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ed phase transformations of CALF-
20: insights into its phase stability and carbon
capture properties†
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Ioannis G. Economou, c Manish Shetty, a Jinsoo Kim *d

and Hae-Kwon Jeong *ab

Calgary Framework 20 (CALF-20) has garnered a great deal of attention as a promising adsorbent for CO2

capture applications due to its high CO2 uptake capacity and excellent stability in humid environments.

Multiple studies have explored its adsorption properties and separation performance, while a few studies

reveal the existence of several phases of CALF-20, including a-, b-, and s-phases. a-Phase (i.e., referred

as CALF-20) is known to transform into b- or s-phase under humid or thermal conditions, respectively.

Computational studies have shown that b-CALF-20 exhibits a higher heat of CO2 adsorption, making it

more suitable for CO2 capture compared to a-CALF-20. However, b-CALF-20, transformed from a-

CALF-20 under humid conditions, is known to be less stable, thus observed only upon moisture

exposure. Here, we demonstrate that b-CALF-20 can be formed solely by thermal treatment of a-CALF-

20 and this thermally-derived b-CALF-20 is significantly more stable and can be readily obtained by

drying as-synthesized CALF-20 at temperatures above 100 °C. Computational analyses corroborate the

experimental results, affirming that the a-to-b phase transformation can be achieved solely through

thermal treatment, without the involvement of water, via a modification in the Zn coordination number

from 5 to 4. More importantly, this study finds that it is challenging to determine gas adsorption

properties of a-CALF-20, as degassing of a-CALF-20 at elevated temperatures under vacuum almost

always leads to its transformation into b-CALF-20. The resultant b-phase demonstrates a CO2 uptake of

2.38 mmol g−1 at 0.1 bar and 30 °C, along with a CO2/N2 IAST selectivity of 222 for a 10 : 90 CO2/N2

mixture, which aligns with previous reports. Consequently, these findings imply that previously reported

gas adsorption properties, including carbon (CO2) capture capacities, may have been measured on the

b-phase of CALF-20, rather than the a-phase.
1 Introduction

Carbon capture by physisorption is very promising due to its
relatively low regeneration energy and simple operation as
compared to other means such as chemisorption and
ngineering, Texas A&M University, 3122

A. E-mail: hjeong7@tamu.edu

gineering, Texas A&M University, 3122

A

University at Qatar, PO Box 23874, Doha,

rated Engineering), Kyung Hee University,

-do 17104, Republic of Korea. E-mail:

tion (ESI) available. See DOI:

is work.

nd Energy Research Center (QEERI),
ar.

of Chemistry 2025
absorption.1–5 Practical carbon capture by physisorption,
however, requires physisorbents exhibiting high specic CO2

uptake capacity and long-term stability under humid
conditions.6–8 In this regard, the zinc-based Calgary Framework
20 (CALF-20) has recently emerged as a promising physisorbent
for CO2 capture due to its high CO2 uptake capacity, comparable
to high-performance zeolites and other MOFs,9–13 and, more
importantly, its excellent stability in thermal, chemical, and
humid environments.14 This stability arises from the geometric
rigidity and strong binding affinity of the 1,2,4-triazolate linker
in CALF-20.9,15,16 Shimizu et al.9 rst reported that CALF-20
exhibited a CO2 capacity of ca. 2.6 mmol g−1 at 0.10 bar CO2

and 20 °C, with a CO2/N2 IAST (Ideal Adsorbed Solution Theory)
selectivity of ca. 230 for a 10/90 CO2/N2 mixture, comparable to
zeolite 13X.17 However, most CO2-selective physisorbents
including zeolite 13X andMOF-74 suffer from signicant loss in
CO2 uptake under humid conditions.6 In contrast, CALF-20
maintains selective CO2 adsorption even at 40% relative
J. Mater. Chem. A
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humidity (RH) owing to its relatively high hydrophobicity
compared to other physisorbents.10,14

Recently, Farha et al.18 rst reported that CALF-20 undergoes
a phase transformation upon exposure to humidity. They found
that as-dried CALF-20, which they termed a-CALF-20, trans-
formed into b-CALF-20 when exposed to humidity above 23%
RH. During the phase transformation, the Zn coordination
number decreases from 5 to 4, likely triggered by hydrogen
bonding between water molecules and oxalate ligands in the
framework. Furthermore, they found that the a-to-b trans-
formation is fully reversible upon exposure of b-CALF-20 to dry
air or vacuum. Importantly, their computational studies
showed that b-CALF-20 exhibited a higher heat of CO2 adsorp-
tion than a-CALF-20 due to its different pore structure. In b-
CALF-20, a CO2 molecule can interact simultaneously with two
oxalate ligands, whereas it can only be in close contact with one
ligand in a-CALF-20. This strongly suggests that b-CALF-20 may
have a higher CO2/N2 selectivity than a-CALF-20. However, they
mentioned the b-to-a phase transformation under dry condition
made it experimentally challenging to measure the gas
adsorption properties of b-CALF-20 since degassing b-CALF-20
would result in its transformation into a-CALF-20.

While we have been independently investigating thermally-
induced phase transformation of CALF-20 powders, we have
encountered the similar observations made by Janiak et al.,19,20

showing the phase transformations of CALF-20 single crystals
upon thermal treatment. Aer heating a-CALF-20 single crystals
at 80 °C for extended periods, they identied two new phases of
CALF-20, s- and g-phases. Both phases showed an increased Zn
coordination number of 6 due to additional coordination with
water, compared to 5 in a-CALF-20 and 4 in b-CALF-20.18

Interestingly, the XRD pattern of s-CALF-20 single crystals
matched that of b-CALF-20 powder sample, despite the differ-
ence in their Zn coordination numbers. Both a- and g-CALF-20
spontaneously transformed into s-CALF-20 over time, while
reversing this transformation proved unsuccessful.19 This irre-
versible transformation is in contrast to the reversible a-to-
b phase transformation under drying condition as observed by
Farha et al.,18 highlighting the need for further clarication of
the a-b-s phase transformation. Moghadam et al.16 also studied
phase transformation of CALF-20 upon exposure to humid
environments. At 20% RH, CALF-20 underwent the a-to-
b transformation similar to that observed by Farha et al.18 When
soaked in water, however, CALF-20 experienced different
structural changes compared to when exposed to low RH. Their
simulations showed that low water loading stabilized a smaller
framework volume, while higher humidity (80% RH) caused
framework expansion due to water condensation inside the
framework. They suggested that hydrophobicity of CALF-20
limited water accommodation, preventing framework expan-
sion at low RH.

In this study, we report that a-CALF-20 can transform into b-
CALF-20 by thermal treatment and demonstrate that this
thermally-derived b-CALF-20 is more stable than a-CALF-20 and
can be readily obtained by drying as-synthesized CALF-20 at
temperatures above 100 °C. These ndings are supported by Ab
Initio Molecular Dynamics (AIMD) results, which examine the
J. Mater. Chem. A
effects of temperature on the structure of a-CALF-20. We used
nite temperature cell AIMD optimization to study the impact
of temperature on the local structure of CALF-20. Based on both
experimental and computational results, we suggest that
previous gas isotherm measurements including carbon capture
measurements were likely conducted on b-CALF-20 rather than
a-CALF-20, as these measurements were performed aer
degassing at temperatures above 100 °C under vacuum, which
would lead to the formation of b-CALF-20.

2 Experimental section
2.1 Materials

Zinc oxalate dihydrate (99.999%) was purchased from Thermo
Fisher Scientic. 1,2,4-Triazole (>98.0%) and methanol (MeOH,
>99.8%) were purchased from Sigma Aldrich. All chemicals
were used as received without further purication.

2.2 Solvothermal synthesis of CALF-20 powder

CALF-20 powders were synthesized using a solvothermal
method as described in the literature.9,18 A precursor solution
was prepared by dissolving 5.00 g of 1,2,4-triazole and 6.60 g of
zinc oxalate in 66 ml of methanol in a 125 ml Teon-lined
autoclave. The solution was then transferred to a preheated
convection oven and reacted at 180 °C for 2 days. Aer reaction,
the autoclave was allowed to cool to room temperature (RT)
naturally. As-synthesized powders were collected by vacuum
ltration and washed with 40 ml of methanol. As-washed
samples were dried in open-air at RT or preheated ovens with
different temperatures for 12 h (80 °C and 150 °C) for further
characterization.

2.3 Characterizations

Powder X-ray diffraction (PXRD) patterns were acquired using
a Miniex II X-ray diffractometer from Rigaku, employing Cu-
Ka radiation (l = 1.5406 Å). Attenuated total reectance Fourier
transform infrared (ATR-FTIR) spectra were obtained using
a Nicolet iS5 spectrophotometer (Thermo Scientic) equipped
with iD7 ATR with a resolution of 2 cm−1 and 50 scans in the
wavenumber range of 4000–400 cm−1. Thermogravimetric
analysis (TGA) was performed with a Q50 apparatus (TA
Instruments) in a temperature range of 25–800 °C with a ramp
rate of 5 °C min−1 under an air ow rate of 50 cm3 min−1.

2.4 Gas adsorption measurements

Prior to gas adsorption measurements, the samples were
degassed under vacuum at 60 °C for 2 h and then at 100 °C for
12 h following described in the literature.9 CO2 and N2

adsorption isotherms at 30 °C were measured using an ASAP
2020 Plus (Micromeritics) covering an absolute pressure range
of 0.0004 to 1 bar. Nitrogen isotherms at 77 K were measured
using an Autosorb iQ-C-MP instrument from Anton Paar
Quanta Tec. The BET surface areas were estimated from the
isotherms at a relative pressure range (p/p0) of 0.01–0.1, while
the micropore volumes were determined by the t-plot method at
p/p0 of 0.2–0.5.
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 PXRD patterns of CALF-20 powders after treatment of as-
synthesized CALF-20 powders (mixed phase) under different drying
conditions in comparison with simulated patterns of a0-, a-, and b-
CALF-20.
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2.5 Computational details

In this work, density functional theory (DFT) calculations were
used to study the structure of CALF-20. All simulations were
performed with the CP2K/QUICKSTEP package,21 utilizing
a plane-wave energy cut-off of 1000 eV and Gamma-point
sampling for the Brillouin zone. The interactions between
core and valence electrons were modeled using the projector-
augmented-wave (PAW) method, while the Perdew–Burke–Ern-
zerhof (PBE)22 generalized gradient approximation (GGA) was
applied for the exchange-correlation functional. Core electrons
were described by Goedecker Teter Hutter (GTH) PBE pseudo-
potentials,23,24 and the DZVP-SR-MOLOPT contracted Gaussian
basis sets were employed for the optimized Gaussian basis sets
(MOLOPT).25 Within CP2K soware, different sets of simula-
tions were performed, either at zero temperature optimization
or nite temperature optimization. The nal simulation struc-
tures output in the form of XRD were analyzed using Mercury
soware26 and structural properties were analyzed using the
zeo++ code.27

We performed ab initio molecular dynamics (AIMD) simu-
lations using the CP2K soware package. The simulations
employed the NPT_F ensemble, which maintains constant
temperature and pressure while allowing uctuations in both
the shape and volume of the simulation cell. Temperature
regulation was achieved using the Canonical Sampling through
Velocity Rescaling (CSVR) thermostat. To investigate the cell
uctuations, the system was simulated at 450 K for a total
duration of 50 ps, with a time step of 1 fs.

Adsorption properties were computed with Grand Canonical
Monte Carlo (GCMC) simulations as implemented in RASPA
soware.28 The adsorption isotherms were evaluated by xing
the chemical potential of the adsorbate in the solid phase
related to the fugacity of the gas adsorbate at a constant
temperature. GCMC simulations were conducted with the
assumption of rigid framework and using experimental struc-
tures at 303.15 K. A combination of a 12-6 Lennard-Jones (LJ)
potential and Coulomb potential was employed to model
adsorbate–adsorbate and adsorbate-MOF interactions. The
partial atomic charges of the framework atoms were generated
via PACMOF.29 The LJ parameters for the framework were
derived from DREIDING force eld.30 For CO2 molecules, force
eld developed by Garcia-Sanchez et al.31 was utilized as other
studies in CALF-20 structure. The Lorentz–Berthelot mixing
rules were used to calculate interactions between dissimilar
species. The LJ potential was truncated at a cutoff distance of
12.8 Å, and tail corrections were applied. Long-range electro-
static interactions were computed using the Ewald summation
method. MC moves were implemented such as insertion/
deletion, translation, rotation and reinsertion. The simula-
tions ran for a total of 100 000 initialization cycles and 100 000
production cycles.28
3 Results and discussion

Fig. 1 presents the PXRD patterns of as-synthesized CALF-20
powders (i.e., powders obtained immediately aer vacuum
This journal is © The Royal Society of Chemistry 2025
ltration and methanol washing), dried under various condi-
tions, alongside the simulated patterns of different CALF-20
phases. The phase of each CALF-20 sample was assigned
based on the simulated patterns.9,18 The simulated pattern by
Shimizu et al.9 corresponds to CALF-20 single crystals (termed
a0-phase) containing ethanol molecules (see Fig. S1†). Later,
Farha et al.18 identied two distinct phases of CALF-20 powders,
a- and b-phases, which do not contain solvent molecules. They
found that b-CALF-20 form when a-CALF-20 powders are
exposed to humid conditions. While we were preparing this
manuscript, it came to our attention that Janiak et al.19 reported
s-CALF-20 single crystals, obtained by heating a0-CALF-20 single
crystals at 80 °C for 7 days, with an XRD pattern similar to that
of b-CALF-20 powders reported by Farha et al.18 (see Fig. S2†).
Fig. S1† presents the crystal structures of these phases along
with unit cell information. It is important to note the differ-
ences in the synthesis conditions for b- and s-CALF-20: Farha
et al.18 investigated CALF-20 powders synthesized using zinc
oxalate dihydrate as the metal precursor and pure methanol as
the solvent, while Janiak et al.19 studied a0-CALF-20 single
crystals synthesized using zinc nitrate hexahydrate and 50%
ethanol, following the same method as Shimizu et al.9 It is
worthy of mentioning here that this difference in the synthesis
conditions has a signicant implication, in that while Farha's a-
CALF-20 powders do not contain much water (mostly meth-
anol), Janiak's a0-CALF-20 single crystals contain water mole-
cules as well as ethanol inside. In this work, we focus on CALF-
20 powders synthesized using the synthesis condition by Farha
et al.18 to examine phase behaviors of CALF-20 from a practical
J. Mater. Chem. A
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perspective. For clarity, we designate the phase obtained by
thermal treatment of a-CALF-20 powders as ‘bT’ to differentiate
it from both b-CALF-20 and s-CALF-20, which result from
exposing a-CALF-20 powders to humid conditions and from
thermally treating a0-CALF-20 single crystals, respectively. It is
noted that the CALF-20 single crystal synthesized in ethanol9 is
referred to as a0-CALF-20 in this study to distinguish it from the
a-CALF-20 phase (i.e., as-activated CALF-20 powders) reported
by Farha et al.18(see Fig. S1†).

As shown in Fig. 1, both the as-synthesized and air-dried
CALF-20 powders exhibit mixed phases (a0– and b-phases). We
found it quite challenging to obtain phase-pure CALF-20.
Nevertheless, based on the intensity of the (011) plane, when
dried in an ambient condition (i.e., air-dried), the sample
contains a higher proportion of the b-phase than the as-
synthesized sample likely due to the adsorption of atmo-
spheric moisture, favoring the formation of the b-phase. Sun
et al.32 made a similar observation, where atmospheric drying at
room temperature for 12 h led to the formation of mixed a0- and
b-phases.

When the as-synthesized CALF-20 powders (mixed phases)
were dried in a preheated oven at different temperatures, the
resulting XRD patterns revealed distinct phases: (1) a-phase
aer drying at 80 °C for 12 h and (2) b-phase aer drying at 150 °
C for 12 h (hereaer, bT-phase). This thermally-induced phase
formation of a-phase to bT-phase was unexpected as Farha
et al.18 reported that b-phase of CALF-20 powders formed when
a-CALF-20 powders were exposed to water vapor. As mentioned
above, however, aer seeing the report by Janiak et al.,19 we
realized that this thermally-induced phase formation of a-phase
to bT-phase could be possible due to the exibility of the CALF-
20 framework.

Interestingly, bT-CALF-20 powders exhibits an XRD pattern
similar to s-CALF-20 reported by Janiak et al.19 (Fig. S2†). It is
reminded that s-CALF-20 contained considerable amount of
water and formed due to an additional coordination of the zinc
centers with water molecules when a-CALF-20 single crystals
(hereaer, a0-CALF-20) were treated at 80 °C for 7 days.19 In
contrast, bT-CALF-20 formed from thermal treatment of a-CALF-
20 powders at temperatures much higher (i.e., 150 °C) than the
thermal conditions employed by Janiak et al.19 It is, therefore,
surmised that our bT-phase is not likely to contain substantial
amount of water, distinctively different from s-CALF-20. Addi-
tionally, the PXRD patterns presented in Fig. 1 were performed
immediately aer removing the samples from the oven, and the
scans were conducted quickly (within ca. 3 min) to minimize
any effects of atmospheric moisture in the X-ray chamber. The
PXRD patterns of both a- and b-CALF-20, covering a broader 2q
range and obtained with a typical X-ray scan rate, are available
in Fig. S3.† The observations made above strongly suggest that
(1) b-phase can be obtained via thermal treatment (i.e., bT-
phase), not only viamoisture treatment by Farha et al.18 but also
that (2) bT-phase is not likely the same as s-phase reported by
Janiak et al.19 since formation of s-phase is possible only with
water molecules inside its framework which is unlikely in the
case of bT-phase (vide infra).
J. Mater. Chem. A
We attempted to conrm the a-to-b transformation upon
exposure to moisture as reported by Farha et al.18 The a-CALF-20
powders were obtained by drying as-synthesized CALF-20 at 80 °
C and exposed to a closed humid chamber (77% RH) containing
a saturated NaCl aqueous solution (see Fig. S4†) at room
temperature. As shown in Fig. S5,† exposure to 77% RH for 1 to
3 h resulted in mixed phases of CALF-20 with the (011) peak of
b-CALF-20 intensifying over time. The sample was fully trans-
formed to b-CALF-20 aer 1 day of moisture exposure, consis-
tent with the ndings of Farha et al.18 Aer prolonged exposure
(i.e., 3 days), however, the sample reverted to the a0-phase of
CALF-20. Recently, Moghadam et al.16 reported similar results,
noting that when exposure to 20% RH and soaking in water, the
XRD patterns of CALF-20 showed b-phase and a0-phase,
respectively, judging from the (011) peak. The formation of a0-
phase was attributed to the expansion of the CALF-20 frame-
work caused by water condensation within the framework,16

conrming the exibility of CALF-20 framework.
To evaluate the stability of the a- and bT-phases obtained by

drying as-synthesized samples at 80 °C and 150 °C, respectively,
both CALF-20 samples were exposed to open air, and their PXRD
patterns were monitored over time. As shown in Fig. S6a,† the a-
phase (obtained by drying at 80 °C) underwent a clear phase
transformation into a mixture of a0– and b-phases likely due to
atmospheric moisture. This transformation stabilized aer 5
days of exposure. In contrast, the bT-CALF-20 (obtained by
drying at 150 °C) showed no phase transformation even aer 10
days of exposure (Fig. S6b†). These results suggest that a-phase
is relatively less stable than bT-phase under atmospheric
conditions. Janiak et al.19 made similar observation in that a-
phase was not as stable based on the fact that a-CALF-20 single
crystals (i.e., a0-phase) spontaneously transformed into s-CALF-
20 single crystals over time. Notably, this a0-to-s-phase trans-
formation turned out irreversable.19

Fig. 2a shows the FTIR spectra of CALF-20 samples treated
under different drying conditions. Like the PXRD measure-
ments, all FTIR measurements were conducted immediately
aer removing the samples from the oven to minimize atmo-
spheric moisture effects. The spectra for all samples display
characteristic bands corresponding to the functional groups of
CALF-20. Notable differences are observed around the wave-
number ca. 3400 cm−1, corresponding to O–H bond stretching.
The as-synthesized sample exhibits the strongest O–H stretch-
ing peak, more likely due to residual methanol than to water
within the CALF-20 framework. Aer air drying for 12 h,
although the O–H absorbance decreases signicantly, the
absorbance remains, possibly due to residual methanol and
adsorbed atmospheric water molecules. In contrast, both a- and
bT-CALF-20 samples, obtained by drying at 80 °C and 150 °C,
respectively, show no distinct broad O–H band in this region,
conrming the effective removal of methanol (and water) in
these samples. This proves that unlike s-CALF-20, our bT-CALF-
20 has neither residual methanol nor water molecules coordi-
nated with the zinc centers.

Fig. S7† presents the TGA curves of a- and bT-CALF-20
powders. Both samples exhibit weight loss below ca. 100 °C
and 60 °C, respectively, due to the removal of guest molecules
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Fourier transform infrared (FTIR) spectra of CALF-20: (a) treated
under different drying conditions and (b) comparison between ther-
mally-derived bT-CALF-20 vs. moisture-derived b-CALF-20.
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(i.e., methanol and/or water). Notably, a-CALF-20 shows
a higher weight loss (ca. 7.2 wt%) compared to bT-CALF-20 (ca.
4.9 wt%). This difference stems likely from the possible pres-
ence of residual methanol in a-CALF-20. On the other hands, bT-
CALF-20 treated at 150 °C is expected to contain no residual
methanol. The weight loss below ca. 60 °C is likely due to
adsorbed water during the sample preparation and TGA
measurement. It is worth noting here that g-CALF-20 reported
by Janiak et al.,19 obtained by heating a-CALF-20 single crystals
at 80 °C for 10 days, showed a higher weight loss (ca. 11 wt%)
due to the removal of guest molecules (both ethanol and water)
than our bT-CALF-20 powders. Although TGA data on s-CALF-20
was not provided in their report,19 it is speculated that s-CALF-
20 single crystals contained more water molecules than g-CALF-
20 single crystals since they were treated at the same tempera-
ture but for shorter time (7 days vs. 10 days).

Fig. 2b compares the FTIR spectra of two b-CALF-20 samples,
thermally-derived (bT) and moisture-derived (b). Unlike the
thermally-derived bT-CALF-20 powders (dried at 150 °C), the
moisture-derived b-CALF-20 (exposed to 77% RH) shows
notable O–H peak at ca. 3400 cm−1. It is noted that both b-CALF-
20 powders and s-CALF-20 single crystals reported by Farha
et al.18 and Janiak et al.,19 respectively, exhibited distinct O–H
peaks in their FTIR spectra. This suggests that, unlike previous
reports,18,19 b-CALF-20 (or s-CALF-20) can be stabilized without
water molecules coordinated to the framework. Furthermore,
This journal is © The Royal Society of Chemistry 2025
there is a blue shi of the C]O bands of oxalate groups in the
thermally-derived bT-CALF-20 as compared to the moisture-
derived b-CALF-20, indicating stronger interaction of oxalate
groups and zinc centers in bT-CALF-20. It is noted that the C]O
bands of a- and bT-CALF-20 show no signicant differences in
terms of peak position and broadening (see Fig. 2a). These
observations indicate that the formation of bT-phase does not
necessarily involve interactions between the C]O bonds of
oxalate groups and water molecules as in the case of b-phase
formation proposed by Farha et al.18

The observed irreversible a-to-bT transformation at higher
temperatures implies that the b-phase represents a lower-
energy state at elevated temperatures, as additional thermal
energy likely facilitates overcoming activation barriers between
the phases. Furthermore, the reduced cell volume of b-phase
compared to a-phase (Fig. S1†) indicates a denser packing of the
framework.33 This increased density may enhance energetic
stability by minimizing free space within the structure.

Fig. 3a presents the PXRD patterns of CALF-20 samples aer
degassing prior to isotherm measurement and aer CO2

isotherm measurement in comparison with that of as-
synthesized powders. The adsorption measurements were
conducted on as-synthesized CALF-20 powders aer degassing
at 60 °C for 2 h and subsequently at 100 °C for 12 h under
vacuum, following a protocol by Shimizu et al.9 Consistent with
the above observations, the PXRD pattern aer thermal
degassing under vacuum conrms the transformation of mixed-
phase to bT-phase. The BET surface area and micropore volume
were estimated to be ca. 531 m2 g−1 and 0.207 cm3, respectively,
based on the N2 adsorption isotherm at 77 K (Fig. S8a†). These
values align well with those reported in the literature (Table
S1†).9,13,16,18 Fig. S8b† presents the CO2 and N2 adsorption
isotherms at 30 °C. The sample exhibited a CO2 uptake capacity
of ca. 2.38 mmol g−1 at 0.1 bar and a CO2/N2 IAST selectivity of
ca. 222 for a 10 : 90 CO2/N2 mixture. These results are consistent
with previously reported values on CALF-20 (Table S1†). bT-
phase remained stable even aer the CO2 isotherm measure-
ments (Fig. 3a). Notably, our repeated attempts to obtain acti-
vated a-CALF-20 samples aer degassing under various
conditions proved unsuccessful. This is because extensive
degassing of a-CALF-20 powders, required for precise isotherm
measurements, invariably resulted in the formation of bT-CALF-
20. Fig. 3b compares the experimental CO2 isotherm of our bT-
CALF-20 and that of CALF-20 reported by Shimizu et al.,9

showing only minor differences. This observation suggests that
the gas adsorption properties of CALF-20, such as carbon
capture, previously reported in the literature might be based on
bT-CALF-20 rather than a-CALF-20.

To computationally investigate the structural behavior of
CALF-20 in the absence of solvents, Density Functional Theory
(DFT) and Molecular Dynamics (MD) simulations were
employed to optimize the framework at nite temperatures. MD
simulations in the NVT ensemble were conducted over
a temperature range of 300–700 K to examine changes in Zn
coordination. At 300 K and 450 K, the Zn coordination number
of 4 was observed, consistent with the b-CALF-20 phase, while a-
CALF-20 has the coordination number of 5, as reported by Farha
J. Mater. Chem. A
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Fig. 3 (a) PXRD patterns of CALF-20 after degassing and after CO2 isotherm measurement in comparison with that of as-synthesized powders
along with simulated patterns and (b) CO2 isotherm of our bT-CALF-20 in comparison with that of CALF-20 reported by Shimizu et al.4 (inset:
a semi-log plot).
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et al.18 As the temperature increased, CALF-20 was transformed
from a-CALF-20 to b-CALF-20 in terms of Zn coordination,
suggesting that temperature-induced transformations under
vacuum conditions might stabilize the b-phase. However, no
discernible shis in XRD peaks were observed during these
simulations, highlighting the need for further investigation.

Additionally, AIMD simulations in the NPT ensemble were
performed at 450 K over 50 ps with a time step of 1 fs. Starting
from the a-CALF-20 structure, changes in Zn coordination
(Fig. S9†) and new peaks in the XRD pattern (Fig. 4a) were
observed. A comparison of AIMD snapshots with DFT-
optimized structures of a- and b-phases revealed that struc-
tural uctuations resulted in b-CALF-20 phase characteristics in
the simulated XRD patterns. These ndings suggest that CALF-
20 undergoes phase uctuations at elevated temperatures, with
cell volumes oscillating between 697.7 Å3 and 767.7 Å3. This
study indicates that a-CALF-20 can transform into b-CALF-20
through thermal stimulation alone, driven by changes in Zn
coordination, without the involvement of water, which
contrasts the reports by Farha et al.18 and Janiak et al.19 These
simulation results align with our experimental observations,
where b-CALF-20 (i.e., bT-CALF-20) was obtained by heating a-
CALF-20 at 150 °C for 12 h.

Atomistic GCMC simulations were performed to predict the
CO2 adsorption capacities of both a- and b-CALF-20. Structural
models from previous studies by Shimizu et al.9 and Farha
et al.18 were used for the computations. The results show that
the CO2 adsorption capacities of a- and b-CALF-20 are compa-
rable at 1 bar and 30 °C (Fig. 4b). Notably, the calculated CO2

capacity of s-CALF-20 (ca. 2.5 mmol g−1 at 1 bar and 25 °C) re-
ported by Janiak et al.,19 which exhibits an XRD pattern similar
to that of b-CALF-20, was signicantly lower than that of CALF-
20 (ca. 4mmol g−1 at 1 bar and 25 °C) reported by Shimizu et al.9
J. Mater. Chem. A
This supports the hypothesis that earlier experimental adsorp-
tion measurements in reports were likely conducted on b-CALF-
20 rather than a-CALF-20, as previously discussed. While the
adsorption properties of the two phases are similar, differences
in their diffusion behaviors are expected due to the twisting of
oxalate linkers and the more compact porous structure of b-
CALF-20. These structural differences could signicantly inu-
ence the kinetics of gas transport, a factor not explicitly
addressed in this study. However, a preliminary investigation
into diffusion behavior has been reported previously.18 To fully
elucidate the impact of these structural variations on gas
separation performance, future work should focus on compre-
hensive studies of diffusion coefficients and transport
properties.

Integrating the ndings from Farha et al.18 and Janiak et al.19

with our results, we propose that the a-to-b phase trans-
formation in CALF-20 is driven by a change in Zn coordination
number from 5 to 4, which can be induced by either moisture or
thermal effects. It is plausible that the s-CALF-20 phase,
exhibiting a similar XRD pattern to b-CALF-20 as reported by
Janiak et al.,19 was inuenced by both moisture and thermal
factors. Their drying process for a-CALF-20 at 80 °C over 7 days
may not have been sufficient to completely remove water
molecules from the framework. This incomplete removal could
have permitted water to coordinate with the CALF-20 structure
along with the formation of thermally-derived stable b-CALF-20,
potentially leading to the lower CO2 uptake predicted by simu-
lation for s-CALF-20 compared to a- and b-CALF-20.19

Experimental observations from both our study and Janiak
et al.19 indicate that b-CALF-20 (or s-CALF-20) is more stable
than a-CALF-20 and cannot revert to the a-phase. In contrast,
Farha et al.18 reported that moisture-derived b-CALF-20 could be
transformed back to a-CALF-20 upon the removal of water from
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) XRD patterns of CALF-20 under thermal variations obtained
through AIMD simulation at 450 K and 1 bar, alongside reference
simulated patterns of a- and b-CALF-20 adapted from Farha et al.13

and (b) CO2 isotherms at 30 °C of literature a and b-CALF-20 struc-
tures using GCMC simulations performed in this work.
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the framework. Farha et al.18 hypothesized that the a-to-
b transformation arises from hydrogen bonding between water
and oxalate groups, which alters Zn coordination from 5 to 4.
On the other hand, Janiak et al.19 suggested that the trans-
formation involves additional coordination of Zn with water,
increasing the coordination number to 6. These differing
interpretations, combined with our ndings, highlight the
complexity of the a-to-b phase transformation and underscore
the need for further investigation to elucidate the precise
mechanisms. Revisiting these phenomena may provide valu-
able insights into the interplay of thermal and moisture effects
on the CALF-20 framework, which eventually affect the carbon
capture properties of the framework and their performance
under high humidity.

4 Conclusions

In this study, we examined the phase transformation and
stability of CALF-20 under various environmental conditions,
This journal is © The Royal Society of Chemistry 2025
including atmospheric, humid, and thermal conditions. While
the moisture-induced a-to-b phase transformation of CALF-20
has been reported previously, our ndings demonstrate that
this transformation can also be achieved through thermal
treatment. Specically, b-CALF-20 (i.e., bT-CALF-20) was
consistently obtained by drying or degassing as-synthesized
powders at temperatures exceeding 100 °C. We observed that
a-CALF-20 was relatively unstable, undergoing phase changes
even under mild conditions such as atmospheric exposure at
room temperature, resulting in mixed phase. In contrast, the
thermally-derived bT-CALF-20 exhibited remarkable stability
under similar conditions. Our molecular simulations support
these experimental observations, showing that thermal treat-
ment of a-CALF-20 in a solvent-free environment induces
localized and structural modications, leading to the formation
of bT-CALF-20. Notably, the gas adsorption properties of bT-
CALF-20 observed in this study closely resemble those reported
in prior studies.9,13,18 While direct comparisons are limited, this
similarity suggests that previous measurements of gas adsorp-
tion isotherms of CALF-20, particularly for carbon capture, may
have been conducted on the bT-phase, possibly formed inad-
vertently during sample activation or processing. These nd-
ings underscore the importance of clearly identifying and
reporting the structural phase of CALF-20 when evaluating and
comparing material properties across studies.
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