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Abstract—Zr-based porphyrinic MOFs, which have isolated porphyrin units imbedded in MOFs' rigid structure,
exhibit excellent textural properties and high stability. Among the porphyrin ligands, tetrakis(4-carboxyphenyl)-por-
phyrin (TCPP) is broadly employed, and so far, seven Zr-based porphyrinic MOFs of MOF-525, MOF-545 (also
named PCN-222), PCN-221, PCN-223, PCN-224, PCN-225, and NU-902 have been synthesized using TCCP. The
built-in TCPP ligand with various functionality and coordinatively unsaturated Zr clusters can be subjected to diverse
pre- and post-synthesis functionalization or guest encapsulation. Aided by the excellent hydrothermal/chemical stabil-
ity and high porosity, these Zr-based porphyrinic MOFs are gaining attention for applications in adsorption, sensors,
heterogeneous catalysis for chemical conversions, photocatalysis, electrocatalysis, and others. This paper reviews the
current status of research and development on the synthesis, characterization, functionalization, and adsorption/cataly-

sis applications of Zr-based porphyrinic MOFs.
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INTRODUCTION

Metal-organic frameworks (MOFs) are a class of crystalline hybrid
materials in which metal ions or clusters are interconnected with
polydentate organic ligands to form well-ordered one, two, or three-
dimensional structures. These are usually synthesized via a solvo-
thermal route in the presence of a deprotonating solvent such as
N,N"-dimethylformamide (DMF) or hydrothermally in water, using
a suitable combination of the metal and organic ligand precursors,
which may take several hours to days to complete the synthesis by
electrical heating [1]. Owing to their crystallinity with high metal
content, high porosity with a large surface area, and various func-
tionality incorporated into the frameworks by both pre- and post-
synthetic modifications [2], MOFs have been actively investigated
for gas storage [3], separation [4], catalysis [5], sensors [6], and
drug delivery [7]. Extensive review articles on their synthesis, char-
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Fig. 1. MOFs with high hydrothermal stability: UiO-66 and MIL-101.
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Terephthalic acid

acterization, and application are available [8-10].

Among the MOFs, those constructed from high-valent metal
ions (Zr", AI'*, Fe, and Cr™") and organic carboxylate ligands are
important for practical applications due to their high hydrother-
mal stability derived from the strong coordination bonding formed
between the hard Lewis acidic metal ions and hard Lewis basic
carboxylates [11,12]. The most commonly studied high stability
MOFs are UiO-66 (Zr*) [13] and MIL-101 (AP, Fe**, or Cr™") [14]
composed of metal clusters and terephthalic acid as shown in Fig. 1.

Porphyrins are frequently used in coordination chemistry owing
to their easy complex formation on its N-bonding sites. The metal-
loporphyrins offer a broad range of optoelectronic and catalytic
capabilities and are well known for their biomimetic catalysis [15-
17]. Taking advantage of porphyrins’ useful properties, many por-
phyrinic MOFs have been recently synthesized with different por-
phyrin ligands as shown in Fig. 2 and 3 [18-23]. The porphyrinic
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BDCPP TCBPP TBCPPP

Fig. 2. Representative carboxyphenyl porphyrin ligands for MOFs.

TCP TPPS
Fig. 3. Representative pyridine and other porphyrin ligands for MOFs.

MOFs have well-separated porphyrin units that can function as
active sites for catalysis, adsorption, etc. The porphyrin dimeriza-
tion, often causing deactivation in the homogeneous porphyrin cat-
alytic/adsorptive system, is avoided by the MOFs' rigid structure
[24].
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Among the various porphyrin ligands, tetrakis(4-carboxyphenyl)-
porphyrin (TCPP) is broadly employed to synthesize a stable por-
phyrinic MOF composed of metal ions of Zr, Cu, Mn, In, Al, or
Fe [25]. In particular, Zr-based porphyrinic MOFs, owing to their
excellent textural property and high stability, are drawing atten-
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Fig. 4. Zr-based porphyrinic MOFs prepared using TCPP. Green, black, red, and blue spheres indicate Zr, C, O, and N atoms, respectively. H
atoms are omitted for clarity. MOF-545 (also named PCN-222 or MMPF-6(Fr)).

tion. The Zr-based porphyrinic MOFs of MOF-525, MOF-545 (also
named PCN-222 or MMPEF-6(Fr)), PCN-221, PCN-223, PCN-224,
PCN-225, and NU-902 have been reported for applications in ad-
sorption and catalysis (PCN stands for Porous Coordination Net-
work, MMPEF: Metal-Metalloporphyrin Frameworks, and NU:
Northwestern University) [26-30].

As shown in Fig. 4, these Zr-based porphyrinic MOFs in differ-
ent topologies are synthesized using the same Zr metal precursor
and TCPP under a similar set of solvothermal synthesis conditions.
Essentially, it is the role of the chemical additive, called modulator,

which makes it possible to lead to a different MOF product by con-
trolling the crystallization process aided by their flexible coordina-
tion bonding [31]. However, MOF synthesis often produces crystals
with two or more mixed morphologies [32], and a careful exam-
ination of the synthesis parameters and their optimization is nec-
essary [33-35]. Despite the MOFs synthesis challenges, these Zr-
based porphyrinic MOFs are being reported for expanding appli-
cations in various areas, especially in adsorption and heteroge-
neous catalysis.

In this work, we report on the recent progress made on the

Table 1. Synthesis and characterization of Zr-based porphyrinic MOFs reported

Synthesis conditions Textural property
Topolo - Metalation/ Ref
pology Timp. Time Modulator SBZET VP;”“ Pore size  N,-Isotherm Structural formula .
G (m*/g) (cm’/g)  (nm) type
MOF-525  ftw 65 72 Aceticacid 2620 14 20 I Cu, Fe [49]
’ ' ' CruaHgN, 05,7
MOF-545 s 130 72 Formic acid 2260 16 20036 v Cu, Fe [49]
4 ’ . o CosHegNgO3,Zr
Acetic acid, trifluoroacetic Cu, Fe, Co
PCN-221 ftw 120 12 acid, or benzoic acid 1,936 0.8 - I CouH N0 Zr, [50]
100/ o . Fe
PCN-223 shp 120 12 Acetic acid or benzoic acid 1,600 0.6 12 I CouH N0 Zr [51]
PCN-224  she 120 24 Benzoic acid 2600 16 19 I Ni, Co, Fe [52]
’ ’ ’ C44HsN,OgZry,
Zn
PCN-225 sqc 120 12 Acetic acid 1,902 - - I [53]
q CysH3N,OyZr5
Zn
NU-902 scu 90 48  Benzoic acid 2,150 - 1.2/3.0 I [45]
CosHesNsO3,Zr6
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synthesis and applications of the Zr-based porphyrinic MOFs in
five sections: (1) synthesis, (2) characterization, (3) functionalization,
(4) adsorption, and (5) catalysis. This short review will provide a
bird’s eye view on the preparation and potentials of Zr-based por-
phyrinic MOFs for future energy and environmental research ap-
plications.

SYNTHESIS

Zr-based porphyrinic MOFs are synthesized solvothermally in
DMEF or diethylformamide (DEF) using a Zr metal source (zirco-
nium chloride or zirconyl chloride octahydrate), D,,-symmetric
TCPP as a porphyrin source (Fig. 2), and an acid modulator. Seven
Zr-based porphyrinic MOFs have so far been reported, as shown
in Fig. 4 in different topologies derived from the Zr, or Zr, clus-
ters formed during the synthesis (see Table 1): Zr clusters can
have 6 (PCN-224), 8 (MOF-545, PCN-225, and NU-902), or 12
(MOE-525 and PCN-223) connectivity, whereas Zr, clusters show
12 (PCN-221) connectivity. The addition of a specific acid modu-
lator is critical to induce a particular topology via controlling the
ligand exchange with TCPP during the synthesis (see Fig. 5). The
substrate mixture is heated under different temperature and time
for a targeted Zr-based porphyrinic MOE

Low crystallinity or agglomeration of the MOF crystals is com-
monly observed without a modulator in the Zr-based porphyrinic
MOF synthesis, since high charge density of Zr** polarizes the Zr-
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Fig. 5. The equilibrium synthesis mechanism of Zr-based porphy-
rinic MOFs by deprotonated ligands and modulators. Adapted
from Ref. [38] with permission from copyright holders.
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O bond to impart covalent character and prohibits the ligand ex-
change reaction between Zr clusters and the ligands [36]. During
the synthesis of Zr-based porphyrinic MOFs, therefore, an acid mod-
ulator is usually introduced that competes against TCPP ligand to
coordinate with the Zr dusters and slows the nudeation rate. Over-
all, the acid modulator can produce the following effects: (1) direct
guide of framework assembly to a pure phase MOF structure in
high crystallinity, (2) particle size control, and (3) defect site for-
mation [37,38]. Several acid modulators, including acetic acid
(pK,=4.75), formic acid (pK,=3.75), benzoic acid (pK,=4.20), tri-
fluoroacetic acid (pK,=0.23), and others have been used. Both the
amount and pK, value of a modulator and synthesis temperature
are crucial to achieve high purity and crystallinity of the Zr-based
porphyrinic MOFs.

Table 1 shows the typical synthesis conditions and the modula-
tor used for different Zr-based porphyrinic MOFs. Rigorous efforts,
such as high-throughput synthesis [33], seed-mediated synthesis [39],
modulator selection [38], and kinetic and thermodynamic control
[40], have been reported to obtain a pure phase Zr-based porphy-
rinic MOE Innovations for the synthetic processes are still on-going.

High-throughput synthesis of nanoscale MOF-525, MOF-545,
and PCN-223 was reported by Harris et al [33]. To find the opti-
mum synthesis conditions, a total of 1036 synthesis reactions were
conducted with different combinations of Zr metal source (zirco-
nium chloride or zirconyl chloride octahydrate), acid modulator
(acetic acid, benzoic acid, formic acid, or dichloroacetic acid), syn-
thesis temperature (90, 120, or 130 °C), synthesis time (18 or 72 h),
and solvent (DMF or DEF). Powder X-Ray diffraction (PXRD) pat-
terns obtained were analyzed by the pattern matching MATLAB
software. Acid modulators and reaction temperature were proven
to be the major factors of synthesis under a fixed synthesis time
(18 h) for each MOFs: MOEF-525 (acetic acid and 90 °C), MOF-
545 (dichloroacetic acid and 130 °C), and PCN-223 (acetic acid
and 90 °C). Smaller particles were obtained after reducing the acid
modulator amount, and the morphology shifted from MOF-525
to PCN-223 when the amount of the acid modulator was increased.

Morris et al. investigated the effect of modulators and the for-
mation of defect sites [38]. Eighteen monocarboxylic acids of small
aliphatic, aromatic, and long-chain kinds were tested, and the ratio
of [modulator]/[TCPP] was varied from 10 to 6,000. Other syn-
thesis conditions were fixed: substrate mixture of zirconium chlo-
ride (7 mg, 0.03 mmol) and TCPP (10 mg, 0.013 mmol) in DMF
(10 mL). The reaction mixtures were then heated at 120 °C for
16 h. A pure phase MOF-525 was produced only with long-chain
modulators (~38 mmol) of myristic (C,,) or stearic acid (Cy4), and
the synthesized MOF samples with weak acid modulators showed
a high fraction of MOF-525. A pure PCN-222 was synthesized with
small aliphatic modulators of difluoroacetic acid (~0.076 mmol) or
formic acid (~76 mmol), and the synthesized samples with strong
acid modulators showed a high fraction of PCN-222. An interme-
diate strong acid modulator, propionic acid (~76 mmol), produced
PCN-223. While TCPP and modulator species with varying extent
of deprotonation exist during the MOF formation process, only the
fully deprotonated ligands and modulators can be directly coordi-
nated to Zr clusters to form a specific Zr-based porphyrinic MOF
structure. Consequently; the concentration ratio of fully deproton-
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ated modulators and ligands ([Mod]/ [TCPP*]) can serve as a
useful guide for the MOF synthesis, as shown in Fig. 5. This value
can be increased with higher acidity or concentration of the mod-
ulators. Thus PCN-222 is formed when the ratio of ([Mod]/
[TCPP*)) is high so that a thermodynamically favored structure is
expected, whereas MOF-525 is formed when the ratio is low so
that a kinetically selected structure is expected.

MOEF-525 with different particle sizes was synthesized by Liao
et al. [41]. As the benzoic acid amount was decreased (from 2.7 to
0.9g), the particle size of MOF-525 decreased (from 700 to 100
nm). MOF-525 produced with a small amount of benzoic acid
(0.9g) showed a distorted cube morphology, which may have
been caused by insufficient crystallization due to the low concen-
tration of benzoic acid, leading to faster crystallization of MOF-525.
In the case of PCN-224, a size-controlled synthesis was attempted
by controlling the amount of DMF (80 to 140 mL), benzoic acid
(22 t0 33 g), and TCPP (50 to 150 mg) [42]. The increased amount
of benzoic acid resulted in bigger particles, whereas the amounts
of DMF and TCPP showed the opposite trend. It was speculated
that the low concentration of PCN-224 monomer formed under
the increased benzoic acid produced the bigger particle size.

The effect of synthesis temperature on the crystal phase of Zr-
based porphyrinic MOFs was investigated by Farha et al. [40]. A
Zr, node solution with formic acid and a TCPP solution were pre-
pared in DME respectively. Then, the Zr, node solution was heated
at different temperatures from room temperature to 145°C for
24, while the TCPP solution was added at a rate of 0.5 mL/min.
At room temperature, a mixture of MOF-525 and PCN-224 was
obtained. The product changed from MOF-525 and PCN-224 to
PCN-222 when the synthesis temperature and time were increased
to 145 °C and seven days. These results indicate that the synthesis
of MOF-525 and PCN-224 having the parallel TCPP group in the
structures is kinetically-controlled, whereas PCN-222 having the
antiparallel TCPP group is thermodynamically-controlled.

Seed-mediated synthesis was explored by Zhou et al. [39], which
led to pure phases of PCN-222, PCN-224(Ni), and PCN-225. A
high purity targeted MOF structure could be prepared after intro-
ducing seed crystals. The introduction of seed crystals initiates a
heterogeneous process, which is kinetically favored for the growth
of targeted MOF structure and requires much lower driving force
energy by skipping the nucleation stage involved in the homoge-
neous crystallization process.

Matute et al. reported a microwave-assisted synthesis of PCN-
222 [43]. PCN-222 could be synthesized using two acid modula-
tors (2-fluorobenzoic acid and trifluoroacetic acid) at 150 °C for
20 min under microwave-assisted conditions (35 W, 1 bar). Simi-
larly, our group conducted a sonochemical synthesis of MOF-525
and MOF-545. The pure phase of both MOFs could be obtained
within 2.5 and 0.5h, respectively. The optimal synthesis conditions
were investigated covering the variables of power (500 W full), time,
pulse (5 sec (on)/3 sec (off)), and modulator; and high purity MOFs
were synthesized for MOF-525 (power: 40%, 2.5h, pulse, and ben-
zoic acid) and MOF-545 (power: 60%, 0.5 h, no pulse, and trifluo-
roacetic acid).

An acid treatment on PCN-222 and NU-902 with 8 M HCI was
required to remove the unreacted ligand and modulator trapped

inside pores after the synthesis [44,45]. It was found that mesopo-
rosity increased in PCN-222, and small mesoporosity was observed
in NU-902 by removing a small fraction of the ligand leading to
defect sites.

Mixed-ligand MOFs (MLMs, MLM-1 to 3) in csq topology were
reported by Lee et al. [46]. These were built from Zr, clusters and
the appropriate ratio of TCPP(Zn) and 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (TBAPy) ligands, both of which exhibited the same
connectivity and similar size. Zr-based porphyrinic MOFs with two
mixed-ligand (different connectivity) were also reported by Zhou
et al. [47,48]. PCN-134 was in a 3D layer-pillar structure made of
2D layers composed of Zr, clusters and benzene tribenzoate (BTB),
connected by TCPP between the 2D layers. Controlling the amount
of the pillar linker TCPP led to structural defect sites during the
synthesis of PCN-134. Similarly, PCN-138 in a face-sharing cuboc-
tahedron structure was synthesized using 4,4'4"(2,4,6-trimethyl-
benzene-1,3,5-triyl)tribenzoate (TBTB) and TCPP based on Zr,
clusters.

CHARACTERIZATION

Table 1 shows the typical synthesis conditions and key textural
properties of the Zr-based porphyrinic MOFs reported. Generally,
the successful synthesis of Zr-based porphyrinic MOFs can be con-
firmed by PXRD, scanning electron microscopy (SEM)/transmis-
sion electron microscopy (TEM), N, adsorption-desorption iso-
therms, and Fourier-transform infrared spectroscopy (FT-IR). Meta-
lation can be confirmed by UV-Vis spectroscopy. Fig. 6 shows the
simulated PXRD patterns of different Zr-based porphyrinic MOFs.
MOF-525 and PCN-221 show the same patterns because of their
same topology (ftw) (constructed from different Zr cluster units).
The different morphologies of the Zr-based porphyrinic MOFs
can be examined by SEM (Fig. 7), and uniform mesopore chan-
nels in MOF-545 were observed by TEM. From the N, adsorp-
tion-desorption isotherms, textural properties, including the surface
area, pore volume, and pore size distribution, can be measured
(Fig. 8); only MOF-545 shows a type IV isotherm and the rest of
the Zr-based porphyrinic MOFs usually show type I isotherms
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Fig. 6. PXRD patterns of Zr-based porphyrinic MOFs.
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Fig. 7. SEM (TEM) images of Zr-based porphyrinic MOFs: (a) MOF-525, (b) MOF-545, (c) MOF-545 (TEM), (d) PCN-221, (e) PCN-223, (f)
PCN-224, (g) PCN-225, and (h) NU-902. Modified from Ref. [39,45,51,54,55] with permission from copyright holders.
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Fig. 10. Normalized UV-Vis spectra of PCN-222(M). Adapted from
Ref. [43] with permission from copyright holders.

similar to the case of MOF-525 shown. FT-IR spectra of MOF-
525 and MOF-545 exhibit the characteristic peaks, as given in Fig.
9. Because Zr-based porphyrinic MOFs can exist together in a
product with different proportions, several characterization tools
combined together (such as PXRD, N, adsorption-desorption iso-
therms, and SEM) will provide a more accurate assessment of the
product quality. UV-vis is a simple method to confirm the prog-
ress of the MOF metalation. Fig. 10 shows the shifted Soret and
Q-bands for the PCN-222 samples metallated with different ele-
ments.

During the synthesis of MOFs, vacancies of the linker or/and
metal clusters can result to form crystal defect sites, leading to dif-
ferent physicochemical properties such as stability, surface area,
gas adsorption behavior, and catalytic activity compared with the
defect-free MOFs [56,57]. The defect sites in the Zr-based porphy-
rinic MOFs can be tuned by controlling the acidity (pK,) and the
amount of the modulator used, which produce Zr clusters termi-
nated with the modulator instead of TCPP due to the stronger
coordination by the acidic modulator with the Zr cluster [58,59].
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The number of defect sites can be estimated by 'H nuclear mag-
netic resonance (NMR), thermal gravimetric analysis (TGA), and
inductively coupled plasma mass spectrometry (ICP-MS) [38]. The
amount of deficient linker can be calculated using the ratio of [mod-
ulator]/[TCPP] from 'H NMR and amount of zirconium oxide
(ZrO,) residue from TGA as shown in Figs. 11 and 12, when com-
pared against the ideal molecular formula of the Zr-based porphy-
rinic MOFs [38]. This method may have some limitations, such as
the error caused by the potential presence of other MOF species,
modulator trapped inside pores, and the underestimated modula-
tor after acid treatment for measuring the ratio [modulator]/[TCPP]
by 'H NMR. In the case of the deficient Zr clusters, the amount of
Zr estimated from the digested Zr-based porphyrinic MOFs by
ICP-MS can provide information on the vacancy in Zr clusters
when compared with the theoretical Zr concentration in the MOE.
The information on the surface area and pore size distribution can
also give a rough estimate of the comparable defect sites in differ-
ent MOF samples, despite their limitation to quantify the defect

sites in the MOF products. Usually, higher surface area with wider
pores is expected for the MOF sample with more defect sites [60].

FUNCTIONALIZATION

Specific functionalization of MOFs is necessary to generate active
sites for adsorption and catalysis [14,61]. Zr-based porphyrinic
MOFs have 1) a built-in functionality from TCPP, with which var-
ious transition metal ions can be immobilized via coordination
bonding, 2) grafting for an organic or organometallic species is
possible onto the coordination-unsaturated Zr or metalloporphy-
rin sites, 3) a simple impregnation of metal ions followed by a suit-
able reduction process produces metal nanoparticles, and 4) a
composite with fiber or core-shell structure can be prepared. Apply-
ing the MOF as a sacrificial template to generate a metal sup-
ported on an N-doped carbon or N-doped carbon after removing
the metal oxide is also receiving growing attention.

1. Metalation

Various metal sources have been reported for metalation on Zr-
based porphyrinic MOFs (see Table 1). The porphyrin ligand in
the Zr-based porphyrinic MOFs can be metallated via a pre- or
post-synthesis procedure in the presence of an excess amount of
metal source. The former involves MOF synthesis using a pre-metal-
lated ligand, TCPP(M), and the latter consists of the introduction
of the metal source after the MOF synthesis. Zr** is known not
metallated on porphyrin ligands during the synthesis of Zr-based
porphyrininc MOFs [16]. Pre-metalation seems more precise to
introduce a known amount of a specific metal ion to a porphy-
rinic MOE Still, a separate synthesis step for TCPP(M) preparation
is demanded. An unusual double metalation was also reported, in
which Fe* ions were metallated on the Zr cluster of PCN-222(Fe)
using anhydrous FeCl; [62]. A similar metalation process on MOEF-
808 was reported [63]. UV-vis spectroscopy is useful for checking
metalation.

2. Grafting

The unsaturated Zr sites in Zr-based porphyrinic MOFs can
often be utilized for grafting of an organic/organometallic species.
MOF-545(M), comprised of mesopores in high stability, has often
been functionalized by grafting. Organic molecules having carbox-
ylate or phosphonate functional groups were immobilized via inter-
action with Zr clusters by coordination bonding [64,65]. 1-Methyl-
3-(2-carboxyethyl)imidazolium bromide (ImBr) ionic liquid was
grafted on MOF-545(Mn) [66], and the different perfluoroalkyl
acids were grafted on PCN-222(Fe) to increase the hydrophobic-
ity of the material, as shown in Fig. 13(a) [24].

The metalloporphyrin ligand in the MOF can also be used as a
platform for grafting. A biomimetic organometallic [Fe,S,] com-
plex [(i-SCH,),NC(O)C;H,N]-[Fe,(CO)s] was post-synthetically
grafted on the metallated Zn sites of MOF-545(Zn), as shown in
Fig. 13(b) [67].

3. Metal Impregnation

Controlling the size and stability of nanoparticles is vital for im-
proving the catalytic activity against the tendency of easy self-aggrega-
tion [68]. To this end, nanoporous materials are often used to sup-
port metal nanoparticles.

Three Zr-based MOFs, UiO-66, NU-902, and PCN-222, having
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holders.

different pore sizes and topologies, were tested to impregnate Pd
nanoparticles. Different average Pd nanoparticle sizes were obtained:
Pd@UiO-66 (1.3 nm), PdA@NU-902 (2.2 nm), and Pd@PCN-222
(34 nm) as shown in Fig. 14, which indicated that pore size of the
MOFs (UiO-66: ca. 1.2 nm, NU-902: ca. 1.2 and 3.0 nm, and PCN-
222: ca. 1.2 and 3.2 nm) affected the nanoparticle growth during
the impregnation procedure [69]. Pt nanoparticle impregnation
was also attempted on PCN-224(M) (M: Zn, Ni, Co, Mn, or 2H),
and the concentration of the added polyvinylpyrrolidone (PVP,
MW=55,000) was a pivotal factor in adjusting the average particle
size during the impregnation [70]. The average particle size obtained
with H,PtCle-H,O on PCN-224(M) was ~2.5 nm (1.125M of PVP),
~10nm (0.375M of PVP), and ~14 nm (without PVP), respec-
tively. PCN-224(Cu)/TiO, was obtained by impregnation of TiO,
during the synthesis of PCN-224(Cu), which produced well-dis-
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persed TiO, particles because of the uniform pore size of porous
PCN-224(Cu) [71].
4. Composite

MOF composites can provide multifunctionality, new property,
or new applicability, which cannot be achieved by a single MOF
component [72].

A composite of MOF-525 crystals attached to metal oxide-coated
polypropylene (PP) fiber was prepared, as shown in Fig. 15(a) [73].
These MOF composites draw attention because of their potential
for the capture or degradation of chemical warfare agents [75,76].
A metal oxide (ALO,, TiO,, ZnO, HfO,, or ZrO,) was coated on
PP fiber by atomic layer deposition (ALD). Hydroxylation of the
metal oxide layer was confirmed to be a critical factor for MOF
nucleation on them. A small amount of water present in the MOF
synthesis, such as from the metal salt, was sufficient to trigger hy-
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droxylation, which induces MOF adsorption and subsequent nudle-
ation. However, a high extent of hydroxylation with physisorbed
water was undesirable, slowing down the MOF growth.

MOF-525 grown on graphene nanoribbons (GNRs) was also
prepared through a one-step synthesis [77]. A small amount of
GNRs was added during the synthesis of MOF-525 to induce the
in-situ growth of the MOF crystals on GNR. The products showed
highly dispersed MOF-525 crystals due to C-O functional groups
of GNRs surface, which promoted the nucleation of MOF-525
and prevented the aggregation of GNRs. The nanocomposite could
also be fabricated as a film for electrochemical applications.

One-pot synthesis of PCN-224(M) (M: Ni, Co, Ru, or 2H) inside
a melamine foam (MF) was also reported [78]. It was prepared by
conducting solvothermal synthesis of the MOF using a metallated
TCPP, zirconium chloride, and benzoic acid over an acid-treated
ME for three days at 120 °C. The enhanced catalytic properties of
PCN-224(M)/MF were explained by the hierarchical pore struc-
ture, improving the diffusion of the substrate to the active sites.

A novel Zr-based core-shell MOF composite of PCN-222@Zr-
BPDC (UiO-67) was prepared using a single zirconium source
with two different ligands of TCPP and biphenyl-4,4-dicarboxyl-
ate (BPDC) by controlling the nucleation kinetics as shown in Fig.
15(b) [74]. TCPP binds with the metal cation fast, forming PCN-
222 via homogeneous nucleation, which acted as a seed for het-
erogeneous nucleation of the UiO-67 shell. Both metalation of the
PCN-222 and isoreticular expansion of the shell by changing the
length of the ligand were demonstrated.

5. Pyrolysis

MOFs can be used as useful precursors for porous carbons via

pyrolysis under Ar or N, gas flow conditions. They are mostly tested

n ‘
NN N

«"@\

. Fe-TcPP

PCN-222(Fe)

as electrocatalysts or supercapacitors, and the status of their cur-
rent development was reported in several review articles [8,79,80].
Also, single-atom catalysts (SACs) derived from MOF pyrolysis
draw great attention due to the high catalytic efficiency from the
coordinatively unsaturated metal atom sites [81-83]. Depending
on the treatment conditions of the pyrolysis temperature, treat-
ment time, and gas flow conditions, porous carbons with different
physicochemical properties are obtained [84]. Zn in a ZIF-8/67 on
cellulose nanofibers composite, for example, vaporize above 700 °C
in the process and creates pores upon its release, producing a car-
bon with high surface area and mesopores with well-distributed
CoOx, which is effective for oxygen reduction reaction (ORR) [85].
Frequently, nitrogen species in the MOF's organic constituents or
introduced by impregnation using a suitable chemical are retained
after pyrolysis to produce an N-doped carbon, the amount of which
is also affected by the pyrolysis conditions. Therefore, an optimiza-
tion of the pyrolysis condition is essential to obtain the desired car-
bon product.

Nanoporous carbons (NCs) derived from MOF-525 were pre-
pared from MOEF-525 with different particle sizes (obtained by con-
trolling the modulator amount) via pyrolysis under N, atmosphere
[87]. The carbon material obtained was treated with 10 wt% of HF
solution to remove zirconia, and the final product was used as a
supercapacitor.

A single-atom (SA) Fe-implanted N-doped porous carbon (Fe;,-
N-C: 1.76 wt% of Fe) was prepared from pyrolysis of Fe,-PCN-
222 followed by HF (20 wt%) washing to remove zirconia [55].
The Fe,-PCN-222 (x=Fe-TCPP amount) was synthesized using a
mixture of TCPP and Fe-TCPP ligands in different proportions to
obtain SAC, since enough distance was necessary between the Fe

Fega—-N—-C

Fe particle

Fig. 16. Schematic illustration of Fe,-N-C from SiO,@PCN-222(Fe). Adapted from Ref. [86] with permission from copyright holders.
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atoms to inhibit the agglomeration during the pyrolysis. An alter-
native synthetic strategy for a SAC was proposed by introducing
SiO, casts inside the mesopore of PCN-222(Fe) to prevent agglom-
eration, as shown in Fig. 16 [86]. SiO, casts were formed by mix-
ing PCN-222(Fe) and tetraethylorthosilicate (TEOS). The Feg,-N-
C from SiO,@PCN-222(Fe) could achieve high-loading of Fe SA
sites (3.46 wt%). The hierarchical porosity and Fe SA sites in Fes,-
N-C could facilitate the high accessibility to the active sites by
enhanced mass transfer in electrochemical reactions [88].

ADSORPTION APPLICATIONS

One of the most efficient methods for removing hazardous
organic/inorganic moieties from wastewater, air, or fuel is adsorp-
tive separation employing a porous material. It is simple to oper-
ate, low cost, and produces no harmful by-products. Zr-based
porphyrinic MOFs are increasingly investigated as an adsorbent
utilizing the porphyrin units’ unique chemical properties incorpo-
rated into the water-stable MOF structures (see Table 2).

1. Aqueous Organic Pollutants

Organic dyes are toxic and carcinogenic pollutants, mostly gen-
erated by the textile industry. Li et al. reported that PCN-222
adsorbed 906 mg/g of anionic methylene blue (MB) and 589 mg/g
of cationic methyl orange (MO) in an aqueous solution [89]. PCN-
222 had an isoelectric point at pH 8 with the potentials of 23.5
and —13.6 mV in the range of pH 3-10. Accordingly, electrostatic
interaction was responsible for capturing both anionic and cat-
ionic dyes under appropriate pH conditions. A mutual enhance-
ment (36.8% for MB and 73.5% for MO) in the adsorbed amounts

was also observed in a mixed dye sample, which was explained by
a push-pull mechanism in that the self-assembled dye dimers
formed by 77 interaction between the monomers attracting the
counter-charged dye species, and the combined dye species were
adsorbed on the PCN-222 surface. Recently, a metallated PCN-
222(Fe) was also applied for adsorption of dyes and compared with
the commercial activated carbon (AC) [90]. PCN-222(Fe) showed
far superior adsorption of the large anionic and cationic dyes to
AC: brilliant green (BG: 854 mg/g), crystal violet (CV: 812 mg/g),
acid red 1 (AR 1: 417 mg/g), and acid blue 80 (AB 80: 371 mg/g),
which was explained by the mesoporous nature of PCN-222(Fe)
combined with electrostatic and 77 interactions. On the other
hand, the adsorption of small-sized dyes (MB and MO) showed
not much difference between PCN-222(Fe) and AC.

Bisphenol A (BPA) is one of the most common endocrine-dis-
rupting chemicals (EDCs). BPA was efficiently adsorbed (maxi-
mum adsorption of 487 mg/g) and subsequently photodegraded
by PCN-222 [91].

The antibiotic drug sulfamethoxazole (SMX), broadly used to
treat bacterial diseases, introduces toxicity into the aquatic envi-
ronment. It was efficiently adsorbed by MOF-525 and MOF-545,
respectively: MOF-545 with the adsorption amount of 690 mg/g
and MOF-525 with 585 mg/g [30]. The mesopore structure in
MOF-545 and high surface area enabled the high adsorption equi-
librium capacity and fast kinetics (<30 min). The porphyrin units
in the structure were effective for adsorption via 77 interaction
and H-bonding with the SMX molecules. The adsorption/desorp-
tion cycles were repeated four times without significant deteriora-
tion after acetone washing, and the stability of the MOF-545 was

Table 2. Adsorption and separation studies carried out over Zr-based porphyrinic MOFs

MOFs Target components Comments Ref.
PCN-222 Methylene blue (MB),  « High and fast adsorptive removal of various anionic and cationic dye species. (89]
Methyl orange (MO)  « Mutually enhanced adsorption in a mixed dye solution (push-pull mechanism).
Brilliant green (BG), « High adsorption for big dyes by electrostatic, 7-7 interaction, and van der
Crystal violet (CV), waals forces (mesopores).
PCN-222(Fe) Acidred 1 (AR 1), « No significant differences in adsorption between PCN-222(Fe) and activated [50]
Acid blue 80 (AB 80) carbon for small dyes (MB, MO).
PCN-222 Bisphenol A (BPA) « High a§59rpt10n of BI?A followed by 1photodegradatlon under w51l?le yght. 1]
« BPA oxidized by the singlet oxygen ("O,) generated from porphyrin ligand.
Sulfamethoxazole « High adsorption of SMX by 7 interaction, H-bonding, and high surface area.
MOE-525, MOF-545 (SMX) » Mesoporosity in MOF-545 exhibited faster adsorption than MOF-525. (301
PCN-222 CO,, CH,, N, « Selectively separating CO,/N, and CO,/CH,. [96]
« Metalation effect on CO, adsorption.
_X_-X0
PCN-XX% Feor Al CO, « AI’" exhibited a higher enhancement than Fe™. 7]
PCN-224 CH,, C,H,, C;Hg « Selectively adsorption and separation of C,Hg and C;H, from CH,. [98]
PCN-223, NU-902, Ethanol « Adsorption isotherms of ethanol at 298 and 353 K. [99]
PCN-222, MOF-525 « Estimation of working capacities for refrigeration and ice-making system.
2,4,6-trinitrotol . .

PCN-224 (TI\?Tt)rmltroto uene « Fluorescent detection sensor for TNT in water. [29]
NU-902 cd . Fluores?e.nt detection within 2 min for an aqueous Cd** solution (0.3 ppb). [100]
« Immobilized on a PVC membrane.

PCN-221 H g2+ « Fluorescent detection sensor for ng ions. (54]

« Hg™" adsorption: pseudo-second order kinetics; 95% removal (50 ppm) in 30 min.
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confirmed by PXRD and FT-IR.
2. CO,, C,/C; and Ethanol in Gas Phase

CO, capture via adsorption is an active research topic for allevi-
ating the global warming problem [92]. Among the various adsor-
bent materials, MOFs are emerging as a useful candidate, and the
status of the materials synthesis, functionalization, and CO, cap-
ture performances are discussed in several recent review articles
[93,94]. MOFs incorporated with N- donors and open metal sites
usually show high CO, adsorption and relatively high heat of adsorp-
tion [95].

PCN-222 was tested for adsorptive separation CO,/CH, and
COy/N, by adsorption isotherms and breakthrough experiments
[96]. CO, adsorption amount was 1.16 mmol/g (at 100 kPa) and
13.67 mmol/g (at 3,000 kPa) at 298 K, and the adsorption selectiv-
ity was 4.3 (CO,/CH, (50: 50, v/v)) and 73.7 (CO,/N, (50: 50, v/v)),
respectively, at 298 K and 100 kPa. Relatively low isosteric heat of
adsorption (18.3 KJ/mol) was estimated, and the CO, adsorbed
could be completely desorbed in 10 min under a He flow of 40
mL/min. When compared with other MOFs, PCN-222 showed
only a moderate amount of CO, adsorption at low pressure condi-
tion. Amine-functionalization on PCN-222 is an option to increase
the CO, capture capacity. Alternatively, open metal Lewis acidic
sites were created by metalation to Zr-based porphyrinic MOFs,
designated as PCN-X (a mixture of PCN-223 and MOF-525) to
enhance the CO, adsorption [97].

PCN-224 was tested for separating C,H, and C;H; from CH,
for separation of light hydrocarbons in natural gas [98]. At 298K,
the adsorption capacities of C,H (2.94 mmol/g) and C;H; (8.25
mmol/g) were much higher than CH, (0.47 mmol/g) at 100 kPa.
In addition, the calculated selectivity values by the ideal adsorbed
solution theory (IAST) were moderately high: 12 for C,H/CH,
and 609 for C;Hy/CH,, respectively. The breakthrough experiment
also exhibited efficient dynamic separation in the C,/C, and C,/C,
mixtures.

For the performance evaluation of the adsorption cooling sys-
tem utilizing the Zr-based porphyrinic MOFs and ethanol pair,
the adsorption isotherms of ethanol were measured over PCN-
223, NU-902, PCN-222, and MOF-525 having different topology
and pore size at 298 and 353 K [99]. Based on the adsorption iso-
therms of ethanol, the working capacity for refrigeration and ice-
making was calculated by the differences in the adsorbed ethanol
amounts at the adsorption (268 K and 278 K, respectively) and the
desorption conditions (353 K). MOF-525 was the most efficient
adsorbent for ethanol in the both cases. The optimum MOF pore
size for ice-making, refrigeration, and heat pump using ethanol
was estimated to be ca. 1.5, 2, and 3-4 nm, respectively.

3. Fluorescence Detection of Hazardous Species in an Aque-
ous System

Porphyrins show fluorescence, and upon complexation with var-
ious organic/inorganic guest species the fluorescence is progres-
sively quenched in correlation with the guest concentration. On
the other hand, porphyrins tend to strongly aggregate in aqueous
solution due to the strong 77 interaction, and cause diminishing
fluorescence response to the analyte. Thus, porphyrin has often been
immobilized on a suitable heterogeneous carrier. In this regard,
Zr-based porphyrinic MOFs with porphyrin as an inherent organic

constituent in isolation over a strongly water-stable framework are
promising as a fluorescent detection sensor.

2,4,6-Trinitrotoluene (TNT) is a commonly used explosive and
highly toxic, and its accurate detection is important for both envi-
ronment and national security. PCN-224 was reported excellent
for the fluorescent detection of TNT in water with rapid response
time (30 sec) and the detection limit of 0.46 puM [29]. TNT forms
a complex with the porphyrin units in PCN-224 via hydrogen bond-
ing and 77 stacking, which quenches the fluorescence emission
from PCN-224 progressively, depending on the TNT concentra-
tion. Similarly, NU-902 in powder form was tested for the detec-
tion of Cd** ions, and the fluorescence quenching was observed in
the Cd”* level as low as 0.3 ppb [100]. A MOF composite with poly-
vinylchloride (PVC) was also fabricated, and the fluorescence quench-
ing was observed after 5 to 60 min for a 0.1 M Cd™* solution. PCN-
221 was also reported for detecting Hg*" ions with the fluorescent
response time under 1 min and the detection limit of 0.01 uM
[54]. They also measured the Hg"* adsorption capacity of 234 mg/
g, and equilibrium was reached within 30 min in water solution.
The interaction between Hg’* ions and N Lewis base sites in the
porphyrin ligand was confirmed by UV-Vis spectroscopy.

CATALYTIC APPLICATIONS (I): HETEROGENEOUS
CATALYSIS

Zr-based porphyrinic MOFs have been increasingly applied as
a heterogeneous catalyst for chemical conversions, photocatalysis,
and electrocatalysis as listed in Table 3.
1. Epoxidation

MOEF-525(Mn) was applied for epoxidation of styrene in the
presence of isobutyraldehyde (IBA) and O, flow (30 cm’/min) at
room temperature (Scheme 1), and its catalytic activity was com-
pared with the TCPP-Mn homogeneous catalyst [27]. Styrene con-
version of 99% with a styrene oxide yield of 83% was obtained after
2.5h reaction. The measured activation energy was ca. 43 kJ/mol.
PCN-222(Fe)@UiO-67 core-shell structure was tested for epoxida-
tion of olefins using iodosobenzene (PhIO) as an oxidant at room
temperature [74]. As the olefin size increased, the olefin conversion
decreased despite longer reaction time due to the microporous outer
shell of UiO-67, which blocked the catalytic sites located in the inner
shell of PCN-222(Fe). Hierarchical MOF/MF composites having
meso- and macropores were prepared using different metallated
PCN-224 (metal: Fe, Ni, Co, or Ru) in varying loading amounts
(MEF: 50, 100, 150, 200, and 350%) and applied for the epoxida-
tion of cholesteryl esters [78]. For the epoxidation of cholesteryl
acetate, PCN-224(Ru),/MF (PCN-224 size of 600 nm) showed
the highest yield (92%) in the presence of 2,6-dichloropyridine N-
oxide (CLpyNO) as an oxidant at room temperature after 30 h. The
product yield by other composite materials, PCN-224(Fe), 0,/ MF
(34%) and PCN-224(Co),/MF (41%), was lower even after longer

A

MOF-525(Mn)

/— + [0
R

Scheme 1. Epoxidation of olefins.
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Table 3. Heterogeneous catalysis studies carried out over Zr-based porphyrinic MOFs

Reaction conditions

Catalytic reaction Sample Temp. Other experimental details Ref.
¢0) Time Yield/performance
Substrate: styrene/Oxidant:
- 0,
MOF-525(Mn) RT 25h 83% isobutyraldehyde (IBA)/O, (30 sccm) [27]
L PCN-222(Fe)@Zr- , , o
Epoxidation BPDC(UIO-67) RT 12,24h  41-99% Substrate: alkenes/Oxidant: PhIO [74]
PCN-224(Ru)200%/ 0 Substrate: cholesteryl esters/Oxidant:
ME RT 36h  92% CLpyNO (78]
Substrate: propylene oxide/Co-catalyst:
PCN-224(Co) 100 4h 42% tetrabutylammonium chloride [52]
Co, (TBACI)/CO, (2 MPa)
cycloaddition Substrate: 1,2-epoxypentane/Co-catalyst:
PCN-222(Co) RT 12h 99% tetrabutylammonium bromide [43]
(TBABr)/CO, (1 atm)
Oxidative MCEIBr-MOF- Substrate: styrene/Oxidant: IBA/CO,/
0,
carboxylation 545(Mn) 60 10h 9% O, (5/5 bar) [66]
Substrate: 1,2,3-trihydroxybenzene, 2,2
434x107* mM/s azinodi(3-ethylbenzothiazoline)-6-
MMPE-6 i ) 7.56x107° mM/s sulfonate/Oxidant: H,O,/Solvent: [101]
ethanol
o 4.85x10* 8.59x10°, Substrate: pyrogallol, 3,3,5,5
Oxidation PCN-222(Fe) - - 8.18x10” k,/K,, tetramethylbenzidine, ~o-phenylenedi-  [44]
(M min™) amine/Oxidant: H,0,
PCN-221(Fe) 65 11h 87 and 5.4% Substrate: cyclohexane/Oxidant: TBHP [50]
PCN-222(Fe)-E, 80 24h 46% Substrate: cyclohexane/Oxidant: 4]

TBHP/Additive: AgBF,/O, (1 bar)

MOE-525 on Substrate: dimethyl-4-nitrophenyl
Hydroxylation TiO./PP - 20,70 min  100% phosphate (DMNP), 2-chloroethyl [73]
2 ethyl sulfide (2-CEES)

. Pd@NU-902, H,: 3.6 and 3.3 mmol
Dehydrogenation Pd@PCN-222 150 - (g Pd) "min " Substrate: methanol [69]
N ) Substrate: isopropanol (‘PrOH), ethyl
- " - 0,
O-H insertion Ir-PMOF-1(Zr) RT. 10min  94% diazoacetate (EDA) [103]
Hetero-Diels-Alder  PCN-223(Fe) 80 12h 9% Substrate: benzaldehyde with 2,3- [51]

dimethyl-1,3-butadiene/Additive: AgBF,

Conditions: 420-800 nm wavelength/
PCN-222 RT. 10h HCOO': 30 umol acetonitrile and triehanolamine [110]
(TEOA) solution (60 mL, v/v: 10/1)

CO:200.6 pmol g ' h™

Photocatalytic CO, Conditions: 400-800 nm wavelength/
reduction MOF-525 RT. 6h (MOF_SZS(CS))’,I acetonitrile and TEOA solution 2mL, [111]
(M: Co or Zn) 111.7pumol g~ h Vv 4/1)
(MOF-525(Zn) '
. 1, Conditions: >300 nm wavelength/
PCN-224(Cu)/TiO, RT 8h CO:3721pumol g™ h DI water (2 mL) [71]
reaction time (72 h). Steady catalytic activity of PCN-224(Ru)yq,/ hanced diffusion and improved catalytic performance.
MF was maintained even after the sixth reuse. Macropores in MOF 2. CO, Cycloaddition
and the well-dispersed PCN-222(Ru) contributed toward the en- CO, cycloaddition of propylene oxide was conducted under
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Table 3. Continued
Reaction conditions
Catalytic reaction Sample Temp. Other experimental details Ref.
¢0) Time Yield/performance
Conditions: visible light intensity 109.2
PCN-222 25 20min  0.004 mg/min mW/cm’ Xe lamp (A: from 400 to [91]
700 nm) Substrate: bisphenol A
Blue LED Conditions: white, red, or blue LED/
PCN-222 RT 05h t;,(CEES)=13 min methanol solution (1 mL)/Oxidant: O, [114]
. Conditions: blue LED/methanol and
Nanosize PCN-222 ~ RT. 15h :UZEBE/IEI;I)P_) 1_(? $ 0.4 M N-ethylmorpholine solution [115]
12 - (1 mL, v/v: 1/1)/Oxidant: O,
Conditions: visible light 100 mW/cm®
. Pt/PCN-224(Zn) RT. 50 min >99% (4>400 nm)/Oxidant: O,/Substrate: [70]
Photocatalytic benzvl alcohol
oxidation and ik
degradation Conditions: 100 mW/cm” Xe lamp
PCN-222 RT 45 min 100% (1>420 nm)/Oxidant: O,/Substrate: [116]
benzylamine
Conditions: visible light 300 W Xe lamp
with a cut-off filter (i.e., 4>400 nm,
Fe@PCN-224 RT. 1h Acetone: 280.7 ppm 21A)/Air/Substrate: isopropyl alcohol [117]
(IPA)
Conditions: LED light/acetonitrile and
: 0 water solution (4 : 1 v/v)/O,/Substrate:
Fe@PCN-222(Fe) RT. 32h 79% benzyl alcohol and 2- [62]
aminobenzamide
. Conditions: >420 nm wavelength/pH 5
Phr?;tf:t?ii(t;l}’tlc H, ggzez]n@))MOF_ RT 2h 3.5 mmol DI water (1.0M acetate buffer solu-  [67]
& tion) and 20 mM ascorbic acid
Electrochemical CO, and Hy;: 153 and Conditions: 1 M TBAPF? acetonitrile
reduction of CO MOF-525(Fe) - >4h 14.9 Lmol/em’ electrolyte solution/additive: [28]
2 K trifluoroethanol (TEE)
A . Sensitivity: 40.6 LAmM 'cm™*/Linear
MOE-525 film RT - 03 ;75“ “XAC'm,Z range: 10-800 uM/Limit of detection:  [41]
Electrochemical . 0.72uM
nitrite oxidation Al _ Sensitivity: 93.8 LAmM'cm™/Linear
MOF-GNRs - - Cap’z‘);(s)’“ﬁcm_z range: 100-2,500 pM, Limit of [77]
atda detection: 0.75 uM
Feg,-N-C - - Ji: 2327 mAcm > At 0.85V in 0.1 M KOH [88]
Oxygen reduction e N.C
reaction (ORR) Coa i - ; Ji: 37.19 mAcm™ At 0.85V in 0.1 M KOH [86]
(SiO, casted)
. . . 11 N .
Nitrogen reduction Fe, N-C i i NH;: 1.567>1< 10 At —0.05V vs. RHE and Faradaic [55]

reaction (NRR)

molcm s

efficiency of 4.51%

CO, (2MPa) at 100°C in the presence of tetrabutylammonium
chloride (TBACI) as a co-catalyst over PCN-224(Co) [52]. PCN-
224(Co) showed similar catalytic activity to the homogeneous cobalt
porphyrin catalyst, and 42% conversion of propylene oxide was
achieved after 4 h. No significant loss of catalytic activity was ob-
served during the three recycle runs. PCN-222 and PCN-222(M)

(M=Co, Ni, Cu, or Zn) were applied for the cycloaddition of

R

O

A

PCN-222(Co)
+CO

R

Scheme 2. CO, cycloaddition of epoxides.
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Epoxidation

/=+ [0] —— >
R

Scheme 3. Oxidative carboxylation of olefins.

OH

HO MMPF-6
2 + 3 H202

HO
THB
Scheme 4. Oxidation of 1,2,3-trihydroxybenzene (THB).

epoxides and azidirines with CO, (Scheme 2) [43]. MOF synthe-
sis and metalation were carried out by microwave heating with a
short synthesis time. The catalytic reactions were performed under
CO, (1 atm) and at room temperature for 12 h (yield: 99%, substrate:
1,2-epoxypentane) and 27 h (yield: 73%, substrate: 1,2-epoxydecane)
with tetrabutylammonium bromide (TBABr) co-catalyst. PCN-
222(Co) showed the highest catalytic activity, followed by PCN-
222(Zn)>PCN-222(Cu)>PCN-222(Ni). Also, the recyclability of
PCN-222(Co) was established during the four recycles.
3. Oxidative Carboxylation

The post-synthesis-metallated MOF-545(Mn) was grafted with
an imidazolium bromide ionic liquid, and the product, ImBr-
MOF-545(Mn), was applied for the catalytic oxidative CO, cyc-
loaddition reaction of styrene (Scheme 3) [66]. The one-pot cascade
epoxidation-cycloaddition reaction is attractive due to the low-cost
olefin starting chemical, no need to separate toxic epoxide inter-
mediates, and minimized solvent usage. The cascade reaction was
performed under mild conditions CO, (5 bar), O, (5 bar), solvent-
free, and 60 °C for 10h in the presence of IBA, which showed 99%
of styrene conversion and 95% of styrene carbonate selectivity with
no significant loss of catalytic activity during five recycle runs.
4. Oxidation

MMPEF-6 (also called MOF-545(Fe) or PCN-222(Fe)) was ap-
plied for the oxidation of 1,2,3-trihydroxybenzene (THB) and 2,2~
azinodi(3-ethylbenzothiazoline)-6-sulfonate (ABTS) with H,O,
(Scheme 4) [101]. The catalytic activity of MMPF-6 was compared
with MMPF-6(Fr) with no metal ions inside the porphyrin units,
and heme protein myoglobin (Mb) in ethanol solution. MMPF-6
showed the higher initial rates for the products purpurogallin and
ABTS™ formation than Mb (molecules agglomeration detected)
and was re-usable for four recycles. PCN-222(Fe) was also applied

ImBr-MOF-545(Mn) R

CO,
Cycloaddition
O

A

(o)

ImBr-MOF-545(Mn) R

OH
OH

HO

SO

purpurogallin

OH o)
PCN-221(Fe)
e +

Scheme 5. Oxidation of cyclohexane.

+ CO, + 5H,0

to oxidate pyrogallol, 3,3,5,5-tetramethylbenzidine, and o-phenyl-
enediamine in aqueous media [44]. The catalytic activity of PCN-
222(Fe) was much higher than the hemin and horseradish peroxi-
dase (HRP) enzyme.

PCN-221(Fe) was tested for selective oxidation of cyclohexane
to cyclohexanone and cyclohexanol (K/A oil) (Scheme 5), the key
chemical intermediates for the nylon production. The catalytic reac-
tion was conducted with tert-butyl hydroperoxide (TBHP) at 65°C.
After 11h, the product yield of 86.9% cyclohexanone and 5.4%
cyclohexanol were obtained [50]. PCN-222(Fe)-F, functionalized
with heptafluorobutyric acid (F,) was also applied in the presence
of TBHP and AgBF, under 1bar O, at 80°C for 24 h [24]. The
added AgBF, replaces the Cl atom on the iron(III)-porphyrin ligand
in the MOF for improved catalytic activity. PCN-222(Fe)-F, showed
reasonable cyclohexane conversion (50.2%), KA oil selectivity (90%),
and yield of KA oil (46.2%) with an optimal amount of TBHP (5.5
mM). Excessive TBHP could cause oxidative destruction of the
MOE
5. Hydroxylation

Several MOFs have been reported for their effectiveness on chem-
ical warfare agents (CWAs) degradation (Scheme 6) with short half-
lives (~2.5 min for dimethyl-4-nitrophenyl phosphate (DMNP) by
MOEF-525) [73]. However, the powder form of MOFs has limita-
tions for direct applications. To increase applicability, polypropyl-

NO, NO, (o]
0 4o MOFs525 Il
—> H
LN + Me0” : “OH
MeO™ = 7O HO OMe
OMe

Scheme 6. Hydroxylation of dimethyl-4-nitrophenyl phosphate (DMNP).
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Pd@NU-902
CH;OH H, + CO
Scheme 7. Dehydrogenation of methanol.
PCN-224(Ir) R-O
R-OH + EDA —>DCM,R.T. \—COZEt

Scheme 8. Catalytic O-H insertion.

ene (PP)/metal oxides (ALO,, TiO,, ZnO, HfO,, or ZrO,)/MOF-525
composites were prepared for degradation of DMNP in n-ethyl
morpholine buffer [73]. PP/TiO,/MOF-525 (16% MOF loading)
showed ~80 min half-life for degradation of DMNP. Defect sites in
Zr-based MOFs are known as catalytically active sites for CWAs
degradation, and their quantification by a suitable characterization
method is necessary to establish the structure-activity relationship
[102].
6. Dehydrogenation

Pd nanoparticles immobilized on three Zr-based MOFs of
UiO-66, NU-902, and PCN-222 were tested for the catalytic dehy-
drogenation of methanol (Scheme 7) [69]. H, production rates
increased 3.3 (PCN-222), 3.6 (NU-902), and 12.1 (UiO-66) mmol
(gPd)” min" at 150 °C with the smaller Pd nanoparticles.
7. O-H Insertion

PCN-224(Ir) was prepared using a metalloporphyrin tetracar-
boxylic ligand Ir(TCPP)CI and applied for the O-H insertion reac-
tion of alcohols or phenols with ethyl diazoacetate (EDA) at room
temperature for 10 min (Scheme 8) [103]. The product yield was
94% and 70% for isopropanol (PrOH) and 4-bromophenol, respec-
tively. The catalytic activity of PCN-224(Ir) for PrOH was higher
than the homogeneous Ir(TPP)(CO)CI (88%), and the Ir open metal
sites and the large uniform pores in PCN-224(Ir) were proposed
for its superior catalytic activity. The reusability showed steady
conversions (88-94%) until the 9™ and declined to 64% in the 10™
run.
8. Hetero-Diels-Alder Reaction

The hetero-Diels-Alder (hDA) reaction dealing with the cyc-
loaddition of aldehydes to dienes has been widely used to produce
natural products. It requires strong Brensted or Lewis acid sites,
and only limited research has been reported with the unactivated
aldehydes and simple dienes. The cationic Fe(Ill) porphyrin in
PCN-223(Fe) exhibiting a strong affinity for all electron-donating
species was generated by adding AgBF, during the hDA reaction
(Scheme 9) [51]. The product yield was 99% for the reaction with
benzaldehyde and 2,3-dimethyl-1,3-butadiene, and the catalytic activ-
ity was maintained during five cycles.

j |
/©) ;v\ PCN-223(Fe)
+ —_—
R R

Scheme 9. Hetero-Diels-Alder reaction.

CATALYTIC APPLICATIONS (II): PHOTOCATALYSIS

1. CO, Reduction

Excessive CO, emission to the atmosphere resulting from burn-
ing fossil fuels causes global climate change. Thus, much effort for
CO, capture, storage, and utilization has been made to remedy the
situation [104-106]. Photocatalytic CO, reduction is an attractive
approach that can convert CO, into valuable fuels and chemicals
using solar energy over a photocatalyst. For Zr-based porphyrinic
MOFs, the CO, reduction reaction starts from the formation of
photogenerated electrons and holes located between the highest
occupied molecular orbitals (HOMO) and the lowest occupied
molecular orbitals (LUMO) in porphyrin ligand under light irradi-
ation. After charge separation, the photogenerated electrons on the
LUMO transfer to the catalytic reaction centers to react with ad-
sorbed CO,, as shown in Fig. 17. At this stage, the LUMO energy
level must be located above the redox potential for the CO, reduc-
tion reaction, which depends on the formed product from CO,.
For example, the redox potential for the reduction of CO, to CO
is —3.50 eV, while for methane, formic acid, and methanol are
—3.79, —3.42, and —3.65 eV, respectively [107-109].

Jiang et al. initially explored the light-driven reduction of CO,
using Zr-based porphyrinic MOFs [110]. The photocatalytic CO,
reduction under visible light irradiation was realized over a photo-
active porphyrin-based semiconductor-like MOF of PCN-222,
which exhibited much higher activity than the precursor ligand of
PCN-222 alone. The high CO, uptake capacity of MOF allowed it
to interact more efficiently with CO, in acetonitrile (solvent), lead-
ing to improved photocatalytic conversion. Time-resolved transient
absorption and photoluminescence spectroscopy confirmed the
emergence of an extremely long-lived electron trap state in PCN-
222, suppressing the detrimental electron-hole recombination,
thereby increasing the photocatalytic CO, reduction efficiency. In
the case of MOF-525(Co), atomically dispersed catalytic centers
exhibited significantly enhanced photocatalytic conversion of CO,,
which showed a 3.13-fold improvement in CO evolution rate (200.6
pmol g hu') and a 5.93-fold enhancement in CH, generation rate
(36.67 umol g™ h™') compared with the parent MOF-525 [111].
As demonstrated by an energy transfer efficiency investigation and
first-principles simulations, photogenerated electrons can be effec-
tively transferred to the active sites, which facilitates charge separa-
tion in the semiconducting MOFs and supplies energetic electrons
to gas molecules adsorbed on the MOFs. After incorporating the
active sites, CO, can be easily captured and photocatalytically reduced
into CO and CH, with dramatically improved performance in
terms of both activity and CH, selectivity. Wang’s group, via direct
integration of PCN-224(Cu) and TiO, nanoparticles, established
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Fig. 17. Process of photocatalytic CO, reduction over Zr-based porphyrinic MOFs.

an efficient photocatalytic system capable of enhancing the cata-
lytic activity of TiO, in CO, photoreduction [71]. In the absence of
either co-catalyst or sacrificial reagent, the CO evolution rate could
reach up to 37.21 umol g ' h™", ca. 10- and 45.4-times that of PCN-
224(Cu) (3.72 pmol g ' h™") and TO, (0.82 pmol g ' h™"), respec-
tively. Two contributing factors for the improvement were pro-
posed: (1) the augmented ability of light-harvesting given by the
integrated metalloporphyrin-based MOF and (2) the conjunction
formed between the MOF and TiO,, which constructs a Z-scheme
mechanism favoring beneficial promotion on the separation of
photoexcited charges.

2. Oxidation and Degradation

Singlet oxygen (‘O,) is a reactive oxygen species (ROS) that plays
a vital role in many physiological processes in living systems and
acts as an excellent oxidizing agent in various organic reactions.
Due to its high oxidation efficiency, sustainability, and convenience
in separation, singlet oxygen has been widely used in organic syn-
thesis [112]. 'O, is usually produced by photosensitization or chemi-
cal reactions. Commonly used photosensitizers include transition
metal complexes, organic dyes, and porphyrin derivatives, trans-
ferring electronic energy from a triplet excited state to ground state
triplet oxygen. However, there are some intrinsic drawbacks asso-
ciated with these compounds, such as photo-bleaching and toxic-
ity. To solve this problem, Zr-based porphyrinic MOFs were used
in photocatalytic oxidation reactions. These Zr-based porphyrinic
MOFs are not subject to photo-degradation due to their dense
structure and also easily recoverable.

Bisphenol A (BPA) is one of the endocrine-disrupting chemi-
cals [113]. PCN-222 showed a high BPA adsorption and subse-
quent photodegradation of BPA [91]. The lowest excited state oxygen
molecule 'O, generated from PCN-222 oxidized BPA under visi-
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ble-light, which exhibited the degradation rate of 0.004 mg/min
within 20 min. 1,4-benzoquinone intermediate product only was
observed during the photodegradation process. High removal effi-
ciency (99.2%) for BPA adsorption and degradation was main-
tained during the five cycles tested.

At room temperature and neutral pH, singlet oxygen was gen-
erated by PCN-222 using a commercially available light-emitting
diode. The singlet oxygen produced by PCN-222 selectively oxi-
dized 2-chloroethyl ethyl sulfur (CEES) to the comparatively non-
toxic 2-chloroethyl ethyl sulfoxide (CEESO) without formation of
highly toxic sulfone [114]. In addition to the 'O, generation, the high
surface areas and permanent porosities of MOFs can enhance the
adsorption of toxic chemical agents and accelerate the catalytic
process, rendering MOFs useful for the detoxification of CWAs.
Thus, nanocrystals of PCN-222 were used as a dual-function cata-
lyst for the simultaneous detoxification of two CWA simulants at
room temperature. Simulants of nerve agent (GD and VX) and
mustard gas (DMNP and CEES) were hydrolyzed and oxidized,
respectively, to nontoxic products via a pair of catalyzed pathways
[115]. Under visible (blue LED) irradiation, nanosized PCN-222
could simultaneously hydrolyze DMNP and oxidize CEES to non-
toxic products in one system, with half-lives of 8 and 12 min, re-
spectively.

The selectivity control to the aldehyde in aromatic alcohol oxi-
dation using molecular oxygen under mild conditions remains a
challenge. Pt/PCN-224(Zn) composites exhibited excellent cata-
Iytic performance in the photooxidation of aromatic alcohols by
O, at ambient temperature at 1 atm due to a synergetic photother-
mal effect and singlet oxygen production [70]. Furthermore, the
injection of hot electrons from the plasmonic Pt into PCN-224(Zn)
would lower the electron density of the Pt nanocrystal surface, which
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is the active site of benzyl alcohol oxidation. Thus, it was possible
to tailor the material for the optimized catalytic performance via
the competition between the Schottky junction (electron transfer
from PCN-224(Zn) to Pt) and the plasmonic effect (electron transfer
from Pt to PCN-224(Zn)) by altering the light intensity.

Upon visible light irradiation in benzylamine, PCN-222 initi-
ated charge separation, generating oxygen-centered active sites in
Zr-oxo clusters. The photogenerated electrons and holes activated
oxygen and amines, respectively; to give the corresponding redox
products [116]. The direct oxidative coupling from benzylamines
to N-benzylidenebenzylamine via 'O, generated by the porphyrin
ligand and the synergistic effect between the charge transfer-in-
duced electrons and holes contributed to the reaction. PCN-222
exhibited excellent photocatalytic activity, selectivity; and recyclabil-
ity toward this reaction.

Fe@PCN-224 exhibited significant photocatalytic activity in iso-
propanol (IPA) photooxidation, which was equivalent to an 8.9-
fold improvement in acetone evolution rate and a 9.3-fold enhance-
ment in CO, generation rate compared with PCN-224 [117]. The
implantation of Fe(IIl) ions in PCN-224 not only improved the
separation efficiency of photogenerated electron-hole pairs but
also induced Fenton reactions to convert in-situ formed H,O, into
reactive radicals (such as -O, and -OH), which play a significant
role in the oxidation of IPA. Fe@PCN-222 showed enhanced activ-
ity for photocatalytic oxidation of IPA compared with bare PCN-
222. The MOF with Fe-metallated in both Zr clusters and porphy-
rin ligands, Fe@PCN-222(Fe) showed catalytic activity for one-pot
tandem synthesis of quinazolin-4(3H)-ones from alcohols and 2-
aminobenzamide through a three-consecutive step reaction (oxi-
dation-cyclization-oxidation) under visible light irradiation using
air or oxygen without adding any additive [62].

3. H, Generation

Storing solar energy in the chemical bonds of fuel is highly desir-
able. H, is the simplest such ‘solar fuel, and it can be generated
from water via electrolysis or semiconductor photocatalysts that
absorb light, converting it to electrical charges that drive surface
redox reactions. A system in which photocatalysts are directly dis-
persed in water is the cheapest way to produce solar H, [118].
Feng’s group devised a new biomimetic heterogeneous hydrogen
evolution photocatalyst ([FeFe]@MOEF-545(Zn)) [67]. The immo-
bilized biomimetic [Fe,S,] inside the MOF-545(Zn) shows significant
improvement in hydrogen generation compared with the refer-
ence homogeneous catalyst [(i-SCH,),NC(O)C;H,N]-[Fe,(CO)q].
Due to the enhanced stability of the di-iron catalyst inside the highly
stable MOF structure, [FeFe]@MOF-545(Zn) exhibited higher
efficiency in photochemical hydrogen evolution than the similar
molecular catalyst in terms of rate and total hydrogen production
yield.

Finally, photodynamic therapy (PDT) using a porphyrinic MOF
can be a safe and convenient method for cancer treatment, in which
'0, generated is involved in oxidative damage on cancer cells [119].
The size-controlled PCN-224 (90 nm) functionalized with folic
acid (FA) onto the unsaturated sites of the Zr, cluster was investi-
gated for PDT [42], and a porphyrinic MOF with a high content
of porphyrin (59.8%) and doxorubicin (109%) was also reported
effective [120].

CATALYTIC APPLICATIONS (III):
ELECTROCATALYSIS

1. CO, Reduction

Iron porphyrin complexes have been well known and exten-
sively studied for electrocatalytic CO, reduction to CO with the Fe
(0)-porphyrin being the active sites [121]. Hod et al. prepared MOF-
525 on fluorine-doped tin oxide (FTO) as a thin film and post-
metallated it with iron chloride to generate redox-conductivity in
high surface coverage of catalytic sites for CO, reduction [28]. The
MOF catalytic film (6.2x10"® mol/cm®) was subjected to controlled
potential electrolysis (CPE) (—1.3V versus NHE) in 1 M tetrabu-
tylammonium hexafluorophosphate (TBAPF;) acetonitrile electro-
lyte solution saturated with CO,. The thin film reached 2.3 mA/
cm’ current density in 30 min and generated 15.3 and 14.9 pmol/
cm’ for CO and H,, respectively, after 4 h.

2. Oxidation

Detecting trace amounts of nitrite is necessary for the food indus-
try and medical diagnosis. MOF-525 in different particle sizes
(100-700 nm) was synthesized and formed into thin films using
the inkjet-printing method for electrocatalytic nitrite oxidation
[41]. A cyclic voltammetry (CV) curve was obtained in 0.1 M KCl
solution (pH: 7.0) at room temperature using the MOF-525 thin
film as the working electrode. In general, thin films with smaller
MOEF-525 particles showed better electrocatalytic activity. It was
tested for an amperometric nitrite senor, and the linear range, sen-
sitivity, and detection limit of the sensor were 10-800 uM, 40.6 pA
mM ' cm ™, and 0.72 pM, respectively. Nanocomposites of MOF-
525 and graphene nanoribbons (GNRs) were prepared for electro-
catalytic oxidation of nitrite by adding different amounts of GNRs
during MOF-525 synthesis [77]. A thin film of MOF-GNRs-50
(GNRs: 50 mg) showed a significantly higher current density than
pristine MOF-525 or GNRs. For an amperometric nitrite sensor,
the linear range, sensitivity, and detection limit were 100-2,500 UM,
93.8 uA mM ' cm, and 0.75 uM at 0.85 V vs. Ag/AgCI/KCl (sat-
urated).

3. Oxygen Reduction Reaction (ORR)

The coordinatively unsaturated metal atoms in SACs show excel-
lent catalytic performance. Jiangs group reported two Feg,-N-C sam-
ples by pyrolysis of PCN-222(Fe) and evaluated it for ORR. The
Feg,-N-C sample derived from pyrolysis of a mixed ligand synthe-
sis PCN-222(Fe) showed 2327 mA cm ™ of kinetic current den-
sity (J;). Similarly, a Feg,-N-C sample derived from pyrolysis of
SiO,-casted PCN-222(Fe) showed 37.19 mA cm ™ at 0.85V in 0.1 M
KOH [86,88]. Both Feg,-N-C samples showed superior ORR per-
formance to other metal catalysts, including the Pt/C, in acidic
and alkaline media due to single-atom iron sites’ superior activity,
hierarchical porous environment, and high conductivity of carbon.
4. Nitrogen Reduction Reaction (NRR)

The electrochemical NRR deals with ammonia production from
N,, H,O, and electricity at ambient conditions. M,-N-C materials
(single site catalysts) were prepared by pyrolysis of the mixed ligand
synthesis PCN-222(M) (M: Fe, Co, or Ni) for electrocatalytic NRR
(and competing H, evolution reaction) [55]. Among the catalysts,
Fe,-N-C showed the highest catalytic activity for NH; production
(compared with Co,-N-C or Ni,-N-C), including faradaic effi-
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ciency of 4.51% and a product yield rate of 1.56x10™" mol cm™ 5™
at —0.05V because of the advantages of Fe,-N-C material men-
tioned above for ORR. Density-functional theory (DFT) calcula-
tion also indicated that Fe;-N-C has the lowest energy barrier of
the rate-determining step during the NRR process.

CONCLUDING REMARKS

Many porphyrinic MOFs have been synthesized with various
porphyrin ligands and transition metal ion clusters. The porphy-
rinic MOFs have isolated porphyrin units imbedded in MOFs
rigid porous structure, functioning as active sites for various appli-
cations. Among the porphyrin ligands, tetrakis(4-carboxyphenyl)-
porphyrin (TCPP) is broadly employed to synthesize porphyrinic
MOFs composed of metal ions of Zr, Cu, Mn, In, A, or Fe. In
particular, Zr-based porphyrinic MOFs, owing to their excellent
textural properties and high stability, are drawing attention. The
Zr-based porphyrinic MOFs of MOF-525, MOF-545 (also named
PCN-222), PCN-221, PCN-223, PCN-224, PCN-225, and NU-
902 have been reported.

In this short review, we have summarized the recent develop-
ment in synthesis, characterization, functionalization, and applica-
tions in adsorption and catalysis of the Zr-based porphyrinic MOFs.
Extensive efforts have been made to synthesize the pure phase
MOFs and functionalize them to enhance their properties for var-
ious applications. The well-dispersed metalloporphyrin units over
a stable MOF structure, coordination-unsaturated Zr clusters, and
functional groups introduced to the MOE aided by the high poros-
ity in Zr-based porphyrinic MOFs, demonstrated their significant
potential as adsorbents, sensors, heterogeneous catalysts for chem-
ical conversions and photocatalysts. Pyrolysis of the Zr-based por-
phyrinic MOFs can convert them to N-doped carbons deposited
with different metal oxides, which is being developed into a new
scientific tool for clean energy and sustainability such as electrocat-
alysts and supercapacitors.

From this review; the following conclusions and suggestions for
turther research work can be made:

(1) Many synthesis works have been reported to prepare phase-
pure Zr-based porphyrinic MOFs, and some success has been
achieved by selecting a suitable modulator which guides the nucle-
ation and by optimizing the synthesis conditions. MOF-525 and
MOF-545 seem to be the material of high interest among the seven
Zr-based porphyrinic MOFs with different topologies. However,
additional synthesis work is still necessary for their facile synthe-
sis. It takes too long a synthesis time (several days) for a only small
amount of product. Reproducible synthesis methods for pure and
uniform particles on a large scale are lacking. The following syn-
thesis methods can also be an option: microwave-assisted, sono-
chemical, electrochemical, mechanochemical, microfluidic, and
dry-gel synthesis. So far, only limited work on microwave-assisted
synthesis has been reported, and our preliminary work on sono-
synthesis shows some promise.

(2) The defect sites are formed during the synthesis of Zr-based
porphyrinic MOFs. These are vacancies of the linker or/and metal
clusters in the structure, and function as the catalytic active sites
for the decomposition of warfare chemical agents. Modulator acid-
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ity and amounts are established as the critical factors for their for-
mation. The clear mechanism of the defect site formation and
objective characterization methods should be established for future
catalytic applications.

(3) Diverse introduction of organic and inorganic species onto
the Zr-based porphyrinic MOFs has been reported: metalation,
grafting, impregnation, composites, and pyrolysis. Currently, por-
phyrin metalation (both pre- and post-synthesis methods) requires
a large amount of metal source in excess (ca. 5 times the stoichio-
metric amount). A more efficient metalation method would be
desirable. Grafting onto the zirconium sites is common, whereas
little work has been done on the grafting on the metallated sites in
the porphyrin units. Important work on the formation of MOF
particles on various support materials has been done, which will
expand the scope of applications for the MOFs in general.

(4) Zr-based porphyrinic MOFs are increasingly investigated as
adsorbents utilizing the porphyrin units’ unique chemical proper-
ties incorporated into the water-stable MOF structure. The removal
of various aqueous organic pollutants was confirmed. Light gas
separation, including CO,, was reported but their effectiveness com-
pared with other adsorbent materials seem questionable. On the
other hand, fluorescence detection of hazardous species utilizing
the porphyrin units in the MOFs and performance evaluation of
the adsorption cooling system using the Zr-based porphyrinic
MOFs and ethanol pair look promising.

(5) Many successful catalytic applications of Zr-based porphy-
rinic MOFs have been reported. For heterogeneous catalysis for
chemical conversion, their use for cascade reactions seems prom-
ising because it is possible to generate multi-catalytic active sites in
the single MOF using various functionalization. Biomimetic catal-
ysis also needs to be explored more, making use of the porphyrin
functionality with metal oxide clusters. Photocatalysis using the
Zr-based porphyrinic MOFs has excellent potential due to the por-
phyrins visible light reception and various possibilities provided by
the metals introduced. Electrocatalysis by the pyrolyzed Zr-based
porphyrinic MOFs also has good potential for sustainability appli-
cations.

(6) It is desirable to synthesize Zr-based MOF structures com-
prised of new porphyrin units other than TCCB, since the porphyrin
structures strongly influence the catalytic property of the metal-
lated MOFs. Organic functionalization on the commercially avail-
able porphyrin ligands needs to be expanded for the synthesis of
new Zr-based MOF structures and composite materials.
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