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ABSTRACT. Ruthenium(II) bis(2,2’-bipyridine) (2,2’-bipyridyl-5,5’-dicarboxylic acid), 

Rudcbpy, attached to UiO-67(Zr) MOF, generates upon visible light excitation the localized 

triplet excited state of the ruthenium(II) bipyridyl complex that decays partly to very long-lived 

(millisecond time scale) photoinduced charge separated state following a similar behavior as that 

of analogous ruthenium(II) tris(bipyridyl) complex dissolved in water, except that the lifetime of 

soluble complex excited state is orders of magnitude shorter. The occurrence of photoinduced 
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charged separation on Rudcbpy-UiO-67(Zr) MOF has been proven visually by using methyl 

viologen as electron acceptor. Rudcbpy-UiO-67(Zr) behaves as a heterogeneous, reusable, 

photoredox catalyst promoting debromination of α-bromoketones with excellent selectivity at 

high conversions. Characterization data shows that Rudcbpy-UiO-67(Zr) is stable under the 

photocatalytic reaction conditions. 

 

 

1. INTRODUCTION 

Metal organic frameworks (MOFs) are crystalline porous materials where nodes constituted by 

metal ions or clusters of a few metal atoms are held in place by coordination with rigid bi- or 

multipodal organic linkers.
1-5

 The strict ordering of the crystal lattice and the confined space 

provided by the internal pore volume of MOFs offer unique opportunities to perform 

photochemical processes in confined spaces that could exhibit features distinctive from the same 

process in homogeneous phase.
6-8

 In addition, the versatility of MOF synthesis and design allows 

post-synthetic modification to build the target chromophores inside the solid pores, thus, making 

MOFs appealing materials for photochemical and optoelectronic applications.
9-17

 For instance, 

photoexcitation of organic linkers in MOFs can lead to the generation of delocalized excitons 

with character of charge separate state by electron transfer from the linker to the metal node. 

These charge separated states can be characterized by their corresponding transient absorption 

spectra.
6,10,18
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The development of photoresponsive MOFs is a topic of large interest that can serve to 

obtain highly active photocatalyst for pollutant degradation 
19-20

 and solar fuel productions 

among other applications.
21-24

 It would be important to go beyond these two areas to develop also 

photocatalysts for general organic transformation.
25-27

 

Ruthenium(II) polypyridyl complexes are among the best studied molecules to promote 

photoinduced electron transfer (PET) reactions upon visible light irradiation.
27-31

 The 

photophysics of ruthenium(II) polypyridyl complexes has been studied in virtually all conditions 

and also encapsulated inside different porous materials, including zeolites and mesoporous 

aluminosilicates.
32-34

 These complexes typically present a metal-to-ligand charge transfer 

(MLCT) absorption band in the visible region that upon excitation leads to the generation of a 

triplet excited state in which an electron from Ru(II) migrates to the LUMO orbitals of the 

pyridyl ligands. This triplet excited state decays generally in the microsecond time scale and can 

be easily detectable by its characteristic phosphorescence. In the case of the most studied 

ruthenium(II) tris-2,2’-bipiridyl the absorption maximum of the MLCT band appears at 420 nm 

and the phosphorescence emission maximum at 620 nm. In the presence of electron acceptor or 

donor molecules, the triplet excited state of ruthenium(II) polypyridyl can donate or accept with 

high efficiency one electron forming the corresponding ruthenium(III) or ruthenium(I) 

polypyridyl complexes, respectively, that can be characterized by their corresponding absorption 

spectrum.
35

 

In recent precedents to the present study, Lin and coworkers have prepared and 

characterized a ruthenium(II) trisbipyridyl complex grafted to the lattice of UiO-67(Zr).
36

 Since 

the biphenyl-4,4’-dicarboxylate linker has the same size and directionality as 2,2’-bipyridyl-5-5’-

dicarboxylate (dcbpy), there was a possibility to prepare a mixed ligand 
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biphenyl/Ru(II)(bpy)2(dcbpy) UiO-67(Zr) MOF. Later, Morris and coworkers have studied the 

photophysics of a Ru(II)(bpy)2(dcbpy)-doped UiO-67(Zr) MOF by emission spectroscopy and 

found that the steady-state emission and the emission lifetime of the MOF depend on the 

proportion of the ruthenium complex doping.
37-40

 Chen and co-workers went a step further and 

took advantage of the photophysics of attached Ru polypyridyl complex to prepare a Ru-

Pt@UiO-67 MOF containing Pt nanoparticles inside the pores of Ru(II)(bpy)2(dcbpy)-doped 

UiO-67(Zr) that was employed as photocatalyst for hydrogen evolution from aqueous solution.
41

 

Further information on the fate and behavior of the triplet excited state of the ruthenium 

polypyridyl complex can be obtained by following the evolution of this complex excited state by 

transient absorption spectroscopy (TAS) that can detect not only the triplet excited state of the 

Ru(II) complex, but also can determine the generation and evolution of non-emissive species 

and, particularly, the occurrence of PET. However, up to now, no TAS studies on 

Ru(II)(bpy)2(dcbpy)-doped UiO-67(Zr) have been reported, even though TAS studies could 

detect spectroscopically species resulting from the PET that have so far not been characterized in 

MOFs. 

The present work complements the existing reported photophysical data using TAS and 

provides some practical application by developing an efficient photocatalyst for photoredox 

organic transformation. Mechanistic insights based on TAS measurements support the 

occurrence of PET which is in agreement with the known behavior of Ru(II) polypyridyl 

complexes. The extremely long-lived charge separated state photogenerated on the Rudcbpy-

UiO-67(Zr) MOF upon selective excitation of the Rudcbpy complex, detected and characterized 

here, provides a convincing evidence on the mechanism of the Rudcbpy-UiO-67 MOF as 

photocatalyst to carry out organic transformations,
36,42

 and as semiconductor in general.
39
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2. EXPERIMENTAL SECTION 

All chemicals and solvents including RuCl3·xH2O (38−42% Ru), 2,2′-bipyridine (bpy, 99%), 

2,2′-bipyridyl-5,5′-dicarboxylic acid (dcbpy, 95%), 4,4′-biphenyldicarboxylic acid (bpdc, 98%), 

ZrCl4 (98%), ZrOCl2 (99,99%), CH3COOH (100 %), DMF (>99%), methanol (MeOH, >99%), 

ethanol (EtOH) and benzoic acid (BZA, 99%) were used as obtained without further purification 

from either Fisher Scientific or Sigma-Aldrich.  

Preparation of Ru(II) Bis(2,2′-bipyridine)(2,2′-Bipyridyl-5,5′-dicarboxylic acid) dichloride, 

Rudcbpy. Ru(II) bis(2,2′-bipyridine) dichloride, Ru(bpy)2Cl2, was synthesized following the 

procedure described by Sullivan et al.
43

 Ru(bpy)2Cl2 (0.160 g, 0.33 mmol) and dcbpy (0.101 g, 

0.42 mmol) were suspended in 20 mL of EtOH-water and heated at reflux under N2 all night. The 

solvent was then removed and the product was crystallized from MeOH/diethyl ether.
44

 

Preparation of UiO-67(Zr). UiO-67(Zr) was synthesized following the procedure described by 

Morris et al.
37

 0.13 g of ZrCl4 (0.56 mmol) and 3.4 g of BZA (28 mmol, 50 mol equiv) were 

dissolved in 20 mL of DMF by sonication for 10 min. This solution was added to a scintillation 

vial (20 mL) containing 0.14 g of bpdc (0.58 mmol). The mixture was sonicated for 10 min and 

then heated at 120 °C for 2 days. The mixture was cooled at room temperature and the crystalline 

white powder was filtered and washed three times with DMF (20 mL) and acetone (20 mL). 

Finally, the white powder was dried at air.   

Preparation of Rudcbpy-UiO-67(Zr). Rudcbpy-UiO-67(Zr) was prepared following the 

procedure described above for the preparation of UiO-67(Zr) but with the addition of 50 mg of 

Rudcbpy together with the bpdc.  
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Synthesis of Zr6O4(OH)4 cluster: 5 mL of 1.0 M ZrOCl2 were mixed with 5 mL of 1 M 

CH3COOH. The initial pH of 0.30 was increased to 1.77 by adding 2 M ammonium acetate 

solution. 

Experimental conditions for the photo-generation of MV
.+

: 200 µl of an acetonitrile suspension 

of Rudcbpy-UiO-67 MOF (0.2 mg/ml), 1 ml of an acetonitrile solution of MV(PF6)2 0.17 M and 

50 µl of triethanolamine (TEOA) were introduced in a 10 mm × 10 mm quartz cell. 1.75 ml of 

acetonitrile was added in order to get a total volume of 3 ml. A standard acetonitrile solution of 

the Rudcbpy complex was prepared adding the same amounts of MV(PF6)2 and TEOA. The 

absorbance of the two solutions was adjusted to 0.3 at 532 nm. The solutions were bubbled for 

15 min with argon and then irradiated for 10 min with a 532 nm laser beam through quartz.  

Experimental conditions for the photoredox catalysis: The required amount of Ru complex 

(0.01 mmol of Ru) was introduced in a Pyrex tube with 2-bromoacetophenone (1 mmol) 

dissolved in acetonitrile (3 mL) and with TEOA (0.1 mL). The reaction was stirred magnetically 

at room temperature and irradiated with a medium pressure Hg lamp 125 W cooled through a 

quartz housing. The course of the reaction was periodically followed by extracting aliquots of the 

reaction mixture with a syringe, diluting in acetonitrile and injecting the mixture immediately in 

GC (6890 Network GC system Agilent technologies) and using a calibration plot to determine 

the product concentration. In the case of heterogeneity study, a filtration test was carried out. In 

this case, 1.5 mL of the reaction phase was filtered with a Nylon filter and the reaction of the 

liquid phase was followed by GC. Catalyst reusability was studied for Rubcdpy-UiO-67(Zr). In 

this experiment, the solid catalyst was recovered at the end of the reaction, at 2 h, by filtration in 

a Nylon filter (0.2 μm) and washed with more acetonitrile, water and ethanol and dried in an 

oven at 100 ºC. Then, the solid was used in a new catalytic cycle.  
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  Characterization techniques: UV-visible spectra have been recorded in a Jasco-650 

spectrophotometer. Diffuse reflectance UV-visible spectra were recorded on a Cary 5000 Varian 

spectrophotometer having an integrating sphere. Emission spectra were recorded in a Jasco 8500 

spectrofluorimeter. X-ray powder diffraction (XRPD) data was measured on a Bruker 

PANanalytical Empyrean diffractometer (CuKα radiation) in transmission geometry. N2 

adsorption isotherms at 77 K were recorded by using a Micromeritics ASAP 2010 instrument. 

Thermogravimetric analyses were performed by using a TGA/SDTA851e METTLER TOLEDO 

station. H
1
-NMR spectra were recorded in a Bruker Avance III 400 equipment (400 MHz). 

Photophysical measurements: Laser flash photolysis measurements were carried out using the 

second harmonic of a Q switched Nd:YAG laser (Quantel Brilliant, 532 nm, 40 or 20 mJ/pulse, 

5 ns fwhm) coupled to a mLFP-122 Luzchem miniaturized detection equipment. This transient 

absorption spectrophotometer consists of a 300 W ceramic xenon lamp, 125 mm 

monochromator, Tektronix TDS-2001C digitizer, compact photomultiplier and power supply, 

solid cell holder, fiber-optics connectors and computer interfaces. The software package was 

developed in the LabVIEW environment from National Instruments. The laser flash photolysis 

equipment supplies 5 V trigger pulses with programmable frequency and delay. The rise time of 

the detector/digitizer is ∼3 ns up to 300 MHz (2.5 GHz sampling). The monitoring beam is 

provided by a ceramic xenon lamp and delivered through fiber-optic cables. The laser pulse is 

probed by a fiber that synchronizes the LFP system with the digitizer operating in the pretrigger 

mode. Transient spectra of the powders were recorded using 2×10 mm quartz cells and were 

bubbled for 15 min with argon or the corresponding quenching gas before data acquisition. Each 

decay or data point corresponds to the average of 10 signals to increase the signal to noise ratio. 
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For analysis of the experimental transient spectra of Rubcdpy-UiO-67(Zr) at long delay times, 

two different set of spectra have been employed. In one of them, the difference absorption 

spectra of UiO-67(Zr) after and before addition of Mg as strong reducing agent was taken as that 

of the spectrum of electrons at the nodes of UiO-67(Zr), assuming to be the same as those of 

Rubcdpy-UiO-67(Zr). In the other one, the spectrum of holes located at the bpdc ligands of 

Rubcdpy-UiO-67(Zr) was considered to be the transient absorption spectrum of UiO-67(Zr) after 

266 nm excitation. It has been determined that the electrons in this UiO-67(Zr) are readily 

quenched by coadsorbed water present in the material. These spectra as well as the sum of the 

two are presented in Figure S16 and compared with the transient spectrum at long delay times 

recorded for Rubcdpy-UiO-67(Zr). 

 3. RESULTS AND DISCUSSION 

3.1. Material preparation 

The Rudcbpy-UiO-67(Zr) MOF has been synthesized as previously reported by Morris et al.
37

 

following a procedure similar to that described for the synthesis of parent UiO-67(Zr), but with 

the addition of 50 mg of Rudcbpy, together with the corresponding amount of bpdc, that should 

become incorporated in the framework during the formation of the crystal. XRD patterns, BET 

surface area, thermogravimetric analysis, diffuse reflectance absorption and emission spectra 

(see Supporting Information) are in excellent agreement with those results reported by Morris 

and Wang.
36-37

 As an example to illustrate some of the characterization data of Rudcbpy-UiO-

67(Zr) MOF, Figure 1 shows a comparison of the XRD pattern of this material with that of 

parent UiO-67(Zr). Further characterization data are provided on the supporting information. The 

Ru loading determined by ICP-OES analysis of the Rudcbpy-UiO-67(Zr) MOF after dissolution 
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in HNO3 was 2 % which indicates that most of the Rudcbpy added in the initial solution has been 

incorporated into the MOF structure. 

 

 

Figure 1. XRD patterns of UiO-67(Zr) (a) and Rudcbpy-UiO-67(Zr) (b). 

 

3.2 TAS measurements  

To characterize the photogenerated species upon selective Ru(II) polypyridyl excitation, TAS 

measurements of the powdered sample were performed and the signal monitored by the diffuse 

reflectance mode. Upon excitation at 532 nm, which ensures the selective excitation of the Ru 

polypyridyl complex, a transient absorption spectrum could be recorded. Its features depend on 

the monitoring time scale. At short time after the laser pulse (< 2.5 µs), the spectrum shows an 

absorption band centered at 350 nm and two negative signals centered at 460 and 680 nm, the 

latter being very strong (Figure 2). These signatures are those corresponding to the triplet excited 

state absorption of the Ru
2+

 polypyridyl (absorption band at 350 nm), the bleaching of the ground 
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state (negative signal at 460 nm) and the emission (negative signal at 640 nm), respectively. The 

temporal profiles of the transient signals monitored at 460 and 600 nm at short time scale are 

shown in Figure S7. From 2.5 to 20 µs after the laser pulse, there is still bleaching of the ground 

state, but a positive absorption band from 500 to 800 nm, centered at 680 nm, develops (Figure 2 

and S7-S8). This means that the triplet excited state of Ru
2+|3 

has decayed, as indicated by the 

lack of emission, but the ground state has not been fully recovered (negative signal 

corresponding to the ground state absorption) and there is still some intermediate Ru species 

involved in the transient signals. At longer time scales after the laser pulse, 500 µs, the bleaching 

of the ground state cannot be longer observed, but there is a shift towards shortest wavelengths in 

the maximum of the absorption band around 350 nm and there is still a positive absorption band 

centered 680 nm present in TAS (Figure 3). In a typical Ru polypyridyl complex transient 

spectrum in homogeneous phase, the positive transient signal decay monitored at 340 nm, 

attributable to the absorption of the triplet excited state Ru
2+|3

, coincides with the growth of 

negative transient signal monitored at 450 nm, attributed to the bleaching of the ground state, 

indicating that the triplet excited state returns to the ground state by emissive and non-emissive 

interconversion system deactivation.
28-30
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Figure 2. Diffuse reflectance transient absorption spectra of Rudcbpy-UiO-67(Zr) MOF 

recorded 1 (), 6 (), 20() and 40 () µs upon 532 nm laser excitation under argon 

atmosphere. 
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Figure 3. Diffuse reflectance transient absorption spectra of Rudcbpy-UiO-67(Zr) MOF 

recorded 20 () and 500 () µs upon 532 nm laser excitation under argon atmosphere. 

However, in the present case, as it can be seen in Figure 4, the temporal profiles of the 

transient signals monitored at 340 and 460 for the Rudcbpy-UiO-67(Zr) MOF are different, 

supporting the occurrence of additional deactivation pathways, presumably a PET process 

competing with the emissive deactivation of the triplet excited state of Ru
2+

. The temporal 

profiles of the transient signals monitored at 340, 460 and 600 nm, at long time scale after the 

laser pulse (Figure 5), are different indicating that they should correspond to at least two 

different transient species. The lifetimes of the transient species, obtained from the best fit of the 

temporal profiles to a mono-exponential or to a sum of two mono-exponential kinetics, have 

been calculated and summarized in Table 1. The fits are shown as red lines in Figure S9, for 

shorter-lived transient species (time scale 20 and 80 s) and Figure 5, for longer-lived transient 

species (time scale 20,000 s). The residuals of the lifetime calculations are listed in Table S1. It 

can be seen in this Table 1 that the photogenerated transient species are extremely long-lived, 

even longer than 18 ms, which is compatible with the generation of the charge separated state, 

but it is a time scale too long for electronic excited states. The transient signals are not quenched 

by O2, indicating they could not come from a long-lived triplet excited state of the 

Ru(bpy)2dcbpy linker. All the transient signals shown in Figure 5, completely decay to zero 

indicating that the photogenerated transient species return to the ground state. Thus, the transient 

signals could not come from an irreversible reaction. These observations can be rationalized 

assuming that the intersystem crossing deactivation of the triplet excited state of Ru
2+

 to the 

ground state competes with the PET process from the excited Ru
2+|3 

to the MOF lattice, leading 

to the formation of a very long-lived (in the millisecond time scale) photoinduced charge 
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separated state. The photogeneration of long-lived charge separated states have been also 

previously observed for other related MOFs. 
6,10,18,45-47

 However, unlike other related MOFs, this 

Rudcbpy-UiO-67(Zr) MOF is able to photogenerate an extremely long-lived charge separated 

state upon excitation with long wavelength visible light irradiation. It is worth mentioning that 

the MOF is stable under the irradiation conditions with a 532 nm laser, as evidenced by the fact 

that the X-ray diffractogram of the material before and after the TAS measurements is the same, 

indicating that the crystal structure of the material remains intact under the irradiation conditions.  

 

Figure 4. Temporal profiles of the signals monitored at 340 (a), 460 (b) and 600 (c) nm for 

Rudcbpy-UiO-67(Zr) MOF upon 532 nm laser excitation under argon atmosphere. 
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Figure 5. Temporal profiles of the signals monitored at 340 (a), 460 (b) and 600 (c) nm for 

Rudcbpy-UiO-67(Zr) MOF upon 532 nm laser excitation under argon atmosphere. The red line 

shows the best fit of the temporal profiles to a sum of two mono-exponential kinetics.  

3.3 Quenching studies 

To gain understanding about the nature of the photogenerated transient species upon 532 nm 

laser excitation, quenching experiments were performed. Figure S10 shows that N2O, a well-

known electron quencher with E (N2O/N2) = 1.36 V vs NHE,
48

 completely quenches the transient 

signals monitored at 360 and 560 nm, while MeOH, a well-known hole quencher with  E = 0.45-

0.7 V vs NHE, does not quench or even increases the intensity of these transient signals. This 

behavior indicates that species responsible for the transient absorption spectrum recorded upon 

selective excitation of the Rudcbpy complex in the MOF (ground state E (Ru
3+/2+

) = 1.5 V vs 

NHE, triplet oxidation potential of Ru(bpy)3
2+

 is -0.62 V) mainly corresponds to photoejected 

electrons with only a minor spectral contribution of positive holes. 
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Table 1. Lifetime of the transient species observed for Rudcbpy-UiO-67(Zr) obtained from the 

best fit of the temporal profiles to mono-exponential kinetics (exponential growth) for shorter-

lived transient species (time scale 20 and 80 s) or to a sum of two mono-exponential kinetics 

(exponential decay) for the longer-lived transient species (time scale 20000 s).  

Time scale 
(µs) 

Wavelength 
(nm) 

τ(µs) 

20 600 0.668 

80 460 11.8 

20000 340 1=477;2= 8249  
 

 460 1=396;2= 4450  
 

 600 τ1=1244;τ2=18768 

 

To discuss the feasibility of the proposed PET process and to determine the location of 

the photoejected electrons in the MOF lattice, TAS measurements of the Rudcbpy complex and 

the bpdc ligand in homogeneous solution were also performed to compare with the response of 

Rudcbpy-UiO-67(Zr). Upon 532 nm laser excitation of an aqueous solution of Rudcbpy 

complex, a transient absorption spectrum decaying in less than 1 µs, coincident with that 

previously reported,
35,41

 was recorded (Figure S11). The lifetime of the triplet excited state of 

dissolved Rudcbpy complex was calculated as 0.022 s from the best fit of the temporal profile 

of the transient signal monitored at 400 nm to a mono-exponential kinetics. This Rudcbpy triplet 

excited state is quenched by the addition of an aqueous solution of Zr6O4(OH)4, (= 0.010 s) 

(Figure S12) supporting the assumption that in Rudcbpy-UiO-67(Zr) the photogenerated triplet 

will be also quenched by the Zr6O4(OH)4 nodes, probably even more efficiently. However, the 

transient signals monitored at 400, 460 and 715 nm do not change in the presence of an aqueous 
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solution of bpdc (Figure S13), supporting the lack of quenching of Rudcbpy triplet excited states 

in the MOF by this bpdc ligand. Addition of an aqueous solution of both, Zr6O4(OH)4 and bpdc, 

in equimolar concentration causes the same quenching of the triplet excited state of the Rudcbpy 

complex as the addition of the Zr6O4(OH)4 alone.  

These results obtained from the homogeneous TAS measurements could be used to 

rationalized the photophysics occurring in the solid Rudcbpy-UiO-67(Zr) MOF. Thus, it is 

proposed that the triplet excited state of Ru
2+

 complex in the MOF should be able to transfer one 

electron to one of the Zr
4+

 ions of the inorganic cluster Zr6O4(OH)4, but not to the 

biphenyldicarboxylate ligands of the MOF lattice. Accordingly, the PET process upon selective 

532 nm laser excitation of the Rudcbpy-UiO-67(Zr) MOF should take place from the excited 

Ru
2+|3 

of the Rudcbpy complex grafted to the MOF lattice to the inorganic cluster (see Scheme 

1). To further confirm this proposal, an additional experiment was performed using UiO-67(Zr) 

as reference. Figure S14 shows the difference diffuse reflectance spectra between the UiO-67 

MOF before and after the treatment with solid Mg as reducing agent. A continuous absorption 

spanning from 400 to 800 nm appears upon chemical reduction of UiO-67(Zr) MOF. This new 

absorption feature upon chemical reduction can be attributed to reduced zirconia clusters of UiO-

67(Zr) MOF. It is expected that the redox potentials of the zirconia clusters are the same in both 

MOF UiO-67(Zr) and Rudcbpy-UiO-67(Zr), analogously to the invariability of the energetics of 

Rudcbpy complex incorporated into the UiO-67 MOF.
39 

Therefore, it should also be possible to 

reduce the zirconia cluster in the Rudcbpy-UiO-67(Zr) MOF upon photoexcitation. Besides 

proving the possibility to reduce zirconia clusters in Rudcbpy-UiO-67(Zr) MOF, the Mg 

reduction allows to obtain the optical spectrum of the reduced zirconia clusters (Figure S14) that 

is similar to the TAS recorded at long times (500 s) upon selective excitation of the Ru complex 
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in Rudcbpy-UiO-67(Zr) MOF, as it can be observed in the comparative Figure S16. This 

reference optical spectrum for reduced zirconia clusters supports the proposal of the occurrence 

of a PET process from excited Ru
2+|3 

triplets of the Rudcbpy complex grafted to the MOF lattice 

to the inorganic zirconia cluster. It is worth mentioning that the TAS recorded at long times upon 

selective excitation of the Rudcbpy-UiO-67 MOF does not coincide exactly with the reference 

spectrum of the reduced zirconia clusters because in addition to photoejected electrons located in 

the inorganic (Zr)6O4(OH)4 clusters, there should be other transient species, such as the positive 

hole located on the bpdc ligand or Ru species, that should contribute to the recorded TAS and 

whose absorption bands can overlap with those of the reduced zirconia cluster. The PET process 

from the organic linker to the inorganic cluster upon irradiation of the MOF has been previously 

reported for other type of MOF materials.
6,10,18,45

 

The nature of the positive hole photogenerated after the PET process could be assigned, at first 

(20 s) to the Ru
3+

 species, while there is still bleaching of the ground state, but the emission has 

disappeared. At long times after the laser pulse, 500 s, when the bleaching of the Ru
2+

 complex 

is not further observed, it is reasonable to assume that there are no more Ru species involved in 

the transient signals. This means that the Ru
3+

 species has accepted one electron to return to the 

initial Ru
2+

 state. The observed shift in the maximum of the absorption band around 350 nm of 

the TAS recorded at long times could be related with the migration of the positive hole from the 

highly oxidizing Ru
3+

 species to the MOF lattice or to the water adsorbed molecules leading to a 

relocation of the positive hole at long times. The bpdc ligands of the MOF lattice are the most 

probable moieties being oxidized by the Ru
3+

 species, leading to a positive hole species located 

on these biphenyldicarboxylate units. For dissolved Rudcbpy complex, the back electron transfer 

should be very fast, leading to a charge separated state in the nanosecond time scale which does 
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not live long enough to be detected by our laser set-up. Thus, the appropriate way to record the 

TAS of the oxidized bpdc ligand is to irradiate the reference MOF without Rudcbpy complex, 

UiO-67(Zr), at 266 nm where the MOF absorbs light. Figure S15 shows the TAS of UiO-67(Zr) 

MOF upon 266 nm laser excitation. It has been recently reported for the UiO-66 MOF
47

 that the 

PET process from the bpdc ligand to the inorganic cluster is not kinetically possible since there is 

no overlapping between the corresponding orbitals. Thus, the transient signal recorded when 

irradiating the UiO-67(Zr) at 266 nm should be correlated to the photogeneration of the oxidized 

bpdc ligand together with the solvated electron, most probably due to the presence of adsorbed 

H2O on the MOF. It is well known in literature that the solvated electron in porous materials 

such as zeolites lives in the time scale of micro to milliseconds and the maximum absorption 

wavelength of its TAS depends on the chemical composition of the porous material in which it is 

photogenerated.
49-51

 The TAS of the oxidized bpdc ligand, which is characterized by a 

continuous absorption in all the spectral range with higher absorption intensity at short 

wavelengths, is similar to the TAS recorded at long times, 500 µs, for the Rudcbpy-UiO-67(Zr) 

MOF upon 532 nm laser excitation (see comparative Figure S16). Analysis of the transient 

spectra of Rudcbpy-UiO-67(Zr) was made considering that it should be the sum of the absorption 

spectra of electrons and holes in Rudcbpy-UiO-67(Zr). The absorption spectrum of electrons in 

Rudcbpy-UiO-67(Zr) was considered to be the difference spectra after and before addition of Mg 

to UiO-67 (Zr). The absorption spectrum of holes located at the bpdc ligand in Rudcbpy-UiO-

67(Zr) was assumed to be the transient spectrum of UiO-67(Zr) upon excitation at 266 nm. It 

was considered that under these conditions, charge separation occurs and electrons are quenched 

by coadsorbed water. This quenching could be further confirmed by looking at the TA spectrum 

of the dehydrated UiO-67 upon 266 nm in a non-polar organic solvent.
52

 In spite of the relatively 
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poor resolution and the limited data points of the electron and holes spectra, the sum of the two 

agrees reasonable well with the transient spectrum of Rudcbpy-UiO-67(Zr). Figure S16 shows 

the comparison of the spectra calculated for the electron in the inorganic node and the positive 

hole in the bpdc ligand, the sum spectrum and the experimental spectrum recorded at long time 

after laser excitation. This analysis is compatible with our proposal of the occurrence of a PET 

process, competing with the emissive deactivation of the triplet excited state of Ru
2+

. The PET 

process upon selective 532 nm laser excitation of the Rudcbpy-UiO-67 (Zr) MOF should take 

place from the triplet excited state of the Rudcbpy complex grafted to the MOF lattice to the 

inorganic cluster leading to a highly oxidizing Ru
3+

 transient species that returns to the ground 

state by oxidizing the bpdc ligands of the MOF lattice. It should be noted that the sum spectrum 

is not exactly the same as the experimental spectrum. Specifically, there is an absorption band 

between 350 and 450 nm in the sum spectra that seems not to be present in the experimental 

spectrum. This could be attributed to the fact that UiO-67(Zr) is taken for analysis of the 

transient spectra of Rudcbpy-UiO-67 (Zr) and the presence of the ruthenium complex could 

introduce additional spectral changes. Therefore, it should be also possible that the strongly 

oxidizing Ru
3+ 

state decay also partly oxidizing adsorbed water molecules, in addition to the 

bpdc ligands. The lifetime of the charge separated state would be so long, because the positive 

hole and the electron are not geminate and should eventually recombine separately.  

 

3.4 Generation of methyl viologen radical cation 

The steady-state 532 nm laser irradiation of an acetonitrile suspension of the Rudcbpy-UiO-

67(Zr) MOF in the presence of methyl viologen, MV
2+

, as electron acceptor, and TEOA as 
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sacrificial electron donor, gives rise to the formation of the methyl viologen radical cation, MV
.+

, 

which can be visually observed by the appearance of its characteristic blue color.
30,53

 This 

indicates that upon visible light irradiation a PET process from the photoexcited Rudcbpy-UiO-

67(Zr) MOF to the MV
2+

 has occurred when a source of electrons as TEOA is present (Figure 6). 

Blank controls have been performed showing that MV
.+

 is not generated in the dark or upon 

irradiation in the absence of TEOA. In contrast, the MV
.+

 can be generated upon irradiation: i) 

employing the Rudcbpy complex, as reference, ii) employing UiO-67(Zr) MOF instead of 

Rudcbpy-UiO-67(Zr) MOF, and iii) in the absence of Rudcbpy-UiO-67(Zr) MOF, when only 

MV
2+ 

and TEOA are present in the medium. Low concentrations of MV
.+

 were detected in blank 

controls ii and iii, indicating some degree of spontaneous chemical reduction of MV
2+

 by TEOA. 

In these blank controls, TEOA is the reducing chemical agent and reduces MV
2+

 directly. In the 

experiments where Rudcbpy-UiO-67(Zr) MOF or Rudcbpy complex were uses as 

photosensitizers and MV
2+

 and TEOA are present, the MV
.+

 concentration measured upon 

irradiation was much higher. The prevalent process is proposed to be a PET process from the 

photoexcited Rudcbpy-UiO-67(Zr) MOF or Rudcbpy complex to the MV
2+

 when a sacrificial 

electron donor TEOA is present, accompanied by a lesser contribution of the direct chemical 

reduction of MV
2+

 by TEOA.  

The UV-vis absorption spectra recorded for most of these assays showed the characteristic 

absorption bands of the MV
.+

, a sharp and  intense absorption band at 390 nm and a broad and 

less intense structured absorption band centered at about 600 nm (Figure 6). The concentration of 

the photogenerated MV
.+

 in the different experiments could be calculated by using the reported 

extinction coefficient of MV
.+

 at 600 nm,
54

 and subtracting the low concentration of the MV
.+
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radical cation obtained in the blank experiment iii, when only MV
2+

 and TEOA are present. 

Table 2 summarizes the data obtained. 

 

Scheme 1. Proposed PET process upon 532 nm laser excitation of the Rudcbpy-UiO-67(Zr) 

MOF. 
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Figure 6. UV-vis absorption spectra of an acetonitrile suspension of the Rudcbpy-UiO-67(Zr) 

MOF in the presence of MV
2+

, as electron acceptor, and TEOA, as sacrificial electron donor 

before (a) and after (b) 532 nm laser irradiation. The photographs show the real color of the 

solutions under each condition. 

 

An acetonitrile suspension of the Rudcbpy-UiO-67(Zr) solid MOF in the presence of 

MV
2+ 

and TEOA was prepared under the same experimental conditions employed for the 

photogeneration of MV
·+ 

radical cation. Before irradiation, the Rudcbpy-UiO-67 solid MOF was 

centrifuged from the mixture and the UV-vis spectrum of the supernatant solution was recorded 

(Figure S17). No absorption band at 450 nm attributable to the Rudcbpy complex could be 

observed.  Furthermore, ICP analysis of the supernatant solution reveals that the Ru leaching 

from the MOF to the solution was negligible (0.22 % Ru of the initial Ru content of Rudcbpy-

UiO-67(Zr)), thus indicating the stability and robustness of the Rudcbpy-UiO-67(Zr) MOF in the 

presence of TEOA. The stability of the MOF under the 532 nm laser irradiation conditions has 

been previously established when commenting the TAS measurements.  

Then, taking into account that the solutions containing the Rudcbpy-UiO-67(Zr) MOF 

and the Rudcbpy complex were matched to the same absorbance at the irradiation wavelength 

(532 nm) and have been prepared under the same experimental conditions, the concentration of 

the photogenerated MV
.+

 could be indicative of the efficiency of the PET process from the 

photoexcited Ru
2+

 to the MV
2+

. It should be noted that the amount of MOF employed to prepare 

the suspension is very small and that this suspension was sonicated for 15 min before measuring 

the UV-Vis spectrum. These conditions minimize light scattering and allows sufficient 
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transmittance for ensuring reliable measurements in the transmission mode. It has been 

calculated that the PET process from the photoexcited Rudcbpy-UiO-67(Zr) MOF to the MV
2+ 

was 26 % with respect to that from the homogeneous complex Rudcbpy. This decrease in the 

PET efficiency is probably a reflection of diffusion limitations as consequence of immobilization 

of Rudcbpy complex in the structure of the UiO-67 MOF, or due to MV
2+

 diffusion limitations 

into and through the bulk of the MOF crystallite and its restricted access to Ru complexes in the 

MOF bulk or due to the less efficient light absorption by the anchored Ru complex due to light 

scattering. 

Table 2. Concentration of the photogenerated MV
.+

 radical cation in the different 

experiments under 532 nm laser irradiation for 10 minutes, calculated by using the reported 

extinction coefficient of the 600 nm absorption band (ε = 13900 M
-1

cm
-1

 from ref 54) and 

subtracting the concentration of the MV
.+

 obtained in the blank experiment when only MV
2+

 and 

TEOA are present.  

Photocatalyst [MV
.+

] (M) 

UiO-67(Zr) 0 

Rudcbpy-UiO-67(Zr) 12.3 

Rudcbpy 48.3 

 

3.5 Photoredox activity 
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Understanding of the photophysics occurring in this system has been employed to perform the 

photocatalytic debromination of α-bromoacetophenone (1).
27,55

 Control experiment in the 

presence of Rudcbpy-UiO-67(Zr) in the dark does not show any conversion. Similarly, treating 

compound 1 with TEOA under UV-visible light irradiation in the absence of Rudcbpy-UiO-

67(Zr) leads to the formation of acetophenone (2) with a yield about 10 % at 2 h. In contrast, 

when Rudcbpy-UiO-67(Zr) was present at 1 mol% together with TEOA and the mixture was 

irradiated with UV-visible light conversion of substrate 1 over 90 % yielding exclusively 

compound 2 was observed (Scheme 2). The yield of the debromination reaction of 2-

bromoacetophenone using UiO-67 MOF as photocatalyst instead of Rudcbpy-UiO-67 MOF was 

approximately the same as the one obtained for the blank control in the absence of photocatalyst, 

thus indicating that the UV absorption of the UiO-67 MOF does not contribute significantly to 

the photocatalytic activity of the Rudcbpy-UiO-67 MOF. 

 

Scheme 2. Debromination reaction of 2-bromoacetophenone using Rudcbpy-UiO-67(Zr). 

Figure 7 shows the temporal evolution of the photoredox debromination compared to the 

controls. An additional experiment was performed to determine the photocatalytic activity of 

Rudcbpy complex as homogeneous photocatalyst at the same concentration and the results are 

also plotted in Figure 7. It can be seen there that the reaction rate of the homogeneous Ru(II) 

complex was much lower than that measured for the heterogeneous Rudcbpy-UiO-67(Zr). 

According to the previous characterization of the transients involved in the process, it seems that 

3 mL CH3CN 
0.5 mmol TEOA    
UV-visible light 

Rudcbpy-UiO-67 
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the long lifetime of the charge separation states for the complex attached to the UiO-67(Zr) 

structure is the main factor justifying the higher efficiency of the heterogeneous version of the 

photoredox debromination.  

When using solid catalyst two issues that should be addressed are to prove the 

heterogeneity of the process and the stability of the material. To demonstrate the heterogeneity of 

the photoredox reaction using Rubcdpy-UiO-67(Zr) as solid photocatalyst, two twin experiments 

were performed under the optimal conditions. In one experiment, the solid photocatalyst was 

removed at 10 minutes reaction time, when conversion reached 25 %. In the other experiment the 

photocatalyst was present during the complete reaction time. The results are presented in Figure 

8. It was observed that while the reaction in the presence of solid catalyst reached almost 

complete conversion at 2 h, filtration of the solid 10 minutes after starting the reaction stops 

completely the debromination reaction, showing that it is the solid material the active 

photocatalyst for the transformation. To further confirm the heterogeneity of the process and the 

stability of the MOF under the reaction conditions, two additional tests were performed. The 

UV-Vis spectrum of the filtered solution was recorded (Figure S18), whereby no absorption 

bands attributable to the Rudcbpy complex were observed. ICP analysis of the filtered solution 

revealed that Ru leaching from the MOF to the solution was 0.15% Ru of the initial Ru content 

in the MOF, thus indicating the stability and robustness of the Rudcbpy-UiO-67 MOF under the 

photoreaction conditions.   



 26 

 

Figure 7. Time-Conversion plot for the debromination reaction of 2-bromoacetophenone (1) to 

acetophenone (2) using (■) Rubcdpy-UiO-67(Zr), (□) Rubcdpy, (○) cis-dichlorobis(2,2’-

bipyridine) Ruthenium (II) and (●) blank control. Reaction conditions: catalyst (0.2 mol% of 

Ru), substrate (1 mmol), 3 mL CH3CN, 0.5 mmol TEOA and UV-Visible light. 

 

Figure 8.  Time-Conversion plot for the debromination reaction of 2-bromoacetophenone (1) to 

acetophenone (2) using (■) Rubcdpy-UiO-67(Zr) as catalyst that is filtered at 10 min reaction 
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time (□). Reaction conditions: catalyst (0.2 mol% of Ru), substrate (1 mmol), 3 mL CH3CN, 0.5 

mmol TEOA and UV-Visible light. 

Stability of Rubcdpy-UiO-67(Zr) was supported by performing a series of consecutive 

uses of the same sample following the temporal profile of the photodebromination and checking 

the crystallinity of the MOF after extensive use. The results are presented in Figure 9. Very 

similar initial reaction rates, temporal evolutions and final conversions were observed after three 

consecutive uses of the same Rubcdpy-UiO-67(Zr), indicating that the photocatalytic activity is 

not decreased by deactivation of the material. The minor differences in the temporal profile 

could be due to unavailable losses of some material during the recycling work up. XRD of the 

solid after three consecutive uses exhibits the same pattern as that of the fresh material 

confirming that the crystal structure of UiO-67(Zr) is completely preserved in the photocatalytic 

reaction. This stability is in accordance with the robustness of UiO-67(Zr) structure generally 

reported under various reaction conditions.  

 

Figure 9.  Reusability experiments using Rubcdpy-UiO-67(Zr) as catalyst in the debromination 

reaction of 2-bromoacetophenone (1) to acetophenone (2). Reaction conditions: catalyst (0.2 

mol% of Ru), substrate (1 mmol), 3 mL CH3CN, 0.5 mmol TEOA and UV-Visible light. Legend: 
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1st (■), 2nd (□) and 3rd use (●).  Inset: XRD of fresh Rubcdpy-UiO-67(Zr) (a) and Rubcdpy-

UiO-67(Zr) used three times (b). 

Based on the previous characterization of the charge separation state and the quenching 

studies with sacrificial electron donor, the photodebromination mechanism indicated in Scheme 

3 is proposed. After light absorption by the Rudcbpy unit and generation of the charge 

separation, electron transfer to compound 1 would generate bromide and α-ketomethyl radical 

that could undergo a second electron transfer before diffusing outside the MOF pores resulting in 

the corresponding enolate that after protonation would form acetophenone (2). The 

photochemical cycle is closed by the tertiary amine acting as electron donor restoring the 

Rudcbpy-UiO-67(Zr) to the initial state. This proposal is in agreement with related precedents on 

homogeneous photoredox reactions.
27,55

 

 

Scheme 3. Proposed photodebromination mechanism of 2-bromoacetophenone (1) using 

Rudcbpy-UiO-67(Zr). 
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Even though Rudcbpy-UiO-67(Zr) has attracted considerable attention as photocatalyst, 

photophysical studies on this material reported so far have been based on photoluminescence 

studies that only report on the emissive triplet excited state of the anchored Ru complex. By 

using TAS, spectroscopic evidence in support of the occurrence of a PET process from the 

excited Ru
2+*

 triplet to the MOF lattice in Rudcbpy-UiO-67(Zr) upon visible light irradiation has 

been obtained. This PET leads to the generation of a previously undetected long-lived 

(milliseconds) charge separation state. Analogous TAS measurements for the soluble Rudcbpy 

complex in water support the assignment of the photogenerated charge separated species to 

photoejected electrons, located on the inorganic cluster Zr6O4(OH)4, and to positive holes, 

located on Ru
3+

 species, for the first 20 microseconds after the laser pulse, and, then, migrating 

to the MOF lattice or reacting with H2O molecules. The occurrence of PET was firmly 

demonstrated by the visual observation of the generation and growth of MV
.+

 radical cation that 

was characterized by steady-state spectroscopy. The long lifetime of the photoinduced charged 

separated state has been postulated to be advantageous for the efficient photocatalytic 

debromination of α-bromoacetophenone using a tertiary amine as reductant sacrificial agent, 

following a photoredox mechanism. Rudcbpy-UiO-67(Zr) acts as a heterogeneous photocatalyst 

and can be reused without decreasing the catalytic activity or changes in the structure of the 

material.  
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