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d porphyrinic zirconium-based
metal–organic frameworks (MOFs) using post-
synthetic self-assembly for photodegradation of
methyl orange dye†

Ahmed M. Kobaisy,a Marwa F. Elkady,b Ahmed A. Abdel-Moneima and Mohamed E. El-
Khouly *a

We report herein the surface decoration of a water-soluble free-base porphyrin, namely, 5,10,15,20-

tetrakis(1-methyl-4-pyridinio)porphyrin-tetra(p-toluenesulfonate) (H2TMPyP), over three different

zirconium-based metal–organic frameworks of different linker structure and functionality; namely

UiO66, UiO66-NH2, and MIP-202, via self-assembly. The synthesized MOFs along with the resulting

complexes have been characterized via spectroscopic and analytical techniques (XRD, FT-IR, TEM, N2

adsorption/desorption, and laser scanning confocal microscopy). The self-assembly of H2TMPyP with the

examined three MOFs was observed by using the steady-state absorption and fluorescence, as well as

the fluorescence lifetime studies. It was evident that the highest complex interaction was recorded

between porphyrin and UiO-66-NH2 compared with the lowest interactions between porphyrin and

MIP-202. This is in good agreement with the high surface area and pore volume of UiO-66 (1100 m2 g−1

and 0.68 cm3 g−1) and compared to that of MIP-202 (94 m2 g−1 and 0.26 cm3 g−1). The photocatalytic

activities of the three porphyrin entities immobilized zirconium-based MOFs were compared toward

methyl orange dye degradation from aqueous solution under visible light irradiation (lex = 430 nm). The

photocatalytic studies render the fabrication of the self-assembled H2TMPyP@UiO-66-NH2 composite

as a promising material for dye degradation from polluted wastewater.
1. Introduction

During the last few decades, heterogeneous photocatalysis has
emerged as one of the most interesting research topics. It has
been used for generating solar fuels, water treatment, and
nitrogen gas reduction.1 The typical photocatalytic process can
be subdivided into three main stages: light absorption, charge
separation forming an exciton, and interaction of the charge
with a substrate.2

Metal–organic frameworks (MOFs) are among the most
promising candidates as heterogeneous photocatalysts.3,4 MOFs
used in photocatalysis are classied into three main types. In
type I MOFs, the metallic clusters (SBUs) are regarded as 0D
semiconductors, while the organic linker molecules are
considered spacers that separate them throughout the MOF
crystal. Type II MOFs, on the other hand, have functional dyes
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as organic linkers linked together in ordered and organized
arrays in theMOF crystal usingmetallic nodes. In type III MOFs,
the photocatalytic species (the organic dye in our case) of suit-
able size is encapsulated inside the MOF pores via in situ
preparation5,6 Another way to form type III MOF photocatalysts
is by soaking the MOF of suitable binding sites in a dye solu-
tion.7 This method does not give the maximum loading capacity
unless the pore size, volume, and binding sites of the MOF are
suitable for the guest dye molecule, but it is still much more
straightforward than the in situ method. Although this method
is much less complex than the previous method, it gives much
fewer loading percentages than the in situ preparation.

Porphyrins are well-known for their outstanding optical
properties; thus, they are used as photocatalysts8,9 solar energy
conversion10,11 and biomedical applications.12,13 The synthesis
of porphyrin-based metal–organic framework complexes and
their utilization as light-harvesting materials was extensively
investigated in the literature.14 One way to load porphyrins on
metal–organic frameworks is by in situ preparation. Eddaoudi
et al. managed for the rst time to encapsulate H2TMPyP in the
pores of the strongly anionic rho-ZMOF by in situ preparation.15

The resulting “ship in a bottle” structure of H2TMPyP inside the
MOF cavities could be achieved due to the meticulous design of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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MOF of large pore size along with small pores around the MOF
cavities to prevent leaching. Although this technique can
produce signicantly higher porphyrin loading percentages in
the resulting complex, it is unsuitable for all MOFs.

Another way to add porphyrin to the MOF structure is via
post-synthetic self-assembly. Rabiee et al. introduced porphy-
rins post-synthetically to the surface of NH2-MIL-53 by mixing it
with leaf extracts to enhance its sensitivity for the detection of
ultra-trace concentrations of ssDNA, sgRNA, anti-cas9 proteins,
and recombinant SARS-CoV-2 spike antigen.16 Moreover, Kan
et al. used a similar technique by mixing UiO-66 with TPP-SH in
CH2Cl2 for several hours at room temperature to obtain
a surface-decorated porphyrinic metal–organic framework,
which proved its efficiency as a PDT agent.17 This method
produces lower yields than the in situ method. However, this
method is easier to apply and provides more accessibility to the
porphyrin molecules.

Using post-synthetic self-assembly in DMF, Wang et al.
examined the DOPA functionalization of three isoreticular,
unfunctionalized Zr-based MOFs with various linker lengths
(UiO-66, UiO-67, and BUT-30).18 This technique was employed
to alter the nanoMOF surface chemistry while preserving crys-
tallinity and permanent porosity by coordinating to exposed
metal-containing units.

Herein, we investigate the post-synthetic surface decoration
of a free-base tetra cationic porphyrin (H2TMPyP) with three
synthesized zirconium-based metal–organic frameworks pos-
sessing different linkers; terephthalic acid for UiO-66, 2-ami-
noterepthalic acid for the amine-functionalized UiO-66, and
aspartic acid for MIP-202. The selection of the three linkers is
Scheme 1 Schematic representation of the building blocks of the three

© 2023 The Author(s). Published by the Royal Society of Chemistry
based on targeting different potential modes of interaction with
the tetra cationic porphyrin, and thus varying the loading of the
porphyrin on the selected MOFs (Scheme 1). The photocatalytic
activity of the three complexes was also evaluated for Methylene
orange (MO), and Methyl orange (MO) degradation in aqueous
media using a continuous-ow photoreactor under visible light.
2. Materials and methods
2.1. Chemicals and materials

All reagents and chemicals were of the best available analytical
reagent and were used as received without purication.
Deionized H2O was obtained from a US Filter Corporation
deionization system. 5,10,15,20-Tetrakis(1-methyl-4-pyridinio)
porphyrin-tetra(p-toluenesulfonate) (H2TMPyP) was purchased
from (TCI-Ace, JAPAN). Zirconium tetrachloride (ZrCl4) was
purchased from Acros Organics, 1,4-benzenedicarboxylic acid
(BDC), and 2-aminobenzene-1,4-dicarboxylic acid (BDC-NH2)
were purchased from Sigma-Aldrich. All the measurements
were performed at room temperature and under atmospheric
pressure. Quartz cuvettes with a 1.00 cm path length were used
for all measurements.
2.2. Synthesis of zirconium-based MOFs

2.2.1. Synthesis of UiO-66. UiO-66 was synthesized via the
conventional solvothermal method shown in Scheme 2.
Briey, in a 100 mL screw-top bottle, 1,4-benzenedicarboxylic
acid (BDC) (0.83 g), zirconium tetrachloride ZrCl4 (1.17 g), and
37% HCl (0.8 mL) were mixed and sonicated in 30 mL of DMF
MOFs and their targeted non-covalent interactions with H2TMPyP.

RSC Adv., 2023, 13, 23050–23060 | 23051
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Scheme 2 Schematic representation of the general procedure of synthesizing UiO-66 using a conventional solvothermal technique.
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for 20 minutes, then heated in the oven for 24 h at 120 °C. The
resulting MOF was cooled to room temperature, centrifuged
for 15 minutes at 6000 rpm, and washed several times using
(1 : 1) mixed reagent of DMF and anhydrous methanol. The
resulting UiO-66 was activated in a vacuum oven at 100 °C
overnight.

2.2.2. Synthesis of UiO-66-NH2. Similarly, the amine-
functionalized UiO-66 was synthesized UiO-66 was synthe-
sized. Briey, in a 100 mL screw-top bottle, 2-aminobenzene-
1,4-dicarboxylic acid (BDC-NH2) (0.27 g), zirconium tetrachlo-
ride ZrCl4 (0.25 g), and 37% HCl (0.8 mL) were mixed and
sonicated in 30 mL of DMF for 20 minutes, then heated in the
oven for 24 h at 120 °C. The resulting MOF was cooled to room
temperature, centrifuged for 15 minutes at 6000 rpm, and
washed several times using (1 : 1) mixed reagent of DMF and
anhydrous methanol. The resulting UiO-66 was activated in
a vacuum oven at 100 °C overnight.

2.2.3. Synthesis of MIP-202. MIP-202 was synthesized
according to the green hydrothermal procedure made by Diab
et al.19 In a 100 mL beaker, Aspartic acid (2.8 g) was dispersed in
10 mL of deionized water using ultrasonication for 10 minutes.
On the other hand, zirconium tetrachloride ZrCl4 (2.3 g) was
mixed and sonicated in 10 mL of deionized water for 30
minutes. The ZrCl4 solution was then added to the aspartic acid
solution dropwise under sonication. The mixture was then
transferred to a reux system and heated for 24 hours at 100 °C
under magnetic stirring at 500 rpm. The resulting MOF was
cooled to room temperature, centrifuged for 15–20 minutes at
6000 rpm, washed several times with water and ethanol, and
dried in a vacuum oven at 60 °C overnight.

2.2.4. Synthesis of MOF@H2TMPyP composites. All the
MOF@dye composites were synthesized using the same
23052 | RSC Adv., 2023, 13, 23050–23060
procedure followed by Xie et al.7 The MOFs were soaked in
a concentrated aqueous solution of H2TMPyP and stirred
overnight at 1000 rpm to achieve maximum H2TMPyP loading.
The resulting complex was washed with deionized water
multiple times, centrifuged at 9000 rpm for 3 minutes, and
dried in a vacuum oven at 70 °C overnight.
2.3. Characterization techniques

In order to conrm the crystallographic structures of the three
prepared zirconium-based MOFs, X-ray diffraction (Shimadzu-
X-lab 600, Japan) was carried out at 40 kV with Cu Ka radia-
tion. Steady-state absorption and uorescence spectra were
recorded using a UV-vis spectrophotometer (Shimadzu UV-
2600) and spectrouorometer (Shimadzu RF-6000), respec-
tively. Laser microscopy measurements were performed on
MOF lms prepared using drop casting on a glass substrate
using a Keyence 3D laser microscope. Transmission electron
microscopy (TEM) images were captured using a JEOL 2100
microscope operating at an accelerating voltage of 200 kV. The
information on functional groups of the prepared materials was
determined using FTIR (Shimadzu 8400s, Japan).
2.4. Photocatalytic activity of porphyrin@MOF complexes
toward methyl orange dye degradation in aqueous solution

The three fabricated MOF composites were compared against
their potential photocatalytic degradation of methyl orange dye
under visible light irradiation (lex = 430 nm). The photo-
catalytic experiment was conducted using a continuous-ow
reactor (Vapour tech. UV-150) at room temperature (25 °C),
keeping a constant ow rate of (5 mL min−1), and a constant
catalyst dose of 10 mg per 100 mL of the dye solution. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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working procedure is similar to the procedure previously dis-
cussed by Safo et al.20 Each catalyst sample was added to
a 100 mL dye solution (20 ppm) under stirring without adding
any buffers. The samples were kept in the dark for 60minutes in
order to reach the adsorption–desorption equilibrium. Aer
that, the samples were subjected to the LED lamp irradiation
(lex= 430 nm) in the (UV-150) reactor for additional 60minutes,
at which the product was collected every 10 minutes, centri-
fuged for 5 minutes at 7000 rpm to remove any dispersed
catalyst, and decanted. The absorbance of the supernatant at
464 nm was determined using a spectrophotometer to detect
the photodegradation of the dye. The photocatalytic degrada-
tion efficiency was evaluated according to the following
equation:

hdeg = (DA)/A0 × 100

where (hdeg) stands for the photocatalytic degradation effi-
ciency, (A0) indicates the initial absorbance, and (DA) stands for
the difference between initial absorbance and absorbance at
a given time.
Fig. 1 XRD of the synthesized UiO-66, UiO-66-NH2, and MIP-202.
3. Results and discussion
3.1. Characterization of MOFs and MOF complexes

All the MOF@dye composites were synthesized using the same
procedure followed by Xie et al.21 The MOFs were soaked in
a concentrated aqueous solution of H2TMPyP and stirred
overnight at 1000 rpm to achieve maximum H2TMPyP loading.
The resulting complex was washed with deionized water
multiple times, centrifuged at 9000 rpm for 3 minutes, and
dried in a vacuum oven at 70 °C overnight. The loading effi-
ciency (h) of the H2TMPyP was calculated by the following
equation:22

h ¼ m0 �ms

mMOF

where m0 is the mass of the dye in the initial dye solution, ms is
the mass of H2TMPyP in the supernatant aer loading, and
mMOF is the mass of the MOF. The ms value was determined by
tting the absorbance value of the supernatant on the calibra-
tion curve of H2TMPyP at l = 520 nm (Fig. S1†). According to
this method, the porphyrin loading efficiency on the surface of
the MOFs was found to be the lowest in the case of MIP-202 (h=

0.09%), the loading efficiency increased to 0.15% in the case of
UiO-66, while UiO-66-NH2 achieved the highest loading effi-
ciency with (h = 0.21%), which is more than the double of MIP-
202. The stability of the resulting complexes using UV-vis
spectroscopy in aqueous media has been tested for 18 hours
and they were found to be stable under ambient conditions of
temperature and pH. Also, the three normalized absorption
spectra of the three complexes shown in Fig. S10† show the
presence of the porphyrin peak at 425 nm, which conrms the
loading of the porphyrin on the MOF.

3.1.1. XRD. As previously mentioned, three zirconium-
based metal–organic frameworks were synthesized namely,
UiO-66, UiO-66-NH2, and MIP 202. As shown in Fig. 1, the XRD
© 2023 The Author(s). Published by the Royal Society of Chemistry
data exhibited three signicant peaks in the case of UiO-66 at
7.24°, 8.38°, and 25.56°. UiO-66-NH2 also has three identied
peaks at 7.19°, 8.31°, and 25.55° with a sharp shoulder at 25.18°
corresponding to the (111), (002), and (006) planes respectively.
These results are in good agreement with the values in the
literature.16 On the other hand, MIP-202 has distinguishable
peaks at 8.84°, 9.84°, 19.78° and 21.56° corresponding to the
(111), (200), (420), and (440) planes as previously investigated in
the literature. Accordingly, XRD patterns conrm the successful
preparation of the three zirconium-based metal–organic
frameworks. Although the XRD data shown in Fig. 1 did not
exhibit a signicant change in the PXRD patterns aer immo-
bilization of the three MOF types with H2TMPyP, it may prove
that the MOF's crystallinity was preserved before and aer
adding the porphyrin.

3.1.2. HR-TEM. High-resolution transmission electron
microscopy (HR-TEM) was used to conrm the self-assembly
between the porphyrin and synthesized zirconium-based MOFs.
The TEM images in Fig. 2a–c reveal the aggregation of MOF
particles as a result of the complex formation between H2TMPyP
and the three MOF types. The highest aggregation is observed in
the UiO-66-NH2 complex, and the lowest level of aggregation is
observed in the MIP-202 complex. These results suggested that
the interactions between the porphyrin dye and UiO-66-NH2 are
higher than that between the porphyrin dye and MIP-202.
RSC Adv., 2023, 13, 23050–23060 | 23053

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02656f


Fig. 3 N2 adsorption–desorption isotherms of (a) H2TMPyP@UiO-66-N

Fig. 2 HR-TEM images of (a) H2TMPyP@UiO-66-NH2 complex, (b)
H2TMPyP@UiO-66 complex, and (c) H2TMPyP@MIP-202 complex.

23054 | RSC Adv., 2023, 13, 23050–23060
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In order to conrm the loading of H2TMPyP on the MOFs,
TEM-EDS elemental analysis was performed for the pristine
MOFs as well as the three MOF complexes (Fig. S2–S7†). The
nitrogen peaks could not be detected in the TEM-EDS spectra
due to their overlapping with carbon and oxygen peaks.
However, the presence of nitrogen in the sample could be
detected from elemental mapping. The presence of sulfur,
which is only present in H2TMPyP in the complex samples in
very small amounts as well as the increasing carbon ratio in
H2TMPyP@UiO-66-NH2 and H2TMPyP@UiO-66 samples can
conrm the porphyrin loading on theMOFs. The carbon ratio in
the H2TMPyP@MIP-202 slight decrease compared to the MIP-
202 sample along with the unexpected increase in the sulfur
ratio may suggest that the linker exchange mechanism can be
favorable in the case of MIP-202. Overall, the EDS mapping
reveals uniform and homogenous distributions of the elements
in the three MOF complexes, including C, O, N, S, and Zr along
the surfaces.

3.1.3. BET. The nitrogen adsorption–desorption isotherms
of UiO-66 and MIP-202 were studied to gain insight into their
surface area and pore volume. This important information
helps to understand the physical characteristics of the material,
which are crucial for determining its suitability for various
applications. The results of the nitrogen adsorption–desorption
isotherms showed the amount of nitrogen adsorbed by the UiO-
66 and MIP-202 samples as a function of pressure. From these
measurements, the BET surface area and pore volume of UiO-66
were determined to be 1100 m2 g−1 and 0.6834 cm3 g−1,
respectively. It is noteworthy to mention that this surface area is
comparable and matches the surface area reported for UiO-66
MOF.23 As a result, one favorable probability for the H2TMPyP
molecules to assemble on the surface of the UiO-66 as it offers
a large space for adsorption, as both the high surface area and
pore volume provide ample space for the H2TMPyPmolecules to
be adsorbed inside the pores of H2TMPyP.16,21 Also, there is
a probability for the diffusion of the porphyrin molecules by
linker exchange as reported in the literature.24,25 However, the
nitrogen adsorption–desorption isotherms of the complexes
H2, and (b) H2TMPyP@UiO-66.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 3) show surface area values of 835 and 996 m2 g−1 and pore
volume values of 0.4317 and 0.5230 cm3 g−1 for the H2-
TMPyP@UiO-66-NH2 and H2TMPyP@UiO-66 complexes,
respectively. This slight decrease in the surface area can be
explained in terms of the successful porphyrin loading on the
MOF. The surface area and pore volume of MIP-202 bio-MOF
were also determined to be around 94 m2 g−1 and 0.26 cm3

g−1, respectively. It is noteworthy to mention that the N2

isotherm and surface area values are consistent with previous
reports of the MIP-202 bio-MOF and that the resulting porosity
is attributed to the shrinking of the MOF micropores towards
the nitrogen.16

3.1.4. FT-IR. The FTIR spectra obtained from H2TMPyP, Zr-
MOFs, and their complexes are shown in Fig. 5. Revealing spec-
tral changes before and aer the surface decoration with
H2TMPyP. The spectrum of H2TMPyP exhibits ngerprint bands
attributed to the amino groups present in the structure of the
macrocycle and the pyridinium groups at 681, 733, 807, 1008,
1033, 1565, and 1641 cm−1, corresponding to in-plane vibration
deformation porphyrin, out-of-plane N–H bending, out-of-plane
C–H bending, C–H rocking vibrations, in-plane N–H bending
and C]C stretch vibrations, respectively.26,27 On the other hand,
the FT-IR spectrum of UiO-66-NH2 (Fig. 4a) exhibited a strong peak
at 1657 cm−1, which can be related to the n(C]O) stretching of
N,N-dimethylformamide (DMF). The absence of this band in the
complex indicates the complete exchange of DMF with water.28,29

The 3000–2800, and 3600–3100 cm−1 bands are assigned to the
stretching vibration of CH2 and unreacted amino groups, respec-
tively. However, the fact that these signals became slightly stronger
aer the addition of H2TMPyP can be attributed to the successful
incorporation of the H2TMPyP on the MOF surface.28 The char-
acteristic stretching vibration peaks of NH2 on the MOF appeared
at 1435 and 1256 cm−1. Another band at 1622 cm−1 can be
attributed to the N]C bond (stretching vibration).28,30

Likewise, UiO-66 exhibited a (C]O) stretching peak arising
from DMF residues at 1655 cm−1, which diminishes clearly in
the complex (Fig. 4b). The MIP-202 (Fig. 4c) has a characteristic
peak at 3447 cm−1 corresponding to the symmetric and asym-
metric vibrations of the NH2 group of the aspartate linker. This
peak became sharper in the case of H2TMPyP@MIP-202 due to
the interference with the sharp porphyrinic peak at 3419 cm−1

indicating successful loading of the porphyrins. Moreover, the
presence of two other peaks can be noticed at 2924 and
Fig. 4 FT-IR spectra of H2TMPyP (black), Zr-based MOFs (red), and MO

© 2023 The Author(s). Published by the Royal Society of Chemistry
2851 cm−1 corresponding to the symmetrical and asymmetrical
stretching vibration of methylene groups (CH2) in the aspartate
linker. The characteristic double peak of MIP-202 in the range
between 1400–1600 cm−1 can be attributed to the symmetric
stretching vibration of the carboxylate group in the amino acid.
3.2. Spectroscopic studies for the self-assembly complexes

3.2.1. UV-vis spectroscopy. UV-vis absorption spectra of
H2TMPyP in aqueous media (Fig. S8†) show a conventional
sharp Soret band resulting from the (S0 / S2) transition at
around 422 nm. This band undergoes a slight blue shi upon
increasing the concentration of H2TMPyP from 0.25 to 2.91 mM
to become 423.5 nm. Also, Q-band resulting from the (S0 / S1)
transition can be observed at around 520 nm. Photometric
titrations have been conducted on H2TMPyP using multiple
additions of three Zr-based MOFs, namely UiO-66-NH2, UiO-66,
and MIP-202. Before the addition of UiO-66-NH2, H2TMPyP has
shown a main sharp absorption band at 422 nm and another
smaller absorption band at 519 nm. Upon titration with UiO-66-
NH2 (Fig. 5a), we could notice a signicant decrease in the
absorbance intensity accompanied by an 8 nm red shi of the
main band to reach 430 nm with two clear isosbestic points at
411 and 431 nm. Similar behavior was recorded upon the
addition of UiO-66 and MIP-202 to the aqueous solutions of
H2TMPyP (Fig. 5b and c). This decrease of the absorbance along
with the red shi suggests the self-assembly of H2TMPyP over
the surface of the examined types of MOFs (UiO-66-NH2, UiO-
66, and MIP-202) through different binding modes. Based on
the Benesi–Hildebrand method shown in Fig. 5d,31 the binding
constants (Kb) for the Zr-based MOF complexes with H2TMPyP
were calculated in the following order: 1.13 × 105 M−1 (for UiO-
66-NH2), 4.89 × 104 M−1 (for non-functionalized UiO-66), while
the MIP-202 possessed the lowest binding constant (Kb= 3.19×
104 M−1). Implying that the dominant mode of interaction
during the formation of the H2TMPyP@UiO66 complex is p–p
stacking, while in the case of H2TMPyP@UiO66-NH2 hydrogen
bonding between the pyridinium ring of the porphyrin and the
amine group of the MOF may lead to added stability to the
formed complex along with p–p stacking.

3.2.2. Steady-state and time-resolved uorescence
measurements. The uorescence spectrum of H2TMPyP in an
aqueous medium exhibited a broad emission band at 658.5 nm,
F@H2TMPyP complexes (blue).
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Fig. 5 UV-vis absorption spectra of photometric titration of H2TMPyP (3.0 mM) in the presence of: (a) UiO-66, (b) UiO-66-NH2, (c) MIP-202, (d)
Benesi–Hildebrand plot for the three titrations to determine the binding constant Kb.

Fig. 6 Fluorescence spectra for titration of H2TMPyP (3.0 mM) of H2TMPyP (3.0 mM) in the presence of (a) UiO-66, (b) UiO-66-NH2, (c) MIP-202.
The concentrations of MOFs were kept at (0–25.2 mM). (d) Stern–Volmer plots.
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from which the energy of the singlet excited state was calculated
to be 1.88 eV (Fig. 6a).32 By adding further various amounts of
UiO-66-NH2 to a solution of H2TMPyP, a signicant uores-
cence quenching of the emission band of H2TMPyP was
observed accompanied by a considerable red-shi (z3 nm),
and the appearance of a new weak emission band at 790 nm.
Similarly, the uorescence quenching of H2TMPyP was
observed in the presence of UiO-66 and MIP-202 (Fig. 6b and c).
Similarly, upon titration using UiO-66, we could notice a 6.5 nm
red shi in the main band with two isosbestic points at 410, and
429 nm (Fig. 6b). The emission spectra (Fig. 6b) show noticeable
uorescence quenching. Also, the vibrational resolution of the
shoulder increased. Aer adding MIP-202 (Fig. 6c), we could
notice the formation of two isosbestic points at 613, and 744 nm
along with slight emission quenching of H2TMPyP with a non-
signicant red shi (z1 nm). Similar behavior concerning the
bathochromic shiing of the H2TMPyP Soret band was
explained in the literature in terms of the attening of the
porphyrin rings on the surface due to p–p stacking during its
self-assembly with the negatively charged chemically converted
graphene (CCG)33 and LAPONITE®34 which suggests that the
red-shiing can arise from the porphyrin ring attening.
Moreover, the formation of a stable isosbestic point aer several
additions of the three MOFs eliminates the possibility of any
contribution of J-aggregates formation to this bathochromic
shi.33,34 Based on the Stern–Volmer plots shown in Fig. 6d, it is
apparent that the rate constants of the self-assembly process
decrease were found to be in the order of UiO-66-NH2 (1.8 ×

104 L M−1) > UiO-66 (5.4 × 103 L M−1) > MIP-202 (2.2 × 103 L
M−1).35

The uorescence lifetime measurements were also per-
formed to track the steady-state uorescence measurements in
a quantitative way using 439 nm excitation light (Fig. 7 and S9†).
The decay prole of H2TMPyP could be tted as a single-
exponential decay, where the uorescence lifetime (s0) of
Fig. 7 TCSPC decay profiles for titration of H2TMPyP (3.0 mM) with
UiO-66 (0–97.7 mM). The excitation light was fixed at 439 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
H2TMPyP was found to be 2.75 ns. Upon adding UiO-66-NH2, we
could observe a gradual formation of a bi-exponential process
with gradual quenching in uorescence lifetime. At the end of
the titration, the addition of 97.7 mM of UiO66-NH2 resulted in
a fast decay component (s1) with a lifetime of 0.3 ns and a slow
decay component (s2) with a lifetime of 1.9 ns. On the other
hand, upon adding 87.3 mM of UiO-66 a bi-exponential decay
prole becomes clear with a relatively faster decay component
(s1) with a lifetime of 0.5 ns, and a slower decay component (s2)
with a lifetime of 4.3 ns. Upon adding 49.9 mM of UiO-66, a bi-
exponential decay prole becomes clear with a relatively faster
decay component (s1) with a lifetime of 1.6 ns.

3.2.3. Laser scanning confocal microscopy. The use of laser
scanning confocal microscopy provided additional evidence for
the H2TMPyP's successful self-assembly with the three Zr-MOFs
under examination. Fig. 8a depicts the image of the UiO-66-NH2

under examination, while Fig. 8b depicts the image of the H2-
TMPyP@UiO-66-NH2 that was self-assembled. As can be seen,
the brightness exhibited in the case of H2TMPyP@UiO-66-NH2

would indicate that H2TMPyP units were successfully loaded
onto the surface of UiO-66-NH2. Similar behavior was seen when
H2TMPyP was loaded onto the surfaces of UiO-66 (Fig. 9c and d)
and MIP-202 (Fig. 9e and f). The matching of the Q-band of the
loaded photo-excited H2TMPyP units across the surface of
MOFs with the wavelength of the laser source utilized in the
microscope (658 nm) may be the cause of the brightness of the
self-assembled composites (Fig. S9†). A further indicator of the
Fig. 8 Laser scanning confocal microscope images of: (a) UiO-66-
NH2, (b) H2TMPyP@UiO-66-NH2 complex, (c) UiO-66, (d) H2-
TMPyP@UiO-66 complex, (e) MIP-202, and (f) H2TMPyP@MIP-202
complex.
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Fig. 9 (a) Rate of photodegradation of MO dye under (lex = 430 nm) light irradiation [conditions: catalyst dosage of 10 mg, MB concentration of
20 mg L−1], (b) first-order reaction kinetics of the photocatalytic degradation of MO using H2TMPyP@MOF composites, and (c) rate constant
values (k) of the photocatalytic degradation reaction of MO using H2TMPyP@MOF composites.
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increasing porphyrin loading in the samples is the observed
pattern of gradual brightness increase in the three composites
(H2TMPyP@UiO-66-NH2 > H2TMPyP@UiO-66 > H2-
TMPyP@MIP-202), which is consistent with the aforementioned
absorption and uorescence measurements (Fig. 5–7). When
porphyrin units were loaded onto the surface of GO, a similar
pattern of behavior was seen.36
3.3. Evaluation of the photocatalytic degradation of methyl
orange dye

A signicant variation in the absorption capacity was indicated
from the results illustrated in Fig. 9 for the three fabricated
MOF composites with the UiO-66-NH2 having the highest
absorption capacity followed by UiO-66 and MIP-202 respec-
tively. Moreover, the three MOF composites showed photo-
catalytic degradation efficiencies of 21.5%, 20.6%, and 11.5%
for the UiO-66-NH2, UiO-66, and MIP-202 samples, respectively,
which can be elaborated in terms of the varying porphyrinic
loading on the surface. In order to understand the reaction
kinetics, the rate constant of the photodegradation reaction was
calculated using a pseudo-rst-order model (Fig. 9a) using the
following equation: kt = −ln(C0/Ct), where (kt) is the rate
constant in min−1, (t) is time in minutes, (C0) represents the dye
concentration before degradation, and (Ct) represents the dye
concentration aer a given amount of time (t). As seen in
23058 | RSC Adv., 2023, 13, 23050–23060
Fig. 9b, the rate constants for the photocatalytic degradation
reactions of MO using the three MOF composites were calcu-
lated and found to be 0.0042 min−1 in the case of H2-
TMPyP@UiO-66-NH2, 0.0035 min−1 for H2TMPyP@UiO-66, and
0.0014 min−1 for H2TMPyP@MIP-202. The values of the
regression coefficients (R2) were found to be 0.9233, 0.9406, and
0.98514 respectively. The previous ndings prove that the H2-
TMPyP@UiO-66-NH2 composite had the highest reaction rate
value with a slight advantage over the H2TMPyP@UiO-66
composite, which is in good agreement with the previously re-
ported data.

4. Conclusion

The surface decoration of UiO-66-NH2, UiO-66, and MIP-202
using a water-soluble porphyrin H2TMPyP via post-synthetic
self-assembly was investigated via various spectroscopic and
microscopic techniques. The loading of H2TMPyP and the
stability of the three composites were found to be signicantly
dependent on the type of targeted non-covalent interactions
with the linker as observed from the laser uorescence images,
as well as the steady-state absorption and uorescence
measurements. The BET results showed a high surface area and
pore volume of UiO-66 (1100 m2 g−1 and 0.6834 cm3 g−1)
compared to that of MIP-202 (surface area= 94 m2 g−1 and pore
volume = 94 cm3 g−1). Keeping into consideration the large
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02656f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 6
:3

7:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
diameter of the porphyrin molecule (approximately 0.26 nm)
along with the low pore diameter of the three MOFs conrms
the presence of the H2TMPyP on the surface. Also, a compara-
tive study on the photocatalytic degradation of Methyl orange
dye from aqueous solution using the three composites was
conducted under visible light using a continuous-ow reactor at
room temperature. The photocatalytic degradation efficiencies
were found to be directly proportional to the porphyrinic
loading on the surface of the three MOFs.
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H. Garćıa, Metal–Organic Frameworks as Photocatalysts for
Solar-Driven Overall Water Splitting, Chem. Rev., 2022,
123(1), 445–490.

4 C. Lin, C. Han, H. Zhang, L. Gong, Y. Gao, H. Wang, Y. Bian,
R. Li and J. Jiang, Porphyrin-Based Metal–Organic
Frameworks for Efficient Photocatalytic H2 Production
under Visible-Light Irradiation, Inorg. Chem., 2021, 60(6),
3988–3995.

5 C. Wu and M. Zhao, Incorporation of Molecular Catalysts in
Metal–Organic Frameworks for Highly Efficient
Heterogeneous Catalysis, Adv. Mater., 2017, 29, 1605446.

6 L. Zeng, X. Guo, C. He and C. Duan, Metal–Organic
Frameworks: Versatile Materials for Heterogeneous
Photocatalysis, ACS Catal., 2016, 6(11), 7935–7947.

7 W. Chen, Y. Zhuang, L. Wang, Y. Lv, J. Liu, T. L. Zhou and
R. J. Xie, Color-Tunable and High-Efficiency Dye-
Encapsulated Metal-Organic Framework Composites Used
for Smart White-Light-Emitting Diodes, ACS Appl. Mater.
Interfaces, 2018, 10(22), 18910–18917.

8 L. Wang, H. Fan and F. Bai, Porphyrin-based photocatalysts
for hydrogen production, MRS Bull., 2020, 45, 49–56.
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