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Abstract

Metal-organic frameworks (MOFs) have attracted significant attention in the field

of solar-driven photo-catalysis. Recently, a porphyrin ruthenium-based MOF (Ru-

TBP-Zn) has shown highly efficient co-catalyst-free photocatalytic hydrogen evolution

reaction (HER) under visible light in neutral water. Certainly, a system with such

features is of great interest for the design of MOF-based photocatalysts. In this work,

we have conducted Density Functional Theory (DFT) simulations to provide insights

into the unique electronic and optical properties of Ru-TBP-Zn. To do so, we pro-

pose two structural models that resolve the coordination of the ruthenium atoms in

the metal backbone of Ru-TBP-Zn, both in agreement with the experimental obser-

vations. UV/Vis spectra calculations allow identifying the importance of the charge-

transfer bands. According to our simulations, two possible charge transfer mechanism

1

ita@zurich.ibm.com
berend.smit@epfl.ch


can co-exist: the direct photo-induced electron transfer from the porphyrin to the

ruthenium upon light absorption, and the relaxation of the visible-light active excited

states of the porphyrin to the low-lying ligand-to-metal charge transfer states. Analysis

of the photo-generated charge carriers predicts a repulsive interaction energy indicating

a low electron-hole recombination rate, required for multi-electron transfer processes

such as HER. The understanding of the electronic properties and charge transfer mech-

anism in Ru-TBP-Zn paves the way for designing efficient porphyrin-based MOFs for

photocatalysis.

Introduction

Hydrogen production is a promising technology that has attracted attention as an envi-

ronmentally safe energy source.1,2 Metal-organic frameworks (MOFs) based catalysts are

promising candidates for efficient hydrogen evolution reaction (HER), including electrocat-

alytic, photocatalytic, and chemocatalytic HER.3 The unique characteristics of MOFs are

related to their porous structure and the tunability of their modular chemical structure,

which offers an almost unlimited number of combinations of organic ligands and metal cen-

tres. In the context of photocatalytic hydrogen production, MOFs allow the versatility of

combining an organic photosensitizer with an inorganic semiconductor.4 This ensures the

visible light absorption of the material and facilitate the transfer of the light-generated elec-

trons to the nearby metal nodes.4 For instance, the optical properties of the photocatalytic

Ti-based MIL-125 MOF can be tuned through organic linker functionalization.5 The incor-

poration of BDC (NH2)
–2
2 (BDC = benzene 1,4-dicarboxylate) linkers shifts the absorption

profile into the visible region. The new material known as MIL-125-NH2, has shown remark-

able H2 generation when combined with nickel phosphide (Ni2P) nanoparticles, enhancing

the photocatalytic activity of this system.6 MIL-125-NH2 demonstrates the importance of

the linker selection in the photophysical properties in MOF. Therefore, a common strategy

to improve the absorption profile of MOFs is the use of chromophores such as porphyrin,
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with absorption spectra in the visible region. As an example, the well-known aluminium

porphyrin-based MOF (AlPMOF) has been shown to undergo HER under visible light illu-

mination when combined with platinum nanoparticles as co-catalyst.7 In this context, the

photophysical properties of MOF-based photo-catalysts can be improved by the successful

combination of light-harvesting linkers with appropriate metal nodes.

To facilitate HER, the metal nodes should work as a mediator to transfer electrons to the

surface of a co-catalyst, or ideally act themselves as the catalytic centre for a co-catalyst-

free system.1,8,9 Within this strategy, Lan et al. (2018) reported two new MOFs, Ru-TBP,

and Ru-TBP-Zn, based on diruthenium secondary building units and porphyrin-derived

tetracarboxylate ligands (Figure 1). These MOFs have been designed for HER to exploit

the light-harvesting and catalytic properties of porphyrin and ruthenium, respectively. Re-

markably, it was reported that Ru-TBP-Zn is capable of efficient visible-light-driven HER in

neutral water.10 To unravel the light-harvesting mechanism Lan et al.10 compared the Cyclic

voltammograms and photoluminescence of the MOF with the isolated Ru paddle wheel and

porphyrin ligands. Based on the similarities of the CV and spectra Lan et al. concluded that

the MOF has a similar mechanism as the isolated Ru paddle wheel, namely a multi-electron

injection from the porphyrin group to the Ru backbone of the MOF. This mechanism was

proposed without the support of detailed quantum chemical calculations on the MOF. In

this work, we develop a theoretical framework that allows us to systematically study the

different mechanisms of charge transfer for this large open-shell system.

For this system, like in many other MOFs the XRD data due not allow for a full as-

signment of the structure. Our calculations suggest two possible crystal structures of Ru-

TBP-Zn. More importantly, the differences between our proposed structures has a profound

impact on the electron transfer mechanism, and hence HER. Interestingly, our calculations

indicate that different mechanisms can be observed experimentally. With our method, we

can now systematically study how changes in the MOF structure favour this electron transfer

mechanism.
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Figure 1: Molecular representations of the Ru-TBP-Zn MOF composed of Zinc(II) meso-
tetra(4-carboxyl-phenyl) porphyrin (ZnTCPP) ligands and one-dimensional ruthenium back-
bones.

Results and discussion

Ru-TBP-Zn Structure

The reported structure of Ru-TBP and Ru-TBP-Zn have a rod-like backbone composed by

Ru(III) atoms in two coordination environments: one is tetrahedrally coordinated to four

carboxylate oxygen atoms, and the other is octahedrally coordinated to four carboxylate oxy-

gen atoms and two water molecules10 (Figure 1). The porphyrin ligands in Ru-TBP have a

Ru(III) metal centre coordinated with DMF, whereas the porphyrin group in Ru-TBP-Zn has

a Zn(II) metal centre. Both materials have a formula of [Ru2(TBP Ru DMF)(H2O)2]Cl3

and [Ru2(TBP Zn)(H2O)2]Cl2, respectively. The Cl ions are present to compensate for the

charge of the Ru(III) atoms, however, as is common in these materials they were not resolved

by XRD.10 The crystallographic unit cells of Ru-TBP and Ru-TBP-Zn are composed of two

porphyrins and two Ru dimers, which results in a total charge of +6 and +4, respectively,

according to X-ray absorption near edge structure (XANES) measurement of the oxidation
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state.10

(a) Ru-TBP-Zn (b) RuTBPZn-Cl (c) RuTBPZn-OH

Figure 2: Backbone coordination structures (a) XRD Ru-TBP-Zn. One Ru is tetrahedrally
coordinated to four carboxylate oxygen atoms and the other Ru is octahedrally coordi-
nated to four carboxylate oxygen atoms and two water molecules. (b) RuTBPZn-Cl and
(c) RuTBPZn-OH systems proposed in this work. The tetrahedrally ruthenium atom is
completed by Cl and OH anions, respectively. Oxygen atoms are shown in red, hydrogen
in white , chlorine in blue, carbon in gray, and ruthenium in cyan. Hydrogen atoms in the
aromatic rings are omitted for clarity.

PBE and PBE0 DFT calculations including D3-BJ Grimme dispersion correction were

conducted to optimize the atomic coordinates and cell parameters of Ru-TBP and Ru-

TBP-Zn (See Methods). Considering that Ru-TBP and Ru-TBP-Zn are isostructural,10 the

Ru-TBP-Zn structure was modelled based on the crystal structure reported of Ru-TBP. The

calculations with charged systems without the inclusion of counterions did not yield to stable

structures. Implicit Cl– ions were included for additional cell optimization calculations, but

similar instabilities were obtained. In particular, the Ru-Ru distance is reduced consider-

ably and the carboxylate groups of the tetrahedral Ru(III) atom start to adopt a trigonal

bipyramidal geometry. As a consequence, the cell parameters were drastically affected and

the final optimized structure is not stable.

It is quite common in MOFs that the crystal structure as deposited is not exactly the

same structure one obtained from and energy minimisation using DFT. One typically ob-

serve a small shift in the positions of the hydrogen atoms and (small) changes in the cell

parameters. However, in our case we could not obtain a stable structure for Ru-TBP-Zn, de-

spite the attempts described above. In general, Ru(III) coordination systems do not present

a coordination number of 4; instead, they present a coordination number of 6.11 This raises
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the question whether Ru(III) is stable in a tetrahedral coordination. A simple way to address

this question is to search in the Cambridge Crystallographic Data Centre (CCDC).12 Only

two examples in the CCDC were found to have a Ru atom in a tetrahedral-like coordination,

being both MOF materials.

The two examples are the current material of study (Ru-TBP) and a Zn-MOF with a

partial site-selective post-synthetic modification of one Zn atom for Ru.13 During the post-

synthetic modification the tetrahedral Zn(II) node was replaced by Fe3+, Cu2+, Co2+, and

also Ru3+ metal ions. However, Bajpai et al.13 reported that in the case of Fe3+ and Ru3+,

there must necessarily be a counter-chloride anion, which is not observed by single-crystal

X-ray powder diffraction(XRD). If this counter ion would have been observable in the XRD,

we most likely would have not identified this structure. Altogether, our DFT calculations

and the lack of previously reported Ru(III) structures with a coordination number of 4,

indicate that the tetrahedral coordination of Ru(III) in Ru-TBP MOF is incomplete.

The average Ru-Ru bond distances of paddlewheel complexes are within 2.2 and 2.5Å.14

Based on the Ru-Ru distance of the backbone (3.84 Å) of Ru-TBP, the Ru dimer is not

in a paddlewheel configuration, instead, the Ru dimer in the unit cell can be stabilized by

solvent molecules or counterions. On the one hand, we considered the experimental formula

of Ru-TBP-Zn ([Ru2(TBP Zn)(H2O)2]Cl2) including two Cl– ions.10 This structure, named

RuTBPZn-Cl, is obtained by changing the tetrahedral Ru(III) atom coordination into an

octahedral form. The Cl anions in the Ru-TBP-Zn unit cell were placed such that each

ruthenium dimer is symmetrical to each other. On the other hand, we considered the possible

ligand substitution of the two chloride ions with OH groups, named RuTBPZn-OH. In this

case, each Ru(III) is octahedrally coordinated to four carboxylic groups, one water and one

OH group. As a consequence, a hydrogen bond network along the ruthenium backbone chain

is formed. Figures 2b and 2c show the backbone coordination structures of RuTBPZn-Cl and

RuTBPZn-OH proposed in this work. Both RuTBPZn-Cl and RuTBPZn-OH structures are

predicted to be stable and show good agreement with respect to the experimental Powder
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Figure 3: PXRD patterns: experimental Ru-TBP-Zn measurements from Lan et al.10(pink),
our proposed structure RuTBPZn-Cl (blue), and the simulated Ru-TBP structure from Lan
et al. To clarify, the latter is a model using the reported experimental structure of Ru-TBP
as starting configuration, due to both structures are isostructural.

X-ray powder diffraction (PXRD) pattern of Ru-TBP-Zn10 (Figure 3). Table 1 presents

a comparison between the cell parameters of the experimental structure of Ru-TBP and

the results of our DFT calculations. A small contraction of the cell volume is observed

between the experimental and the optimized structures (less than 5%), both PBE and PBE0

functionals lead to an average difference of 2.5% in unit cell volume. This is the effect of

the known under/over estimation of DFT functionals missing expansive thermal effects.15 In

general, the DFT optimized cell parameters of RuTBPZn-Cl and RuTBPZn-OH show good

agreement with the experimental ones.

The relative stability between the RuTBPZn-Cl and RuTBPZn-OH MOF structures was

computed considering the appropriate balance between the energies of the MOFs and the

isolated ligands (OH and Cl ions, respectively). RuTBPZn-OH structure is predicted to be

−2.59 eV more stable than RuTBPZn-Cl, for each Cl to OH ion exchange. It is noteworthy
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Table 1: Experimental lattice parameters of RuTBP, and calculated lattice parameters for
RuTBPZn-Cl and RuTBPZn-OH at the PBE and PBE0 theory level

RuTBP
Source Volume (Å3) A (Å) B (Å) C(Å) α (°) β (°) γ(°)

CCDC model 4554 8.732 22.947 22.807 90.743 93.980 92.211
RuTBPZn-Cl

PBE 4219 8.743 21.723 22.255 87.691 92.399 90.988
PBE0 4176 8.684 21.738 22.148 87.638 91.321 89.653

RuTBPZn-OH
PBE 4209 8.631 21.891 22.303 87.686 91.260 90.701
PBE0 4155 8.566 21.812 22.266 88.021 91.759 90.539

that RuTBPZn-OH system has a hydrogen bonds network along the ruthenium backbone

(Figure 2c) which might increase the ground state stability of this system. Overall, both

computational models are stable and in agreement with the experimental data, as well as

present an almost equivalent PXRD pattern. The simulations and the PXRD comparison

suggest that Ru-TBP-Zn MOF is a dynamic system where solvent interaction might play

a key role in the stability and structure of the system. Our simulations highlight the im-

portance of analyzing the coordination environment in MOFs and help in determining the

structure of Ru-TBP-Zn.

Electronic properties

Figure 4: a) RuTBPZn-Cl ruthenium backbone in 2x1x1 supercell. Ru1(red) and Ru2(blue)
are the two coordination environments, with H2O and Cl– ions, respectively. b) Spin config-
uration in a single unit cell. b) Spin configuration cases tested with the 2x1x1 supercell.
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The presence of open-shell Ru(III) atoms in the structure of the Ru-TBP-Zn requires the

definition of the total magnetization of the unit cell. The ground state spin configuration

was determined by testing different total magnetization and orientation in RuTBPZn-Cl.

Because of the one-dimensional pattern of the ruthenium channel, a supercell along vector A

is required to account for the magnetic interactions between consecutive ruthenium dimers.

Figure 4 shows the different cases considered. The energy difference between the different

magnetic configurations is of the order of 30 meV (Table S1). Case 1 and 2 in Figure

4 are the most stable cases. Additionally, we considered cases were Ru(III) atoms were

assumed to be in a high-spin (HS) state; however, these were discarded since they are

energetically unfavorable in comparison with the low spin (LS) state of Ru(III). The HS-LS

energy difference of Ru(III) was of the order of 5 eV. In the following, we have selected the

lowest energy magnetic state, which is the antiferromagnetic singlet orientation shown in

Case 2 of Figure 4. We did not consider Case 1 due to the large magnetic moment present

in this spin configuration.

To predict the electronic properties of RuTBPZn-Cl and RuTBPZn-OH structures we

use PBE0 hybrid functional. Although hybrid functionals offer an accurate prediction of the

electronic structure properties of materials,16 the Hartree-Fock (HF) exchange is a tuning

parameter.17,18 To prevent any artifact on our results, we optimized the percentage of HF ex-

change where generalized Koopmans’ condition is enforced in our systems18(See Supporting

Information). The amount of HF exchange to be corrected is almost negligible and has no

significant effects on the description of the projected-density-of-states (PDOS) of RuTBPZn-

Cl and RuTBPZn-OH, displayed in Figure 5a. It can be seen that both in RuTBPZn-Cl and

RuTBPZn-OH, the porphyrin molecules contribute to the valence band maximum (VBM).

On the one hand, the valence band of RuTBPZn-Cl presents an energy gap between the

states associated with the ruthenium backbone and the ones localized on the porphyrin lig-

ands. On the other hand, in RuTBPZn-OH the ruthenium-backbone valence states mix with

the porphyrin local states. The conduction band of RuTBPZn-Cl shows two main bands
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fully localized in the Ru backbone (Figure S1). In contrast, the CBM of RuTBPZn-OH

is a mixture between Porphyrin and Ru-backbone partially localized orbitals (Figure S2).

The difference in the localization nature of the PDOS of RuTBPZn-Cl and RuTBPZn-OH

can be attributed to the ligand exchange from Cl- to OH-. In the case of RuTBPZn-Cl,

the Ru orbitals appear well below in energy than the porphyrin orbitals. In the case of

RuTBPZn-OH, despite that the Ru orbitals remain below the porphyrin orbitals, they are

mixed with the porphyrin orbitals. This can be associated to the different electronegativity

of both ligands (Cl and OH ions) and the hydrogen bond network along the backbone present

in RuTBPZn-OH. The electronic bandgap predicted for RuTBPZn-Cl and RuTBPZN-OH

is 2.03 and 2.75 eV, respectively, both in agreement with described semiconducting nature

of Ru-TBP-Zn in the visible range observed by Lan et al. (2018).

The unique electronic properties of Ru-TBP-Zn can be rationalized based on its PDOS.

In particular, because of the presence of Ru-backbone states within the porphyrin states in

the conduction band. This feature is not common in porphyrin MOFs. Usually, in porphyrin

MOFs, the electronic and optical properties are mainly determined by the properties of the

porphyrin linker as in the case of Al-PMOF7,19 and PCN-222.20 The d5 electronic config-

uration of Ru(III) ions with one unpaired electron, and the rod-like structure of the Ru

backbone results in low-lying Ru-backbone localized states that dominate the CBM of the

PDOS of Ru-TBP-Zn. Similar findings have been reported as well by the doping of Fe(III)

in the Al-backbone of AlPMOF.19

The total or partial spatial localization of the VBM and CBM in the porphyrin and

Ru-backbone, respectively, allows anticipating a low-lying ligand-to-metal charge transfer

(LMCT) excitation from porphyrin to Ru-backbone in both RuTBPZn-OH and RuTBPZn-

Cl. These results are in agreement with the luminescence and time-resolved photolumi-

nescence experiments by Lan et al. (2018). This charge transfer excitation will promote

spatial electron-hole separation via the injection of an electron from the porphyrin to the

Ru(III), following the mechanism proposed for the catalytic cycle of HER in Ru-TBP-Zn.10
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(a) (b)

Figure 5: (a) Spin density of states of RuTBPZn-Cl and RuTBPZn-OH , alpha and beta
spin electrons are in the top and bottom, respectively. (b) Energy diagrams of Bandgaps
and the band edge positions with respect to the vacuum potential computed at the pore
centre. The dashed lines are redox potentials of water splitting. PBE0 where generalized
Koopmans’ condition is enforced was used for RuTBPZn-Cl and RuTBPZn-OH

To address the photo-redox capabilities of RuTBPZn-Cl and RuTBPZn-OH, we have com-

pared the position of their band edges with the redox potential for water photolysis21,22

(see Figure 5b). Since the experiments on Ru-TBP-Zn were conducted on neutral water,10

we consider the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)

levels located at −4.0 and −5.26 eV, respectively. Our calculations show the CBM above

HER and the VBM below the OER, making both systems thermodynamically suitable for

photocatalytic water splitting in a neutral pH environment, in agreement with the efficient

visible-light-driven HER observed in Ru-TBP-Zn.10

Optical properties

The photocatalytic process to convert solar energy into a chemical fuel such as hydrogen

begins with photon absorption. Light absorption properties in MOF can be usually deter-

mined by the photophysical properties of its ligands. Ru-TBP-Zn has porphyrin ligands
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which are natural photosensitizers with light absorption in the visible region.23 To under-

stand the optical excitations in Ru-TBP-Zn, we have computed the first 35 excitations of

RuTBPZn-Cl and RuTBPZn-OH using linear-response time-dependent DFT(LR-TDDFT)

with PBE0 functional optimized to satisfy Koopman’s condition. The calculated vertical

excitations energies and their oscillator strengths in the two periodic systems are collected

in Table S3 and S4. In both systems, the main character of the first optically active exci-

tations is ligand centered porphyrin-to-porphyrin. The excited states of porphyrins can be

explained by the Gouterman four orbital model.24 In this model, the transitions are π → π∗

transitions from the HOMO, HOMO-1 to the LUMO, LUMO+1 orbitals. Porphyrins absorb

strongly in the 400–450 nm range (Soret or B band) and weakly in the 500–700 nm region (Q

band).23 Our LR-TDDFT periodic calculations show that RuTBPZn-Cl and RuTBPZn-OH

first absorption band has the same character as the Q bands in porphyrin. This agrees with

the experimental UV/Vis optical spectra of Ru-TBP-Zn where the character of the optical

gap is associated with the porphyrin Q bands. Additionally, RuTBPZn-Cl presents low-lying

charge transfer excitations from the porphyrin to the Ru orbitals after the Q bands (See Ta-

ble S3 and Figure S1), the energy of which is close to the value of the Kohn-Sham band

gap predicted from the ground state calculations. The presence of low-lying charge-transfer

states agrees with the proposed photocatalytic cycle where the porphyrin ligand is excited

and can transfer one electron to the ruthenium dimer.10 In contrast, RuTBPZn-OH does

not present low-lying charge transfer excitations within the explored energy range.

In order to have access to the full optical spectra, reduced-size representative models of

RuTBPZn-Cl and RuTBPZn-OH were used. Cluster models can significantly reduce the

computational cost and allow to use a high level of theory to describe optical properties of

MOFs.25–27 The representative models consist of a porphyrin ligand with a ruthenium dimer

of the backbone (Figure S6). The comparison of the PDOS between the cluster models and

the periodic systems validate the transferability of the results (Figure S7). Considering the

known problem of TDDFT to underestimate charge-transfer excitations, we used the CAM-
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Figure 6: Experimental UV-visible absorption spectra of Ru-TBP-Zn (blue) (taken from10)
compared with the CAM-B3LYP TDDFT calculations on the cluster models for RuTBZn-
OH (Orange) and RuTBPZn-Cl (Green). Inset: enlarged spectra of the Q and LMCT bands.
(Molecular orbitals of the corresponding LMCT state)

B3LYP functional to compute absorption spectra. This functional can capture the physics

of charge screening and therefore is intrinsically better suited for describing charge-transfer

states. Figure 6 presents a comparison of the reported experimental UV/Vis optical spectra

of Ru-TBP-Zn10 and the LR-TDDFT calculations on the RuTBPZn-Cl and RuTBPZn-

OH clusters models at the CAM-B3LYP level. The theoretical spectra are normalized to

match the experimental Soret peak absorbance (maximum peak). It can be seen that the

LT-TDDFT optical spectra are blue-shifted in comparison with the experimental optical

spectra. The difference between the experimental and LR-TDDFT spectra for the absorbance

of the Soret and Q bands originated due to two factors. First, the molecule-like behaviour

of a cluster model in comparison with the periodic MOF structure. Second, the use of the

CAM-B3LYP functional in the calculations(See Supporting Information). However, by using
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this functional, we avoid any misinterpretation of the calculated ordering of the excitation

states with the experiments.28 The nature of the most intense excitations is summarize

in Table S5 and S6. The most intense peak at 363 nm is associated with the porphyrin

Soret band, while the lowest peak located at 548 nm corresponds to the two degenerate

porphyrin Q bands. The latter will split only when considering vibrational coupling, giving

rise to the two non-degenerate bands shown in the experimental absorption spectra.29 A close

inspection of the experimental optical spectra shows an additional peak around 520 nm in

between the porphyrin Soret and Q bands. The calculations suggest that the broadening

of the Soret band and this additional peak originate from a charge transfer excitation from

the porphyrin to the Ru dimer (Figure 6 and Table S5). In particular, the RuTBPZn-Cl

cluster model predicts a charge transfer band with oscillator strength of the same order

as the Q bands. Figure 6 depicts the orbitals associated with the charge transfer state.

The RuTBPZn-OH cluster model does not show any light active charge transfer band, in

agreement with the calculations performed for the periodic crystals. Overall, the LR-TDDFT

calculations suggest two different charge transfer mechanism in our proposed models. In

the case of RuTBPZn-Cl system, a porphyrin-to-Ru electron transfer can occur as a direct

photo-induced charge transfer generating charge carriers via light absorption. In contrast,

the electron transfer will be promoted in RuTBPZn-OH only via non-adiabatic relaxation of

the optically excited porphyrin.30 Taking into account that Ru-TBP-Zn MOF is a dynamic

system, our results indicate that both charge transfer mechanisms can take place in this

material. It is worth mentioning that the optical spectrum of Ru-TBP-Zn differs from other

porphyrin-based MOF thanks to the appearance of low-lying ruthenium orbitals within the

conduction band. Whereas porphyrin-MOFs present the UV/Vis spectra dominated by

porphyrin Soret and Q bands,7,20,31 Ru-TBP-Zn has a significant broadening of the spectrum

with a characteristic charge transfer peak in the visible range (See Figure 6 - LMCT band).
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(a) Non-interacting
electron RuTBPZn-Cl

(b) Non-interacting
hole RuTBPZn-Cl

(c) Charge separated state
RuTBPZn-Cl

(d) Non-interacting
electron RuTBPZn-OH

(e) Non-interacting
hole RuTBPZn-OH

(f) Charge separated state
RuTBPZn-OH

Figure 7: Isosurface representation of the electron density of the electron (green) and hole
(orange) in RuTBPZn-Cl and RuTBPZn-OH. a) , b) , d ) and e) are the non interacting

polaron geometry relaxations. c) and d) are the interacting electron-hole calculations,
calculated using CDFT

Electron-hole relaxation

Photon absorption on photo-catalytic materials results in optical excitation in which elec-

trons in the valence band are excited to the conduction band, generating electron-hole pairs.1

The response of the material to these photogenerated charges is a deformation of the lattice

to screen them. Such deformation in crystals is known as polarons, the study of which allows

addressing the electron-hole interaction and thus, estimate their lifetime.32 The interaction

of the photogenerated carriers is estimated as

Eint = Ee−h − (Ee− + Eh+) (1)
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where Ee− and Eh+ are the relaxation energy of the non-interacting electron and hole

polaron, respectively. Ee−h is the relaxation energy of the photo-excited state where the

electron and hole are interacting.33,34 The relaxation energy is calculated as the energy dif-

ference between the final optimized charged structure and the initial ground state geometry.

Ee− and Eh+ correspond to the polaron binding energy where the energies have not been

corrected for finite-size effects. Finite-size effect are expected to be small in our case, since

the dependence of the binding energy on the lattice constant L becomes 1/ε0L where ε0 is

the static dielectric constant.35 We consider as well supercell calculations, and it should not

change the interpretation of our results (See supporting information)

We have studied the non-interacting polarons of RuTBPZn-Cl and RuTBPZn-OH by

performing geometrical relaxation upon injection of an electron and a hole in each system,

respectively. These calculations predict the potential preferential sites where the photo-

generated electron and hole in the excited MOF. Figures 7a and 7d, and Figures 7b and

7e show the isosurface electronic density of the electron and hole injections calculations,

respectively, computed for RuTBPZn-Cl and RuTBPZn-OH. In both systems, the electron

charge localizes in the Ru backbone, and the hole charge localized in the porphyrin ligand.

Similarly, in Figure 7c and 7f we observe the isodensity representation of the electron-hole

interacting density wavefunction (in the neutral system) in RuTBPZn-Cl and RuTBPZn-

OH, respectively. Both systems were optimized using constraint DFT (CDFT) by means of

placing the hole in the porphyrin ligand and the electron in the ruthenium atom, leading to

a charge-separated state. Table 2 summarizes the relaxation and interaction energy of the

photoexcited charge carriers. On the one side, the results predict an attractive interaction

(−0.252 eV ) between the charge carriers in RuTBPZn-OH that will favour the electron-hole

recombination. In contrast, the computed interaction energy of the electron-hole pair is

repulsive in RuTBPZn-Cl (0.160 eV ), promoting a long-lived polaron lifetime.

The interaction energy of the photo-excited charge carriers was also computed using the

reduced-size representative clusters. In that case, Ee−h was computed within the TDDFT
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Table 2: Relaxation energy of the hole polaron Eh+ , electron polaron Ee− , the electron-hole
pair Ee−h, and the interaction energy Eint of the electron hole charge carriers evaluated in
the periodic and cluster model systems.

MOF RuTBPZn Cluster RuTBPZn
Energy eV \ System Cl OH Cl OH

Eh+ -0.190 -0.407 -0.960 -0.097
Ee− -0.217 -0.471 -1.188 -0.735
Ee−h -0.247 -1.130 -0.441 -0.946
Eint 0.160 -0.252 1.707 -0.114

framework. The results are collected in Table 2. RuTBPZn-OH cluster model results in

an attractive electron-hole interaction (−0.113 eV ) while the RuTBPZn-Cl cluster model

results in a repulsive interaction (1.740 eV ), being in both cases consistent with the periodic

calculations. Altogether, the repulsive interaction of the photo-generated charge carriers

predicted for RuTBPZn-Cl can be associated with a long electron-hole lifetime beneficial for

multi-electron transfer processes, such as HER.2 In addition to the charge carrier localization

in the ruthenium backbone, these characteristics will significantly promote the catalytic

process in comparison to other systems.

Conclusions

Motivated by the recent experimental synthesis of a porphyrin ruthenium-based MOF (Ru-

TBP-Zn) capable of photocatalytic HER in neutral water, we report ab-initio simulations

that provide fundamental insights into the unique electronic and optical properties of this

material. The experimental structure of Ru-TBP-Zn has a tetrahedral Ru(III) with missing

ligands, for which we propose two structures that resolve the coordination in Ru-TBP-Zn

with Cl ions (RuTBPZn-Cl) or with hydroxide ions (RuTBPZn-OH). The completion of the

coordination of this ruthenium atom is crucial for the stability of the system. The simulated

PXRD pattern of both structures matches with the experimentally reported. RuTBPZn-

OH is predicted to be slightly more stable than RuTBPZn-Cl thanks to the formation of

a hydrogen bond network along the ruthenium backbone. Our simulations suggests that
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solvent interaction might play a key role in the stability and coordination of Ru-TBP-Zn

system.

Analysis of the PDOS allows characterizing the VBM and CBM of RuTBPZn-Cl and

RuTBPZn-OH. In both cases, the VBM is associated with porphyrin states. In contrast,

RuTBPZn-Cl CBM corresponds to states localized in the ruthenium backbone of the MOF,

whereas RuTBPZn-OH CBM is a mixture of porphyrin and ruthenium backbone orbitals.

This difference is associated with the electronegativity of the Cl ions, which stabilize the

Ru orbitals and favours their localization in RuTBPZn-Cl. These features are in agreement

with the experimentally reported electron injection from the porphyrin to the ruthenium

backbone. Our simulations reveal that the unique properties of Ru-TBP-Zn rely on suc-

cessfully combining the optical properties of porphyrin ligands with an electron acceptor

one-dimensional ruthenium backbone. The presence of d5 Ru in combination with por-

phyrin ligands allows to promote a charge separation state in the system, as well as to

work as a catalyst. The position of CBM and VBM in both materials is predicted to be

thermodynamically suitable for photocatalytic water splitting in neutral water.

The results of the TDDFT calculations on the representative cluster models showed

good agreement with the experimental UV/Vis spectrum data. An LMCT state from the

porphyrin to the ruthenium dimer is observed in the RuTBPZn-Cl. The presence of this

band elucidates the broadening of the experimental UV/Vis spectrum, which originates in

light-induced LMCT transitions. In the case of RuTBPZn-OH, electron injection from the

porphyrin to the Ru backbone will occur via relaxation excited state dynamics from locally

excited states in the porphyrin unit. Finally, we study the preferential sites and relaxation

energy of the photo-generated electron-hole carriers. The localization of the electron and

hole are in the ruthenium backbone and porphyrin, respectively. The localization of the

electron polaron in the ruthenium backbone will promote efficient photo-conduction since it

has been observed that photo-conductivity in MOFs arises mainly from rod-like structures

from inorganic building unit.36 The electron-hole interaction is estimated to be attractive in

18



the case of RuTBPZn-OH, but repulsive for RuTBPZn-Cl. This suggests less electron-hole

recombination in the RuTBPZn-Cl system, which will be beneficial for further reduction on

the ruthenium dimer before HER takes place.

Our work provides a theoretical study based on accurate ab-initio calculations capable to

predict the structure and photocatalytic potential of Ru-TBP-Zn. This material exemplifies

the successful combination of the optical properties of porphyrin ligands with the catalytic

properties of Ru(III). The study highlights the key roles of the electronic properties, absorp-

tion spectra and photo-generated carriers characteristics required for the design of efficient

porphyrin-based MOFs for photocatalysis.

Methods

Models

Starting from the known experimental single-crystal X-ray structure of RuTBP,10 the two

periodic structures of Ru-TBP-Zn with complete coordination, namely RuTBPZn-Cl and

RuTBPZn-OH, were built by adding two Cl and two OH ions, respectively, to the coordi-

nation of the tetrahedral Ru. Additionally, the Ru coordinated with Dimethylformamide in

the porphyrin ligands was replace by Zn ions.

Periodic simulations

The two periodic structures were fully optimized using periodic DFT implemented in the

CP2K code.37 The optimized structures were obtained by conducting a protocol of a geom-

etry optimization calculation, a small ab-initio MD(Molecular Dynamics) simulation, and

a cell optimization using the unit cell where no constraints were applied to the structure.

A 100 steps of MD simulation in a canonical ensemble is performed at 300K, using the

CSVR thermostat38 with the purpose of preventing any metastable state in the atomic co-

ordinates. The cell parameters are optimized along with atomic coordinates. PBE39 and
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PBE040,41 exchange-correlation functionals with DFT-D3 van der Waals corrections with

Becke-Johnson damping were used throughout.42 The Truncated Coulomb operator with a

long-range correction was employed for the Hartree-Fock exchange. The truncation radius is

half of the smallest edge of the unit cell, and the long-range part of the exchange is computed

using the PBE exchange. The CP2K calculations used mixed Gaussian and plane wave basis

sets in combination with Goedecker-Teter-Hutter (GTH) pseudopotentials.43 The double-ζ

polarization MOLOPT basis sets were used to describe H, C, N , O and Cl atoms, while a

triple-ζ was used for Zn, and Ru atoms. In addition, for the PBE0 calculations, the auxil-

iary MOLOPT-ADMM basis functions44 were used: cFIT11 for Zn and Ru, and pFIT3 for

non-metal atoms. A plane-wave energy cutoff of 600 Ry was used, and the calculations were

done using the gamma point over the irreducible Brillouin zone.

We optimized the percentage of HF exchange where generalized Koopmans’ condition is

enforced in our systems18(See Supporting Information). The description of the Density of

states and band gap is computed for 2 x 1 x 1 supercell structures. To align the conduction

and valence band energies with vacuum, the methodology proposed by Butler et al (2014)45

was used to calculate the vacuum level in the periodic systems. This method consists of

evaluating the average potential within a small sphere at the pore centre.

LR-TDDFT scheme including the Tamm-Dancoff approximation46 was used to predict

the excited state properties of the periodic systems using the unit cell. Given the CP2K

implementation, the long-range correction is not included with the LR-TDDFT module.

Due to the large computational cost of using a hybrid XC functional, only the first 35 states

were computed.

Constrained DFT (CDFT) simulations were used to obtained the non-interacting hole

polaron and interacting charge-separation states in the periodic systems. The geometry

optimizations were performed using the Becke density partitioning scheme.47 The Becke cell

boundaries are adjusted to lead to physical partial charges. For Ru, Cl, O and Zn the

Shannon & Prewitt’s ionic radii was used (0.82, 0.99, 0.60 and 0.74 Å ).48 For C, N the
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covalent radii was used (0.77 and 0.75 Å ). Two kind of H atoms were defined: the first one

is for H atoms in the metal cluster (H2O and OH), and the rest involving the organic ligand.

The former used the ionic radius while the later the covalent one.

The calculations on the electron-hole relaxations were conducted on the single unit cell

to reduce the computational cost. The non-interacting polarons are obtained considering

charged periodic systems where the charge is neutralized by a charge background does not

affect the charges and forces. The non-interacting hole polaron has one constraint defined as

the porphyrin having one unpaired alpha electron (therefore leaving a hole in beta). CDFT

was used in this case to localize the hole in a single porphyrin ligand. All atoms of the

porphyrin were considered when defining the constraint. The interacting charge-separated

state has two constraints: one porphyrin has a hole, while the ruthenium cluster has an extra

electron. A screening threshold of 10−7 was employed to construct the Gaussian confinement

cavity. The constraint convergence criterion was set to 10−2 e. Element cutoff radii were set

to 3.5 Å for all elements.

Cluster simulations

From the optimized crystal structures of RuTBPZn-Cl and RuTBPZn-OH, two represen-

tative model cluster containing one single porphyrin ligand and one dimer Ru cluster were

defined. These clusters were designed to preserve a good representation of the electronic

properties of the periodic system. To mimic the solid-state framework, constrained geom-

etry calculations were performed where the aromatic C atoms, and two carboxylic groups

from the ruthenium backbone are held fixed. DFT geometry optimization calculations on

the clusters were performed in Gaussian 16.0,49 using the PBE0 XC functional. The 6-31G*

basis set50 was used for H, C, N, O and Cl, while the LANL2DZ basis set51 with pseudopo-

tentials was employed for Ru and Zn. The absorption spectrum was computed considering

the full linear response TDDFT using the CAM-B3LYP XC functional.52 Natural Transi-

tion Orbitals (NTO) analysis53 was conducted to have a better understanding of the optical
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excitations and their character.
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