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ABSTRACT: Herein, we report two heterometallic ultramicroporous metal−
organic frameworks, MIP-212(Al/Cu) and MIP-212(Al/Zn) (MIP stands for
Materials from Institute of Porous Materials of Paris), synthesized via a hard−
soft acid−base design strategy. In these robust pyrazolate−carboxylate
architectures, pyrazolates selectively coordinate Cu2+ or Zn2+, while carboxylates
bind Al3+, generating chain-based inorganic building units built up from
connected M2+-pyrazolate polyhedra and μ2−OH-corner-shared AlO6 octahedra,
respectively. The resulting structures feature dual ultranarrow tunnel-like pores,
one decorated with μ2−OH groups. MIP-212(Al/Cu) combines pore confine-
ment with Cu2+ open metal sites (OMS) to deliver benchmark-level CO2 uptake
at low pressure (2.30 mmol g−1 at 0.15 bar, 298 K) and a CO2/N2 Ideal
Adsorbed Solution Theory (IAST) selectivity of ∼30. However, the OMS also
imparts marked hydrophilicity, diminishing CO2 uptake under humid conditions.
Markedly, replacing octahedral Cu2+ with tetrahedral Zn2+ centers in MIP-212(Al/Zn) suppresses OMS while preserving framework
topology, resulting in significantly lower water affinity (up to ca. 4-fold reduction at 0.2 bar of H2O) and superior CO2 breakthrough
performance at 50% RH. These findings demonstrate that metal coordination geometry is a powerful lever to modulate
hydrophilicity and sorption behavior in MOFs, enabling the rational design of sorbents for efficient CO2 capture under realistic,
moisture-rich environments.

1. INTRODUCTION
Carbon capture technologies are essential for reducing
anthropogenic CO2 emissions.1 Although more than 50 Mt
of CO2 are currently captured each year, this figure is projected
to reach approximately 435 Mt by 2030.2 Industrial systems
rely on amine-based absorbents, but their high regeneration
energy and poor stability limit large-scale deployment. These
drawbacks drive the development of robust solid sorbents with
high CO2 capacity, selectivity, and fast cycling kinetics to
enable low-carbon energy technologies.3 In this respect,
metal−organic frameworks (MOFs), a class of micro- or
mesoporous hybrid solids, have emerged, among others.4 Their
unprecedented versatile character endows some of them with
high CO2 uptake capacities as well as the possibility to tune
their selectivity in the presence of impurities (including
moisture) and to enhance their thermal/chemical stability.
Recently, they have indeed shown significant progress in this
regard.5−8

Among them, the ultramicroporous Zn-oxalate-triazolate
CALF-20 (CALF: Calgary Frameworks) stands out as a ‘game
changer’ benchmark sorbent due to its high CO2 working
capacity in postcombustion conditions, long-term stability,

easy thermal regeneration, and scalability at the multiton
production.7,9 Notably, it maintains its CO2 capture perform-
ance up to ∼30% RH before exhibiting a gradual decrease at
higher humidity levels. In addition, cost-effective Al-based
MOFs such as Al-formate (AlF),10 MIL-120(Al)8 (MIL:
Materials of Institute Lavoisier), MIL-160(Al)11,12 and MIL-
53(Al)-NH2

13 have demonstrated strong performance for
postcombustion CO2 separation. However, designing new
MOF families that combine benchmark-level CO2 uptake with
retained performance under realistic humid conditions through
rational and transferable structural design principles remains an
open challenge.

Carboxylate-based MOFs are among the most common
structures owing to their predictable design, tunable top-
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ologies, and ease of functionalization. MOFs constructed from
‘hard’ carboxylate-based linkers and “hard” high valence metal
cations (Al3+, Fe3+, Zr4+, Ti4+···) show good hydrothermal
stability under neutral or acidic conditions, although they show
limited durability in basic environments.5,14−18 Among them,
Al-based MOFs attract much attention because of the relatively
low cost and abundance of this metal. Of the different possible
inorganic building units (IBUs) (i.e., Al-oxo-trimer form),19,20

Al3+, once combined with carboxylates, usually form Al-
hydroxy-chains, the most thermodynamically stable config-
uration,14 leading to 1D channels, as seen in MIL-53(Al)-
s19,21−24 or CAU-10(Al)/MIL-160(Al)12,25 (CAU: Christian-
Albrechts-University), which have been extensively studied for
adsorption-related applications.23,25 Experimental and compu-
tational studies revealed that CO2 adsorption in such structures
is primarily driven by interactions between CO2 and the μ2-
hydroxyl groups of Al chains.24 Azolates are another common
class of ligands used in MOF construction, although they are
more expensive and, in most cases, less scalable than
carboxylates, when combined with low valence metal ions
(Zn2+, Ni2+···). Due to their high basicity, nitrogen atoms on
the heterocycle bind strongly to (soft) transition metal ions,
enhancing the framework’s stability, particularly under basic
conditions with divalent metal ions18,26

Combining these two functionalities within a single
bifunctional pyrazolate-carboxylate (PyC) linker, where the
pyrazolate selectively coordinates M2+ and the carboxylate
binds Al3+ according to the hard−soft acid−base (HSAB)
principle, is an effective strategy for designing a ligand that can
selectively bind to both metal ions. The acid−base (HSAB)
principle enables the construction of stable bimetallic MOFs
featuring two chemically distinct IBUs within a single topology,
providing promising candidates for CO2 uptake applica-
tions.15,27,28 However, existing bimetallic PyC MOFs are
predominantly assembled from discrete cluster-based IBUs.29

Furthermore, the ability to generate extended chain-based
structures where M2+ coordination geometry can be system-
atically varied to tune open metal site formation, CO2 affinity,
and moisture tolerance within an isoreticular series has not yet
been demonstrated.

Here, we report a novel bimetallic heterofunctional MOF,
MIP-212(Al/Cu) (MIP stands for Materials from Institute of
Porous Materials of Paris), formulated as [AlCu(μ2−OH)-
(PyC)2]·solvent, constructed from both Al(OH)2O4 and
CuN4O2 chains bridged by H2PyC, a structural motif distinct
from the discrete cluster-based IBUs of prior PyC frameworks,
bearing, respectively, polar μ2−OH groups and potentially
accessible Cu(II) sites upon activation (removal of coordi-
nated solvent molecules), both known to present high affinity
toward CO2 molecules.30 The combination of pore confine-
ment and accessible OMS enables MIP-212(Al/Cu) to show a
high CO2 uptake at ambient temperature and low pressure (ca.
2.30 mmol/g at 0.15 bar), approaching the performance of
benchmark MOF sorbents, such as CALF-20 and MIL-
120(Al)7,8 with a good CO2/N2 IAST estimated selectivity
of ca. 30 at 1 bar. Dynamic breakthrough experiments further
confirm its strong performance, with a CO2 sorption capacity
of 1.59 mmol/g at 0.15 bar and 303 K in dry conditions. These
results are consistent with the “Process-Informed design of
tailor-made sorbent materials (PrISMa)” platform prediction
identifying MIP-212(Al/Cu) as a top performer in temper-
ature and temperature-vacuum swing adsorption (TSA and
TVSA, respectively)-based carbon capture processes.31 Despite

these advantages, the presence of OMS in MIP-212(Al/Cu)
imparts a pronounced hydrophilicity, resulting in decreased
CO2 uptake under wet conditions. As recent studies have
shown the impact of the nature of the divalent metal ion on the
water sorption properties of the MOF,32 and given that Zn2+

ions preferentially adopt tetrahedral coordination environ-
ments when coordinated by PyC2−,33 Cu2+ was substituted
with Zn2+ to suppress the OMS formation. The resulting MIP-
212(Al/Zn) retains the beneficial confinement and μ2−OH
functionality without the penalty in CO2 performance
observed in humid conditions for MIP-212(Al/Cu). Although
single-component isotherms show modestly lower CO2
uptakes (ca. 1.40 mmol/g at 0.15 bar and 3.45 mmol/g at 1
bar), dynamic breakthrough experiments under relevant
capture conditions (15% CO2, 83% N2, 50% RH, 30 °C)
reveal that MIP-212(Al/Zn) outperforms MIP-212(Al/Cu)
(0.84 vs 0.76 mmol g−1, respectively) demonstrating that the
dry-performance/moisture-tolerance trade-off can be rationally
navigated through deliberate control of M2+ coordination
geometry. Collectively, these results establish M2+ coordination
geometry as a powerful and transferable design principle for
both CO2 adsorption and water tolerance, establishing a clear
design strategy for next-generation moisture-tolerant MOF-
based sorbents.

2. RESULTS AND DISCUSSION

Synthesis, Structural Analysis, and CO2 Sorption
Performance

MIP-212(Al/Cu) was synthesized via a solvothermal route,
reacting 0.3 mmol Al(NO3)3·9H2O, 0.6 mmol Cu(NO3)2·
2.5H2O, and 0.31 mmol H2PyC in a N,N-dimethylformamide
(DMF)−water−ethanol mixture (1:1:2 (v/v) %) in the
presence of acetic acid in sealed Pyrex tubes at 75 °C for 2
days. The collected purple solid was then thoroughly washed
with DMF and ethanol and later dried under vacuum (<30%
yield, based on H2PyC). Details are provided in the Supporting
Information (Section S2). Additionally, the repeatability of the
synthesis protocol was evaluated by using CO2 sorption
measurements from eight independently synthesized batches.
Details of these can be found in the Supporting Information
(Section S15).

The washed and activated MIP-212(Al/Cu) samples were
analyzed by means of a wide set of characterization techniques,
including high-resolution laboratory powder X-ray diffraction
(HR-PXRD), variable-temperature powder X-ray diffraction
(VT-PXRD), Fourier transform infrared (FTIR), solid-state
NMR (ssNMR), thermal gravimetric analysis (TGA), N2, CO2,
water sorption analysis, and breakthrough measurements.

HR-PXRD (Cu Kα1 = 1.5406 Å) data were collected to
assess the structural features of MIP-212(Al/Cu). As reported
in literature, reacting Cu2+ with H2PyC may result in one of
the several possible configurations such as Cu3-oxo-cluster
([Cu3(μ3−O/OH)(PyC)3]n−),17,28,34 a 12-membered ring
cluster ([Cu12(μ2−OH)12(PyC)12]),

18 a 4-membered cluster
with the pyrazole rings forming a tetrahedron ([Cu4(PyC)4],

35

or copper chains ([Cu(PyC)2·H2O]).36 Furthermore, reacting
with both Al3+ and Cu2+ ions with H2PyC, one could expect to
obtain the mesoporous MOF-919 built of [Cu3O-
(OH)3(PyC)3(H2O)6] metalloligand and [Al3O(OH)]6+ ox-
oclusters delimiting mesoporous cages of different top-
ologies.37 Contrary to these expectations, HR-PXRD analysis
demonstrated that MIP-212(Al/Cu) crystallizes in a distinct
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chain-based structural framework. The HR-PXRD analysis
revealed that MIP-212(Al/Cu) or [AlCuII(μ2−OH)(PyC)2]·
xH2O crystallizes in the orthorhombic Pmma space group
(n°51) with a = 6.7709 (4) Å, b = 12.0482 (7) Å, c = 9.4765
(6) Å, and V = 773.1 Å3 for MIP-212(Al/Cu) washed but not
thermally activated. The structure consists of two types of one-
dimensional chains built from AlO4(OH)2 and CuN4(H2O)2
octahedra, which are aligned along the [100] crystallographic
direction (Figure 1a). These chains are linked by PyC2−

linkers, where the pyrazole N atoms coordinate to Cu2+

centers and the carboxylate O atoms to Al3+ ions. Such
connectivity of the chains resembles the structure of MIL-
53.21,38 However, in the case of heterometallic MIP-212(Al/
Cu), it leads to the formation of two distinct one-dimensional
pores (I and II) with different chemical environments (Figure
1b). The ultramicroporous, lozenge-shaped channels of pore I
are formed by copper chains, which are at their closest position
along the c axis coordinated with water/solvent molecules,
while pore II is formed of aluminum chains coordinating with
μ2−OH. Moreover, to evaluate the structural changes in MIP-
212(Al/Cu) upon thermal activation, VT-PXRD patterns were
collected. The results from the VT-PXRD analysis reveal that
the activated MIP-212(Al/Cu) maintains the same structure
with slight variations of the unit cell parameters, and the cell
volume (V = 773.1 Å3 for MIP-212(Al/Cu) washed and
measured at 25 °C vs V = 737.7 Å3 for MIP-212(Al/Cu)
activated at 240 °C) (Figure 1c,d). However, the removal of
the free linker and the coordinated water from the washed
sample upon heating demonstrates that the unit cell
parameters b and c, and the cell volume after 200 °C, start
to approach a plateau at around 240 °C. For morphological
and elemental composition analysis (Al and Cu), SEM imaging
and EDX analysis were recorded (Supporting Information,

Section S5, Figure S14). Remarkably, the thermally preacti-
vated MIP-212(Al/Cu) reached these values at a much lower
temperature, 150 °C, suggesting that the removal of the free
linker as well as some fraction of water (solvent) molecules
induces these changes (Supporting Information, Section S10).
Furthermore, to gain more insights into the “activated”
framework, we determined the crystal structure of an ex situ-
activated sample based on HR-PXRD data (Supporting
Information, Section S3, Figures S1 and S2). These results
indicate that, despite all our attempts, the maximum attainable
fraction of Cu-OMS (and a lower fraction of coordinated
water) is approximately 60%, which was also confirmed by
Rietveld refinement (Supporting Information, Section S4,
Figures S5 and S6), where the experimental activation process
was mimicked. All our attempts to reach a higher degree of
dehydration led to a collapse of the structure due to a lack of
compatibility in the environment of the fully dehydrated
copper ions, since it is inherently challenging for copper ions to
form a tetrahedral coordination environment, given the
likelihood of Cu(II) to be reduced to Cu(I). Additionally,
ssNMR (Supporting Information, Section S19, Figure S63)
further verifies reversible removal and recoordination of water
upon activation and rehydration, consistent with previous
reports showing 50−70% water loss.31 Finally, the refinement
of the crystal structure after activation was successfully
performed (Supporting Information, Section S4). It is revealed
that depending on the fraction of coordinated water molecules,
the diameter of channel I varies between ∼6 × 3.5 Å and ∼6 ×
5 Å, while the diameter of channel II, where aluminum chains
are linked along the c-axis coordinating with μ2−OH facing the
center of the channel, is ∼6 Å × 5 Å (values are estimated from
the structure solved before activation (Supporting Information,
Section S4, Figure S7)). This behavior demonstrates the

Figure 1. Representation of MIP-212(Al/Cu) crystal structure: (a) AlO4(OH)2 and CuN4(H2O)2 chains linked by PyC ligand; and (b) projection
of the MIP-212(Al/Cu) crystal structure along [100]: AlO6 − gray polyhedron; CuN4(O)2 − orange polyhedron; N − blue; O − red; hydrogen
atoms and guest molecules are not shown. (c) Temperature dependence of the unit cell parameters and volumes of only washed (“W”) and
thermally activated (“A”) MIP-212(Al/Cu) samples prior to analyses. (d) Schematic representation of the channel opening before and after
thermal activation.
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breathing effect of the MIP-212(Al/Cu) and its dependence
on the pore content/loading. Interestingly, the thermally
activated MIP-212(Al/Cu) recovers its initial structure (but
without any free linker) after soaking in water, as confirmed by
HR-PXRD analysis of a water-soaked capillary (Supporting
Information, Section S3, Figure S2).

Prior to gas sorption studies, FTIR spectra of washed-MIP-
212(Al/Cu) were recorded (Supporting Information, Section
S7, Figure S18). It was observed that repeated washing with
polar solvents such as DMF or ethanol was not sufficient to
completely remove the unreacted linker from the pores,
therefore making thermal activation necessary (240 °C for 7
h). PXRD analysis further confirmed that the material remains
crystalline after treatment at 240 °C for 7 h, identifying this
temperature as optimal for activation. Details of the
optimization of the activation process are provided in the
Supporting Information, Section S7 (the obtained solid is
labeled as the “activated” form). Furthermore, MIP-212(Al/
Cu) was washed with dimethyl sulfoxide (DMSO) to identify a
greener alternative for the washing and the activation process
of MIP-212(Al/Cu). DMSO-washed samples achieved full
pore accessibility upon activation at 150 °C, 90 °C lower than
the 240 °C required for DMF/ethanol-washed samples,
representing a significant reduction in energy input. The
CO2 uptake of the DMSO-washed sample activated at 150 °C
(2.11 mmol/g at 0.15 bar) is within experimental error of the
standard DMF/ethanol-washed sample activated at 240 °C
(2.30 mmol/g), confirming that comparable activation is
achieved at substantially milder conditions. These results
establish DMSO washing as a viable and more energy-efficient
alternative for the activation of MIP-212(Al/Cu).13 In
continuation of this approach, we also explored tentatively a
greener synthesis route for MIP-212(Al/Cu) by replacing
DMF with a dynamic solvent system (DSS) of acetic acid and
1-butanol, known as a dynamic solvent (Supporting
Information, Section S8). Although this modification led to a
slightly lower yield, the MOF was still successfully synthesized,
and its CO2 adsorption performance remained comparable to
that obtained from the conventional DMF-based synthesis.
Importantly, this greener synthetic strategy could also be
applied to MIP-212(Al/Zn), highlighting its broader applic-
ability.

N2 sorption analysis performed at 77 K illustrates that MIP-
212(Al/Cu) is formed of micropores following the typical
features of IUPAC type I isotherm (Supporting Information,
Section S7, Figure S20), with a calculated BET surface area of
618 ± 40 m2/g. TGA of both washed and activated MIP-
212(Al/Cu) under O2 environment up to a temperature of 600

°C (Supporting Information, Section S6, Figure S16) shows
two weight losses: 17.4% below ∼100 °C due to solvent and
water removal, and ∼48.7% at ∼315 °C corresponding to
linker decomposition and initiation of the framework
degradation to metal oxides. Furthermore, the VT-PXRD
analysis conducted under air shows that MIP-212(Al/Cu)
retains its crystallinity up to 280 °C but starts to decompose
upon prolonged exposure (Supporting Information, Section
S10, Figures S37−S39). In addition, the hydrolytic stability of
MIP-212(Al/Cu) was confirmed by stirring MIP-212(Al/Cu)
in deionized water at room temperature (1.1 mg/mL) for
several days. No crystallinity loss or decrease in adsorption
capacity was observed (Supporting Information, Section S9,
Figure S35).

The unique combination of short carboxylate−pyrazolate
linkers and the bimodal pores with two distinct chemical
environments (μ2−hydroxyl groups coordinating to Al chains
and Cu open metal sites) encouraged the investigation of the
CO2 sorption behavior of MIP-212(Al/Cu). Single-component
N2 and CO2 sorption measurements reveal that MIP-212(Al/
Cu) demonstrates a comparably higher CO2 uptake than N2 at
298 K. Indeed, the CO2 sorption isotherms (averaged on 8
measurements) showed uptakes of ≈2.30 ± 0.07 mmol/g at
0.15 bar and ≈3.88 ± 0.15 mmol/g at 1 bar (Figure 2a and
Figure S48), remarkably, comparable to the benchmark
sorbent, CALF-20 (Figure S45).7 Compared to other poly-
(pyrazolate)-based MOFs under equivalent experimental
conditions, these results show that MIP-212(Al/Cu) is one
of the best performers.5,15,16,18,39 Also, it is observed that MIP-
212(Al/Cu) shows a better CO2 uptake capacity at 1 bar when
compared to MIL-53(Al) and its isoreticular analogues (i.e.,
MIL-53(Al)-X, X = −NH2, −NO2, −Cl, −Br, −CH3), even
outperforming MIL-53(Al)-NH2 at 0.15 bar.40

These results demonstrate that integrating two distinct
chemical environments within a single framework enhances the
CO2 uptake capacity of a MOF. Utilizing the Clausius−
Clapeyron equation on the single-component CO2 adsorption
isotherms performed at 300, 310, and 320 K, the zero-coverage
heat of adsorption was estimated as −36.8 kJ mol−1

(Supporting Information, Section S11, Figure S41), revealing
the relatively low-energy demand for the regeneration process
of MIP-212(Al/Cu). Using the IAST model, the CO2:N2
selectivity of MIP-212(Al/Cu) was estimated as ca. 30 for
15CO2:85N2 at 298 K and 1 bar (Supporting Information,
Section S12, Figure S43). A comparison with the benchmark
sorbents such as CALF-20, AlF, and MIL-120(Al) underscores
the competitive performance of MIP-212(Al/Cu) for post-
combustion CO2 capture (Supporting Information, Section

Figure 2. (a) CO2 and adsorption isotherm (averaged on 8 measurements) and N2 adsorption isotherm measured at 298 K and 1 bar and (b)
breakthrough curves for 15% CO2, 85% N2 dry gas mixture measured at 303 K (gas feed at 10 mL/min).
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S13, Figure S45).7,8,10 Water sorption analysis performed at
298 K reveals that MIP-212(Al/Cu) possesses a moderate
hydrophilic behavior at low relative pressures (P/P0 < 0.2) that
arises very likely from the presence of OMS and the μ2−OH
groups (Figure S46 and Figure 3d). Furthermore, to assess the
CO2/N2 separation performance of MIP-212(Al/Cu) under
realistic conditions, dynamic breakthrough experiments were
carried out using CO2:N2 (15:85) and CO2:N2:H2O mixtures
(Supporting Information, Section S18). The dry breakthrough
experiments (Figure 2b) confirm the selectivity shown by the
single-component isotherms (Figure 2a). The CO2 break-
through occurs after ∼7 min and is characterized by a less
steep adsorption front than that of the N2. The latter
breakthrough of CO2 and the roll-up observed in N2 confirms
that CO2 is the strongest adsorbed component in the binary
mixture. Repeated runs showcased the reproducibility of the
breakthrough curves (Supporting Information, Section S18),
with only a little variation observed. Under dry conditions,
MIP-212(Al/Cu) has an average capacity of 1.59 mmol/g,
which is lower than that observed in the CO2 isotherm (2.30
mmol/g at 0.15 bar, Figure 2a). The lower CO2 uptake
measured in the breakthrough experiments relative to the
equilibrium adsorption isotherms may be attributed to a
combination of factors. In particular, the activation procedure
used prior to the breakthrough tests (without vacuum) differed
slightly from that employed for the isotherm measurements
(under vacuum) and may have resulted in a lower degree of
sample activation. Furthermore, kinetic and mass-transfer
effects may also contribute to the reduced apparent adsorption
capacity (details of the activation conditions can be found in

Supporting Information, Section S7). Additionally, heat effects
due to the exothermic nature of the adsorption step might
negatively impact uptake. This study, combined with the
predictions from the PrISMa platform, is an illustration that
one can benefit from the relatively high CO2 sorption capacity
of MIP-212(Al/Cu) when operated under TSA regeneration
conditions.31

To further understand the adsorption behavior and the
interaction mechanisms within MIP-212(Al/Cu), density
functional theory (DFT) calculations were performed. The
DFT binding energy results in Table S11 (Supporting
Information, Section S16) demonstrate that, for the MIP-
212(Al/Cu)-activated structure, CO2 molecules energetically
favor adsorption in Pore I. In contrast, H2O exhibits strong
adsorption sites in both pores I and II: in pore I at the Cu
open metal sites, and in pore II at the μ2−OH groups pointing
toward the pore channel, as shown in Supporting Information,
Section S16, Figure S50. This leads to a competitive
adsorption between CO2 and H2O in pore I. Although
previous studies have reported that coordinated water at open
metal sites may still serve as favorable adsorption sites for
CO2,

41 the occupation of pore space by H2O still reduces the
overall CO2 adsorption capacity. Complementary grand-
canonical Monte Carlo (GCMC) simulations using the
universal force field (UFF) were conducted to compare with
the experimental adsorption isotherms (Supporting Informa-
tion, Section S17, Figure S52). At low pressure, CO2
preferentially adsorbs on the Cu rods, which are reasonably
well described within the UFF framework, resulting in good
agreement between the simulated and experimental isotherms.

Figure 3. (a) Structural representation illustrating the substitution of Cu chains by Zn chains in the MIP-212 framework. (b) Crystal structure of
MIP-212(Al/Zn) displaying two distinct pore domains with AlO6 − gray polyhedron; ZnN4 − purple polyhedron; N − blue; O − red (c) CO2
adsorption isotherms of MIP-212(Al/Cu) and MIP-212(Al/Zn) at 298 K. (d) H2O adsorption isotherms of MIP-212(Al/Cu) and MIP-212(Al/
Zn) at 298 K.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c07605
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c07605/suppl_file/ja6c07605_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07605?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07605?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07605?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c07605?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c07605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


It is to be noted that in GCMC, gas uptake overestimation at
low pressure can arise from the strong polarizing nature of Al
centers.42 The remaining deviation at higher pressures can be
attributed to the use of a rigid-framework approximation in the
GCMC simulations, which does not fully capture the structural
flexibility of MIP-212(Al/Cu) under such conditions.

It is important to note that our investigations indicate that
Cu centers are predominantly present in the cupric oxidation
state. However, in situ preliminary X-ray absorption spectros-
copy (XAS) reveals that upon heating, around 9% of the Cu2+

undergoes partial reduction to Cu+ (Supporting Information,
Section S20, Figure S70) prior to framework degradation (at T
> 240 °C) (for more details, Supporting Information, Section
S20) and eventual formation of Cu°.

Although MIP-212(Al/Cu) exhibits excellent CO2 uptake
and selectivity under dry conditions (15% CO2, 85% N2), its
moderate water uptake capacity at low relative pressures arising
from the presence of Cu open metal sites limits its
performance under humid conditions. To overcome this
limitation, while preserving the favorable confinement and
μ2−OH−CO2 interactions,24 we designed a derivative frame-
work, MIP-212(Al/Zn) (Figure 3a,b). In this material, Zn2+

replaces Cu2+, adopting a tetrahedral coordination with the
PyC2− linker that prevents the formation of open metal sites.
This subtle yet effective modification reduces hydrophilicity
while maintaining the framework stability and CO2 affinity.

MIP-212(Al/Zn) was synthesized via the same solvothermal
method as MIP-212(Al/Cu), using Al(NO3)3·9H2O and
Zn(NO3)2·6H2O as metal precursors. The obtained solid
product was activated and dried under vacuum overnight
(<45% yield, based on H2PyC (Supporting Information
Section S2)). The repeatability of the Zn analogue synthesis
was evaluated using CO2 sorption measurements from eight
independently prepared batches, with full details provided in
(Supporting Information, Section S15).

MIP-212(Al/Zn) was characterized using the same methods
as MIP-212(Al/Cu). FTIR indicated that multiple washes with
polar solvents were insufficient to remove residual linker,
requiring thermal activation at 240 °C for complete activation
following the same procedure as employed for MIP-212(Al/
Cu) (Supporting Information, Section S7, Figure S19). N2
sorption at 77 K revealed the microporous nature of MIP-
212(Al/Zn), showing the characteristic features of a Type I
isotherm and a BET surface area of 585 ± 52 m2/g
(Supporting Information, Section S7, Figure S21). SEM
imaging and EDX analysis were also performed to examine
the morphology and confirm the elemental composition (Al
and Zn) (Supporting Information, Section S5, Figure S15).
TGA performed under an O2 environment up to 600 °C
showed thermal stability up to 400 °C, with ∼14% weight loss
from solvent removal and ∼45.7% from linker decomposition
(Supporting Information, Section S6, Figure S17). Hydrolytic
stability tests in deionized water at room temperature
confirmed no loss of crystallinity after several days (Supporting
Information, Section S9, Figure S36). The main difference
between MIP-212(Al/Zn) and MIP-212(Al/Cu) lies in their
framework structure, as revealed by XRD analysis. HR-PXRD
analysis suggests that washed MIP-212(Al/Zn) adopts the
Ibam space group (n°72) (the Le-Bail plot, Supporting
Information, Section S4, Figures S8−S12). After activation at
240 °C under dynamic vacuum, significant changes in the
PXRD pattern were observed, indicating a structural trans-
formation. In situ synchrotron powder X-ray diffraction

(SRPXRD) study revealed a high-temperature single phase in
the Ibam space group, with a reversible transition upon cooling
to a distorted low-symmetry form. Due to the complexity of
the room-temperature structure, only lattice parameters were
extracted, while full refinement was achieved for the high-
temperature phase only; further details are discussed in the
Supporting Information, Section S4. Tetrahedral coordination
of Zn2+ with PyC2− has been previously reported in several
frameworks. For example, in NUS-5, each Zn2+ center binds
two nitrogen atoms from adjacent ligands and two oxygen
atoms, one from a coordinated water molecule and one from a
neighboring ligand, yielding a 2D layered framework.33

Additionally, tetrahedral zinc coordination was observed in
two distinct IBUs, [Zn4(μ4−O)(CO2)6] and [Zn4(μ4−O)-
(N2)6], reported in a related study.43 Consistently, in MIP-
212(Al/Zn), Zn2+ adopts a tetrahedral coordination environ-
ment in the presence of PyC2−, preventing OMS formation
upon activation.

MIP-212(Al/Zn)-HT resembles the formation of two types
of lozenge-like 1D openings (pores I and II) as in MIP-
212(Al/Cu). The pore apertures in MIP-212(Al/Zn) measure
5.8 × 4.9 Å (pore I) and 6.1 × 5.1 Å (pore II) and do not form
the Zn-OMS upon heating (Figures 1b and 3b and Figure
S13).

The single-component CO2 sorption isotherms (averaged
on eight measurements) showed uptakes of ≈1.41 ± 0.03
mmol/g at 0.15 bar and ≈3.4 ± 0.174 mmol/g at 1 bar (Figure
3c and Supporting Information, Section S15, Figure S49). By
using the Clausius−Clapeyron equation on the single-
component CO2 adsorption isotherms performed at 300,
310, and 320 K, the zero-coverage heat of adsorption was
estimated as −30.5 kJ mol−1 (Supporting Information, Section
S11, Figure S42) for MIP-212(Al/Zn). Using the IAST model,
the CO2:N2 selectivity of MIP-212(Al/Zn) was estimated to
be ca. 32 for 15CO2:85N2 at 298 K and 1 bar (Supporting
Information, Section S12, Figure S44).

The water sorption isotherm of MIP-212(Al/Zn) follows a
two-step pore-filling mechanism (Figure 3d). This behavior is
supported by the crystal structure refinement and DFT
calculations. It revealed that MIP-212(Al/Zn) consists of
two pores with dimensions of 5.8 Å × 4.9 Å (pore I) and 6.1 Å
× 5.1 Å (pore II). DFT calculations further support this
interpretation by identifying two distinct H2O adsorption
environments in MIP-212(Al/Zn), with binding energies of
−35.82 and −46.77 kJ mol−1 for pores I and II, respectively, as
shown in Tables S11 and S12 (Supporting Information,
Section S16). The difference in binding energies between these
adsorption sites is consistent with the experimentally observed
two-step adsorption isotherm.

Moreover, the second step and the associated hysteresis
(Supporting Information, Section S14, Figure S47) together
with the slightly incomplete closure of adsorption and
desorption branches are likely attributed to the slight flexibility
of MIP-212(Al/Zn), evidenced by variable-temperature in situ
SRPXRD measurements (Supporting Information Section
S4.3), rather than to capillary condensation, as both pore
diameters are smaller than the critical pore diameter required
for capillary condensation, thereby excluding the capillary
condensation mechanism (Dcritical = 2 nm at 298 K).44 While
MIP-212(Al/Cu) shows a comparatively high uptake at low
relative pressures, MIP-212(Al/Zn) adsorbs almost one-
quarter of the water MIP-212(Al/Cu) adsorbs at 0.2 bar.
Further understanding of this difference will require dedicated
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structural studies with humidity control, which is beyond the
scope of this work.

The breakthrough results demonstrated that despite MIP-
212(Al/Cu)’s high CO2 performance under dry conditions, it
exhibits a drastic loss (i.e., 53%) in its CO2 sorption capacity at
50% RH. In sharp contrast, MIP-212(Al/Zn) shows only a
moderate decrease (i.e., 28%) under the same conditions
(Figure 4 and Supporting Information, Section S18, Figures

S59−S61). To understand the enhanced CO2 adsorption of
MIP-212(Al/Zn), particularly under humid conditions, we
investigated the interaction of CO2 with the framework using
solid-state 13C NMR and DFT calculations. NMR spectra of
the material dosed with 15% 13C-enriched CO2 revealed a
single resonance at 123 ppm, consistent with physisorbed CO2
within the pore channels. The corresponding 13C CPMAS
spectrum with a short 500 μs contact time showed the same
CO2 resonance alongside unchanged linker carbons, indicating
no carbonate or bicarbonate formation (Supporting Informa-
tion, Section S19, Figures S64 and S65). Moreover, DFT
calculations further suggest that tetrahedrally coordinated ZnII

centers lack OMS, weakening H2O adsorption in pore I. Water
molecules preferentially occupy pore II, while CO2 binds
similarly in both pores (Supporting Information, Section S16,
Table S12), explaining why competitive adsorption of CO2 in
pore I enhances the overall CO2 uptake of MIP-212(Al/Zn)
compared to MIP-212(Al/Cu) under humid conditions.45 In
contrast to MIP-212(Al/Cu), where Cu sites are well
described, UFF-based GCMC simulations for MIP-212(Al/
Zn) overestimate low-pressure CO2 uptake because at low
pressure, CO2 molecules mainly adsorb on the Al rods in pore
II, which are poorly represented by the force field, leading to
an overestimation of CO2 adsorption (Figure S53).42 All these
findings demonstrate that by replacing Cu2+ with Zn2+ centers,
we have effectively mitigated the impact of water on the CO2
sorption capacity of the constructed framework under humid
conditions. Interestingly, when the relative CO2 capacities of
the MIP-212s were compared with the benchmark CALF-20
under 20% and 50% RH, a clear difference in humidity
tolerance was observed (Supporting Information, Figures S61
and S62). MIP-212(Al/Zn) exhibits a smaller relative loss in
CO2 uptake compared to CALF-20, highlighting its strong
tolerance to humidity and its ability to retain a substantial
fraction of its dry CO2 capacity under humid conditions. It
should be noted, however, that the CALF-20 values were
derived from literature data obtained under slightly different
experimental conditions; therefore, this comparison is intended

to be indicative of trends rather than a direct quantitative
assessment.46 This shows the ability to rationally tune water
affinity and CO2 capture performance through M2+ coordina-
tion geometry, without altering the framework topology. While
benchmark materials such as CALF-20 hold clear advantages in
synthetic maturity and scalability, MIP-212 offers a comple-
mentary and transferable design strategy for moisture-tolerant
CO2 capture.

3. CONCLUSIONS
In the quest for high-performing robust adsorbents for
postcombustion CO2 capture, we designed a novel, robust,
bimetallic, heterofunctional (pyrazolate and carboxylate)
linker-based MOF, MIP-212(Al/Cu), based on the HSAB
principle. MIP-212(Al/Cu) is endowed with infinite Al or Cu
based inorganic chains delimiting (i) two types of narrow
tunnel-like pores ensuring confinement effect and diffusion of
CO2 molecules while the two different CO2-philic sites, μ2−
OH groups and Cu open metal sites, offering high CO2
uptakes and moderate selectivity over nitrogen at 298 K; and
(ii) remarkable thermal and water stability. The structure of
MIP-212(Al/Cu) before and after activation was successfully
determined by in situ PXRD methods. Its moderate heat of
adsorption (CO2) value (−36.8 kJ mol−1) as well as its
moderate hydrophilic character are both strong assets for
future low-energy regeneration processes. Both single-compo-
nent isotherms and dynamic breakthrough measurements
demonstrate that MIP-212(Al/Cu) can act as a high-
performer, offering high uptake capacities and desirable
selectivity with enhanced stabilities in postcombustion CO2
capture studies when operated under TSA regeneration
conditions, as predicted by the PrISMa platform.

However, its CO2 sorption capacity decreases under elevated
humidity due to the presence of OMS. To mitigate this
limitation, we substituted Cu2+ with Zn2+, yielding MIP-
212(Al/Zn), in which tetrahedral Zn2+ coordination eliminates
OMS and significantly reduces water interference while
retaining μ2−OH functionality. As a result, MIP-212(Al/Zn)
displays superior CO2 capture performance under 50% RH
conditions, confirmed by both single isotherm and break-
through measurements.

These results establish the MIP-212 platform as a tunable
MOF family, where subtle changes in metal composition
enable precise control over hydrophilicity and CO2 sorption
properties. Future efforts will focus on either (i) expanding the
chemistry of these multifunctional MOFs and (ii) synthesis
optimization, scale-up, shaping, and further advanced separa-
tion testing under realistic flue-gas conditions, alongside the
design of related structures for targeted CO2 capture and other
separation applications.
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analysis; heat of adsorption and IAST selectivity
calculations; comparison of CO2 sorption capacity of
MIP-212 (Al/Cu) with benchmark MOFs for post-
combustion CO2 capture; water sorption analysis;
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■ ABBREVIATIONS
AlF, Al-formate; BET, Brunauer−Emmett−Teller; CALF,
Calgary frameworks; CAU, Christian-Albrechts-University;
DFT, density functional theory; dobpdc, 4,4′-dioxidobiphen-
yl-3,3′-dicarboxylate; DMF, N,N-dimethylformamide; DMSO,
dimethyl sulfoxide; DSS, dynamic solvent system; FTIR,
Fourier transform infrared; GCMC, grand-canonical Monte
Carlo; H2PyC, pyrazole-4-carboxylic acid; HR-PXRD, high-
resolution laboratory powder X-ray diffraction; HSAB, hard−
soft acids−bases; IAST, ideal adsorbed solution theory; IBU,
inorganic building units; IUPAC, International Union of Pure
and Applied Chemistry; MIL, Materials of Institute Lavoisier;
MIP, Materials from Institute of Porous Materials of Paris;
OMS, open metal sites; MOFs, metal−organic frameworks;
PyC, pyrazolate-carboxylate; PrISMa, process-informed design
of tailor-made sorbent materials; ssNMR, solid-state NMR;
TGA, thermal gravimetric analysis; TSA, temperature swing
adsorption; TVSA, temperature-vacuum swing adsorption;
UFF, universal force field; XAS, X-ray absorption spectrosco-
py; VT-PXRD, variable-temperature powder X-ray diffraction;
SRPXRD, synchrotron powder X-ray diffraction
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