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Abstract: Metal-Organic Frameworks (MOFs) are highly versatile materials owing to their vast structural and 

chemical tunability. These hybrid inorganic-organic crystalline materials offer an ideal platform to incorporate light-

harvesting and catalytic centers and thus, exhibit a great potential to be exploited in solar-driven photocatalytic 

processes such as H2 production and CO2 reduction. To be photocatalytically active, UV-visible optical absorption 

and appropriate band alignment with respect to the target redox potential is required. Despite fulfilling these 

criteria, the photocatalytic performance of MOFs is still limited by their ability to produce long-lived electron-hole 

pairs and long-range charge transport. In this work, we establish a cost-effective computational strategy to address 

these two descriptors in MOF structures and translate them into charge transfer numbers and effective mass 

values. We apply our approach to 15 MOF structures from the literature that encompass the main strategies used 

in the design of efficient photocatalysts including different metals, ligands, and topologies. Our results capture the 

main characteristics previously reported for these MOFs and enable us to identify promising candidates. In the 

quest of novel photocatalytically active systems, high-throughput screening based on charge separation and charge 

mobility features is envisioned to be applied in large databases of both experimentally and in silico generated MOFs. 

 

Introduction 

 

Metal-Organic Frameworks (MOFs) are porous crystalline materials composed of metal clusters connected by 

organic linkers.1,2 Because of their modular nature, MOFs possess a unique synthetic versatility that has been 

exploited in a wide range of applications3 from gas storage and gas separation4 to catalysis5 and biomedical sensing.6 

Recently, great interest has also emerged in the use of MOF to address solar-driven photocatalytic reactions 

including hydrogen production7, CO2 reduction8, pollutant degradation9 and organic transformations.10  The 

potential of MOFs as photocatalysts relies on the appropriate combination of visible-light-responsive organic 

ligands with oxidizing or reducing metal centers.11 To be photocatalytically active, a MOF material must fulfill two 

energetic requirements, namely, visible-light absorbance and appropriate band-edge alignment with respect to the 

desired redox partners. These two characteristics can be associated with two energy-based descriptors that are 

accessible through electronic structure calculations. In particular, the light-absorption capabilities can be associated 

with the optical gap of the MOF material12 and the band-edge energies can be efficiently estimated with respect to 

the vacuum potential evaluated at the center of the pore.13  

While the capability of a MOF material to undergo photocatalysis is mainly determined by its visible-light 

absorbance and band-edge energies, its performance has been directly associated with the lifetime of the photo-

generated charge carriers (electrons and holes), as well as with the charge-carriers mobility.14 The main strategy 

used to increase the lifetime of the photo-generated charge carriers is to promote spatial charge separation in the 

low-lying excited states.15 One possibility is to perform metal substitutions that result in low-lying unoccupied states 

localized in the metal nodes.16,17 These substitutions lead to low-lying ligand-to-metal charge-transfer (LMCT) states 

when the highest occupied levels are localized in the organic ligand (Figure 1A). It is also possible to stabilize low-

lying metal-to-ligand charge-transfer (MLCT) states by combining easily oxidizable metals and reducible ligands 

(Figure 1B).18,19 In both cases, LMCT and MLCT, the photo-generated charges are spatially separated in either the 

ligand or the metal cluster of the MOF material in favor of long-lived lifetimes and low recombination rates. In 

contrast, low lying excitations towards ligand-centered (LC) and metal-centered (MC) states (Figure 1C and Figure 
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1D, respectively) are associated with short and intense emission exploited in photo-luminescent applications.20,21 It 

is worth mentioning that light-induced ligand-to-ligand charge transfer (LLCT) (Figure 1E) and metal-to-metal 

charge transfer (MMCT) (Figure 1F) has been reported in MOFs22,23 and could also be exploited to enlarge the 

electron-hole lifetimes. 

Figure 1. Representation of the six types of low-lying excited states that can be found in MOFs as a result of the 

different character of the Valence Band and Conduction Band edges. Photoinduced charge separation can be 

obtained from A ligand-to-metal charge transfer (LMCT) and B metal-to-ligand charge transfer (MLCT). Local 

emission can be obtained from C ligand-centered (LC) and D metal centered (MC) excited states. In bi-ligand and 

bi-metallic MOFs, E ligand-to-ligand charge transfer (LLCT) and F metal-to-metal charge transfer (MMCT) is also 

possible. In A-D, black and red colors represent Ligand or Metal States, respectively. In E(F), black is Ligand1(Metal1) 

and red Ligand2(Metal2). 

 

Efficient charge-carriers separation relies not only on the spatial separation of the photo-generated electron-hole 

pairs upon excitation but also on the available charge transport pathways, i.e., photoconductivity. MOFs tend to be 

poor photoconductors as a result of their porosity and modular nature. The large voids usually lead to a large 

separation between the redox-active units in the MOF structure, which impedes the through-space interaction and 

thus, the (hopping) electron transport. In addition, poor organic-inorganic electronic conjugation may also hinder 

efficient through-bond charge-transport via delocalized conducting bands.24 Currently, increasing efforts are 

devoted to developing highly conductive and photoconductive MOFs,25,26,27 with conductivity values up to 103 S 

cm—1. For instance, it has been shown that MOFs displaying one-dimensional (1D) Ti-O chains will facilitate electron 

mobility.28,29 Similarly, high electrical conductivities have been reported for MOF materials consisting of metal ions 

connected into stacked two-dimensional (2D) π-conjugated sheets.30,31 The outstanding performance of these 

systems originates in the dispersion of their electronic band structure,32 which in turn can be directly related to the 

effective mass of the charge carriers.33  

Elucidating the charge separation and charge carrier mobility from electronic structure calculations will not only 

provide insights into the fundamental properties of MOFs materials but also aid in the discovery of novel systems 

with improved characteristics for photocatalysis. In this context, high-throughput (HT) screening techniques 

become particularly useful to encompass the almost unlimited number of hypothetical structures that can be 

synthesized from distinct metal-node and organic-linker combinations.34,35,36 To date, tens of thousands of different 

experimental MOF structures have been reported and collected in extended databases.37,38 These databases 

provide the basis for computational studies devoted to identifying promising materials for different applications,39 

as well as to produce rich data to be exploited for Machine-Learning (ML) purposes.40 HT screening procedures 

require the development of automatized computational protocols that translate the desired physicochemical 
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properties into computable descriptors, such as distances, energies or any other quantifiable property. These 

descriptors need to be computed accurately to be predictive but also at a sufficiently low computational cost such 

that they are viable for HT screenings.  

In a recent paper, we proposed a computational protocol to address visible-light absorbance and band-edge 

energies using cost-effective Density-Functional-Theory (DFT) methods that can be applied for high-throughput 

screening of large databases of MOF structures.41 In this work, we extend this computational strategy to evaluate 

charge separation and charge-carrier mobility in MOF crystals from cost-effective DFT calculations. To do so, we 

selected 15 MOF structures that have been reported as promising candidates for photocatalysis. We first analyze 

their light absorption and photo-redox properties in terms of their optical band gap and band-edge energies. Then, 

we quantify light-induced charge separation by calculating the spatial overlap between the electron and hole 

densities of the lowest-lying singlet excited state,42,43,44 and discuss three different strategies to estimate it from 

ground state calculations in large MOF databases. Finally, we address the evaluation of the charge carrier mobility 

using the electron and hole effective masses within the band transport model.45 Altogether, our results elucidate 

the different electronic structure features at the basis of the most common strategies used in the design of MOFs 

for photocatalysis, namely, visible-light absorption, band-edge adequacy, charge separation, and electron mobility. 

By considering these four descriptors, we aim to provide a complete picture of the main characteristics required 

for efficient photocatalysis while presenting a cost-effective procedure that can be used in HT screenings to 

accelerate the discovery of efficient photocatalytically active MOFs. 

 

 

Table 1. Photocatalytically active MOFs studied in this work, labelled as 15-set. Information about the metal and 

ligand constituent units is given, as well as its use for photocatalysis. 

MOF Metal Ligand Photocatalysis Ref. 
AlPMOF Al(III) porphyrin H2 production 46 
MIL125 Ti(IV) 1,4-benzenedicarboxylate (bdc) - 47 
MIL125-

NH2 

Ti(IV) 2-amino-1,4-benzenedicarboxylate H2 production 48 
MOF-

74Zn 

Zn(II) 2,5-dioxido-1,4-benzenedicarboxylate - 49 
MOF5 Zn(II) 1,4-benzenedicarboxylate propene oxidation 50 
MOF5-

NH2 

Zn(II) 2-amino-1,4-benzenedicarboxylate - 51 
MOFZn1 Zn(II) 1,2,3-benzotriazole-5-carboxylate CO2 methanation 52 
MUV11 Ti(IV) benzene-1,4-dihydroxamate H2 production 53 

NNU36 Zn(II) 9,10-bis(4′-pyridylethynyl)-anthracene 

and 4,4′-biphenyldicarboxylate 

Cr(VI) reduction and dye 

degradation 

54 

NTU-9 Ti(IV) 2,5-dihydroxyterephthalate dye degradation 55 
UiO66 Zr(IV) 1,4-benzenedicarboxylate - 56 
UiO66-

NH2 

Zr(IV) 2-amino-1,4-benzenedicarboxylate H2 production 57 
Zn2TTFB Zn(II) tetrathiafulvalene(TTF)-tetrabenzoate - 58 
ZSTU-1 Ti(IV) 4,4’,4’’- nitrilotribenzoate H2 production 29 

ZSTU-2 Ti(IV) 1,3,5-tris(4-carboxyphenyl) benzene H2 production 29 

 

Methods 

 

MOF structure dataset 

 

We selected 15 MOFs structures (herein labelled 15-set) for which photocatalytic activity has been reported or that 

show promising features for photocatalysis. The chemical composition in terms of metal and ligand subunits, as 

well as the photocatalytic reaction for which they have been used, are collected in Table 1. In this dataset, we 

considered non-magnetic semiconducting MOFs built from Al(III), Ti(IV), Zn(II), and Zr(IV) metal centers and 11 

distinct ligands. We included chemically similar systems such as MIL125 and MIL125-NH2, that share the metal and 
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structural topology but differ in the -NH2 substitution of the 1,4-benzenedicarboxylate (bdc) ligand. The same 

applies to UiO66 and UiO66-NH2, as well as MOF5 and MOF5-NH2. At the same time, MIL125(-NH2), UiO66(-NH2) 

and MOF5(-NH2) are built from the same bdc ligand but differ in their metal being Ti(IV), Zr(IV), and Zn(II), 

respectively. The latter implies also important changes in their structural motifs. MOFZn1 and MOF-74Zn are 

structurally similar MOFs showing a rod-like framework of Zn(II), but they have different ligands. ZSTU-1 and ZSTU-

2 have also similar structural frameworks built from TiO2 1D channels but differ in their ligands. AlPMOF was 

included as a representative example of a porphyrin-based MOF. MUV11 and NTU-9 are Ti(IV)-based MOFs 

specifically designed for photocatalysis, as well as the pillared-layer NNU36 Zn(II)-MOF, built from a photo-active 

bipyridine-anthracene ligand. Finally, Zn2TTFB was reported to exhibit high charge mobilities through TTF-stacked 

motifs. Altogether, the different metals, ligands, and topologies of the MOFs considered here cover the main 

strategies that have been used in the literature to improve the photocatalytic performance of MOFs. 

 

Computational details 

 

Geometry optimization of the crystal coordinates and cell parameters of all MOFs was performed under periodic 

boundary conditions with density-functional theory (DFT) at PBE59 level including D3 dispersion correction60 using 

the CP2K program version 6.1.61  In all calculations we used the Goedecker-Teter-Hutter pseudopotentials62 with a 

density cutoff of 450 Ry and DZVP-MOLOPT basis set for non-metal atoms and TZVP-MOLOPT basis set for 

Al/Zn/Ti/Zr metal atoms.63 The optimized cell parameters are collected and compared to the experimental values 

in Table S1. They show good agreement in all cases. Energy calculations were performed upon the optimized 

structures at PBE0 level.64 To reduce the computational cost, the Auxiliary Density Matrix Method (ADMM)65 was 

used considering the pFIT3 auxiliary basis set for non-metal atoms (3 Gaussian exponents per valence orbital, 

includes polarization d-functions), the cFIT9 for Al atoms, and the cFIT11 for Zn/Ti/Zr atoms (contracted, 4 s, 3 p, 

and 3 d shells and 1 f shell in total).   

 

Charge Separation 

 

Linear-response-time-dependent-DFT (LR-TDDFT) calculations at PBE0 level were performed in periodic boundary 

conditions using the Tamm-Dancoff approximation as implemented in CP2K to evaluate the optical gap and to 

assess the charge separation in the lowest excited singlet state S1. Only the first three states were computed. The 

charge separation (also named charge transfer) characterizing S1 is calculated as the weighted average of the spatial 

overlap between the Kohn-Sham occupied and virtual orbitals involved in the excitation as:42,43,44 

Λ =
∑ 𝜅𝑖𝑎

2 𝑂𝑖𝑎𝑖,𝑎

∑ 𝜅𝑖𝑎
2

𝑖,𝑎

 

where 𝜅𝑖𝑎  are the coefficients or amplitudes associated with a given occupied-virtual pair contribution and 𝑂𝑖𝑎  is 

the spatial overlap between these occupied and virtual orbitals, which is given by the inner product of the moduli 

of the two orbitals as: 

𝑂𝑖𝑎 = ⟨|𝜑𝑖|||𝜑𝑎|⟩ = ∫|𝜑𝑖(𝒓)| |𝜑𝑎(𝒓)|𝑑𝒓 

The spatial overlap 𝑂𝑖𝑎  has been also computed between the highest occupied crystal orbital (HOCO) and lowest 

unoccupied crystal orbital (LUCO) of the ground state singlet, triplet and charged doublets following the three 

schemes described in the Results. 

 

Charge Carrier Effective Mass 
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To evaluate the photoconductive properties and the mobility of the charge carriers we performed band structure 

calculations for the 15-set structures at the PBE level in the CP2K implementation. The reciprocal space path within 

the first Brillouin zone (BZ) was computed connecting the high-symmetry points using the Seek-path package.66 We 

used 50 points integrated between each high-symmetry point in the whole path. The integration of the BZ was 

conducted at the Γ-point. We also computed the band structure using a Monkhorst-Pack special Γ-centered k-point 

grid of 2×2×2 to sample the BZ. The results show no difference with the Γ-point band structure calculations (Figure 

S1) indicating that Γ-point integration is a good approximation for materials like MOFs with large cell parameters. 

The effective mass of the charge carriers, m*, was computed at the Conduction Band Minima (CBM) and Valence 

Band Maxima (VBM) for electron and holes, respectively, as the inverse of the electronic dispersion in the reciprocal 

space: 

1

𝑚∗ =
1

ℏ2  
𝜕2𝐸

𝜕𝑘2  

Using this relationship, the data extracted from the band structure calculations was fitted to a parabola to obtain 

the effective mass values. All high-symmetry points of the band structure path were considered to compute the 

effective mass. Among the different values obtained, only the smallest effective mass at the CBM and VBM is 

discussed as the most favorable photoconductive pathway. 

 

Results 

 

Optical and photo-redox properties 

 

As mentioned in the introduction, the potential of MOFs as photocatalysts is subject to their light-harvesting and 

photo-redox properties. These two features constitute the main characteristics that will discriminate between 

energetically capable and non-capable systems in large-scale screenings. By means of electronic structure 

calculations, the optical bandgap can be obtained from the energy of the lowest active excited state, while the 

photo-redox capabilities can be estimated from the band edge positions. The accuracy of the computed values will 

largely depend on the level of theory. For large-scale screenings,  however, cost-effective strategies are needed. In 

a recent article, we showed that DFT calculations at the PBE level can be empirically shifted to estimate more 

accurate PBE0 values for the accelerated screening of MOFs for photocatalysis.41  

A comparison between the PBE and PBE0 bandgap values of the 15-set (see MOF dataset in Methods) is shown in 

Figure 2A. It can be seen that PBE systematically underestimates the electronic bandgap by ca. 1.5 eV in comparison 

to the PBE0 values. This agrees with our previous studies41 and with the well-known problem of generalized gradient 

approximation (GGA) functionals to correctly predict the bandgap in semiconductors.67 In contrast, hybrid schemes 

such as PBE0 significantly improve the prediction.68 A comparison between the experimental optical bandgap and 

the computed S1 energies at the PBE0 level is shown in Figure 2B. The S1 energies slightly overestimate the 

experimentally reported values (about 0.3 eV on average), however, the trends are properly captured. Certainly, 

the accurate prediction of the optical properties of MOF materials is still challenging and will largely benefit from 

the development of novel methods and computational strategies. For large-scale screenings, we found that an 

empirical shift of +0.85 eV applied to the PBE values provides reasonable estimates of the lowest absorption edge 

of MOF materials at a very low computational cost41 (Figure 2C). 

The photo-redox properties of the 15-set have been addressed by means of estimating the absolute position of the 

conduction (CB) and valence (VB) band edges.13,41 The capability of a MOF to promote a particular redox reaction 

upon the absorption of light is then given by the position of the CBM (for reduction) and the VBM (for oxidation) 

relative to a target redox potential. In Figure 3, the CBM and VBM computed energies are shown with respect to 
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the H+/H2 reduction and H2O/O2 oxidation potentials. In all cases, the CBM is placed above the H+/H2 indicating 

thermodynamic adequacy for hydrogen production. In contrast, some cases display VB edges above H2O/O2, which 

will prevent the oxidation of water and thus necessitates the use of a sacrificial agent. It is worth mentioning that 

only half of the 15-set systems (AlPMOF, MIL125(-NH2), MUV11, UiO66(-NH2) and ZSTU-) were originally targeted 

for H+/H2 reaction, while the others have been used for different photocatalytic reactions such as CO2 reduction or 

organic degradation (Table 1). In this context, the band edges can be compared with the redox potential of the 

reactions of interest when performing computational screening of MOFs for photocatalysis. In principle, this option 

opens the possibility to avoid certain reactions and thus, promote selectivity in competitive photochemical 

processes.69 Altogether, our computational strategy allows to easily estimate optical absorption and band energy 

alignment of MOF structures, which in turn enables to focus the experimental effort only towards the promising 

systems. 

 

 

 

 

 

 

 
Figure 2. Comparison between A: the PBE and PBE0 bandgaps, B: the experimental values and the S1 (PBE0) energies 

and C: the experimental values and the corrected PBE energies (+0.85 eV)41 of the 15-set MOFs. Raw data is given 

in Table S2. 
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Figure 3. Conduction band (CB) and valence band (VB) edge energies computed with PBE0 for the 15-set MOFs. The 

H+/H2 and H2O/O2 potentials are indicated. Raw data is given in Table S2. 

 

 

Charge separation 

Photo-generated charge separation is one of the crucial steps controlling the conversion efficiency in 

photocatalysis. A common scenario of a MOF photocatalytic system includes an electron-withdrawing co-catalyst 

and an easily oxidizable sacrificial agent.70 In this way, the MOF acts as the photosensitizer and the electron-hole 

recombination is prevented by favoring charge transfer to the external components. However, the charge carrier 

lifetime needs to be long enough within the MOF to maximize the chances of electron(hole) injection at the 

interfaces or to be directly transferred to the substrates. In this context, the formation of long-lived charge-transfer 

excited states in MOFs is a promising design target that can be exploited for large-scale computational screenings. 

To evaluate the charge transfer (CT) character of an excited state, one possibility is to quantify the charge separation 

Λ as the spatial overlap between the photo-generated electron-hole pair densities (see Methods). We assume that 

long-lived electron-hole pairs will decay to the lowest excited S1 state.71 The Λ values that characterized the S1 state 

of the 15-set are collected in Table 2. They range from 0.11 to 0.76 and have been computed considering all relevant 

one-electron transitions involved in the S1 state (see Methods). Small Λ(S1) values indicate that the electron and 

hole densities do not spatially overlap and thus that S1 is mainly a CT state. In contrast, large Λ(S1) values are 

associated with local excitations that can be either ligand- or metal-centered. Remarkably, the results show that 

the CT or local character of S1 cannot be unequivocally assigned as 0 or 1, but that most of the systems show a 

partial character of both. 

  

Table 2. Charge separation coefficient Λ characterizing S1 state obtained at PBE0, and charge carrier effective mass 

at the VBM (hole) and CBM (electron) using PBE, in electron rest mass (m0) units. 

 Λ(S1) m*hole m*electron 
AlPMOF 0.70 30.0 30.1 
MIL125 0.33 - 0.9 
MIL125-NH2 0.24 84.2 4.2 
MOF-74Zn 0.56 7.3 5.2 
MOF5 0.40 - 217.1 
MOF5-NH2 0.32 62117.8 67.4 
MOFZn1 0.64 - 3.3 
MUV11 0.25 12.8 12.5 
NNU36 0.76 1.2 3.7 
NTU-9 0.58 1.1 1.6 
UiO66 0.59 - 0.8 
UiO66-NH2 0.39 104.9 0.8 
Zn2TTFB 0.38 2.2 16.8 
ZSTU-1 0.11 7.0 8.9 
ZSTU-2 0.30 - 16.8 

 

Interestingly, chemically and structurally similar MOFs such as MIL125 and MIL125-NH2 present non-equivalent 

Λ(S1) values, being slightly smaller for the -NH2 substituted one. This is also the case for MOF5 and MOF5-NH2 as 

well as for UiO66 and UiO66-NH2 thus clearly indicating the participation of the -NH2 groups in the low lying 

states.12,15 Comparison between the Ti(IV)-, Zn(II)- and Zr(IV)-based MOFs MIL125(-NH2), MOF5(-NH2), and UiO66(-

NH2), respectively, points also to the role of the metal in tuning the CT capabilities. Lower Λ(S1) values are obtained 

for the Ti(IV)-MIL125 MOF followed by the Zn(II)-MOF5 and the Zr(IV)-UiO66 cases. The predicted ability of MIL125-

NH2 to undergo efficient photo-induced charge separation agrees with previously reported experimental evidence 

from transient absorption spectroscopy.72 Small Λ(S1) values are also obtained for the Ti(IV)- ZSTU- systems, for 
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which charge separation was predicted based on their chemical composition and 1D structural motif.29 In particular, 

ZSTU-1 showed a better photocatalytic performance than ZSTU-2 which could be in part due to a more favorable 

charge separation, as predicted by our Λ(S1) approach. From our results, we can conclude that both the ligand and 

the metal ion can be tuned to modify the CT character of the lowest state. Particularly promising are MOFs such as 

MIL125-NH2, MUV11 and ZSTU-1 that combine Ti(IV) with oxidizable ligands leading to low-lying LMCT (Figure 1A). 

 

Being able to quantify the photo-induced charge separation in MOFs is certainly a step forward into the 

characterization of their optical properties from electronic structure calculations, which was so far limited to the 

interpretation of the CB and VB character. Evaluating Λ(S1), however, implies the calculation of the lowest excited 

state S1 and the spatial overlap between all the occupied-unoccupied orbital pairs that characterize it. This entails 

a large computational cost that cannot be afforded for HT screenings. For this reason, an alternative procedure to 

estimate Λ for many MOF structures needs to be established. To do so, we analyze three possible approximations 

to determine the electron-hole separation based on ground state (GS) calculations. One possibility is to consider 

the spatial overlap 𝑂𝑖𝑎  between the highest occupied crystal orbital (HOCO) and lowest occupied crystal orbital 

(LUCO) of the GS singlet state assuming that the lowest excitation will take place between the band-edge orbitals 

(Figure 4A). Another possibility is to evaluate the spatial overlap between the HOCO(𝛼) and LUCO(𝛽) of the lowest 

GS triplet (Figure 4B). This will assume that the lowest excited singlet S1 and triplet T1 states are equivalent. Finally, 

it is possible to consider the electron-hole pair as independent charges that coexist in a neutral state, therefore 

neglecting their interaction. In that case, the spatial overlap is evaluated between the HOCO(𝛼) of the electron 

injection (Figure 4C) and the LUCO(𝛽) of the hole injection (Figure 4D) both in their GS doublet. We have labelled 

the three strategies as GS-S, GS-T, and GS-D, respectively. 

 

Figure 4. Estimations considered to evaluate the CT character of S1 from ground state calculations: A ground state 

singlet (GS-S), the spatial overlap is evaluated between the HOCO and the LUCO; B GS triplet (GS-T), the spatial 

overlap is computed between the HOCO(α) and LUCO(β); C GS doublet (GS-D) when injecting an electron (e-) and 

D GS doublet when injecting a hole (h+), the spatial overlap is evaluated between the HOCO(α) of the e- injection 

and the LUCO(β) of h+ injection. 

GS-S GS-T

e-

h+

GS-D GS-D

e-

h+

A B C D
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Figure 5. Comparison between the computed Λ(S1) and the predicted Λ values obtained by means of the GS-S, GS-

T or GS-D protocol, as explained in the main text. Raw data is given in Table S3. 

Figure 6. HOCO and LUCO orbitals of AlPMOF computed at PBE0 level following the A GS-S, B GS-T and C GS-D 

protocols as explained in the main text. 

 

Figure 7. HOCO and LUCO orbitals of MIL125 computed at PBE0 level following the A GS-S, B GS-T and C GS-D 

protocols as explained in the main text. 

 

Comparison between the computed Λ(S1) and the values obtained by means of the three aforementioned strategies 

(predicted Λ) is shown in Figure 5. The GS-S protocol predicts very small Λ in cases with large Λ(S1) reference values, 

that is, it will erroneously predict low-lying CT excitations for systems characterized by a mainly local S1 state. In 
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contrast, the GS-T protocol overestimates Λ with respect to the Λ(S1) reference values in many cases, thus it would 

automatically discard promising CT candidates throughout screening. Finally, the GS-D strategy reproduces 

correctly the Λ(S1) trend with minor deviations in most cases, that is, considering the reduced and oxidized MOF in 

its GS we can estimate the locality of the e- and the h+ in S1, respectively. In order to understand the different 

behavior of the GS-S, GS-T, and GS-D protocols we analyze the results of two test-cases in the following. 

 

We have selected AlPMOF as a representative MOF displaying a low-lying local excitation with an Λ(S1) value of 

0.70. This excitation corresponds to a π–π* transition from the highest occupied molecular orbital (HOMO) to the 

lowest unoccupied molecular orbital (LUMO) of the porphyrin ligand, also known as the Q bands.46 The local 

character of the lowest state is well captured by the GS-T and GS-D strategies, which predict Λ values of 0.80 and 

0.79, respectively. However, the GS-S protocol misleads this value to 0.01. These results can be explained by 

analyzing the different HOCO and LUCO obtained in each case (Figure 6). First, one has to notice that the unit cell 

contains four porphyrin units organized in two columns following eclipsed π-stacking motifs. In the GS-S, the crystal 

orbitals are delocalized along one or another column of the unit cell and therefore, the spatial overlap between 

them is negligible (Figure 6A). In contrast, the frontier crystal orbitals are both localized in a single porphyrin unit 

when evaluating the GS-T and thus, result in a large Λ (Figure 6B). Finally, delocalized orbitals in the four porphyrins 

are shown for the electron and hole injection states in GS-D, which lead also to a large Λ (Figure 6C). The different 

(de)localization of the crystal orbitals in each approximation determines its ability to predict Λ and originates in the 

different electronic features that characterize the ground state singlet, triplet, and charged doublet states. On the 

one hand, the two spatially separated π-stacking motifs of the unit cell result in pseudo-degenerate HOCOs (and 

LUCOs) in the GS-S that would erroneously predict CT from one to another. On the other hand, both the GS-T and 

GS-D strategies will predict low-lying local excitations, but for very different reasons: while GS-T localizes the 

frontier crystal orbitals in the same porphyrin unit, in GS-D the injected charges delocalize them in the four 

porphyrin units of the unit cell. 

 

We applied the same analysis for MIL125 as an example of MOF characterized by a low-lying CT excitation with an 

Λ(S1) value of 0.33. The latter involves an electronic transition from the 1,4-benzenedicarboxylate (bdc) ligand to a 

hybrid ligand/Ti-cluster band.12 In this case, both the GS-S and GS-D strategies predict a CT character for S1 with an 

estimated Λ of 0.24 and 0.36, respectively, whereas GS-T will consider that the lowest state is local with an 

estimated Λ of 0.85. The frontier crystal orbitals obtained in each case are shown in Figure 7. Both GS-S and GS-D 

strategies represent correctly the different nature of the valence and conduction band edges. However, the GS-T 

minimizes its energy through fully localizing the frontier orbitals in one ligand unit. This example illustrates that the 

lowest triplet is not electronically equivalent to the lowest excited singlet, especially when local excitations and CT 

compete. This is because electronic exchange interactions play a crucial role in stabilizing local excitations and lead 

to large singlet-triplet energy splitting.73 This conclusion would be of key importance when considering 

electrogenerated excited states instead of light-induced excitations. In the former case, the statistical ratio of triplet 

and singlet excitons induced by the applied voltage is 3:1, while in the latter only singlet excitations are accessible 

in the absence of spin-orbit coupling (SOC) effects.74 

Our analysis on the AlPMOF and MIL125 examples illustrates that (i) local excitations may not be well represented 

by the HOCO and LUCO of the GS-S due to orbital pseudo-degeneracies, (ii) the GS-T might not be representative 

of the lowest excited singlet if the latter is characterized by a strong CT character and (iii) the independent injection 

of an electron and hole in their GS-D can be used to evaluate charge separation in S1 and to discriminate between 

mainly local (Λ >0.5) and mainly CT (Λ <0.5) excitations. The conclusions (i) and (iii) equally apply when estimating 

Λ(S1) from ground state calculations performed with PBE functional, which is the preferred functional for HT 

screening.41 Interestingly, the GS-T predictions when using PBE nicely follow the trend of the GS-D results and do 
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not significantly deviate from the Λ(S1) reference values, as was shown by the PBE0 results (Figure S2). This is a 

direct consequence of the lack of exact exchange in GGA functionals and, although they may misassign the correct 

character of the triplet state, they are useful for the evaluation of the charge separation propensity of S1 in large 

MOF databases via cost-effective ground state calculations. 

Charge mobility 

In the band transport model, the mobility of the charge carriers is associated with the dispersion of the CB minimum 

and VB maximum. This is usually small in MOFs, for which most charge-transport studies reveal a hopping transport 

regime.75,76 In the latter, the charge carriers are localized on discrete sites of the MOFs and move from one site to 

another by means of thermally activated jumps. Generally, it is assumed that if the band-transport model predicts 

low mobility, that would be also the case when considering hopping.45 That is, in the limit of the validity of the band 

transport mechanism i.e., when the band dispersion is zero, the hopping regime will also lead to small mobility 

values. Hence, we use herein the band transport model to evaluate the electron and hole mobilities in terms of 

their effective mass m*. The effective mass is calculated directly from the band structure (see Methods) and 

provides a measure of the photoconductive capabilities. Because m* is inversely proportional to the charge 

mobility, large/small values of m* will be associated with poor/high photoconductive performance. 

Band structure calculations were performed for the 15-set MOF structures at the PBE level (Figure S3). To ensure 

that PBE functional provides reliable VBM and CBM bands, we compared the Projected Density of States (PDOS) of 

each MOF computed with PBE and PBE0. The results are plotted in Figure S4 and show that in most cases the only 

difference is a down-shift of the energy of the CBM that results in a smaller bandgap when using PBE as compared 

with PBE0. In those cases, both methods will provide a similar band dispersion at the VBM and CBM and thus, cost-

effective PBE calculations are appropriate. In contrast, a drastic change in the nature of the VBM or CBM may affect 

the band dispersion and therefore, the estimated effective mass. This is the case of MIL125, MOF5, MOFZn1, UiO66, 

and ZSTU-2, for which the character of the VBM becomes significantly modified by changing the functional. For 

those MOFs, the addition of Hartree-Fock exchange within DFT causes a change in the contribution of the density 

in the valence band. The calculations with PBE showed contributions from the transition metal and oxygen atoms 

near the VBM, while when using PBE0 those contributions are reduced and shifted to lower energies. This 

disagreement affects the description of the VBM in 5 of the 15 studied cases, which corresponds to 17% of the 

effective mass computations. For this reason, the PBE approximation to the band structure needs to be perform 

with caution.  

The smallest m* computed at the VBM and CBM of the 15-set are collected in Table 2 given for the electron rest 

mass m0, i.e. m*/m0. The values obtained range from 0.8 to 6 ×104 thus encompass significantly different 

photoconductive capabilities. For instance, the electron effective masses obtained for Al-PMOF (30.1m0) and MIL-

125 (0.9m0) reflect the difference in their conduction band edge dispersion (Figure S3). While Al-PMOF shows a 

localized porphyrin-based LUCO (Figure 6A), MIL125 presents a ligand/Ti-cluster delocalized LUCO (Figure 7A) that 

is translated into a more pronounced curvature of the CBM. Efficient electron mobility is also predicted for NNU36, 

NTU-9, and UiO66(-NH2) materials, which all display a considerable dispersion in the CBM (Figure S3). Interestingly, 

the addition of functional groups such as -NH2 in materials like MIL125, MOF5, and UiO66 increases the hole 

effective mass up to 6•104m0. The -NH2 substitution in MOFs is performed to improve the optical absorption 

properties,12 however, the localized nature of the -NH2 states results in flat bands at the VBM that may decrease 

their potential photoconductivity of holes (Table 2). Altogether, an appropriate electronic mixing of the organic and 

inorganic contributions in the VBM/CBM is desired to maximize charge mobilities. This metal-ligand orbital mixing 

can be favored for instance by promoting extended high-dimensional networks in the MOF topology, such as one-

dimensional or two-dimensional metal-oxygen motifs. 
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Figure 8. Representation of the computed photoconductive pathways of the lightest hole carriers in a) Zn2TTFB, 

along the benzoate-extended TTF stack, b) ZSTU-1, through the ligand staking direction and c) NTU-9, along the 

honeycomb-like 2-dimensional layers of 2,5-dihydroxyterephthalate ligands. 

 

An important question when addressing charge carriers mobilities is the spatial orientation of the most efficient 

photoconductive pathway. This information can be obtained from experimental measurements when a particular 

direction presents higher mobility than others. In our calculations, we obtain this information from the k-point path 

associated with the lowest effective mass (Table S4). Figure 8 shows the direction in real space associated with the 

lowest hole effective mass computed for three representative cases: Zn2TTFB, ZSTU-1, and NTU-9. In the case of 

Zn2TTFB, we found that the smallest hole effective mass (2.2m0) is ascribed to the Y → 𝜞 path (Table S4), which in 

real space corresponds to the tetrathiafulvalene 1D-channel (Figure 8a). This agrees with the previously reported 

experimental evidence, which showed high intrinsic mobilities in Zn2TTFB along the helical 𝜋-stacking motif of 

TTF.58,77 This is also the case in ZSTU-1, for which the preferred direction of photoconductivity corresponds to the 

1D-rod of 𝜋-stacked ligands (Figure 8b).29 Certainly, the presence of 1D-channels in layered MOFs may facilitate the 

charge transport and is a promising strategy for the design of highly conductive materials.31 However, other 

topologies such as two-dimensional (2D)-like systems can also exhibit low effective masses when the through-bond 

hybridization is optimal. This is the case of NTU-9 material, which displays a 2D- hexagonal topology with high 

charge mobility along with the three equivalent ligand-to-Ti(IV) directions (Figure 8c). The strong bonding between 

the Ti(IV) and O atoms enables the band dispersion along the 2D plane, while remains minor in the stacking 

direction.55 The characterization of the main photoconductive pathways in 3D MOFs is thus crucial to establish 

specific design strategies towards 1D or 2D topologies. In this context, our cost-effective computational strategy 

based on the effective mass approximation can capture these two structural features that promote 

photoconductivity. Thus, it can be applied to large-scale screening not only to identify potential photoconductive 

MOFs but also to characterize their charge transport motifs. 

 

Conclusions 

 

The inherent tunability of MOFs makes them particularly attractive for the design of high-performance 

photocatalysts. In this context, increasing efforts are devoted to the design of new materials with long-lived charge 

separation and exceptional charge carriers mobilities. These characteristics are by no means easily predictable and 

thus computational support is crucial. In this work, we propose two computational strategies, namely the analysis 

of charge separation and charge mobility, to easily address these properties in MOF structures. Based on cost-
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effective DFT calculations at the PBE level, our protocol can be applied to large databases of MOF structures and 

serve as a fast and comprehensive step that guide the experimental synthesis towards the most promising systems. 

On the one hand, our results show that the charge separation that characterizes the low-lying singlet excited state 

can be estimated from the spatial overlap between the HOCO(𝛼) and LUCO(𝛽) of the ground state doublet of the 

electron and hole injection states, respectively. This approximation can be further extended to the HOCO(𝛼)-

LUCO(𝛽) spatial overlap of the ground state triplet state when using local GGA PBE functional. On the other hand, 

charge carriers mobilities of MOFs can be associated with the effective mass m* computed from the band structure 

at the VBM and CBM. The later strategy provides quantitative values to m* and elucidates the most favorable 

photoconductive pathway for charge transport. This cost-effective strategy can correctly predict the charge 

separation and the effective mass of 15 representative MOF structures promising for photocatalysis in agreement 

with the literature. From our analysis, we show that those systems combining low-lying unoccupied metal states, 

light-harvesting ligands and extended metal-oxygen networks display all the optoelectronic characteristics to be 

efficient photocatalysts. 
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