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Abstract

The use of photosensitizers as organic ligands in Metal-Organic Frameworks (MOFs)

is a common practice to improve their UV/Vis optical absorption. For instance, MOFs

consisting of porphyrin ligands usually inherit their light-harvesting properties and

thus follow the Gouterman model in which the low-lying excitations correspond to

π → π∗ transitions. However, the characterization of the excited states of porphyrin

ligands in MOFs requires an appropriate description of the periodic crystal including

the metal nodes and inter-molecular interactions. Here, we investigate the UV/Vis

absorption properties of the porphyrin-MOF Al-PMOF and two metallated forms, Zn-

Al-PMOF and Co-Al-PMOF, and of their corresponding isolated porphyrin ligands us-

ing DFT/TDDFT simulations with PBE, PBE0, and CAM-B3LYP functionals. Our

results indicate that hybrid functionals are necessary to capture the proper nature

of the transitions and the excitonic effects of the optical and fundamental gaps in
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porphyrin molecules and porphyrin-MOFs that PBE functional fails to describe. Like-

wise, the simulations show that a wrong representation of some excitations can be

obtained depending on the functional and when the Tamm-Dancoff approximation is

used. Finally, our results show that PBE and PBE0 functionals are not able to cap-

ture the gap-renormalization when going from the isolated molecules to the periodic

crystals. Overall, the nature of the optical transitions, the excitonic effects, and the

gap-renormalization are important features to assess in the prediction of optical prop-

erties in MOF crystals that require considering proper functionals and approximations

to overcome the main failures of DFT/TDDFT calculations.

Introduction

Metal-Organic frameworks (MOFs) have attracted significant attention as materials with the

potential to be exploited in optical applications.1,2 The modular inorganic-organic nature and

the topology of their crystal structure make MOFs prospect materials for designing novel

systems with unique photophysical and photochemical properties. In this regard, MOFs

offer the advantage of tunability since their properties can be easily modified by the selection

and/or modification of its constituent units.3 The incorporation of photosensitizers as ligands

in MOFs is of interest for improving the visible-light absorption profile. Such property can be

beneficial in applications for light-harvesting and photocatalysis.4,5 Inspired by the natural

photosynthesis that occurs in highly ordered chlorophyll complexes, the incorporation of

porphyrins in MOFs has been a recurrent strategy to exploit their optical properties.6–8 This

strategy has also being used in dye-sensitized solar cells, where the molecular engineered of

porphyrin-based compounds improved the light-harvesting properties.9

Porphyrin MOFs have been synthesized using different transition metal nodes attempting

to encompass the optical properties of porphyrin ligands within a porous framework.8,10

Rosseinsky and coworkers synthesized a porphyrin MOF with Al(III) at the metal nodes

named Al-PMOF (Figure 1a) which was found to be water-stable.11 This material presents
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visible-light-driven hydrogen generation when combined with ethylenediaminetetracetic acid

and Pt nanoparticles. Porphyrins can easily coordinate metal ions, yielding to metallated-

porphyrins that can boost the catalytic activity. With this purpose, Al-PMOF has been also

reported in different metallated forms such as Zn-Al-PMOF11 and Co-Al-PMOF12,13 aiming

to modify the catalytic and photophysical properties of the material. In previous studies, the

ground state electronic properties of Al-PMOF have been extensively analyzed indicating

that the frontier orbitals of the material are dominated by the orbitals of the porphyrin

ligands.14,15 For that reason, even though Al-PMOF is composed of porphyrin ligands and

Al nodes, the optical properties of this MOF have been mainly attributed to the porphyrin

ligands11 neglecting the interaction with the metal-nodes and between porphyrin ligands.

In this context, the optical properties of porphyrin molecules have been widely studied in

both computational and experimental studies but a detailed analysis of the excited states and

optical absorption properties of porphyrin-MOF materials is still missing. Certainly, excited-

state phenomena in MOFs are not restricted solely to the ligands, where the interaction with

the metal nodes can also lead to low-lying charge-transfer excited states.7,16 Moreover, the

crystal embedding may have a strong effect on the ligands properties and thus, it is necessary

to apply computational approximations that are capable to describe this effect in periodic

MOFs. The optimum design of MOFs with desired optical properties requires ultimately

the understanding and prediction of their excited states, which in conjunction with other

theoretical descriptors will define the final photophysical and photochemical properties of

the material.17,18 For this reason, an accurate description of their electronic and optical

properties is needed.

Both the fundamental and the optical gap are of special interest in studying the optical

properties of MOFs. The fundamental gap, Efund, is the difference between the first ionization

potential and the first electron affinity in both molecules and solids.19,20 The position of these

energy levels is of great importance for photocatalytic applications as they determine the

capabilities of the system to promote a given reaction upon excitation.18 The second gap is
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the optical gap, Eopt, which is defined as the difference between the energies of the lowest

dipole-allowed excited state and the ground state.19 The optical band gap can be determined

experimentally as the onset of the UV/Vis spectrum. Both band gaps can be in principle

predicted by Density Functional Theory (DFT). In the case of a molecule, the Efund can be

directly obtained as the difference between the eigenvalues of the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies. For the

case of solids, it is the difference between the highest occupied crystal orbital (HOCO)

and the lowest unoccupied crystal orbital (LUCO) energies. The frontier crystal orbital

energies should be obtained from the highest and lowest energies in the band structure of

the material, respectively. However, these can be directly computed at the Γ-point in the

Brillouin Zone if these are located in this point.20 Unfortunately, the previous statements

only holds for the exact exchange-correlation(XC) functional, while in practice we can only

use approximations for this functional.21 It is noteworthy to mention that GGA functionals

cannot provide the correct fundamental gap and global hybrid functionals usually also lead

to an underestimated frontier orbital energy gap (especially in organic molecules).21 The

optical gap can be predicted using the eigenvalues obtained from DFT by its linear-response

time-dependent DFT (TDDFT) extension. Within TDDFT it is possible to derive the

excitation energies of the system as the poles the response function. The optical gap is

then considered as the fist dipole-allowed excitation energy obtained by TDDFT.19,21–23 The

solution of the linear-response can be done by solving the Casida equations including forward

and backward transitions24 or by the Tamm-Dancoff approximation (TDA)25 that discards

the backward transitions. The TDA has the advantage of being computationally simpler and

has been shown to ameliorate some drawbacks of conventional TDDFT such as the triplet

instability problem.26 As in the case of the fundamental gap, the optical gap prediction is

also susceptible to the approximations used to solve the exchange-correlation functional.

In this work, we perform a comprehensive study of the optical properties of the isolated

porphyrin ligand and the porphyrin-MOF crystal of Al-PMOF by DFT and TDDFT com-
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putations. We aim to evaluate the effect of the crystal embedding of the porphyrin ligands

in MOFs. To do so, we study the performance of different DFT/TDDFT approximations

in both isolated porphyrin ligands and periodic porphyrin-MOFs. We consider the isolated

porphyrin ligand meso-Tetra(4-carboxyphenyl)porphine (TCPP) and the Zn(II) and Co(II)

metallated forms (Figure 1b) to assess the effect of metallation on the optical properties of

porphyrin Al-PMOF. This choice allows us to compare two model cases TPCC and Zn(II)-

TPCC of porphyrin with a closed-shell electronic configuration, with a challenging open-shell

system, Co(II)-TPCC, characterized by a partially occupied d-shell. First, we analyze the

isolated porphyrin ligands to determine the characteristic excited state features as predicted

by different functionals and considering full TDDFT and TDA implementations. We then

study the properties of Al-PMOF material and the two different metallated forms Zn-Al-

PMOF and Co-Al-PMOF at the same level of theory than the isolated systems. Aiming to

compare the isolated and periodic systems, we use a computational setup based on a basis

set and functionals that can be used in both periodic MOFs and isolated molecules. Finally,

we perform a comparative analysis of the results of the periodic systems and the isolated

ligands and discuss the performance and limitations of DFT to address the optical properties

of porphyrin-MOFs.

Computational details

Molecular systems

The three porphyrin molecules, meso-Tetra(4-carboxyphenyl)porphine H2TCPP, Zn(II) meso-

Tetra(4-carboxyphenyl)porphine ZnTCPP, and Co(II) meso-Tetra(4-carboxyphenyl)porphine

CoTCPP, were optimized using DFT with PBE,27 PBE0,28,29 and CAM-B3LYP30 imple-

mented in Gaussian 16.31 The 6-31G* basis set32 was used for H, C, N, and O, while the

LANL2DZ basis set with pseudopotentials was employed for Zn and Co.33 We restrict our

analysis to double-ζ with polarization basis set in order to fairly compare the results with
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(a) (b)

R1 = 2H - H2TCPP
R1 = Zn(II) - ZnTCPP
R1 = Co (II) - CoTCPP

Figure 1: (a) Al-based porphyrin framework structure Al-PMOF. (b) meso-Tetra(4-
carboxyphenyl)porphine H2TCPP, Zn(II) meso-Tetra(4-carboxyphenyl)porphine ZnTCPP
and Co(II) meso-Tetra(4-carboxyphenyl)porphine CoTCPP.

the calculations in periodic calculations performed also with double-ζ polarization basis set.

The optimization procedure was set to tight along with a super fine grid for the two-electron

integrals. The optical absorption spectra were computed considering the full formulation of

the Casida equations and the Tamm-Dancoff approximation using linear response TDDFT

with the three different functionals.

Periodic Systems

Starting from the known experimental single-crystal X-ray structure,11 the periodic struc-

tures for the aluminium porphyrin MOF (Al-PMOF) and the ones with Zn (Zn-Al-PMOF)

and Co (Co-Al-PMOF) were fully optimized using DFT implemented in the CP2K code.34,35

The structures were optimized using the PBE XC functional with the D3 dispersion correc-

tion.36 The electronic and optical properties of the MOFs were also studied with PBE0

functional.37 The PBE calculations are conducted using a 1 x 2 x 1 supercell. For Co-

Al-PMOF, we used an anti-ferromagnetic singlet orientation of the spin and the DFT+U

scheme, where a Hubbard effective potential is added to the d orbitals of the Co atoms. The
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Löwdin population analysis method38 was used along with a Hubbard correction Ueff value

of 3.5 eV. This U-value corrects the nature of the crystal orbitals in Co-Al-PMOF to the

same symmetry of the ones obtained with PBE0. In addition, we also fully optimized the

H2TCPP, ZnTCPP, and CoTCPP isolated molecules in CP2K to properly compare the fun-

damental and optical gap values obtained for the periodic MOF counterparts. In this case,

the DFT+U method was used to compute its electronic ground state of CoTCPP. Calcula-

tions with CP2K used the QUICKSTEP program and mixed Gaussian and plane wave basis

sets in combination with Goedecker-Teter -Hutter (GTH) pseudopotentials.39 The efficient

orbital transformation (OT) method40 was used for the optimization of the wave function.

The double-ζ polarization MOLOPT basis sets were used to describe H, O and N atoms,

while a triple-ζ was used for Zn, Al, and Co atoms. In addition, for the PBE0 calculations,

the auxiliary MOLOPT-ADMM basis functions41 were used: cFIT8 for Al, cFIT11 for Zn

and Co, and pFIT3 for non-metal atoms. The Truncated Coulomb operator with a long-

range correction was employed for the Hartree-Fock exchange of hybrid calculations. 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. A plane-wave energy cutoff of 600 Ry was

used, and the calculations were done using the gamma point over the irreducible Brillouin

zone. The density of states and the crystal orbitals were computed using the PBE0 XC

functional along with D3 dispersion correction using 1 x 2 x 1 supercell structures. The

UV/Vis absorption spectra of the MOFs was computed using the PBE functional for Al-

PMOF and Zn-Al-PMOF while DFT+U was used for Co-Al-PMOF using the LR-TDDFT

implementation of CP2K. The optical gaps of the three materials were computed as well

with PBE0. When applying LR-TDDFT using PBE0 the long-range correction is excluded

according to the CP2K implementation.
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Results and discussion

Molecular systems

The study of optical absorption properties in MOF can be performed considering full periodic

boundary conditions42,43 or using a representative cluster model.44–46 In the case of Al-

PMOF that corresponds to the isolated porphyrin ligands. The excited states of porphyrin

molecules can be explained by the Gouterman four-orbital model.47 According to this model,

the excitations are characterized by π → π∗ transitions from the HOMO, HOMO-1 to the

LUMO, LUMO+1 orbitals. Figure 2 shows the frontier orbitals of H2TCPP localized in

the porphyrin core of the molecule and have the same symmetry of the Gouterman model.

Although, porphyrin is only the macrocycle of H2TCPP, the presence of the carboxyphenyl

groups does not affect frontier orbitals from the porphyrin group. Porphyrins absorb strongly

in the 400–450 nm range (Soret or B band) and weakly in the 500–700 nm region (Q band).48

HOMO-1 HOMO

LUMO LUMO+1

Figure 2: H2TCPP π and π∗ frontier edge molecular orbitals involved in the Q and Sored
bands transitions.
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In general, the DFT packages available for periodic calculations implement LR-TDDFT

solving the Casida equations within the Tamm-Dancoff approximation (TDA). In contrast,

quantum chemistry software used for studying isolated molecular systems and cluster mod-

els implements both the full representation of the Casida equations and TDA. In order to

determine the relevance of the TDA approach in the study of porphyrin ligands, we com-

puted the UV/Vis spectra using both full TDDFT and TDA on the isolated molecules and

compared them with the experimental results. In this way, we can fairly compare with the

TDA absorption spectra of the periodic systems, which is shown in the next section.

Figure 3 shows the different spectra of H2TCPP, ZnTCPP, and CoTCPP molecules

computed with TDDFT and TDA using PBE, PBE0, and CAM-B3LYP functional. In this

figure, we also compare the compute spectra with the experimental ones. It is important to

mention that the experimental Q bands in H2TCPP are four while in ZnTCPP are two. The

difference comes from the metallation with the Zn ion which increases the symmetry from

D2h to D4h point group in the porphyrin macrocycle.49,50 This change in symmetry causes

a degeneracy of the LUMO and LUMO+1 orbitals in ZnTCPP. For the case of H2TCPP,

there are two separate Q band excitations that further split into four due to vibrational

coupling while ZnTCPP should have two degenerate Q bands that split due to vibrational

coupling. For the case of CoTCPP, the Q bands do not further split as much as ZnTCPP

and are observed as one single Q band. In the absence of vibrational coupling, the Q bands

appear as double and single peaks in the TDDFT calculations for H2TCPP and ZnTCPP,

respectively.

To discuss the results, we should make a difference between H2TCPP and ZnTCPP,

which are closed-shell systems, and CoTCPP which is an open-shell system with a partially

occupied d-shell. For H2TCPP and ZnTCPP, the three XC functionals describe the frontier

molecular orbitals as in the Gouterman-model (Figures S1 and S2) and only differ by their

Kohn-Sham energy gap (Tables S1 and S3). The three functionals predict with good accuracy

the position of the Q bands in comparison with the experimental spectra (Figure 3). The
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(a) (b) (c)

(d) (e) (f)

H2TCPP ZnTCPP CoTCPP
TD

A
TD

DF
T

Figure 3: Comparison of the experimental UV/Vis absorption spectra and the TDDFT cal-
culations using different XC functionals of the porphyrin molecules. The upper row considers
the Tamm-Dancoff approximation while the lower row the full solution of the Casida equa-
tions for (a) and (d) H2TCPP ,(b) and (e) ZnTCPP , (c) and (f) CoTCPP respectively. The
theoretical UV/Vis spectra are normalized. Experimental spectra of H2TCPP and ZnTCPP
are taken from ref.51 and CoTCPP are taken from ref.52 Insets: enlarged spectra of the Q
bands.

use of TDA or the full Casida formalism have a small impact on the positioning of the Q

bands. In particular, the Q bands when evaluated with the TDA are slightly blue-shifted with

respect to their position when using the full Casida formalism, regardless of the XC functional

used. Similarly, the use of a pure hybrid XC PBE0 and a range-separated XC CAM-B3LYP

results in the Q bands only slightly blue-shifted with respect to the PBE results. Thus, the

performance of PBE on the prediction of the optical gap (Q Bands) in porphyrin molecules

is rather good, as has been previously reported.19 Although PBE predicts the optical gap

with good accuracy, the value obtained is larger than the PBE fundamental gap, which

indicates a misrepresentation of the excitonic effects.19,22 Given the local excitation nature

of the Q bands (π → π∗), this will imply a repulsive interaction between the electron and

hole. This artifact is preserved in all the PBE calculations with TDA and full TDDFT
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(Tables S1, S2, S3 and S4). The use of hybrid or range-separated XC functionals corrects this

artifact resulting in larger fundamental gap predictions and therefore, attractive excitonic

effects (Tables S1 and S3). Another feature observed in the PBE spectra is the presence of

additional excitations between the Soret band and Q bands. According to the Gouterman

model, the Soret excitations should be predicted right after the Q bands. However, H2TCPP

and ZnTCPP UV/Vis spectra using PBE predict additional absorption peaks providing a

wrong description of the experimental spectrum. These additional peaks appear as a result

of a strong underestimation of charge-transfer (CT) states within TDDFT53 evaluated with

a pure GGA functional. These excitations correspond to CT transition from the porphyrin

macrocycle to the phenyl orbitals of the molecule, which is observed in both TDA and full-

Casida formalism calculations. Due to the artificial underestimation of the CT states within

PBE, the Soret band shows a mixture of orbital contributions and thus has been analyzed

using Natural transition orbitals (NTO) to assign the peaks(Figures S9, S10, S14 and S14).

In contrast, PBE0 and CAM-B3LYP functionals show the proper description of the

excitations of the porphyrin molecules within the UV/Vis range in good agreement with

the experimental measurements. In both molecules, the Soret band appears as the third

excitation in the full Casida TDDFT calculations (Table S1 and S3). When using TDA with

PBE0 the previous statement only holds for ZnTCPP but not for H2TCPP. For the latter,

additional excitations of CT character from the porphyrin to the phenyl groups appear below

in energy (Figure S8). These additional excitations observed in H2TCPP with PBE0 and

TDA remain when larger basis set are considered as well (Figure S17). Although PBE0

functional can still be susceptible to CT artifacts in TDDFT,53 an over-stabilization of the

CT states is only observed with TDA applied to the H2TCPP ligand. This error is not

observed with CAM-B3LYP in any case. Altogether, the spectra predicted with the three

XC functionals for H2TCPP and ZnTCPP showed the Soret band less blue-shifted with

respect to the experiments when using the full-Casida TDDFT formalism instead of the TDA.

Despite that the TDA has been found to very accurate when used to organic molecules,54 our
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calculations show a significant improvement of the porphyrin UV/Vis spectrum when using

the full TDDFT approach. Yet, it is important to mention that the TDA does not fail in the

description of the porphyrin excitations. The failure of TDA to fully recover the appropriate

ordering and energetics of the CT and local states of porphyrin molecules suggests that

important electronic correlation is missing when neglecting the backward contributions to

the transitions.55

The description of the UV/Vis properties of CoTCPP is a bigger challenge for both

DFT and TDDFT. In particular, the ground state properties must be computed by DFT

using an unrestricted Kohn-Sham formalism.56 Unrestricted DFT and TDDFT calculations

for open-shell systems are susceptible to spin-contamination from having α and β electrons

treated independently. In addition, Co(II) has a partially occupied d-shell, whose electrons

are highly correlated. These challenges lead to the necessity of using more accurate and

computationally demanding functionals to ensure an appropriate description of the ground

state and usually imply highly demanding TDDFT calculations including a large number of

excitations.

First, we consider the description of the ground state properties of CoTCPP. The PBE

calculations of CoTCPP suffer from a high self-interaction error and result in frontier molec-

ular orbitals that do not follow the Gouterman model (Figure S3). This error mainly orig-

inates from the presence of an unpaired electron in the d-shell of the Cobalt atom and can

be partially fixed by considering a hybrid functional. Indeed, the PBE0 and CAM-B3LYP

functionals reduced the self-interaction error and predicted the frontier molecular orbitals

of CoTCPP in agreement with the Gouterman model (Figure S4). Remarkably, the calcu-

lations performed with PBE also alter the molecular structure of CoTCPP, which shows a

distorted non-planar shape of the porphyrin macrocycle in contrast to the planar structure

obtained with PBE0 (Figure S5).

Second, we analyse the optical absorption properties of CoTCPP. Figures 3c and 3c show

the TDDFT UV/Vis spectra compared with the experimental measurement using TDA and
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the full-Casida formalism. Like in the case of H2TCPP and ZnTCPP, the UV/Vis spectra of

CoTCPP computed with the hybrid and range-separated functionals show good agreement

with the experimental spectra, being the TDA spectra slightly blue-shifted with respect to

the full-Casida approach in all cases. On the other hand, the PBE calculations predict that

the lowest excitations correspond to d-d transition (with an almost zero oscillator strength)

instead of the Q bands (Tables S5 and S6). However, the Q bands appear after this d-d

excitations and have a higher oscillator strength as shown in the UV/Vis spectra (Figures 3c).

Although PBE fails to properly describe the ground properties of CoTCPP, it predicts the

Q bands in agreement with the Gouterman-model and with the experimental wavelength,

while still suffers from the same problems encountered in H2TCPP and ZnTCPP showing

additional excitations between the Q bands and Soret Band. Moreover, the PBE results

shows large spin contamination in the low lying transitions up to values of S2 of 1.5 (being

ideally 0.75) (Table S5 and S6).

The TDDFT calculations using hybrid and range-separated functionals entail a larger

computational cost for CoTCPP than for H2TCPP and ZnTCPP. As previously mentioned,

the use of unrestricted TDDFT in conjunction with a partially occupied d-shell requires to

include a higher number of excitations than in the restricted TDDFT case whith either a

purely organic or fully occupied d-shell system. The first 10 excitations in CoTCPP com-

puted with PBE0 and CAM-B3LYP functionals are all dark excitation (oscillator strength

equals to zero), mostly including low energy d-d local excitations. Excitations S11 and S12

correspond to the Q bands of the porphyrin and thus properly represent the optical gap

with negligible spin contamination (Table S5 and S6). As in the case of H2TCPP and

ZnTCPP, the NTO analysis of the full-Casida TDDFT calculations shows that both PBE0

and CAM-B3LYP functionals describe properly the Soret bands in CoTCPP. However, the

NTO analysis of the TDA results obtained with CAM-B3LYP shows that the some d orbitals

of Co(II) are involved in one of the Soret bands transition (Figure S15) thus misrepresenting

the character of this excitation. Overall our results suggest that the full Casida formulation
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should be considered when studying the optical UV/Vis excitations of porphyrin ligands

instead of TDA. According to our calculations, we encounter some additional excitations

(H2TCPP) and the wrong description of the orbitals of the Soret band (CoTCPP) when

using this approximation. It is noteworthy to mention that the last statement only holds for

the basis set we consider here. Despite that GGA functionals are able to properly predict the

Q bands of porphyrin ligands, these functionals have important issues to correctly account

for the excitonic effects in the Eopt and may over-stabilize charge-transfer states between the

porphyrin and its substituent units in the UV/Vis spectrum.

Periodic Systems

MOFs systems containing porphyrins have the additional challenge of addressing the optical

properties in periodic boundary conditions plus the presence of the transition metal nodes.

Herein, we considered Al-PMOF built from Aluminium metal nodes connected to porphyrin

ligands in a 3D network (Figure 1a). The optimization in periodic boundary conditions of Al-

PMOF using PBE functional with D3 dispersion correction shows good agreement with the

unit cell parameters published experimentally.11,57 Figure 4 shows the projected density of

states of Al-PMOF, as well as the systems where the porphyrin is metallated with Zinc (Zn-

Al-PMOF) and Cobalt (Co-Al-PMOF) at the PBE0 theory level. The band gaps are 2.81,

2.93 and 3.12 eV for Al-PMOF, Zn-Al-PMOF and Co-Al-PMOF, respectively. The valence

and conduction bands of the three MOFs are mainly dominated by orbitals localized on the

porphyrin ligands. The band edge orbitals have the same symmetry(π and π∗) as the ones

of the isolated molecules(Figure S18 and S19). Likewise, these orbitals are highly localized

presenting minimal dispersion.57,58 The orbitals above the conduction band are higher energy

orbitals from the porphyrin and also orbitals localized in the phenyl groups including the

carboxylic groups. The electronic properties of Al-PMOF, Zn-Al-PMOF, and Co-Al-PMOF

depicts a material where its electronic and optical properties are highly dominated by the

porphyrin ligands.57 There are not major changes in the electronic properties of the material
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after changing the metal center of the porphyrin molecule (Figure 4).

Figure 4: Projected density of states of Al-PMOF, Zn-Al-PMOF, and Co-Al-PMOF using
PBE0 XC functional.

Calculations performed for Al-PMOF and Zn-Al-PMOF with PBE0 result in same band

edge orbitals than the ones obtained with PBE considering the opening of the band gap in

the hybrid calculations (Figure S22). However, in the case of Co-Al-PMOF, the description

of the frontier orbitals remains challenging using PBE due to important self-interaction error

effects.59 As previously mentioned, these arise from the presence of Co(II) with an unpaired

electron in the porphyrin ligand. In particular, the use of GGA functionals leads to a mis-

representation of the LUMO, which is the dz2 orbital of the Cobalt ion instead of the π∗

orbital of the porphyrin (Figure S20) as observed for the isolate CoTCPP molecule. Like-

wise, the use of a hybrid functional corrects the description of frontier orbitals of CoTCPP

in Co-Al-PMOF, placing the dz2 orbital of the Cobalt ion at higher energies (Figure S4).

Interestingly, the CoTCPP ligand in Co-Al-PMOF does not display a non-planar shape when

optimized with PBE (S5). Instead, the presence of the Aluminium backbone and the con-

fined environment promotes a more planar structure in agreement with the experimental

structure.
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Taking into account our analysis on the use of PBE and PBE0 XC functionals to describe

the electronic and structural properties of porphyrin-MOF, in the following we are going to

focus on the study of their optical absorption properties. Since Co-Al-PMOF ground state is

misrepresented with PBE, we use DFT+U calculations to correct the energy and character

of its frontier crystal orbitals. A Hubbard Ueff =3.5 eV corrects the crystal orbitals in Co-

Al-PMOF resulting in symmetries similar to the ones obtained with PBE0 (Figure S23 and

S21). The DOS obtained with DFT+U display the correct band edges of the material as the

ones obtained from PBE0 being slightly less localized (Figure S21). Figure 5 shows the com-

parison between the TDDFT with TDA computed spectra and the experimental UV/Vis

spectra of Al-PMOF, Zn-Al-PMOF, and Co-Al-PMOF. We used PBE for Al-PMOF and

ZnAlMOF while DFT+U method was used for Co-Al-PMOF. The periodic TDDFT with

TDA calculations predict the Q bands in agreement with the experimental measurements.

These Q bands have a 100% contribution from the band edge orbitals following the Gouter-

man four-orbital model. Additional excitations between the Soret and Q bands were also

observed, as in the case of the isolated molecules. These additional excitations between the

Soret and Q band do not correspond to transitions between the band edges orbitals exclu-

sively. Instead, these transitions involve orbitals also from the phenyl group being of the

same nature as the ones observed for the isolated molecules using PBE functional. Likewise,

the highest absorption peak obtained for the periodic MOFs is not entirely described by the

Gouterman four-orbital of the Soret band, instead it shows less than a 50% contribution

of the π and π∗ orbitals. The UV/Vis calculations spectra of the three MOFs are qualita-

tively similar to the experimental measurements. Yet, there are many additional transitions

wrongly describing the character of the excitations in the entire UV/Vis spectra. PBE is the

most common functional for the calculation of the UV/Vis spectra of periodic MOFs43,60

since its computational cost allows to obtain the necessary number of excitations to cover

the UV/Vis range. Based on our results, this functional has important difficulties to describe

the upper region of the UV/Vis spectra in porphyrin MOFs, while predicts properly the Q
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bands of Al-PMOF and its metallated counterparts.

(a) (b) (c)

Zn-Al-PMOFAl-PMOF Co-Al-PMOF

Figure 5: Comparison of the experimental UV/Vis absorption spectra and the periodic
TDDFT calculations using a 1 x 2 x 1 supercell of (a) Al-PMOF and (b) Zn-Al-PMOF using
the PBE XC functional, and (c) Co-Al-PMOF using the PBE+U XC functional with Ueff =
3.5 eV. Al-PMOF and Zn-Al-PMOF UV/Vis spectra is taken from ref.,11 while Co-Al-PMOF
is taken from ref.13 Insets: enlarged spectra of the Q bands.

Molecular vs periodic systems

Table 1: Comparison of the Fundamental Gap (Efund) and Optical gap (Eopt) of the MOFs
and isolated ligands using PBE and PBE0 calculations.

PBE PBE0
System Efund [eV] Eopt [eV] Efund [eV] Eopt [eV]

Al-PMOF 1.820 2.110 2.879 1.801
Zn-Al-PMOF 1.960 2.140 2.993 1.930

Co-Al-PMOF* 2.082 2.348 3.161 1.898

H2TCPP 1.798 2.068 2.929 1.861
ZnTCPP 1.893 2.197 3.037 1.975

CoTCPP* 2.049 2.290 3.202 2.099
* The PBE results are from PBE+U calculations.

According to the calculations of the isolated porphyrin molecules, a proper description of

the UV/Vis spectra in porphyrin-MOFs requieres a hybrid functional. However, computing

the necessary number of excitations to cover the full range of the UV/Vis spectra using a

hybrid functional is computationally too demanding. Instead, we computed the necessary

17



excitations in the lower energy range to evaluate the Q bands energies in the three porphyrin-

MOF materials using PBE0, which correspond to excitations localized in the porphyrin

macrocycle. We have computed the Eopt from TDDFT with TDA calculation as the first

dipole allowed excitation. Table 1 shows a comparison of Efund and Eopt computed with PBE

and PBE0 XC functionals in the periodic MOFs and the isolated porphyrin ligands, except

for Co-Al-PMOF and CoTCPP for which DFT+U was used instead of PBE. The values

of Efund and Eopt of the isolated porphyrin molecules shown in Table 1 were recomputed

with CP2K to properly compare with the periodic calculations. It can be seen that the

use of hybrid functionals increases the Efund from the underestimated values obtained with

PBE. Moreover, the Efund have a similar value when computed in the periodic MOF and the

associated isolated ligands, when using both PBE and PBE0 functionals. The results shows

no major differences from computing Efund for the isolated porphyrin molecule or from the

periodic MOF. Considering that the frontier crystal orbital of the porphyrin-MOFs are of

the same nature as in the Gouterman-model in isolated porphyrin molecules, that implies

that neither PBE and PBE0 functionals are able to capture the gap re-normalization of

going from an isolated molecule to a periodic crystal.19,21,23,61 This re-normalization implies

that the fundamental gap of an isolated molecule should be wider than the one of the same

molecule as part of a periodic crystal. Although the last statement generally applies strongly

to organic crystals, MOFs can inherit similar behavior given the limited electronic coupling

and localized nature of their orbitals. In the case of the Eopt, the calculations using PBE on

the periodic MOFs show the same behavior of their isolated ligand counterparts resulting

in higher Eopt than the ones of their obtained for Efund. This artifact from DFT/TDDFT

using GGA functionals in porphyrins is reduced when a hybrid functional is used.22 The

PBE0 calculations show large Efund than reduced Eopt depicting properly the excitonic effect

nature of the Q Bands of both periodic MOFS and isolated ligands. The values of Eopt

from PBE0 calculation are smaller than the PBE ones like it is observed in the isolated

molecule calculations. Overall, Table 1 shows no significant differences in the Efund and Eopt
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between calculations of the isolated molecules or the periodic MOFs. This last observation

is in agreement with the nature of the electronic and optical properties of Al-PMOF being

directed dominated by the porphyrin ligands.

Excitonic effects and gap-renormalization represent major challenges for the accurate

prediction of the electronic and optical properties of MOFs. In general, experimental mea-

surements of band gaps in MOFs are limited to the optical band gaps.62 Usually, DFT

calculations conducted in MOFs use the Kohn-Sham values to be compared with the re-

ported values of experimental measurements of the optical gap, and this comparison is in

principle incorrect. We said in principle, since in experimental conditions there are more

effects to consider, as thermal effects and the quantum motion of the nuclei affecting both

Efund and Eopt.
43,63 In the field of bulk inorganic semiconductors, such comparison can hold

given that excitonic effects are usually small, making the energy difference between Efund

and Eopt negligible. The strategy to overcome such challenges (gap-renormalization and ex-

citonic effects) in organic crystals is to include the effect of the dielectric response along with

optimally-tuned range-separated functionals by enforcing the Koopmans’ condition.23,61 In

the case of MOFs, these calculations can be computationally demanding given the num-

ber of atoms and size of the unit cell. However such calculations are required to properly

described their electronic and optical properties of MOFs. Here, we use a truncated and

long-corrected PBE0 functional that, despite not being optimized, is capable to describe the

excitonic effects in Al-PMOF and its metallated forms due to the strong localization of the

frontier crystal orbitals in the porphyrin ligands.

Conclusions

In this work, we have performed DFT and TDDFT calculations of Al-PMOF, Zn-Al-PMOF,

and Co-Al-PMOF to asses the performance of different computational approximations to

predict their electronic and optical absorption properties. To do so, we have first considered
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the isolated porphyrin ligands of the three periodic MOFs and analyzed their ground state

and excited state properties as obtained with PBE, PBE0 and CAM-B3LYP functionals.

Our calculations reveal that different artifacts are obtained with the PBE functional. First,

additional absorption bands are shown between the Soret and Q bands in the UV/Vis spec-

trum ascribed to charge transfer transitions from the porphyrin to its phenyl substituent.

Second, the computed optical gap is larger than the fundamental gap thus resulting in a

wrong representation of the excitonic effects. For that reason, we conclude that to study

UV/Vis spectra in porphyrins and to correctly describe their optical excitations at least a hy-

brid functional is required. Evaluation of the optical spectra with the full-Casida formalism

or TDA shows that TDA tends to predict a blue-shifted spectra and in some cases, additional

excitations (H2TCPP) and the wrong description of the orbitals of the Soret band (CoTCPP)

are obtained. According to our calculations, the full-formalism shows better agreement with

the experimental UV/Vis measurements and predicts the correct ordering and character of

the states. This discrepancies between full TDDFT and TDA suggest that the electronic

correlation of the backward excitations is important for the simulation of optical properties

in porphyrins. The same conclusions apply for periodic porphyrin-MOFs. Our results show

that the optical properties of Al-PMOF and its two metallated forms, Zn-Al-PMOF and

Co-Al-PMOF, follow the Gouterman four-orbital model47 in which the lowest excitations

are characterized by π → π∗ transitions between the frontier crystal orbitals localized in

the porphyrin ligands. Remarkably, both PBE and PBE0 functionals lead to an accurate

prediction of the optical gap. However, both fail to capture the gap re-normalization of going

from an isolated molecule to a periodic crystal.

It is important to note that the above results can be translated to other MOFs. The

presence of localized orbitals from the organic ligands at the band structure edges of the

MOF is a common feature, which is obtained when the orbitals of the metal-nodes are too

high in energy with respect to the orbitals of the ligand. In such case, the ligand strongly

influences the optical properties of the material. Thus, the performance of the DFT/TDDFT
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approximations observed to describe the isolated ligands is translated to the periodic MOF.

This may include a wrong representation of the excitonic effects and the character of the

lowest excited states. The presence of additional ligands and transition metals with low-

lying energy levels represent a major challenge for TDDFT when charge-transfer states are

accessible. Additionally, calculations performed for periodic MOFs and isolated ligands

may suffer from a wrong gap-renormalization description when using traditional functionals

available for solids such as PBE and PBE0.
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(38) Löwdin, P. On the Non-Orthogonality Problem Connected with the Use of Atomic

Wave Functions in the Theory of Molecules and Crystals. The Journal of Chemical

Physics 1950, 18, 365–375.

(39) Goedecker, S.; Teter, M.; Hutter, J. Separable dual-space Gaussian pseudopotentials.

Phys. Rev. B 1996, 54, 1703–1710.

(40) VandeVondele, J.; Hutter, J. An efficient orbital transformation method for electronic

structure calculations. The Journal of Chemical Physics 2003, 118, 4365–4369.

26



(41) Guidon, M.; Hutter, J.; VandeVondele, J. Auxiliary Density Matrix Methods for

Hartree-Fock Exchange Calculations. Journal of Chemical Theory and Computation

2010, 6, 2348–2364, PMID: 26613491.

(42) Anderson, S. L.; Tiana, D.; Ireland, C. P.; Capano, G.; Fumanal, M.; G ladysiak, A.;

Kampouri, S.; Rahmanudin, A.; Guijarro, N.; Sivula, K.; Stylianou, K. C.; Smit, B.

Taking lanthanides out of isolation: tuning the optical properties of metal–organic

frameworks. Chem. Sci. 2020, 11, 4164–4170.

(43) Capano, G.; Ambrosio, F.; Kampouri, S.; Stylianou, K. C.; Pasquarello, A.; Smit, B.

On the Electronic and Optical Properties of Metal–Organic Frameworks: Case Study

of MIL-125 and MIL-125-NH2. The Journal of Physical Chemistry C 2020, 124, 4065–

4072.

(44) Hendrickx, K.; Vanpoucke, D. E. P.; Leus, K.; Lejaeghere, K.; Van Yperen-

De Deyne, A.; Van Speybroeck, V.; Van Der Voort, P.; Hemelsoet, K. Understanding

Intrinsic Light Absorption Properties of UiO-66 Frameworks: A Combined Theoret-

ical and Experimental Study. Inorganic Chemistry 2015, 54, 10701–10710, PMID:

26540517.

(45) TDDFT investigation on the solvent effect of methanol on the electronic structure and

luminescence of metal organic framework CdL2. Chemical Physics 2019, 523, 70 – 74.

(46) Wilbraham, L.; Coudert, F.-X.; Ciofini, I. Modelling photophysical properties of

metal–organic frameworks: a density functional theory based approach. Phys. Chem.

Chem. Phys. 2016, 18, 25176–25182.

(47) Gouterman, M.; Wagnière, G. H.; Snyder, L. C. Spectra of porphyrins: Part II. Four

orbital model. Journal of Molecular Spectroscopy 1963, 11, 108 – 127.

(48) Lee, M. W.; Lee, D. L.; Yen, W. N.; Yeh, C. Y. Synthesis, Optical and Photovoltaic

27



Properties of Porphyrin Dyes. Journal of Macromolecular Science, Part A 2009, 46,

730–737.

(49) Zhang, A.; Kwan, L.; Stillman, M. J. The spectroscopic impact of interactions with the

four Gouterman orbitals from peripheral decoration of porphyrins with simple electron

withdrawing and donating groups. Org. Biomol. Chem. 2017, 15, 9081–9094.

(50) Baerends, E.; Ricciardi, G.; Rosa, A.; van Gisbergen, S. A DFT/TDDFT interpretation

of the ground and excited states of porphyrin and porphyrazine complexes. Coordination

Chemistry Reviews 2002, 230, 5 – 27.

(51) GmbH, P. L. 5,10,15,20-Tetrakis-(4-carboxyphenyl)-porphine-Zn(II). https:

//porphyrin-laboratories.com/eng/catalog/Porphine-Base_Eng.php?Synonym=

TCPP-Zn(II)&Name=5,10,15,20-Tetrakis-(4-carboxyphenyl)-porphine-Zn(II)

&CAS=27647-84-3&Land=2&Index=11&Metall=30.

(52) Sonkar, P. K.; Prakash, K.; Yadav, M.; Ganesan, V.; Sankar, M.; Gupta, R.; Ya-

dav, D. K. Co(ii)-porphyrin-decorated carbon nanotubes as catalysts for oxygen reduc-

tion reactions: an approach for fuel cell improvement. J. Mater. Chem. A 2017, 5,

6263–6276.
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