Q-

bands and the electrochemical data, the excited state driving forces for dye*•••[Pd3
2+]x → 

TCPEP (1.08 V vs 

SCE). The time scale for this process occurs within the laser pulse (FWHM < 75-110 fs) during 

the measurements of the fs transient absorption spectra. Conversely, the back electron transfers 

ps (respectively 650 and 170 fs 

). Arguments are provided that the reorganization energy governs this 

 

induced electron transfers from dyads composed of carboxyphenyl-

fast (< 100 fs up to 

This property bears an obvious incidence of the overall efficiency of dye-sensitized 

Knowing that thermodynamic parameters control the size of these rates, the 

singlet state manifold energies, 

ut, absorbing more 

950 nm), is another parameter 

sought in solar cells. Obviously, shifting the absorption bands to the NIR is easily achieved by 

mparison with ZnTPP (5, 10, 15, 20-

band) ~580 nm), a particularly efficient way to expand 

and the phenyl groups.3 In this 

band is shifted to 
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nearly ~680-700 nm.3 Although this zinc(II)porphyrin-containing motif is relatively common,4 

and several photophysical and electrochemical investigations exist,5 there is no study on the 

photo-induced electron transfer. Moreover, the title compound TCPEP (Chart 1) was previously 

reported in the context of preparing MOFs (metal-organic-frameworks; note that in this case the 

0-0 peak is reported at 687 nm in DMF) but no photophysical study was performed.6 Another 

approach to extend the -system, and therefore move the electronic spectra to the red region, is 

to fuse benzene rings onto the porphyrin chromophore.7 By doing so, the 0-0 component moves 

to 737 nm (in THF). As the absorption band desirably shifts to the NIR, the singlet state energy 

decreases proportionally thus affecting the excited state driving force for electron transfer.  

 

Chart 1. Structures of [Pd3
2+], TCPEBP and TCPEP. 

In the context of this work, we recently reported assemblies of the type dye•••[Pd3
2+]x (dye = 

MCP, 5-(4-carboxylphenyl)-10, 15, 20-tristolyl(porphyrinato)zinc(II), DCP, 5, 15-bis(4-

carboxylphenyl)-15, 20-bistolyl(porphyrinato)zinc(II)), which exhibit smaller binding constants 

(K1x = 19300 (MCP) and 22000 M-1 (DCP, x = 1, 2)).8 The choice of Pd3(dppm)3(CO)2+ ([Pd3
2+], 

dppm = Ph2PCH2PPh2 as a PF6‾ salt)9 as the electron acceptor, is based on the low reduction 

potentials10 and its well-known host guest behavior to bind carboxylates in a purely ionic 

manner.11-12 Noteworthy, the photo-induced oxidative electron transfer occurs in a time scale < 

85 fs in these two cases. We now report the dye•••[Pd3
2+]x assemblies where dye is either 

TCPEBP or TCPEP. The new compound TCPEBP is a NIR emitter and exhibits the largest K1x 

of this series. The dye•••[Pd3
2+]x assemblies are found non-emissive as well and the rates for 

electron transfer (dye*•••[Pd3
2+]x → dye+

•••[Pd3
+][Pd3

2+]x-1) also occurs within the laser pulse 

(FWHM < 75-110 fs). 
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5.2.3 Results and Discussion 

5.2.3.1. Synthesis.  

4, 7-Dihydro-4, 7-ethano-2H-isoindole (1) has recently been reported to be attractive synthon for 

the synthesis of tetrabenzoporphyrins because it could be easily oxidized to provide the target 

macrocycles in high yield compared to 4, 5, 6, 7-tetrahydroisoindole or 4, 7-dihydroisoindole.13 

Based on the typical method to incorporate acetylene groups into porphyrinic macrocycle, the 

synthesis approach illustrated in Scheme 1 was initially designed to synthesize TCPEBP-2 as 

the key intermediate.14 However, this approach leads to scrambling due to the high reactivity of 

3-trimethylsilylpropynal which tends to lose the trimethylsilyl groups under acid conditions and 

induces undesired polymerization. The MALDI-TOF spectra, indeed, confirmed the presence of 

TCPEBP-TMS1 but numerous unexplained secondary signals were also observed. 

Consequently, another synthetic strategy was employed. 

 

Scheme 1. Initial synthetic route of TCPEBP-2. This approach was unsuccessful. 

Inspired by the first and sole synthesis of tetraethynyl-substituted tetrabenzoporphyrin where 

direct condensation of 1 and phenylpropynal were applied,7 the synthesis of the target dye was 

successfully achieved by utilizing aldehyde Ar-CHO, which can avoid the use of the “vulnerable” 

trimethylsilyl groups, and introduce both ethynyl and carboxyl groups simultaneously (Scheme 

2). The porphyrin macrocycle is generated using the classical acid catalysis condensation.15 Then 

Zn(OAc)2·2H2O was employed to incorporate the zinc metal inside porphyrin to get TCPEBP-1. 

p-Toluenesulfonic acid (p-TsOH) used as a non-oxidizing organic acid gave higher yield (5%) 

than common inorganic acids like trifluoroacetic acid (1%) and boron trifluoride etherate (2%). It 

was expected that this condensation would show lower yield compared to
 typical porphyrin 

condensation yields (20-30%) because of the delocalization of electronic density over aldehyde 

and ethynyl groups, which could increase the reactivity of aldehyde group and cause more side 

reactions. The intermediate TCPEBP-1 was not stable and TCPEBP-2 can be prepared by retro-
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Diels-Alder reaction in the solid state upon heating. The intermediate TCPEBP-2 was then 

hydrolyzed, and sodium salt was introduced by the neutralisation of the acid groups using NaOH. 

The desired functional group -CO2‾ promotes the desired ionic interactions with the [Pd3
2+] 

cluster. 

 

Scheme 2. Synthetic route for TCPEBP. Reagents and conditions: (i) p-TsOH, -40 oC to rt, 4h, 

DDQ; (ii) Zn(OAc)2·2H2O, rt, overnight, overall yield for (i) and (ii) 5%; (iii) 180-200 °C, 10 

min, 91%; (iv) NaOH, reflux, 5h; (v) HCl, overall yield for (iv) and (v) 82%; (vi) NaOH, rt, 

overnight, 72%. 

5.2.3.2. Photophysical characterization of the dyes  

Prior to describe the properties of the targeted assemblies, some basic properties are provided. 

The electronic spectra of TCPEBP and TCPEP in methanol exhibit the typical * signature of 

the porphyrin chromophore (Figure 1 and Table 1), which is confirmed by DFT and TDDFT 

computations below. The fluorescence lifetimes, F, are 1.26 and 3.77 ns for TCPEBP and 2.61 

and 3.59 ns for TCPEP in MeOH at 298 K and MeOH:2MeTHF 1:1 at 77 K, respectively (Table 

S1). The fluorescence quantum yields, F, for TCPEBP and TCPEP in MeOH are 0.033 and 

0.039 based on H2TPP (F = 0.11).16 These photophysical parameters are also reminiscent for 

that of the zinc(II)porphyrin chromophore, except that the TCPEBP chromophore emits in the 



 

NIR with maxima of the 0-0 component in the vicinity of

data of TCPEBP are very similar to that of

Figure 1. Top: absorption (black), fluorescence (red), and 

in MeOH at 298 K (left) and in MeOH:2MeTHF 1:1 at 77 K (right). Bottom: a

emission (red), and excitation (blue) spectra of 

MeOH:2MeTHF 1:1 at 77 K (right).

Table 1. Absorption, emission and excitation 

  
Absorption 
(

TCPEBP 
298 K 529 (273.1
77 K 

TCPEP 
298 K 480 (248.8
77 K 

aexc = 530 nm for TCPEBP at 298 K 

mixture); 480 nm for TCPEP at 298 K and 500 nm at 77 K. 
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0 component in the vicinity of 760 nm. The spectra signatures and 

very similar to that of TCPEBP-2 (SI). 

(black), fluorescence (red), and excitation (blue) spectra of 

MeOH:2MeTHF 1:1 at 77 K (right). Bottom: absorption

xcitation (blue) spectra of TCPEP in MeOH at 298 K 

MeOH:2MeTHF 1:1 at 77 K (right).  

and excitation data for porphyrinic salts TCPEBP 

Absorption λmax (nm)  
ε (× 103 M-1·cm-1)) 

Emission λmax 
(nm)a 

273.1), 676 (24.3), 727 (13.9) 760 
544, 686, 740 756 

248.8), 628 (5.4), 681 (25.6) 699 
491, 642, 695 696 

at 298 K (in MeOH) and 540 nm at 77 K (in MeOH:2MeTHF 1:1 

at 298 K and 500 nm at 77 K.  

The spectra signatures and F 

 

xcitation (blue) spectra of TCPEBP 

bsorption (black), 

MeOH at 298 K (left) and in 

P and TCPEP. 

Excitation λmax 
(nm)b 
530 
545 
482 
492 

(in MeOH:2MeTHF 1:1 



 

bem = 800 nm for TCPEBP at 298 K and 77 K; 

5.2.3.3. Cyclic voltammetry and driving forc

Both dyes exhibit irreversible oxidation and reduction waves in the 

(Figure 2) and the oxidation potentials are rather low (Table 2).

Figure 2. Left: cyclic voltammograms of 

10‾3 M) at 298 K containing 0.1 M TBAPF

Right: modified Latimer diagram for 

[Pd3
2+] (C). 

Table 2. Oxidation (Epa) and reduction (

 
Oxidation 

TCPEBP +0.46, +0.63, +1.09
TCPEP +0.70

 

By using the 0-0 peaks of the Q-

TCPEBP and 695 nm (E0/* = 1.78 eV) for 

= 0.46 and 0.70 V vs SCE for 

forces for oxidative electron transfer, E*

TCPEBP and TCPEP, respectively; modified Latimer diagram in Figure 2, right). 

[Pd3
2+] exhibits a reduction potential E

that the reactions dye*•••[Pd3
2+]

SCE for dye = TCPEBP and TCPEP
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at 298 K and 77 K; 760 nm for TCPEP at 298 K and

5.2.3.3. Cyclic voltammetry and driving force for electron transfer  

Both dyes exhibit irreversible oxidation and reduction waves in the cyclic voltammograms 

(Figure 2) and the oxidation potentials are rather low (Table 2). 

. Left: cyclic voltammograms of TCPEBP (red) and TCPEP (black) in MeOH (3

298 K containing 0.1 M TBAPF6 as supporting electrolyte (Scan rate = 50 mV/s). 

Right: modified Latimer diagram for TCPEBP (A) and TCPEP (B), and Latimer diagram for 

) and reduction (Epc) peak potentials of TCPEBP and TCPEP

Oxidation Epa (i.e. E0/+) 
V vs SCE 

Reduction Epc

V vs SCE
+0.46, +0.63, +1.09 -0.98

70, +1.03, +1.43 -1.11

-bands (at 77 K for more accuracy; 740 nm (E0/

* = 1.78 eV) for TCPEP) and the first oxidation peak potentials (E

SCE for TCPEBP and TCPEP, respectively), the excited state driving 

forces for oxidative electron transfer, E*/+, can be evaluated (+1.22 and +1.08 V 

, respectively; modified Latimer diagram in Figure 2, right). 

exhibits a reduction potential E0/‾ = -0.50 V vs SCE.17 The thermodynamic outcome is 

]x → dye+•••[Pd3
+]x are favorable (E = +0.72 and 

TCPEP, respectively). Concurrently, using the reduction data for 

at 298 K and 77 K. 

cyclic voltammograms 

 

(black) in MeOH (3.0 × 

(Scan rate = 50 mV/s). 

), and Latimer diagram for 

TCPEP in MeOH. 

pc (i.e. E0/‾) 
SCE 

0.98 
1.11 

0/* = 1.68 eV) for 

and the first oxidation peak potentials (E0/+ 

, respectively), the excited state driving 

, can be evaluated (+1.22 and +1.08 V vs SCE for 

, respectively; modified Latimer diagram in Figure 2, right). Concurrently, 

The thermodynamic outcome is 

0.72 and +0.58 V vs 

, respectively). Concurrently, using the reduction data for 
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TCPEBP and TCPEP (Table 2) and the oxidation potential for [Pd3
2+] (E0/+ = +0.95 V vs SCE)18 

the excited state driving forces for reduction electron transfer, E*/‾, can be evaluated (-0.70 and -

0.67 V vs SCE for TCPEBP and TCPEP, respectively) as well as the E for the reaction 

dye*•••[Pd3
2+]x → dye‾•••[Pd3

3+]x (-0.70 + 0.95 = +0.25 and -0.67 + 0.95 = +0.28 V). These 

data indicate that oxidation quenching of the dye in the S1 state is far more favorable than for the 

reduction. For comparison purposes, the reported Es for donor*•••[Pd3
2+] → donor+••• [Pd3

+] 

(+0.67; MCP, +0.72 V vs SCE; DCP)8 are similar to those for TCPEBP and TCPEP (i.e. 

respectively +0.72 and +0.58 V vs SCE). This observation is expectedly consistent with the fact 

that the extension of the -system decreases both the singlet state energy and oxidation potential 

almost proportionally.  

5.2.3.4. DFT and TDDFT computations 

The nature of the singlet excited states for both dyes have been addressed computationally. The 

frontier MOs exhibit the classic -orbitals expected for porphyrins with extension of the atomic 

contributions into the ethynyl and fused benzene fragments (Figure 3). Further confirmations are 

obtained by calculating the positions of the spin-allowed transitions using TDDFT. The 100st 

transitions are placed in the SI but the first four are included in Table 3. The positions of the 

lowest energy (doubly degenerated) transitions are computed at 679 and 713 nm for TCPEP and 

TCPEBP, respectively, and compare favorably to the corresponding experimental values at 681 

and 727 nm (298 K). The calculated compositions of these transitions include the LUMO-1, 

LUMO, HOMO and HOMO-1 as expected. Moreover, the comparison of the computed positions 

of the 100st transition (blue bars in Figure 3, bottom), also compare favorably with the 

experimental spectra. Thus, the computations confirm * nature of the lowest energy S1 states. 



 

Figure 3. Top: Representations of selected frontier MOs of 

as Na+ salt using a MeOH solvent field (energies in eV; for more frontier MOs, see SI). Bottom:

Experimental UV-vis spectrum and oscillator strength for the 100

TCPEP (left) and TCPEBP (right) as Na
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. Top: Representations of selected frontier MOs of TCPEP (left) and 

salt using a MeOH solvent field (energies in eV; for more frontier MOs, see SI). Bottom:

vis spectrum and oscillator strength for the 100st electronic transition 

(right) as Na+ salt using a MeOH solvent field. 

 

(left) and TCPEBP (right) 

salt using a MeOH solvent field (energies in eV; for more frontier MOs, see SI). Bottom: 

electronic transition of 
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Table 3. Computed positions, oscillator strengths and major contributions for the first four 

electronic transitions for TCPEP and TCPEBP (MeOH solvent field applied). 

TCPEP  (nm) Osc. Strength Major contributions (%) 

1 679 0.5959 H-1→L+1 (12), HOMO→LUMO (73), HOMO→L+1 (13) 

2 679 0.5961 H-1→LUMO (12), HOMO→LUMO (13), HOMO→L+1 (73) 

3 469 1.8906 H-1→LUMO (60), H-1→L+1 (20), HOMO→L+1 (10) 

4 469 1.8912 H-1→LUMO (20), H-1→L+1 (60), HOMO→LUMO (10) 

TCPEBP (nm) Osc. Strength Major contributions (%) 

1 713 0.0119 H-1→LUMO (47), HOMO→L+1 (52) 

2 712 0.0086 H-1→L+1 (46), HOMO→LUMO (53) 

3 550 2.1583 H-1→LUMO (53), HOMO→L+1 (47) 

4 550 2.176 H-1→L+1 (54), HOMO→LUMO (46) 

 

5.2.3.5. Evolution of the absorption spectra upon addition of [Pd3
2+] 

Additions of dyes into methanol solutions containing [Pd3
2+] lead to spectral modifications 

(Figure 4). For TCPEP, two isosbestic points are noted at 500 and 625 nm and exhibit the 

typical host-guest behavior for this cluster in the presence of a –CO2‾ group.11a Typically, the 

strong [Pd3
2+] absorption shifts from 500 to 480 nm upon additions. For TCPEBP, this sought 

isosbestic point is not apparent because of the strong Soret band blurring the spectrum. However, 

clear evidences are provided below demonstrating the presence of this same host-guest behavior 

described by dye + x [Pd3
2+] dye•••[Pd3

2+]x (x =1-4).  

 

Figure 4. Left: Evolution of the absorption spectra of [Pd3
2+] (9.72 × 10‾5 M) in MeOH at 298 K 

upon additions of TCPEP (9.65 × 10‾6 M). Curves A-G were obtained with successive additions 

of 0.1 mL of the TCPEP solution. The arrows indicate the direction of absorption change with 
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increasing TCPEP. Right: Evolution of the absorption spectra of [Pd3
2+] (1.08 × 10‾4 M) in 

MeOH at 298 K upon additions of TCPEBP (3.36 × 10‾6 M). Curves A-G were obtained with 

successive additions of 0.1 mL of the TCPEBP solution. The arrows indicate the direction of 

absorption change with increasing TCPEBP. Only certain initial spectra were shown for clarity. 

Table 4. Binding constants for the dye•••[Pd3
2+]x assemblies in MeOH at 298 K. 

Substrate (Average)a 
Binding Constants K1x (M‾1)b 

Benesi-Hildebrand Scott Scatchard 
 TCPEBP•••[Pd3

2+]x (83200 M‾1) 85358 82449 81890 
 TCPEP•••[Pd3

2+]x     (70400 M‾1) 75016 67784 68495 
aThe values in parentheses are the average from the 3 methods.  

bThe uncertainties are ~±10% based on multiple measurements.  

Using three graphical methods, i.e. Benesi-Hildebrand, Scott and Scatchard,19 the binding 

constants K1x (x = 1-4) have been determined (Table 4, and see graphs provided in Figure S1). 

The similarity of the extracted values for each method provides confidence in the data. Moreover, 

the fact that these graphs are linear and exhibiting the same slope over a large range of 

equivalents of [Pd3
2+], indicating that K11 ≈ K12 ≈ K13 ≈ K14 for the assemblies dye•••[Pd3

2+]x; x 

→ 0, 1, 2, 3, 4, means that the binding is not sterically nor electronically influenced by the 

sequential ionic anchoring of the clusters onto the dye. These constants, respectively 70400 and 

83200 M‾1 for TCPEP and TCPEBP (average values), are consistent with the 

tetrabenzoporphyrin being more electron-rich chromophore. These constants can be considered 

strong. The evolution of the absorption spectra of the dyes upon additions of [Pd3
2+] (Figure S2 

in the SI) also exhibits spectral changes where the cluster band first appears as a shoulder near 

480 nm but shifts to 500 nm when a large excess is added meaning that all the binding sites are 

occupied and the amount of free [Pd3
2+] increases with further additions. 

5.2.3.6. Fluorescence quenching measurements 

These absorption spectral modifications are accompanied by a fluorescence quenching (Figure 5 

as an example and SI). However, the fluorescence lifetimes, F (again 1.26 and 3.77 ns for 

TCPEBP and 2.61 and 3.59 ns for TCPEP, respectively, in MeOH at 298 K and 

MeOH:2MeTHF 1:1 at 77 K) remain constant for all [Pd3
2+] concentrations (data in Table S1). 

This behavior is strongly suggestive of a static quenching in both singlet states (eq. 1):  
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dye* + x [Pd3
2+]              dye*•••[Pd3

2+]x   (x =1-4) (1) 

        emissive                            non-emissive 

In order to confirm this process, the fluorescence quenching at 298 K is also graphically 

analyzed (Figure 5 for TCPEBP and SI for TCPEP). The absence of linearity in the Stern-

Volmer plots (see graph in middle left) indicates that the mechanism is not dynamic quenching. 

The data are then analyzed using the relationship log[(F°-F)/F] = log(Kb) + (n •
 log[Pd3

2+]), 

where F° andF are the fluorescence intensities respectively in the absence and presence of 

[Pd3
2+], Kb is the binding constant, and n is the average number of binding sites.20 Values of n =

 

3.85 (TCPEP) and 3.72 (TCPEBP) are evaluated (Table 5), and the fact they approached the 

saturation value of 4 is fully consistent with the number of carboxylate sites on the chromophores. 

Table 5. Various quenching constants, n, KD and V, extracted from the fluorescence quenching 

in MeOH at 298 K and in MeOH:2MeTHF 1:1 at 77 K. 

Assemblies (Temperature) n KD (M‾1) V (M‾1) 
TCPEBP•••[Pd3

2+]x (298 K) 3.72 18300 80400 
TCPEP•••[Pd3

2+]x (298 K) 3.85 16400 69400 
TCPEBP•••[Pd3

2+]x (77 K) 3.61 19300 81000 
TCPEP•••[Pd3

2+]x (77 K) 3.76 18700 72600 
 

In order to verify that the quenching is dominantly static, a mixed dynamic-static model was also 

used.21 This graphical approach stems from a sphere of action model using the equation [1-

(F/F°)]/[Pd3
2+] = KD • (F/F°) + (1-W)/[Pd3

2+], where W is the fraction of the excited state 

quenching occurring from a collisional process given by exp(-V •
 [Pd3

2+]), where V is the static 

quenching constant defining the volume of the sphere of action, and KD is the dynamic 

quenching constant. From a graph of [1-(F/F°)]/[Pd3
2+] vs (F/F°), KD is obtained from the 

slope using a least-square fit and the intercept leads to the W values as a function of [Pd3
2+]. 

Then, V is obtained from the slopes in the ln(W) vs [Pd3
2+] plots. These graphs are provided in 

Figure 5 for TCPEBP at 298 K. The remainder plots are placed in the SI. 

These values are KD = 18300 and V = 80400 for TCPEBP•••[Pd3
2+]x, and KD = 16400 M‾1 and V 

= 69400 M‾1 for TCPEP•••[Pd3
2+]x. Because the V values are significantly larger than those for 

KD, the static quenching dominates the overall mechanism. In addition, the K1x values 

(determined from absorption spectroscopy) are similar to that obtained for V obtained from 

fluorescence quenching experiments as expected. In order to confirm this conclusion, this same 



180 
 

analysis was performed on the assemblies’ fluorescence at 77 K where only static quenching is 

possible. The data are placed in the SI. Indeed, the n, KD and V values are very similar at both 

temperatures (Table 5). 

 

Figure 5. Top left: evolution of the fluorescence spectra of TCPEBP (9.71 × 10‾6 M) upon 

adding [Pd3
2+] in MeOH (298 K). Curves A-J were recorded with successive additions of 0.1 mL 

of [Pd3
2+] (6.08 × 10‾5 M). Top right: decrease of the relative fluorescence intensity (F/F°) as a 



 

function of the [Pd3
2+]/[TCPEBP]

plot). Middle right: graph of log[(

(F/F°)]/[Pd3
2+] vs (F/F°). The two

concentration of clusters causing 

vs [Pd3
2+] for the TCPEBP•••[Pd

5.2.3.7. DFT calculation results for dye•••[Pd

The geometry of the dye•••[Pd3
2+

one anchored cluster was calculated for size reasons (Figure 6). The optimized geometries 

feature the anticipated long Pd

(selected data in placed in Table 6). The longer average Pd

TCPEP compared to TCPEBP

TCPEP•••[Pd3
2+] assemblies. 

 
Figure 6. Optimized geometry of 

assemblies in MeOH solvent field.
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]/[TCPEBP]. Middle left: plot of (F°/F) vs [Pd3
2+] (i.e.

Middle right: graph of log[(F°-F)/F] vs log[Pd3
2+]. Bottom left: graph of

°). The two-three points curving out of the slope is due to the high 

concentration of clusters causing a saturation of the binding sites. Bottom right:

[Pd3
2+]x assembly in MeOH (298 K). 

results for dye•••[Pd3
2+] assemblies and their MO representations

2+] assemblies have been optimized by DFT computations. Only 

one anchored cluster was calculated for size reasons (Figure 6). The optimized geometries 

the anticipated long PdO distances generally associated with ionic interactions 

(selected data in placed in Table 6). The longer average PdO and PdZn separations for 

P is fully consistent with the smaller binding constants f

. Optimized geometry of TCPEBP•••[Pd3
2+] (top) and TCPEP•••[Pd

assemblies in MeOH solvent field. 

i.e. Stern-Volmer 

. Bottom left: graph of [1-

three points curving out of the slope is due to the high 

. Bottom right: graph of ln(W) 

] assemblies and their MO representations 

assemblies have been optimized by DFT computations. Only 

one anchored cluster was calculated for size reasons (Figure 6). The optimized geometries 

O distances generally associated with ionic interactions 

Zn separations for 

is fully consistent with the smaller binding constants for 

 

TCPEP•••[Pd3
2+] (bottom) 
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Table 6. Selected distances for the optimized geometry of the TCPEBP•••[Pd3
2+] and 

TCPEP•••[Pd3
2+] assemblies in the ground state. 

 Distances (Å) 

TCPEBP•••[Pd3
2+] 

Pd-Pd  

 
2.707, 2.695, 2.678 (av.=2.693) 

Pd-P  2.433, 2.411, 2.407, 2.396, 2.395, 2.392 (av.=2.406) 

Pd•••O  
1st  O: 3.543, 3.213, 2.896 (av.=3.217) 
2nd O: 3.696, 3.184, 3.023  (av.=3.301) 

Pd•••Zn 15.181, 14.887, 14.642 (av.=14.903) 

TCPEP•••[Pd3
2+]  

Pd-Pd  2.682, 2.675, 2.670 (av.=2.676) 
Pd-P  2.443, 2.413, 2.409, 2.408, 2.399, 2.380 (av.=2.409) 

Pd•••O  
1st  O: 3.617, 3.438, 3.079 (av.=3.378) 
2nd O: 3.868, 3.573, 3.056 (av.=3.499) 

Pd•••Zn 15,582, 14.998, 14.956 (av.=15.179) 
 

The representations of the frontier MOs exhibit no atomic contribution on both the porphyrin 

dyes and [Pd3
2+] cluster for a same MO (Figure 7 for TCPEBP and the SI for TCPEP). This 

feature indicates that no MO coupling between the two fragments and that no electronic 

communication is favoured. This expected conclusion supports that the interactions between the 

anion and cation are solely ionic in nature. The HOMO, HOMO-1, LUMO+1 and LUMO+2 for 

TCPEBP•••[Pd3
2+]  (Figure 7) and TCPEP•••[Pd3

2+] (SI) are the same as analogues illustrated 

for the free dyes (above), indicating that these weak interactions do not alter the MO schemes of 

the chromophores. 



 

Figure 7. Top: representations of the frontier MOs of 

solvent field (energies in eV; see SI for those for 

vis spectrum and oscillator strength for the 100

note the weak bar at 713 nm, detail place

using a MeOH solvent field. The 100
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. Top: representations of the frontier MOs of TCPEBP•••[Pd3
2+] assembly in MeOH 

solvent field (energies in eV; see SI for those for TCPEP•••[Pd3
2+]). Bottom: experimental UV

vis spectrum and oscillator strength for the 100st electronic transition of TCPEBP

note the weak bar at 713 nm, detail placed in Table 7) and TCPEP•••[Pd3
2+] (right) as Na

. The 100st computed transitions are placed in the SI.

 

 

assembly in MeOH 

experimental UV-

TCPEBP•••[Pd3
2+] (left; 

(right) as Na+ salt 

computed transitions are placed in the SI. 
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Table 7. Computed positions, oscillator strengths and major contributions for the first 4 

electronic transitions for the TCPEBP•••[Pd3
2+] and TCPEP•••[Pd3

2+] and assemblies (MeOH 

solvent field applied).   

No.  (nm) Osc. strength Major contributions (%) 

TCPEBP•••[Pd3
2+] 

1 792 0 HOMO→LUMO (100) 
2 761 0.0003 H-1→LUMO (100) 
3 713 0.0154 H-1→L+2 (44), HOMO→L+1 (49) 
4 713 0.0128 H-1→L+1 (44), HOMO→L+2 (48) 

TCPEP•••[Pd3
2+] 

1 779 0.0015 H-1→LUMO (91) 
2 705 0.0003 HOMO→LUMO (98) 
3 681 0.6985 H-2→L+2 (13), HOMO→L+1 (86) 
4 677 0.5653 H-2→L+1 (14), HOMO→L+2 (86) 

 

The LUMO is composed of the in-plane d*(Pd-Pd) MO centered onto the [Pd3
2+] cluster. This 

computational result is consistent with previous DFT calculations on the free cluster22 and the 

cluster assembled with a dye.8 This MO “insertion” of a cluster localized MO within the four  

and * levels of the porphyrin dye is relevant as it adds the possibility of electronic transitions 

between the filled frontier MOs of the dyes and this LUMO, although these are expected to be 

forbidden due to poor MO overlaps. As expected, the two lowest energy electronic transitions 

involve this d*(Pd-Pd) MO, and two (dye*) → d*(Pd-Pd) transitions are computed (Table 7). 

For the upper energy electronic transitions, the calculated positions are very similar to that 

reported for the free dyes (above). 

A reasonable match is noticed when comparing the graphs of the calculated positions and 

oscillator strengths of the first electronic transitions with the experimental spectra for both 

assemblies in MeOH (Figure 7). A blue-shifts of ~30-50 nm of the calculated vs experimental 

positions of the pure electronic transitions is observed. The presence of weak trailing tail at 

higher wavelengths from the Q-bands is obvious in the experimental spectra. These features 

extend all the way to 800 nm and a bit more. Thus, this match between calculations and 

experimental corroborate well the presence of assemblies in solutions. 
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5.2.3.8. Relative proportions of TCPEBP•••[Pd3
2+]x and TCPEP•••[Pd3

2+]x   

Because the ionic interactions are generally weak, as corroborated by the binding constants in 

this work, the sufficient generation of assemblies must be controlled to secure reasonable 

amounts for the measurements of the transient absorption spectra. Their relative quantities have 

been estimated using both K1x (from absorption data, Table 4) and V (from fluorescence 

quenching, Table 5) constants. These relative proportions are provided in Table 8 and the 

calculation procedure has been placed in the SI for convenience. In order to obtain a 1:2 

[CO2‾]/[Pd3
2+] ratio, it is necessary to use 1:8 equivalent of dyes and cluster. By using the 1:2 

[CO2‾]/[Pd3
2+] ratio, > 99 % of the dyes are associated with at least one [Pd3

2+], and the major 

component is the dye•••[Pd3
2+]4 assemblies.  

 

Table 8. Relative percentage of complexed dyes in the 1:2 [CO2‾]/[Pd3
2+] ratio used for the TAS. 

 

[CO2‾]/[Pd3
2+] Assembly %: K1x, V Assembly %: K1x, V 

1:2 

TCPEBP•••[Pd3
2+]4 87.8, 87.5 TCPEP•••[Pd3

2+]4 86.3, 86.7 

TCPEBP•••[Pd3
2+]3 10.7, 11.0 TCPEP•••[Pd3

2+]3 11.8, 11.6 

TCPEBP•••[Pd3
2+]2 1.29, 1.38 TCPEP•••[Pd3

2+]2 1.62, 1.54 

TCPEBP•••[Pd3
2+] 0.17, 0.17 TCPEP•••[Pd3

2+] 0.23, 0.19 

 

5.2.3.9. Transient absorption spectra 

In the absence of fluorescence in the assemblies, this time-resolved methodology was used to 

evaluate the time scales for the singlet excited state quenching of the dyes by [Pd3
2+]. The 

unassociated cluster and dyes were first studied separately. The TAS of [Pd3
2+] were previously 

reported by us (SI of ref. 8; it is provided as Figure S15 in this SI for convenience). It exhibits 

positive (bleach) and negative (transient) signals, respectively, at ~510 and ~410 nm, and the 

decay trace lies in the short ps time scale. No TAS signature of the cluster was observed in the 

spectra indicating that its signal is rather weak in comparison with that of the dyes (i.e. strong 

bleached Soret band). The time evolution of the TAS of TCPEP is shown in Figure 8A, where 

an isosbestic point is depicted at ~490 and ~670 nm. The deconvolution of the spectra indicates 

the presence of at least four species (Figure 8C). The easiest species to identify decays in the ns 

time scale clearly associated with a triplet state, i.e. T1, of the dye. This value is not accurate 

because of the delay line limited to about 8 ns. This T1 species is rapidly generated in the 2-4 ps 

time scale as noticed in the decay trace of the bleached signal at 480 nm (Figure 8E; purple trace) 
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after exciting directly in the S1 state (i.e. exc = 680 nm) to minimize the number of possible 

species present in solution. Another species that is readily addressable decays with a 2.29 ns time 

constant. This value matches well F of 2.61 ns and obviously associated with the S1 species that 

are not associated with the cluster (Figure 8C, light green trace). The signal is weak with respect 

to that of the T1 species, likely due to the efficient intersystem crossing as suggested by the fast 

generation of this T1 species (i.e. 2-4 ps). 

A third species decaying at ~11 ps (turquoise trace) is also very weak and is tentatively assigned 

to a S1 species similar to that encountered in solvent-induced vibrationally relaxed S1 species 

commonly encountered in ZnTPP-containing chromophores.23 These non-emissive S1 species 

generally decay in the tens of ps. A fourth species, also exhibiting a weak intensity and decaying 

in the fs time scale, is also de-convoluted, but its origin is not known with certainties. Its 

presence and assignment do not interfere with the conclusion.  

The time evolution of the TAS of the TCPEP•••[Pd3
2+]x assembly, in which the striking feature 

is a notable difference with the TAS of the free dye (TCPEP) is depicted in Figure 8 B. This 

observation indicates that new products are formed in the presence of [Pd3
2+]. Quasi-isosbestic 

points are depicted at ~500 and ~670 nm, and the apparent final product is the TCPEP triplet 

species as clearly observed by the comparison with the triplet species observed for the free dye 

(see red traces in Figure A-D). Again the ns lifetime is unreliable due to the delay line. Because 

of the lower intensity of the triplet signals for a same dye concentration (i.e. ~3 folds), one 

concludes that the other product is the dye in its ground state. The two other species that are 

easily identified, based on comparison between the TAS of the dye in the absence of [Pd3
2+], are 

the S1 species (light green and turquoise traces in Figures 8 C and D). While the 11.2 and 8.63 ps 

decays compare favorably, the decays for the 2.29 and 0.16 ns species do not. We do not have an 

explanation for this except that the extraction of each lifetime component in the time evolution in 

the TAS is generally challenging. We cannot attribute this difference to a quenching of the 

singlet state by electron transfer because the rise time for the formation of the charge separated 

state should occur within the same time frame (i.e. 0.16 ns; see below). This was not the case. 
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Figure 8. Top: time evolution of the transient absorption spectra (exc = 680 nm; FWHM = 107 

fs) of free TCPEP (A) and the TCPEP•••[Pd3
2+]x (B) assemblies in MeOH at 298 K (exc = 680 

nm; FWHM = 107 fs). Middle: de-convoluted spectra of transient species from the experimental 

spectra of free TCPEP (C) and the TCPEP•••[Pd3
2+]x (D). Bottom: rise times and decays 

measured at various wavelengths of free TCPEP (A) and the TCPEP•••[Pd3
2+]x (B). The 

[CO2‾]/[Pd3
2+] stoichiometry for the TCPEP•••[Pd3

2+]x assemblies is 1:2. The positive signals 

are bleached bands, and the negative ones are transient absorptions. 
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Figure 9. Top: time evolution of the transient absorption spectra (exc = 720 nm; FWHM = 78 fs) 

of free TCPEBP (A) and the TCPEBP•••[Pd3
2+]x (B) assemblies in MeOH at 298 K (exc = 720 

nm). Middle: de-convoluted spectra of transient species from the experimental spectra of free 

TCPEP (C) and the TCPEBP•••[Pd3
2+]x (D). Bottom: rise times and decays measured at various 

wavelengths of free TCPEBP (A) and the TCPEBP•••[Pd3
2+]x (B). The [CO2‾]/[Pd3

2+] 

stoichiometry for the TCPEBP•••[Pd3
2+]x assemblies is 1:2. The positive and negative signals 

are bleached and transient bands, respectively.  

Finally, the new species exhibits a significantly more intense, larger and red-shifted signal 

(purple trace in Figure 8 D compared to that in C) which features some fine structures in the 530-

660 nm window. The fact that these two species labelled by purple traces decay with similar 
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kinetics can only be coincidental. This major transient species (i.e. purple trace in Figure 8 D) is 

the porphyrin cation. The key question is what the rise time is (i.e. rate of formation). The 

monitoring of this strong signal at 490 nm (turquoise trace in Figure 8 F) indicates that a rise is 

occurring well within the excitation pulse. Conclusively, the charge separated state 

(dye*•••[Pd3
2+]x → dye+•••[Pd3

+][Pd3
2+]x-1) is formed within 107 fs. All the other species, 

whether they concern the dye in the absence or in the presence of the cluster, are also formed 

within the pulse or in the 2-4 ps time window for the triplet species. The decay trace of the 

charge separated species recovers with a kinetic of ~0.65 ps (i.e. back electron transfer; 

(dye*•••[Pd3
2+]x → dye+•••[Pd3

+][Pd3
2+]x-1).  

The time evolution of the TAS of TCPEBP in the absence and presence of [Pd3
2+] (A and B), 

the de-convoluted spectra of various species (C and D) and corresponding kinetic traces (E and F) 

are shown in Figure 9. These species behave somewhat similarly to that for TCPEP above and 

only the differences and key features are described. The de-convoluted spectra of the free 

TCPEBP dye exhibit one more species, notably in the ps time scale, which disappear when 

[Pd3
2+] is added. This behavior is consistent with the large binding constant for the 

TCPEBP•••[Pd3
2+]x assembly and free dye is essentially inexistent (see bottom of Table 8). The 

species with a 1.37 ns decay (purple trace in Figure 9 C), which belongs to the unassociated 

TCPEBP, matches well the corresponding F value (1.26 ns). More importantly, the species 

associated with the charge separated state (dye+•••[Pd3
+][Pd3

2+]x-1; purple trace in Figure 9 D), 

readily recognizable from the multiple resolved features, exhibits the strongest signals, notably at 

575 and 720 nm (bleach). Again, the monitoring of the rise time indicates that all transients occur 

within the excitation pulse, here 78 fs. This is particularly evident for the signal at 720 nm (red 

trace in Figure 9 F). So the charge separated state occurs within this time frame, but also relaxes 

via a back electron transfer rather quickly (i.e. ~170 fs) in comparison to the TCPEP dye (~650 

fs). At first glance, this result appears curious since the back electron transfer should even be 

more thermodynamically favorable for the TCPEP dye (E = 1.20 (TCPEP) vs 0.96 V 

(TCPEBP) vs SCE; Figure 10) but the reorganisation energies associated with these processes 

are bound to be different. Indeed, the presence of four fused benzene rings onto the porphyrin 

chromophore permits the positive charge to be spread over more C-atoms than the TCPEP 

skeleton, thus making the reorganisation energy (including both nuclear and solvent) smaller for 
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TCPEBP. Such a situation would indeed render the electron transfers in TCPEBP assemblies 

more favorable. 

 

Figure 10. Thermodynamic parameters for the processes: donor*•••[Pd3
2+] → donor+••• [Pd3

+] 

→ donor•••[Pd3
2+] (this format is adopted instead of dye*•••[Pd3

2+]x → dye+•••[Pd3
+][Pd3

2+]x-1 

→ dye*•••[Pd3
2+]x to simplify the drawing).  

5.2.4. Conclusion 

By altering the structure of the dye going from TCPEP to the near-IR emitter TCPEBP (i.e. 

adding supplementary -conjugation), unambiguously notable variations of the oxido-reduction 

potentials, S1 energies, binding constants with [Pd3
2+], and excited state driving forces for the 

oxidative quenching of the fluorescence (dye*•••[Pd3
2+]x → dye+•••[Pd3

+][Pd3
2+]x-1), occur. 

However for both assemblies, which exhibit strong binding constants, this efficient process is 

ultrafast (within the 75-110 fs time frame). The highly thermodynamically favorable back 

electron transfers (dye+
••• [Pd3

+][Pd3
2+]x-1 → dye*•••[Pd3

2+]x) are also expectedly ultrafast 

(~170 and ~650 fs for TCPEBP and TCPEP, respectively). In the context of DSSCs, the fast 

injection of electrons into the conduction band of the TiO2 nanoparticles by porphyrin-containing 

dyes has been demonstrated in the literature.1 This behavior is also clearly corroborated in this 

work using the redox-active [Pd3
2+] cluster but the noted ultrafast back electron transfer (< 1 ps) 

potentially represents an obstacle not to be neglected among the many parameters to the design 

of these solar cells. This work demonstrates that a dye built upon the tetrabenzoporphyrin motif, 

and the tetraethynylphenylporphyrin as well, exhibit a serious possible thermodynamic/kinetic 

challenge to the photo-induced electron transfer. 
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5.2.5. Experimental section 

5.2.5.1. Materials 

All commercial reagents were used as received, or purified by standard procedures before use. 

The [Pd3(dppm)3(CO)](PF6)2 cluster ([Pd3
2+]),24a 4,7-dihydro-4,7-ethano-2H-isoindole (1),13a and 

5, 10, 15, 20-tetra(4-carboxyphenylethynyl)porphyrinatozinc(II) (TCPEP-H)6,24b-24d were 

obtained according to literature procedures. 3-(4-Methoxycarbonylphenyl)-prop-2-ynal (Ar-

CHO)24e was synthesized using a modified method previously reported. Carboxylate sodium 

salts TCPEBP and TCPEP were further prepared from corresponding acid counterparts.25 

3-(4-Methoxycarbonylphenyl)prop-2-yn-1-ol (Ar-OH, see reaction scheme S1 in the SI). A 

mixture of methyl 4-iodobenzoate (4717 mg, 18.0 mmol), propargyl alcohol (2.1 mL, 36 mmol), 

PdCl2(PPh3)2 (380 mg, 0.54 mmol), CuI (343 mg, 1.8 mmol) and PPh3 (237 mg, 0.9 mmol) was 

refluxed under argon for 3 h in dry triethylamine (100 mL). After cooling the reaction mixture, 

the solvent was removed in vacuo and extracted with dichloromethane. The combined extracts 

were washed with water and dried over anhydrous MgSO4. After removal of solvent in vacuo, 

the product was purified by silica column chromatography eluting with dichloromethane to give 

the title compound (2670 mg, 78%). 1H NMR (400 MHz, CDCl3-d3): δ (ppm) 8.01-7.96 (d, J = 8 

Hz, 2 H, Ar), 7.52-7.47 (d, J = 8 Hz, 2 H, Ar), 4.52 (s, 2 H, CH2), 3.92 (s, 3 H, CH3); MS (ESI): 

calcd for C11H10O3 190.0630, found 213.0522 (M + Na). 

3-(4-Methoxycarbonylphenyl)-prop-2-ynal (Ar-CHO, see reaction scheme S1 in the SI) 

Pyridinium chlorochromate (PCC) (12.94 g, 60 mmol) was added into a solution of compound 

Ar-OH (3800 mg, 20 mmol) in dry dichloromethane (100 mL), and then the mixture was stirred 

overnight at room temperature. Water was added to quench the reaction and the mixture was 

extracted with dichloromethane. The combined extracts were washed with water and dried over 

anhydrous MgSO4. After removal of solvent in vacuo, the product was purified by silica column 

chromatography eluting with dichloromethane to give compound Ar-CHO (1470 mg, 39%). 1H 

NMR (400 MHz, CDCl3-d3): δ (ppm) 9.45 (s, 1 H, CHO), 8.09-8.05 (d, J = 8 Hz, 2 H, Ar), 7.70-

7.65 (d, J = 8 Hz, 2 H, Ar), 3.95 (s, 3 H, CH3); MS (ESI): calcd for C11H8O3 188.0473, found 

243.0629 (M + Na + MeOH). 

9, 18, 27, 36-Tetra(4-carboxymethylphenylethynyl)-3, 6, 12, 15, 21, 24, 30, 33-octahydro-3, 6; 

12, 15; 21, 24; 30, 33-tetraethano-tetrabenzoporphyrinatozinc(II) (TCPEBP-1) (i) A stirred 
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solution of 1 (1450 mg, 10 mmol) and Ar-CHO (1880 mg, 10 mmol) in 1 L dry 

dichloromethane was added with p-toluenesulfonic acid monohydrate (190 mg, 1 mmol) under 

argon at -40 oC. After stirring for 3 h, the mixture was allowed to warm to room temperature and 

was stirred for an additional 1 h. Then 2,3-dichloro-5,6-dicyano-benzoquinone (DDQ, 2500 mg, 

11 mmol) and 10 mL triethylamine were added, and the reaction mixture was stirred for extra 2 h. 

The solvents were removed in vacuo, and the residue was purified by column chromatography 

on alumina gel eluting with THF:DCM (1:9). The green fraction was collected and the solvents 

were removed in vacuo. (ii) Zn(OAc)2·2H2O  (2200 mg, 10 mmol) in 50 mL MeOH was added 

to 200 mL DCM solution of above free-base porphyrin. The mixture was stirred overnight at 

room temperature. The solution was washed with water and brine, and dried over anhydrous 

Na2SO4. The residue was purified by column chromatography on alumina gel eluting with 

THF:DCM (1:9). The crude product was collected as a green fraction and recrystallized with 

DCM/MeOH to yield the title compound (164 mg, 0.12 mmol, 5%). MS (MALDI-TOF): calcd. 

for C84H60N4O8Zn 1316.3703, found. 1316.4673 (M), 1288.4589 (M – C2H4), 1260.3977 (M – 

C4H8), 1232.3964 (M – C6H12), 1204.3179 (M – C8H16).
 

9, 18, 27, 36-Tetra-(4-carboxymethylphenylethynyl)tetrabenzoporphyrinatozinc(II) (TCPEBP-2) 

TCPEBP-1 (131 mg, 0.1 mmol) was heated in a sample tube under vacuum at 180-200 °C for 10 

min. Then the solid was purified by column chromatography on silica gel eluting with 

dichloromethane, and recrystallized with DCM/MeOH to yield the title compound (110 mg, 

0.091 mmol, 91%). 1H NMR (400 MHz, CD2Cl2-d2): δ (ppm) 8.55-6.45 (m, 32 H, Ar and β-

benzo), 4.16-3.87 (m, 12 H, CH3); MS (MALDI-TOF): calcd. for C76H44N4O8Zn 1204.2451, 

found. 1204.2230 (M). 

9, 18, 27, 36-Tetra-(4-carboxyphenylethynyl)tetrabenzoporphyrinatozinc(II) (TCPEBP-H) 

Aqueous NaOH solution (5 M, 1 mL, 5.0 mmol) was added to a THF:MeOH (2:1) solution of 

TCPEBP-2 (120 mg, 0.1 mmol, 60 mL). The mixture was stirred under reflux for 5 h. Then 

aqueous HCl solution (1 M) was carefully added to adjust the solution pH to 6-7. The resultant 

precipitate was filtered and washed with H2O and diethyl ether to afford title compound (94 mg, 

0.082 mmol, 82%). 1H NMR (400 MHz, DMSO-d6): δ (ppm) 9.92 (s, 4 H, CO2H), 8.80-7.11 (m, 

32 H, Ar and β-benzo); MS (MALDI-TOF): calcd. for C72H36N4O8Zn 1148.1825, found. 

1148.2194 (M). 
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Sodium 9, 18, 27, 36-tetra-(4-carboxyphenylethynyl)tetrabenzoporphyrinatozinc(II) (TCPEBP) 

TCPEBP-H (115 mg, 0.1 mmol) was dissolved in 30 mL THF under argon. Then 4.0 equivalent 

aqueous NaOH solution was added slowly, and the mixture was stirred overnight at room 

temperature. The resultant precipitate was filtered and washed with DCM, THF and diethyl ether. 

The solid was dissolved in 50 mL MeOH and filtered, then 30 mL toluene was added into the 

filtrate. By carefully removing the MeOH in vacuo, the porphyrin salt was precipitated out of the 

solution. The resultant precipitate was filtered and washed with DCM and diethyl ether. After 

drying under vacuum, the title compound was obtained (88 mg, 0.072 mmol, 72%). IR (KBr): 

2189 cm-1 C≡C, 1571 cm-1 C=O; 1H NMR (400 MHz, CD3OD-d4): δ (ppm) 8.52-8.25 (m, 16 H, 

Ar), 8.08-7.80 (m, 16 H, β-benzo). 

Sodium 5, 10, 15, 20-tetra-(4-carboxyphenyl)-ethynylporphyrinatozinc(II) (TCPEP) TCPEP-H 

(95 mg, 0.1 mmol) was dissolved in 30 mL DMF under argon. Then 4.0 equivalent aqueous 

NaOH solution was added slowly, and the mixture was stirred overnight at room temperature. 

The resultant precipitate was filtered and washed with DMF, THF, and diethyl ether. The solid 

was dissolved in 100 mL MeOH and filtered. 50 mL toluene was added into the filtrate. By 

carefully removing the MeOH in vacuo, the porphyrin salt was precipitated out of the solution. 

The resultant precipitate was filtered and washed with THF and diethyl ether. After drying under 

vacuum, the title compound was obtained (72 mg, 70%). IR (KBr): 2196 cm-1 C≡C, 1595 cm-1 

and 1541 cm-1 C=O; 1H NMR (400 MHz, CD3OD-d4): δ (ppm) 9.79 (s, 8 H, β), 8.31-8.06 (m, 16 

H, Ar). 

5.2.5.2. Instruments 

NMR spectra were collected on a Bruker DRX 400 spectrometer using deuterated solvent with 

tetramethylsilane (TMS) as internal standard. MALDI-TOF mass spectra were recorded on a 

Waters Synapt MALDI HDMS TOF mass spectrometer (Waters Canada, Ontario, Canada) 

powered by a solid state laser with dithranol (DIT) as matrix. All samples were freshly prepared 

and measured within 1 h. The IR spectra were acquired on a Bomem FT-IR MB series 

spectrometer equipped with a baseline-diffused reflectance. Absorption spectra were measured 

on a Varian Cary 300 Bio UV-Vis spectrometer at 298 K and on a Hewlett-Packard 8452A diode 

array spectrometer with a 0.1 second integration time at 77 K.  Steady state fluorescence and 

excitation spectra were acquired on an Edinburgh Instruments FLS980 phosphorimeter equipped 
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with single monochromators. Near infrared (NIR) emission was measured by QuantaMaster 400 

phosphorimeter from Photon Technology International (PTI), which was excited by a Xenon 

lamp and recorded with a NIR PMT-7-B detector. All fluorescence spectra were corrected for 

instrument response. Fluorescence lifetime measurements were made with the FLS980 

phosphorimeter using a 378 nm picosecond pulsed diode laser (FWHM = 90 ps) as an excitation 

source. Phosphorescence lifetime measurements were acquired on the FLS980 using a 

microsecond flashlamp. Data collection on the FLS980 system is done by time correlated single 

photon counting (TCSPC) system. 

5.2.5.3. Electrochemistry 

Electrochemical measurements were conducted with a three-electrode potentiostat (Princeton, 

Applied Research Corporation, Model 273A) in solvents deoxygenated by purging with purified 

Ar gas. Cyclic voltammograms were obtained by using a three-electrode cell equipped with a 

glassy carbon disk (0.07 cm2) as the working electrode, a platinum wire as auxiliary electrode, 

and a freshly polished silver wire as pseudo reference electrode at 298 K. The working electrode 

was polished with aluminium (0.03 μm) on felt pads (Buehler) and treated ultrasonically for 1 

min before each experiment. The reproducibility of individual potential values was within ± 5 

mV. Tetra-n-butylammonium hexafluorophosphate (TBAPF6) was used as supporting electrolyte, 

which was obtained from Sigma-Aldrich, and used without further purification. 

Ferrocene/ferrocenium (Fc/Fc+) was used as internal standard before and after each measurement 

(less than 1 h). Potentials were converted to values for saturated calomel electrode (SCE) by 

addition of 0.16 V, which was calibrated using ferrocene/ferrocenium (Fc/Fc+). 

5.2.5.4. Calculation procedure 

All density functional theory (DFT) and time dependent density functional theory (TDDFT) 

calculations were performed with Gaussian 0926 at the Université de Sherbrooke with the 

Mammouth supercomputer supported by Le Réseau Québécois De Calculs Hautes Performances. 

The DFT geometry optimizations as well as TD-DFT calculations27-36 were carried out using the 

B3LYP method. A 6-31g* basis set was applied to H, C, N, O, Na, P atoms in porphyrins, 

palladium cluster, and porphyrin-palladium cluster assembly. VDZ (valence double ζ) with 

SBKJC effective core potentials were used for all Zn and Pd atoms.37-42 All calculations were 
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carried out in a methanol solvent field. The calculated absorption spectra were obtained from 

GaussSum 2.1.43 

5.2.5.5. Femtosecond transient absorption spectroscopy 

The fs transient spectra and decay profiles were acquired on a homemade system using the SHG 

of a Soltice (Spectra Physics) Ti-sapphire laser (λexc = 398 nm; FWHM = 75 fs; pulse energy = 

0.1 μJ per pulse, rep. rate = 1 kHz; spot size ∼ 500 μm), a white light continuum generated inside 

a sapphire window and a custom made dual CCD camera of 64 × 1024 pixels sensitive between 

200 and 1100 nm (S7030,   Spectronic Devices). The delay line permitted to probe up to 4 ns 

with an accuracy of ∼4 fs. The results were analysed with the program Glotaran 

(http://glotaran.org) permitting to extract a sum of independent exponentials (�(�, �) = ��(�) ×  �
�
��
� +

��(�) ×  �
�
��
� + ⋯ ) that fits the whole 3D transient map. 
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5.2.8. Supporting Information (SI) for Chapter 5 

Table of Content 

Table S1. Fluorescence lifetimes measurements (F in ns) upon adding [Pd3
2+] into TCPEBP 

and TCPEP solutions. 
Figure S1. Benesi-Hildebrand (B-H, a), Scott (b) and Scatchard (c) plots for the formation of the 
TCPEBP•••[Pd3

2+]x and TCPEP•••[Pd3
2+]x assemblies. 

Figure S2. Evolutions of UV-vis spectra of TCPEBP and TCPEP in MeOH upon additions of 
[Pd3

2+].  
Figure S3. Top left: evolution of the fluorescence spectra of TCPEBP (1.94 × 10-5 M) upon 
adding [Pd3

2+] in MeOH:2MeTHF 1:1 at 77 K. Curves A-J were recorded with successive 
additions of 0.1 mL of [Pd3

2+] (1.09 × 10-4 M). Top right: decrease of the relative fluorescence 
intensity (F/F°) as a function of the [Pd3

2+]/[TCPEBP]. Middle left: plots of (F°/F) vs 
[Pd3

2+] (i.e. Stern-Volmer plot). Middle right: graph of log[(F°-F)/F] vs log[Pd3
2+]. Bottom 

left: graph of [1-(F/F°)]/[Pd3
2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3

2+] for the 
TCPEBP•••[Pd3

2+]x assembly in MeOH:2MeTHF 1:1 at 77 K. 
Figure S4. Top left: evolution of the fluorescence spectra of TCPEP (3.28 × 10-6 M) upon 
adding [Pd3

2+] in MeOH at 298 K. Curves A-J were recorded with successive additions of 0.1 
mL of [Pd3

2+] (2.64 × 10-5 M). Top right: decrease of the relative fluorescence intensity (F/F°) 

as a function of the [Pd3
2+]/[TCPEP]. Middle left: plots of (F°/F) vs [Pd3

2+] (i.e. Stern-Volmer 
plot). Middle right: graph of log[(F°-F)/F] vs log[Pd3

2+]. Bottom left: graph of [1-
(F/F°)]/[Pd3

2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3
2+] for the TCPEP•••[Pd3

2+]x 
assembly in MeOH at 298 K. 
Figure S5. Top left: evolution of the fluorescence spectra of TCPEP (4.53 × 10-6 M) upon 
adding [Pd3

2+] in MeOH:2MeTHF 1:1 at 77 K. Curves A-J were recorded with successive 
additions of 0.1 mL of [Pd3

2+] (3.40 × 10-5 M). Top right: decrease of the relative fluorescence 
intensity (F/F°) as a function of the [Pd3

2+]/[TCPEP]. Middle left: plots of (F°/F) vs [Pd3
2+] 

(i.e. Stern-Volmer plot). Middle right: graph of log[(F°-F)/F]
 vs log[Pd3

2+]. Bottom left: 
graph of [1-(F/F°)]/[Pd3

2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3
2+] for the 

TCPEP•••[Pd3
2+]x assembly in MeOH:2MeTHF 1:1 at 77 K. 

Figure S6. Optimized geometry of TCPEBP (Na+ salt) in MeOH solvent field. 
Figure S7. Representations of the frontier MOs of TCPEBP (Na+ salt) in MeOH solvent field 
(energies in eV). 
Table S2. Computed positions and oscillator strengths for the first 100 electronic transitions for 
TCPEBP (MeOH solvent field applied).  
Figure S8. Left: Computed positions and oscillator strength for the 100st electronic transition for 
TCPEBP (Na+ salt) in MeOH solvent field. Right: Experimental UV-vis spectrum and oscillator 
strength for the 100st electronic transition for TCPEBP (Na+ salt) in MeOH solvent field. 
Figure S9. Optimized geometry of TCPEP (Na+ salt) in MeOH solvent field. 
Figure S10. Representations of the frontier MOs of TCPEP (Na+ salt) in MeOH solvent field 
(energies in eV). 
Table S3. Computed positions and oscillator strengths for the first 100 electronic transitions for 
TCPEP (MeOH solvent field applied). 
Figure S11. Left: Computed positions and oscillator strength for the 100st electronic transition 
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for TCPEP (Na+ salt) in MeOH solvent field. Right: Experimental UV-vis spectrum and 
oscillator strength for the 100st electronic transition for TCPEP (Na+ salt) in MeOH solvent 
field. 
Table S4. Computed positions and oscillator strengths for the first 100 electronic transitions for 
TCPEBP•••[Pd3

2+] assembly (MeOH solvent field applied).  
Figure S12. Left: Computed positions and oscillator strength for the 100st electronic transition 
for TCPEBP•••[Pd3

2+] in MeOH solvent field. Right: Experimental UV-vis spectrum and 
oscillator strength for the 100st electronic transition for TCPEBP•••[Pd3

2+] in MeOH solvent 
field. 
Figure S13. Representations of the frontier MOs of TCPEP•••[Pd3

2+] assembly in MeOH 
solvent field (energies in eV). 
Table S5. Computed positions and oscillator strengths for the first 100 electronic transitions for 
TCPEP•••[Pd3

2+] assembly (MeOH solvent field applied).  
Figure S14. Left: Computed positions and oscillator strength for the 100st electronic transition 
for TCPEP•••[Pd3

2+] in MeOH solvent field. Right: Experimental UV-vis spectrum and 
oscillator strength for the 100st electronic transition for TCPEP•••[Pd3

2+] in MeOH solvent field.  
Calculations of the relative percentage of complexed dyes. 
Figure S15. Transient absorption spectra of [Pd3

2+] in MeOH at 298 K as a function of delay 
time between the pump and probe laser pulses. 
Scheme S1. Synthesis of Ar-CHO.  
Figure S16. 1H NMR of Ar-OH in CDCl3-d3. 
Figure S17. ESI mass spectrum of Ar-OH. 
Figure S18. 1H NMR of Ar-CHO in CDCl3-d3. 
Figure S19. ESI mass spectrum of Ar-CHO. 
Figure S20. MALDI-TOF of TCPEBP-1 in THF. 
Figure S21. 1H NMR of TCPEBP-2  in CD2Cl2-d2. 
Figure S22. MALDI-TOF mass spectrum of TCPEBP-2 in THF. 
Figure S23. 1H NMR of TCPEBP-H  in DMSO-d6. 
Figure S24. MALDI-TOF mass spectrum of TCPEBP-H in THF. 
Figure S25. 1H NMR of TCPEBP in CD3OD-d4. 
Figure S26. 1H NMR of TCPEP in CD3OD -d4. 
Figure S27. Absorption (black), fluorescence (red) and excitation (blue) spectra for TCPEBP-2 
in 2MeTHF. 
Table S6. Absorption, fluorescence and excitation data for TCPEBP-2 
References of SI for Chapter 5 
 

  



202 
 

Table S1. Fluorescence lifetimes measurements (F in ns) upon adding [Pd3
2+] into TCPEBP 

and TCPEP solutions (in MeOH at 298 K and in MeOH:2MeTHF 1:1 at 77 K). 

[Pd3
2+]/[TCPEBP] 298 K 77 K 

0.00 1.255±0.045 3.772±0.284 
0.25 1.307±0.057 3.851±0.203 

0.50 1.289±0.050 3.813±0.249 

0.75 1.259±0.074 3.772±0.274 

1.00 1.264±0.071 3.791±0.244 
1.50 1.224±0.051 3.761±0.265 

[Pd3
2+]/[TCPEP] 298 K 77 K 

0.00 2.607±0.100 3.588±0.424 
0.25 2.641±0.097 3.646±0.484 

0.50 2.611±0.070 3.633±0.393 

0.75 2.624±0.084 3.520±0.473 

1.00 2.604±0.084 3.628±0.173 
1.50 2.612±0.060 3.511±0.101 

 

Binding constant measurements 

For the [Pd3(dppm)3(CO)]2+(PF6ˉ)2 cluster, the absorption measurement associated with the 

binding constant evaluation was carried out in methanol because it was reported to give the 

largest difference in λmax between the free cluster and host-guest assembly. The binding constant 

K1x was measured according to the typical method.1,2 Two different solutions (A and B) were 

prepared in methanol. Solution A contained the “free cavity” cluster [Pd3(dppm)3(CO)]2+(PF6ˉ)2. 

Solution B was the mixture of the cluster, which contains exactly the same concentration as that 

used in solution A, with the porphyrin carboxylate salt. The spectroscopic changes induced by 

solution A as a result of additions of constant volume (0.1 mL) of solution B were monitored by 

measuring the absorption spectra after each addition. The competitive binding constant K1x was 

measured by plotting 1/ΔA vs 1/[substrate] (Benesi-Hildebrand method, B-H), where ΔA is the 

absorbance change upon an increase in the substrate concentration. The substrate concentration 

was corrected based on the change of the total volume at each addition, and these adjusted values 

were used for the plots. The ratio of intercept/slope in this plot gives K1x. The binding constant 

value was more accurately evaluated by using the Scatchard method by plotting ΔA/[substrate] 

vs ΔA with K1x = –slope, and Scott method by plotting [substrate]/ΔA vs [substrate] with K1x = 

slope/intercept. All results are found to be the same within the experimental uncertainties ～±10% 

based on multiple measurements. 
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Figure S1. Benesi-Hildebrand (B-H, a), Scott (b) and Scatchard (c) plots for the formation of the 
TCPEBP•••[Pd3

2+]x (top) and TCPEP•••[Pd3
2+]x (bottom) assemblies. The equivalent for [Pd3

2+] 
vs [TCPEBP] ranges from 76 to 16, and for [Pd3

2+] vs [TCPEP] ranges from 78 to 17. 
 
 
 

 

Figure S2. Left: evolution of UV-vis spectra of TCPEBP (2.84 × 10-6 M) in MeOH upon 
additions of [Pd3

2+] (1.62 × 10-4 M). Curves A-J were recorded with successive additions of 0.1 
mL of the [Pd3

2+] solution. Right: evolution of the absorption spectra of TCPEP (1.91 × 10-6 M) 
in MeOH upon additions of [Pd3

2+] (8.19 × 10-5 M). Curves A-J were recorded with successive 
additions of 0.1 mL of the [Pd3

2+] solution. 
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Figure S3. Top left: evolution of the fluorescence spectra of TCPEBP (1.94 × 10-5 M) upon 
adding [Pd3

2+] in MeOH:2MeTHF 1:1 at 77 K. Curves A-J were recorded with successive 
additions of 0.1 mL of [Pd3

2+] (1.09 × 10-4 M). Top right: decrease of the relative fluorescence 
intensity (F/F°) as a function of the [Pd3

2+]/[TCPEBP]. Middle left: plots of (F°/F) vs 
[Pd3

2+] (i.e. Stern-Volmer plot). Middle right: graph of log[(F°-F)/F] vs log[Pd3
2+]. Bottom 

left: graph of [1-(F/F°)]/[Pd3
2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3

2+] for the 
TCPEBP•••[Pd3

2+]x assembly in MeOH:2MeTHF 1:1 at 77 K. 
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Figure S4. Top left: evolution of the fluorescence spectra of TCPEP (3.28 × 10-6 M) upon 
adding [Pd3

2+] in MeOH at 298 K. Curves A-J were recorded with successive additions of 0.1 
mL of [Pd3

2+] (2.64 × 10-5 M). Top right: decrease of the relative fluorescence intensity (F/F°) 

as a function of the [Pd3
2+]/[TCPEP]. Middle left: plots of (F°/F) vs [Pd3

2+] (i.e. Stern-Volmer 
plot). Middle right: graph of log[(F°-F)/F] vs log[Pd3

2+]. Bottom left: graph of [1-
(F/F°)]/[Pd3

2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3
2+] for the TCPEP•••[Pd3

2+]x 
assembly in MeOH at 298 K. 
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Figure S5. Top left: evolution of the fluorescence spectra of TCPEP (4.53 × 10-6 M) upon 
adding [Pd3

2+] in MeOH:2MeTHF 1:1 at 77 K. Curves A-J were recorded with successive 
additions of 0.1 mL of [Pd3

2+] (3.40 × 10-5 M). Top right: decrease of the relative fluorescence 
intensity (F/F°) as a function of the [Pd3

2+]/[TCPEP]. Middle left: plots of (F°/F) vs [Pd3
2+] 

(i.e. Stern-Volmer plot). Middle right: graph of log[(F°-F)/F]
 vs log[Pd3

2+]. Bottom left: 
graph of [1-(F/F°)]/[Pd3

2+] vs (F/F°). Bottom right: graph of ln(W) vs [Pd3
2+] for the 

TCPEP•••[Pd3
2+]x assembly in MeOH:2MeTHF 1:1 at 77 K. 

 
 



 

DFT calculations for

Figure S6. Optimized geometry of 

 

Figure S7. Representations of the frontier MOs of 

(energies in eV). 
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DFT calculations for TCPEBP 

 

. Optimized geometry of TCPEBP (Na+ salt) in MeOH solvent field. 

Representations of the frontier MOs of TCPEBP (Na+ salt) in MeOH solvent field 

 

 

 

salt) in MeOH solvent field 
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Table S2. Computed positions and oscillator strengths for the first 100 electronic transitions for 
TCPEBP (MeOH solvent field applied).  

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 713 0.0119 H-1→LUMO (47), HOMO→L+1 (52) 

2 712 0.0086 H-1→L+1 (46), HOMO→LUMO (53) 

3 550 2.1583 H-1→LUMO (53), HOMO→L+1 (47) 

4 550 2.176 H-1→L+1 (54), HOMO→LUMO (46) 

5 454 0.0136 HOMO→L+2 (85) 

6 452 0.0003 H-3→LUMO (51), H-2→L+1 (47) 

7 441 0 H-3→LUMO (13), H-2→L+1 (15), H-1→L+2 (71) 

8 436 0.0008 H-3→L+1 (43), H-2→LUMO (55) 

9 433 0.0004 H-3→LUMO (34), H-2→L+1 (36), H-1→L+2 (27) 

10 425 0.063 H-3→L+1 (49), H-2→LUMO (36), HOMO→L+2 (13) 

11 411 0.1677 H-4→LUMO (98) 

12 410 0.1622 H-4→L+1 (98) 

13 378 0 HOMO→L+3 (98) 

14 371 0 
H-11→L+1 (10), H-10→LUMO (21), H-7→LUMO (23), H-6→LUMO 

(10), H-6→L+1 (18) 

15 370 0 
H-8→LUMO (14), H-7→LUMO (10), H-7→L+1 (16), H-6→LUMO (22), 

H-5→L+1 (20) 

16 370 0.0003 H-8→L+1 (34), H-5→LUMO (36) 

17 370 0.0002 H-8→LUMO (27), H-6→L+1 (10), H-5→LUMO (11), H-5→L+1 (11) 

18 369 0.0003 H-9→LUMO (71) 

19 368 0 H-11→L+1 (24), H-10→LUMO (50), H-9→L+1 (14) 

20 368 0.0001 H-10→LUMO (17), H-9→L+1 (52) 

21 367 0.0001 H-11→L+1 (57), H-9→L+1 (10) 

22 366 0.0023 H-1→L+3 (78) 

23 365 0.1708 H-9→L+1 (10), HOMO→L+4 (83) 

24 364 0.1647 HOMO→L+5 (89) 

25 361 0.0009 H-7→LUMO (13), H-7→L+1 (33), H-6→LUMO (25), H-6→L+1 (17) 

26 361 0 H-8→L+1 (42), H-5→LUMO (41), H-5→L+1 (11) 

27 361 0 H-8→LUMO (38), H-8→L+1 (10), H-5→L+1 (42) 

28 360 0 H-7→LUMO (29), H-7→L+1 (18), H-6→LUMO (14), H-6→L+1 (32) 

29 357 0.0178 H-25→LUMO (19), H-11→LUMO (38), H-10→L+1 (20) 

30 355 0.0418 H-25→LUMO (36), H-10→L+1 (20), H-1→L+4 (20) 

31 355 0.0373 H-25→L+1 (56), H-1→L+5 (20) 

32 353 0.022 H-11→LUMO (11), H-10→L+1 (26), H-1→L+4 (40) 

33 353 0.0329 H-25→L+1 (15), H-21→L+1 (12), H-1→L+5 (66) 

34 352 0.0053 H-25→LUMO (14), H-11→LUMO (24), H-10→L+1 (17), H-1→L+4 (23) 

35 349 0 HOMO→L+6 (93) 

36 344 0.0857 H-16→LUMO (80) 

37 343 0.0782 H-16→L+1 (77) 
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38 342 0.0027 H-1→L+6 (88) 

39 335 0 H-12→LUMO (50), H-12→L+1 (39) 

40 335 0.0001 H-13→LUMO (50), H-13→L+1 (39) 

41 335 0.0001 H-15→LUMO (40), H-14→LUMO (18), H-14→L+1 (32) 

42 335 0 H-15→LUMO (18), H-15→L+1 (32), H-14→LUMO (40) 

43 332 0.0827 H-22→LUMO (73), H-2→L+2 (13) 

44 332 0.0765 H-22→L+1 (68), H-3→L+2 (13) 

45 331 0.0003 H-13→LUMO (11), H-12→LUMO (28), H-12→L+1 (50) 

46 331 0.002 H-13→LUMO (28), H-13→L+1 (50), H-12→LUMO (11) 

47 331 0 H-15→LUMO (20), H-14→LUMO (18), H-14→L+1 (54) 

48 331 0 H-15→LUMO (18), H-15→L+1 (55), H-14→LUMO (21) 

49 329 0.2686 H-22→LUMO (11), H-2→L+2 (83) 

50 329 0.2702 H-22→L+1 (11), H-3→L+2 (81) 

51 328 0 H-24→LUMO (55), H-23→L+1 (33) 

52 327 0.0136 H-24→L+1 (17), H-23→LUMO (50), H-21→LUMO (10) 

53 326 0.0003 H-24→LUMO (30), H-23→L+1 (38), H-21→L+1 (11), H-1→L+7 (10) 

54 326 0.0022 H-24→L+1 (36), H-21→LUMO (33) 

55 325 0.007 H-25→L+1 (16), H-23→L+1 (11), H-21→L+1 (50) 

56 325 0.0011 
H-25→LUMO (10), H-24→L+1 (25), H-23→LUMO (24), H-21→LUMO 

(17) 

57 323 0 H-20→L+1 (26), H-19→LUMO (36), H-17→L+1 (13) 

58 323 0 H-20→LUMO (37), H-19→L+1 (30), H-18→L+1 (10) 

59 322 0 
H-20→L+1 (14), H-19→LUMO (15), H-18→LUMO (26), H-17→L+1 

(24) 

60 322 0.0001 
H-20→LUMO (15), H-19→L+1 (10), H-18→L+1 (28), H-17→LUMO 

(25) 

61 317 0.11 HOMO→L+7 (80) 

62 316 0 H-31→LUMO (34), H-30→L+1 (35), H-1→L+7 (18) 

63 316 0.0012 H-31→L+1 (27), H-30→LUMO (30), H-4→L+2 (28) 

64 315 0.0001 
H-20→LUMO (26), H-20→L+1 (10), H-19→LUMO (18), H-19→L+1 

(42) 

65 315 0.0001 
H-20→LUMO (19), H-20→L+1 (42), H-19→LUMO (26), H-19→L+1 

(11) 

66 315 0.0001 H-18→L+1 (29), H-17→LUMO (40), H-17→L+1 (20) 

67 315 0 H-18→LUMO (41), H-18→L+1 (20), H-17→L+1 (28) 

68 314 0.0002 HOMO→L+8 (96) 

69 313 0.0035 
H-29→L+1 (17), H-28→LUMO (18), H-27→LUMO (33), H-26→L+1 

(23) 

70 313 0.0052 H-29→LUMO (16), H-27→L+1 (31), H-26→LUMO (36) 

71 313 0.003 
H-29→L+1 (21), H-28→LUMO (34), H-27→LUMO (19), H-26→L+1 

(17) 

72 313 0.0017 H-29→LUMO (37), H-28→L+1 (30), H-26→LUMO (16) 

73 310 0.0354 H-32→LUMO (11), HOMO→L+10 (82) 

74 310 0.0372 HOMO→L+9 (85) 
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75 310 0.0012 H-31→L+1 (11), H-30→LUMO (14), H-4→L+2 (62) 

76 309 0.0002 H-29→L+1 (50), H-28→LUMO (37) 

77 309 0 H-27→LUMO (37), H-26→L+1 (53) 

78 309 0 H-27→L+1 (50), H-26→LUMO (34) 

79 309 0 H-29→LUMO (36), H-28→L+1 (50) 

80 308 0.005 H-32→LUMO (55), HOMO→L+10 (10) 

81 308 0.0032 H-32→L+1 (63) 

82 307 0.0003 H-1→L+7 (62) 

83 304 0.0004 H-32→LUMO (10), H-31→LUMO (38), H-30→L+1 (49) 

84 303 0.0003 H-1→L+8 (84) 

85 302 0.0308 H-31→L+1 (19), H-30→LUMO (14), H-1→L+10 (53) 

86 302 0.0358 H-1→L+9 (80) 

87 302 0.0225 H-32→L+1 (10), H-31→L+1 (27), H-30→LUMO (29), H-1→L+10 (26) 

88 298 0.0006 H-7→L+2 (25), H-6→L+2 (23), H-5→L+2 (18) 

89 298 0.0007 H-8→L+2 (31), H-7→L+2 (15), H-6→L+2 (19) 

90 297 0.0005 H-6→L+2 (10), H-5→L+2 (47) 

91 297 0.0004 H-8→L+2 (33), H-7→L+2 (18), H-6→L+2 (15) 

92 292 0.036 H-33→LUMO (84) 

93 291 0.0382 H-33→L+1 (85) 

94 287 0.1226 H-34→LUMO (49), H-2→L+3 (39) 

95 287 0.1255 H-34→L+1 (48), H-3→L+3 (40) 

96 282 0.0718 H-34→LUMO (28), H-2→L+3 (51) 

97 282 0.0112 H-9→L+2 (78) 

98 282 0.0584 H-34→L+1 (25), H-9→L+2 (13), H-3→L+3 (43) 

99 280 0.0006 H-4→L+3 (21), H-3→L+4 (32), H-2→L+5 (32) 

100 280 0.0001 HOMO→L+11 (92) 
 

 

Figure S8. Left: Computed positions and oscillator strength for the 100st electronic transition for 
TCPEBP (Na+ salt) in MeOH solvent field. The black line is generated by applying a thickness 
of 500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for the 100st electronic 
transition for TCPEBP (Na+ salt) in MeOH solvent field.  
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DFT calculations for TCPEP 

 

. Optimized geometry of TCPEP (Na+ salt) in MeOH solvent field. 

. Representations of the frontier MOs of TCPEP (Na+ salt) in MeOH solvent field 

 

 

salt) in MeOH solvent field 
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Table S3. Computed positions and oscillator strengths for the first 100 electronic transitions for 

TCPEP (MeOH solvent field applied). 

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 679 0.5959 H-1→L+1 (12), HOMO→LUMO (73), HOMO→L+1 (13) 

2 679 0.5961 H-1→LUMO (12), HOMO→LUMO (13), HOMO→L+1 (73) 

3 469 1.8906 H-1→LUMO (60), H-1→L+1 (20), HOMO→L+1 (10) 

4 469 1.8912 H-1→LUMO (20), H-1→L+1 (60), HOMO→LUMO (10)→ 

5 443 0 HOMO→L+2 (89) 

6 442 0 H-3→L+1 (49), H-2→LUMO (49) 

7 430 0 H-3→LUMO (43), H-2→L+1 (43), HOMO→L+2 (10) 

8 422 0 H-3→L+1 (47), H-2→LUMO (47) 

9 418 0 H-3→LUMO (48), H-2→L+1 (48) 

10 413 0.219 H-4→LUMO (84), H-4→L+1 (11) 

11 413 0.2187 H-4→LUMO (11), H-4→L+1 (84) 

12 386 0 H-13→LUMO (97) 

13 386 0 H-13→L+1 (97) 

14 382 0 H-7→L+1 (25), H-5→L+1 (67) 

15 382 0 H-7→LUMO (26), H-6→LUMO (45), H-5→LUMO (22) 

16 382 0 H-7→LUMO (41), H-6→LUMO (47) 

17 382 0 H-8→L+1 (91) 

18 371 0 H-7→LUMO (26), H-5→LUMO (70) 

19 371 0 H-7→L+1 (50), H-6→L+1 (17), H-5→L+1 (28) 

20 371 0 H-7→L+1 (20), H-6→L+1 (79) 

21 371 0 H-8→LUMO (95) 

22 365 0.014 H-14→LUMO (91) 

23 365 0.014 H-14→L+1 (91) 

24 361 0 H-1→L+2 (91) 

25 360 0 
H-20→LUMO (14), H-20→L+1 (34), H-19→LUMO (34), H-

19→L+1 (14) 

26 359 0 
H-20→LUMO (38), H-20→L+1 (11), H-19→LUMO (11), H-

19→L+1 (38) 

27 350 0 H-20→LUMO (20), H-19→L+1 (21), HOMO→L+3 (41) 

28 348 0 
H-20→LUMO (10), H-20→L+1 (37), H-19→LUMO (37), H-

19→L+1 (10) 

29 345 0 H-9→L+1 (97) 

30 345 0 H-10→LUMO (97) 

31 345 0 H-11→LUMO (97) 

32 345 0 H-12→L+1 (97) 

33 340 0 H-9→LUMO (99) 

34 340 0 H-10→L+1 (98) 

35 340 0 H-11→L+1 (98) 

36 340 0 H-12→LUMO (99) 
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37 338 0.001 H-20→LUMO (15), H-19→L+1 (15), HOMO→L+3 (54) 

38 338 0.1849 H-25→LUMO (14), HOMO→L+4 (83) 

39 338 0.184 H-25→L+1 (14), HOMO→L+5 (82) 

40 332 0 H-15→L+1 (97) 

41 332 0 H-16→LUMO (96) 

42 332 0 H-17→LUMO (96) 

43 332 0 H-18→L+1 (96) 

44 326 0.0818 H-26→LUMO (89) 

45 326 0.0818 H-26→L+1 (89) 

46 324 0 H-15→LUMO (100) 

47 323 0 H-16→L+1 (100) 

48 323 0 H-17→L+1 (100) 

49 323 0 H-18→LUMO (100) 

50 322 0.0021 H-23→LUMO (13), H-22→LUMO (17), H-21→L+1 (60) 

51 322 0.008 H-22→LUMO (63), H-21→L+1 (22) 

52 322 0.0085 H-24→L+1 (13), H-23→LUMO (64), H-21→L+1 (11) 

53 322 0.0029 H-24→L+1 (67), H-23→LUMO (15) 

54 317 0.1674 H-25→L+1 (31), H-2→L+2 (57) 

55 317 0.1672 H-25→LUMO (31), H-3→L+2 (57) 

56 316 0.0007 H-21→LUMO (89) 

57 316 0.0001 H-23→L+1 (35), H-22→L+1 (63) 

58 316 0.0027 H-23→L+1 (59), H-22→L+1 (33) 

59 316 0.0021 H-24→LUMO (87) 

60 314 0 H-30→LUMO (20), H-27→LUMO (74) 

61 314 0 H-30→L+1 (20), H-27→L+1 (74) 

62 313 0 H-29→L+1 (42), H-28→LUMO (43) 

63 312 0 H-29→L+1 (45), H-28→LUMO (45) 

64 311 0 HOMO→L+6 (95) 

65 311 0.0881 H-25→L+1 (39), H-2→L+2 (35), HOMO→L+5 (10) 

66 311 0.0882 H-25→LUMO (39), H-3→L+2 (35), HOMO→L+4 (10) 

67 305 0 H-4→L+2 (97) 

68 301 0 H-1→L+3 (99) 

69 297 0 H-5→L+2 (73) 

70 297 0 H-6→L+2 (72) 

71 297 0 H-7→L+2 (72) 

72 297 0 H-8→L+2 (74), H-8→L+5 (11) 

73 294 0 H-29→LUMO (48), H-28→L+1 (48) 

74 293 0 H-29→LUMO (46), H-28→L+1 (46) 

75 292 0 H-30→LUMO (75), H-27→LUMO (22) 

76 292 0 H-30→L+1 (75), H-27→L+1 (22) 

77 290 0.0898 H-1→L+4 (89) 

78 290 0.0898 H-1→L+5 (89) 

79 283 0 H-13→L+2 (94) 
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80 279 0 H-32→L+1 (47), H-31→LUMO (47) 

81 277 0.0003 HOMO→L+7 (36), HOMO→L+8 (22), HOMO→L+9 (20) 

82 277 0.0056 HOMO→L+7 (43), HOMO→L+8 (35) 

83 277 0.0029 HOMO→L+8 (22), HOMO→L+9 (58) 

84 277 0.0029 HOMO→L+10 (77) 

85 275 0 H-32→LUMO (46), H-31→L+1 (46) 

86 274 0 H-14→L+2 (95) 

87 274 0 H-32→L+1 (25), H-31→LUMO (24), H-1→L+6 (48) 

88 273 0 H-32→LUMO (31), H-31→L+1 (31), H-4→L+3 (14) 

89 269 0.0312 H-19→L+2 (96) 

90 269 0.0313 H-20→L+2 (97) 

91 268 0.0001 H-9→L+2 (90) 

92 268 0 H-11→L+2 (30), H-10→L+2 (61) 

93 268 0.0002 H-11→L+2 (61), H-10→L+2 (30) 

94 268 0.0001 H-12→L+2 (91) 

95 266 0 H-7→L+3 (14), H-5→L+2 (22), H-5→L+3 (13), H-5→L+5 (23) 

96 266 0 H-6→L+2 (14), H-6→L+3 (13), H-6→L+4 (28), H-5→L+3 (13) 

97 266 0 
H-7→L+2 (13), H-7→L+3 (12), H-7→L+4 (24), H-6→L+2 (10), H-

6→L+3 (14) 

98 266 0 H-8→L+2 (24), H-8→L+3 (28), H-8→L+5 (34) 

99 266 0 H-15→L+2 (74), H-15→L+5 (12) 

100 266 0 H-16→L+2 (74), H-16→L+4 (12) 

 

 

Figure S11. Left: Computed positions and oscillator strength for the 100st electronic transition 
for TCPEP (Na+ salt) in MeOH solvent field. The black line is generated by applying a 
thickness of 500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for the 100st 
electronic transition for TCPEP (Na+ salt) in MeOH solvent field. 
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DFT calculations for TCPEBP•••[Pd3
2+] assembly 

Table S4. Computed positions and oscillator strengths for the first 100 electronic transitions for 

TCPEBP•••[Pd3
2+] assembly (MeOH solvent field applied).  

No. 
Wavelength 

(nm) 
Osc. 

Strength 
Major contributions (%) 

1 792 0 HOMO→LUMO (100) 

2 761 0.0003 H-1→LUMO (100) 

3 713 0.0154 H-1→L+2 (44), HOMO→L+1 (49) 

4 713 0.0128 H-1→L+1 (44), HOMO→L+2 (48) 

5 678 0.0024 H-6→LUMO (12), H-5→LUMO (51), H-2→LUMO (32) 

6 565 0.032 
H-14→LUMO (14), H-12→LUMO (12), H-8→LUMO (18), H-7→LUMO 

(14), H-5→LUMO (14), H-2→LUMO (15) 

7 558 0.0382 H-13→LUMO (56), H-2→LUMO (14) 

8 552 2.4649 H-1→L+2 (44), HOMO→L+1 (40) 

9 551 1.9721 H-1→L+1 (44), HOMO→L+2 (40) 

10 531 0.2447 
H-14→LUMO (14), H-12→LUMO (12), H-6→LUMO (22), H-2→LUMO 

(18) 

11 519 0.2189 
H-13→LUMO (22), H-12→LUMO (11), H-8→LUMO (23), H-7→LUMO 

(14), H-2→LUMO (17) 

12 511 0.3324 H-12→LUMO (26), H-6→LUMO (45), H-5→LUMO (17) 

13 492 0.0331 H-14→LUMO (52), H-12→LUMO (27) 

14 489 0.0011 H-3→LUMO (88) 

15 475 0 H-4→LUMO (100) 

16 454 0.0123 H-3→L+1 (12), HOMO→L+3 (83) 

17 452 0.0005 H-4→L+2 (44), H-3→L+1 (38) 

18 451 0.0067 H-46→LUMO (13), H-43→LUMO (37) 

19 445 0.0027 
H-50→LUMO (12), H-47→LUMO (11), H-8→LUMO (15), H-7→LUMO 

(30) 

20 444 0.0011 
H-50→LUMO (12), H-47→LUMO (13), H-8→LUMO (23), H-7→LUMO 

(22) 

21 442 0.004 H-15→LUMO (87) 

22 441 0.0003 H-4→L+1 (12), H-3→L+2 (12), H-1→L+3 (73) 

23 439 0.0108 H-52→LUMO (15), H-51→LUMO (14), H-49→LUMO (12) 

24 437 0.0008 H-4→L+1 (31), H-3→L+2 (51) 

25 434 0.005 H-4→L+1 (44), H-3→L+2 (21), H-1→L+3 (24) 

26 426 0.0602 H-4→L+2 (41), H-3→L+1 (36), HOMO→L+3 (14) 

27 416 0 H-2→L+1 (14), H-2→L+2 (81) 

28 413 0.0011 H-2→L+1 (84), H-2→L+2 (14) 

29 413 0.0004 H-69→LUMO (13), H-50→LUMO (10) 

30 411 0.1794 H-8→L+1 (32), H-7→L+1 (55) 

31 411 0.1795 H-8→L+2 (30), H-7→L+2 (56) 

32 409 0.003 H-69→LUMO (20), H-68→LUMO (14), H-57→LUMO (13) 
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33 406 0 H-5→L+1 (13), H-5→L+2 (83) 

34 404 0 H-5→L+1 (86), H-5→L+2 (14) 

35 403 0 H-10→LUMO (100) 

36 403 0 H-11→LUMO (100) 

37 400 0.0006 H-6→L+1 (11), H-6→L+2 (72) 

38 398 0 H-9→LUMO (100) 

39 397 0 H-6→L+1 (87), H-6→L+2 (13) 

40 396 0.0009 H-8→L+2 (45), H-7→L+2 (24), H-6→L+2 (14) 

41 395 0.0007 H-59→LUMO (19), H-57→LUMO (10), H-48→LUMO (11) 

42 388 0.0004 H-8→L+1 (54), H-7→L+1 (33) 

43 388 0.0007 H-23→LUMO (75) 

44 386 0.0001 HOMO→L+4 (100) 

45 382 0.0002 H-25→LUMO (91) 

46 380 0.0008 H-29→LUMO (86) 

47 378 0.0001 H-1→L+4 (100) 

48 378 0 H-18→LUMO (27), H-16→LUMO (68) 

49 377 0.0002 HOMO→L+6 (33), HOMO→L+7 (62) 

50 377 0.0021 H-31→LUMO (65) 

51 376 0.0015 H-34→LUMO (91) 

52 374 0 H-18→LUMO (13), H-17→LUMO (80) 

53 371 0.0002 H-11→L+1 (11), H-10→L+1 (20), H-9→L+2 (36) 

54 371 0 H-11→L+1 (11), H-10→L+1 (30), H-9→L+2 (40) 

55 370 0.0002 H-11→L+1 (56), H-10→L+1 (27) 

56 370 0 H-18→LUMO (58), H-16→LUMO (31) 

57 369 0.0018 H-36→LUMO (81) 

58 368 0.0002 H-16→L+1 (66) 

59 368 0.0004 H-18→L+2 (13), H-17→L+1 (21), H-16→L+1 (12), H-16→L+2 (39) 

60 368 0.0004 H-17→L+1 (32), H-16→L+2 (35) 

61 368 0.0001 H-18→L+1 (18), H-18→L+2 (40), H-17→L+2 (16) 

62 367 0 H-42→LUMO (27), H-38→LUMO (48), H-37→LUMO (10) 

63 366 0.0002 H-1→L+6 (27), H-1→L+7 (50) 

64 366 0 H-20→LUMO (100) 

65 366 0 H-21→LUMO (100) 

66 365 0.0033 H-12→L+1 (11), H-12→L+2 (78) 

67 364 0.1997 HOMO→L+8 (84) 

68 364 0.0037 H-42→LUMO (35), H-38→LUMO (42) 

69 364 0.1127 HOMO→L+5 (35), HOMO→L+9 (45) 

70 362 0 H-19→LUMO (100) 

71 362 0.0008 H-9→L+1 (79), H-9→L+2 (11) 

72 361 0.0473 HOMO→L+5 (60), HOMO→L+9 (25) 

73 361 0.0001 H-11→L+2 (17), H-10→L+2 (69) 

74 361 0.0002 H-11→L+2 (68), H-10→L+2 (14) 

75 360 0.0008 H-44→LUMO (79) 
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76 358 0.0001 H-42→LUMO (17), H-37→LUMO (75) 

77 358 0 H-12→L+1 (86), H-12→L+2 (12) 

78 356 0.0099 H-18→L+1 (20), H-18→L+2 (25), H-17→L+1 (22), H-17→L+2 (19) 

79 356 0.0002 H-32→LUMO (15), H-28→LUMO (21), H-22→LUMO (42) 

80 356 0.0272 H-1→L+5 (68), H-1→L+9 (11) 

81 356 0.0002 H-49→LUMO (14), H-45→LUMO (28), H-43→LUMO (26) 

82 355 0.0519 H-35→L+1 (55), H-1→L+8 (25) 

83 355 0.0345 H-35→L+2 (55), H-28→L+2 (10), H-1→L+5 (17) 

84 354 0.0002 H-47→LUMO (10), H-46→LUMO (56) 

85 354 0.0006 H-32→LUMO (14), H-28→LUMO (27), H-22→LUMO (37) 

86 353 0.0189 H-35→L+1 (16), H-28→L+1 (10), H-1→L+8 (54) 

87 353 0.0004 HOMO→L+6 (56), HOMO→L+7 (31) 

88 353 0.0051 H-18→L+1 (32), H-17→L+2 (33) 

89 352 0.0305 H-1→L+9 (41) 

90 352 0.0037 H-48→LUMO (19), H-47→LUMO (40) 

91 351 0.0015 H-13→L+1 (12), H-13→L+2 (80) 

92 350 0.0011 HOMO→L+13 (86) 

93 349 0.0028 H-50→LUMO (19), H-49→LUMO (14), H-48→LUMO (12) 

94 349 0.0002 H-13→L+1 (85), H-13→L+2 (13) 

95 348 0.0019 H-59→LUMO (11), H-49→LUMO (25), H-48→LUMO (19) 

96 347 0.0001 H-30→LUMO (41), H-28→LUMO (24), H-26→LUMO (23) 

97 347 0.0012 H-52→LUMO (19), H-49→LUMO (12) 

98 347 0 H-27→LUMO (96) 

99 347 0 H-30→LUMO (23), H-26→LUMO (68) 

100 346 0.0004 H-1→L+6 (59), H-1→L+7 (35) 

 

Figure S12. Left: Computed positions and oscillator strength for the 100st electronic transition for 
TCPEBP•••[Pd3

2+] in MeOH solvent field. The black line is generated by applying a thickness of 
500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for the 100st electronic 
transition for TCPEBP•••[Pd3

2+] in MeOH solvent field. The experimental UV-Vis spectrum was 
recorded under 1 eq. TCPEBP vs 8 eq. [Pd3

2+] in MeOH. 

  



 

DFT calculations for TCPEP•••[Pd

Figure S13. Representations of the frontier MOs of 

solvent field (energies in eV). 

 

Table S5. Computed positions and oscillator strengths for the first 100 electronic transitions for 

TCPEP•••[Pd3
2+] assembly (MeOH solvent field applied). 

No
. 

Wavelength 
(nm) 

Osc. 
Strength 

1 779 0.0015 

2 705 0.0003 

3 681 0.6985 

4 677 0.5653 

5 637 0.0015 

6 595 0.0411 

7 533 0.3151 

8 523 0.2788 

9 519 0 

10 497 0.0404 

11 489 0.0504 

12 489 0.0001 

13 470 1.9343 

14 470 1.9772 
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DFT calculations for TCPEP•••[Pd3
2+] assembly 

Representations of the frontier MOs of TCPEP•••[Pd3
2+] assembly in MeOH 

. Computed positions and oscillator strengths for the first 100 electronic transitions for 

assembly (MeOH solvent field applied).  

 
Major contributions (%) 

H-1→LUMO (91) 

HOMO→LUMO (98) 

H-2→L+2 (13), HOMO→L+1 (86)

H-2→L+1 (14), HOMO→L+2 (86)

H-5→LUMO (86), H-4→LUMO (11)

H-8→LUMO (49), H-3→LUMO (41)

H-4→LUMO (72) 

H-8→LUMO (41), H-3→LUMO (46)

H-2→LUMO (100) 

H-1→L+1 (98) 

H-13→LUMO (82) 

H-1→L+2 (100) 

H-2→L+1 (45), H-2→L+2 (33) 

H-2→L+1 (34), H-2→L+2 (44) 

 

assembly in MeOH 

. Computed positions and oscillator strengths for the first 100 electronic transitions for 

2→L+2 (13), HOMO→L+1 (86) 

2→L+1 (14), HOMO→L+2 (86) 

4→LUMO (11) 

3→LUMO (41) 

3→LUMO (46) 

 

 



219 
 

15 459 0.0169 H-32→LUMO (21), H-21→LUMO (22), H-17→LUMO (18) 

16 455 0.0196 H-3→L+1 (97) 

17 449 0.0037 H-3→L+2 (94) 

18 447 0.0155 H-34→LUMO (61) 

19 446 0.0007 H-4→L+1 (95) 

20 445 0.0432 H-32→LUMO (14), H-17→LUMO (21) 

21 444 0.0012 HOMO→L+3 (89) 

22 441 0.0034 H-7→L+2 (29), H-6→L+1 (48), H-4→L+2 (16) 

23 440 0.0019 H-6→L+1 (10), H-4→L+2 (84) 

24 435 0.0124 H-9→LUMO (23), H-7→LUMO (39) 

25 431 0.0011 H-7→L+1 (13), H-6→L+2 (16), H-5→L+1 (66) 

26 430 0.0026 H-7→L+1 (25), H-6→L+2 (37), H-5→L+1 (32) 

27 429 0.0014 H-21→LUMO (14), H-17→LUMO (11) 

28 427 0.0104 H-37→LUMO (19), H-7→LUMO (20) 

29 425 0 H-6→LUMO (100) 

30 422 0.0025 H-7→L+2 (15), H-6→L+1 (11), H-5→L+2 (73) 

31 421 0.0195 H-7→L+2 (46), H-6→L+1 (24), H-5→L+2 (27) 

32 418 0.0163 H-7→L+1 (55), H-6→L+2 (39) 

33 412 0.2605 H-9→L+1 (85) 

34 411 0.0024 H-9→LUMO (60), H-7→LUMO (33) 

35 410 0.1723 H-9→L+2 (87) 

36 393 0.0004 H-8→L+1 (90) 

37 387 0 H-8→L+2 (92) 

38 386 0 H-19→L+1 (97) 

39 386 0 H-19→L+2 (97) 

40 384 0 H-12→LUMO (100) 

41 384 0 H-11→LUMO (100) 

42 384 0 H-10→L+1 (96) 

43 382 0 H-11→L+2 (96) 

44 382 0 H-12→L+2 (96) 

45 381 0.0043 
H-51→LUMO (24), H-29→LUMO (14), H-23→LUMO (11), H-

21→LUMO (10) 

46 380 0 H-10→LUMO (100) 

47 376 0.0008 H-18→LUMO (90) 

48 374 0.0022 H-59→LUMO (11), H-23→LUMO (24), H-17→LUMO (24) 

49 373 0 H-11→L+1 (100) 

50 373 0 H-12→L+1 (100) 

51 373 0 H-10→L+2 (100) 

52 368 0.0008 H-31→LUMO (10), H-29→LUMO (42), H-23→LUMO (21) 

53 366 0.0136 H-20→L+1 (94) 

54 365 0.019 H-20→L+2 (94) 

55 363 0.0026 H-23→LUMO (24), H-21→LUMO (11) 

56 362 0.0006 H-2→L+3 (91) 
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57 362 0.0005 H-28→LUMO (89) 

58 360 0.0009 H-30→LUMO (74) 

59 360 0 H-27→L+2 (37), H-26→L+1 (49) 

60 360 0.0025 H-27→L+1 (44), H-26→L+2 (39) 

61 359 0.0005 H-31→LUMO (54) 

62 356 0.0028 H-1→L+3 (93) 

63 353 0.0208 
H-27→L+1 (12), H-26→L+2 (14), HOMO→L+5 (11), HOMO→L+6 

(40) 

64 353 0.0048 H-33→LUMO (52), H-32→LUMO (17) 

65 352 0.0025 H-35→LUMO (53), H-33→LUMO (10) 

66 351 0.0002 H-13→L+1 (86) 

67 350 0 H-16→LUMO (100) 

68 350 0 H-15→LUMO (100) 

69 349 0.0007 H-37→LUMO (26), H-35→LUMO (27) 

70 349 0.0004 H-27→L+2 (37), H-26→L+1 (35), H-13→L+2 (12) 

71 347 0.0106 HOMO→L+4 (86) 

72 347 0.0003 H-13→L+2 (87) 

73 347 0 H-14→LUMO (73), H-14→L+1 (26) 

74 347 0 H-14→LUMO (27), H-14→L+1 (71) 

75 346 0.0001 H-15→L+2 (97) 

76 346 0.0041 
H-44→LUMO (14), H-42→LUMO (11), H-41→LUMO (22), H-

40→LUMO (21) 

77 346 0.0001 H-16→L+2 (97) 

78 345 0.0293 HOMO→L+5 (14) 

79 345 0.0494 HOMO→L+5 (26), HOMO→L+8 (12) 

80 344 0.0098 H-43→LUMO (17), H-42→LUMO (37), H-40→LUMO (10) 

81 343 0 H-20→LUMO (39), H-19→LUMO (56) 

82 343 0.0001 H-20→LUMO (51), H-19→LUMO (44) 

83 343 0.0442 HOMO→L+5 (43), HOMO→L+6 (32), HOMO→L+8 (10) 

84 342 0.0076 H-67→LUMO (19), H-48→LUMO (17), H-42→LUMO (13) 

85 342 0 H-15→L+1 (99) 

86 342 0 H-16→L+1 (99) 

87 342 0 H-14→L+2 (99) 

88 340 0.0127 H-45→LUMO (23) 

89 339 0.042 
H-46→LUMO (17), H-45→LUMO (17), H-44→LUMO (10), H-1→L+4 

(32) 

90 338 0.0421 H-17→L+1 (21), HOMO→L+6 (11), HOMO→L+8 (37) 

91 338 0.1658 HOMO→L+10 (78) 

92 338 0.0365 H-46→LUMO (22), H-45→LUMO (10), H-1→L+4 (17) 

93 336 0.0083 
H-49→LUMO (33), H-46→LUMO (14), H-44→LUMO (18), 

HOMO→L+7 (14) 

94 336 0.0006 HOMO→L+7 (82) 

95 336 0.012 H-17→L+1 (68), HOMO→L+8 (12) 
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96 336 0.0012 H-27→LUMO (72) 

97 334 0 H-27→LUMO (10), H-26→LUMO (81) 

98 334 0.0001 H-48→LUMO (22), H-46→LUMO (11), H-45→LUMO (12) 

99 334 0.0084 H-3→L+3 (93) 

10
0 

333 0 H-22→L+1 (97) 

 

 

Figure S14. Left: Computed positions and oscillator strength for the 100st electronic transition for 
TCPEP•••[Pd3

2+] in MeOH solvent field. The black line is generated by applying a thickness of 
500 cm-1. Right: Experimental UV-vis spectrum and oscillator strength for the 100st electronic 
transition for TCPEP•••[Pd3

2+] in MeOH solvent field. The experimental UV-vis spectrum was 
recorded under 1 eq. TCPEP vs 8 eq. [Pd3

2+] in MeOH. 
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Calculations of the relative percentage of complexed dyes 

The relative percentage of complexed dyes is a function of the starting dye concentration. Here 

the starting concentration for calculation would be chosen as the exact concentration used for 

transient absorption measurements, which was favorable to interpret the TAS. All the equations 

were solved by mathematical software Maple 16 from Waterloo Maplesoft Company. 

(1) [TCPEBP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 1:2 

                                        TCPEBP      +        [Pd3
2+]     TCPEBP•••[Pd3

2+]     K1x = 82449 M-1 

Starting concentration      2.4×10-5             19.2×10-5                           0 

Equilibrium                 2.4×10-5-x-y-z-w    19.2×10-5-4x-3y-2z-w         w 

                                  TCPEBP•••[Pd3
2+]  +  [Pd3

2+]     TCPEBP•••[Pd3
2+]2   K1x = 82449 M-1 

Starting concentration            0                    19.2×10-5                         0 

Equilibrium                            w              19.2×10-5-4x-3y-2z-w           z 

                                  TCPEBP•••[Pd3
2+]2  + [Pd3

2+]     TCPEBP•••[Pd3
2+]3   K1x = 82449 M-1 

Starting concentration            0                    19.2×10-5                         0 

Equilibrium                            z               19.2×10-5-4x-3y-2z-w           y 

                                  TCPEBP•••[Pd3
2+]3 + [Pd3

2+]      TCPEBP•••[Pd3
2+]4   K1x = 82449 M-1 

Starting concentration           0                  19.2×10-5                            0 

Equilibrium                           y               19.2×10-5-4x-3y-2z-w            x 

�

(�.�×������������)×(��.�×���������������)
= 82449                         [1-1] 

�

�×(��.�×���������������)
= 82449                                                     [1-2] 

�

�×(��.�×���������������)
= 82449                                                      [1-3] 

�

�×(��.�×���������������)
= 82449                                                      [1-4] 

Solve equations [1-1], [1-2], [1-3] and [1-4] to get 

x = 21.07×10-6, (TCPEBP•••[Pd3
2+]4)% = 21.07×10-6/2.4×10-5 = 87.8%; 
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y = 2.57×10-6, (TCPEBP•••[Pd3
2+]3)% = 2.57×10-6/2.4×10-5 = 10.7%; 

z = 0.31×10-6, (TCPEBP•••[Pd3
2+]2)% = 0.31×10-6/2.4×10-5 = 1.29%; 

w =0.04×10-6, (TCPEBP•••[Pd3
2+])% = 0.04×10-6/2.4×10-5 = 0.17%. 

 

(2) [TCPEBP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 1:2 

                                       TCPEBP       +       [Pd3
2+]       TCPEBP•••[Pd3

2+]     V = 80430 M-1 

Starting concentration      2.4×10-5             19.2×10-5                         0 

Equilibrium                 2.4×10-5-x-y-z-w    19.2×10-5-4x-3y-2z-w       w 

                                 TCPEBP•••[Pd3
2+]   +  [Pd3

2+]      TCPEBP•••[Pd3
2+]2    V = 80430 M-1 

Starting concentration            0                    19.2×10-5                       0 

Equilibrium                            w              19.2×10-5-4x-3y-2z-w         z 

                                 TCPEBP•••[Pd3
2+]2  + [Pd3

2+]      TCPEBP•••[Pd3
2+]3    V = 80430 M-1 

Starting concentration            0                    19.2×10-5                       0 

Equilibrium                            z               19.2×10-5-4x-3y-2z-w          y 

                                 TCPEBP•••[Pd3
2+]3  + [Pd3

2+]      TCPEBP•••[Pd3
2+]4    V = 80430 M-1 

Starting concentration           0                  19.2×10-5                           0 

Equilibrium                           y               19.2×10-5-4x-3y-2z-w           x 

�

(�.�×������������)×(��.�×���������������)
= 80430                         [2-1] 

�

�×(��.�×���������������)
= 80430                                                     [2-2] 

�

�×(��.�×���������������)
= 80430                                                      [2-3] 

�

�×(��.�×���������������)
= 80430                                                      [2-4] 

Solve equations [2-1], [2-2], [2-3] and [2-4] to get 

x = 21.00×10-6, (TCPEBP•••[Pd3
2+]4)% = 21.00×10-6/2.4×10-5 = 87.5%; 

y = 2.63×10-6, (TCPEBP•••[Pd3
2+]3)% = 2.63×10-6/2.4×10-5 = 11.0%; 
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z = 0.33×10-6, (TCPEBP•••[Pd3
2+]2)% = 0.33×10-6/2.4×10-5 = 1.38%; 

w = 0.04×10-6, (TCPEBP•••[Pd3
2+])% = 0.04×10-6/2.4×10-5 = 0.17%. 

 

(3) [TCPEP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 1:2 

                                        TCPEP       +          [Pd3
2+]       TCPEP•••[Pd3

2+]     K1x = 67784 M-1 

Starting concentration     2.6×10-5                  20.8×10-5                         0 

Equilibrium                 2.6×10-5-x-y-z-w    20.8×10-5-4x-3y-2z-w          w 

                                    TCPEP•••[Pd3
2+]   +  [Pd3

2+]       TCPEP•••[Pd3
2+]2    K1x = 67784 M-1 

Starting concentration           0                       20.8×10-5                         0 

Equilibrium                           w                 20.8×10-5-4x-3y-2z-w           z 

                                    TCPEP•••[Pd3
2+]2   +  [Pd3

2+]     TCPEP•••[Pd3
2+]3    K1x = 67784 M-1 

Starting concentration           0                       20.8×10-5                        0 

Equilibrium                           z                 20.8×10-5-4x-3y-2z-w            y 

                                    TCPEP•••[Pd3
2+]3   +  [Pd3

2+]    TCPEP•••[Pd3
2+]4     K1x = 67784 M-1 

Starting concentration           0                      20.8×10-5                         0 

Equilibrium                           y                20.8×10-5-4x-3y-2z-w            x 

�

(�.�×������������)×(��.�×���������������)
= 67784                         [3-1] 

�

�×(��.�×���������������)
= 67784                                                     [3-2] 

�

�×(��.�×���������������)
= 67784                                                      [3-3] 

�

�×(��.�×���������������)
= 67784                                                      [3-4] 

Solve equations [3-1], [3-2], [3-3] and [3-4] to get 

x = 19.25×10-6, (TCPEP•••[Pd3
2+]4)% = 22.45×10-6/2.6×10-5 = 86.3%; 

y = 3.06×10-6, (TCPEP•••[Pd3
2+]3)% = 3.06×10-6/2.6×10-5 = 11.8%; 

z = 0.42×10-6, (TCPEP•••[Pd3
2+]2)% = 0.42×10-6/2.6×10-5 = 1.62%; 
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w = 0.06×10-6, (TCPEP•••[Pd3
2+])% = 0.06×10-6/2.6×10-5 = 0.23%. 

 

(4) [TCPEP] vs [Pd3
2+] = 1:8, viz., [CO2‾]/[Pd3

2+] = 1:2 

                                         TCPEP       +        [Pd3
2+]          TCPEP•••[Pd3

2+]    V = 69412 M-1 

Starting concentration     2.6×10-5                  20.8×10-5                         0 

Equilibrium                 2.6×10-5-x-y-z-w    20.8×10-5-4x-3y-2z-w           w 

                                   TCPEP•••[Pd3
2+]   +  [Pd3

2+]         TCPEP•••[Pd3
2+]2    V = 69412 M-1 

Starting concentration           0                       20.8×10-5                          0 

Equilibrium                           w                 20.8×10-5-4x-3y-2z-w             z 

                                   TCPEP•••[Pd3
2+]2  + [Pd3

2+]         TCPEP•••[Pd3
2+]3    V = 69412 M-1 

Starting concentration           0                       20.8×10-5                          0 

Equilibrium                           z                 20.8×10-5-4x-3y-2z-w              y 

                                   TCPEP•••[Pd3
2+]3  + [Pd3

2+]        TCPEP•••[Pd3
2+]4     V = 69412 M-1 

Starting concentration           0                      20.8×10-5                            0 

Equilibrium                           y                20.8×10-5-4x-3y-2z-w               x 

�

(�.�×������������)×(��.�×���������������)
= 69412                         [4-1] 

�

�×(��.�×���������������)
= 69412                                                     [4-2] 

�

�×(��.�×���������������)
= 69412                                                      [4-3] 

�

�×(��.�×���������������)
= 69412                                                      [4-4] 

Solve equations [4-1], [4-2], [4-3] and [4-4] to get 

x = 22.53×10-6, (TCPEP•••[Pd3
2+]4)% = 22.53×10-6/2.6×10-5 = 86.7%; 

y = 3.01×10-6, (TCPEP•••[Pd3
2+]3)% = 3.01×10-6/2.6×10-5 = 11.6%; 

z = 0.40×10-6, (TCPEP•••[Pd3
2+]2)% = 0.40×10-6/2.6×10-5 = 1.54%; 

w = 0.05×10-6, (TCPEP•••[Pd3
2+])% = 0.05×10-6/2.6×10-5 = 0.19%. 
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Figure S15. Transient absorption spectra of [Pd3
2+] in MeOH at 298 K as a function of delay 

time between the pump and probe laser pulses. 

 

 

 

                                                                     Ar-OH                                     Ar-CHO 

Scheme S1. Synthesis of Ar-CHO. Reagents and conditions: (i) PdCl2(PPh3)2, CuI, PPh3, reflux, 
3 h, 78%; (ii) PCC, rt, overnight, 39%. 
  



 

 

Figure S16. 1H NMR of 3-(4-methoxycarbonylphenyl)
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methoxycarbonylphenyl)-prop-2-yn-1-ol (Ar-OH) in CDCl

 

) in CDCl3-d3. 



 

Figure S17. ESI mass spectrum of 3
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. ESI mass spectrum of 3-(4-methoxycarbonylphenyl)-prop-2-yn-1-ol (

 

ol (Ar-OH). 



 

Figure S18. 1H NMR of 3-(4-methoxycarbonylphenyl)
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methoxycarbonylphenyl)-prop-2-ynal (Ar-CHO) in CDCl

 

) in CDCl3-d3. 



 

Figure S19. ESI mass spectrum of 3
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. ESI mass spectrum of 3-(4-methoxycarbonylphenyl)-prop-2-ynal (Ar

 

Ar-CHO). 



 

Figure S20. MALDI-TOF of 9, 18, 27, 36

24, 30, 33-octahydro-3, 6; 12, 15; 21, 24; 30, 33

(TCPEBP-1) in THF. The tiny peaks at the right side of re

sodium type of corresponding species.
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9, 18, 27, 36-tetra(4-carboxymethylphenylethynyl)

3, 6; 12, 15; 21, 24; 30, 33-tetraethano-tetrabenzoporphyrinato

The tiny peaks at the right side of relevant peaks were attributed to the 

sodium type of corresponding species. 

 

carboxymethylphenylethynyl)-3, 6, 12, 15, 21, 

tetrabenzoporphyrinatozinc(II) 

were attributed to the 



 

Figure S21. 1H NMR of 

tetrabenzoporphyrinatozinc(II) (TCP

232 

H NMR of 9, 18, 27, 36-tetra-(4-carboxymethylphenylethynyl)

TCPEBP-2)  in CD2Cl2-d2. 

 

carboxymethylphenylethynyl)-



 

Figure S22. MALDI-TOF mass spectrum of 

carboxymethylphenylethynyl)-tetrabenzoporphyrinato

peaks on the right side were attributed to the sodium and 
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TOF mass spectrum of 9, 18, 27, 36

tetrabenzoporphyrinatozinc(II) (TCPEBP-2) in THF.

were attributed to the sodium and potassium types of TCPEBP

 

9, 18, 27, 36-tetra-(4-

in THF. The tiny 

TCPEBP-2.  



 

Figure S23. 1H NMR of 

tetrabenzoporphyrinatozinc(II) (TCP

234 

H NMR of 9, 18, 27, 36-tetra-(4-carboxyphenylethynyl)

TCPEBP-H) in DMSO-d6. 

 

carboxyphenylethynyl)-

  



 

Figure S24. MALDI-TOF mass spectrum of 

tetrabenzoporphyrinatozinc(II) (

attributed to the sodium and potassium
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TOF mass spectrum of 9, 18, 27, 36-tetra-(4-carboxyphenylethynyl)

(TCPEBP-H) in THF. The tiny peaks on the right side 

potassium types of TCPEBP-H. 

 

carboxyphenylethynyl)-

the right side were 



 

Figure S25. 1H NMR of 

tetrabenzoporphyrinatozinc(II) (TCP

236 

H NMR of 9, 18, 27, 36-tetra-(4-sodium carboxyphenylethynyl)

TCPEBP) in CD3OD-d4. 

 

carboxyphenylethynyl)-

  



 

Figure S26. 1H NMR of 

ethynylporphyrinatozinc(II) (TCPEP
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H NMR of 5, 10, 15, 20-tetra-(4-sodium carboxyphenyl)

TCPEP) in CD3OD-d4. 

 

sodium carboxyphenyl)-



 

Figure S27. Absorption (black), fluorescence (red) and excitation (blue) spectra for 
in 2MeTHF. 

 

Table S6. Absorption, fluorescence and excitation data for 

  Absorption 

TCPEBP-2 
298 K 532, 678, 732
77 K 539, 682, 741

aexc = 530 nm for TCPEBP-2 at 298 K and 540 nm at 77 K
bem = 790 nm for TCPEBP-2 at 298 K and 77 K
cThe fluorescence lifetimes for TCPEBP

in 2MeTHF, which is consistent with 
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(1) Provencher, R.; Aye, K. T.; Drouin, M.; Gagnon, J.; Boudreault, N.;
Chem. 1994, 33, 3689–3699. 

(2) Aly, S. M.; Ayed, C.; Stern, C.; Guilard
2008, 47, 9930–9940. 
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Absorption (black), fluorescence (red) and excitation (blue) spectra for 

Absorption, fluorescence and excitation data for TCPEBP-2. 

Absorption λmax (nm)  Fluorescence λmax (nm)a,c Excitation 
532, 678, 732 763 
539, 682, 741 758 

at 298 K and 540 nm at 77 K in 2MeTHF.  
at 298 K and 77 K in 2MeTHF. 

TCPEBP-2 are 1.315 ± 0.105 at 298 K and 3.874 ± 0.381 at 77 K 

, which is consistent with TCPEBP. 

 

Provencher, R.; Aye, K. T.; Drouin, M.; Gagnon, J.; Boudreault, N.; Harvey, P. D. 

C.; Guilard, R.; Abd-El-Aziz, A. S.; Harvey, P. D.;  

 

Absorption (black), fluorescence (red) and excitation (blue) spectra for TCPEBP-2 

Excitation λmax (nm)b,c 
532 
540 

4 ± 0.381 at 77 K 

Harvey, P. D. Inorg. 

A. S.; Harvey, P. D.;  Inorg. Chem. 
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CHAPTER 6. 

TRIPLET ENERGY TRANSFERS IN WELL-DEFINED HOST-GUEST 

PORPHYRIN-CARBOXYLATES/CLUSTER ASSEMBLIES 

6.1. Project outlines 

Triplet energy transfer (TET) is an important and fundamental photophysical process. Upon until 

now, researchers mainly focus on the covalently connected donor-acceptor systems, while the 

assemblies using weak forces such as van der Waals force, electrostatic interaction, hydrogen 

bond, etc. are rarely studied in this specific field. As discussed in Chapter 3, the singlet 

photophysical properties of the assemblies MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] were 

studied, which shows ultrafast electron transfers from the MCP and DCP dyes to the [Pd3
2+] 

cluster (< 85 fs), and clear quenching of porphyrin fluorescence with adding [Pd3
2+] cluster. 

However, the triplet photophysical properties of these two assemblies are still rarely studied due 

to very weak intensity of phosphorescence and lack of available instruments. 

In this study, the photophysical properties in the triplet states of the MCP•••[Pd3
2+] and 

[Pd3
2+]•••DCP•••[Pd3

2+] assemblies were studied. The results shows a slow to medium T1-T1 

energy transfer (3dye*•••[Pd3
2+] → dye•••

3[Pd3
2+]*) operateing through a Förster mechanism 

exclusively with kET values of ~ 1
 × 105 s‾1 based on transient absorption measurements at 298 K. 

The T1 state of [Pd3
2+] (~8190 cm‾1) has been qualitatively determined by DFT computations and 

by evidence for a delayed Tn → S0 emission at 680-700 nm arising from T1-T1 annihilation, 

which makes this cluster potentially acting as the energy donor from its Tn state, and T1 acceptor 

within the assemblies. The static quenching of their near-IR phosphorescence at 785 nm was 

observed. Unfavourable reductive and oxidative driving forces make this type of process 

inoperative or very slow in the T1 states. 

This work was published in Inorganic Chemistry, 2016, 55 (9), 4410-4420 by Peng Luo, Paul-

Ludovic Karsenti, Benoit Marsan and Pierre D. Harvey. This research work was conducted in 

Université de Sherbrooke under the supervision of Prof. Benoit Marsan (UQAM) and Prof. 

Pierre D. Harvey. I synthesized the compounds and performed all the measurements and 

calculations reported in the paper. Paul-Ludovic Karsenti measured the transient absorption 
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spectra. I wrote the first draft of the manuscript. Prof. Benoit Marsan and Prof. Pierre D. Harvey 

revised and finalized the manuscript. 

6.2. Paper published in Inorganic Chemistry, 2016, 55 (9), 4410-4420. 

Triplet Energy Transfers in Well-defined Host-Guest Porphyrin-Carboxylates/Cluster 

Assemblies 

Peng Luo,a Paul-Ludovic Karsenti,a  Benoit Marsan,b* and Pierre D. Harveya* 

aDépartement de chimie, Université de Sherbrooke, Sherbrooke, QC, J1K 2R1, Canada.  

bDépartement de chimie, Université du Québec à Montréal, Montréal, QC, H2X 2J6, Canada. 

6.2.1. Abstract  

The 5-(4-carboxylphenyl)-10, 15, 20-tritolyl(porphyrinato)zinc(II), MCP, and 5, 15-bis(4-

carboxylphenyl)-15,  20-bistolyl(porphyrinato)zinc(II), DCP, dyes, as sodium salts, were used to 

form assemblies with the unsaturated Pd3(dppm)3(CO)2+ cluster ([Pd3
2+], dppm = (Ph2P)2CH2)) 

via ionic CO2‾•••Pd3
2+ interactions. The photophysical properties in their triplet states were 

studied. The position of the T1 state of [Pd3
2+] (~ 8190 cm‾1) has been proposed using DFT 

computations and was corroborated by the presence of a Tn → S0 delayed emission at 680-700 

nm arising from a T1-T1 annihilation process at 77 K. The static quenching of their near-IR 

phosphorescence of the dyes at 785 nm was observed. Thermodynamically poor reductive and 

oxidative driving forces render the photo-induced electron transfer quenching process either 

inoperative or very slow in the T1 states. Instead, slow to medium T1-T1 energy transfer 

(3dye*•••[Pd3
2+] → dye•••3[Pd3

2+]*) operates through a Förster mechanism exclusively with kET 

values of ~ 1
 × 105 s‾1 based on transient absorption measurements at 298 K. 

 

TOC Graphic 
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6.2.2. Introduction 

Triplet energy transfers (TETs) in porphyrin chromophores play a crucial role in their efficiency 

in their up-conversion1 and 2-photon absorption processes,2 and the generation of singlet oxygen 

for potential applications in photodynamic therapy.3 This topic has also attracted some attention 

on a theoretical standpoint.4 Moreover, multiple investigations of TET have been reported for 

dyad models in recent years, including dyads containing covalently attached porphyrin-

porphyrin5 and porphyrin-organic acceptor,6 whether these models are simple molecules5,6 or 

embedded inside polymers7 or covalently incorporated within dendrimers (or exhibiting dendritic 

structures).8 Concurrently, dyads and polyads constructed with porphyrin and coordination 

complexes were also occasionally studied for their TET properties, specifically focusing on 

ruthenium(II),9 osmium(II),10 platinum(II),11 irridium12 and aluminum(III)13 chromophores. 

Conversely, dyads containing a porphyrin interacting via purely electrostatic interactions with an 

inorganic component for TET studies are very scarce and to the best of our knowledge focus 

only  on the unsaturated M3(dppm)3(CO)2+ clusters (Chart 1: M = Pd ([Pd3
2+]), Pt ([Pt3

2+]); 

dppm = (Ph2P)2CH2) via CO2‾•••Pd3
2+ interactions.14 In this respect, we recently studied the 

fluorescence quenching of two carboxyl-containing zinc(II)porphyrin chromophores, 5-(4-

carboxylphenyl)-10, 15, 20-tritolyl(porphyrinato)zinc(II), MCP, and 5, 15-bis(4-

carboxylphenyl)-15, 20-bistolyl(porphyrinato)zinc(II), DCP, as sodium salts, by  [Pd3
2+].15 In 

these cases, fs transient absorption spectroscopy indicated clearly ultrafast electron transfer 

processes from the MCP and DCP dyes to the reducible [Pd3
2+] cluster (< 85 fs). Based on the 

cyclic voltamograms, thermodynamic considerations preclude the possibility of quenching of the 

triplet states by electron transfers. 

 

Chart 1. Structures of the porphyrin-carboxylate substrates and [Pd3
2+] cluster. 
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We now report on the mechanism of the phosphorescence quenching the dyes by the cluster for 

two assemblies MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+]. In these cases, the transient 

spectral analysis in the ns-s time scale clearly demonstrates evidence for TET. During the 

course of this investigation, the state diagram of the [Pd3
2+] cluster has been elucidated from a 

combination of reliably established experimental and theoretical methods, and photophysical 

properties were obtained as well. Emissions arising from the S1 (S1→S0 at 660 nm, F < 9.4 ps by 

Streak camera at 77 and 298 K; ~ 1 ps by fs transient absorption spectroscopy at 298 K) and 

from Tn (Tn→S0 at 670 nm, F ~ 113 ps at 77 K; ~ 20 ps by fs transient absorption spectroscopy 

at 298 K) were obtained. Finally, the non- or very weakly emissive T1 manifold was located in 

the vicinity of 1220 nm using DFT computations and the presence of a T1-T1 annihilation 

process ((T1) ~ 200 ps at 298 K, and 1.5 ns at 77 K). 

6.2.3. Experimental section 

6.2.3.1. Materials 

The [Pd3(dppm)3(CO)](PF6)2 cluster, [Pd3
2+], 5-(4-carboxylphenyl)-10, 15, 20-

tritolyl(porphyrinato)zinc(II) and 5, 15-bis(4-carboxylphenyl)-15, 20-

bistolyl(porphyrinato)zinc(II) were synthesized according to literature procedures.16 Carboxylate 

sodium salts MCP and DCP were prepared by ion-exchange resin from their acid precursors.17 

6.2.3.2. Instruments 

Absorption spectra were acquired on a Varian Cary 300 Bio UV-Vis spectrometer at 298 K and 

on a Hewlett-Packard 8452A diode array spectrometer with a 0.1 second integration time at 77 K.  

Steady state fluorescence and excitation spectra were acquired on an Edinburgh Instruments 

FLS980 phosphorimeter equipped with single monochromators. Near-IR emission was measured 

by QuantaMaster 400 phosphorimeter from Photon Technology International (PTI), which was 

excited by a Xenon lamp and recorded with a NIR PMT-7-B detector. All spectra were corrected 

for instrument response. Fluorescence lifetime measurements were made with the FLS980 

phosphorimeter using a 378 nm picosecond pulsed diode laser (FWHM = 90 ps) as an excitation 

source. Phosporescence lifetime measurements were acquired on the FLS980 using a 

microsecond flashlamp set with a 515 nm excitation. Data collection on the FLS980 system is 

done by time correlated single photon counting (TCSPC). 
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6.2.3.3. Spectroscopic measurements 

The spectroscopic and photophysical measurements were carried out in Spectranalyzed® MeOH 

at 298 K, and in MeOH:2MeTHF 1:1 at 77 K. The 2MeTHF solvent (2-methyltetrahydrofuran) 

was distilled over calcium hydride under argon. The typical methodology was previously 

outlined.18 

6.2.3.4. Calculation procedure 

All density functional theory (DFT) and time dependent density functional theory (TD-DFT) 

calculations were performed with Gaussian 0919 at the Université de Sherbrooke with the 

Mammouth supercomputer supported by Le Réseau Québécois De Calculs Hautes Performances. 

The DFT geometry optimizations as well as TD-DFT calculations20‾29 were carried out using the 

B3LYP method. A 6-31g* basis set was applied to C, H, N, O, Na atoms in porphyrins alone, 

while a 6-31g* and 3-21g* (for comparison purposes) basis sets were used for C, H, N, O, P 

atoms in the palladium and platinum clusters and its assemblies with porphyrins. VDZ (valence 

double ζ) with SBKJC effective core potentials were used for all Zn, Pd and Pt atoms.30‾35 All 

calculations were carried out in a methanol solvent field, except for the few calculations using 

tetrahydrafuran (THF) or without solvent field. The calculated absorption spectra were obtained 

from GaussSum 2.1.36 

6.2.3.5. fs and ns Transient absorption spectroscopy  

The fs and ns transient spectra and decay profiles were acquired on a homemade system using 

the SHG of a Soltice (Spectra Physics) Ti-sapphire laser (λexc = 398 nm; FWHM = 75 fs; pulse 

energy = 0.1 μJ per pulse, rep. rate = 1 kHz; spot size ~ 500 μm), a white light continuum 

generated inside a sapphire window and a custom made dual CCD camera of 64 × 1024 pixels 

sensitive between 200 and 1100 nm (S7030, Spectronic Devices). The delay line permitted to 

probe up to 4 ns with an accuracy of ~ 4 fs. The results were analysed with the program Glotaran 

(http://glotaran.org) permitting to extract a sum of independent exponentials (�(�, �) = ��(�) ×

 ��
��
� + ��(�) ×  �

�
��
� + ⋯ ) that fits the whole 3D transient map. 

6.2.4. Results and discussion 

6.2.4.1. Host-guest assemblies  
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The non-emissive MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] host-guest assemblies are 

formed using MeOH as the solvent (eqs. 1 and 2). These are readily monitored by UV-vis 

spectroscopy (details in Figure S1 of SI). The binding constants, K11 and K12, were previously 

measured by averaging the binding constants extracted from the Scatchard, Scott and Benesi-

Hilderbrand plots.17a,18,37 The K11 and K12 values for the sequential generation of DCP•••[Pd3
2+] 

and [Pd3
2+]•••DCP•••[Pd3

2+] assemblies are the same as no slope change in the low and high 

concentration range of [Pd3
2+] is detected. This observation is fully consistent with the absence of 

steric hindrance as verified by the optimized geometries in the ground and triplet excited state 

(below), and the minimal effect of the charge introduced in the primary DCP•••[Pd3
2+] assembly. 

The similarity of the 19300 and 22000 M‾1 values for the MCP and DCP, respectively, 

corroborates this conclusion. The slightly larger value for DCP is somewhat expected as the 

global charge on the anion is larger. Such values are also considered weak and are consistent 

with the presence of ionic interactions. 

[Pd3
2+]   +   MCP        MCP•••[Pd3

2+]            K11 = 19300 M‾1   (1) 

                  emissive           non-emissive 

2 [Pd3
2+]   +   DCP        [Pd3

2+]•••DCP•••[Pd3
2+]                  K12 = 22000 M‾1   (2) 

                   emissive                non-emissive 

Attempts to obtain single crystals of the assemblies suitable for X-ray crystallography stubbornly 

failed. Instead, optimized geometries in the ground (S0) and first triplet state (T1) were computed 

by DFT (B3LYP). For comparison purpose, the X-ray structures reported for the host-guest 

assemblies CF3CO2‾•••[Pd3
2+] unit with ionic Pd•••O distances of 2.57 to 3.06 Å with the -CO2ˉ 

unit placed straight up and closer to one of the Pd-Pd bond.38 In the S0 state, the optimized 

geometries of the two assemblies in a methanol solvent field, DCP•••[Pd3
2+] and 

[Pd3
2+]•••DCP•••[Pd3

2+], also confirm the expected “straight up” geometry.15
 Their computed 

Pd•••O distances ranging from 2.704 to 3.802 Å (basis set 6-31g* for P, C, O, N and H in MeOH 

solvent field, see Table 3 and Figures S14-S17) are also consistent with the expected ionic 

interactions.  

6.2.4.2. Structures and triplet state energy 
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In the context of T1 energy transfers, prior to discussing the optimized geometries of the 

assemblies in their T1 states, the individual components are addressed. The optimized geometries 

for [Pd3
2+] in its S0 and T1 states are placed in Figure 1 and their calculated T1→S0 positions are 

listed in Table 1. The calculated averaged Pd-Pd bond distance is 2.698 Å (2.712, 2.694 and 

2.687 Å; basis set 6-31g* for P, C, O and H in MeOH solvent field) in the S0 state, which 

compares favorably to the X-ray data (av. = 2.613 Å).38 In the T1 state, the calculated Pd-Pd bond 

distance increases as predicted due to the experimentally determined nature of the lowest energy 

excited states (S1 and T1 are dd*).39 An examination of the optimized geometries of [Pd3
2+] 

indicates the presence of a drastic distortion of the skeleton where two P-atoms are placed 

significantly out of the average Pd3 plane. Because of its unusual observation, the geometry of 

the platinum analogue (Pt3(dppm)3(CO)2+; [Pt3
2+])14b was also optimized in both states for 

comparison purposes. Globally in both cases, one P-M-P axis undergoes a notable twist making 

one P-atom moving significant above the M3 plane, and the other below in the T1 state (+0.772 

and -1.332 Å for [Pd3
2+], and +1.517 and -0.925 Å for [Pt3

2+]). Noteworthy, this distortion may 

have influenced the outcome about the availability or size of the cavity formed by the dppm-

phenyl groups via steric hindrance but this was not the case (see below). 

The computational parameters (basis sets; 3-21g* and 6-31g* for P, C, O and H, and solvent 

fields; THF, MeOH and none (i.e. vacuum)) were also varied (see Figures S2-S6, Tables S1-S6 

in SI) but the conclusions about these displacements and the availability of the cavity remain the 

same. 

The MCP and DCP macrocycles exhibit little excited state distortion in the T1 states and bear no 

influence on the assembly geometries (Figures S7-S10 in SI) and the calculated peak positions of 

the T1→S0 transition (~ 809 nm) compare reasonably well with the experimental values (~ 785 

nm at 77 K; MCP and DCP are not phosphorescent at 298 K, see Figure S11). 
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Figure 1. Left: optimized geometries of [Pd3

2+] and [Pt3
2+] in their T1 states in a MeOH solvent 

field (basis set 6-31g* for P, C, O and H). Selected distances: [Pd3
2+]; Pd-Pd: 2.910, 2.875, 2.711 

(av. = 2.832 Å); Pd-P: 2.474, 2.452, 2.434, 2.432, 2.416, 2.395 (av. = 2.434 Å); [Pt3
2+]; Pt-Pt: 

2.944, 2.855, 2.801 (av. = 2.867 Å); Pt-P: 2.421, 2.419, 2.399, 2.377, 2.364, 2.350 (av. = 2.388 

Å). Right: displacements of the P-atom (in Å) away from the M3
2+ in the S0 and T1 states. See 

Figures S7-S10 in SI for MCP and DCP in their T1 states. 

Conversely, the computed position of the (phosphorescence) T1→S0 peak for [Pt3
2+] in a MeOH 

solvent field compares less favorably (i.e. a red shift of ~ 160 nm; 818 (calc.) vs 660 nm (exp.),18 

Table 1). These calculations on this homologue cluster may provide a calibration for the [Pd3
2+] 

as it is not emissive in the 800-1380 nm range and can be employed to qualitatively predict the  

position of its phosphorescence peak (1433 – ~ 160 nm = ~ 1270 nm). Because the 77 K 

measurements were performed in a MeOH:2MeTHF mixture (1:1), the computations were also 

performed using a THF solvent field (detail in Table S7 in the SI). The phosphorescence peak 

positions are calculated to be at 797 and 1413 nm for [Pt3
2+] and [Pd3

2+], respectively. The 

calibration becomes 797 – 660 nm = ~ 140 nm for [Pt3
2+] and so the predicted position for the 

[Pd3
2+] cluster is 1413 – ~140 = ~ 1270 nm. These predicted peak positions using the MeOH and 

THF solvent fields are the same. This qualitative approach bears a consequence on a possible T1-

T1 annihilation described below when performing measurements under high concentration and 

high laser power conditions as this is the necessary in the case here (below). Any excited states 

requiring a one-photon excitation at ~ 600 nm can also be populated by T1-T1 annihilation (T1 + 

T1 → Tn + S0 + , or → S1 + S0 + ). Other computational parameters were employed (basis sets 

and solvent fields, if any) but the calculated position of the [Pd3
2+] phosphorescence still remains 

in the near-IR region (details in Table S7 in SI). 
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Table 1. Computed S0-T1 energy gap of MCP, DCP, [Pd3
2+] and [Pt3

2+].a 

 
S0 energy 

(a.u.) 
T1 energy 

(a.u.) 
E(S0-T1) 

(a.u.) 
E(S0-T1) 

(eV) 
(nm)  
calc. 

(nm) 
exp.77K 

MCP -2607.05873 -2607.00234 0.05639 1.534 809 785b 
DCP -2918.11219 -2918.05573 0.05646 1.536 808 785b 

[Pd3
2+] -5441.14817 -5441.11634 0.03183 0.866 1433 ─d 

[Pt3
2+] -5418.51435 -5418.45862 0.05573 1.516 818 660c 

(a) The computed position of the phosphorescence is obtained from the difference between the 

total DFT energy of the compounds in their S0 and T1 states (6-31g* for P, C, O and H, using a 

MeOH solvent field). (b) From reference 15 (Figure S11 in SI). (c) From reference 18, the values 

are measured at the maxima. (d) The emission signal was not observed.  

6.2.4.3. Evolution of the phosphorescence spectra at 77 K 

The phosphorescence bands of MCP and DCP in MeOH:2MeTHF 1:1 at 77 K are shown in 

Figure 2. No phosphorescence is detected at 298 K. 

 

Figure 2. Top: Variation of phosphorescence spectra of MCP (left: 1.07 × 10‾5 M) and DCP 

(right: 8.61 × 10‾6 M) upon adding [Pd3
2+] in MeOH:2MeTHF 1:1 at 77 K. Curves A-J were 

obtained with successive addition of [Pd3
2+]. Each curve represents an increase in [Pd3

2+] 
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concentration by 1.064 × 10‾5 and 8.64 × 10‾6 for MCP and DCP, respectively. Bottom: relative 

decrease in intensity with respect to the starting intensity. 

The assignment of the phosphorescence was readily confirmed on the basis of the peak position 

relative to the fluorescence (Figure S11 in SI) and lifetimes (respectively 24.1 ± 0.4 and 25.1 ± 

0.5 ms for MCP and DCP, Table S8), and DFT computations above. Upon increasing the [Pd3
2+] 

concentration, an obvious phosphorescence quenching takes place, but the emission lifetimes 

remain constant. These observations are consistent with equations 1 and 2 where the decrease in 

phosphorescence intensity is associated with a decrease in the amount of free MCP and DCP 

dyes in favor of their corresponding non-emissive assemblies (i.e. static quenching). The static 

quenching is unambiguously expected for measurements performed at 77 K, but were here 

confirmed by analyzing the data. The Stern-Volmer plots ((P°/P) vs [Pd3
2+] where P° andP 

are respectively the phosphorescence intensities in the absence and presence of [Pd3
2+]) provide 

a linear relationship leading to KSV values of 3420 and 4150 M‾1 for MCP and DCP, 

respectively (Figure 3).   

 

Figure 3. Graphs of (P°/P) vs [Pd3
2+], log[(P°-P)/P] vs log[Pd3

2+], [1-(P/P°)]/[Pd3
2+] vs 

(P/P°), and ln(W) vs [Pd3
2+] for MCP- (top) and DCP-assemblies (bottom) at 77 K. 

To verify the presence of static quenching, the data were also analyzed using the relation 

log[(P°-P)/P] = log(Kb) + (n •
 log[Pd3

2+]) where Kb is the binding constant, and n is the 

average number of binding sites (Figure 3; central left).40
 Values of n =

 0.91 (MCP) and 1.88 

(DCP) were obtained, which are fully consistent with the number of carboxylates on the dyes. In 
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order to confirm whether this quenching is dominantly static (because of the apparent linearity of 

the Stern-Volmer plots; Figure 3, left), a mixed dynamic-static model was used.41 

This approach is derived from a sphere of action quenching model: [1-(P/P°)]/[Pd3
2+] = KD • 

(P/P°) + (1-W)/[Pd3
2+] where W is the fraction of the excited-state quenching from a 

collisional process provided by exp(-V • [Pd3
2+]) (V is the static quenching constant representing 

the volume of the sphere of action) and KD is the dynamic quenching constant. From a plot [1-

(P/P°)]/[Pd3
2+] vs (P/P°), KD is extracted from the slope using a least-square fit (Figure 3; 

central right) and the intercept leads to the W values as a function of the concentration of [Pd3
2+]. 

Then, V is extracted from the slopes in the ln(W) vs [Pd3
2+] plots (Figure 3, right).  These V 

values are 580 and 3610 for MCP•••[Pd3
2+] and 820 [M]‾1 and 4220 [M]‾1 for 

[Pd3
2+]•••DCP•••[Pd3

2+]. Because the V values are much larger than those for KD, it is easily 

concluded that the static quenching dominates the overall mechanism (as expected). Then, it is 

unsurprising that the KSV data are similar to the V values. These constants are summarized in 

Table 2. 

Table 2. Various quenching constants extracted from the phosphorescence. 

 MCP•••[Pd3
2+] [Pd3

2+]•••DCP•••[Pd3
2+] 

Ksv (M‾1) 3420 4150 
n 0.91 1.88 
KD (M‾1) 580 820 
V (M‾1) 3610 4220 
 

6.2.4.4. Optimized geometries of the assemblies 

The optimized geometry of the assemblies were also examined by DFT computations (Figure 4). 

In these assemblies, the averaged calculated Pd-Pd bond distances are ~ 2.673 Å for both 

assemblies (Table 3). This values compares well with that for the unassociated [Pd3
2+] cluster 

(2.698 Å), indicating the rather small influence of the carboxylate interactions onto the metallic 

frame. This conclusion is also noted in the T1 state (Pd-Pd av. = 2.832 Å in the absence 

carboxylate; 2.873 Å for MCP•••[Pd3
2+]; and 2.835 Å for [Pd3

2+]•••DCP•••[Pd3
2+], Table 3). The 

straight up geometry is predictably adopted, thus avoiding any steric hindrance between the 

phenyl groups and the clusters. No cluster-cluster contact occurs in [Pd3
2+]•••DCP•••[Pd3

2+]. 

Noteworthy, despite evidence for T1 excited state distortion for [Pd3
2+], the average Pd•••O 



250 
 

separations remain about the same (only a small decrease of ~ 0.1 Å is computed in the T1 state 

but the values remain typical for ionic interactions). 

 

Figure 4. Views of the optimized geometry of MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] in 

their T1 state in a MeOH solvent field. 

Table 3. Selected calculated distances for MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] 

assemblies in the S0 and T1. (Basis set for C, O, N, H and P, 6-31g* in MeOH as solvent field.) 

MCP S0 (Å) T1 (Å) 
Pd-Pd  2.678, 2.677, 2.665 (av.=2.673) 2.905, 2.864, 2.850 (av.=2.873) 
Pd-P  2.431, 2.416, 2.410, 2.401, 2.396, 2.391 

(av.=2.408) 
2.569, 2.472, 2.455, 2.424, 2.413, 2.412 
(av.=2.458) 

Pd•••O  1st O: 3.721, 3.383, 2.811 (av.=3.305) 
2nd O: 3.375, 3.353, 2.919 (av.=3.216) 

1st O: 3.778, 3.114, 2.785 (av.=3.226) 
2nd O: 3.438, 3.117, 2.879 (av.=3.145) 

Pd•••Zn 12.559, 12.446, 12.438 (av.=12.481) 12.621, 12.341, 12.163 (av.=12.375) 
DCP S0 (Å) T1 (Å) 

Pd-Pd L: 2.678, 2.678, 2.666 (av.=2.674) 
R: 2.678, 2.678, 2.665 (av.=2.674) 

L: 2.855, 2.849, 2.806 (av.=2.837) 
R: 2.857, 2.839, 2.806 (av.=2.834) 

Pd-P L: 2.430, 2.416, 2.409, 2.400, 2.397, 2.392 
(av.=2.407) 
R: 2.430, 2.416, 2.410, 2.400, 2.397, 2.391 
(av.=2.407) 

L: 2.506, 2.456, 2.418, 2.388, 2.385, 2.381 
(av.=2.422) 
R: 2.507, 2.456, 2.418, 2.387, 2.385, 2.381 
(av.=2.422) 

Pd•••O L: 1st O 3.718, 3.377, 2.812 (av.=3.302) 
2nd O 3.376, 3.351, 2.916 (av.=3.214) 
R: 1st O 3.717, 3.383, 2.815 (av.=3.305) 
2nd O 3.389, 3.361, 2.928 (av.=3.226) 

L: 1st O 3.802, 3.075, 2.704 (av.=3.194) 
2nd O 3.426, 3.106, 2.801 (av.=3.111) 
R: 1st O 3.797, 3.080, 2.715 (av.=3.197) 
2nd O 3.429, 3.091, 2.828 (av.=3.116) 

Pd•••Zn L: 12.558, 12.558, 12.426 (av.=12.514) 
R: 12.557, 12.447, 12.427 (av.=12.477) 

L: 12.544, 12.494, 12.448 (av.=12.495) 
R: 12.617, 12.329, 12.181 (av.=12.376) 



 

6.2.4.5. Mechanism for phosphorescence quenching

Both the fluorescence and phosphorescence quenching of porphyrin chromophores are 

commonly occurring via either electron or energy transfer processes. In our previous study on 

the photo-induced electron transfer in the S

both the thermodynamic considerations (

+0.67, MCP, +0.72 V vs SCE, DCP

demonstrate the mechanism. Indeed in the S

significantly favorable (compared to reduction) and the fs transient ab

clear signature attributable to cationic porphyrins. However, taking into account the same 

electrochemical oxidation potentials (respectively +0.90 and +0.85 V 

DCP),15 the reduction potential of 

of the phosphorescence (i.e. 785 nm (1.58 eV) for both dyes; Figure 2, Table 1), the 

for the oxidative quenching are much less favorable (

+0.18; MCP, +0.23 V vs SCE; DCP

to overcome the reorganization energy upon electron transfer predicting that the rate for this 

process is most likely bound to be slow.

Figure 5. Modified Latimer diagram for 

oxidative and reductive processes, and Latimer diagram for 
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Mechanism for phosphorescence quenching 

Both the fluorescence and phosphorescence quenching of porphyrin chromophores are 

either electron or energy transfer processes. In our previous study on 

induced electron transfer in the S1 states of MCP and DCP (oxidative quenching),

both the thermodynamic considerations (Es for donor*•••[Pd3
2+] → donor

DCP) and the fs transient absorption signatures were examined to 

demonstrate the mechanism. Indeed in the S1 state, the oxidative quenching turned out to be 

significantly favorable (compared to reduction) and the fs transient absorption spectra showed a 

clear signature attributable to cationic porphyrins. However, taking into account the same 

electrochemical oxidation potentials (respectively +0.90 and +0.85 V vs SCE for 

the reduction potential of [Pd3
2+] (-0.50 V vs SCE),42

 and the position of the 0

785 nm (1.58 eV) for both dyes; Figure 2, Table 1), the 

for the oxidative quenching are much less favorable (3donor*•••[Pd3
2+] → donor

DCP) than that for the S1 state. These values are somewhat small 

to overcome the reorganization energy upon electron transfer predicting that the rate for this 

process is most likely bound to be slow. 

 

. Modified Latimer diagram for MCP and DCP emphasizing the driving forces of the 

oxidative and reductive processes, and Latimer diagram for [Pd3
2+]. 

Both the fluorescence and phosphorescence quenching of porphyrin chromophores are 

either electron or energy transfer processes. In our previous study on 

(oxidative quenching),15 

donor+••• [Pd3
+] are 

fs transient absorption signatures were examined to 

state, the oxidative quenching turned out to be 

sorption spectra showed a 

clear signature attributable to cationic porphyrins. However, taking into account the same 

SCE for MCP and 

and the position of the 0-0 peaks 

785 nm (1.58 eV) for both dyes; Figure 2, Table 1), the E values 

donor+•••[Pd3
+]: 

state. These values are somewhat small 

to overcome the reorganization energy upon electron transfer predicting that the rate for this 

the driving forces of the 
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Moreover, the reductive quenching, 
3donor*•••[Pd3

2+] → donor‾•••[Pd3
3+], is unfavorable in the 

T1 state (E = -0.11 (MCP), -0.16 V vs SCE (DCP), see modified Latimer diagrams in Figure 5 

for data). Conversely, the transient absorption signature of the triplet state (below) is observed at 

all time during this investigation on the T1 state, with no evidence for the known feature 

associated with the porphyrin cation. Moreover, the triplet state manifold of the non-emissive 

[Pd3
2+] cluster calculated by DFT is placed unambiguously below that for MCP and DCP. This 

information combined with that of the transient absorption spectra below is clearly indicative 

that the phosphorescence quenching proceeds via an energy transfer 3donor*•••[Pd3
2+] → 

donor•••3[Pd3
2+]*. The absence of emission from the assemblies (that would have been readily 

detected by the presence of a shorter-lived second component in the phosphorescence decay 

traces) stems from an efficient TET combined with a non-emissive behavior of the cluster. In 

order to corroborate this fact, fs transient absorption spectra are indeed examined, but the nature 

of the states involved in the TET is now addressed, along with the amplitude (if any) of MO 

couplings between the energy donor (T1 porphyrin) and acceptor (T1 cluster). 

6.2.4.6. DFT computations on the triplet states of the assemblies 

Evidence of MO coupling between the donor and acceptor is well known to accelerate the energy 

transfers at both the singlet and triplet states via the Dexter mechanism43 (double electron 

exchange).44 These couplings can easily be perceived by examining the representations of the 

frontier MOs. The presence of significant couplings translate into atomic contributions spreading 

well over both chromophores (here donor and acceptor) whether they are conjugated or not.44h In 

this work, the MCP, DCP and [Pd3
2+] moieties were addressed individually, and their semi-

occupied MO representations are placed in the Figure S8, S10 and S12 in SI for convenience. 

The semi-occupied MOs for the MCP•••[Pd3
2+] assembly exhibit the expected low-energy 

HSOMO and the high energy LSOMO with atomic contributions localized exclusively on the 

cluster (i.e. cluster-centered excited state; Figure 6). The next semi-occupied MOs, HSOMO+1 

and LSOMO-1 (both  and  configurations) exhibit atomic contributions placed exclusively on 

the MCP unit. Conclusively, no MO coupling exists between the porphyrin chromophores and 

the [Pd3
2+] cluster. This observation is fully consistent with the rather large energy difference 

between the calculated triplet energies of MCP (and DCP) and that for [Pd3
2+] (~ 0.5 eV) and 

the clear lack of orbital overlap between the donor and acceptor that could promote an efficient 



 

double electron transfer (Figure 6). The same observation is made for the 

[Pd3
2+]•••DCP•••[Pd3

2+] assembly (

Figure 6. MO representations of the semi

representations of the semi-occupied MOs of 

energies are shown.  

6.2.4.7. Energy diagram of the [Pd

Prior to describing the transient absorption data, it is imperative to address the 

levels along with their excited state time scales. Examples of heavy atom

species exhibiting reliably assignable fluorescence (S

the [HgPt6(RNC)12] cluster in 2MeTHF at 77 K,

sandwiched by two triangular Pt

(absorption maximum at 685 nm) with a f

long F value for an inorganic compound bearing heavy atoms is likely due to the medium 

rigidity at this temperature. Similarly, the rigid binuclear complex Pt

HO2POPO2H) in the viscous H2

[Pd3
2+] cluster in a MeOH:2MeTHF 1:1 solvent mixture at 77 K exhibits two very weak and 

overlapping emission bands in the 600

located at 660 and ~680-700 nm with lifetimes of < 9.4 ps (the 8.7 ps value obtained from 

deconvolution is most likely inaccurate due to the detection limit as the FWHM of the laser pulse 

is 9.4 ps at 77 K) and 113 ps, respectively (the spectra of the individual s

separated using time-resolved emission spectroscopy and a Streak camera (right, Figure 7). The 

former species is the S1 because of the smaller Stoke shift (
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double electron transfer (Figure 6). The same observation is made for the 

assembly (Figure S13 in SI).  

. MO representations of the semi-occupied MOs of MCP•••[Pd3
2+]; see SI for the MO 

occupied MOs of [Pd3
2+]•••DCP•••[Pd3

2+] assembly. Only 

Energy diagram of the [Pd3
2+] cluster 

Prior to describing the transient absorption data, it is imperative to address the 

levels along with their excited state time scales. Examples of heavy atom-containing polynuclear 

species exhibiting reliably assignable fluorescence (S1→S0), although rare, exist. For instance, 

in 2MeTHF at 77 K, exhibits a structure containing a Hg atom 

sandwiched by two triangular Pt3(2,6-Me2C6H3NC)6 fragments. This cluster emits at 718 nm 

(absorption maximum at 685 nm) with a fluorescence lifetime (F) of 2.1 ns.45 This exceptionally 

value for an inorganic compound bearing heavy atoms is likely due to the medium 

rigidity at this temperature. Similarly, the rigid binuclear complex Pt2(POP)

2O:glycerol (1:2) mixture at 290 K exhibits a 

cluster in a MeOH:2MeTHF 1:1 solvent mixture at 77 K exhibits two very weak and 

overlapping emission bands in the 600-800 nm window (Figure 7). These broad bands are 

700 nm with lifetimes of < 9.4 ps (the 8.7 ps value obtained from 

deconvolution is most likely inaccurate due to the detection limit as the FWHM of the laser pulse 

is 9.4 ps at 77 K) and 113 ps, respectively (the spectra of the individual species have been 

resolved emission spectroscopy and a Streak camera (right, Figure 7). The 

because of the smaller Stoke shift (i.e. difference between the shoulder at 

double electron transfer (Figure 6). The same observation is made for the 

 

; see SI for the MO 

assembly. Only  

Prior to describing the transient absorption data, it is imperative to address the [Pd3
2+] energy 

containing polynuclear 

), although rare, exist. For instance, 

exhibits a structure containing a Hg atom 

fragments. This cluster emits at 718 nm 

This exceptionally 

value for an inorganic compound bearing heavy atoms is likely due to the medium 

(POP)4
4‾ (POP = 

F of 40 ps.46 The 

cluster in a MeOH:2MeTHF 1:1 solvent mixture at 77 K exhibits two very weak and 

800 nm window (Figure 7). These broad bands are 

700 nm with lifetimes of < 9.4 ps (the 8.7 ps value obtained from 

deconvolution is most likely inaccurate due to the detection limit as the FWHM of the laser pulse 

pecies have been 

resolved emission spectroscopy and a Streak camera (right, Figure 7). The 

difference between the shoulder at 
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~560 nm (~17850 cm‾1) and maximum at 660 nm (15150 cm‾1) is ~2700 cm‾1) and its shorter 

lifetime (< 9.4 ps). 

 

Figure 7. Left: absorption spectra of [Pd3
2+] in MeOH (298 K, black) and in a MeOH: 2MeTHF 

(1:1) mixture (77 K, red). Inset: Time-resolved emission spectra in ps of [Pd3
2+] in a 

MeOH:2MeTHF mixture (1:1; [Pd3
2+] = 4 × 10‾3 M; exc = 560 nm) at 77 K. Right: 

deconvolution of the three different species contributing to the emission spectra. The blue dots 

describe the fluorescence S1→S0 (F < 9.4 ps), the green dots describe the Tn→S0 emission (P = 

113 ps), and the red dots represent delayed emission from T1-T1 annihilation (1.5 ns). 

This relatively larger Stoke shift is consistent with the large dd* excited state distortion 

(Q(Pt-Pt) = +0.18 Å, lengthening) experimentally reported for the homologue [Pt3
2+].39 The 

size of F (< 9.4 ps) is consistent with the rather low intensity of the fluorescence. The 113 ps 

emission arises most likely from an upper triplet state species Tn. Noteworthy, very short 

lifetimes for a triplet states are not unprecedented (see PtCl6
2‾, 210 ± 10 ps,47 and [Os3(CO)10(iPr-

AcPy)]  (iPr-AcPy = 2-acetylpyridine-N-isopropylimine, 25.3 ± 0.7 ps).48 The reasons for this 

assignment stem from three observations. First, DFT computations place the T1 state well within 

the near-IR from 1220 to 1880 nm (depending on the entry parameters, Table 1 and SI), which is 

much lower than the 680-700 broad emission band. Second, the two emission bands at 660 and 

680-700 nm are too strongly overlapping to be associated with the S1 and T1 states. Third, the 

position of the MCP and DCP phosphorescence at 785 nm and transient absorption spectroscopy 
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indicate clearly that these chromophores play the role of the triplet energy donor, so the T1 state 

of the cluster must lie below 785 nm. Indeed, quenching of the dye triplet states has been 

observed by ns-s transient absorption spectroscopy (below). Noteworthy, the observation of an 

emission arising from upper Tn energy level is not unprecedented. Indeed, for species of the type 

[-C6H4C≡C-PtL2-C≡CC6H4-(A)-]n (L = PR3, R = alkyl; A = electron density acceptor),49 an 

intense phosphorescence arising from the 3* manifold of the Pt-containing residue, [Pt], at 

~450 nm is clearly observed at 77 K, whereas a broad spin-allowed charge transfer absorption, 

1([Pt]→A)*, is noted at lower energies (i.e. 500-650 nm). This occurrence stems from the large 

T2-T1 energy gap (and also T1-S1) thus decreasing the probability of non-radiative internal 

conversion (T2 ~> T1). For [Pd3
2+], the timescale for this Tn→S0 emission is obviously short (113 

ps), but expected. Indeed, non-radiative processes are possible with the presence of possible 

lower energy triplet levels, if any, and S1, which lies near the T1 manifold based on Figure 6 

(right). Finally using a Streak camera, a third component in the emission decay was observed 

with a lifetime of 1.5 ns. The resulting spectrum of this component is essentially the 

superposition of the broad phosphorescence at 680-700 nm. Because of the necessary high 

intensity irradiation (laser) and the high concentration of the [Pd3
2+] cluster (~4 × 10‾3 M) to 

acquire the emission spectra, it was quickly deduced that this 1.5 ns species stems from T1-T1 

annihilation (here T1 + T1 → Tn + S0 + ). So the Tn level can be populated from this process but 

with a kinetic associated with the T1 manifold. This hypothesis is indeed readily corroborated by 

considering the energy levels. DFT computes a position of the T1 phosphorescence at 1221 nm 

(i.e. 8190 cm‾1; Table 1). So a T1-T1 annihilation process can populate this Tn state (8190 × 2 = 

16380 cm‾1; 610 nm). It is not possible to verify this suggestion since this broad 680-700 nm Tn 

signal is too weak for a systematic investigation of the laser power and concentration effects. 

Moreover, this sought emission band was not observed in the 850-1380 nm window using a near 

IR detector (with a detection limit 1380 nm mounted on a conventional spectrometer). It is 

believed to be very weak as well. This fact corroborates well the very short emission lifetime 

extracted from the use of the Streak camera (1.5 ns instead of the expected typical s time scale). 

Indeed, the T1→S0 phosphorescence lifetime for its homologue [Pt3
2+] in 2MeTHF at 77 K is 

12.63 ± 0.07 s.18 Similarly, the triangular complexes Pd3L6 in 2MeTHF at 77 K also exhibit 

long P’s (50 s, L = 2,6-Me2C6H3N≡C; 31 s, L = 2,4,6-tBu3C6H2N≡C).45 Based on all these 

observations, an energy diagram for [Pd3
2+] is constructed (Figure 8; right). The presence of 
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three components is further corroborated by the presence of three components in the fs transient 

spectra at 298 K (below). Finally, the emission spectra at 298 K were also investigated, but an 

even weaker signal is depicted (Figure S18). The resulting spectrum is reminiscent of the 

fluorescence (Figure 7, right frame, light blue dots), but again the kinetic traces superpose that of 

the IRF (i.e. F < 7.8 ps at 298 K). 

 

Figure 8. Top left: absorption spectrum of [Pd3
2+] in methanol. Bottom right: fs transient 

absorption spectra of [Pd3
2+] in methanol (exc = 400 nm; see Figure S19 for spectra where exc = 

600 nm). The bleach and transient signals are respectively positive and negative. Right: state 

diagram for [Pd3
2+] stressing the time scale of the non-radiative events at 298 K extracted from 

the transient absorption spectroscopy below. 

6.2.4.8. fs and ns Transient absorption spectroscopy 

Each component is first addressed individually. The fs transient spectra of [Pd3
2+] in methanol 

are placed in Figure 8 (exc = 400 nm) in which a bleached band is depicted at 490 nm precisely 

where the absorption maximum of the cluster is located. In addition, two transient signals are 

observed at 400 and 600 nm (Figure 8). For the experiments where exc = 600 nm, the signals 
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(bleached and transient bands) decay with a double kinetic. These time scales are ~2 and ~200 ps 

and unambiguously assigned to the S1 and T1 species, respectively. However, upon excitation at 

400 nm, the fs transient absorption spectra can be described by 3 species with each a distinct 

transient lifetimes: 1.2 ± 0.3, 19.8 ± 0.5 and 207 ± 9 ps (the transient spectrum associated each 

with species is placed in Figure S19). These lifetimes are several folds shorter than those 

observed in the emission spectra at 77 K (i.e. 6.3 ± 0.2 ps, 113 ± 1 ps and 1.5 ± 0.1 ns). Medium 

rigidity upon cooling is the cause of the longer lifetimes at 77 K,50 and again this phenomenon is 

not uncommon for inorganic compounds. Indeed for instance, Pt2(POP)4
4‾ in the viscous 

H2O:glycerol (1:2) mixture at 290 K exhibits a F of 40 ps but becomes 740 ps at 90 K.46 The ~ 

20 ps component is absent from the experiments conducted at exc = 600 nm presumably because 

the Tn manifold is not efficiently populated at this wavelength.  

Addition of 1, 2, 4 and 8 equivalents of sodium benzoate (K11 = 10000 M‾1)38b to the solution of 

[Pd3
2+] does not greatly affect the excited lifetimes measured by TET all the way to 4 eqs., 

except when a large excess is used (8 eqs.; Table 4). As the amount of sodium benzoate increases, 

the number of assemblies increases, and so the effect of a guest in the cavity can be more easily 

perceived. 

Table 4. Excited lifetimes extracted from the transient absorption spectra of [Pd3
2+] upon 

addition of sodium benzoate in MeOH. 

# eq. (S1) (± 0.3ps) (Tn) (± 0.5ps) (T1) (± 9 ps) 
0 1.2 19.8 207 
1 1.1 18.7 138 
2 1.0 18.9 149 
4 0.9 20.3 148 
8 0.9 16.5   77 

 

In our previous work, the relative amount of MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] at 298 

K was evaluated at 56 and 58 %, respectively, when 4 eqs. of [Pd3
2+] are used for each CO2‾ 

groups.15 Upon investigating the MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] assemblies in the 

ns-s time scale, only signals associated with the MCP and DCP chomophores are observed as 

the longest triplet state lifetime for the [Pd3
2+] cluster is only ~ 200 ps (see DCP in MeOH as a 

representative example in Figure 9). It decays with a time constant of 5.4 ± 0.1 s, whereas that 

for MCP is 11.4 ± 0.1 s. This time scale is consistent with triplet species of the dyes. 
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Figure 9. Time evolution of the transient absorption spectra of DCP in MeOH at 298 K (exc =
 

400 nm). The positive and negative bands are the bleached (Q-region) and transient signals, 

respectively. 

Upon additions of 8 equivalents of [Pd3
2+], the shape of the transient absorption spectra does not 

change indicating that the nature of the product does not change (i.e. triplet state). This 

observation confirms that no electron transfer takes place in the T1 state as suspected from 

consideration described above. On the other hand, these s excited state lifetimes decrease down 

to 4.5 ± 0.1 s and 3.6 ± 0.1 s for MCP and DCP, respectively, indicating quenching. The 

blank experiment involving the ZnTPP (5, 10, 15, 20-tetraphenylporphyrinzinc(II)) under 

identical conditions demonstrates that the transient signal (identical to that in Figure 8) exhibits a 

lifetime of 31 ± 4 s regardless whether the cluster is present (4 equivalents) or not. These 

results are consistent with a triplet state energy transfer mechanism that must occur at close 

proximity (i.e. within the associated complex). The rate of energy transfer, kET(T1), is given by 

kET(T1) = (1/) – (1/0) where  and 0 are the triplet lifetime of the donor in the presence and 

absence of the acceptor, respectively.17a,51 The decreases of the excited state lifetimes from 11.4 

→ 4.5 s and from 5.4 → 3.6 s lead to kET values of respectively 1.3 × 105 and 0.9 × 105 s‾1 for 

the MCP•••[Pd3
2+] and [Pd3

2+]•••DCP••• [Pd3
2+] assemblies. Taking into consideration the 

uncertainties, these values are considered simialar, a conclusion that is expected based on the 

structural and spectroscopic features. These values also fall perfectly within the range observed 

in various dyads and polymers containing an organometallic group (here -C6H4C≡C-PtL2-

C≡CC6H4-, L = PEt3 or PBu3, [Pt], donor) linked to a metalloporphyrin (acceptor; 2.4 × 104 < 

kET < 13 × 105 s‾1; Figure S21 in the SI).11,51 
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Moreover, both rates fall in the short side for some other porphyrin-containing dyads. For 

example, in the Rh-Sn bonded dyad 9 illustrated in Figure 9, 106 < kET(T1) < 2.2 × 108 s‾1.52 The 

reason for this one-to-three orders of magnitude difference stems from the accessibility of the 

two possible mechanisms for energy transfer: Forster (size of the transition dipole moments and 

relative orientations)53 and Dexter (double electron exchange)43 using the extremely close 

proximity of the donor and acceptor and presence of a M-M bond. Both MCP•••[Pd3
2+] and 

[Pd3
2+]•••DCP•••[Pd3

2+] assemblies clearly suffer from the absence of MO overlaps promoting 

double electron exchange, since they are held by ionic interactions, and from a poor orientation 

factor as the porphyrin * and cluster dd* planar transition moments are perpendicular from 

each other (Figure S20 for a representation). These two key parameters, MO overlap and 

favourable orientation factor, are definitely present in the case for the Rh-Sn bonded dyad 9. 

However, the interesting dyad is compound 8. The presence of methyl groups at the -positions 

of the porphyrin chromophore places the meso-phenyl groups in a conformation that is ~ 90°, 

thus reducing the possibility of using the -system for a Dexter mechanism. However, the 

chromophore on the Pt2(dppm)2
2+ unit contains a Pt-Pt bond where the lowest energy excited 

states are dd*, not */charge transfer like for the trans-PtL2
2+ fragment in compounds 1-7. 

Because of this feature, the Dexter mechanism may still be operative in this compound 8. 

The efficiencies of transfer, , given by  = [(1/) - (1/0)]/(1/)52 are respectively 60 and 33% 

(without considering the uncertainties) for MCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+], which 

are on the lower side, but are large enough to significantly quench the dye phosphorescence as 

no second component is detected in the phosphorescence decays of the assemblies; Figure 2). 

The lower values are not surprising as the energy process relies on the Förster mechanism only 

arising from essentially non-polar porphyrin units (i.e. lower amplitude of the transition moment). 

The average center-to-center (i.e. Pd•••Zn) are somewhat long (12.4-12.5 Å based on DFT) and 

independent from the nature of the dye and whether it is in its T1 or S0 state. The only surprise 

stems from the lower  values for the [Pd3
2+]•••DCP•••[Pd3

2+] assembly exhibiting a larger 

number of energy transfer channels (twice as more probable instead of one). 

6.2.5. Conclusion 

The photophysical properties of the ionic-driven host-guest assemblies MCP•••[Pd3
2+] and 

[Pd3
2+]•••DCP•••[Pd3

2+] in their triplet states have been studied. During the course of this 
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investigation, the position of the T1 state of [Pd3
2+] (most likely in the vicinity of 8190 cm‾1) has 

been qualitatively determined by DFT computations and by evidence for a delayed Tn → S0 

emission at 680-700 nm arising from T1-T1 annihilation. The situation makes this cluster 

potentially acting as the energy donor from its Tn state, and T1 acceptor within the assemblies. 

The expected static quenching of the near-IR dye phosphorescence was observed. While the 

dye*-cluster interactions are governed by ultrafast electron transfers (< 85 fs) in the S1 states of 

these assemblies,15 unfavourable reductive and oxidative driving forces make this type of process 

inoperative or very slow in the T1 states. Instead, a TET process operating via a Forster 

mechanism proceeds and slow to medium T1-T1 kET values (in the 105 s‾1 time scale) for 

3dye*•••[Pd3
2+] → dye•••

3[Pd3
2+]*, are measured. Conversely, the Tn-T1 kET values for 

dye•••
3[Pd3

2+]* → 3dye*•••[Pd3
2+] could not be measured due to the weakness of the transient 

absorption signal of the cluster at 298 K, and its Tn→S0 emission intensity. This work 

demonstrated the good efficiency of the porphyrin dye to be involved in TET with an 

organometallic fragment, even when attached through ionic interactions. 
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6.2.8. Supporting Information (SI) for Chapter 6 

Table of Content 
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2+] in MeOH.  

Table S1. Selected distances in optimized geometries of [Pd3
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P, C, O and H, in MeOH solvent field). 
Figure S2. Displacements of the P-atom (in Å) away from the M3
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Table S2. Selected distances in optimized geometries of [Pd3
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2+] (basis set 3-21g* for 
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Figure S5. Displacements of the P-atom (in Å) away from the M3

2+ in the S0 and T1 states (basis 
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Table S5 Selected distances in optimized geometries of [Pd3

2+] and [Pt3
2+] (basis set 6-31g* for 

P, C, O and H, without solvent field). 
Figure S6. Displacements of the P-atom (in Å) away from the M3

2+ in the S0 and T1 states (basis 
set 3-21g* for P, C, O and H, without solvent field). 
Table S6. Selected distances in optimized geometries of [Pd3

2+] and [Pt3
2+] (basis set 3-21g* for 

P, C, O and H, without solvent field). 
Table S7. Computed S0-T1 energy gaps for [Pd3

2+] and [Pt3
2+] using various basis sets and 

solvent fields. 
Table S8. Phosphorescence lifetimes for MCP and DCP in 1:1 MeOH/2MeTHF mixture with 
increasing amount of [Pd3

2+] at 77 K. 
Figure S7. Optimized triplet geometry of MCP (Na+ salt) in MeOH solvent field.  
Figure S8. Representations of the frontier semi-occupied MOs of MCP (Na+ salt) in MeOH solvent 
field. 
Figure S9. Optimized triplet geometry of DCP (Na+ salt) in MeOH solvent field. 
Figure S10. Representations of the frontier semi-occupied MOs of DCP (Na+ salt) in MeOH 
solvent field. 
Figure S11. Comparison of the emission spectra of MCP and DCP in MeOH at 298 K and 
MeOH:2MeTHF 1:1 at 77 K. 
Figure S12. Representations of the frontier semi-occupied MOs of [Pd3

2+] in MeOH solvent 
field.  
Figure S13. Representations of the frontier semi-occupied MOs of [Pd3

2+]••• DCP•••[Pd3
2+] in 

MeOH solvent field.  
Figure S14. Optimized geometry of [Pd3

2+]•••DCP•••[Pd3
2+] (basis set 6-31g* for P, C, O, N 

and H in MeOH solvent field). 
Figure S15. Representations of the semi-occupied MOs of MCP•••[Pd3

2+] (energies in eV; basis 
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set 6-31g* for P, C, O, N and H in MeOH solvent field).  
Figure S16. Optimized geometry of [Pd3

2+]•••DCP•••[Pd3
2+] (basis set 6-31g* for P, C, O, N 

and H in MeOH solvent field). 
Figure S17. Representations of the semi-occupied MOs of [Pd3

2+]•••DCP••• [Pd3
2+] (energies in 

eV; basis set 6-31g* for P, C, O, N and H in MeOH solvent field).  
Figure S18. Left: Various components deconvoluted from the emission spectra of [Pd3

2+] in 1:1 
MeOH/2MeTHF mixture at 298 K reported in Figure 7 of the text. Right: Emission decays 
monitored at 622 and 686 nm hoping to detect long components. 
Figure S19. Left: Comparison of the absorption (up) and transient absorption spectra (down) of 
[Pd3

2+] in 1:1 MeOH:2MeTHF mixture at 77 K. Right: the three components deconvoluted from 
the transient absorption spectra of Figure 8. 
Figure S20. Representation of the relative orientations of the transition moments (red) within the 
dye and cluster in the [Pd3

2+]•••DCP•••[Pd3
2+] assembly as an example. 

Figure S21. Structures and kET(T1) data for various [Pt]-metalloporphyrin dyads and polymers. 
The arrows represent the direction of the TETs. 
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Figure S1. Left: UV-vis spectra of MCP (0.46 × 10-5 M) with additions of [Pd3

2+] (1.21 × 10-4 
M) in MeOH. Right: UV-vis spectra of DCP (0.38 × 10-5 M) with addition of [Pd3

2+] (1.18 × 10-

4 M) in MeOH. Curves were obtained with successive addition of 0.1 mL [Pd3
2+] solution while 

keeping the concentration of the dye constant. 
 
 
 
DFT calculations for [Pd3

2+] and [Pt3
2+] under various basis sets and solvent fields 

 

Table S1. Selected distances in optimized geometries of [Pd3
2+] and [Pt3

2+] (basis set 6-31g* for 
P, C, O and H, in MeOH solvent field).a 

[Pd3
2+] Singlet S0 Triplet T1 

Pd-Pd (Å) 2.712, 2.694, 2.687 (av.=2.698) 2.910, 2.875, 2.711 (av.=2.832) 

Pd-P (Å) 
2.419, 2.419, 2.405, 2.399, 2.392, 2.391 
(av.=2.404) 

2.474, 2.452, 2.434, 2.432, 2.416, 
2.395 (av.=2.434) 

Plane-P (Å) av.=0.283 av.=0.607 
[Pt3

2+] Singlet S0 Triplet T1 
Pt-Pt (Å) 2.724, 2.702, 2.702 (av.=2.709) 2.944, 2.855, 2.801 (av.=2.867) 

Pt-P (Å) 
2.383, 2.366, 2.365, 2.363, 2.362, 2.361 
(av.=2.367) 

2.421, 2.419, 2.399, 2.377, 2.364, 
2.350 (av.=2.388) 

Plane-P (Å) av.=0.265 av.=0.897 
aPlane-P average values represent the average out-of-plane displacements in absolute values. 
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Figure S2. Displacements of the P-atom (in Å) away from the M3
2+ in the S0 and T1 states (basis 

set 3-21g* for P, C, O and H, in MeOH solvent field). 

 

Table S2. Selected distances in optimized geometries of [Pd3
2+] and [Pt3

2+] (basis set 3-21g* for 
P, C, O and H, in MeOH solvent field).a 

[Pd3
2+] Singlet S0 Triplet T1 

Pd-Pd (Å) 2.685, 2.679, 2.649 (av.=2.671) 2.879, 2.855, 2.825 (av.=2.853) 

Pd-P (Å) 
2.398, 2.384, 2.374, 2.371, 2.367, 
2.365 (av.=2.377) 

2.432, 2.424, 2.422, 2.409, 2.405, 
2.400 (av.=2.415) 

Plane-P (Å) av.=0.275 av.=0.767 
[Pt3

2+] Singlet S0 Triplet T1 
Pt-Pt (Å) 2.707, 2.706, 2.689 (av.=2.701) 2.888, 2.786, 2.780 (av.=2.818) 

Pt-P (Å) 
2.357, 2.344, 2.336, 2.335, 2.335, 
2.333 (av.=2.340) 

2.376, 2.371, 2.365, 2.365, 2.328, 
2.313 (av.=2.353) 

Plane-P (Å) av.=0.273 av.=0.741 
aPlane-P average values represent the average out-of-plane displacements in absolute values. 
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Figure S3. Displacements of the P-atom (in Å) away from the M3
2+ in the S0 and T1 states (basis 

set 6-31g* for P, C, O and H, in THF solvent field). 

 

Table S3. Selected distances in optimized geometries of [Pd3
2+] and [Pt3

2+] (basis set 6-31g* for 
P, C, O and H, in THF solvent field).a 

[Pd3
2+] Singlet S0 Triplet T1 

Pd-Pd (Å) 2.717, 2.696, 2.688 (av.=2.700) 2.941, 2.937, 2.815 (av.=2.898) 

Pd-P (Å) 
2.426, 2.411, 2.401, 2.398, 2.394, 2.387 
(av.=2.403) 

2.464, 2.453, 2.447, 2.430, 2.427, 
2.409 (av.=2.438) 

Plane-P (Å) av.=0.294 av.=0.556 
[Pt3

2+] Singlet S0 Triplet T1 
Pt-Pt (Å) 2.728, 2.714, 2.701 (av.=2.714) 2.905, 2.837, 2.817 (av.=2.853) 

Pt-P (Å) 
2.381, 2.373, 2.369, 2.367, 2.361, 2.357 
(av.=2.368) 

2.407, 2.396, 2.390, 2.381, 2.355, 
2.353 (av.=2.380) 

Plane-P (Å) av.=0.284 av.=0.688 
aPlane-P average values represent the average out-of-plane displacements in absolute values. 
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Figure S4. Displacements of the P-atom (in Å) away from the M3
2+ in the S0 and T1 states (basis 

set 3-21g* for P, C, O and H, in THF solvent field). 

 

Table S4. Selected distances in optimized geometries of [Pd3
2+] and [Pt3

2+] (basis set 3-21g* for 
P, C, O and H, in THF solvent field).a 

[Pd3
2+] Singlet S0 Triplet T1 

Pd-Pd (Å) 2.692, 2.668, 2.667 (av.=2.676) 2.992, 2.825, 2.785 (av.=2.867) 

Pd-P (Å) 
2.395, 2.391, 2.383, 2.372, 2.369, 2.366 
(av.=2.379) 

2.473, 2.417, 2.403, 2.402, 2.397, 
2.394 (av.=2.414) 

Plane-P (Å) av.=0.308 av.=0.613 
[Pt3

2+] Singlet S0 Triplet T1 
Pt-Pt (Å) 2.710, 2.708, 2.690 (av.=2.703) 2.872, 2.808, 2.787 (av.=2.822) 

Pt-P (Å) 
2.353, 2.352, 2.337, 2.336, 2.336, 2.334 
(av.=2.341) 

2.378, 2.370, 2.367, 2.360, 2.329, 
2.318 (av.=2.354) 

Plane-P (Å) av.=0.287 av.=0.772 
aPlane-P average values represent the average out-of-plane displacements in absolute values. 
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Figure S5. Displacements of the P-atom (in Å) away from the M3
2+ in the S0 and T1 states (basis 

set 6-31g* for P, C, O and H, without solvent field). 

 

Table S5. Selected distances in optimized geometries of [Pd3
2+] and [Pt3

2+] (basis set 6-31g* for 
P, C, O and H, without solvent field). 

[Pd3
2+] Singlet S0 Triplet T1 

Pd-Pd (Å) 2.717, 2.699, 2.689 (av.=2.702) 2.977, 2.897, 2.818 (av.=2.897) 

Pd-P (Å) 
2.419, 2.402, 2.401, 2.398, 2.395, 2.395 
(av.=2.402) 

2.457, 2.438, 2.428, 2.427, 2.422, 
2.398 (av.=2.428) 

Plane-P (Å) av.=0.304 av.=0.736 
[Pt3

2+] Singlet S0 Triplet T1 
Pt-Pt (Å) 2.727, 2.714, 2.709 (av.=2.717) 2.896, 2.849, 2.805 (av.=2.828) 

Pt-P (Å) 
2.376, 2.371, 2.362, 2.359, 2.359, 2.357, 
(av.=2.364) 

2.401, 2.377, 2.372, 2.369, 2.353, 
2.352 (av.=2.371) 

Plane-P (Å) av.=0.279 av.=0.625 
aPlane-P average values represent the average out-of-plane displacements in absolute values. 
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Figure S6. Displacements of the P-atom (in Å) away from the M3
2+ in the S0 and T1 states (basis 

set 3-21g* for P, C, O and H, without solvent field). 

 

Table S6. Selected distances in optimized geometries of [Pd3
2+] and [Pt3

2+] (basis set 3-21g* for 
P, C, O and H, without solvent field).a 

[Pd3
2+] Singlet S0 Triplet T1 

Pd-Pd (Å) 2.696, 2.677, 2.664 (av.=2.679) 2.963, 2.796, 2.776 (av.=2.845) 

Pd-P (Å) 
2.391, 2.390, 2.378, 2.374, 2.371, 2.365 
(av.=2.378) 

2.422, 2.413, 2.405, 2.405, 2.401, 
2.372 (av.=2.403) 

Plane-P (Å) av.=0.287 av.=0.935 
[Pt3

2+] Singlet S0 Triplet T1 
Pt-Pt (Å) 2.710, 2.699, 2.696 (av.=2.702) 2.858, 2.830, 2.795 (av.=2.828) 

Pt-P (Å) 
2.350, 2.343, 2.338, 2.336, 2.332, 2.327 
(av.=2.338) 

2.368, 2.364, 2.346, 2.344, 2.337, 
2.333 (av.=2.349) 

Plane-P (Å) av.=0.301 av.=0.893 
aPlane-P average values represent the average out-of-plane displacements in absolute values. 
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Table S7. Computed S0-T1 energy gaps for [Pd3
2+] and [Pt3

2+] using various basis sets and 
solvent fields. 

1 
Singlet S0 

(a.u.) 
Triplet T1 

(a.u.) 
E(S0-T1) 

(a.u.) 
E (S0-
T1) (eV) 

Predicted position of 
phosphorescence (nm) 

[Pd3
2+]a -5441.12792 -5441.09563 0.03229 0.87865 1413 

[Pt3
2+]a -5418.49189 -5418.434646 0.05724 1.55764 797 

[Pd3
2+]b -5440.99210 -5440.95962 0.03247 0.88360 1405 

[Pt3
2+]b -5418.35190 -5418.29521 0.05670 1.54274 805 

[Pd3
2+]c -5414.63924 -5414.60759 0.03165 0.86123 1441 

[Pt3
2+]c -5392.01505 -5391.96077 0.05428 1.47704 840 

[Pd3
2+]d -5414.61683 -5414.58696 0.02987 0.81267 1527 

[Pt3
2+]d -5391.99137 -5391.93933 0.05204 1.41596 877 

[Pd3
2+]e -5414.47581 -5414.44443 0.03138 0.85379 1453 

[Pt3
2+]e -5391.84601 -5391.79700 0.04901 1.33354 931 

aBasis set 6-31g* in THF field. bBasis set 6-31g* without solvent field. cBasis set 3-21g* in 

MeOH field. dBasis set 3-21g* in THF field. eBasis set 3-21g* without solvent field.  

 

Table S8. Phosphorescence lifetimes for MCP and DCP in 1:1 MeOH:2MeTHF mixture with 

increasing amount of [Pd3
2+] at 77 K. 

Porphyrins vs [Pd3
2+] MCP (ms) DCP (ms) 

1:0 24.11±0.40 25.21±0.44 
1:1 24.07±0.41 25.18±0.45 
1:2 24.05±0.47 25.14±0.48 
1:4 24.01±0.38 25.09±0.50 

 

 

 

  



 

DFT triplet calculations for 

Figure S7. Optimized triplet geometry of 
 

Figure S8. Representations of the frontier semi
field (energies in eV). 

Figure S9. Optimized triplet geometry of 
 

Figure S10. Representations of the frontier semi
solvent field (energies in eV). 
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DFT triplet calculations for MCP and DCP 
 

. Optimized triplet geometry of MCP (Na+ salt) in MeOH solvent field. 

. Representations of the frontier semi-occupied MOs of MCP (Na+ salt) in MeOH solvent 

. Optimized triplet geometry of DCP (Na+ salt) in MeOH solvent field.

. Representations of the frontier semi-occupied MOs of DCP (Na

 
salt) in MeOH solvent field.  

 
salt) in MeOH solvent 

 
salt) in MeOH solvent field. 

 
(Na+ salt) in MeOH 
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Figure S11. Comparison of the emission spectra of MCP and DCP in MeOH at 298 K (left) and 
in MeOH:2MeTHF 1:1 mixture at 77 K (right). Note the phosphorescence peak at about 785 nm. 
  



 

 

Figure S12. Representations of the frontier 
field (energies in eV).  
 

Figure S13. Representations of the frontier 
MeOH solvent field (energies in eV).
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. Representations of the frontier semi-occupied MOs of [Pd3
2+] in MeOH solvent 

 

. Representations of the frontier semi-occupied MOs of [Pd3
2+]•••DCP••• [Pd

MeOH solvent field (energies in eV).  

 

in MeOH solvent 

 

]•••DCP••• [Pd3
2+] in 



 

 
Figure S14. Optimized geometry of 
MeOH solvent field). 
 
 

 
Figure S15. Representations of the semi
set 6-31g* for P, C, O, N and H in MeOH solvent field
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. Optimized geometry of MCP•••[Pd3
2+] (basis set 6-31g* for P, C, O, N and H in 

. Representations of the semi-occupied MOs of MCP•••[Pd3
2+] (energies in eV; 

31g* for P, C, O, N and H in MeOH solvent field).  

 

C, O, N and H in 

 

(energies in eV; basis 



 

 
Figure S16. Optimized geometry of 
and H in MeOH solvent field). 
 
 
 

 
Figure S17. Representations of the semi
eV; basis set 6-31g* for P, C, O, N and H in MeOH solvent field
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. Optimized geometry of [Pd3
2+]•••DCP•••[Pd3

2+] (basis set 6-31g* for P, C, O, N 

. Representations of the semi-occupied MOs of [Pd3
2+]•••DCP•••[Pd

31g* for P, C, O, N and H in MeOH solvent field).  

 

31g* for P, C, O, N 

 

]•••DCP•••[Pd3
2+] (energies in 
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Figure S18. Left: Various components deconvoluted from the emission spectra of [Pd3
2+] in 1:1 

MeOH:2MeTHF mixture at 298 K similar to that reported in Figure 7 at 77 K. Note that the 6.5 
ps values lies under the detection limit of the Streak camera at 298 K (i.e. < 8.7 ps), so it is 
inaccurate. The species labeled in green and red points are likely to be too weak to be observed 
with confidence. Right: Emission decays monitored at 622 and 686 nm hoping to detect ant long 
components for the spectra presented on the left. 
 
 

 

Figure S19. Left: Comparison of the absorption (up) and transient absorption spectra (down) of 
[Pd3

2+] in 1:1 MeOH:2MeTHF mixture at 298 K; exc = 600 nm. Right: the three components 
deconvoluted from the transient absorption spectra of Figure 8 (exc = 400 nm). 
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Figure S20. Representation of the relative orientations of the transition moments (red) within the 
dye and cluster in the [Pd3

2+]•••DCP•••[Pd3
2+] assembly as an example. 

 

Figure S21. Structures and kET(T1) data for various [Pt]-metalloporphyrin dyads and polymers. 
The arrows represent the direction of the TETs. 
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CHAPTER 7. 

GENERAL COMMENTS ON THE SUPRAMOLECULAR ASSEMBLIES 

OF PORPHYRIN-CARBOXYLATES AND PALLADIUM CLUSTER 

This thesis mainly focused on the electron and energy transfers in self-assemblies of porphyrin 

and palladium cluster, which is motivated by our interest in Harvey’s research group in 

organometallic self-assemblies with potential photovoltaic applications. During the course of the 

study, the full photophysical properties of a series of porphyrin-containing assemblies were 

studied, and they exhibit a record fast electron transfer rate (< 85 fs, the time resolution limit) 

among all the porphyrin-containing self-assemblies, which are typically in ps time scale. The 

energy transfer behaviors were also studied. 

The first point is to define the structure of these assemblies. [Pd3
2+] cluster has been reported as a 

potential good electron and energy acceptor in our former research,1 and thus it is still used as the 

common acceptor in the present study. Although the crystal structure of the pure [Pd3
2+] cluster 

and some [Pd3
2+]-containing host-guest assemblies have been well established, we failed to get 

any crystals of porphyrin-[Pd3
2+] assemblies after laborious attempts. So DFT computations 

were used to get the optimized geometry of the assemblies. All the results indicated a “straight 

up” geometry of the CO2‾•••[Pd3
2+] unit with CO2‾ group placed closer to one of the Pd-Pd bond, 

which is consistent with previous X-ray data of [Pd3
2+]-containing host-guest assemblies such as  

[Pd3(dppm)3(CO)]2+[‾O2CCF3]2. Noteworthy, the Pd•••O distances are highly related to ionic 

interactions between the porphyrin-carboxylate and the palladium cluster. All the Pd•••O 

distances, binding constants and static quenching constants are summarized in Table 1. 

MCP-[Pd3
2+] and DCP-[Pd3

2+]2 exhibit similar Pd•••O distances at ~3.2-3.3 Å. Besides, the 

binding constants and static quenching constants for MCP-[Pd3
2+] and DCP-[Pd3

2+]2 can be 

considered similar, although DCP-[Pd3
2+]2 possesses slightly larger value than that of MCP-

[Pd3
2+] since the global anionic charge of DCP is larger. Thus it is reasonable to treat the 

sequential generation of DCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] assemblies as similar 

processes. This assumption is very important for the DFT computations of porphyrin-[Pd3
2+]4 

assemblies where porphyrins with four carboxylate groups are applied. Porphyrin-[Pd3
2+]4 
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assemblies bear so huge size that they are out of the reach of the present supercomputer, which 

require reasonable simplification for successful optimization. 

Table 1. Summary of Pd•••O distances, K1x and V values for all porphyrin-[Pd3
2+] assemblies at 

298 K in MeOH. 

  
Computed Average 

Pd•••O Distances (Å)a 
Binding Constants 

(K1x, M‾1)b 
Static Quenching Constants 

(V, M‾1)c 

1 MCP-[Pd3
2+] 

1st O= 3.305 
2nd O=3.216 

19300 17900 

2 DCP-[Pd3
2+]2 

Left: 1st O= 3.302 
2nd O= 3.214 
Right: 1st O= 3.305 
2nd O= 3.226 

22000 21300 

3 TCPP-[Pd3
2+] 

1st O=3.741 
2nd O=4.832 

27500 26500 

4 TCPBP-[Pd3
2+] 

1st O=3.587 
2nd O= 3.748 

38600 38000 

5 TCPEP-[Pd3
2+] 

1st O=3.378 
2nd O= 3.499 

70400 69400 

6 
TCPEBP-
[Pd3

2+] 
1st O=3.217 
2nd O=3.301 

83200 80400 

a These values are obtained by averaging all three Pd•••O distances in each CO2‾•••[Pd3
2+] unit. 

b These values are obtained by averaging binding constants from Benesi-Hildebrand, Scott and 

Scatchard plots. 

c The uncertainties are ~ ±10 % based on multiple measurements. 

As the extension of former comments that DCP•••[Pd3
2+] and [Pd3

2+]•••DCP•••[Pd3
2+] 

assemblies can be considered similar, we can handle the four sequential formation of TCPP-

[Pd3
2+], TCPP-[Pd3

2+]2, TCPP-[Pd3
2+]3 and TCPP-[Pd3

2+]4 as similar behaviors. Therefore the 

results for TCPP-[Pd3
2+] can be used to represent the overall results of TCPP-[Pd3

2+]4 and DFT 

calculations become practical. TCPBP, TCPEP and TCPEBP can be treated in the same 

method. The results corroborated our assumption very well, where  average Pd•••O distances are 

in the order of TCPP-[Pd3
2+] ˃ TCPBP-[Pd3

2+] ˃ TCPEP-[Pd3
2+] ˃ TCPEBP-[Pd3

2+], and 

binding constants and static quenching constants are in the order of TCPP-[Pd3
2+] ˂ TCPBP-

[Pd3
2+] ˂ TCPEP-[Pd3

2+] ˂ TCPEBP-[Pd3
2+]. This is also consistent with the extent of π-

conjugation and bathchromic shift. This type of simplification can also explain that Pd•••O 

distances for MCP-[Pd3
2+] and DCP-[Pd3

2+]2 are out of above order because no simplification 



 

was applied for them. In overall

that as the π-conjugation of porphyrin increases, the 

interactions become stronger, which may favor the electron and energy transfer between the 

porphyrins and the palladium cluster.

The second point is to assess the driving force and direction of the electron transfer for 

porphyrin-[Pd3
2+] assemblies. The data of 

Latimer diagram for [Pd3
2+] are

calculated based on the methods described in Chapter 2.7.

Figure 1. Modified Latimer diagrams for all porphyrins and Latimer diagram for 

As indicated before, all dyes exhibit irreversible oxidation and reduction waves in the 

voltammograms. Bathochromic shift of 0

the increasing π-conjugation, which indicates decreasing HOMO

can also be corroborated by the decreasing values of the first oxidation peak. However, no 

specific conclusions can be summarized for the reduction peaks. As 

DCP, TCPP and TCPBP, 

thermodynamically favorable but the oxidative quenching

than the reductive one due to the larger 
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In overall, DFT computations and photophysical measurements indicated 

of porphyrin increases, the Pd•••O distances become shorter and ionic 

interactions become stronger, which may favor the electron and energy transfer between the 

palladium cluster. 

The second point is to assess the driving force and direction of the electron transfer for 

. The data of modified Latimer diagrams for all porphyrins and 

are summarized in Figure 1 and Table 2. These values were 

calculated based on the methods described in Chapter 2.7. 

odified Latimer diagrams for all porphyrins and Latimer diagram for 

dyes exhibit irreversible oxidation and reduction waves in the 

voltammograms. Bathochromic shift of 0-0 peak can be observed from MCP to 

conjugation, which indicates decreasing HOMO-LUMO energy gap. This point 

can also be corroborated by the decreasing values of the first oxidation peak. However, no 

specific conclusions can be summarized for the reduction peaks. As shown in Table 2, for 

, both the oxidative and the reductive quenching are 

thermodynamically favorable but the oxidative quenching of the dyes is always 

than the reductive one due to the larger driving force as EOX. For TCPEP and 

and photophysical measurements indicated 

become shorter and ionic 

interactions become stronger, which may favor the electron and energy transfer between the 

The second point is to assess the driving force and direction of the electron transfer for 

modified Latimer diagrams for all porphyrins and 

summarized in Figure 1 and Table 2. These values were 

 

odified Latimer diagrams for all porphyrins and Latimer diagram for [Pd3
2+]. 

dyes exhibit irreversible oxidation and reduction waves in the cyclic 

to TCPEBP due to 

LUMO energy gap. This point 

can also be corroborated by the decreasing values of the first oxidation peak. However, no 

shown in Table 2, for MCP, 

reductive quenching are 

always more favorable 

and TCPEBP, only 
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the oxidative quenching of the dyes is favorable. Values of EOX do not change systhematically 

with increasing π-conjugation. As a whole, the clear point is that porphyrins serve as the electron 

donor while [Pd3
2+] serves as the electron acceptor for all assemblies. 

Table 2. Thermodynamic parameters derived from the modified Latimer diagrams for porphyrin-

[Pd3
2+] assemblies (in V vs SCE). 

  0-0 peak (eV/nm) EOX,1/2 ERED,1/2 E*/+ E‾/* EOX ERED 
1 MCP 2.07/600 +0.90 -0.74 +1.17 -1.33 +0.67 -0.38 
2 DCP 2.07/600 +0.85 -0.79 +1.22 -1.28 +0.72 -0.33 
3 TCPP 2.07/600 +0.81 -0.99 +1.26 -1.08 +0.76 -0.13 
4 TCPBP 1.87/664 +0.76 -0.84 +1.11 -1.03 +0.61 -0.08 
5 TCPEP 1.78/695 +0.70 -1.11 +1.08 -0.67 +0.58 +0.28 
6 TCPEBP 1.68/740 +0.46 -0.98 +1.22 -0.70 +0.72 +0.25 
7 [Pd3

2+] / +0.95 -0.50 / / / / 
 

As for the electron transfer behaviors, transient absorption spectra indicated there are no rise 

time longer than the pulse width (~ 85 fs) for all porphyrin-[Pd3
2+] assemblies, so the ket can be 

estimated as > 1.2 × 1013 s-1, which can be clearly viewed as a ultrafast process. The comparison 

of TCPBP-[Pd3
2+]4 and TCPP-[Pd3

2+]4 showed that the fusion of four benzo-groups does not 

significantly influence the kinetic behavior of the forward and back electron transfers. As for the 

analysis of TCPEBP-[Pd3
2+]4 and TCPEP-[Pd3

2+]4 assemblies, TCPEBP-[Pd3
2+]4 exhibited a 

very fast back electron transfers (< 1 ps), which is harmful for long-lived charge separated states, 

and may be a potential obstacle to improve the performance of DSSCs. Besides, previous 

research has indicated that larger π-conjugation does not always mean better photo-current 

efficiency, as shown is Figure 2,2 which is consistent with our analysis. Dye YD-15 with two 

ethynyl groups exhibited lower efficiency than dyes YD-16 and YD-17 each bearing only one 

ethynyl group. The introduction of electron-donating group, especially directly bonded onto the 

meso-position of porphyrin, is more favorable for the formation of long-lived charge separated 

states. Therefore, as for TCPBP-[Pd3
2+]4 assemblie, considering the comparably larger driving 

force, relatively slower back electron transfer rate and better solubility in common solvent, we 

could expect the observation of even faster electron transfer rate and longer lived charge-

separated states, which still requires experimental evidence when even shorter laser pulse 

resolution is available. 
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Figure 2. Porphyrinic dyes for DSSCs.2 

Because the porphyrin*-cluster interactions are governed by ultrafast electron transfers (< 85 fs) 

in S1 states, the energy transfer rate kET in T1 states becomes inoperative and slow, which is 

observed in 105 s-1 time scale for MCP-[Pd3
2+] and DCP-[Pd3

2+]2 assemblies. Compared with 

other organometallic dyads and polymers containing the metalloporphyrin, which exhibited 

energy transfer rate 104 < kET(T1) < 108, our results can be seen as falling into the slow to 

medium range.3 Besides, preliminary results for the remainder four assemblies also confirmed 

the presence of energy transfer but are not incorporated in the thesis temporarily because they are 

not completed yet. 
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CONCLUSION 

Supramolecular assemblies are increasingly widely studied in the field of photoinduced electron 

and energy transfers due to facile, selective and fine-tunable designs. Porphyrins, which are 

generally used instead of the more tediously synthesized chlorophyll, are regarded as attractive 

building blocks, especially as electron and energy donors, in various donor-acceptor self-

assemblies with non-covalent interactions, including hydrogen-bonding, π-π stacking and 

electrostatic interactions. These assemblies provide an easier way to design electron and energy 

donor-acceptor supramolecular ensembles that could mimic the electron and energy transfer 

processes of photosynthesis. In this thesis, we successfully established a series of non-covalent 

assemblies with porphyrins and palladium cluster, which exhibit ultrafast S1 electron transfer and 

moderate T1 energy transfer properties. This research can extend our understanding for photo-

induced electron and energy transfers inside self-assemblies, pave the way for potential 

applications of porphyrin-containing assemblies in optoelectronic devices, and be helpful for 

further research in supramolecular photonics. 

In Chapter 3, we first reported an almost record fast electron transfer rate (< 85 fs, the time 

resolution limit) among the donor-acceptor self-assemblies, where 5-(4-carboxylphenyl)-10, 15, 

20-tristolyl(porphyrinato)zinc(II) (MCP, as sodium salt) and 5, 15-bis(4-carboxylphenyl)-15, 20-

bistolyl(porphyrinato)zinc(II) (DCP, as sodium salt) were used as electron donors, and 

[Pd3(dppm)3(CO)]2+ ([Pd3
2+], dppm = (Ph2P)2CH2, as PF6‾ salt) cluster was adopted as the 

electron acceptor. This rate is comparable to the fastest electron transfer rate reported for the 

covalently linked porphyrin-acceptor systems (~ 85 fs, the time resolution limit).1 Careful and 

diligent attempts devoted to prepare the crystal of these assemblies failed. However, we figured 

out another way using DFT calculations to predict the optimized geometry of porphyrin•••[Pd3
2+] 

assemblies. The ultrafast photo-induced electron transfers (ket > 1.2 × 1013 s-1) occurring at the S1 

levels of the dyes in the structurally well-defined “straight up” ionic assemblies indicate that it is 

not necessary to have a strong bond and bent geometry between the donor and acceptor. 

In Chapter 4, two porphyrin-carboxylates, 9, 18, 27, 36-tetrakis-meso-(4-

carboxyphenyl)tetrabenzoporphyrinatozinc(II) (TCPBP, as a sodium salt) and the 5, 10, 15, 20-

tetrakis-meso-(4-carboxyphenyl)porphyrinatozinc(II) (TCPP, as a sodium salt) were used to 

study the effect of using π-extended porphyrins by β, β-fusing on the electron transfer behavior 
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in porphyrin-cluster assemblies. The increase in binding constants, K1x (19300, 22000, 27000 

and 38000 M-1 for MCP, DCP, TCPP, TCPBP, respectively) can change the average Pd•••O 

distances in the assemblies. No specific conclusion can be drawn for the forward electron 

transfer except they are both ultrafast. These conclusions indicated that the structural 

modification from porphyrin to tetrabenzoporphyrin does not greatly influence the kinetic 

behavior of the forward electron transfer. However, the back electron transfer rate becomes 

faster as the extension of the -system becomes larger, thus it is readily believed that a large 

improvement in the solar cell efficiency based on this type of structural modification will not 

likely be made.  

In Chapter 5, a novel and highly π-conjugated porphyrin, 9, 18, 27, 36-tetra-(4-

carboxyphenylethynyl)tetrabenzoporphyrinatozinc(II) (TCPEBP, as a sodium salt) was 

synthesized by meso- and β, β-bifunctionalization, which exhibits large red shift of the Soret and 

Q-bands. TCPEBP and 5, 10, 15, 20-tetra-(4-carboxyphenyl)ethynylporphyrinatozinc(II) 

(TCPEP, as a sodium salt) were utilized as electron donors to fabricate supramolecular motifs 

with [Pd3
2+] cluster as the electron acceptor. By altering the structure of the dye going from 

TCPEP to the near-IR emitter TCPEBP, notable variations of the oxido-reduction potentials, 

binding constants with [Pd3
2+], and excited state driving forces, occur. Binding constants for 

TCPEBP•••[Pd3
2+]x is the largest one among all the assemblies with porphyrin and palladium 

cluster. TAS showed again the ultrafast electron transfer process within the 75-110 fs time frame. 

However, the back electron transfers are also very fast (~170 and ~650 fs for TCPEBP and 

TCPEP, respectively), which may be a potential obstacle among the many parameters to design 

future DSSCs. This work demonstrates that a dye built upon the tetrabenzoporphyrin motif, and 

the tetraethynylphenylporphyrin as well, exhibit a serious possible kinetic challenge to the photo-

induced electron transfer. 

In Chapter 6, triplet energy transfers (TET) of the assemblies MCP•••[Pd3
2+] and 

[Pd3
2+]•••DCP•••[Pd3

2+] were studied. The transient spectral analysis in the ns-s time scale 

clearly demonstrates evidence for TET, which shows a slow to medium T1-T1 energy transfer 

(3dye*•••[Pd3
2+] → dye•••3[Pd3

2+]*) operating through a Förster mechanism exclusively with kET 

values of ~ 1
 × 105 s-1. Unfavourable reductive and oxidative driving forces make this type of 

process inoperative or very slow in the T1 states. The T1 state of [Pd3
2+] (~8190 cm-1) has been 
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qualitatively determined by DFT computations and by evidence for a delayed Tn → S0 emission 

at 680-700 nm arising from T1-T1 annihilation, which makes this cluster potentially acting as the 

energy donor from its Tn state, and T1 acceptor within the assemblies. The static quenching of 

their near-IR phosphorescence at 785 nm was observed. This work demonstrated a moderate 

efficiency of the porphyrin dye to be involved in TET with an organometallic fragment, even 

when attached through ionic interactions. 

All in all, this thesis presented a comprehensive study on the photophysical properties of a series 

of porphyrin-cluster assemblies, leading to the publication of four papers. By adopting different 

porphyrins as the donor, the ultrafast electron transfer can always be observed. Besides, 

moderate triplet energy transfer behavior was studied. This work is helpful for the understanding 

and design of future solar cells. 

Here we would also propose some future works that are worth being conducted. Firstly, the 

strong electron-donating groups can be incorporated at the opposite and/or adjacent meso-

position of the carboxylate group on the porphyrin macrocycle. The “push-pull” structure may 

further improve the electron and energy transfers. Secondly, heterogeneous electron transfers 

(HET) between porphyrins and semiconductor electrodes (i.e. TiO2) are an important process in 

solar energy conversion. The above porphyrins can be used as the light absorber to study the 

effect of different π-conjugation on the HET behavior. Thirdly, our research is still restricted by 

time resolution of the pulse (~80 fs) to see if there is even faster electron transfer. Very recently, 

a ~100 attosecond (as) pulse, which is about 2-3 magnitude shorter pulse, was reported.2 That 

will open up new window to extend the understanding and improvement options for above 

assemblies. 
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