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Density functional theory (DFT) calculations were performed on the 5,15 meso-positions of nine por-
phyrin-containing MOFs; Zn,(TCPB)—-(NMe,—-ZnP); (H4TCPB = 1,2,4,5-tetrakis(4-carboxyphenyl)benzene),
(NMex-ZnP = [5,15-bis[(4-pyridyl)-ethynyl]-10,20-bis-(dimethylamine) porphinato]zinc(i)) functionalized
with nitrogen-, oxygen-, and sulfur-containing groups to study their effects on the electronic, optical and
transport properties of the materials. The properties of these materials have also been investigated by
encapsulating fullerene (Cgp) in their pores (Cgo@MOFs). The results indicate that the guest Cgp in the
MOF generates high photoconductivity through efficient porphyrin/fullerene donor—acceptor (D-A)
interactions, which are facilitated by oxygen and sulfur functionalities. DFT calculations show that Cgo
interacts favorably in MOFs due to negative E;; values. Encapsulated Cgo molecules modify the electronic
band structure, affecting the conduction band and unoccupied states of MOFs corresponding to Cgo p
orbitals. TD-DFT calculations show that incorporating Cgo promotes D—A interactions in MOFs, leading to
charge transfer in the near-infrared and visible photoinduced electron transfer (PET) from porphyrins to
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Ce0. Nonequilibrium Green'’s function-based calculations for MOFs with sulfur group, with and without
Ceo. performed using molecular junctions with Au(111)-based electrodes show increased charge transport
for the doped MOF. These insights into tuning electronic/optical properties and controlling charge trans-
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1. Introduction

Metal-organic frameworks (MOFs) are a class of crystalline
polymers characterized by a porous structure composed of
metallic nodes and organic linkers. MOFs offer periodic poro-
sity, tunable functionality, and diverse framework structures,
making them promising materials for a wide range of appli-
cations, including sensors, gas adsorption and separation, bio-
medicine, energy conversion, and proton/ion conductivity.'™
One area of particular interest is the development of conduc-
tive MOFs, which have attracted considerable attention for cat-
alyzing various chemical reactions such as oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR), as well as
in the field of fuel cells, solar cells, energy storage, super-
capacitors, flexible electronics, and devices electronics.'’™”
However, many existing MOFs suffer from limited electrical
conductivity, which poses a challenge for their use in these
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fer can aid in the design of new visible/near-infrared MOF-based optoelectronic devices.

applications.’®'” To address this issue, a promising approach

is to design conductive MOFs with enhanced electrical conduc-
tivity as a primary goal. To overcome the limitations associated
with bulk conductive MOFs, such as limited surface accessibil-
ity and exposure of metallic nodes to electrolytes, several inno-
vative strategies have emerged. These strategies include down-
sizing MOFs to the nanometer or atomic scale,'® manipulating
defects within MOFs,"® creating internal voids or cavities
within the MOF structure,® incorporating different metallic
nodes into MOFs,*! and anchoring MOFs to conductive sub-
strates.>” These approaches aim to improve the performance
and stability of conductive MOFs, making them even more
promising materials for various conductive
applications.'>**%°

Promising conductive MOFs are based on intra-layer
n-electron delocalization enabled by conjugated planar ligands
and trigonal geometries, and tight energetic alignment
between metal and ligand interfaces."> Optimization of these
factors, often by direct synthesis or modification of MOF
constituents,”*>® enhances charge transport, resulting in
remarkable electrical conductivity. When selecting ligands for
constructing MOFs, porphyrin and its derivative ligands have
garnered significant attention due to their exceptional photo-

This journal is © The Royal Society of Chemistry 2024
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sensitivity. They are frequently employed in photocatalytic
reactions, solar cells, catalysis, optoelectronics, and photo-
dynamic therapy (PDT).>**® These ligands can be obtained by
substituting several functional groups at the meso- and
B-positions of porphin (C,H14N,).*> When exposed to visible
light, the extensive n-conjugated porphyrin structure can gene-
rate electron-hole pairs,*>*! leading to a substantial charge
flow within the MOF. On the other hand, there have been
several intriguing examples demonstrating that stacking por-
phyrin units in an eclipsed mode can provide a pathway for
conduction, facilitating efficient carrier transport. Jiang et al.*>
discovered that the eclipsed stacking orientation of porphyrin
molecules promotes the rapid transport of charge carriers
within porphyrin columns. In addition, the introduction of
metals into the porphyrin core further enhances the electron
transport capabilities. Chen et al.?® also observed that the AA
stacking structures of porphyrin molecules enhance carrier
dynamics. In this scenario, photogenerated electron transport
relies on the metal pathway at the center of the porphyrin,
while the macrocycle facilitates the transfer of photogenerated
holes, leading to effective carrier separation. Moreover, incor-
porating porphyrins as ligands into the crystal lattices of
MOFs can increase their versatility and offer promising pro-
perties that build on their inherent properties.*® These include
exceptional solution stability, energy transport, exciton
migration and enhanced optoelectronic properties.**™

After decades of progress, the semiconductor industry has
indeed reached a pivotal point in its history. Electronic devices
are moving towards miniaturization, intelligence, and greater
energy efficiency. Consequently, it is imperative to discover
conductive solid structures that can facilitate these goals, and
porphyrin-based MOFs are emerging as a compelling choice
due to their unique properties. One approach to enhance the
carrier mobility of porphyrin-based MOFs is to incorporate
charge-accepting molecules into the porous framework.*®*” In
this context, the establishment of donor-acceptor chemical
interactions within photoconductive MOF systems could be a
highly effective strategy for creating novel conductive MOFs.
We are particularly interested in the MOF previously reported
in our recent research,*® designated as 5: Zn,(TCPB)-(NMe,-
ZnP); (H,TCPB = 1,24, 5-tetrakis(4-carboxyphenyl)benzene),
(NMe,-ZnP = [5,15-bis[(4-pyridyl)-ethynyl]-10,20-bis-(dimethyl-
amine)porphinato]zinc(u)). The inception of this MOF can be
traced back to the experimental work conducted by Son
et al.,* followed by subsequent theoretical investigations by
Pratik et al.*’

Our aim in this work is to evaluate the conductive properties
of systems based on the 5@Cgp MOF, referred to as Ceo@Rpy in
this paper, where the fullerene acts as an effective electron accep-
tor, while the porphyrin ligand acts as an efficient electron donor,
generating acceptor-donor chemical interactions. For this
purpose, we modified the porphyrin ligand in their 5,15 meso-
positions with different functional groups (Scheme 1), which
differ in electron-donating ability. Fullerene-containing MOFs are
designated as C60@prr7 Cﬁo@Rthiopyry CGO@Ramine; CGO@Rphem
Co0@Rsuif, Ce0@Ramine,biphy C60@Roxy,biphy C60@Rsulfbiph- We per-
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formed various atomic-scale modeling approaches for the MOFs
with and without Cg. First, we used periodic modeling to study
the structure and electronic properties, then we performed mole-
cular configuration modeling to study the optical properties
through electronic absorption spectra. Finally, we used molecular
junction configuration to estimate the charge transport properties
of Rgyir and Cgo@Rsyis clusters model.

2. Computational methods

Unit cell optimization of the MOFs (Fig. 1a and b and S1}) was
performed using density functional theory (DFT) methods.>
We used the Linear Combination of Atomic Orbitals (LCAO),
Perdew-Burke-Ernzerhof (PBEsol) exchange-correlation func-
tional for solids,”" double-{-polarized (DZP) basis set, a 2 x 2 X
2 k-point sampling grid and PseudoDojo norm-conserving
pseudopotentials®® to represent all atoms. Each SCF calcu-
lation was energetically converged to 1 x 107 eV, with density
mesh cutoff of 250 Rydberg, and the maximum Hellmann-
Feynman force of each atomic was converged to be less than
0.05 eV A™'. Once the optimized crystal geometries were
obtained, single point calculations for the electronic properties
(band structures, interaction energy (Ei,), density of states and
electrical conductivity (o)) were performed using the Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional®® and
the empirical DFT-D3 method of Grimme® to better account
for dispersion interactions. In our previous work, we reported
that PBE-D3 is the most appropriate method for calculating
the electronic properties of these materials.*®> One molecule of
Cgo Was incorporated per unit cell (Fig. 1b and S17), and the
interaction energy was calculated as Ej,, = E(C¢o@MOF) —
E(MOF) — E(Ceo). The energy values for MOF and Cg, were
determined in their respective optimized geometries within
the C¢o@MOF. To account for any potential basis set superpo-
sition error (BSSE),>> we applied the counterpoise method to
correct these energy values.

Density functional theory calculations can predict the elec-
trical conductivity () for semiconductor MOFs consisting of
electron-donating and electron-accepting molecules. This
latter property is the product of the number of charge carriers
(n) with the electron’s charge (e) and the carriers’ mobility (u)
given by the expression ¢ = n e 1.>® In a semiconductor, the
intrinsic density of the charge carriers is directly proportional

B

system, Kg is the Boltzmann constant, and T is the tempera-
ture. Thus, this exponential term constitutes a good approxi-
mation for determining the electrical conductivity, as has been
shown by other authors.’***® The Quantum ATK compu-
tational package®*®® was used for this first part of the study.

The optical properties of the MOFs have been studied using
the electronic absorption spectra calculated by the time-depen-
dent DFT (TD-DFT) method.®>®* For this purpose, clusters
extracted from the optimized crystal geometry are used.
Considering the proximity of each Cg, to four porphyrin units

E
to exp(— ZKgT) where E, is the band gap energy of the
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Scheme 1 Molecular structure of the MOFs investigated.

within the MOFs, we selected a cluster consisting of four por-
phyrin units and one fullerene unit for the Co@MOF. We per-
formed calculations TD-DFT to generate the absorption
spectra for these cluster and then compared it with the absorp-
tion spectrum of a single porphyrin unit. This allowed us to
investigate the effect of having four porphyrin units in the
cluster on the absorption spectrum. To illustrate, the Fig. 1c—f
show the optimized crystal geometry as bulk of Ry, and

16832 | Dalton Trans., 2024, 53, 16830-16842

Ceo@Ryy from which the clusters were obtained to study
optical properties (Fig. 1g-i). However, the methodology was
applied to the other systems with and without fullerene. We
performed TD-DFT calculations for the cluster models using
the TPSSh functional®® and the 6-31G basis set, in a solvent
phase consisting of dimethylformamide with dielectric con-
stant of 36.7. This choice of solvent agrees with the solvent
that was used by Son et al*® for the measurement of the

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01459f

Published on 19 augustus 2024. Downloaded on 10/03/2025 16:53:27.

Dalton Transactions

S 1}'{ b B 2T P
$& ““Wﬁ}» <2
¢ t.vg _k"h t ,\r :l’
I\ o : J x \w“:‘%{ ‘m\ ;_;/xt
g) h)

View Article Online

Paper

SPtag ¢
A%y

\:::;“‘ daa g &

i

Fig. 1 Molecular structure of the Ry, and Ceo@Rpy configurations; (a) unit cell optimized of Ry,. (b) Unit cell optimized of Cgo@Rpy. (c) Rpy bulk
(front view). (d) Rpy bulk (side view). (e) Ceo@Rpy bulk (front view). (f) Ceo@Rpy bulk (side view). (g) Rpy porphyrin unit. (h) Rpy cluster. (i) Ceo@Rpy

cluster. Color code: H (white), C (gray), N(blue), O (red), and Zn (purple).

experimental spectra of the parent MOF. The choice of the
functional was based on the results of our previous work*®
where, after comparing the experimental UV-Vis spectra of
structure of porphyrin, fullerene and porphyrin-fullerene
complex reported in the literature with the theoretical UV-Vis
spectra calculated with different functionals, we found that the
TPSSh functional is the one that best reproduces the optical
properties of these systems. The solvent was simulated with
the conductor-like polarizable continuum model (CPCM).**°
The singlet-singlet vertical excitations of the Franck-Condon
type were modeled considering 60, 400, and 600 excited states
of the porphyrin unit for the isolated system (Fig. 1g) and MOF
cluster without (Fig. 1h) and with fullerene (Fig. 1i), respect-
ively. These calculations were performed using the Gaussian
09 program suite.®°

We designed theoretical molecular junctions
ters of MOFs as the active molecular component within the
scattering zone. Due to the size of the clusters and the compu-
tational effort required to obtain the charge transport pro-
perties of these junctions, we studied only the charge transport
properties of Rgye and Ceo@Rsuir MOFs. These clusters were
obtained from the corresponding optimized crystal structures
and consist of several MOF elements, mainly ligands and full-

67770 with clus-

This journal is © The Royal Society of Chemistry 2024

erenes in the case of the doped system. The linkers and the
metal node were not considered because they affect the elec-
tron flow of the electronic devices.*® After optimizing the clus-
ters in their molecular configurations, we sandwiched them
between gold electrodes modeled as semi-infinite Au (111)
wires. These junctions were optimized as electronic devices
(Fig. S21) from which we calculated the charge transport pro-
perties. Our calculations followed the Keldysh non-equilibrium
Green’s function formalism combined with density functional
theory (DFT-NEGF),”"”> implemented using the Quantum ATK
package. All calculations on this part of work were performed
at the PBE/DZP/PseudoDojo theoretical level. The current-
voltage (I-V) characteristics through the junction are given by
the Landauer-Biittiker formula:”?

where T(E, V) is the transmission at a given bias voltage (V),
Sf(E, Eg) is the Fermi-Dirac distribution function and u;/ug is
the chemical potential of the left (L) and right (R) electrode.

Dalton Trans., 2024, 53,16830-16842 | 16833
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3. Results and discussion

3.1. Structural and electronic properties

The lattice parameters of the MOFs and Cs,@MOFs are shown
in the ESI (Table S1t). The structures functionalized with the
biphenyl moiety (Ramine,biphs Roxy,biphs Rsultpiph) (Scheme 1),
with and without fullerene, show a significant difference in
the crystallographic axis ¢ with respect to the rest of the MOFs.
This difference is due to the size of the biphenyl group, which
causes an increase in the unit cell volume produced by increas-
ing the length of the crystallographic axis where the structure
has been modified (Fig. S11). As expected, no significant differ-
ence was observed between the MOFs without fullerene in the
a and b crystallographic axes as well as in the unit cell angles,
since the functionalization in the MOFs is in the z-plane. A
similar behavior was found for Cq(@MOFs. After Cq, incorpor-
ation, the optimized lattice parameters change significantly
with respect to the MOFs without Cgo. This is an indication
that there may be a kinetic barrier to the incorporation of full-
erenes; however, the calculated interaction energy at the
PBE-D3 level for CGO@pr7 CGO@prr; CGO@Rthiopyr; Cs0@Ramine;
Cﬁo@Rphem Cﬁo@Rsulfy C60®Ramine,biph; CGO@Roxy,biph; and
Coo@Rsuitpiph is —1.25, —1.08, —1.34, —1.95, —8.55, —1.50,
—1.23, —=7.35 and —6.71 eV, respectively, indicating that incor-
poration is quite favorable in all cases. Cgo@Rphen and
Ce0@Royy,pipn MOFs are the materials with the most stable
interactions, which may be due to dipole-induced dipole
attraction van der Waals interactions between the -O- moiety
and the fullerene.

We have shown the density of states (DOS) of MOFs with
Ceo in several figures to analyze the crystalline-phase orbitals
of the materials. The DOS of nitrogen-functionalized MOFs are
shown in Fig. 2 while Fig. S3 and S4t show those oxygen-func-
tionalized and sulfur-functionalized MOFs, respectively.
Fig. S51 shows the band structures for MOFs before and after
the introduction of Cgy. For MOFs functionalized with substi-
tuents where the heteroatom is inside the phenyl ring (Rpy,
Rpyrs Reniopyr), there is a noticeable decrease in the band gap
for the systems when the fullerene is incorporated. It can be
explained in terms of a possible contribution of the lone pairs
of the heteroatom toward the electronic resonance of the
phenyl ring. The lowest energy of the unoccupied crystalline-
phase orbitals (LUCOs) corresponds mainly to the p orbitals of
fullerene (Fig. 2, S3 and S4t), which is reflected in one peak
closer to the Fermi level. Therefore, the conduction band (CB)
of MOFs stabilizes, and the band gap decreases with the incor-
poration of Cg. In the cases of MOFs functionalized with the
other substituents (Fig. S51), where the heteroatom is not part
of the resonance path within the phenyl ring, the incorpor-
ation of the fullerene causes the destabilization of the CB,
leading to an increase in the band gap energy of the MOFs.
The LUCOs orbitals mainly correspond to the p orbitals of the
ligand and therefore the conduction band of the MOF is not
stabilized by the incorporation of fullerene. Although Cg,
causes an increase in the band gap of these MOFs, their unoc-
cupied degenerate bands close in energy to the CB would

16834 | Dalton Trans., 2024, 53,16830-16842
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stimulate the charge transfer (CT) processes of the system.” In
general, sulfur-functionalized MOFs have the lowest band gap
energy when comparing Renjopyr With Rpy and Rpyy, Reyie With
Ramine a0d Rphen, Rsult,biph With Ramine biph a0d Roxy,biph- This is
because the sulfur atom is soft and electron-rich, which is
advantageous for designing polar and electron-rich structures
with soft guest interaction sites. However, these MOFs can be
limited because the sulfur atom is heavier than oxygen and
nitrogen, resulting in structures with smaller surface area, and
the -S- moiety is also partially oxidized at higher tempera-
tures.”” In crystalline materials, atom size, and bond length
affect packing efficiency and surface area. Due to larger atomic
radius and longer bonds, sulfur-containing compounds often
have more open crystal structures. This reduces the total
surface area of the structure, limiting the ability to form
tightly packed arrangements.

Ceo@Rpy MOF (Fig. 2) may have a greater potential for
charge transfer processes from porphyrin to fullerene, because
the higher energy occupied crystal orbitals (HOCOs) corres-
pond mainly to the p orbitals of the ligand, whereas the
LUCOs, as we have already mentioned, are mainly attributed to
the p orbitals of Cgy. The electronic behavior of the MOF
changes significantly when the heteroatom is outside the
phenyl ring (Ceop@Ramine) The HOCOs and LUCOs orbitals
mainly correspond to the p orbitals of the linker and ligand,
respectively. Therefore, the charge transfer processes from
linker to the ligand could be favored. Lastly, the HOCOs and
LUCOs orbitals are due to the p orbitals of ligand when the
MOF is functionalized with the biphenyl moiety
(C60@Ramine,biph), Which favors ligand-ligand CT processes. A
similar trend is observed for MOFs functionalized with
oxygen- and sulfur-based substituents (Fig. S3 and S4,f
respectively). In all cases, a very important contribution of the
p orbitals of Cg( in the unoccupied states of the MOFs is seen.
However, the conduction band corresponds to the fullerene
orbitals only in MOFs Cgo@Rypy, C60@Rpyr and Ceo@R¢hiopyr-

On the other hand, we also estimated the electrical conduc-
tivity (o) of the MOFs before and after incorporating the fuller-
ene (Table 1). The incorporation of Cg, increases the o of
MOFs Cgp@Rpy, Ceo@Rpyr and Cgo@Riniopyr; While it slightly
decreases in the other systems. As expected from the smallest
band gap, Rsulf,biph and CGO@Rsulf,biph are the MOFs with
better electrical conductivity. Although is not observed a clear
trend concerning to the heteroatom, we found that a higher
conductivity is favored for Cqo@MOFs where the heteroatom is
outside of the phenyl ring (O- and S-functionalization). These
results demonstrate that the electronic properties of por-
phyrin-based conductive MOFs can be tuned by modifying the
substituents present at 5,15 meso-positions of the ligand.

3.2. Optical properties

The simulation of the electronic absorption spectra for MOF
clusters with and without Cg, and the isolated porphyrin unit
was calculated using time-dependent DFT methodology. Fig. 3
shows the spectra of Cgo@Rpy, Ceo@Rpyr,; and Ceo@Riniopyrs
while Fig. S61 shows the spectra of the six remaining clusters

This journal is © The Royal Society of Chemistry 2024
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Table 1 Band gap energy (Ey) and electrical conductivity () (at T = 298 K) of MOFs and C¢o@MOFs

MOF E, (eV) 6(Sem™) MOF E, (eV) 6(Sem™)

Rypy 0.94 1.13x107° Coo@Ryy 0.45 1.57 x107*
Rpyr 0.72 8.16 x 1077 Co0@Rpyr 0.33 1.62 x 1073
Rihiopyr 0.65 3.19x107° Co0@Rehiopyr 0.36 9.03 x107*
Ramine 0.41 3.41x 1074 Ce0@Ramine 0.44 1.90 x 1074
Rphen 0.28 4.29 %107 Co0@Rphen 0.35 1.10 x 1072
Rouis 0.28 429 %1072 Coo@Rgult 0.33 1.62 x 1073
Ramine,biph 0.16 4.44 x 1072 Co0@Ramine,biph 0.21 1.68 x 1072
Roxy,biph 0.18 3.01 x 1072 Co60@Roxy,biph 0.20 2.04 x 1072
Rsult,biph 0.10 1.43 x 107" Co0@Rsul, biph 0.14 6.55 x 1072

with and without Cg, and the respective porphyrin units.
Table 2 shows the first absorption band of a larger wavelength
with non-zero oscillator strengths. An in-depth analysis of the
main transitions of these absorption spectra is presented in
Tables S2-S4.7 In all C¢o@MOFs, the bathochromic effect gen-
erated by the incorporation of Cg, was demonstrated by a
strong increase in the absorption wavelength with respect to

This journal is © The Royal Society of Chemistry 2024

the corresponding cluster without fullerene. The wavelength of
porphyrin-porphyrin CT transitions is larger for MOFs clusters
without fullerenes, except for Ryyy and Repiopyr MOFs. In the
latter, the absorption bands are observed at lower excitation
wavelengths due to the presence of many dark states. A dark
state (DS) is a state that has a transition dipole moment of
zero with respect to the ground state, i.e., the state cannot be

Dalton Trans., 2024, 53,16830-16842 | 16835
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Table 2 Excited states, excitation wavelength (1), oscillator strengths (f) for MOFs clusters obtained from TD-DFT calculations (TPSSh/6-31G)

MOF Excited State A (nm) f MOF Excited State A (nm) f
Coo@Rpy 1 2139 0.0001 Coo@Rguir 1 2809 0.0042
oy 5 1009 0.0003 Raut” 5 1146 0.0004
oy 1 889 0.6189 Reurr’ 1 955 0.8722
Coo@Rpyr 1 7161 0.0015 Co0@Ramine,biph 1 2780 0.0006
oyt 15 819 0.0004 Ramine,biph” 5 1078 0.0005
oyt 1 820 2.0541 Ramine,biph” 1 930 1.2742
Co0@Rihiopyr 1 4545 0.0001 Co0@Rony,biph 1 2597 0.0117
Rihiopyr” 16 849 8.2807 Rony,biph” 5 1082 0.0003
Rihiopyr 1 883 2.3060 Rouy,biph 1 936 1.2366
Co0@Ramine 1 3549 0.0017 Coo@Rsultbiph 1 2706 0.0005
Ramine” 5 1157 0.0002 Roulf,biph” 5 1082 0.0003
amine. 1 945 0.8701 Roultbiph” 1 937 1.1446
Co0@Rphen 1 4053 0.0001
Rphen” 5 1109 0.0002
Rphen” 1 924 0.8461

@ MOF cluster without Cg,. ? Porphyrin unit.

reached by absorption of a photon from the ground state and and spectroscopy of molecules.”®"®" The oscillator strength (f),
is therefore “dark” to electromagnetic radiation.”®"®" However, which is a measure of the probability of an electronic tran-
it can play an important role in photochemistry, photophysics, sition between two states, is one way to identify DS in TD-DFT
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calculations. A dark state will have a zero-oscillator strength
because f'is proportional to the square of the transition dipole
moment.”®#278* The presence of DS was observed for all MOFs
clusters without Cgo; Rpy, Ramines Rphens Rsulfy Ramine,biphs
Roxybiph aNd Reugpipn MOFs contain four dark states, while
Rpyr and Reniopyr MOFs show 14 and 15 DS, respectively. The
incorporation of fullerenes leads to the elimination of dark
states in MOFs, which also cause the absorption at longer
wavelengths for the doped materials.

Tables S2-S41 show the main transitions of the calculated
absorption spectra of Cg@MOFs clusters, MOFs clusters
without Cg, and isolated porphyrin unit, respectively. TD-DFT
is a quantum mechanical method that can simulate a multi-
electron description of the transitions between the occupied
and unoccupied energy levels.*>*® It can also provide infor-
mation about vibrational transitions, some molecules can
exhibit electronic excitations coupled to molecular vibrational
excitations, resulting in absorption bands extending into the
infrared region. This can occur in highly conjugated systems

View Article Online
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or when electron-vibrational interactions are strong. To visual-
ize how the electrons move from one energy level to another,
we can use natural transition orbitals (NTOs). NTOs are a sim-
plified representation of electronic transitions in which each
excited state is described by occupied (NTOocc) and unoccu-
pied (NTOvirt) orbitals and help us to understand the nature
and character of electronic excitations. For these reasons we
use NTOs calculations to describe each of the reported tran-
sitions. By exhibiting configurations consistent with strong n-x
interactions, multiple donor-acceptor conjugates promote
charge transfer and photoinduced electron transfer (PET) pro-
cesses from porphyrin to Cgo. These phenomena are widely
known in analogous molecular and supramolecular
structures.’””®® In this context, Table S21 reports a series of CT
and PET processes from ligand to fullerene for all studied
MOFs. Low energy mid-IR (~2.5-25 pm wavelength) transitions
from occupied porphyrin orbitals to unoccupied Cg, orbitals
occur in CGO@prm C60@Rthiopyr’ Co0@Ramine; Cso@Rphem
Co0@Rsutr, Co0@Ramine,biphy Ce0@Roxy,biph, aNd Ceo@Rsuit biph

Table 3 Excited states, excitation wavelength (1), and oscillator strengths (f) of Ceo@Rpy-new Cluster obtained from TD-DFT calculations (TPSSh/6-

31G)

Excited state A (nm) f Transition involved
1 1986 0.0001

3 1929 0.0080

6 1878 0.0228

7 1873 0.0485

111 923 6.1809

This journal is © The Royal Society of Chemistry 2024
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MOFs. For all Cqo@MOFs, we also observe low-energy por-
phyrin-Ce, transitions in the near-IR (~800-2500 nm wave-
length). These results are consistent with the periodic calcu-
lations that predict an important contribution of porphyrin-based
HOCOs and Cgp-based LUCOs. Transitions with higher energy
levels are associated with intramolecular & — =* transitions that
occur within the porphyrin moiety and involve absorption of
near-IR and visible light (~400-800 nm wavelength). According to
Kasha’s rule,®® these higher energy states must undergo efficient
internal transformations to reach the lowest excited state based
on the porphyrin. The subsequent transfer of electrons to the
LUMO of Cg would therefore represent a PET process.
Appropriate spatial and geometric alignment within the donor-
acceptor conjugate system makes this possible.

Upon exposure to light-induced oxidation, molecular and
supramolecular aggregates of porphyrin and fullerene are
known to generate persistent radical cations and radical
anion.?®% Chen et al.’" showed that the spatial confinement
of Cgo by covalent anchoring within the nanochannels of a por-
phyrin-based covalent organic framework ([Ce],~ZnPc-COFs)
effectively facilitates photoinduced electron transfer. This
process allows charge separation leading to the formation of
ZnPc”" and Cg'~ species. This ultimately results in the
observed photoelectric conductivity of the COF. In a similar
way, the formation of ionized species, which could contribute
to the photoelectric conductivity, may be possible in the
Ceo@MOFs reported here.

Finally, to demonstrate that the models used are represen-
tative approximations of MOFs, we built a new Cgo@Rpy cluster
model, named Cgo@Rpy.new, consisting of eight porphyrin
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units, two fullerenes, four metal nodes, and one linker
(Fig. S7t), and calculated the UV-Vis absorption spectrum. The
main transitions of the spectrum are listed in Table 3. The
first excitation appears at 1986 nm and corresponds to a CT
band from the porphyrins to the fullerene in the near-infrared
region. Excited states 3, 6, and 7, which occur in 1929, 1878,
and 1873 nm, are also CT bands from the porphyrins to the
fullerene. Concerning the Q band of the porphyrin, this band
appears at 923 nm (1.34 eV). Comparing these results with the
data obtained for the Ceo@Ryy cluster model (Table S2t), the
deviations are small, with the porphyrin Q band (889 nm, 1.39
eV) showing the largest deviation (0.05 eV). These deviations
are considered small for TD-DFT calculations, with errors of
up to 0.6 eV accepted in the literature.”>°® Therefore, we can
conclude that the clusters chosen and shown in Fig. 1 are well
suited to calculate the optical properties of the MOFs.
Moreover, since porphyrins are the chromophores molecules
and we are mainly interested in the interaction with Cgo, where
porphyrins play an important role, the choice of clusters is
well justified. In the literature, cluster models have been
widely applied to study the optical properties of MOFs.*”**™%

3.3. Charge transport properties

In this section, we will only focus on Ry and Ceo@Rsuir MOFs
due to high computational cost. To study the charge transport
properties of Rgye and Ceo@Rsur MOFs, each cluster was
attached to two semi-infinite Au(111) wires as electrodes using
the sulfur atoms of the MOFs as shown in Fig. S2.T In the
hollow position of the Au(111) surface, the sulfur atoms are
bonded to gold atoms corresponding to adatoms. This contact

800
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%200
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1.5 -12-09 -0.6 0.3 0.0 0.3 0.6 09 12 1.5
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Fig. 4 PDOS (top) and transmission spectra (bottom) of Rsys andCgo@Rsy s molecular junctions.
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Fig. 5 Calculated current versus applied bias voltage on Rgys (blue) and
Ces0@Rsyis (red) molecular junctions.

design was selected based on its established use in numerous
previous studies designed to investigate molecular transport
properties using semi-infinite gold electrodes.®””° For the two
studied systems the conductance values at zero bias obtained
through DFT-NEGF methods is considerably high with values
of 0.42 and 0.72 G, for Rgyr and Ceo@Rsuir, respectively. The
fullerene moiety slightly increased the conductance of the
system, possibly due to donor-acceptor interactions between
porphyrins and Cgy, favoring electron flow between the
electrodes.

Transmission plots (Fig. 4) show strong signals at energies
in the range of —0.3-0.3 eV very close to the Fermi level (&),
below and above ¢ for both systems studied, along with small
bands in the PDOS at corresponding energy values.
Resonances with the highest occupied and lowest unoccupied
molecular orbitals may be responsible for these transmission
peaks. A significant increase in the unoccupied states around
0.3-1.2 eV is observed with the incorporation of Cgp.
Furthermore, the number of available occupied states increase
significantly in the range —1.5 to —1.2 eV. Charge transport
processes can be favored by increasing the number of occupied
and unoccupied states due to the incorporation of Cgo. The
current through of the studied molecular junctions was calcu-
lated to confirm the effect of C60 on the transport properties.
The I-V results are shown in Fig. 5. It can be observed that the
current values calculated in the systems reproduce the trends
obtained for the conductance. In units of pA, the currents
obtained for Rgyr andCeo@Rgyis at each voltage point are quite
significant. A slight increase in Cgo@Rgyi¢ current was observed
compared to Rgyyg, which is consistent with the transmission
spectra, PDOS, and calculated conductance, suggesting an
increase in charge transport processes for the doped MOF.

4. Conclusions

Our research involved an in-depth investigation of the effects
of introducing fullerene doping on the electronic properties of
porphyrin-based conductive MOFs using density functional

This journal is © The Royal Society of Chemistry 2024
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theory in bulk modeling calculations. We also investigated the
optical and transport properties using cluster models of the
materials. Our study shows that the electronic properties of
porphyrin-based conductive MOFs can be finely tuned by mod-
ifying the substituents at the 5,15 meso-positions of the por-
phyrin. MOFs functionalized with biphenyl substitutions show
lower band gap energy and higher electrical conductivity.
TD-DFT calculations indicate that electron transfer from por-
phyrin to Cgo can occur directly via mid/near-infrared charge
transfer transitions or via photoinduced electron transfer
upon visible light excitation. Finally, the electronic devices
studied suggest that the Cq, incorporation enhances charge
transport processes through n-mediated donor-acceptor inter-
actions for materials with and without Cg,. Our results demon-
strate that an effective strategy for designing new photocon-
ductive MOFs is to induce donor-acceptor interactions in the
material’s pores by incorporating Ce.
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