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Unveiling the Mechanism of the Photocatalytic Reduction of CO2 
to Formate Promoted by Porphyrinic Zr-Based Metal-Organic 
Frameworks
Youven Benseghir,a,b,‡ Albert Solé-Daura,a,‡ Daniel R. Cairnie,c,‡ Amanda L. Robinson,a Mathis 
Duguet,a,b Pierre Mialane,*,b  Priyanka Gairola,b,d Maria Gomez-Mingot,a Marc Fontecave,a Diana 
Iovan,c Brittany Bonnett,c Amanda J. Morris,*,c Anne Dolbecqb and Caroline Mellot-Draznieks*,a

A complete picture of the reaction mechanism responsible for the photocatalytic reduction of CO2 into formate promoted 
by Zr-based porphyrinic MOF-545 (PCN-222) in acetonitrile/triethanolamine (CH3CN/TEOA) solutions is provided for the first 
time by combining experimental and computational approaches. Firstly, we combined the metalation of the porphyrin 
linkers and the synthesis under microwave conditions of nano-sized materials (150-200 nm) to reach one of the highest 
CO2RR activities under visible light irradiation reported so far for a MOF-based catalyst in terms of formate production 
(identified in all cases as the sole product), i.e., 6000 μmol g-1 after 4 h for the NanoMOF-545(Fe). A thorough mechanistic 
study of CO2RR is provided afterwards, which elucidated the respective roles of TEOA, the porphyrin linkers and Zr6-nodes. 
Photophysical measurements of both metalated and unmetalated MOFs excluded the prevailing belief of ligand-to-Zr6 
cluster charge-transfer states formation, while bulk photolysis proved that the porphyrinic linkers of the MOF promotes the 
photooxidation of TEOA under catalytic conditions. DFT calculations allowed characterizing with atomistic detail a novel 
reaction mechanism whereby TEOA● radicals generated photochemically at the porphyrinic linkers play the crucial role of 
transferring a formal hydride to a CO2 molecule activated on a ZrIV center, which acts as a Lewis acid. Notably, this mechanism 
backed by additional experimental assays explains the experimental activity trends observed upon metalation, on the basis 
of the ability of the materials to accomplish the photo-oxidation of TEOA. While elucidating the reaction pathways at work 
in Zr6-based MOFs with chromophore linkers, the findings reported herein pinpoint new mechanistic features capable of 
rationalizing other light-driven reactions making use of TEOA (or structurally related donors) and ultimately, inspire the 
bottom-up design of new catalysts and catalytic routes. 

Introduction
The one-way causality between greenhouse gases and the 
annual global mean surface temperature anomalies is now well-
established, and among them, CO2 is the main driver.1 Reducing 
CO2 emissions will thus be one of the critical challenges in the 
decades to come. Several technologies have been identified as 
capable of delivering carbon dioxide removal at scale.2 
Nevertheless, while CO2 conversion is not a silver bullet to solve 
the CO2 mitigation problem, this strategy should play a key role 
in the transition to a sustainable future in particular as it can 
enable the transformation of CO2 - used as a costless C1-

feedstock - into high added-value synthetic fuels.3 To date, 
thermocatalysis,4,5 electrocatalysis,6–8 photocatalysis,9,10 
radiolysis11 as well as photoelectro-chemical12–14 and 
biochemical15,16 techniques have been used for CO2 conversion. 
Targeting photocatalysis, semiconductors, molecular 
complexes and metal-organic frameworks (MOFs) – or their 
combination – have been particularly considered for the 
photochemical CO2 reduction reaction (CO2RR).17–19 
Importantly, MOFs based on metal clusters (nodes) and 
multidentate organic ligands (linkers), which act as antenna 
upon illumination, do not require additional noble metal-based 
photosensitizers (PSs), bypassing the largely used [Ru(bpy)3]2+ 
for photocatalytic applications. In a seminal example, Fu et al. 
reported that the photosensitive aminated  2-
aminoterephthalate linker of the NH2-MIL-125(Ti) MOF enables 
the photoreduction of CO2 to formate under visible light 
irradiation in the absence of any additional PS, using 
triethanolamine (TEOA) as a sacrificial donor.20 In similar 
conditions, NH2-UiO-66(Zr) was shown to exhibit CO2 to formate 
conversion upon visible-light irradiation.21 Zirconium MOFs 
made of porphyrin linkers22 as photoactive components 
emerged soon after these reports as a particularly attractive 
sub-family of MOFs for CO2RR. First exemplified with MOF-525 
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and then MOF-545, which are both built of tetrakis(4-
carboxyphenyl)porphyrin (TCPP) linkers connecting Zr6 nodes, 
such MOFs photoreduce CO2 into either CO and methane23,24 or 
into formate,25 respectively. Further improved catalytic 
performances were reported either through post-synthetic 
metalation of the TCPP linkers,23,26,27 or via partial substitution 
of ZrIV by TiIV cations.28 

Thus far, several hypotheses have been evoked regarding 
the mechanisms involved in the photocatalytic CO2RR by 
porphyrinic MOFs. Inspired by the photoinduced linker-to-node 
charge transfer occurring in the aminated Ti-MIL-125,29 it has 
been proposed that the photoexcited porphyrin linker of MOF-
545(Zn) may transfer an electron to the ZrIV

6 node. This leads to 
the assumption that reduced ZrIII species25 could form in a 
similar fashion as proposed for the NH2-UiO-66(Zr) catalyst,21 
being thus the catalytically active reducing centres. However, 
the occurrence of linker-to-metal charge transfer in Zr-based 
porphyrinic MOFs has been a matter of debate in the 
literature.30–35 Conversely, some authors assigned the CO2RR 
photocatalytic activity of porphyrinic MOF to the metalated 
porphyrins rather than to the Zr nodes,23 while others proposed 
dual routes whereby both the metalated porphyrin and the Zr6 
clusters act as active catalytic sites.36 Overall, although many 
efforts have been devoted to investigating the catalytic 
properties of this family of materials, the mechanisms 
underlying their activities for CO2RR are still the subject of 
intense debate. As such, the respective possible roles of the 
porphyrin linkers and of the Zr metal centres of the inorganic 
nodes remain to be elucidated.

Herein, we initially explored the metalation (MnIII, FeIII, CoII, 
CuII, ZnII) of the Zr-based porphyrinic MOF-545 to combine it, for 
the first time, with the nanosized scale synthesis37 of MOF-
545(TM) (TM = transition metal). The complementary strategies 
boost the targeted photocatalytic activity towards the visible-
light driven reduction of CO2 to formate in acetonitrile:TEOA 
mixtures. We then provide the first complete picture of the 
reaction mechanism with atomic detail. We carried out a 
comprehensive mechanistic investigation by combining 
spectroscopic and photophysical techniques with theoretical 
Density Functional Theory (DFT) calculations and additional 
photocatalytic assays, allowing us to characterize an 
unprecedented reaction mechanism for CO2 reduction into 
formate. In addition to elucidating the respective roles of the 
porphyrin linker and the Zr6-nodes, our findings reveal a new 
unexpected role for TEOA, acting as a hydride-donor species 
upon photo-oxidation. Aside from shedding new light on the 
photocatalytic activity of the porphyrinic MOF-545, this 
knowledge might open avenues toward understanding the large 
range of photocatalytic processes using TEOA as a sacrificial 
donor.

Results and discussion
1. Preparation and characterization of metalated and nanosized 
MOF-545 catalysts.

MOF-545, shown in Figure 1a with its organic and inorganic 
components, was synthesized following a reported synthetic 

procedure using 1,2-dichloroacetic acid as a modulator.38 
Metalated MOF-545(TM) (TM= MnIII, FeIII, CoII, CuII, ZnII) were 
obtained via an analogous protocol while using the required 
(TM)TCPP ligand instead of the unmetalated porphyrin 
derivative as the starting reactant. Powder X-ray diffraction 
(PXRD) patterns (Figure S1) and infrared (IR) spectra (Figure S2) 
support the formation of the targeted materials with the MOF’s 
characteristic peaks (see SI for details). Solid-state UV-Vis 
spectra evidence the porphyrin ligands Soret band at ca. 420 nm 
and the four Q bands in the 500–800 nm range (Figure S3).

In addition to the syntheses described above, the synthesis 
of nanocrystalline MOF-545(Fe) was achieved via a new 
microwave protocol. The synthesis of nanosized crystals of 
unmetalated MOF-545 was reported in DMF at 130 °C by high-
throughput screening39 and later applied for the preparation of 
nanocomposite reverse osmosis membranes.40 Moreover, the 
use of various amounts of acetic acid as a modulator in DMF at 
65 °C was reported to allow for the control of the crystals’ size.41

However, the reported yields were rather low in both 
syntheses. To our knowledge, there has been no report on the

Figure 1. a) Crystal structure of MOF-545 and closer look to its organic (linkers) and 
inorganic (nodes) components. Colour code: Zr (cyan), O (red), C (gray), N (blue), H 
(white) incorporated TM ion into the porphyrinic linker (magenta). In the case of the Mn-
and Fe-containing MOFs, the cationic metal centre is coordinated to a Cl anion; b) SEM 
images of MOF-545 (left), NanoMOF-545 (middle) and NanoMOF-545(Fe) (right).

synthesis of nanosized MOF-545(Fe) so far. We thus developed 
a synthetic protocol to obtain NanoMOF-545 and NanoMOF-
545(Fe) under microwave conditions (130 °C, 800 W, 20 min) in 
good yield (see Experimental section). Their PXRD patterns 
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were found in full agreement with those of MOF-545 with an 
expected widening of the Bragg peaks (Figure S1c). SEM images 
indicate sizes of ca. 3000, 200 and 150 nm for MOF-545, 
NanoMOF-545 and NanoMOF-545(Fe), respectively (Figure 1b). 
A full-characterisation of the catalytic materials is described in 
the supplementary information, including EDX, FT-IR, UV-Vis 
spectra, TGA, N2 adsorption/desorption isotherms and XPS 
analyses (Figures S2-S6). 

2. Photocatalytic reduction of CO2.

The photocatalytic activities for CO2RR of the MOF-545(TM) 
series of solids were investigated in acetonitrile with TEOA as 
sacrificial electron/proton donor under visible light illumination 
with a 280 W Xe arc lamp. Only formate was formed and no 
other product, such as H2, CO or CH4 could be observed. A series 
of control experiments were performed with one component 
missing in each test, i.e., light, TEOA, the photocatalyst (here the 
MOF) or CO2, showing there was no significant formate 
production (Table S1). Amongst the MOF-545(M) series, the 
production of HCOO- increased with TM = Cu < Co < Mn < Zn < 
Fe, reaching a maximum of 2264 µmol g-1 after 4 h with the 
MOF-545(Fe) photocatalyst (Figure 2). The MOF-545(Fe) was 
thus selected for investigating further the effect of nanosized 
particles on the photocatalytic performances of metalated MOF 
for CO2RR. NanoMOF-545(Fe) exhibited a remarkable formate 
production of 4640 µmol g-1 after 4 h, well above that of MOF-
545(Fe) (Figure 2). This value exceeds by far those reported to 
date for almost all MOF-based photocatalytic systems operating 
under visible light (Table S2). Similarly, the unmetalated 
NanoMOF-545 exhibited a higher activity than MOF-545 (1600 
vs 636 µmol g-1 after 4 h) (Figure 2). This can be ascribed to the 
higher density of catalytic sites accessible to CO2 and shorter 
diffusion distances. Overall, the above results highlight how the 
photocatalytic activity of MOF-545(TM) for CO2RR can be tuned 
by playing both on the nature of the porphyrin metal centre and 
the size of particles. 

Of note, we realized that a significant amount of the formate 
produced during the catalytic process remained adsorbed to 
the MOF, as the result of the strong affinity of the formate 
product for the Zr centres of the MOF.38,41 More precise formate 
yields for NanoMOF-545(Fe) were thus obtained by adding the 
amount of formate produced as measured in the supernatant 
to that retrieved upon washing the MOF with water at 60 °C, 
this at the end of each photocatalytic test. By doing so, the 
visible light-driven formate production with NanoMOF(Fe) 
accounted for a remarkable value of 6000 µmol g-1 after 4 h (see 
pale-green bar in Figure 2 and Figure S7a). Finally, recyclability 
experiments were conducted over three runs (Figure S7b), 
showing only a slight decrease in activity (91% and 88% of 
formate production, respectively). Post-catalytic PXRD of 
NanoMOF-545(Fe) did not show any significant loss of 
crystallinity (Figure S8). We thus believe that such decrease 
mainly emanates from the slight mass losses along the recovery 
of the catalyst of the runs.

Figure 2. Formate production after 4h for MOF-545 (dark red), MOF-545(Cu) (orange), 
MOF-545(Co) (yellow), MOF-545(Mn) (violet), MOF-545(Zn) (blue), MOF-545(Fe) (dark 
green), NanoMOF-545 (light red), and NanoMOF-545(Fe) (light green), normalized per g 
of catalyst. The superimposed bar in pale green for NanoMOF-545(Fe) shows the 
formate production measured after washing steps (see text for details). Reaction 
conditions: catalyst 2 mg, CH3CN/TEOA (10:1) 2 mL (λ > 415 nm, 280 W).

3. Mechanistic study.

Aiming to understand the reaction mechanism governing the 
photoreduction of CO2 into formate catalysed by MOF-545 and 
its metalated analogues, as well as to rationalize the 
experimental reactivity trends, we carried out a comprehensive 
mechanistic analysis by combining photophysical and 
spectroscopic measurements with theoretical DFT calculations 
and additional photocatalytic experiments.

3.1. Probing the role of excited states in MOF-545: absence of 
linker-to-metal charge transfer. To evaluate the possibility of a 
long-lived charged separated state formation in MOF-545-
based catalysts and its potential role in the catalytic mechanism, 
we conducted a photophysical characterization of the catalytic 
materials by means of time-resolved emission and transient 
absorption (TA) spectroscopic measurements. Importantly, TA 
spectroscopy can provide a spectral map of all photogenerated 
states and was thus used here to probe the formation of 
putative charge-separated species such as oxidized porphyrin 
linkers and reduced Zr6 clusters. To this end, we selected the 
unmetalated MOF-545 and its Zn-metalated analogue, which 
were studied in DMF solvent due to the stability of the resulting 
suspension and its suitability for TA measurements. It is 
important to note that FeIIICl-TCPP and thus, MOF-545(Fe) could 
not be investigated with TA spectroscopy, as they are non-
emissive due to ultrafast intersystem crossing from a ligand π* 
excited state to a low-lying metal-centred 4d-d* state, which 
ultimately relaxes back down to its ground state non-radiatively 
on a sub-ns timescale.42–44 All spectral and photophysical 
features of both MOF-545 and MOF-545(Zn) and their parent 
linkers TCPP and 
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Table 1. Photophysical data of MOF-545 and MOF-545(Zn) suspensions.

3T excited state absorption lifetimes 3T ground state bleach lifetimesSample
τ1 (μs) τ2 (μs) A1 (%) A2 (%) τ1 (μs) τ2 (μs) A1 (%) A2 (%)

MOF-545 16 ± 3 160 ± 30 29 ± 4% 71 ± 4% 11 ± 2 170 ± 20 46 ± 8% 54 ± 8%
MOF-545(Zn) 5 ± 2 90 ± 20 61 ± 2% 39 ± 2% 10 ± 4 100 ± 20 74 ± 3% 26 ± 3%

Figure 3. a) Steady-state transient absorption spectrum of MOF-545(Zn) in DMF using 
NH2-bisterminated 1500 Mn PEG as a suspension stabilizer; b) Absorption kinetics of 
MOF-545(Zn) probed at the excited-state absorption, 480 nm (blue), and the ground-
state bleach, 450 nm (green). λexc = 422 nm, 2-3 mJ/pulse.

(Zn)TCPP in solution may be found in Supplementary 
Information (Figures S9-S30). Upon laser excitation at the 
maximum absorption wavelength (λexc = 422 nm, see Figure 3), 
MOF-545(Zn) exhibited a ground- state bleach (GSB) at 450 nm 
and an excited -state absorption (ESA) at 480 nm (Figure 3a). 
Similarly, MOF-545 displayed a GSB at 430 nm and an ESA at 460 
nm (Figure S26). Table 1 compiles the ESA and GSB lifetimes 
obtained for MOF-545 and MOF-545(Zn) from the fitting of their 
respective decay and recovery traces to a biexponential model. 
The biexponential nature of these curves is consistent with the 
coexistence of two types of porphyrin linkers in our 
samples.30,45 Specifically, the short lifetime (τ1) in MOF-545 can 
be ascribed to a small population of N-protonated TCPP linkers, 
while that of MOF-545(Zn) was attributed to the N-ligation of 
peripheral Zn centres with the suspension-stabilizer used in our 
TA experiments (NH2-PEG-NH2, 1500 Mn), as evidenced by 
control experiments of (Zn)TCPP and the stabilizer in solution 
(see SI for further details). The long lifetime components (τ2) 
correspond to the native TCPP and (Zn)TCPP linkers in MOF-545 
and MOF-545(Zn), respectively.   

Notably, the lifetimes measured at the triplet ESA are 
consistent with those measured at the GSB for both systems 
(see Table 1, Figure 3b, and Figures S27-S28), which demonstr-

-ates that the absorbing species (putatively the porphyrin triplet 
state) decays back to the ground state without the formation of 
any additional excited state. Most importantly, this finding rules 
out the formation of charge-separated states via photo-induced 
electron transfer from the TCPP linkers to the Zr6 clusters. More 
specifically, if a charge-separated state was formed, the 
lifetimes of the ESA and GSB would not agree due to the 
additional contribution of long-lived oxidized porphyrins in the 
spectral region of the GSB. Along the same line, several groups 
proved the lack of efficient linker-to-metal charge-transfer 
(LMCT) in UiO-66-NH2 by means of TA, Electron Paramagnetic 
Resonance (EPR) and DFT.46–48 In fact, as shown in Figures S9-
30, the spectral and photophysical features of both analysed 
MOF-545 and MOF-545(Zn) align quite well with those of their 
parent linkers in solution, further supporting that Zr6 clusters 
are indeed not involved in the excited states of the MOFs 
formed upon visible-light irradiation. Moreover, in line with 
these results, time-dependent DFT (TD-DFT) calculations on Zr6-
(TM)TCPP cluster models extracted from MOF-545(TM) 
structures predicted that the electronic transitions in the visible 
range involve exclusively the frontier molecular orbitals (MOs), 
which are centred on the porphyrinic linkers (Figures S31-S32 
and Table S5). Notably, empty d(Zr) orbitals of the Zr6 node lie 
≥1.5 eV above the LUMO, (Figure S31) rendering any charge-
transfer state inaccessible in energy. Overall, the above results 
allowed ruling out the occurrence of LMCT in unmetalated or 
metalated MOF-545 upon illumination, and in turn, the 
participation of a ZrIII species in the reaction mechanism. 

3.2. Evidence for the photooxidation of TEOA by the 
porphyrinic linkers of the MOF. To investigate the 
photochemical processes that MOF-545 (unmetalated, Zn and 
Fe) may undergo under experimental conditions, steady-state 
photolysis of the MOF suspensions was carried out in 
CH3CN/TEOA (10:1) solutions under an inert atmosphere, using 
a 350 W Xe-arc lamp equipped with both a 395 nm cut-off and 
water IR filters (Figure 4). As shown in Figure 4a, long-time 
exposure of the unmetalated MOF-545 to light resulted in 
significant changes in the electronic absorption spectrum, with 
decreased extinction coefficients and small bathochromic
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Figure 4. Evolution of the steady-state absorption spectra of: a) MOF-545; b) MOF-545(Zn); and c) MOF-545(FeIII) suspensions in CH3CN/TEOA (10:1) under an inert atmosphere at 
increasing irradiation times (black to blue lines) with a 350W Xe arc lamp.
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shifts in the Q-bands. These changes reveal the formation of a 
2H+/2e--reduced porphyrin through the protonation across the 
pyrrolic methine group, known as chlorin.49–55 Similar behaviour 
was observed for the Zn-containing analogue (Figure 4b). In 
contrast, upon photolysis, while the absorption spectrum of 
MOF-545(Fe) exhibits a bathochromic shift of the Soret band by 
6 nm, an hypsochromic shift of the Q-bands from 586 nm and 
628 nm to 572 nm and 614 nm, respectively, was observed 
(Figure 4c). In addition, the extinction coefficient increased over 
time for both the Soret and Q-band excitations.56–58 It is well-
known that these spectral changes (Soret and Q band shift along 
with increased extinction coefficients) are consistent with the 
reduction of MOF-545-FeIII to MOF-545-FeII upon irradiation.59–

61 Of note, the Soret band splits upon photoreduction with a 
main peak at 433 nm and a shoulder at 454 nm, which can be 
attributed to metal ligation resulting in solvent-bound FeII (433 
nm) and TEOA-bound FeII (454 nm).62 The slight broadening of 
the Soret band is known to be caused by axial ligation of Fe with 
coordinating solvents and nitrogenous bases.61,63–67 

These results indicate that under light irradiation, electrons 
are transferred from TEOA to the photogenerated holes in the 
porphyrinic linkers of the MOF. In fact, the photo-oxidation of 
trialkylamines by (metallo)porphyrins in homogeneous 
conditions is a well-known process59,60 involving the formation 
of a positively charged aminyl radical (TEOA●+), corresponding 
to a one-electron oxidised TEOA, in addition to a reduced 
(metallo)porphyrin. In porphyrins containing a high-valent 
metal ions, the first reduction is metal-centred, which is what 
we observed for MOF-545(Fe) (vide supra), while in free-base 
and TMII-containing porphyrins, extra electrons are 
accommodated in π* orbitals of the organic framework, leading 
to (TMII)-TCPP●‒ radical anions (Scheme 1a).68 As shown in 
Scheme 1b, the photogenerated TEOA●+ is spontaneously 
deprotonated by another TEOA molecule to give a neutral 
TEOA● radical species,69–71 which we show is stabilised via the 
formation of a complex with an acetonitrile solvent molecule 
(Scheme 1c). Notably, the deprotonation of TEOA●+ prevents 
back electron transfer, as the reduction of TEOA● is not 
energetically accessible to FeIITCPP nor to TMII-containing or 
unmetalated TCPP●‒ (ΔG > 30 kcal mol-1).

Intriguingly, throughout the photo-oxidation of TEOA by 
these porphyrinic MOFs, there was no direct spectral evidence 
of TCPP●‒ or (Zn)TCPP●‒ formation, as the typical signatures of 
the electrochemically-generated TCPP (i.e., a split Soret band 
and red-shifted Q-bands extending into the NIR region), were 
not observed.36 However, we clearly observed the formation of 
(FeII)TCPP species and that of over-reduction products (chlorin 
species). This indicates that while TCPP linkers can successfully 
photo-oxidise TEOA upon irradiation, the TCPP●‒ intermediate 
is most likely not stable in the framework over extended 
periods. 

At this stage, it is important to note that although the 
porphyrinic linkers of the metalated (or unmetalated) MOFs are 
reduced under photocatalytic conditions, they are unlikely to 
act here as catalytic sites, in contrast with other porphyrin-
containing MOFs.22,24 To substantiate this, we rely also on the 

fact that CO2 is reduced to formate rather than CO either when 
using the unmetalated MOF-545 as the catalyst25 or even with 
other MOFs such as NNU-28,72 PCN-13673 and the aminated 
UiO-66,21 which are built on the same Zr-oxo cluster but lack 
metal centres in their linkers. In addition, the CO2RR activity of 
Fe-containing porphyrins has been assigned to a formal Fe0 
species, which corresponds to a Fe(II) complex with two extra 
electrons delocalized over the porphyrin framework.68 
However, we did not observe the formation of such a highly 
reduced species in our photolysis experiments (Figure 4c). The 
non-participation of a putative metal-hydride in the reaction 
mechanism is also supported by the lack of H2 by-product. 
Instead, the joint analysis of the preceding works rather 
suggests that the Zr-oxo clusters are involved in the CO2RR 
mechanism. Still, we infer from our above transient 
spectroscopy and TD-DFT results that such mechanism does not 
involve the formation of a ZrIII species (vide supra). Additional 
TD-DFT calculations showed that charge-separated states are 
neither accessible under visible-light in a system containing 
transient TCPP●‒ linkers (Figure S33).

3.3. Thermally-activated hydrogenation of CO2 at the Zr6 
nodes. With the above gained knowledge on the photochemical 
and photophysical properties of the MOF-545(TM) series of 
catalysts, we next conducted DFT calculations to provide 
atomistic insights into the reaction mechanism governing the 
reduction of CO2 into formate. Specifically, these allowed us to 
propose and characterise a new reaction mechanism for the 
thermally-activated hydrogenation of CO2 to formic acid 
occurring at the ZrIV

6 nodes of MOF-545 and MOF-545(TM). 
Figure 5 represents the calculated Gibbs free-energy profile for 
the herein proposed mechanism, which consists of three main 
steps: i) the coordination of CO2 to the Zr6 cluster; ii) the 
hydrogenation of CO2; and iii) the release of the product.

Scheme 1. Photochemical TEOA oxidation by the (TM)TCPP linkers under visible-
light illumination and chemical evolution of the one-electron oxidized donor. DFT-
derived Gibbs free energies are given in kcal mol-1. The transient TCPP●‒ radical is 
highlighted in red.
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Figure 5. Gibbs free-energy profile (kcal mol-1) for the reduction of CO2 to formate catalyzed by MOF-545. The red arrow highlights the overall free-energy barrier (3→TS2-4). Relative 
energies of species that contain a TEOA● fragment account for the energy penalty of 2.7 kcal mol-1 associated to displacing the equilibrium depicted in Scheme 1c towards the free 
reducing agent in solution. The free-energy cost for the product release considers the product as a non-covalent formate···TEOA adduct in solution (see Figure S40). 

Following the photo-oxidation of TEOA at the porphyrinic 
linkers (vide supra), the hydrogenation of CO2 requires the 
substitution of a labile aqua ligand from the Zr6 cluster (1) by a 
CO2 molecule, which binds to ZrIV ion through one oxygen atom 
giving species 2. This stepwise process proceeds uphill and is 
endergonic by 12.6 kcal mol-1 (Figure 5). In species 2, the 
C=O(Zr) bond of CO2 is polarised by the effect of the ZrIV ion 
acting as a Lewis acid, increasing the electrophilicity of the 
carbon atom, i.e. activating it for a nucleophilic attack. As such, 
we found that photogenerated TEOA● radicals (see Scheme 1) 
can perform a nucleophilic attack on the C atom of a Zr-bound 
CO2 through TS2-3 (represented in Figure 6a), overcoming a very 
small free-energy barrier of 1.6 kcal mol-1 from the 2-TEOA● 
non-covalent adduct. This process leads to intermediate 3, 
where a C-C bond is formed between the Zr-O=C=O group and 
the alpha carbon of TEOA●. This species is surprisingly stable, 
laying 1 kcal mol-1 below the reactants in terms of free energy. 
This was ascribed to its zwitterionic nature whereby both 
positive and negative charges are stabilised by the electron-
donating character of the alkyl chains and the electron-
withdrawing character the ZrIV centre, respectively (Figure S35). 
The lifetime of free TEOA● radicals has been reported to be of a 
few ms in aqueous solutions,74 which translates into 
degradation barriers of ca. 14 kcal mol-1 assuming first-order 
kinetics, most likely due to its high tendency to undergo 
oxidation processes (Eox of -1.12 V vs SCE).75 However, the 
formation of 3 through a kinetically accessible pathway 

stabilises the SOMO of TEOA● by 3.3 eV, hampering its oxidation 
and in turn, preventing its decomposition. 

From 3, TEOA● can be regenerated by going back to the 2-
TEOA● adduct through TS2-3, (ΔG‡ = 12.7 kcal mol-1, see Figure 
5). Interestingly, our DFT calculations revealed that once 
released, TEOA● can transfer a formal hydride (highlighted in 
red in Figure 5) to the carbon atom of the ZrIV-bound CO2 
through a smooth free-energy barrier of 10.9 kcal mol-1 
involving TS2-4 (shown in Figure 6b). This hydride-transfer 
triggers the spontaneous abstraction of the hydroxyl proton of 
TEOA● (highlighted in blue) by a basic Zr-OH site of the MOF to 
form a Zr-bound aqua ligand (see Figures S37-S38 and SI text for 
details), releasing an aldehyde-like radical (ald●). This concerted 
asynchronous process yields species 4, in which the formate 
product remains attached to the Zr6 cluster and confers an 
irreversible character to the reaction, with a reverse free-
energy barrier of 28.8 kcal mol-1. Note that with a lifetime in the 
ms time scale, TEOA● is expected to live long enough to 
hydrogenate a Zr-bound CO2 in acetonitrile through a barrier of 
ca. 11 kcal mol-1 (from 2-TEOA● to TS2-4). For comparison, the 
hydride-transfer from TEOA● to a non-activated CO2 accounts 
for a free-energy barrier of 25 kcal mol-1 (Figure S39), being 14.1 
kcal mol-1 higher than that assisted by Zr6, which evidences the 
positive influence of the ZrIV ion acting as a Lewis acid.

Very recently, several unusual roles have been reported to 
be played by TEOA in the photoreduction of CO2 by Ru-based 
molecular catalysts.76 However, this is to our knowledge the 

CO2 coordination CO2 hydrogenation
HCOOH
release

ΔG‡
overall = 22.0

Δ
G

(k
ca

lm
ol

-1
)

Page 7 of 13 Journal of Materials Chemistry A



ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

first time that the neutral TEOA● radical involved in the 
decomposition of TEOA upon photooxidation is proposed to act 
as a 2e-/2H+ reducing species that transfers a nucleophilic 
hydride to a Lewis-acid activated CO2 molecule. In this process, 
the initial oxidation of TEOA is strictly required to create 
reactive allylic protons near a heteroatom. Such a pattern 
facilitates the hydride-transfer by delocalizing the positive 
charge generated in the process, as recently observed for 
structurally similar allylic alcohols capable of transferring a 
hydride to an electrophilic TiIV-hydroperoxo group.77

Figure 6. Balls-and-sticks representations of the DFT-optimized geometries for TS2-3 (a) 
and TS2-4 (b). Main distances and angles are given in Å and degrees, respectively. See SI 
for spin density distributions (Figures S34 and S36) and detailed description of the nature 
of these processes. 

Finally, the release of the formic acid product from species 
4 to regenerate 1ʹ is endergonic by 9 kcal mol-1, in agreement 
with the experimental observations reporting the strong 
adsorption of the product in MOF-545 (vide supra). It is worth 
noting that upon releasing an aqua ligand, species 4 may also 
evolve to the slightly more stable 4ʹ where the formate anion 
coordinates two neighbouring Zr ions in a bridged fashion (see 
Figure 5). The fate of the aldehyde-like radical species (ald●) 
formed after TS2-4 might be that of being reductively quenched 
by a reduced phorphyrin linker and protonated by HTEOA+ (see 
Scheme S2) yielding an aldehyde by-product (ald), previously 
reported as a photo-degradation product of TEOA.71 In fact, its 
formation was indeed confirmed in the present work by the 
analysis of the reaction mixture after the photocatalytic tests 
described above with 1H NMR and mass spectrometry (Figures 
S41-S45), thus supporting the proposed mechanism. Alternative 
mechanisms involving the formation of a Zr hydride assisted by 
TEOA● or sequential electron-transfer + proton transfer 
pathways were found to be less favourable (see SI for details). 

Overall, being slightly more stable than the reactant, species 
3 is expected to act as the resting state of the catalytic cycle 
governing the thermal CO2-reduction step. Thus, the overall 
free-energy barrier (3⟶TS2-4, highlighted with a red arrow in 
Figure 5) accounts for a moderate value of 22.0 kcal mol-1, which 
can be easily overcome at room temperature. Even so, and due 
to the computed small energy differences (Figure S46), it cannot 
be discarded that species 4 (or 4’) in subsequent cycles could 
represent the catalyst resting state due to an increased 
concentration of formic acid in solution.

4. Validation of the proposed reaction mechanism.

Next, we carried out a series of additional photocatalytic 
experiments in order to test the respective roles of TEOA and of 
the porphyrins as proposed in our mechanistic investigation. 
First, we performed a new set of catalytic tests with the free-
base MOF-545 in the presence of an additional amount of 
molecular FeIIICl-TCPPOMe (TCPPOMe = 
tetramethoxyphenylporphyrin) added in solution allowing a 
~1:1 ratio between porphyrins in solution and in the MOF. The 
choice of FeIIICl-TCPPOMe was guided by the fact that MOF-
545(Fe) yields the highest formate production among the MOF-
545(TM) materials investigated herein. Besides, the ester form 
of the porphyrin was used for solubility reasons. Having the 
proposed mechanism in mind, the iron-porphyrin added in 
solution is meant to act as an auxiliary TEOA photo-oxidation 
agent. It is thus expected to boost the concentration of the 
TEOA● and in turn, accelerate the rate of CO2RR. Figure 7 shows 
that indeed, the addition of the iron-porphyrin in solution 
increases the yield of formate produced by the free-base MOF-
545 by a factor of 1.75 (see Figure 7). This enhancement (purple 
contribution, Figure 7) cannot be only ascribed to the small 
catalytic activity of the molecular iron-porphyrin added in 
solution, since the {MOF-545, FeIIICl-TCPPOMe} system 
produces much more formate (175%) than the combination of 
the individual MOF-545 (100%) and FeIIICl-TCPPOMe (25%) 
systems do. This suggests the expected boost in the 
concentration of TEOA●, which accelerates the production of 
formate catalyzed by the MOF.

Figure 7. Formate production upon CO2 reduction with Fe-TCPPOMe (1.2 mg) 
and/or free-base MOF-545 (2 mg) allowing a ~1:1 ratio between porphyrins in 
solution and in the MOF. Experiments were conducted in 2 mL CH3CN/TEOA (10:1) 
for 4h under 280 W Xenon lamp (λ > 415 nm). The amount of formate detected 
was normalized with respect to that ofMOF-545 corresponding to 100% activity.

Complementary experiments were performed whereby the 
radical scavenger, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 
was added in the photocatalytic experiments in order to inhibit 
the formation of radicals, such as TEOA●, TEOA●+ or TCPP●‒ 
mentioned above. Notably, a substantial drop of ~ 70 % in the 
photocatalytic activity of the MOF-545(Fe) was observed upon 
addition of DMPO (Figure S47), confirming explicitly the 
essential role of such radicals in the photocatalytic reduction of 
CO2 into formate.

In addition, a series of photocatalytic experiments were 
conducted to evaluate the impact of the nature of the sacrificial 
electron/proton donor in the CO2RR photocatalytic activity of 
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NanoMOF-545(Fe). Table 2 compares the formate yield 
obtained with TEOA with those obtained with other sacrificial 
donors commonly used in the literature.71 These include 
triethylamine (TEA), trimethylamine (TMA), benzyl-
dihydronicotinamide (BNAH) and dimethylaniline (DMA). 
Remarkably, the highest formate production was reported with 
TEOA, being ca. 10-fold lower with TEA and TMA, and zero with 
BNAH and DMA. This is quite noteworthy because TEOA is the 
weakest electron donor of all the series, displaying the lowest-
lying HOMO among the series of donors. This indicates that a 
more efficient reduction of the MOF using a more reducing 
sacrificial donor does not lead to a higher catalytic activity. 
Conversely, we found that the formate production is directly 
proportional to the computed hydricity of the photogenerated 
radical species - whereby the lower the value, the higher the 
hydricity (Table 2, column 4) - further supporting the role of 
TEOA● as hydride donor. Indeed, we noticed that most of the 
experimental works that reported the formation of formate 
with Zr-based porphyrinic MOFs also employed TEOA as 
sacrificial donor (Table S2). Other works performed the catalytic 
experiments in the presence of other aliphatic alcohols 
structurally similar to TEOA that might display analogous 
reactivity, such as ethylene glycol27 or triisopropanolamine.73 

Table 2. Comparison of the properties and performances of different electron/proton 
donors for the photocatalytic CO2RR promoted by NanoMOF-545(Fe).a

Donor Structure EHOMO (eV)
Radical hydricity
(kcal mol-1)b

HCOO‒  
yield (%)

TEOA -8.01 +66.1 100

TEA -7.84 +79.2 11.6

TMA -7.95 +89.6 8.3

BNAH -7.08 c 0

DMA -7.14 +96.8 0d

a Conditions: 2 mg of catalyst in 10:1 CH3CN:Donor solution after degassing with 
pure CO2 for 20 min. Formate was quantified by ionic chromatography (IC) after 4h 
irradiation (λ > 415 nm, 280 W). b Hydricity computed as the standard free-energy 
change associated to the process: D● ⟶ D●+ + H‒. Thus, the lower the value, the 
higher the hydricity. c Radical with no β-protons suitable for hydride transfer. d The 
MOF was not stable in CH3CN:DMA solution, no formate was quantified by IC.

5. Explaining the photocatalytic activity trends along the series of 
MOF-545(TM) catalysts.  

Finally, taking advantage of the acquired knowledge on the 
reaction mechanism, we aimed at rationalizing the 

experimental reactivity trends observed upon varying the 
nature of the linker in the MOF-545-based catalyst (Figure 2). As 
the metalation of the MOF’s linker is not expected to alter the 
Lewis acidity of the ZrIV ions of the nodes, we hypothesized that 
the variation of photocatalytic performances observed along 
the series of MOF-545(TM) catalysts might emanate from their 
different ability of the metalated porphyrinic linkers to promote 
the photo-oxidation of TEOA, required to provide the key TEOA● 
species capable of hydrogenating CO2. As shown in Figure S31, 
the frontier molecular orbitals of the free-base TCPP linkers are 
aligned with those of TMII-containing metalated linkers, thus 
exhibiting similar oxidizing power. We thus considered that the 
CO2RR photocatalytic performance of a metalated MOF might 
be correlated to the ability of the metal ion of the TCPP linkers 
to coordinate TEOA through its N atom. Such coordination 
would allow the photooxidation of TEOA to take place through 
an inner-sphere electron transfer mechanism, which is 
expected to be faster and more efficient than the outer-sphere 
electron transfer mechanism governing the photo-oxidation of 
TEOA in the free-base linker. In fact, we determined via titration 
experiments that TEOA spontaneously binds to ZnII-TCPP, with 
a binding constant of ∼5 M-1 in DMF (Figures S48, S49). 

Consistently with the above hypothesis, the highest 
photocatalytic activities among the MOF-545(TM) series are 
observed for those containing TMIII metals centers, such as 
MOF-545(Mn) and MOF-545(Fe), these being more prone to 
accept electrons from TEOA than their TMII-containing 
analogues due to the lower-energy lying nature of their frontier 
MOs (Figure S31). Interestingly, while being less electronically 
inclined to accept electrons than TMIII-containing MOFs, MOF-
545(Zn) displays a photocatalytic activity comparable to that of 
MOF-545(Mn), outperforming the rest of TMII-containing 
samples. This can be rationalized on the basis of the superior 
light-harvesting properties of Zn-TCPP as compared to other 
TMII-TCPPs,78–80 combined with its ability to bind TEOA that 
ensures a highly efficient TEOA photo-oxidation process. 
Moreover, titration experiments revealed that the binding 
constant of TEOA to FeIIICl-TCPP (∼105 M-1 in DMF), is several 
orders of magnitude higher than that to ZnII-TCPP (∼5 M-1) 
(Figures S50, S51), further explaining the higher activity 
reported for the MOF-545(Fe) catalyst.

Conclusions
By combining experimental and computational techniques, we 
have elucidated with atomistic detail the complex reaction 
mechanism responsible for the photocatalytic reduction of CO2 
to formate catalyzed by Zr-based porphyrinic MOF-545 catalysts 
in CH3CN/TEOA (10:1) solutions, while exploring two 
complementary strategies to boost the photocatalytic activity 
of the material. These include the systematic metalation of the 
porphyrinic linkers of the MOF to yield an entireseries of MOF-
545(TM) catalysts, and the synthesis of the MOF-545(Fe) as 
nanosized particles. All the prepared catalysts showed 100 % 
selectivity towards formate production and the yield increases 
with TM = free base ≈ CuII < CoII < MnIII ≤ ZnII < FeIII, reaching 
2264 µmol g-1 after 4 h with MOF-545(Fe). The photocatalytic 
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activity of MOF-545(TM)-based nanocrystals (∼150 nm length) 
is significantly boosted with respect to the conventional micron-
sized crystals due to an increased density of solvent-accessible 
catalytic sites. This strategy allowed a remarkable maximum 
formate production of 6000 µmol g-1 after 4 h with MOF-
545(Fe), being one of the highest productions of formate 
amongst MOF catalysts reported to date.

By combining spectroscopic, photophysical and 
computational techniques we have evidenced a new reaction 
mechanism for the photocatalytic reduction of CO2 to formate 
promoted by MOF-545(TM) catalytic materials, which is 
summarized in Figure 8. This consists of three main processes: 
i) the photooxidation of TEOA at the porphyrinic linkers of the 
MOF to yield TEOA● radicals upon deprotonation of the as-
generated TEOA●+; ii) the thermally-activated reduction of CO2 
catalysed by the Zr6 Lewis acid nodes, whereby TEOA● 
unprecedently serves as a hydride-donor species; and iii) the 
termination via radical quenching between reduced linkers 
(TCPP●‒) and the dehydrogenated donor (ald●). Importantly, 
photophysical studies of MOF-545 and MOF-545(TM), 
supplemented by TD-DFT calculations ruled out the possibility 
of photo-induced linker-to-metal charge transfer leading to 
charge separated states suitable for subsequent CO2RR. This 
proposed mechanism was further validated by additional 
photocatalytic experiments and allowed explaining the 
experimental activity trends on the basis of the ability of the 
porphyrinic linker to promote the photooxidation of TEOA 
under visible-light irradiation. 

Overall, these findings represent a step forward towards 
understanding the catalytic processes that make use of 
photosensitive materials in combination with TEOA (or 
structurally similar) electron/proton donors and is expected to 
inspire the design of new multi-component catalytic platforms 
for photo-reduction reactions with improved activity and 
selectivity. 

(i)

(ii)

(iii)

(i) Photo-oxidation of TEOA at the TCPP linkers
(ii) Thermally-activated hydrogenation of CO2 at the ZrIV

6 nodes
(iii) Termination

ν

Figure 8. Schematic summary of the proposed reaction mechanism for the 
photocatalytic reduction of CO2 to formic acid with TEOA promoted by Zr-based 
porphyrinic MOFs. R = CH2CH2OH.

Experimental Section
NanoMOF-545 synthesis. 137 mg (0.425 mmol) of ZrOCl2.8H2O, 
30 mg (0.038 mmol) of TCPP and 300 µL of 1,2-dichloroacetic 
acid were dissolved in 10 mL DMF in a 100 mL Teflon vial. The 

mixture was heated for 20 min under microwave (150 °C, 800 
W) with vigorous stirring. After cooling to room temperature, a 
powder was collected by centrifugation. The MOF was then 
heated at 130 °C for two hours in a 10 mL DMF / 1 mL 1M HCl 
mixture. After centrifugation, the obtained material was rinsed 
twice with DMF and twice with acetone. Lastly, the powder was 
dispersed in 20 mL of acetone and stirred overnight. The final 
compound was collected by centrifugation, rinsed twice with 
acetone and then dried at 100 °C (m = 28 mg, yield 56% based 
on TCPP).
NanoMOF-545(Fe) synthesis. 137 mg (0.425 mmol) of 
ZrOCl2.8H2O, 32 mg (0.036 mmol) of (Fe)TCPP and 900 µL of 1,2-
dichloroacetic acid were dissolved in 30 mL DMF in a 100 mL 
Teflon vial. The mixture was heated for 20 min under 
microwave (150 °C, 800 W) with vigorous stirring. After cooling 
to room temperature, a powder was collected by 
centrifugation. The MOF was then heated at 130 °C for two 
hours in a 30 mL DMF / 3 mL 1M HCl mixture. After 
centrifugation, the obtained material was rinsed twice with 
DMF and twice with acetone. Lastly, the powder was dispersed 
in 20 mL of acetone and stirred overnight. The final compound 
was collected by centrifugation and rinsed twice with acetone 
then dried at 100 °C (m = 30 mg, yield 61% based on (Fe)TCPP). 
EDX calcd. (exp.): Fe/Zr 0.33 (0.32).
Photocatalysis experiments. 2 mg of catalyst and 2 mL of a 
CH3CN/TEOA (10:1) mixture were added to a 4 mL sealed quartz 
cuvette and sonicated for 10 min. The cuvette was then 
submitted to a CO2 flux for 20 min before being irradiated for 4 
h with a 280 W Xenon lamp (Newport) equipped with a 415 nm 
UV cut-off glass filter (Newport) and a temperature-controlled 
block at 20°C. Gas products were analysed via gas 
chromatography while liquid products were assessed by ionic 
chromatography (IC). After the catalytic process, the catalyst 
was recollected by centrifugation, dispersed in 2 mL of milli-Q 
water and stirred at 60 °C for 1 h. An aliquot of the liquid phase 
was collected and analysed by IC to quantify the remaining 
formate leached by the MOF.
Steady-state photoreduction sample preparation. Prior to 
photoreduction experiments, approximately 0.5-1 mg of MOF-
545, MOF-545(Zn) or MOF-545(Fe) was added to a 6-dram vial 
and suspended with a CH3CN/TEOA (10:1) solution. The vial 
contents were then sonicated for 1-2 min and transferred to a 
custom optical cell (Quark Glass, 1.0 cm pathlength), with a 
female 24/40 joint. A stir bar was added to the optical cell and 
a rubber septum was used to seal the joint. The suspension was 
then degassed with Ar gas for 20-30 min away from light. 
Afterwards, the rubber septum was wrapped a few times with 
parafilm to prevent air leakage. The solution-state preparations 
followed the same protocol, with the only difference being the 
solvent matrix. For TCPP and (Zn)TCPP, a 10:1 DMF/TEOA matrix 
was used to dissolve the solids, whereas the FeTCPPCl sample 
was able to reasonably dissolve with CH3CN/TEOA (10:1).
Steady-State photoreduction measurements. The 
photoreduction measurements were performed with a 350 W 
Xe arc lamp (Newport, SP66921-5513) using a water IR filter 
(Newport, 6123NS) and a 395-nm cut-on glass filter (Newport, 
FSQ-GG395). The samples were stirred approximately 2 ft from 
the arc lamp lens. At each time interval (1-10 min), the sample 
was removed from stirring and placed in the sample chamber of 
a Cary 5000 UV-Vis-NIR spectrometer (Agilent) to measure the 
electronic absorption spectrum. After the measurement, the 
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sample was placed back in from of the arc lamp, where it 
remained until the next spectral measurement. Measurements 
were ceased when no spectral changes were observed over 
three-time intervals.
Steady-State and time-resolved emission measurements. The 
steady-state emission spectra were obtained using a 
QuantaMaster Model QM-200-4E emission spectrophotometer 
from Photon Technology, Inc. (PTI). The excitation light source 
was a 75 W Xe arc lamp (Newport). The detector was a 
thermoelectrically cooled Hamamatsu 1527 photomultiplier 
tube (PMT). Time-resolved fluorescence lifetimes were 
obtained via the time-correlated single photon counting 
technique (TCSPC) with the same QuantaMaster Model QM-
200-4E emission spectrophotometer from Photon Technology, 
Inc. (PTI) equipped with a 415 nm LED and a Becker & Hickl 
GmbH PMH-100 PMT detector with time resolution of < 220 ps 
FWHM. The instrument response function (1.5 ns FWHM) was 
measured at 415 nm using a dilute suspension of BaSO4 in 
water. Kinetic reconvolutions with the instrument response 
function were fit using the Edinburgh Instruments L900 
software suite. All other data was processed in OriginPro.
Sample preparation for transient absorption measurements. 
Samples were prepared by adding approximately 3 mg of MOF-
545 or MOF-545(Zn) and 100 mg of NH2-terminated 
polyethylene glycol (2000 Mw PEGNH2) to a 2-dram vial. Then, 3 
mL of anhydrous DMF were added to the vial and the contents 
were sonicated for 3-5 min. The suspension was then 
centrifuged at 6800 rpm (IKA mini G centrifuge), for 30 s. The 
supernatant was transferred into an optical cell and diluted with 
DMF until it provided an absorbance at or below 2.0. The 
solutions were then sealed with a rubber septum, degassed 
with Ar for 20-30 min and then used in the experiments. The 
errors associated with each measurement are the standard 
deviations from multiple measurements.
Transient absorption measurements. Steady-state and time-
resolved transient absorption measurements were conducted 
with an Edinburgh Instruments LP980 laser flash photolysis 
system. The pump source was a frequency doubled (532 nm) 
Spectra-Physics Quanta-Ray INDI Nd:YAG laser, operating at 1Hz 
with a 6-8 ns pulse width. The spectrometer was equipped with 
an Andor i-Star ICCD camera for steady-state measurements 
and a Hamamatsu R928 PMT for measuring single wavelength 
kinetics. The white light source was a pulsed 150 W XBO Xe arc 
lamp. The average energy per pulse was kept at 4mJ. Sample 
stability was monitored via UV-Vis before and after 
measurements. For spectral absorption mappings, time-zero 
was defined as the emission signal after the exciting laser pulse 
disappeared from the emission spectrum. The reported single-
wavelength kinetic lifetimes were averaged over multiple trials. 

Computational details. DFT calculations were performed at the 
ωB97X-D level81 using the Gaussian 16 (rev. B01) quantum 
chemistry package.82 Main-group elements were treated with a 
Pople-type 6-31G(d,p) basis set,83–85 while transition metal 
centres were described by the LANL2DZ basis set (and 
associated pseudopotentials)86 and supplemented with f-type 
polarization functions.87 Solvent effects of acetonitrile were 
included in the geometry optimizations and energy calculations 
by means of the IEF-PCM implicit solvent model,88 as 
implemented in Gaussian 16. The nature of the minima and 
saddle points on the potential energy surface was confirmed via 

frequency calculations. The free energies of all the species were 
corrected from the reference state of 1 atm to the standard 
state of 1.0 M in solution at 25 °C (+1.89 kcal mol-1), except for 
acetonitrile, for which the standard state corresponds to a 
higher concentration as it acts as solvent in this reaction. Thus, 
its standard-state correction was calculated according to a 
density of 0.786 g cm-3, which leads to a value of +3.64 kcal mol-
1. The catalytic Zr6 nodes of the MOFs were modelled adopting 
the most likely protonation pattern, with 4 alternated μ3-OH 
groups in antisymmetric disposition and one hydroxo and one 
aqua ligand per undercoordinated Zr site.89 The chelating linkers 
were modelled as carboxylic groups capped with H atoms, as 
previously done by other authors.90

The absorption spectra of Zr6-TCPP and several TCPP(TM) 
cluster models were simulated by means of time-dependent 
DFT91,92 using the same level of theory described above, 
whereas additional DFT calculations to analyse in more detail 
the electronic structure of the material were carried out with 
the HSE06 functional,93 which has been successfully used to 
reproduce experimental bandgaps in Zr-MOFs94 in combination 
with the SDD basis set with Stuttgart/Dresden 
pseudopotentials95,96 for metal centres and the 6-31G(d,p) basis 
set83–85 for remaining atoms.
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