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CONSPECTUS: The conversion of carbon dioxide (CO2) to
value-added functional materials is a major challenge in realizing a
carbon-neutral society. Although CO2 is an attractive renewable
carbon resource with high natural abundance, its chemical
inertness has made the conversion of CO2 into materials with
the desired structures and functionality difficult. Molecular-based
porous materials, such as metal−organic frameworks (MOFs) and
covalent−organic frameworks (COFs), are designable porous
solids constructed from molecular-based building units. While
MOF/COFs attract wide attention as functional porous materials,
the synthetic methods to convert CO2 into MOF/COFs have been
unexplored due to the lack of synthetic guidelines for converting
CO2 into molecular-based building units.
In this Account, we describe state-of-the-art studies on the conversion of CO2 into MOF/COFs. First, we outline the key design
principles of CO2-derived molecular building units for the construction of porous structures. The appropriate design of reactivity and
the positioning of bridging sites in CO2-derived molecular building units is essential for constructing CO2-derived MOF/COFs with
desired structures and properties. The synthesis of CO2-derived MOF/COFs involves both the transformation of CO2 into building
units and the formation of extended structures of the MOF/COFs. We categorized the synthetic methods into three types as follows:
a one-step synthesis (Type-I); a one-pot synthesis without workup (Type-II); and a multistep synthesis which needs workup (Type-
III).
We demonstrate that borohydride can convert CO2 into formate and formylhydroborate that serve as a bridging linker for MOFs in
the Type-I and Type-II synthesis, representing the first examples of CO2-derived MOFs. The electronegativity of coexisting metal
ions determines the selective conversion of CO2 into formate and formylhydroborate. Formylhydroborate-based MOFs exhibit
flexible pore sizes controlled by the pressure of CO2 during synthesis. In pursuit of highly porous structures, we present the Type-I
synthesis of MOFs from CO2 via the in situ transformation of CO2 into carbamate linkers by amines. The direct conversion of
diluted CO2 (400 ppm) in air into carbamate-based MOFs is also feasible. Coordination interactions stabilize the intrinsically labile
carbamate in the MOF lattice. A recent study demonstrates that the Type-III synthesis using alkynylsilane precursors enables the
synthesis of highly porous and stable carboxylate-based MOFs from CO2, which exhibit catalytic activity in CO2 conversion. We also
extended the synthesis of MOFs from CO2 to COFs. The Type-III synthesis using a formamide monomer affords stable CO2-
derived COFs showing proton conduction properties. The precise design of CO2-derived building units enables expansion of the
structures and functionalities of CO2-derived MOF/COFs. Finally, we propose future challenges in this field: (i) expanding
structural diversity through synthesis using external fields and (ii) exploring unique functionalities of CO2-derived MOF/COFs, such
as carriers for CO2 capture and precursors for CO2 transformation. We anticipate that this Account will lay the foundation for
exploring new chemistry of the conversion of CO2 into porous materials.
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• Kadota, K.; Hong, Y. L.; Nishiyama, Y.; Sivaniah, E.;
Packwood, D.; Horike, S. One-Pot, Room-Temperature
Conversion of CO2 into Porous Metal−Organic Frame-
works. J. Am. Chem. Soc. 2021, 143, 16750−16757.2 This
work demonstrates one-pot conversion of CO2into highly
porous MOFs via in situ transformation of CO2 into
carbamate linkers.

• Zhang, S.; Lombardo, L.; Tsujimoto, M.; Fan, Z.;
Berdichevsky, E. K.; Wei, Y.-S.; Kageyama, K.; Nishiyama,
Y.; Horike, S. Synthesizing Interpenetrated Triazine-
based Covalent Organic Frameworks from CO2. Angew.
Chem. Int. Ed. 2023, e202312095.3 This work demonstrates
the synthesis of highly crystalline and stable COFs f rom CO2
with proton conduction properties.

1. INTRODUCTION
Developing techniques to convert carbon dioxide (CO2) into
value-added molecules and materials is key to achieving a
carbon-neutral society.4,5 CO2 is an attractive renewable
resource with advantages such as high natural abundance and
lower toxicity. The synthetic methods to convert CO2 into
functional materials, such as organic polymers and carbon
materials, have been extensively studied.6,7 On the other hand,

little is known about converting CO2 into molecular-based
porousmaterials. Molecular-based porousmaterials are a class of
porous solids constructed frommolecular organic building units
and encompass both molecular-based porous frameworks with
extended networks, e.g., metal−organic frameworks (MOFs)
and covalent−organic frameworks (COFs), and discrete porous
molecules, e.g., metal−organic polyhedra (MOPs) and porous
organic cages. We focus on MOFs/COFs among molecular-
based porous frameworks in this Account.
MOF/COFs are a class of molecular-based porous frame-

works with high structural designability and demonstrate
versatile functionality, such as gas storage/separation, hetero-
geneous catalysts, and ionic/electronic conduction.8−10 While
MOF/COFs attract much attention as functional materials, the
synthesis of MOF/COFs using CO2 as a feedstock remains
unexplored. CO2 hardly serves as a building unit of MOF/COFs
by itself, and the chemical transformation of CO2 into a building
unit for MOF/COFs is necessary. The structures of CO2-
derived building units crucially impact the resultant structures
and properties of the CO2-derived MOF/COFs. We developed
key requirements of CO2-derived building units in the design for
MOF/COFs. In this Account, we will elaborate on the design
principle of a CO2-derived building unit for MOF/COFs,

Figure 1. Molecular structures of the CO2-derived building units for MOF/COFs. Carbon and oxygen atoms derived from CO2 are highlighted,
respectively.

Table 1. Synthetic Methods, Gravimetric CO2 Contents, and Porosity of Selected CO2-Derived MOF/COFs

Entry Compositions
Material
typesg

Synthetic
methods

CO2-derived building
units

CO2 contents
(wt %)

SBET
h

(m2 g−1) ref.

1 [Zn3(OCHO)6] c-MOF Type-I formate 56.6 225 1
2 [Mg3(OCHO)6] c-MOF Type-II formate 77.0 504 1
3 [Mn3(OCHO)6] c-MOF Type-II formate 60.7 N.A. 1
4 [Fe3(OCHO)6] c-MOF Type-II formate 60.4 346 1
5 [Co3(OCHO)6] c-MOF Type-II formate 59.1 324 1
6 [Mg13[BH(OCHO)3]12[BO3]4[B(OMe)3][EtNH]2] a-MOF Type-I fomylhydroborate 68.5 179−383 1
7 [Zn4O(PDC)3]

a c-MOF Type-I carbamate 33.3 1525 2
8 [Zn4O(S-mPDC)3]

b c-MOF Type-I carbamate 31.6 2366 2
9 [Zn4O(R-mPDC)3]

c c-MOF Type-I carbamate 31.6 1943 2
10 [Zn4O(dmPDC)3]

d c-MOF Type-I carbamate 30.1 1270 2
11 [Cu0.5(PDC)] c-MOF Type-I carbamate N.A.i 88 31
12 [Cu(PDC)] a-MOF Type-I carbamate N.A. 56 31
13 [Zr6O4(OH)4(PDP)6]

e c-MOF Type-III carboxylate 20 2702 36
14 [Zr6O4(OH)4(BPDP)6]

f c-MOF Type-III carboxylate 24 3688 36
15 [PZ(CH)2]3[(C3N3)N3]2 c-COF Type-III caboxaldehyde 12.6 945 3
16 [PZ(CO)2]3[(C3N3)(NH)3]2 c-COF Type-III caboxaldehyde 10.8 731 3

aPDC = piperazine dicarbamate. bS-mPDC = S-(+)-2-methylpiperazine dicarbamate. cR-mPDC = R-(−)-2-methylpiperazine dicarbamate.
ddmPDC = trans-2,5-dimethylpiperazine dicarbamate. eH2PDP = 3,3′-(1,4-phenylene)dipropiolic acid. fH2BPDP = 3,3′-([1,1′-biphenyl]-4,4′-
diyl)dipropiolic acid. gThe prefixes “c-” and “a-” indicate that materials are either crystalline or amorphous in PXRD. hCalculated from N2
adsorption isotherms at 77 K. iN.A. = Not Available.
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synthetic protocols, structures, and functionality of CO2-derived
MOF/COFs.

2. DESIGN OF CO2-DERIVED BUILDING UNITS
TOWARD POROUS SOLIDS

CO2, being the most oxidized state of carbon, is often regarded
as an inert molecule. Meanwhile, ample studies suggest that CO2
demonstrates various reactivities with appropriate choice of
reactants, catalysts, and reaction conditions.11 This is because
the carbon atom of CO2 exhibits an affinity for nucleophiles and
electron-donating reactants. The chemical transformation of
CO2 into small organic molecules, such as carbon monoxide,
organic carbonates, and carboxylic acids, are widely studied.4,11

To construct porous structures of MOF/COFs, the CO2-
derived molecules need to satisfy the following two require-
ments: (i) reactivity and (ii) positioning of bridging sites. First,
the CO2-derived building unit must possess functional groups
that exhibit sufficient reactivity to work as bridging sites. CO2-
derived building units serve as bridging linkers for MOFs and
monomers for COFs. CO2-derived bridging linkers need to form
a coordination bond with metal ions. The oxygen atoms
originating from CO2 typically work as coordination sites due to
the localized electrons with affinity toward metal ions. The CO2-
derived monomer needs to form a covalent bond with another
monomer. Condensation is a typical reaction to form COF
structures, and the oxygen atoms from CO2 serve as reactive
sites.10 Second, the positioning of bridging sites is essential for
determining porous structures, e.g., network topology and pore
sizes. Two or more bridging sites are required in the building
unit to construct the extended network. Ditopic and tritopic
linkers and monomers are suitable for the formation of porous
structures according to the conventional design of MOF/
COFs.12 Meanwhile, incorporating multiple bridging sites, i.e., a
reaction with multiple CO2 molecules, in the targeted positions
is challenging because precise chemo- and regioselectivity are
required.13 The requirements of molecular design have rendered
the synthesis of MOF/COFs from CO2 difficult.
We developed the conversion of CO2 into various building

units that satisfy the requirements (Figure 1). Table 1
summarizes the key parameters of synthesis and physical
properties of selected CO2-derived MOF/COFs, e.g., synthetic
methods, gravimetric CO2 contents, and Brunauer−Emmett−
Teller surface areas (SBET). In the following sections, the CO2-

derived MOF/COFs are referred to by their entry numbers in
Table 1. The synthesis of CO2-derived MOF/COFs inherently
involves two processes: chemical transformation of CO2 into
building units and the formation of extended networks of MOF/
COFs. We categorized synthetic methods of CO2-derived
MOF/COFs into three types (Figure 2): a one-step synthesis
(Type-I); a one-pot synthesis without workup (Type-II); and a
multistep synthesis which needs workup (Type-III). The
reaction that involves the transformation of CO2 is regarded
as the first step of the entire synthesis procedure. Type-I
synthesis is ideal and most challenging, because it requires
optimizing the reaction conditions for both processes
simultaneously. Therefore, Type-I synthesis occasionally
produces amorphous MOFs (Entry 6 and 12). In contrast,
Type-III synthesis can produce chemically and thermally robust
MOF/COFs (Entry 13 and 16). Carrying out individual CO2
transformations enables the synthesis of stable CO2-derived
molecular building units, although the multistep reactions can
be fraught with laborious synthetic hurdles. The appropriate
selection of CO2-derived molecular building units and
associated synthetic methods tailored to the aims, e.g., feasibility
of synthesis and stability of CO2-derived MOF/COFs, is
essential. The precursors for the CO2-derived building units
and detailed synthetic conditions are described in the following
sections. CO2 content is defined as a ratio of molecular weight
derived from CO2 divided by the molecular weight of CO2-
derived MOF/COFs. Higher CO2 content is desired from the
viewpoint of atom economy and CO2 utilization. Meanwhile, it
is a challenge to compromise the high CO2 content and targeted
structure and functionality. The CO2 contents of the MOF/
COFs largely range between 12.6 to 77.0 wt %, and the contents
exceeding 20 wt % are generally considered high compared to
those of CO2-derived organic polymers.

14

3. CO2-DERIVED MOFS: SYNTHESIS, STRUCTURE
ANALYSIS, AND FUNCTIONALITY

3.1. Formate
Borohydrides (BH4

−), a hydride-based anion, exhibits versatile
reactivity toward CO2 depending on the reaction conditions,
e.g., temperatures, pressures, and coexisting metal ions.15 The
reactions between BH4

− and CO2 are classified into (i) hydride
transfer and (ii) CO2 insertion. Hydride transfer from BH4

− to
CO2 forms formate (OCHO−), whereas stepwise CO2 insertion

Figure 2. Schematic representation of classification of synthetic methods for MOFs from CO2.
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i n to the B−H bond affords fo rmy lhydrobora te
([BH4−x(OCHO)x]−, x = 1, 2, 3) with B−O bond formation.
Previous studies suggest a trend that the electronegativity of
coexisting metal ions affects the reactivity of BH4

− toward
CO2.

16 The electronegative/intermediate metal ions lead to
hydride transfer, whereas the electropositive metal ions lead to
CO2 insertion, e.g., Zn2+, Ni2+ vs Na+, K+. This is because the
polarization of BH4

− induced by electrostatic interaction with
metal ions influences the reactivity of BH4

−.17 In 2019, we
reported the synthesis of MOFs consisting of OCHO− and
[BH(OCHO)3]−, respectively, from CO2 based on the
appropriate choice of counter metal ions and reaction conditions
as the first examples of CO2-derived MOFs.
OCHO− with a small steric hindrance displays various

coordination modes with metal ions, e.g., Mg2+, Zn2+, Al3+, and
Zr4+, to construct porous MOFs showing gas capture and
separation.18−20 The synthetic methods of an OCHO−-based
MOF typically employ either formic acid or in situ formation of
an OCHO− from hydrolysis of DMF as a solvent. Despite
extensive studies on the conversion of CO2 into formic acid, the
synthesis of OCHO−-based MOFs from CO2 remained
unexplored. We focused on intermediate Zn2+ to convert CO2
into OCHO− based on the reactivity trend of BH4

− toward CO2.
In 2019, we reported the Type-I synthesis of porous
[Zn3(OCHO)6] from the reaction between CO2 and (PPh4)-
[Zn2(BH4)5] at 25 °C (Entry 1, Figure 3A).1 CO2 at
atmospheric pressure into a solution of (PPh4)[Zn2(BH4)5]
produces a crystalline powder of 1 with a yield of 58.4%. The
SBET of 1 is comparable to that of [Zn3(OCHO)6] obtained from
HCOOH (225 vs 243 m2 g−1). In contrast to the porosity, 1
displays rod-shaped particles smaller than those obtained from
HCOOH (4−20 vs 15−70 μm). The high reactivity of BH4

−

toward CO2 accelerates the reaction kinetics, resulting in rapid
crystal growth. To expand the availability of metal ions for
OCHO−-based MOFs from CO2, we carried out the Type-II
synthesis of [M3(OCHO)6] (Entry 2, 3, 4, and 5; M = Mg2+,
Mn2+, Fe2+, and Co2+, Figure 3B) using tetraethylammonium
borohydride (TEAB) as a BH4

− source. (NEt4)[BH(OCHO)3]
was first prepared from the reaction between TEAB and CO2
pressurized at 2.0 MPa at 25 °C. The subsequent solvothermal
reaction with MCl2 converts (NEt4)[BH(OCHO)3] into
OCHO− and affords the corresponding OCHO−-based
MOFs. The SBET values of the OCHO−-based MOFs obtained
from CO2 are comparable to those obtained from HCOOH (2:
504, 4: 346, and 5: 324 m2 g−1). The Type-II synthesis method
using TEAB is also applicable to the diluted CO2 in the air.
Bubbling of the dried air containing 400 ppm of CO2 into a
solution of TEAB, instead of the pressurized CO2, and
subsequent solvothermal reaction affords crystalline
[Mn3(OCHO)6] (Entry 3). The selective reactivity of BH4

−

toward CO2 enables the synthesis of OCHO−-based MOFs
from the diluted CO2. OCHO−-based MOFs exhibit high CO2
contents ranging from 55.6 to 77.0 wt % due to the high CO2
content of OCHO−. In contrast, the SBET values are relatively
lower, ranging from 225 to 504 m2 g−1 (Table 1) because the
shorter bridging distance by OCHO− results in smaller pore
sizes. OCHO−-basedMOFs are expected to be more suitable for
selective gas adsorption due to their well-defined smaller pore
sizes.18

3.2. Formylhydroborate

In contrast to that of OCHO−, the limited number of
coordination complexes consisting of [BH4−x(OCHO)x]− are
reported regardless of porosity. In 2015, Cummins et al.

Figure 3. Schematic illustration of (A) Type-I synthesis of 1 from CO2 via hydride transfer from BH4
− and (B) Type-II synthesis of 2−5 fromCO2 via

the formation of OCHO− from [BH(OCHO)3]−.

Figure 4. Schematic illustration of the Type-III synthesis of [Na(DME)][BH(OCHO)3] from CO2.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.4c00519
Acc. Chem. Res. 2024, 57, 3206−3216

3209

https://pubs.acs.org/doi/10.1021/acs.accounts.4c00519?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.4c00519?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.4c00519?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.4c00519?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.4c00519?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.4c00519?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.4c00519?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.4c00519?fig=fig4&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.4c00519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reported the Type-III synthesis of Na(DME)[BH(OCHO)3]
(DME = 1,2-dimethoxyethane) through the crystallization of
Na[BH(OCHO)3] in DME at −40 °C (Figure 4).21 Na[BH-
(OCHO)3] was formed by the reaction between pressurized
CO2 and NaBH4. Single-crystal X-ray diffraction (SC-XRD)
indicated that Na+ exhibits a pseudo-octahedral geometry and a
three-dimensional (3D) dense structure is formed by bridging
[BH(OCHO)3]−. The porosity of Na(DME)[BH(OCHO)3] is
not reported. In 2016, Filinchuk et al. reported the Type-I
mechanochemical synthesis between solid CO2, i.e., dry ice, and
KBH4 provides K[HB(OCHO)3].

22 The crystal structure of
K[BH(OCHO)3] was determined by Rietveld refinement as a
3D dense structure without porosity. The formation of a porous
structure consisting of [BH(OCHO)3]− remains a challenge
due to the conformational flexibility of [BH(OCHO)3]−.
We focused on Mg(BH4)2 as a precursor to construct porous

[BH(OCHO)3]−-based MOFs. The electropositive Mg2+ was
selected to prioritize the formation of [BH(OCHO)3]− over
that of OCHO− according to the trend of reactivity. The
reactions between Mg(BH4)2 and CO2 pressurized at 2.0, 3.0,

and 4.0 MPa at 25 °C afford amorphous solids (Entry 6, Figure
5A). The pair distribution function (PDF) profile of 6
synthesized at 3.0 MPa displays a peak at 11.1 Å which is
assigned as a correlation of Mg−Mg bridged by [BH-
(OCHO)3]−. The permanent porosity of 6 synthesized at
each CO2 pressure was confirmed by N2 adsorption at 77 K
(Figure 5B). The key to the successful formation of the porous
structure in 6 is attributed to that BO3

3− and [B(OMe)3] serve
as a rigid tritopic linker in addition to [BH(OCHO)3]− with
conformational flexibility to prevent the formation of a dense
structure. The SBET of 6 increases as the CO2 pressure in the
synthesis increases (179, 356, and 383m2 g−1 for 2.0, 3.0, and 4.0
MPa, respectively). The pore size distribution of 6 was obtained
by the nonlocal density functional theory (NLDFT) method
(Figure 5C). The pore size distribution indicates that the higher
pressure of CO2 in the synthesis results in the formation of a
mesopore at 2.7 nm, while the micropore at 0.7 nm shows no
significant difference. The results indicate that a higher pressure
of CO2 kinetically induces the formation of mesoporous
structures. The high CO2 content of 68.5 wt % for 6 is due to

Figure 5. (A) Schematic illustration of the Type-I synthesis of 6 from CO2. (B) N2 adsorption isotherms and (C) pore size distributions of 6
synthesized at 2.0, 3.0, and 4.0 MPa, respectively.

Figure 6. (A) Schematic illustration of the Type-I synthesis of [Cu3(CO3)2(bpac)3](ClO4)2 from CO2. ClO4
− is omitted for clarity. (B) Hexagonal

[Cu3(CO3)2]2+ lattice. (C) Pyridyl linkers of CO3
2−-based MOFs synthesized from CO2.
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the high CO2 content of [BH(OCHO)3]− that consists of three
molecules of CO2 per BH4

−.
3.3. Carbonate

Carbonate (CO3
2−) is a ubiquitous anion that exists on Earth as

metal carbonates, such as calcite (CaCO3). From the viewpoint
of coordination chemistry, CO3

2− displays various coordination
numbers and geometries due to its low steric hindrance.23

Meanwhile, CO3
2−-based MOFs are limited, regardless of

whether CO2 is used as a feedstock. This limitation arises
because the shorter linker length is not suitable for constructing
porous structures. Previous studies have employed a coligand to
construct CO3

2−-based MOFs. A series of CO3
2−-based MOFs

consisting of Cu2+ and a pyridyl ligand are reported through
Type-I synthesis fromCO2 in the air. For instance, NH3 aqueous
solution containing Cu(ClO4)2·6H2O and 4,4′-bipyridylacety-
lene (bpac) reacts with CO2 in the air at 25 °C to afford
[ C u 3 ( CO 3 ) 2 ( b p a c ) 3 ] ( C lO 4 ) 2 ( F i g u r e 6 A ) . 2 4

[Cu3(CO3)2(bpac)3](ClO4)2 exhibits a 3D structure where
the 2D Kagome-type [Cu3(CO3)2]2+ lattice is bridged by bapc
coordinated in the axial position of Cu2+ (Figure 6B). Most
CO3

2−-based MOFs display Kagome-type [Cu3(CO3)2]2+, and
the packing structures vary depending on the coordination
modes of pyridyl linkers (Figure 6C). Nonbridging pyridyl
linkers, e.g., 4-aminopyridine (4-apy)25 and 2,4′-bipyridyl (2,4′-
bipy),26 afford 2D packing structure, while bridging 1,2-di(4-
pyridyl)ethane (dpe)27 affords 3D packing structure. All of the
studies focus on the magnetic interaction derived from the
Kagome-type [Cu3(CO3)2]2+ lattice. The reported porosity is
limited to the H2O adsorption of [Cu3(CO3)2(bpac)3](ClO4)2
at 298 K (0.9 mol mol−1).24 This is consistent with the fact that
crystallographic void space is not observed because ClO4

−

occupies it as a counteranion. Nevertheless, the direct
conversion of CO2 in air intoMOFs is of interest. Functionalities
that do not require porosity, e.g., ionic and electronic
conduction, are promising in addition to the magnetism studied
in the reports.

3.4. Carbamate

Carbamate (R2NCO2
−) is formed by the nucleophilic reaction

of amines (R2NH) with CO2 at ambient temperatures and
pressures.28 Carbamates are typically thermodynamically labile
and readily release CO2 upon heating. The inherent thermal
instability has hampered the utilization of carbamates as building
units for materials. We focused on piperazine dicarbamate
(PDC) as a bridging linker to construct carbamate-basedMOFs.
Piperazine (H2PZ), a cyclic secondary amine, reacts with CO2 at
25 °C to afford PDC salts.29 In 2021, we reported the Type-I
synthesis of cubic carbamate-based MOFs from CO2 (Entry 7,
Figure 7A).2 7 is a structural analogue of MOF-5, [Zn4O-
(BDC)3] (H2BDC = benzene-1,4-dicarboxylic acid).

30 The key
design of PDC is structural similarity to BDC, with comparable
molecular lengths of 5.7 vs 5.5 Å. Bubbling CO2 into a solution
of Zn(OAc)2·2H2O (OAc− = acetate), H2PZ, and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) quickly forms crystal-
line powder of 7. The synthesis of 7 using the diluted CO2 in air
(400 ppm) is also feasible. The structural analogues of 7 are
obtained using methyl piperazine derivatives (Entry 8 to 10,
Figure 7B). The crystal structures of 7 to 10 were confirmed by
Rietveld refinement using synchrotron PXRD. The presence of
methyl groups in the linkers affects the crystallinity and porosity
of the carbamate-based MOFs. The full width at half-maximum
study indicates 8 exhibits the highest crystallinity among the
structural analogues. The SEM image of 8 displays well-shaped,
cube-like particles with a particle size of 200−500 nm, which
aligns well with the cubic crystal system of 8 (Figure 7C). The
SBET values were calculated as 1525, 2366, 1943, and 1270 m2

g−1 for 7 to 10, respectively. The carbamate-based MOFs with
moderately high CO2 contents from 30.1 to 33.3 wt % exhibit
higher SBET compared to other CO2-derived MOF/COFs
(Table 1). The formation of a highly porous structure is
attributed to the well-defined coordination direction and the
suitable bridging distance of PDC2−. While carbamates exhibit
thermal instability to release CO2 upon heating, the carbamate-

Figure 7. (A) Schematic illustration of the Type-I synthesis of 7 from CO2. (B) Molecular structures of PDC type linkers used in 8 to 10. (C) SEM
image of compound 8. (D) Potential curve as a function of Zn−O distance. Inset: the model structures calculated by DFT at the Zn−O distances of
1.96 and 4.43 Å, respectively.
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based MOFs preserve the crystalline porous structure at 80 °C
under a vacuum. The stabilization of carbamate was studied by
density functional theory (DFT) calculations with a simplified
two-cluster model structure (Figure 7D). The total energy of the
model structure was calculated by varying the distance between
Zn2+ and oxygen atoms of PDC in the range of 1.51 to 4.43 Å.
The potential energy decreases and reaches a minimum of−583
kJ mol−1 at the Zn−O distance of 1.96 Å, which matches with
the crystallographically observed Zn−O bond. The results
indicate that stabilization by the coordination interaction
between Zn2+ and PDC enables one to employ thermodynami-
cally unstable carbamates as a stable building unit of MOFs.
In 2024, Peng et al. reported the Type-I synthesis of

crystalline and amorphous carbamate-based MOFs consisting
of Cu2+ and PDC from CO2 at 25 °C (Entry 11 and 12).31 The
crystallinity of the carbamate-based MOFs, CuxPDC, was tuned
by the ratio between metal ions and PDC; crystalline 11 at x =
0.33 to 0.75, and amorphous 12 at x = 1 to 1.5. The PXRD
pattern of crystalline 11 is reported to be similar to that of
CuBDC. The SBET values of 11 and 12 are comparable (88 and
56m2 g−1). The catalytic activity of 12 for the CO2 cycloaddition
is superior to that of 11 (92.2% vs 81.5%, styrene oxide with
TBAB as a cocatalyst, CO2 at 0.1 MPa, 70 °C, 8 h). The higher
performance of amorphous 12 is due to the defective metal site
in the amorphous structure. In the Type-I synthesis, the direct
conversion of CO2 is likely to cause amorphization due to the
difficulty in controlling the crystallization kinetics, which is
consistent with the results of 6. The results demonstrate that the
defective structure of the CO2-derived MOFs is leveraged for
catalytic activity.
3.5. Carboxylates

Di- and tricarboxylates are most commonly used as a bridging
linker, and various types of MOFs are reported to date: H2BDC
for MOF-530 and UiO-66, [Zr6O4(OH)4(BDC)6],

32 and 1,3,5-
benzene tricarboxylic acid (H3BTC) for HKUST-1,
[Cu3(BTC)2].

33 Meanwhile, the synthesis of carboxylate-
based MOFs from CO2 has not been explored because facile
alternative synthesis methods of carboxylates without using CO2
have been already established. For instance, H2BDC is
industrially produced by oxidation of p-xylene with O2 in the
air.34 Although the synthesis of H2BDC from CO2 is possible

using a conventional Grignard reagent, it requires rigorously
moisture-free conditions and multiple steps.35 This synthetic
difficulty makes the synthesis of carboxylate-based MOFs from
CO2 impractical. In 2024, Liu et al. reported the Type-III
synthesis of carboxylate-based MOFs from CO2 by the
sequential desilylation−carboxylation (Entry 13 and 14, Figure
8A, B).36 Alkynylsilanes, 1,4-di[(trimethylsilyl)ethynyl]phenyl
(DTMSEP) for 13 and 1,4-di[(trimethylsilyl)ethynyl]diphenyl
(DTMSEDP) for 14, were selected as a precursor with higher
reactivity toward CO2 in the carboxylation reaction. CsF
promotes cleavage of the C−Si bond of alkynylsilanes as a
base, and CO2 is subsequently inserted into the terminal alkynes
to form dipropiolic acids: H2PDP for 13 and H2BPDP for 14.
The subsequent solvothermal reactions with ZrOCl2·8H2O
afford cubic UiO-66 type MOFs. The high-resolution trans-
mission electron microscopy (HR-TEM) image indicates
regular pore arrangement in good agreement with the simulated
structure of 13 along [110] (Figure 8C). The corresponding
selected-area electron diffraction (SAED) pattern of 13 along
the [110] shows diffraction spots with d−111 = 1.65 nm and d020 =
1.43 nm, which corresponds to the lattice spacing in the HR-
TEM image (Figure 8D). The gravimetric CO2 contents are 24
and 20 wt % for 13 and 14, respectively. The SBET of 13 and 14
are 2702 and 3688 m2 g−1, which is the highest SBET among the
reported CO2-derived MOF/COFs (Table 1). To impart
catalytic activity, Ag+ ion was incorporated into the carbox-
ylate-basedMOFs driven by the π-coordinating affinity of alkyne
groups of the linkers toward metal ions. Ag+-embedded 13 and
14 exhibit high catalytic activity on the conversion of CO2 and
propargylic alcohols into cyclic carbonates, achieving 86−99%
yield under ambient conditions (DBU as a cocatalyst, CO2 at 0.1
MPa, 25 °C, 6 h). The results demonstrate that alkynylsilane
precursors enable the conversion of CO2 into robust and highly
porous carboxylate-based MOFs.

4. CO2-DERIVED COFS: SYNTHESIS, STRUCTURE
ANALYSIS, AND FUNCTIONALITY

While the synthetic methods of organic polymers from CO2
have been extensively studied, the synthesis of COFs from CO2
remains unexplored due to the lack of design of suitable CO2-
derived monomers to construct the porous structure. The
typical monomers for CO2-derived organic polymers are

Figure 8. (A) Schematic illustration of the Type-III synthesis of 13 from CO2. (B) Crystal structure of compound 14. (C) HR-TEM image and zoom-
in view overlaid with a structure model (inset) and (D) SAED pattern of 13 along the [110]. Adapted from ref 36. Copyright 2024 American Chemical
Society.
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aliphatic, e.g., alkyl carbonates.6 The high flexibility of the
aliphatic building unit renders the formation of crystalline and
porous structures difficult.37 We focused on formamide (N−
CHO) as a CO2-derived monomer and melamine to construct a
stable triazine unit. In 2023, we reported the Type-III synthesis
of triazine-based COFs from CO2 (Entry 15, Figure 9A).3

Na[BH4−x(OCHO)x] was obtained fromNaBH4 and CO2 at 25
°C, and subsequently reacted with H2PZ under the solvothermal
condition to afford 1,4-piperazine dicarboxaldehyde (PZ-
(CHO)2). The synthesis of highly crystalline triazine-based
COFs from N−CHO has been a challenge due to the lower
reactivity of N−CHO than the corresponding aldehydes (C−
CHO).38 The triazine-based COF was synthesized from
PZ(CHO)2 and melamine in mixed solvents at 165 °C. The
key to the successful synthesis of crystalline COF fromN−CHO
was the appropriate choice of the ratio of mixed solvents to
control the polymerization kinetics. The stacking structure of 15
was identified as the 3-fold interpenetrated structure with hcb
topology by Pawley refinement. The SAED pattern and HR-
TEM image of 15 exhibit the triangular prism channels
corresponding to the [101] facet and the layered packing
corresponding to the [201] facet, confirming the formation of a
regular hexagonal lattice (Figure 9B, C). The SBET of 15 was
calculated as 945 m2 g−1 from the N2 adsorption isotherm at 77
K. The high chemical and thermal stability of 15 was confirmed
by treatment in boiling water, acidic, and basic conditions. The
proton (H+) conductivity of 15 and 16 oxidized by postsynthesis
was studied. The postsynthetic treatment using potassium
peroxymonosulfate, a strong oxidant, converts the amidine
group to an amide group (N−CO−N) in the COF (Entry 16,
Figure 9A). The electrochemical impedance spectroscopy
confirmed the H+ conductivity of 15 and 16 are 3.1 × 10−4

and 2.5 × 10−2 S cm−1 under the relative humidity of 95% at 85
°C. The enhanced H+ conductivity of 16 is attributed to the
hydrogen-bonded network induced by the larger amount of
adsorbed H2O.

39 While the CO2 contents of the COFs are
relatively lower (10.8 and 12.6 wt %) because CO2-derived
oxygen atoms are removed upon condensation reaction, the high
stability is advantageous over the CO2-derived MOFs. In

addition to the carboxaldehyde system, the knowledge of design
for CO2-derived organic polymers suggests that several CO2-
derived building units potentially serve as monomers of the
COFs. For instance, Tang et al. reported the Type-I synthesis of
organic polymers from diynes (HC�C−R1−C�CH), alkyl
dihalides (X−R2−X), and CO2 (Figure 9D).

40 The incorpo-
ration of rigid multitopic components, such as 1,3,5-
triethynylbenzene, is expected to construct porous COF
networks. Although the optimization on the crystallization
kinetics is a challenge, the facile Type-I synthesis is attractive for
CO2-deirved COF synthesis.
In addition to COFs, hydrogen-bonded organic frameworks

(HOFs) are also an essential class of molecular-based porous
frameworks consisting of organic building units. There are
several reports of the Type-I synthesis of nonporous HOFs
synthesized from CO2 via hydrogen bonding between
carbamate and protonated amine;41 CO3

2− or bicarbonate and
guanidium.42 Rigid and multitopic building units would enable
to construct CO2-derivedHOFswith porosity, e.g., CO2-derived
aromatic carboxylates.

5. PERSPECTIVE
We summarize recent developments in the conversion of CO2
into MOF/COFs with an emphasis on the design of CO2-
derived building units. The precise design of CO2-derived
building units, e.g., the reactivity and positioning of bridging
sites, enables the synthesis of CO2-derived MOF/COFs with
various structures. The results provide a synthetic guideline for
CO2-derived molecular-based porous frameworks. On the other
hand, several challenges must be addressed for future advance-
ment in this field.
First, further exploration of the structural diversity of the CO2-

derived MOF/COFs is necessary. Structural analogues of the
reported CO2-derived MOF/COFs can be obtained by
alternating the constituting metal ions or monomers; however,
expanding structural libraries of CO2-derived building units
remains a fundamental bottleneck and an essential synthetic
challenge. One future approach is to utilize external stimuli, e.g.,
light, electricity, and pressure, in the synthesis of CO2-derived

Figure 9. (A) Schematic illustration of Type-III synthesis of 15 from CO2 and postsynthetic oxidation of 15 to provide 16. (B) SAED pattern and (C)
HR-TEM image of 15. (D) Schematic illustration of the Type-I synthesis of alkynoate-based organic polymers from CO2 as an example of potential
building for CO2-derived COFs.
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MOF/COFs. Ample studies demonstrate that the synthesis
using external stimuli can convert CO2 into various molecules
under ambient conditions without the need for stoichiometric
amounts of reactive reagents. Examples include the photo-
induced synthesis of carboxylates,43 electrochemical synthesis of
oxalate,44 and mechanochemical synthesis of carbamates.45 In
particular, the Type-I electrochemical conversion of CO2 into
MOF is an interesting approach by integrating electrochemical
CO2 transformation and electrochemical MOF synthesis which
have been separately studied.46 The well-developed chemistry of
transformation of CO2 using external stimuli would provide a
clue for the design of CO2-derived molecular-based porous
frameworks.
Second, exploring the unique functionalities of the CO2-

derived MOF/COFs is essential for advancing this field.
Currently, the functionalities being studied, e.g., porosity,
catalysis, and H+ conduction, are also achievable by conven-
tional MOF/COFs. One future challenge is to employ CO2-
derived MOF/COFs as carriers for the capture of CO2 (Figure
10A). The formation and degradation of CO2-derived materials,
e.g., metal carbonates and organic carbamates, serve as processes
for CO2 capture and release.28,47 The high structural
designability of MOF/COFs offers advantages in controlling
CO2 capture and release properties, e.g., reaction temperatures
and kinetics, compared to conventional materials. Under-
standing the mechanisms behind the formation and degradation
of CO2-derived MOF/COFs could provide a tunable platform
for CO2 capture. In addition to CO2 capture, a recent study
demonstrates CO2-mediated capture of metal ions through the
formation of CO2-derived discrete carbamate complexes.48

CO2-derivedMOF/COFs readily precipitate upon reacting with
CO2 due to their extended network, which is attractive for the
capture of metal ions and organic molecules through phase
separation. Another future challenge is to utilize CO2-derived
MOF/COFs as predesigned precursors of CO2 for the further
transformation of CO2 (Figure 10B). The CO2 molecules in

CO2-derived MOF/COFs can be regarded as being periodically
immobilized with metal ions and molecules. The chemical
environment of CO2 adsorbed on the metal surface affects the
reaction pathway and selectivity.49 By predesigning the chemical
environment of CO2 in MOF/COFs, it may be possible to
achieve unprecedented CO2 transformations, e.g., high chemo-
and regioselectivity and high reactivity under ambient
conditions. Although some CO2-derived MOFs exhibit catalytic
activity for CO2 transformation, the CO2 molecules fixed in the
MOFs do not participate in the catalytic reactions (Entry 11 to
14). If we can employ the CO2 predesigned in the MOF/COFs
for catalytic reactions, it would differentiate them from other
catalysts for CO2 transformation. It is crucial to consider CO2-
derived MOF/COFs not only as an end-product but also as a
designable carrier and precursor. While developing the design
principle to synthesize robustMOF/COFs fromCO2 is essential
at this early stage, it will inevitably involve competition with
numerous conventional MOF/COFs. Therefore, exploring
functionalities that leverage the advantages of using CO2 as a
feedstock is crucial. We hope that the findings described in this
Account will contribute to advancements in the field of CO2-
derived molecular-based porous frameworks.
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