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Abstract 

Molecular and heterogenized rhodium bipyridine (Bpy) complexes are highly active and selective for 

the carbon dioxide photoreduction into formic acid using visible light as sole energy source. The excited 

state of the molecular 5,5’-di(pyren-1-yl)-2,2’-bipyridine Pyr2Bpy and of the corresponding conjugated 

microporous polymer PyrBpy-CMP, envisioned as macroligand, as well as of their organometallic 

complexes with pentamethylcyclopentadienyl (Cp*) rhodium [Pyr2Bpy]Cp*RhCl2 and Cp*Rh@PyrBpy-

CMP have been investigated by femtosecond UV-vis transient absorption spectroscopy. In both 

polymers PyrBpy-CMP and Cp*Rh@PyrBpy-CMP the fs measurements reveal the formation of a broad 

excited state absorptions bands decaying in the sub-ns time scale. For Cp*Rh@PyrBpy-CMP , the 

ultrafast energy transfer from the framework to the catalytic centres is demonstrated. Pyr2Bpy and 

[Pyr2Bpy]Cp*RhCl2 have been studied as model molecular building blocks of the CMP. The results show 

the participation of a mesomeric intramolecular charge transfer (MICT) state and of a twisted 

intramolecular charge transfer state (TICT) stabilized by the torsion of the pyrene and bipyridine 

moiety, that are then converted into ligand to metal charge transfer states (LMCT) in 

[Pyr2Bpy]Cp*RhCl2. The photophysical parameters determined for the molecular compounds were 

applied to calculate the Förster Resonance Energy Transfer rate from the light-harvesting organic units 

to the heterogenized Rh metal centres. Finally, the role of the triethanolamine, a common sacrificial 

electron donor (SED) employed for the CO2 reduction, as an efficient quencher of the excited states of 

the Pyr2Bpy is demonstrated.  This quenching reaction is expected to occur for a wide range of organic 

and organo-metallic photocatalysts, and its consequences on the reduction of the photoconversion 

yield are certainly underestimated for most of the applications.  

Keywords: ultrafast transient spectroscopy, light-harvesting, photochemistry, Porous Organic 

Polymers, Rhodium, Photocatalysis, Carbon Dioxide  
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Introduction 

The site-isolation of organometallics complexes in porous organic frameworks has emerged as 

a promising route to design artificial supramolecular assemblies for photocatalysis1–3. In these 

photoactive materials, the porous framework made of electron-rich organics linkers constitutes a large 

antenna4–10 carrying out the absorptions of the photons and the subsequent conversion and transfer 

of the energy to the metal centres in charge of the catalytic activity.  

One of the challenges for applying this strategy to the development of efficient photocatalyst 

is to optimise the synergy between the cooperative effects along the organic framework 3,10–13and the 

single-site activation and reactivity of the metal centres. The main bottleneck is the collection the light 

on large area around the catalytic centre followed by an ultrafast and efficient energy transfer to 

achieve multiple electron injections on a short period of time.   

Ultrafast time-resolved spectroscopy has been applied to resolve the formation of separated 

electron-hole pairs (e--h+) between linkers and metal centres in metal-organic-frameworks (MOFs). 

Douhal and co-worker14,15 have shown that in Zr-naphtalene-dicarboxylate (Zr-NDC) MOFs the charge 

separation takes place within less than 200 fs, leading to the formation of electrons and holes localized 

on the Zr clusters and on the naphtalene linkers, respectively. The (e- -h+) pairs can be engaged in one-

electrons redox reactions. The analysis of the decays shows also that the electron-hole recombine 

radiatively with different lifetimes varying from the hundreds of ns to the µs time scale, suggesting the 

presence of heterogenous trapping environments in the materials. In additions, time-resolved 

measurements also revealed that the (e--h+) formation is in competition with the formation of excimers 

or energy transfer. The role of the topology of the MOFs framework in controlling these competitive 

pathways has also been evidenced for Zr-(p-benzoic acid)-pyrene MOF materials (NU-901, NU-1000)16 

and in MOF PCN-223, for which a hopping mechanism of energy transfer from the excited 

chromophores to N-protonated linkers acting as traps has been proposed.17 The titanium-based MOF 

family MIL-125(Ti) have also attracted a lot of attention for solar fuel generation. The photocatalytic 

activity of the MIL-125(Ti) is due to a photoinduced electron transfer from the HOMO orbitals of the 

ligand into the LUMO orbitals localized on the Titanium-oxo clusters. The incorporation of amino (-

NH2) group in some of the ligand is shifting the absorption wavelength of the MOF to the visible 

spectral range and favour the stabilisation of the electron-hole pair, as it has been shown by transient 

UV-vis and MidIR femtosecond spectroscopy18,19. For MIL-125 derivatives, and MOFs in general, 

understanding the crucial influence on the ligand substituent on the photocatalytic activity18,20–24 is of 

great importance to optimize the applications. Interestingly, by comparing the effect of 

triethanolamine (TEOA) and of methanol (MeOH) as hole scavengers for the photocatalytic HER 

process with MIL-125(Ti) and NH2-MIL-125(Ti), Eder and co-workers22 have shown that the charge 

stabilization on the amino group is not favourable to the hole scavenging by MeOH, while TEOA 

molecules degrade the MIL-125(Ti).  These works illustrate the complex interplay between the 

different and often competitive primary photophysical and photochemical processes governing the 

electron-hole formation and reactivity in microporous photocatalysts. The properties of the excited 

states, the mode of energy transfer and of charge separation toward the metal centre vary finely with 

the nature and composition of the porous materials. Thus, there is still a pressing need for more 

systematic and in-depth investigation of these ultrafast processes to be carried out in line with the 

design of new and promising photocatalyst. The work reported hereafter aims to contribute to that 

field by focusing on the excited photochemistry of metal containing conjugated microporous polymers 

(CMP), a class of porous materials for which the application of the time-resolved spectroscopy is still 

quite limited compared to MOFs, despite their interest for photocatalysis applications25–27.   
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CMP are amorphous materials, made by covalent bonding between aromatic organic 

monomers, with large specific surface area28 and they can potentially exhibit electronic properties 

close to those of semiconducting materials. They can be furthermore combined with metal centres (M) 

dispersed through the porous framework to design photoactive catalysts. In order to conceptualize the 

mechanisms at play within these heterogenous materials as photocatalysts, two limiting cases have to 

be considered29 that are, on one side, the -conjugation is dominating and the photoactivation results 

from an interband optical transition generating an electron hole-pair (exciton) that diffuses quasi-

freely along the framework with stabilized electron (at, or close to, the metal centre) and hole (at the 

organic framework) and on the other side, the photoexcitation result in localized molecular excited 

states and activation proceeds by energy transfer (Förster, Dexter), and charge transfer, including the 

competition with the formation of exciplex species, as reported for MOFs. The photoinduced 

behaviour of M@CMP hybrids might be envisioned as a subtle mixture of these mechanisms, 

depending on the framework composition and metal binding, but also on the polymer topology (chain 

length and entanglement).  

Recently, the electrocatalytically active Rh complexes has been unveiled to be efficient in 

visible light assisted CO2 reduction in solution and heterogenized within MOF30 . Extending this strategy 

of single-site immobilization of the catalyst within a porous framework2,31-34, the development of 

bipyridine-based porous organic polymers as platforms for the heterogenization of 

pentamethylcyclopentadienyl rhodium (Cp*Rh) catalytic species showing notably remarkable 

photocatalytic performances in the CO2 reduction to formic acid has been reported.35 In these 

photocatalysts, the pyrene-bipyridine (PyrBpy) or perylene-bipyridine (PerBpy) moieties constitutes a 

photosensitive conjugated macroligand that can absorb the photons below 450 nm. Time-resolved 

emission spectroscopy has revealed that in presence of Cp*Rh linked to the PyrBpy-CMP or PerBpy-

CMP framework as porous macroligand, the excited state formed by photoexcitation at 400 nm is 

quenched within a few tens to hundreds of picoseconds35 featuring the ultrafast conversion between 

the excited stated state of the organic linkers to the activated metal centres. Quantum chemical 

calculations have been performed on a model [(5,5’-di(pyren-1-yl)-2,2’-bipyridine)(pentamethyl-

cyclopentadienyl)rhodium] dichloride coordination complex, (hereafter Cp*Rh@Pyr2Bpy) and 

determined the ligand-to-metal charge transfer (LMCT) character of the exited state triggering the 

catalytic activity of the rhodium metal centre35. The transient chemical species involved in the earliest 

stages of the CO2 photoreduction by Cp*Rh@Pyr2Bpy-CMP and Cp*Rh@Per2Bpy-CMP microporous 

polymers have not been so far experimentally characterized.  

The ultrafast time-resolved spectroscopy in the fs-ps time scale is a method of choice to 

characterize the initial charge separation and transfer processes governing the photochemical activity 

of the MOF materials.14,15,36  Here we are reporting femtosecond UV-Vis transient absorption 

investigations of the excited states of the Pyr2Bpy  molecular ligand, of the Cp*Rh@Pyr2Bpy  complex, 

as model building block of the pyrene-bipyridine conjugated microporous polymer (PyrBpy-CMP) and 

of its corresponding Rh metallated catalysts Cp*Rh@PyrBpyCMP, respectively. The investigated 

compounds are shown in Scheme 1. The experiments were notably carried-out in 

acetonitrile:triethanolamine solution to elucidate the reaction between the excited states of the 

different compounds and the amine under the same reactive conditions of ref. 35. These pump-probe 

measurements have been completed by steady state absorption and emission spectroscopy and by 

time-resolved emission measurements.  
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Scheme 1: Supramolecular assembly of the pyrene and of the bipyridine molecules forming the porous conjugated polymer 
(CMP). The drawing of the molecular compounds and of the porous CMP are only for illustration purpose; they do not aim to 
be a model of the structure of the polymer.   

 

1. Experimental part 

 
1.1. Chemicals and materials 

 

DMF (anhydrous, 99.8 %), DMSO (anhydrous, ≥99.9 %), Pd(PPh3)4 (99.9 %), Pd(dppf)Cl2, 
pentamethylcyclopentadienylrhodium(III) chloride dimer, potassium acetate (99.98 %), potassium 
carbonate (99 %), pyrene-1-ylboronic acid (>95 %), toluene (anhydrous, 99.8 %), were purchased from 
Sigma Aldrich. Acetonitrile (HPLC grade) was purchased from VWR, bis(binacolato)diborane (99 %), 
5,5’-dibromo-2,2’-bipyridine (96 %) and 1,3,6,8-tetrabromopyrene (98 %) from TCI. Deuterated 
solvents were purchased from euriso-top. For the UV-vis steady state and transient spectroscopy 
measurements, Acetonitrile (Spectrophotometric grade, 99.7+%) from Alfa Aesar, THF (anhydrous, 
99.8%), Propionitrile (GC Grade 99%), Butyronitrile (GC Grade, 99%) and Triethanolamine (TEOA, 99%) 
from Sigma-Aldrich were used. 
 
Liquid NMR spectra were recorded on a Bruker Ascend 400 spectrometer (9.4 T, 1H at 400.13 MHz, 
13C at 100.61 MHz). The spectra were referenced against the residual solvent signal. 

 

1.2. Molecules and materials preparation 

5,5’-di(pyrene-1-yl)-2,2’-bipyridine Pyr2Bpy 
 
The synthesis was done according to a modified literature procedure31:  
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In a 500 ml 2-neck round-bottom flask equipped with a reflux condenser 1.0 g (3.86 mmol) pyrene-1-
ylboronic acid, 593 mg (1.85 mmol) 5,5′-dibromo-2,2′-bipyridine and 810 mg (7.64 mmol) Na2CO3 were 
dissolved in 200 ml toluene and 50 ml H2O. The bi-phasic mixture was deaerated by bubbling Ar 
through it and then 220 mg (190 µmol) Pd(PPh3)4 were added under a flow of Ar. The reaction mixture 
was heated to reflux for 3 d under exclusion of light. Then, the mixture was cooled to room 
temperature, the solid formed isolated by filtration and washed with H2O and Et2O (each 60 ml). Drying 
under vacuum at room temperature gave 5,5’-di(pyren-1-yl)-2,2’-bipyridine as green solid. Yield: 
980 mg (1.76 mmol, 91 %). 
 
1H NMR: (400.13 MHz, CD2Cl2/CF3COOD, 1 : 1, V : V): δ 9.43 (d, 2H, J=2 Hz), 9.17 (dd, 2H, J=8.5, 2.0 Hz), 
8.93 (d, 2H, J=8.5 Hz), 8.49-8.15 (m, 18H). 
13C NMR: (100.61 MHz, CD2Cl2/CF3COOD, 1 : 1, V : V): δ 148.7, 146.8, 144.9, 142.5, 134.3, 132.4, 131.7, 
131.2, 130.6, 129,6, 128.3, 128.2, 128.0, 127.9, 127.8, 127.2, 127.0, 126.3, 126.0, 125.3, 122.6.  
 
 
[(5,5’-di(pyren-1-yl)-2,2’-bipyridine)(pentamethyl-cyclopentadienyl)rhodium]dichloride 
[Pyr2Bpy]Cp*RhCl2 
 
The synthesis was done according to a modified literature procedure34,38,40:  
 
In a 100 ml round bottom flask 56.1 mg (90 µmol) [Cp*RhCl2]2 and 100 mg (180 µmol) 5,5′-di(pyrene-
1-yl)-2,2′-bipyridine were dispersed in a mixture of 4 ml MeOH and 4 ml CH2Cl2 and stirred at 70 °C for 
4 h during which time the colour changed to a clear yellowish brown. After cooling to RT 50 ml Et2O 
were added to the reaction mixture in order to achieve complete precipitation. The yellow precipitate 
was removed by filtration, rinsed with Et2O. Drying under vacuum at room temperature gave (5,5’-
di(pyrene-1-yl)-2,2’-bipyridine)(pentamethyl-cyclopentadienyl)rhodium] dichloride as yellow solid. 
Yield: 110 mg (124.89 µmol, 70 %). 
 
1H NMR: (400.13 MHz, MeOH-d4): δ 9.18 (s, 2H), 8.80 (d, 2H, J=8.1 Hz), 8.56 (d, 2H, J=8.1 Hz), 8.34-8.08 
(m, 18H), 1.71 (s, 15H). 
13C NMR: (100.61 MHz, MeOH-d4): δ 154.48, 153.67, 143.20, 142.92, 133.72, 132.85, 132.20, 131.54, 
130.41, 129.94, 128.76, 128.36, 127.87, 127.43, 126.93, 126.43, 125.72, 125.13, 124.35, 99.16, 9.07. 
 

 

1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene 
 
The synthesis was done according to a modified literature procedure38:  
Inside a glovebox a flame-dried schlenk tube was charged with 1.009 g (1.91 mmol) tetrabromopyrene, 
2.976 g (11.60 mmol) bis(pinacolato)diboron, 125.7 mg (0.17 mmol) Pd(dppf)Cl2 and 1.164 g 
(11.86 mmol) KOAc. Outside the glovebox, 20 ml anhydrous DMSO were added, the reaction mixture 
deaerated by three freeze-pump-thaw cycles and heated to 80°C for 2 d. Then, the mixture was cooled 
to room temperature, the brownish suspension was poured into 500 ml H2O. The precipitate was 
isolated by filtration, washed with water and dried. The crude product was dissolved in DCM, passed 
through a plug of Celite and the solvent evaporated. For further purification the product was 
suspended in 30 ml toluene and heated to reflux. After 30 min at reflux the suspension was filtered 
hot, and the product washed twice with 20 ml of hot toluene. Drying under reduced pressure gave 
1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene as off-white powder. Yield: 0.513 g 
(0.73 mmol, 38 %) 
 

1H NMR: (400.13 MHz, CDCl3): δ 9.16 (s, 4H), 8.99 (s, 2H), 1.50 (s, 48H). 
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13C NMR: (100.61 MHz, CDCl3): δ 141.32, 137.97, 129.42, 123.98, 83.82, 25.09. 
 

PyrBpyCMP 
 
The synthesis was done according to a literature procedure35:  
Under Ar 124.8 mg (0.173 mmol) 1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene, 
111.2 mg (0.347 mmol) 5,5’-dibromo-2,2’-bipyridine, 6.4 mg (5.5 µmol) Pd(PPh3)4 and 147.4 mg 
(1.06 mmol) K2CO3 were dispersed in 7.5 ml DMF and 1.5 ml H2O in a Schlenk tube. The reaction 
mixture was degassed by three freeze-pump-thaw cycles and heated to 150°C for 3 d. After the mixture 
had been cooled to room temperature, the polymer was poured into 1 N HCl, isolated by filtration and 
washed with water and MeOH. Further purification was performed by Soxhlet extraction for 2 d using 
THF and CHCl3 for 1 d each. After drying under reduced pressure PyrBpyCMP was obtained as a yellow 
solid. Typical yield: 81.2 mg (92 %, assuming complete conversion) 
 
Characterization in line with previous reported data.35  
 
 
Metalation: 
 
For a typical metalation, 50 mg PyrBpyCMP were dispersed in 4 ml acetonitrile, then 0.32 ml of a 
0.015 M suspension of [Cp*RhCl2]2 in acetonitrile were added and the suspension was stirred for 24 h 
at room temperature. The supernatant was removed by centrifugation and the solid washed with 
MeOH until the supernatant after centrifugation remains colourless. The solid was dried under reduced 
pressure first at room temperature, then at 80°C.38  
 

 

1.3. UV-vis steady state and time-resolved spectroscopic measurements 

All the spectroscopic measurements were performed using spectrophotometric grade solvents 

without any additional purification. The solvents used are acetonitrile (MeCN), propionitrile (ProCN), 

butyronitrile (BuCN), and tetrahydrofuran (THF). The triethanolamine (TEOA) was mixed with MeCN in 

the proportion MeCN:TEOA (5:1) that corresponds to the photocatalytic conditions applied in 

reference 35, or with THF, in the same proportion THF:TEOA (5:1). No other ratio was used in this work.  

A Cary 100 UV-vis spectrometer (Varian) and a fluorometer Cary Eclipse (Agilent Technologies) 

were used for the steady state absorption and emission measurements, respectively. All the 

measurements were performed using 10*10 mm quartz optical cell. The time-resolved emission 

measurements were carried out by using the time-correlated single photon counting (TCSPC) set-up 

described in ref 39. Briefly, the excitation pulses were generated by a femtosecond Ti:sapphire laser 

(Coherent Chameleon Ultra II, 80 MHz, 200 fs, 3.8 W) coupled with a pulse picker (4 MHz) and a 

harmonic generator (SHG/THG, APE). The fluorescence lifetime measurements were carried out with 

the FT200 PicoQuant spectrometer and the emission signal was collected with a polarizer set at the 

magic-angle and a Czerny-Turner type monochromator connected to a computer for observation 

wavelength selection. The photons were collected with a cooled microchannel plate photomultiplier 

tube R3809U (Hamamatsu) and recorded using a PicoHarp 300 TCSPC system (PicoQuant). The 

instrumental response function (IRF) was measured using Ludox colloidal solution and the full width at 

half maximum (FWHM) was found to be 50 ps. For these experiments, the emission was collected at 

90 degrees using a 10*10 mm optical cell. The software used to plot and process the decays was FluoFit 
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v.4.6.6 (PicoQuant) and a home-made python script. The excitation wavelength used for each 

compound is given in the text.  

UV-vis femtosecond transient absorption measurements were performed using an upgraded 

pump-probe experimental arrangement40 derived from the original described in ref.41 Briefly, the laser 

pump excitation was generated by using an OPA (Model Palitra, Quantronix) seeded by the 

fundamental laser pulses at 800 nm from the Ti:Sa amplifier (Libra Coherent, 1mJ, 1kHz, 100 fs). The 

synchronized probe beam is a white light supercontinuum covering the 320-800 nm spectral range and 

generated by focusing a few µJ of the fundamental laser pulses at 800 nm into a moving CaF2 plate. 

Before the sample, the probe beam is split in a signal and reference beam, both passing through the 

sample and detected simultaneously by a liquid nitrogen-cooled CCD camera (Model Pylon, Princeton 

Instrument) placed in the image plane of a spectrograph. The pump-probe acquisition is controlled by 

a pair of synchronized optical chopper at 66 Hz and 33 Hz, placed on the probe and pump beam path, 

respectively. The relative direction of polarization of the pump and probe beam is set at the magic 

angle (54.7°). The measurements for the molecular complex and the ligand were performed using a 

flowing quartz cell with an internal optical path 1 mm. For the polymers in suspension, the 

measurements were carried out in 10 mm thick optical cell. With the flowing cell, the pump-probe 

cross-correlation FWHM deduced from the stimulated Raman contribution is ca. 130 fs.   

2. Results-Discussion 
 

2.1. Femtosecond UV-vis transient absorption measurements on PyrBpyCMP and 

Cp*Rh@PyrBpyCMP porous polymers 

 

The steady state and time-resolved emission properties of PyrBpyCMP and Cp*Rh@PyrBpyCMP have 

been reported previously 35. While these preliminary results clearly demonstrated the efficient energy 

transfer from the organic matrix to the RhCp* complex, that was interpreted as the activation of the 

catalytic metal centre, they provided few information concerning the nature of the excited states 

responsible of the processes.  In order to clarify the nature of the excited states formed upon the 

photoexcitation of PyrBpyCMP and Cp*Rh@PyrBpyCMP we performed the first fs transient 

absorption measurements for this family of porous polymers. For the measurements, the polymers 

were suspended in MeCN:TEOA (5:1) solutions. We point-out here the difficulties of these transient 

absorption measurements because the polymers are insoluble in any common organic solvent and so, 

the suspension are highly scattering our supercontinuum probe and the pump beam. So, to carry out 

these measurements, we had to work by using a standard 1 cm quartz cell, in which the stability and 

the optical density of the suspension were compatible with the experimental constrains, but at the 

cost of a degraded time-resolution. We also took all the common precautions by checking the linearity 

of our signal with the pump intensity and the photostability of the sample. The viscous TEOA helps in 

stabilizing the suspension, but in counterpart, it generates a strong transient signal. Due to this 

measurement conditions, we limit our analysis to the pump-probe delays longer than 5 ps, for which 

we obtained reliable transient spectra (Figure 1-a). At 5 ps, the transient spectrum of PyrBpyCMP is 

dominated by a broad excited state absorption band from 485 nm to 750 nm, and a weak negative 

contribution at 475 nm suggesting a stimulated emission band between 450 and 500 nm. The transient 

absorption spectra exhibit a maximum of absorption at 700 nm and a second maxima at 550 nm. At 2 

ns the signal is reduced to a residual absorption below 450 nm and a weak negative contribution from 

500 to 700 nm. For Cp*Rh@PyrBpyCMP, the transient spectra in Figure 1.b are similar to PyrBpyCMP 
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and are essentially dominated by the excited state absorption from the organic part of the polymer. 

We cannot detect a clear signature that could be assigned to the activated metal centre. Instead, we 

notice a pronounce negative contribution, that seems to appear at very short time and is still observed 

in the ns time scale.  We tentatively assigned this negative signal to the bleach of the charge transfer 

absorption band from the organic framework to the metal centre. We are also noticing that the kinetics 

of decay measured for the absorption band at 700 nm (Fig 1-c) is significantly slower in presence of 

the metal. So, these transient data reveal for both samples the formation of a large absorption that 

certainly corresponds to the signature of the excited organic framework. This signature is perturbed in 

presence of RhCp* but we cannot detect a clear absorption contribution specific of the activated 

catalytic centre. In order to elucidate the nature of the excited state of the CMP, we performed an 

exhaustive investigation of the Pyr2Bpy and Cp*Rh@Pyr2Bpy molecular compounds. These molecular 

compounds can be considered as building block of the CMP (Scheme 1). Our experimental approach is 

part of a general strategy aiming to develop molecular descriptors of the properties of the photoactive 

porous polymers that can orient the design of these photocatalysts. Similar approaches are also carried 

out at the theoretical level35,42. 

 

 

Fig. 1: Transient absorption spectra recorded with pump = 400 nm for a) PyrBpyCMP and b) Cp*Rh@PyrBpyCMP, and c) 

the kinetic traces reconstructed at probe = 700 nm and their corresponding fit. In Figure c), the decays have been normalized 

and the dotted lines correspond to the y=0 level of each curve.  

 

 

 

2.2. 5,5’-di(pyren-1-yl)-2,2’-bipyridine molecular ligand (Pyr2Bpy) 

Part of the photophysical properties of Pyr2Bpy have been first reported by E. Orti and co-workers37 in 

the context of their study of [Ir(Ppy)2(Pyr2Bpy), with Ppy = phenylpyridine. As Pyr2Bpy is poorly soluble 

in most of the common solvents37, we limited our investigations to THF, a solvent for which the 

solubility is high enough to carry out femtosecond transient absorption measurements of the ligand. 

The absorption spectrum of Pyr2Bpy exhibits a set of relatively narrow peak between 250 nm and 330 

nm corresponding to S0 → Sn electronic transition localized on the bipyridine and pyrene moiety and a 

broad featureless band with a maximum at 360 nm assigned to the HOMO-LUMO transition involving 

an electronic density delocalized over the whole ligand (Figure 2) 35,37. The photoluminescence 

spectrum excited at 350 nm shows a strong emission band with a maximum at 442 nm. The excitation 

spectrum recorded at em = 440 nm corresponds to the absorption spectrum (Figure 2.a).  
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In addition, we have determined the emission yield for exc = 380 nm, to be em = 0.78 (see SI). The 

transient emission spectra of Pyr2Bpy have been characterized by TCSPC measurements (Figure 2b). 

We observe a unique emission band that is decreasing without spectral change and with a shape and 

maximum that correspond to the steady state emission spectrum. The decay trace at the maximum 

(440 nm) is well fitted using a mono-exponential decay function, with THF= 1.4 ns. The spectra and the 

value that we obtained for Pyr2Bpy in THF are in good agreement with the data reported for toluene 

(em = 0.88, τ = 1.4 ns), dichloromethane (em = 0.62, τ = 1.7 ns) and acetonitrile (em = 0.42, τ = 2.4 

ns).37 This emission band is unambiguously assigned to the lowest singlet excited state (S1) of Pyr2Bpy. 

Based on the literature data, the nature of this excited state is not changed by the polarity of the 

solvent. 

 

 

TCSPC measurements were also performed in THF:TEOA solution at the volume ratio 5:1 

corresponding to the typical condition of the CO2 photoreduction 32,39. TEOA can be irreversibly 

oxidized (ENHE = + 0.5-07 V) as sacrificial electron donor to regenerate the photosensitizer or, depending 

on the reaction conditions, it can act as a BrØnsted base when associated with another sacrificial 

electron donor46–48. The emission lifetime measurement allows to determine directly if TEAO, at high 

concentration in the THF:TEOA mixture, can interact directly with the excited state of Pyr2Bpy or if 

TEOA behaves essentially as a sacrificial electron donor reacting after a potential oxidation of Pyr2Bpy 

during the CO2 reduction cycle. The addition of TEAO accelerates significantly the emission decay in 

comparison to the case of neat THF (Figure 2b). The emission spectrum of Pyr2Bpy is not modified 

(Figure SI-2.1) indicating that the nature of the emitting state of Pyr2Bpy is also not affected by the 

presence of TEOA. 

Fig. 2: a) Absorption (black), emission for exc = 360 nm (red) and excitation spectrum for em = 440 nm, of Pyr2Bpy in THF; 

b) transient emission spectra of Pyr2Bpy in THF, inset emission decay traces and the corresponding fits for Pyr2Bpy in THF 

(blue line) and THF:TEOA, 5:1 volume ratio, (green line). 
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From the fit of the decay the lifetime of S1 in the mixture is obtained to be THF:TEOA = 0.7 ns. By 

comparing the lifetime in pure THF and THF:TEOA mixture, the decay time associated with the reaction 

of the excited Pyr2Bpy with TEOA is TEOA = 0.7 ns. With a concentration of TEAO of 1.25 mol·L-1 and 

assuming a pseudo-first order decay, the rate constant for the quenching of the S1 state of Pyr2Bpy by 

TEOA is k = 1.14×109 L∙mol-1∙s-1. From this value, it can be concluded that at molar concentration of 

TEOA, as it is usually the case for photocatalytic reactions condition using this amine as sacrificial 

electron donor, the excited states Pyr2Bpy, and probably of other pyrene-aryl derivatives, with a 

lifetime as short as 200-300 ps can directly react with the amine.  

In order to get a better insight of the S1 state of Pyr2Bpy and also on its reaction with TEOA, 

femtosecond transient absorption spectra (TAS) of Pyr2Bpy were recorded in THF (Figure 3. The 

transient spectra recorded for pump-probe delays shorter than 150-200 fs are dominated by the 

contribution of the impulsive response of the solvent. After 200 fs the transient spectra show two 

negative bands in the spectral range below 500 nm. The first band is formed in less than 200 fs and it 

exhibits a maximum at 360 nm that corresponds to the S0 → S1 absorption band (Figure 2). This 

contribution is due to the bleaching of the ground state of Pyr2Bpy, i.e. the decrease of the absorption 

due to the depopulation of the ground state upon the photoexcitation. We notice in Figure 3a, and 

notably in the kinetic trace reconstructed for probe = 360 nm, that the amplitude of the bleach signal 

is constant during the first picosecond, indicating that there is no ultrafast internal conversion involved 

in the photophysical process of Pyr2Bpy in THF. The maximum of the second negative shifts 

continuously from ca. 400 nm to 450 nm during the two first picosecond. The final position with a 

maximum close to 450 nm is in good agreement with the emission band (Figure 2) and therefor, this 

Fig. 3: Transient absorption spectra and selected kinetic traces recorded for Pyr2Bpy in THF with pump = 380 nm for pump-

probe delays between a) 0 and 2 ps, and b) 2 ps and 1.5 ns 
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band is assigned to the excited-state stimulated emission of the S1 state of Pyr2Bpy. In the spectral 

range above 400 nm, the transient spectra exhibit a strong, broad and slightly structured absorption 

band with a maximum peaking above 700 nm that characterize the absorption of the S1 state. In the 

kinetic traces between 150 fs and 1 ps, the formation of the excited state absorption band occurs 

concomitantly with the spectral shift of the stimulated emission illustrated for probe = 400 nm and 

probe = 450 nm. On the longer timescale, from 1 ps to 1500 ps (Figure 3b) the shape of the transient 

spectra does not change, only the amplitude of the signal decreases, resulting in an isobestic point at 

530 nm. The decay of the signal is not completed after 1.5 ns, in good agreement with the lifetime 

deduced from the TCSPC data. The transient spectra evolution reveals the decay of the excited state 

without any spectral signature of the conversion of the S1 state into a new transient species. Thus, the 

internal conversion from the S1 to the S0 state by emission represents the main relaxation channel of 

Pyr2Bpy.  

The nature of the lowest excited state of aryl-pyrene derivatives results in the competition between 

the stabilization of a planar geometry by Mesomeric Intramolecular Charge Transfer (MICT) and the 

stabilisation in a Twisted Intramolecular Charge Transfer (TICT) state by a perpendicular orientation of 

the pyrene and pyridyl moiety.46,47 By combining the photoluminescence, TCSPC and transient 

absorption results, we deduced that following the excitation of Pyr2Bpy at 380 nm a MICT state is 

formed within approx. 1-2 ps by a charge delocalisation from the pyrene to the bipyridine moiety.  

After this initial step, the S1 state of Pyr2Bpy decays mainly by emission (em = 78 %, in THF) and with a 

relatively short lifetime of 1.4 ns, in good agreement with the strong emission oscillator strength 

expected from a MICT state47. This description is in good agreement with results from steady state 

emission measurements of Pyr2Bpy in different solvent reported by Ortí and co-workers37, and with 

the result of quantum calculations showing the planarization of the molecule in the S1 excited state 

due to the extension of the -conjugation over the Pyr2BPY molecule 35.  

In order to explain the process of quenching of the emission of the S1 state of Pyr2Bpy by TEAO, 

we also performed the transient absorption study of Pyr2Bpy in the THF:TEOA (5:1) mixtures. As TEOA 

is an electron donor, we can notably expect the observation of the anion of Pyr2Bpy in case of electron 

transfer. In fact, the ultrafast photodynamic recorded in THF:TEOA (Figure SI-3.1) is very close to that 

observed in pure THF (Figure 3), and only the spectral signature of the S1 state of Pyr2Bpy is identified 

in the transient spectra. These data are showing that the quenching of the S1 of by TEOA does not lead 

to the stabilization of a reduced separated ion pair (SIP). Furthermore, we can rule out the hypothesis 

that the TEOA favor the direct internal conversion S1 → S0 because we observed in THF and THF:TEOA 

the same emission spectra and stimulated emission band resulting from the -delocalization of the 

LUMO (MICT state). Thus, the quenching of the S1 state of Pyr2Bpy by TEOA is more likely a reductive 

quenching followed by the ultrafast recombination of the geminate pair [TEOA+, Pyr2Bpy-]. The low 

polarity and the viscosity of the THF:TEOA mixture might facilitate the intrapair geminate 

recombination (Scheme 2). Similar results have been reported for the photoreduction of the n* S1 

state of the 4,4’-bipyridine for which intrapair recombination was found to be the main deactivation 

path (deact = 95 %) even in highly polar dielectric solvent (MeCN, MeCN-H2O mixture) 48,49. In many 

photocatalytic applications, TEOA is introduced as a sacrificial electron donor. Our result show that at 

high concentration it can interact directly with some excited state of the photosensitized ligand, and 

thus contributes to the reduction of the overall photocatalytic yield by quenching the excited state 

because the deactivated excited state will not contribute anymore to the activation of the catalytic 

site. This point can be particularly important in the context of our PyrBpy porous polymer for which 
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the Pyrene-Bipyridyl moieties constitute the backbone of the porous artificial antenna in which TEOA 

are adsorbed. Under these conditions, the excited state interaction and quenching can strongly 

compete with the photoactivation of the catalytic site.  

 

 

Scheme 2: Photoreaction of Pyr2Bpy in THF:TEOA. CPI = Contact Ion Pair, SIP = Separated Ion Pair.  

 

2.3. [(5,5’-di(pyren-1-yl)-2,2’-bipyridine)(pentamethyl-cyclopentadienyl)rhodium] 

dichloride complex ([Pyr2Bpy]Cp*RhCl2) 

 

In this section, we are reporting on the ultrafast photodynamics following the photoexcitation of the 

molecular complex [Pyr2Bpy]Cp*RhCl2 in acetonitrile (MeCN, ε = 37.5), the solvent typically used for 

the photocatalytic CO2 reduction, propionitrile (ProCN, ε = 27.7) and butyronitrile (BuCN ε = 20.7). The 

UV-vis absorption spectra recorded for [Pyr2Bpy]Cp*RhCl2 in MeCN, ProCN, BuCN are depicted in 

Figure 4. In the three solvents, the absorption spectrum of the complex exhibits a first absorption band 

with a maximum peaking at 420 nm and a set of narrow peak typical of the pyrene unit around 330 

nm. The lowest optical transition at 420 nm is 70 nm red-shifted in comparison with the free Pyr2Bpy 

ligand in THF. The absorption spectrum of [Pyr2Bpy]Cp*RhCl2 in MeCN is similar to that one of 

protonated [Pyr2BpyH]+ 37 . Considering that the proton H+ is equivalent to a reduced form of the 

Rhodium cation, the similitude in the absorption is suggesting a charge transfer from the Bpy to the 

metal center.37 This is also demonstrated by  DFT calculation of the HOMO/LUMO of 

[Pyr2Bpy]Cp*RhCl2 showing that the lowest transition correspond to a charge transfer from the pyrene 

moieties towards the bipyridine-rhodium moiety.35 We can observe in ProCN and BuCN a slight 

decrease of the relative intensity of the lowest absorption band and an increase of the absorption at 

350-375 nm for BuCN. The polarity of solvent is known to assists the charge separation, therefore this 

effect support the assignment of the lowest optical transition to a charge transfer between the 

photoactive pyrene chromophore and the bipyridine-rhodium centre forming a TICT state.46,47 

Contrary to the S1 state of the Pyr2Bpy molecular ligand, the lowest excited state of [Pyr2Bpy]Cp*RhCl2 

is weakly fluorescent ( < 1 %) with an emission maximum at 620 nm when excited at 420 nm (Fig. SI-

1-2) and it decays within less than 200 ps (Fig. SI-2-2).   
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Fig 4: Absorption spectrum of [py2(Bpy)]Cp*RhCl2 in Acetonitrile (MeCN, red), Propionitrile (ProCN; blue) and  

Butyronitrile (BuCN, yellow) 

 

We focused our study on the characterization of the excited state by carrying out femtosecond 

transient absorption measurement using a pump in resonance with the lowest S0 → Sn optical 

transition (pump = 400 nm). The transient absorption data of [Pyr2Bpy]Cp*RhCl2 in MeCN are reported 

in Figure 5 for selected pump-probe delays between -200 fs and 1.2 ps and in Figure 6 for delays up to 

1.5 ns. The transient spectra show the ultrafast continuous interconversion between a first excited 

state absorption band exhibiting a maximum at 620 nm (ESA1) and a second absorption band peaking 

at 520 nm (ESA2). ESA1 is formed in less than 150 fs and it decays within 300-500 fs. In addition, the 

transient spectra exhibit a ground state bleach (GSB) contribution between 360 – 420 nm. In Figure 5c 

we selected three spectra representative of the ultrafast sub-ps photodynamic of the system. 

Qualitatively, the first step is identified at t = 0.14 ps, by the absorption ESA1, the negative GSB 

contribution, and in addition a second minimum at 500 nm that corresponds to the stimulated 

emission contribution (SE) from the generated excited state. SE is continuously red-shifted and 

decreasing (step 2, from ca 0.1 ps to 0.3 ps). Between 0.3 and 1 ps (step 3) we observe the conversion 

of ESA1 into ESA2 with an isobestic point at 580 nm. The amplitude of GSB (420 nm) is constant during 

this phase, showing the absence of internal conversion to the ground state. Based on these transient 

spectra, the ultrafast sub-ps photodynamic of [Pyr2Bpy]Cp*RhCl2 corresponds to the population of the 

Sn excited state by absorption of the photon at 400 nm, followed by an ultrafast evolution of the 

Franck-Condon geometry in response to the instantaneous change of the electronic density, and then, 
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the subsequent internal conversion to the S1 state. This behaviour is typical of the ultrafast conversion 

between the close lying S2 and S1 excited state of pyrene and pyrene derivatives50–53.   

 

 

The transient spectra were measured for the complex in MeCN, ProCN and BuCN, and in the solution 

MeCN:TEOA, ProCN:TEOA and BuCN:TEOA, for pump-probe delays up to 1.5 ns. The results are 

depicted in Figure 6, and in SI-section 3.b. In MeCN, after the ultrafast S2 → S1 conversion (Fig 6a), the 

transient spectra in Fig 6b are dominated by a broad absorption band peaking at 530 nm. After 500 ps, 

the broad band is replaced by two weak absorption maxima at 520 nm and 600 nm, respectively, and 

that are still observed after 1.5 ns. The decay of the absorption band of S1 (530 nm) is clearly associated 

with the diminishing of the GSB contribution. The same spectral evolution is observed in propionitrile 

(see SI Fig SI-3-2). In butyronitrile, the ultrafast S2-S1 conversion is observed in 5 ps (Fig 6c) and we are 

noticing that the absorption band at 650 nm is lasting to the nanosecond time scale. The transient 

absorption after 1.5 ns is significantly more important in BuCN than in MeCN, notably due to the more 

pronounce component at 650 nm. The dynamics of conversion S2→ S1 is also significantly slower in 

BuCN, as it is clearly seen in the traces of Figure 7. From the fit of the decay, the growing time of the 

band at 530 nm is 360 fs in MeCN and 0.9 ps in BuCN. In MeCN, the band at 530 decays with two times 

constants 1 = 14 ps and 2 = 37 ps (see SI), while in BuCN, the process is slower with 1 = 33 ps and 2 

= 225 ps (see SI). We also performed transient measurements in the presence of TEAO.  In MeCN:TEOA, 

the process is not modified compared to the process in pure MeCN, excepted a slight increase of the 

decay time at 530 nm, but without consequence of the final spectra at 1.5 ns. For BuCN, we observe 

an increase of intensity and lifetime of the absorption band at 530 nm (Figure 6 and 7). The spectrum 

at 1.5 ns exhibits more absorption contribution at 530 nm, and more bleach contribution in BuCN:TEOA 

than in BuCN. Interestingly, while in ProCN the transient data are similar to that measured in MeCN, 

while in ProCN:TEAO (see SI section 3-2) we can notice a transient absorption at 1.5 ns that is very 

close to that observed in BuCN:TEAO (see SI section 3-2).  

 

Fig. 5: Transient absorption spectra (a, c) and selected reconstructed kinetic traces (b) for [pyr2(Bpy)]Cp*RhCl2 measured 

in MeCN with pump = 400 nm. In (a) the pump-probe delay steps are 10 fs. The spectra have been corrected from the GVD 

of the supercontinuum probe using a polynomial model function.   
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Fig. 6: Transient absorption spectra of [py2(Bpy)]Cp*RhCl2 (pump = 400 nm) In (a,b) MeCN, (c,d) BuCN, and (e,f) 

BuCN:TEOA   

 

 

 

Fig. 7 Decay trace of [Pyr2Bpy]Cp*RhCl2 (pump = 400 nm) In (a) MeCN and MeCN:TEOA, and  (b) BuCN and 

BuCN:TEOA.   

 

https://doi.org/10.26434/chemrxiv-2024-7bfmj ORCID: https://orcid.org/0000-0002-5707-7303 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-7bfmj
https://orcid.org/0000-0002-5707-7303
https://creativecommons.org/licenses/by/4.0/


16 
 

The sub-ns photodynamics measured for the molecular complex [Pyr2Bpy]Cp*RhCl2 can be described 

based on the photophysic of the excited-states of the aryl-substituted pyrene molecular 

derivatives.46,47,50-53 For the [Pyr2Bpy]Cp*RhCl2 compounds. the transient spectrum detected 

immediately after the pump excitation (t = 100-200 fs in Figure 5 and Figure 6) is similar to that one 

of the molecular ligands (Fig 4) showing the formation of a MICT state delocalized over the Py2Bpy 

ligand part of the compounds. It is then converted within a few hundreds of femtoseconds into a 

combination of the MICT and TICT state of the ligand. In MeCN, the TICT is favoured by the polarity of 

the solvent while, as the polarity of the solvent is reduced in BuCN, the mixing between the MICT and 

TICT is more pronounced and we observed the presence of the two maxima (530 nm and 650 nm) 

suggesting that the two configurations of the excited ligand are in equilibrium. This excited state 

decays time in the 10 ps-100 ps range corresponds to the formation of the ligand to metal (LMCT) 

charge transfer state from the excited ligand to the Rh3+ centre. This assignment is supported by the 

DFT calculation35. Our time-resolved data revealed the presence of two absorption band at 520 nm 

and 600 nm after 1.5 ns suggesting the co-existence of two different conformers that we tentatively 

propose as the asymmetric and the symmetric charge transfer, involving respectively one or two 

pyrene moieties (Scheme 3).  The existence of two conformer and two reaction channels is supported 

by the difference in the kinetic at 530 nm and 650 nm. However, additional kinetics analysis and time-

resolved measurements (structural or vibrational, for examples) are necessary to precise the nature 

and the yields of formation of these different LMCT species.   

From the data in Figure 5 and SI-3-2, we can characterize the effects of TEOA on the excited states of 

the complex. First, we didn’t observe the formation of any new species, nor a reduction of the lifetime 

of the excited state in presence of TEOA, meaning that there is no electron transfer or quenching 

mechanism involved in the process. This point is in good agreement with the rate constant of electron 

transfer calculated for the ligand in THF (Section 2.1). In MeCN, TEOA has no effect on the transient 

dynamics and species observed bellow 1.5 ns. This is clearly different for ProCN, and BuCN for which 

we observed a clear increase of lifetime of the excited state localized on the ligand and consequently 

a different proportion of different LMCT conformers stabilized at 1.5 ns. It is notably worth noting that 

in BuCN:TEOA and ProCN:TEOA, the bleach signal is quasi-constant in the sub-ns time scale and a more 

efficient formation of the LMCT state is observed. The stabilization of the LMCT state result therefore 

of a complex synergy between the polarity of the solvent governing the MICT /TICT character of the 

excited state, and the viscosity of the TEOA solution constraining the twisting motion around the 

pyrene and bipyridine C-C bond. We concluded that, at high concentration, the TEOA molecules are 

not simple spectators of the photodynamic of the Pyr2Bpy derivatives, as it is often assumed but  they 

can also deactivate the excited states of the ligand (MLCT sate) or affect the degree of -conjugation 

and charge transfer to the metal, notably by acting on the twisting dynamics around the interring C-C 

bond, that is a particularly critic parameter affecting the nature and the yield of formation the 

catalytically active LMCT species.  We anticipate that this effect can be extending to other family of 

organo-metallic catalysts and should be more carefully considered in the design of the photocatalytic 

process.  
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2.4. From the molecular model compounds to the Pyrene-bipyridine porous polymers 

(PyBpy-CMP)  

In the last part of this discussion, we will connect the photophysical and photochemical properties of 

the CMP with that of the molecular compounds. The steady state and time-resolved emission 

properties of PyrBpyCMP and Cp*Rh@PyrBpyCMP have been reported by us in a previous study 35. 

Briefly, both materials exhibit a dual emission band. A first emission around 490 nm and corresponding 

to an excitation band centred at 375 nm and second emission extending from 500 nm to 750 nm and 

associated with an excitation spectrum with a band edge at 525 nm. In our previous paper, we 

described the first emission as localized of the PyrBpy chromophe (LE) and the second red-shifted 

contribution has been assigned to an internal charge transfer (ICT) emission involving a more 

pronounce charge transfer from the pyrene to the surrounding bipyridine moieties.35 From the 

emission properties of the molecular ligand Pyr2Bpy and for the molecular complex reported in this 

work, we can clearly correlate the LE emission bands of PyrBpyCMP to the emission of pyrene-

bipyridine-pyrene conformation similar to that of the MICT state of the Pyr2Bpy molecular ligand (470 

nm) and the ICT emission to that of a molecular conformation similar to that of the TICT state (650 nm) 

from the ligand part of the molecular complex, respectively. We notice however that the lifetime of 

the emission for PyrBpyCMP are significantly shorter that for the molecular compounds. Notably for 

the LE emission of the polymer, we found in MeCN and MeCN:TEOA35 a lifetime of 110 ps, in 

comparison to lifetimes above 700 ps for the molecular Pyr2Bpy ligand (2.4 ns in MeCN,37 1.4 ns in THF 

and 0.7 ns in THF:TEOA). This shows that the spatial arrangement of the polymer favours the internal 

conversion processes in comparison with the free molecular ligand. This can be understood by the fact 

that the 3D arrangement in the polymers induces some torsion around the pyrene – bipyridine bond.     

In addition, we can notice (Figure 1), that the transient absorption spectra of the CMP exhibit a 

maximum of absorption at 700 nm and a second maxima at 550 nm. similar to the transient absorption 

band measured for the molecular models. We therefore tentatively assigned these the transient 

absorption bands of the CMP to the MICT and TICT contribution, in agreement with the conclusion 

Scheme 3: Excited state relaxation pathways of [pyr2(Bpy)]Cp*RhCl2 following a photoexcitation at 400 nm, MICT, 

TICT and LMCT, means mesomeric, twisted intramolecular and ligand-to-metal charge transfer, respectively. The time 

in the figure are approximated values from the decays in Figure 7. 
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deduced from the time-resolved emission data that two forms of exciting states are coexisting in the 

porous polymer.  

 

The light-harvesting and energy diffusion process governing the light-to-chemical energy conversion 

applications of porous organic materials is subject to highly intensive researches showing the complex 

interplay between the photophysical properties of the framework and its topology11,12,54–58.  Among 

the different mechanisms, the Förster resonance energy transfer (FRET) mechanism is assumed to 

contribute as a main part of the process in most of the case. The Förster model establishes a 

relationship between the energy transfer rate kET and the absorption and emission spectra of the 

molecules, given by:  

     𝑘𝐸𝑇 =
1

𝜏fl

𝑅0
6

𝑅6
  

     𝑅0
6 =
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𝜈4
∞
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with 

- R0 is the Förster critic radius, at which the lifetime of the donor is reduced by 50 % 

-  is an orientational parameter, n is the refractive index of the medium 

- fl, the fluorescence yield of the donor 

- () the absorption spectrum of the acceptor (in molar absorbance), f(), the emission 

spectrum whose integral has been normalized to 1, and NA the Avogadro number. 

Here, we assume that the CMP can be viewed as a sum of independent molecular units and, by using 

the photophysical parameters determined for the molecular model clusters, we applied the Förster 

model to estimate the rate of the energy transfer depending on the distance between the different 

pyrene chromophores and the Cp*Rh(Bpy) centers in Cp*Rh@PyrBpyCMP (see SI, Scheme 4). This 

basic analysis suggests that at the Rh:Bpy loading of 1:12 used in this work, the energy transfer  can 

occur faster than 50 ps. This value is in good agreement with the quenching time determined by TCSPC 

measurements, and with the decay determined from the TAS measurements. It seems therefore 

reasonable to describe the photoactivation of the Rh metal center as an ultrafast transfer of excitation 

from a localized excited state of the Pyr2Bpy unit of the framework to a localized excited state of the 

[Pyr2Bpy]Cp*Rh metal centre forming of the active charge separated state between the pyrene and 

the Cp*Rh(Bpy) moiety as theoretically predicted35.  
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Scheme 4: Typical distances and times associated to the FRET energy between the pyrene units and the Cp*Rh(Bpy) centre 

in Cp*Rh@PyrBpyCMP. Assuming the ratio Rh:bipyridine of 1:12 in Cp*Rh@PyrBpyCMP as used in ref. [35],  

 

Conclusions 

We have investigated the excited states of molecular Pyr2Bpy and [Pyr2Bpy]Cp*RhCl2 as molecular 

model of the corresponding photoactive conjugated microporous polymers PyrBpyCMP and 

Cp*Rh@PyrBpyCMP. For both Pyr2Bpy and [py2(Bpy)]Cp*RhCl2, the first photogenerated excited state 

is a mesomeric intramolecular charge transfer (MICT) involving a large delocalization of the electron 

over the whole Pyr2Bpy unit. For the molecular ligand in THF, this MICT state is stabilized by the 

planarization of the molecule in the excited state, while for the molecular complex [py2(Bpy)]Cp*RhCl2 

the MICT is rapidly converted ( < 1 ps) in a twisted intramolecular charge transfer (TICT) involving a 

charge separation between the pyrene and bipyridine moieties. The TICT is then converted within 10-

100 ps into a LMCT species, corresponding to the activated form of the metal catalyst, with a ns 

lifetime. From the study in MeCN, ProCN and BuCN and in presence of TEOA, it appears that both the 

polarity and the viscosity of the reaction medium govern the formation of the LMCT state, suggesting 

that the degree of charge delocalization and probably also the torsional dynamics around the pyrene-

bipyridine bond are critical parameters in the photoactivation process. We performed the first 

femtosecond transient absorption measurements on the family of PyrBpy porous polymers from 

which we identified the formation of Pyr2Bpy-like MICT and TICT excited states upon the 

photoexcitation of the porous organic framework. We estimated from the time-resolved measurement 

and the FRET model, that these excited states can transfer the excitation to the catalytic metal center 

in less than 50 ps. Our results confirm the role of the Pyr2Bpy framework as light-harvesting 

macroligand for the Rh active site. More important, our results clearly demonstrate the complex role 

of the TEOA molecules that cannot be considered in the photocatalytic process only as passive 

sacrificial electron donors.  Indeed, TEOA can also quench directly the excited state leading to reduce 

efficiency, and can also modulate the textural constraints of the flexible porous framework with 

consequences on the nature, i.e.TICT and/or MICT, and the lifetime of the excited states.  

Furthermore, we anticipate that this time-resolved study will provide several clues to improve the 

photocatalytic efficiency of the molecular organic antenna like PyrBpy units within a porous polymer 

network by (i) the control of the flexibility and topology of the framework that clearly control the ratio 
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and lifetime of the MICT and TICT states, by (ii) the optimization of the distribution of the metal catalyst 

based on the energy transfer efficiency, and by (iii) taking into account the interaction of the sacrificial 

electron donor present in high concentration in the porous polymer suspension. All these parameters 

are accessible by systematic time-resolved investigation of photoactive porous polymers, and in line 

with theoretical modeling, can drive the design of more efficient photocatalyst for the light-to-

chemical energy conversion. 
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