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ABSTRACT: Metal−porphyrin frameworks (MPFs) with trivalent lanthanide ions are the
most sought-after materials in the past decade. Their porosities are usually complemented
by optical properties imparted by the metal nodes, making them attractive multifunctional
materials. Here, we report a novel family of 3D MPFs obtained through solvothermal
reactions between tetrakis(4-carboxyphenyl) porphyrin (H4TCPP) and different lanthanide
sources, yielding an isostructural family of compounds along the lanthanide series:
[Ln2(DMF)(TCPP)1.5] for Ln = La, Ce, Nd, Pr, Er, Y, Tb, Dy, Sm, Eu, Gd, and Tm.
Photoluminescent properties of selected phases were explored at room temperature. Also,
the photocatalytic performance exhibited by these compounds under sunlight exposure is
promising for its implementation in organic pollutant degradation. In order to study the
photocatalytic activity of Ln-TCPPs in an aqueous medium, methylene blue (MB) was
used as a contaminant model. The efficiency for MB degradation was Sm > Y > Yb > Gd >
Er > Eu > either no catalyst or no light, obtaining more than 70% degradation at 120 min
with Sm-TCPP. These results open the possibility of using these compounds in optical and optoelectronic devices for water
remediation and sensing.

1. INTRODUCTION
Porphyrin molecules and their derivatives play crucial roles in
biological systems as light-harvest antennas and catalytic
centers. In materials science, these features led to their use
as building units to construct multifunctional porous materials
that mimic their natural behavior.1 Therefore, porphyrin-based
metal−organic frameworks (MOFs), also called metal−
porphyrin frameworks (MPFs), are a kind of porous materials
that have raised particular attention due to their distinctive
architectures and adaptable chemical functionality, resulting in
potential applications in areas such as selective molecular
sorption, light-harvesting, heterogeneous catalysis, sensing, and
biomedical applications, among other.1−6

MPFs have been extensively studied over the past three
decades due to the richness of organic linkers and metal node
combinations that provide the capacity to tune their light
absorption properties.7 The uniqueness of MPFs also comes
from being one of the most intense light absorbers, with the
Soret band (400−420 nm) molar absorptivity being as high as
105 L·cm−1·mol−1, accompanied by relatively weak lowest-
energy Q-band transitions that broaden the light harvest
spectra.8 Furthermore, these optical features could be modified
by altering the electronic symmetry postsynthetically.9 Also,
organic linkers with π-conjugated backbones, such as
porphyrins, are vastly desirable building blocks for materials
with high performance in the photodegradation of dyes

because they respond more efficiently to the complete solar
spectrum. For example, our group recently reported a set of
mesoporous thin films doped with zinc-based exhibiting
photocatalytic properties toward dye degradation under
sunlight conditions.10 Moreover, in 2020, we used a Mn−
porphyrin to functionalize mesoporous thin films, providing it
with the ability to capture volatile organic compounds,
resulting in a low-cost sensing device.11

On the other hand, trivalent lanthanide ions (Ln3+) are
optimal building blocks to construct MOFs with interesting
optical properties since they can impart tailored photo-
luminescent behavior spanning through a broad range, from
ultraviolet to visible and near-infrared wavelengths.12 Besides,
depending on the structural features such as the electronic
properties from the linker, the involved lanthanide ion, and
their relative distance and orientation, ligand-to-metal or
metal-to-ligand charge transfer could take place, enhancing
“molecular antenna effects” and potential photocatalytic
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capabilities.13 The inherent porosity and the large surface area
of MOFs pose a significant opportunity for harnessing
intermolecular interactions between the framework and a
variety of guest molecules. Consequently, variations of their
emission spectral profile can be induced by environmental
changes and harnessed for sensing14−16 and photocatalytic
purposes.17 In our previous work, we demonstrated that a
correct selection of lanthanide ions and aromatic linkers
produced a set of MOFs with visible and near-infrared
emissions with thermal-dependent applications.18

Due to the oxyphilic nature of lanthanide ions, the most
explored porphyrin to construct open frameworks is the
tetrakis(4-carboxyphenyl)porphyrin (H4TCPP) ligand.2,3,19

According to the synthetic conditions, several 2D or 3D
structures based on lanthanides and H4TCPP have been
reported. As can be seen in Table S1, these crystalline materials
have been studied for their applications in luminescence,20

light-harvesting systems,21 photocatalysis,22 photodynamic
therapy,23 anticancer activity,24 imaging,25 and as novel
structures, with potential applications at the nanoscale.26,27

For example, Goldberg and co-workers have described the
synthesis of open three-dimensional MPFs using H4TCPP
combined with lanthanides in an acidic medium,26,27 while
Huang’s group has recently reported lanthanide nanosheets
based on 2D-MPFs by microwave-assisted synthesis with
excellent yields and employed them as photocatalytic platforms
toward photo-oxidation of 1,5-dihydroxy naphthalene medi-
ated by in situ production of singlet oxygen radicals.22

The design of visible-light-active materials is required to
maximize the use of solar energy. This goal can be achieved by
a rational selection of the antenna-like linkers and different
metal ions as nodes.28 In the present work, we report the
synthesis and characterization of a novel isostructural set of 12
MPFs based on H4TCPP along the lanthanide series,
belonging to the monoclinic C2/c space group, with general
formula [Ln2(DMF)(TCPP)1.5] (with Ln = La, Ce, Nd, Pr, Er,
Y, Tb, Dy, Sm, Eu, Gd, and Tm). Their photocatalytic
performance was analyzed toward dye degradation in aqueous
media under sunlight irradiation. Finally, these results are
promising for designing novel photoactive devices with water
remediation applications or photodynamic treatment through
reactive oxygen species (ROS) generation.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. All chemicals were used as

received without further purification. Tetrakis(4-
carboxyphenyl)porphyrin (H4TCPP) was obtained from
Frontier Scientific. Metal sources were purchased from
Sigma-Aldrich, Stream Chemicals, or Alfa Aesar, employing
Ln(NO3)3·xH2O (Ln = Sm, Eu, and Gd), LnCl3·xH2O (Ln =
La, Ce, Nd, Pr, Er, Y, Tb, and Dy), or Ln2O3 (Ln = Tm).
Ultrapure water was obtained from a Milli-Q system.
2.1.1. Synthesis of Ln-TCPP (Ln = La, Ce, Nd, Pr, Sm, Eu,

Gd, Tb, Dy, Y, Er, and Tm). Ln-TCPP three-dimensional
MPFs were prepared by mixing lanthanide sources and
H4TCPP under acidic solvothermal conditions (Scheme S1).
The purity of the samples was confirmed by comparison of the
experimental and simulated powder X-ray diffraction patterns.

2.2. Characterization. 2.2.1. Powder X-ray Diffraction
(PXRD). Powder X-ray diagrams were obtained on a Rigaku D-
MAX-IIIC diffractometer using Cu Kα radiation (λ = 1.5418
Å) with NaCl and quartz as external calibration standards. The
best counting statistics were achieved using a scanning step of

0.02° between 5 and 50° Bragg angles, with an exposure time
of 5 s per step.
2.2.2. Thermal Analysis. Thermogravimetric analysis

(TGA) was performed with a Shimadzu TGA-51 and DSC-
60 apparatus under air flowing at 50 mL·min−1. The samples
were heated in the 30−800 °C range with a 10 °C·min−1

heating rate.
2.2.3. Scanning Electron Microscopy (SEM). images were

obtained in a Zeiss LEO1450VP equipment, and energy-
dispersive analysis of X-ray spectroscopy (EDS) studies were
performed in an EDAX Genesis 2000. Samples were placed on
adhesive carbon tape coated with gold.
2.2.4. Nitrogen Gas Sorption Analysis. Sm-TCPP was

selected for this study. The compound was evacuated in a
vacuum oven overnight at room temperature before the gas
sorption analysis. ∼50 mg of sample was then transferred to
preweighed sample tubes and degassed at 300 °C on a
Micromeritics ASAP Gemini model 2380 adsorption analyzer.
After degassing, the sample tubes were reweighed to obtain a
consistent mass for the samples. Sorption data and BET
surface area measurement were collected at 77 K with N2 using
a volumetric technique.29

2.2.5. Fourier Transform Infrared Spectroscopy (FTIR).
FTIR spectra were recorded with a Nicolet Proteǵe ́ 460
spectrometer in the 4000−225 cm−1 range with 64 scans and a
spectral resolution of 4 cm−1 by the KBr pellet technique.
2.2.6. UV−vis Spectroscopy. UV−vis spectra of solid Ln-

TCPP were recorded with a SHIMADZU UV-3600 PLUS
UV−vis−NIR spectrometer (185−3300 nm). The photo-
catalytic measurements were recorded using an Ocean Optics
H2 spectrophotometer in a range of 220−1100 nm, resolution
0.08−7.12 nm, illuminating with a deuterium and tungsten
lamp, in a 1 cm path length quartz cuvette and using Milli-Q
water as blank. All experiments were performed at 25 °C. We
also checked that all reactions were unaffected by the
irradiation of the sample with the light source of the
spectrometer.

2.3. Photocatalysis Experiments. The photocatalytic
activity experiments were conducted using an aqueous solution
of methylene blue (MB) (10 mg·L−1) containing the Ln-
TCPPs (100 mg) in Milli-Q water. The suspension was
constantly stirred with a magnetic bar for 30 min in dark
conditions for 120 min to ensure the establishment of the
adsorption/desorption equilibrium, after which the light source
was turned on. The suspension was stirred vigorously while
being irradiated by a 50 W xenon lamp to simulate sunlight at
room temperature. We selected this source because xenon
lamps emit a broad spectrum of light that closely resembles
natural sunlight in a wide range of wavelengths, including
ultraviolet (UV), visible, and infrared (IR) regions.30−32 The
distance between the light source and the cell containing the
reaction mixture was set at a constant of 10 cm. The UV−vis
absorption spectrum of the sample was monitored at 663 nm
(MB absorption maximum) every 2 min for 3 h, using quartz
cells. A UV cutoff filter was employed to evaluate the
photocatalytic activity under simulated visible sunlight.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterizations. Following the

synthetic procedure described in Section 2.1.1, 12 Ln-TCPP
compounds were obtained, washed, and dried at room
temperature. The synthesis yield for the dried materials was
calculated based on the lanthanide ion as follows: 55% (La-
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TCPP), 52% (Ce-TCPP), 46% (Nd-TCPP), 62% (Pr-
TCPP), 54% (Er-TCPP), 45% (Y-TCPP), 38% (Tb-
TCPP), 45% (Dy-TCPP), 12% (Yb-TCPP), 72% (Sm-
TCPP), 44% (Eu-TCPP), 53% (Gd-TCPP), and 21% (Tm-
TCPP). The MPFs were then characterized by UV−vis, FTIR
spectroscopy, powder X-ray diffraction (XDR), scanning
electron microscopy (SEM), thermogravimetric analysis
(TGA), and nitrogen gas sorption analysis.

As can be seen in Figure S1, the products consisted of brown
crystals with a plate square shape. A more in-depth analysis by
the SEM technique made it possible to see the materials in
detail, showing crystal aggregations composed of units of
around 80 μm in length and 2 μm in thickness (see Figures 1
and S2−S4). EDS analysis (Figure S5) verifies the existence of
lanthanide centers.

A unique pure phase along the lanthanide series was
confirmed by the PXRD analysis (Figure S6), where their
experimental diffraction patterns matched well with those of
the simulated one. The compounds are isostructural to the
p r e v i o u s l y r e p o r t e d s t r u c t u r e Nd- (P t -TCPP)
(C75H46N7Nd2O14Pt1.5),27,28,33 crystallizing into the C2/c
space group. Nevertheless, as far as we know, the synthesized
phases described here are new to date, incorporating the
majority of lanthanide ions (except for Pm, Ho, and Lu), thus
exploring not only the phase based on Nd(III). The exclusion
of Pm is primarily due to its radioactive nature. The omission

of Ho and Lu ions stems from their relative rarity compared to
most other lanthanides, leading to higher costs. However, they
do not exhibit significant chemical differences from the MPFs
under investigation.

The secondary building unit (SBU) consists of isolated
tetramers of lanthanide ions (Figure S7) connected by three
types of TCPP4− linkers in three directions, yielding the three-
dimensional structure shown in Figure 2. Two independent
crystallographic ions are found, giving rise to irregular hepta-
or octacoordinated distorted polyhedra surrounded by oxygen
atoms from the linkers and one DMF molecule: [Nd(1)O8]
and [Nd(2)O7]. Based on the organic−inorganic connectivity
exhibited by these compounds,34 the architectures can be
classified as I0O3, where I0 means that the inorganic
connectivity is 0D and O3 implies that the organic one is
3D, which involves organic linkers connecting the SBUs in
three crystallographic directions; the sum of the exponents
results in the overall dimensionality of the structure.

FTIR spectra for Ln-TCPPs compounds (Figure S8)
showed a predominance of vibrational bands associated with
functional groups including carboxylate, methylene, and phenyl
moieties. Spectral interpretation was carried out by comparing
the observed vibrational bands in H4TCPP with the related
compounds.35 The absence of the C�O stretching at around
1700 cm−1 indicates the complete deprotonation of the −
COOH groups upon MPF formation. The new bands centered

Figure 1. SEM images of Sm-TCPP (A), Er-TCPP (B), Y-TCPP (C), and Eu-TCPP (D) compounds.

Figure 2. Representation of [Ln2(DMF)(TCPP)1.5]. Hydrogen atoms have been omitted for clarity.
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at 1606 and 1420 cm−1 can be assigned to asymmetric and
symmetric vibrational stretchings of COO−. Also, it is observed
that typical porphyrin skeletal modes dominate the spectra in
the region of 1000−500 cm−1.

An important insight was provided through thermal analysis
regarding the stability of this set of materials. For this study,
Eu-TCPP and Er-TCPP were selected as representative
phases. The TGA diagrams show a two-stage evaporation of
the solvent (Figure S9). The solvent molecules adsorbed on
the crystal surface evaporated below ∼100 °C, while the matrix
water and DMF species were lost within the 100−300 °C
temperature range. Then, both compounds maintained their
mass up to ∼400 °C before decomposing into a black powder
upon additional heating.26 These results are promising for

potential applications of these compounds in broad temper-
ature ranges.

The porosity of these Ln-TCPP phases was confirmed by
the N2 absorption analysis of Sm-TCPP. The N2 adsorption
isotherm shows a type-I(b) profile indicative of the micro-
porous nature of the framework (Figure S10) with a 3.253 Å
average adsorption pore width. The BET (Brunauer−
Emmett−Teller) specific surface area of the framework was
found to have a surface area of 559 m2/g, while the Langmuir
surface was 826 m2/g. BET analysis indicates a relatively high
value since it falls within the scope of values reported for
similar TCPP-based MOFs (330−600 m2/g).21,36

The optical properties of the Ln-TCPP compounds and the
free H4TCPP ligand were explored through UV−vis

Figure 3. Photocatalytic degradation of an MB water solution (10 mg·L−1) with (A) Ln-TCPPs (Ln = Sm, Eu, Gd, Y, Yb, and Er) photocatalysts
using UV−vis irradiation and (B) Sm-TCPP photocatalyst using UV-filtered visible light irradiation. Experiments were conducted at room
temperature for 0−100 min.
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absorption spectroscopy. An aqueous solution of H4TCPP
exhibits the typical Soret band located at 417 nm and four Q
bands centered at 513, 547, 590, and 646 nm (Figure S11).
However, the solids did not show any absorption band in
water, demonstrating that the porphyrin is part of the crystal
lattice and that the MPF structures do not dissolve in water.
Furthermore, we confirmed the stability of the MPFs at room
temperature and darkness conditions for two years (Figure
S12).

3.2. Photophysical and Photocatalytic Experiments.
Specific studies have demonstrated that MPFs have been
employed as photocatalytic systems for dye degradation and
photodynamic therapy involving the generation of reactive
oxygen species (ROS).37−39 As a proof of concept, we analyzed
the photocatalytic activity of selected Ln-TCPPs (Ln = Sm,
Eu, Gd, Y, Er, and Yb) samples with methylene blue (MB) as a
model of organic pollutant in an aqueous medium.40,41 The
typical MB absorption band, centered at 663 nm, was
monitored to track the reaction progress.42−46 Figure 3
shows the time-resolved UV−vis absorption spectra of the
Ln-TCPPs photocatalysts in the 350−750 nm range,
registered up to 100 min of irradiation using a xenon lamp
source. A continuous decrease in the absorption maximum is
observed for Sm-TCPP and Y-TCPP, denoting the dye
degradation. However, the other Ln-TCPP compounds
showed a moderate band decrease, even smaller than the
one obtained with free H4TCPP.

For Sm-TCPP, the appearance of the Soret band at 420 nm
(Figure 3A), characteristic of the porphyrin, can be attributed
to some degree of superficial breakdown of the Ln-TCPPs
structure. This would lead to porphyrin release and further
degradation upon UV−vis light irradiation. To prevent
breakdown and explore the dye degradation under visible
light conditions, we performed the same experiment with Sm-
TCPP using a UV filter during the irradiation process (Figure
3B). The results showed that the dye degradation remains
highly efficient while superficial breakdown is minimized.47

In order to compare the photocatalytic performance, we
analyzed the degradation efficiency of the different Ln-TCPP
materials, expressed as (C0−C)/C0, where C0 is the initial
concentration of the MB dye, and C is the concentration at a
time t, which can be seen in Figure 4. Sm-TCPP showed the
highest efficiency, with 55% after 40 min of irradiation and

more than 74% after 100 min. The efficiency of MB
degradation after 120 min follows the order Sm-TCPP > Y-
TCPP > Sm-TCPP (UV-filtered) > Yb-TCPP > Gd-TCPP >
Er-TCPP > Eu-TCPP. It is worth noting that the degradation
of MB in the absence of a photocatalyst was negligible under
visible light. However, in the presence of H4TCPP, the
absorption band at 663 nm decreases, and no degradation of
the porphyrin ring was observed (Figure S13).

To determine the reaction kinetics of MB degradation
catalyzed by the Ln-TCPP compounds, a pseudo-first-order
model was employed. The data was fitted with a Langmuir−
Hinshelwood model equation for analysis (eq 1), where k is
the pseudo-first-order rate constant and indicates the photo-
catalytic activity48

C C k tln( / )0 = · (1)

The calculated initial rate constant for each compound is
shown in Table 1, together with the comparative photo-
catalytic efficiency and initial rate constants of selected MOF-
based photocatalysts toward MB degradation. The reported
values here are comparable to those from MOF structures
based on aromatic carboxylic linkers, showing better perform-
ance for Sm-TCPP.

Based on the significant difference they showed in the MB
degradation efficiency and rate constant, we analyzed the solid
UV−vis absorption spectra of Sm-TCPP and Eu-TCPP to
elucidate the origin of its differences. From these spectra, the
Eg values were estimated through a Tauc plot (Figure 5) (i.e.,
the curve of converted (αhυ)2 vs hυ from the UV−vis
spectrum, where α, υ, A, and Eg are the absorption coefficient,
light frequency, proportionality constant, and band gap,
respectively). From the plot of (αhυ)2 vs energy (eV), the Eg
values were determined by measuring the x-axis intercept of an
extrapolated tangential line from the linear regime of the curve.
The corresponding Eg values resulted in values of 2.31 and 2.57
eV for Sm-TCPP and Eu-TCPP, respectively. This could lead
to discrepancies observed in their photocatalytic activity since
the lower Eg value of a semiconductor, the higher the number
of charge carriers that can be energy-promoted, resulting in a
better photocatalytic efficiency.50 The calculated Eg value of
Sm-TCPP (2.31 eV) is lower, which may explain its
exceptional photocatalytic performance compared to that of
Eu-TCPP and H4TCPP, for which the calculated Eg value was
2.39 eV.

Regarding its photoluminescence properties, this set of
MPFs did not evidence the typical lanthanide emission under
UV excitation, and their resulting poor photoluminescence was
comparable to that from free H4TCPP ligand. Therefore,
lanthanide excited states may transfer energy to the ligand
excited states from where charge recombination or ROS
generation occurs.50−53 This reasoning is supported for Sm-
TCPP by the previous determination of Eg. However, it is
critical to note that the proposed pathways may vary
depending on the presented lanthanide node in the MPF
structure, the redox activity of the metal ion, or the location of
their excited states, and further studies are needed.

Photodegradation of MB in aqueous solutions in the
presence of a photosensitizer could be caused by the initial
generation of 1O2, O2

•−, or both.50−53 To determine if these
ROS are involved in the degradation of MB, irradiation
experiments in the presence of benzoquinone (BQ) were
carried out (Figure S14). The MB photodegradation was
inhibited substantially in the presence of BQ, resulting in a

Figure 4. MB photocatalytic degradation efficiency under UV−vis
light irradiation for each Ln-TCPP and free H4TCPP.
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substantial decrease in the degradation efficiency, which could
be attributed to BQ quenching the formation of the mentioned
through rapid electron transfer to BQ, producing ground-state
O2 and the BQ radical anion.

According to the above experimental data and previous
literature findings, a schematic representation of the possible
pathways for dye degradation by Ln-TCPP is illustrated in
Scheme 1. The MB photodegradation process under visible
light might be due to different ROS scavengers and mainly

attributed to the generation of O2
•− anion.50−53 These ROS

have the potential to initiate the oxidation of MB in aqueous
media, resulting in the formation of smaller molecules or
inorganic species.40 The generation of these ROS species could
have different origins, but the MPFs we present seem to be
formed via the energy transfer from the 3TCPP ligand excited
state. At the same time, the population of 3TCPP could be
enhanced through the interaction with lanthanide nodes,

Table 1. Comparison of MOFs Based on Aromatic Carboxylic Linkers for Photodegradation of MB

photocatalyst light source
presence of

H2O2

MB concentration
(mg/L)

time
(min)

degradation
efficiency (%)

initial rate constants
(min−1) refs

Sm-TCPP Xe lamp no 10 100 73.8 0.029 this
work

Xe lamp+UV
filter

no 10 100 46.0 0.025 this
work

Y-TCPP Xe lamp no 10 100 49.9 0.022 this
work

Yb-TCPP Xe lamp no 10 100 26.8 0.007 this
work

Er-TCPP Xe lamp no 10 100 10.2 0.004 this
work

Eu-TCPP Xe lamp no 10 100 10.2 0.004 this
work

Gd-TCPP Xe lamp no 10 100 23.2 0.002 this
work

JLNU-101 10 W LED no 5 90 83.2 0.019 40
[Cu(4,4′-bipy)Cl]n Xe lamp yes 10 150 93.9 0.0182 48
[Co(4,4′-bipy)·(HCOO)2]n Xe lamp yes 10 150 54.7 0.0049 48
NC-3 Xe lamp no 20 100 80.6 0.014 49

Figure 5. (A) Solid-state UV−vis profiles were identified (blue traces). (B) Band-gap calculation of Sm-TCPP and Eu-TCPP compounds.
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where further research is needed to elucidate its mechanisms
completely.

In summary, MB was rapidly decomposed under both
ultraviolet and visible irradiations by Sm-TCPP through ROS
generation. Considering the data above, the node nature might
play a relevant role in the MB degradation.

4. CONCLUSIONS
A set of 12 metal−porphyrin frameworks (MPFs) based on a
planar tetrakis(4-carboxyphenyl) porphyrin ligand and lantha-
nide ions were successfully obtained using a one-step
solvothermal method. All of the obtained compounds, with
the formula [Ln2(DMF)(TCPP)1.5] (Ln3+ = La, Ce, Nd, Pr,
Er, Y, Tb, Dy, Sm, Eu, Gd, and Tm), belong to a 3D
isostructural family that crystallizes into the monoclinic C2/c
space group. The overall characterization was carried out by
employing a set of techniques in the solid state: PXRD, FTIR,
ATG, UV−vis spectroscopy, and scanning electron micros-
copy. Due to the exceptional light absorption properties of the
building blocks, the compounds were evaluated as potential
sunlight-driven photocatalysts toward MB degradation in
aqueous media. Six members were selected, and their
photocatalytic efficiency was analyzed. Due to its narrow
band gap, Sm-TCPP exhibited the highest catalytic perform-
ance with a degradation of 74% of MB within 100 min.
Furthermore, it is postulated that the photodegradation is
mediated by superoxide and hydroxyl radicals produced under
sunlight irradiation of Ln-TCPP due to their porous nature.
Finally, it is important to remark on the multifunctional profile
of the reported materials for light-harvesting, heterogeneous
catalysis, photodynamic therapy, thin-film devices, optics, and
optoelectronic applications, making a substantial contribution
to the lanthanide−organic framework community.
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