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metal–organic framework
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and Jianwen Jiang *

Adsorption in nanoporous adsorbent materials is considered a viable technology for CO2 capture. With

intrinsic structural transition and tunable working capacity, flexible metal–organic frameworks (MOFs)

hold great potential for energy-efficient CO2 capture. Transitioning MOFs from laboratory-scale to

practical capture requires in-depth understanding of their structural behavior and adsorption

performance. Nevertheless, interpreting the fundamental mechanism underlying their flexibility from

a molecular level poses a significant challenge. Herein, we employ hybrid Monte Carlo/molecular

dynamics simulations to explore CO2-induced structural transition of a flexible MOF (X-dia-2-Cd).

Stepped isotherms are predicted at different response pressures during CO2 adsorption, which agree

well with experiments at both 195 K and 273 K. Structural transition from a narrow pore (Np) phase to

a large pore (Lp) phase is observed and revealed to be driven primarily by the deformation of Cd metal

nodes. CO2 diffusion is substantially accelerated upon the structural transition from the Np to Lp phase.

Moreover, the mechanical strength of X-dia-2-Cd is found to be preserved during the structural

transition. From this study, we provide quantitative understanding in the flexibility of X-dia-2-Cd and

unravel the microscopic mechanism underlying CO2-induced structural transition by linking its local

elastic behavior to multiphase stability. These microscopic insights offer valuable guidance for the

rational design of new flexible MOFs for CO2 capture and other industrially important gas adsorption

processes.
1 Introduction

Gas adsorption in nanoporous materials has attracted consid-
erable attention due to its potential to address persistent chal-
lenges across various industrial applications including
energy,1–3 environment,4,5 and healthcare elds.6 In the context
of clean energy, there is an increasing drive to reduce CO2

emissions from energy production.7,8 Metal–organic frame-
works (MOFs), characterized by their highly diverse topologies
and easily tunable pore sizes, have attracted considerable
interest and exhibit superior performance in gas storage and
separation.9–11 A subset of these materials, exible MOFs,
features dynamic frameworks that can change structures and
properties in response to external stimuli.12–16

While there were a large number of studies on gas adsorp-
tion in exible MOFs, very few investigated how their mechan-
ical strength varies during adsorption process. Typically, the
stiffness of a porous material is enhanced upon adsorption. For
instance, through molecular dynamics (MD) simulations, Ortiz
et al.17 revealed that the presence of CH4 in ZIF-8 signicantly
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yu96@nus.edu.sg; chejj@nus.edu.sg

f Chemistry 2026
increased the mechanical stability of framework. In contrast,
exible MOFs usually exhibit greater stiffness in a guest-free
contracted phase compared to a guest-loaded expanded phase
due to complex framework rearrangements and sophisticated
intermolecular interactions. Neimark et al.18 employed mercury
intrusion experiments and demonstrated that compressing
MIL-53(Cr) into a narrow pore phase caused a vefold increase
in its bulk modulus from about 2 to 10 GPa. This nding was
further corroborated by molecular simulations on MIL-53(Cr).19

Generally, the mechanical stability of guest-loaded exible
MOFs during phase transition remains elusive. Such transition
can be viewed as a mechanical response of framework to stress
imposed by guest molecules.20 Recent experiments demon-
strated that the shaped pellets of exible MIL-53(Al)-OH and
MIL-53(Al)-OH2 could not withstand the mechanical stress
associated with phase transitions during gas adsorption–
desorption cycles, leading to disintegration upon exposure to
high-pressure CH4 adsorption.21 Consequently, understanding
the inuence of gas adsorption on the stiffness of exible MOFs
is indispensable for determining their mechanical stability or
failure.

To precisely describe the mechanical response of exible
MOFs upon gas adsorption, accurate and reliable
J. Mater. Chem. A, 2026, 14, 15721–15734 | 15721
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representation of structural transition is essential; nevertheless,
modeling such transition is technically challenging. In recent
years, several computational approaches have emerged to
investigate guest-induced structural transition in exible MOFs.
Ghou et al. employed a hybrid osmotic Monte Carlo (HOMC)
scheme to monitor CO2-induced transition among discrete
phases (Cp, Np and Lp) of MIL-53(Cr).22 Agrawal and Sholl
introduced a exible snapshot approach to assess adsorption in
a series of MD-generated frameworks by neglecting potential
guest-induced structural transition.23 Building on this idea,
Rogge et al. coupled MC and MD (MC/MD) simulations in an
osmotic ensemble to capture the structural transition of MIL-
53(Al), allowing for shape variations at a xed volume.24

However, these above approaches require prior knowledge of
the exible behavior of a MOF and rely on experimentally
available structures along the transition pathway. More gener-
ally, simulations can be carried out starting from a single di-
scretized structure of a MOF. We precisely captured N2-induced
structural transition of ZIF-8 using the hybrid Gibbs-ensemble
MC/MD (GEMC/MD) method25 and further examined the
adsorption of C1–C4 alcohols in ZIF-8 through the hybrid grand-
canonical MC/MD (GCMC/MD) method.26 Yu et al. applied the
hybrid GCMC/MD method to examine CO2-induced breathing
behavior starting from the Lp phase of MIL-53.27 More recently,
we developed a systematic approach to incorporate structural
exibility into high-throughput computational screening of
MOFs for xylene separation.28 With this method, we also
quantitatively evaluated the structural transition induced by C4

alkanes and olens in exible Flex-Cd-MOF-2a.29 Apparently,
accurate force elds (FFs) are essential to reliable simulations of
structural transition during adsorption in exible MOFs. A
handful of FFs such as MOF-FF30 have been shown to accurately
reproduce the experimental structures and adsorption behavior
of certain exible MOFs; however, they are typically tailored to
specic MOFs and possess limited transferability. General FFs,
including the universal FF (UFF)31 and UFF4MOF,32,33 are more
broadly applicable but require careful validation, particularly
for exible MOFs where signicant structural deformation
occurs.

Although adsorption-induced stress has been studied as
a trigger for phase transition in MIL-53(Al),34 the evolution of
mechanical strength in guest-loaded frameworks during phase
transition remains largely unexplored. Fundamental under-
standing of how guests inuence mechanical strength is
particularly intriguing and relevant during the processing and
shaping of exible MOFs in industrial applications. In this
study, we investigate CO2-induced continuous transition from
a narrow pore (Np) phase to a large pore (Lp) phase in a exible
MOF, namely X-dia-2-Cd (Fig. 1a–c).12 Fig. 1d illustrates the Cd-
centered tetrahedral building block that assembles into an
interpenetrated adamantoid cage in X-dia-2-Cd. In addition to
quantitatively reproducing experimental CO2 adsorption
isotherms at 195 and 273 K, we also predict the evolution of
mechanical strength induced by CO2 adsorption (Fig. 1e). While
this work is focused on a specic MOF, the microscopic insights
could be generalized to other exible MOFs, thereby supporting
15722 | J. Mater. Chem. A, 2026, 14, 15721–15734
the anticipation of similar structural responses to various
adsorbates.
2 Methodology
2.1. Force elds

Fig. S1 illustrates the atomic types of X-dia-2-Cd. The intra-
framework interactions were mimicked by bonded and non-
bonded potentials. The bonded potential comprised bond
stretching and bending and proper and improper torsional
terms:

Ubonded = Ustretching + Ubending + Uproper + Uimproper (1)

Ustretching =
P

kb(r − r0)
2 (2)

Ubending ¼
X kq

n2
½1� Bð�1ÞncosðnqÞ� (3)

Ubending =
P

kq[C
bend
0 + Cbend

1 cos(q) + Cbend
2 cos(2q)] (4)

Uproper =
P

kf[1 + d cos(nf)] (5)

Uimproper =
P

kx[C
imp
0 + Cimp

1 cos(x) + Cimp
2 cos(2x)] (6)

where kb, kq, kf, and kx are the force constants, r, q, f, and x are
bond lengths, bond angles, proper and improper torsional
angles, r0 is the equilibrium value, B and d are the phase factors
and were set −1 or 1, n refers to periodicity, and Cbend

i and
Cimp
i are dimensionless coefficients dening the angle bending

and improper torsional potentials, respectively. The potential
parameters were derived from UFF4MOF,32,33 as listed in Tables
S1–S6. The non-bonded potential included Lennard–Jones (LJ)
and coulombic terms:

Unon-bonded = ULJ + Ucoulombic (7)

ULJ ¼
X

43ij

"�
sij

rij

�12

�
�
sij

rij

�6
#

(8)

Ucoulombic ¼
X qiqj

4p30rij
(9)

where 3ij is the well depth, sij is the collision diameter, and rij is
the distance between two atoms. qi and qj are the atomic
charges, and 30 is the dielectric constant. CO2 molecule was
represented using the transferable potentials for phase
equilibria-united atoms (TRAPPE-UA).35 In simulation studies
of gas adsorption in MOFs, the atomic charges of frameworks
are usually evaluated from DFT-trained machine-learning
models, as implemented in PACMOF,36 PACMAN,37 and
MEPO-ML.38 We attempted to simulate CO2 adsorption
isotherms in X-dia-2-Cd at 273 K using various charge methods.
Fig. S2a shows that PACMOF captures the CO2-induced struc-
tural transition of X-dia-2-Cd well and gives the best agreement
with the available experimental isotherms. Consequently,
PACMOF was used to derive the atomic charges of X-dia-2-Cd.
With the PACMOF charge method, we further compared the
isotherms using various FFs. As demonstrated in Fig. S2b,
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Cd2+ metal node, 4-((4-(1H-imidazole-1-yl)phenylimino)methyl)benzoic acid (HImbz) linker, and topology of X-dia-2-Cd. (b) CO2

adsorption isotherms at 195 K and 273 K. (c) Schematic of guest-induced phase transition in X-dia-2-Cd. (d) Cd-centered tetrahedral building
block and an adamantoid cage. (e) Mechanical properties of CO2-loaded X-dia-2-Cd in Np and Lp phases, respectively.
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UFF4MOF32,33 outperforms UFF-x-metal39 and Dreiding40 in
predicting CO2 adsorption in X-dia-2-Cd. Among the three FFs,
UFF4MOF is the only one that correctly predicts the structural
transition of X-dia-2-Cd and it also accurately predicts CO2

uptakes over a very wide pressure range from 0 to 30 bar. The
FFs adopted (PACMOF + UFF4MOF) are expected to be also
applicable across a wide temperature range, providing insights
into CO2 adsorption behavior where experimental data are
lacking.
2.2. Simulation methods

Based on the above FFs, we rst relaxed the structure of X-dia-2-
Cd using a supercell (2 × 2 × 2 unit cells) of the Np phase. This
FF-relaxation was performed via conjugate gradient energy
minimization in the LAMMPS package,41 with the supercell
shape and volume allowed to vary. To validate the relaxed
This journal is © The Royal Society of Chemistry 2026
structure, DFT calculations were conducted using the PADE
exchange–correlation functional with the BFGS algorithm, as
implemented in the CP2K package.42 All the atoms except Cd
were treated using the GPWmethod with the TZVP basis set and
GTH pseudo-potentials, while the DZVP-SR basis set was used
for Cd atom. The plane wave cutoff for electron density was set
to 400 Ry.

The FF-relaxed structure was used to simulate CO2 adsorp-
tion in X-dia-2-Cd. To account for framework exibility, the
hybrid GCMC/MDmethod was adopted. In this protocol, GCMC
simulations were rst performed in the Np phase at a given
pressure; thereaer, MD simulations were carried out to allow
structural variation. The iterative GCMC/MD loops were con-
ducted using a revised TAXI interface27 as in our previous
work.28,29 The iteration was repeated for a minimum of 10 loops
before convergence was achieved (Fig. S3 and S4). The Gelman–
J. Mater. Chem. A, 2026, 14, 15721–15734 | 15723
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Rubin diagnostic factor (R-factor)43,44 was adopted to determine
convergence, dened as:

R ¼ mþ 1

m

B

W
þ n� 1

n
(10)

where m is the number of iterations used for convergence
assessment, set to four in this study, n is the number of
sampling cycles per iteration, B corresponds to the variance
among the means of the m iterations, and W is the average of
variances within each iteration. Given the large n used in the
GCMC simulation, the second term in the formula tends to be
equal to one. An R-factor near one signals convergence, while
a greater value indicates that additional sampling is needed. In
this work, an R-factor threshold of 1.5 (Fig. S5 and S6) was
adopted as the convergence criterion for CO2 adsorption, which
is commonly used as a threshold in hybrid GCMC/MD
simulations.28,29,45–48 Concurrently, the evolution of lattice
parameters was tracked during the simulation (Fig. S7–S10).
While the supercell lattice parameters were found to stabilize
upon reaching convergence, a more accurate determination
would require the R-factor.

In the hybrid GCMC/MD protocol, GCMC simulations were
performed in the RASPA package.49 For CO2 adsorption at 195 K
and 273 K, each GCMC simulation included 20 000 cycles,
equally divided into equilibration and production. Four types of
trial moves including translation, rotation, reinsertion and
swap were conducted. MD simulations were carried out in the
LAMMPS package41 for the CO2-loaded structure. Each MD
simulation lasted for 0.2 ns, with 0.1 ns in a canonical (NVT)
ensemble and 0.1 ns in an isothermal isobaric (NPT) ensemble.
Temperature and pressure were regulated via a thermostat and
barostat with a 0.1 ps coupling constant. A time step of 1 fs was
used for integrating the equations of motion. Periodic boundary
conditions were applied in all three directions. The LJ interac-
tions were calculated using a spherical cutoff of 12.8 Å, with the
cross LJ interactions evaluated by the Lorentz–Berthelot mixing
rules. The coulombic interactions were treated using Ewald
summation, while those between framework atoms were
excluded.39,50 The hybrid GCMC/MD iterations allowed X-dia-2-
Cd structure to vary during CO2 adsorption. As CO2 loading
increased (i.e., at a high pressure of CO2), structural transition
from the Np to Lp phase was observed (Fig. 1b and c). CO2

adsorption isotherms at 195 K and 273 K were simulated,
starting from the Np phase over pressure ranges of 0.001 to 1.0
bar and to 30 bar, respectively. At each pressure, adsorption
capacity was averaged over ve independent runs and reported
using the excess amount to ensure direct comparison with
experimental data.
2.3. Characterization

To characterize X-dia-2-Cd structure, the distributions of three
representative angles (O–Cd–O, N–Cd–N and O–Cd–N) in Cd
metal nodes were calculated in both Np and Lp phases. More-
over, the structural proles of Cd–Cd pairs and CO2 molecules
in X-dia-2-Cd were estimated via radial distribution function
(RDF):
15724 | J. Mater. Chem. A, 2026, 14, 15721–15734
gijðrÞ ¼ Nijðr; rþ DrÞV
4pr2DrNiNj

(11)

where r is the distance between atoms i and j, Nij(r, r + Dr) is the
number of atoms j around center atoms i with a spherical cutoff
from r to r + Dr, V is the system volume, and Ni and Nj are the
numbers of atoms i and j, respectively. The C atoms of CO2

molecules were taken as the center. Meanwhile, the dynamics of
CO2 molecules in X-dia-2-Cd was quantied by mean-squared
displacement (MSD):

MSDðtÞ ¼ 1

N

XN
i¼1

D
jriðtÞ � rið0Þj2

E
(12)

where N is the number of molecules and ri(t) is the position of
particle i at time t. To improve statistics, the multiple time
origin scheme was employed.51 To calculate angle distributions,
RDFs and MSDs, congurations from the last four hybrid
GCMC/MD iterations were used. In each conguration, CO2

molecules were loaded into X-dia-2-Cd, energy minimized using
the conjugate gradient method, and followed by MD simula-
tions. The initial 20 ns MD simulation was performed in
a microcanonical (NVE) ensemble using the Berendsen ther-
mostat to reach equilibrium. Thereaer, a 20 ns MD simulation
was conducted in a canonical (NVT) ensemble, employing the
Nosé–Hoover thermostat with a relaxation time of 0.1 ps.
Throughout these simulations, the MOF framework was treated
as fully exible, with all atom positions allowed to change freely.
2.4. Mechanical properties

2.4.1. Explicit deformation method. The bulk moduli of
empty and CO2-loaded X-dia-2-Cd were calculated at 0 K and
0 atm using the explicit deformation method. The initial
structures were obtained from the nal snapshots of hybrid
GCMC/MD simulations at 273 K. In this method, a structure was
rst optimized via two consecutive procedures: (1) a conjugate
gradient (CG) algorithm with anisotropic cell relaxation at zero
pressure, and (2) the FIRE algorithm under a xed cell shape
and volume. The CG-FIRE loop was repeated ve times with
a small perturbation introduced between cycles to ensure
convergence, using a tolerance of 10−15 and a maximum of 105

iterations per loop. Subsequently,±1% strain was applied along
each lattice direction, and atomic positions were relaxed by MD
simulations. The elastic stiffness tensor was then derived from
the stress tensor of deformed structure.52,53 It is worth noting
that the explicit deformation method relies on the generalized
Hooke's law and is thus applicable only in the elastic (linear)
regime. As shown in Fig. S11, the bulk modulus of CO2-loaded
X-dia-2-Cd is observed to remain nearly identical over a range of
small strains, with a relative standard deviation of less than 2%,
conrming the validity of the linear elasticity assumption.

2.4.2. Strain-uctuation method. To analyze the mechan-
ical properties of CO2-loaded X-dia-2-Cd at nite temperatures,
the strain-uctuation method was employed in a (N, s, T)
ensemble.54,55 The initial structures were obtained from the
nal snapshots of hybrid GCMC/MD simulations. In this
method, a structure was rst equilibrated for 2 ns in a NPT
This journal is © The Royal Society of Chemistry 2026
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(aniso) ensemble, followed by an additional 2 ns equilibration
in a NPT (tri) ensemble. In the production run, the simulation
was performed in a NPT (tri) ensemble for 4 ns, during which
the cell parameters were collected every 10 fs. At a given
temperature and pressure, the simulation was conducted using
the Nosé–Hoover thermostat and barostat with a coupling
constant of 0.1 ps and 1 ps, respectively. A time step of 1 fs was
used. To evaluate mechanical properties, the full elastic stiff-
ness tensor C was extracted from the uctuations of the 2 × 2 ×

2 supercell matrix h using the following relation:�
kBT

V

�
Cijkl

�1 ¼ �
3ij3kl

�� �
3ij
�h3kli (13)

where kB is the Boltzmann constant, Cijkl represents the
components of the fourth-order elastic stiffness tensor C, h3i
refers to the time average of 3, and 3 is the strain of the 2× 2× 2
supercell dened as follows:

3 ¼ 1

2

��
h0

T
��1

hThh0
�1 � 1

	
(14)

where h0 is the reference supercell, taken as the time-averaged
supercell over the production trajectory. The elastic stiffness
tensor was extracted aer the convergence of supercell volume
(Fig. S12 and S13) and elastic constants (Fig. S14–S17). From the
elastic stiffness tensor, key mechanical properties, including
bulk moduli K, linear compressibility b, Young's moduli E, and
shear moduli G, were calculated using the ELATE code.56 For
consistency, all the reported elastic constants were based on the
Hill averaging scheme (see Section S4 in the SI).

3 Results and discussion
3.1. Structural properties

Fig. S18 compares DFT-optimized and FF-relaxed structures
with the experimental structure of X-dia-2-Cd in the Np phase.
The three structures appear rather similar, with lattice
constants and volumes summarized in Table S7. Notably, the
lattice constants and volume from the FF-relaxed structure are
in closer agreement with experimental values than those of the
DFT-optimized structure. This conrms that the FF (UFF4MOF)
adopted provides a reliable description of X-dia-2-Cd.

3.2. CO2 adsorption in X-dia-2-Cd

As demonstrated in Fig. S2, the FFs (PACMOF + UFF4MOF) can
successfully reproduce the experimentally observed structural
transition of X-dia-2-Cd upon CO2 adsorption and accurately
predict CO2 uptakes at 273 K. Fig. 2 shows CO2 adsorption
isotherms at both 195 and 273 K. Remarkable agreement is
observed between simulations and experiments at both
temperatures, particularly in reproducing the stepped struc-
tural transition from the Np to Lp phase, which manifests as
three distinct regions. In Region I (Np phase), CO2 uptakes
increase with pressure from 6.3 to 31.2 cm3 g−1 at 195 K (0.001
bar# P# 0.05 bar) and from 0.1 to 37.5 cm3 g−1 at 273 K (0.001
bar# P# 5 bar). Region II corresponds to the gradual transition
from the Np to Lp phase, during which CO2 uptakes increase
from 31.2 to 83.8 cm3 g−1 at 195 K (0.05# P# 0.2 bar) and from
This journal is © The Royal Society of Chemistry 2026
37.5 to 72.1 cm3 g−1 at 273 K (5 # P # 7.5 bar). Region III (Lp
phase) shows nearly saturated CO2 uptakes, reaching 94.2 cm3

g−1 at 195 K and 87.9 cm3 g−1 at 273 K. Notably, the uptakes at
both temperatures in Region I are slightly overestimated by
simulations. This can be attributed to the LJ parameters in
UFF4MOF, which systematically overpredict CO2 adsorption at
low pressures.57 In Region II, the simulations qualitatively and
quantitatively capture CO2-induced structural transition from
the Np to Lp phase. In Region III, CO2 uptakes near saturation
closely match measured data. These results imply that the
hybrid GCMC/MD simulation protocol reliably and accurately
predicts CO2 adsorption in X-dia-2-Cd and associated structural
transition at different temperatures and pressures, highlighting
its potential extension to broader conditions and other exible
MOFs.
3.3. Structural transition

As noted above, the structural transition from the Np to Lp
phase in X-dia-2-Cd occurs when the pressure exceeds a turning
point (0.05 bar at 195 K and 5 bar at 273 K, respectively) during
CO2 adsorption. A video illustrating the structural transition is
provided in the SI. This transition is driven by the expansion of
one-dimensional (1D) channels in X-dia-2-Cd, as well as the
motion of CO2 molecules in the framework. Fig. 3a and d depict
the angle distributions of Cd metal nodes in the Np and Lp
phase of X-dia-2-Cd. At 195 and 273 K, the intensity of O–Cd–O
angle exhibits a similar shi from the Np to Lp phase:
increasing at ∼80° and decreasing at ∼113° and ∼160°. For N–
Cd–N angle at ∼110°, its intensity decreases. Such changes in
O–Cd–O and N–Cd–N angles also cause an increase in the
intensity of N–Cd–O angle at ∼130°. These angle distributions
indicate that CO2 adsorption in X-dia-2-Cd leads to similar
structures in the Lp phase at both 195 and 273 K. Fig. 3b and e
show the RDFs of Cd–Cd metal pairs, revealing that the defor-
mation of Cdmetal node during the structural transition causes
a slight linker distortion of Cd–Cd distance. Specically, Cd–Cd
distances along the diagonal of the rhombic channels increase
from 10.9 to 11.7 Å at 195 K and from 12.0 to 12.6 Å at 273 K,
respectively. Fig. 3c and f illustrate the widening of adamantoid
cages, manifested by two distinct Cd–Cd–Cd angles. At 195 K,
one Cd–Cd–Cd angle decreases from 129.3° to 127.1°, while the
other increases from 69.2° to 75.6°. At 273 K, one decreases
from 128.8° to 127.0° and the other increases from 69.7° to
74.7°. These ndings suggest that local deformation of Cd
metal nodes drives the structural transition, further resulting in
the widening of adamantoid cages and the expansion of 1D
channels, in agreement with experimental observations.12

Dynamic motion of CO2 molecules in X-dia-2-Cd was char-
acterized by MSDs along the channel direction (MSDy). As
shown in Fig. 4a and b, MSDs show similar qualitative trends at
both temperatures. In the Np phase, CO2 molecules display
limited mobility, with small MSD values at 195 K and 0.05 bar,
as well as 273 K and 2.5 bar. By contrast, a pronounced increase
in the MSD is observed upon the structural transition from the
Np to Lp phase, occurring when pressure reaches 1.0 bar at 195
K and 30 bar at 273 K, respectively. Fig. 4c presents the cross-
J. Mater. Chem. A, 2026, 14, 15721–15734 | 15725
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Fig. 2 CO2 adsorption isotherms in X-dia-2-Cd from hybrid GCMC/MD simulations and experiments12 at (a) 195 K and (b) 273 K. The shaded
areas surrounding the curves represent the standard deviations calculated from five independent simulations at each pressure. Regions I, II, and
III are shown in green, yellow and pink, respectively.
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sectional views of 1D channels along the y-axis at 273 K. A clear
enlargement of the channels is directly observed in the Lp
phase, indicating the formation of more open pathways for CO2

diffusion. Fig. 4d compares the channel diameters in the Np
and Lp phases at 273 K. In the Np phase, the diameter ranges
Fig. 3 (a) Angle distributions of Cd metal nodes, (b) RDFs of Cd–Cd pairs
Np (0.05 bar) and Lp (1.0 bar) phases of X-dia-2-Cd. (d) Angle distribution
Cd network (Cd–Cd–Cd angle) at 273 K in Np (2.5 bar) and Lp (30 ba
correspond to 3D angles in space.

15726 | J. Mater. Chem. A, 2026, 14, 15721–15734
from 3.3 to 3.9 Å, whereas upon transition to the Lp phase, the
diameter increases to between 4.2 Å and 4.8 Å. These results
indicate that the markedly larger MSDs in the Lp phase origi-
nate from the expanded 1D channels, which provide larger
internal free volume for CO2 diffusion. Furthermore, the greater
, and (c) comparison of the Cd network (Cd–Cd–Cd angle) at 195 K in
s of Cd metal nodes, (e) RDFs of Cd–Cd pairs, and (f) comparison of the
r) phases of X-dia-2-Cd. The Cd–Cd–Cd angles shown in (c and f)

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) MSDs of CO2 at 195 K in Np (0.05 bar) and Lp (1.0 bar) phases. (b) MSDs of CO2 at 273 K in Np (2.5 bar) and Lp (30 bar) phases of X-dia-2-
Cd. The shaded region denotes standard deviation calculated from the last four hybrid GCMC/MD loops. (c) Cross-sectional view of 1D channels
along the channel direction (y axis). (d) Cross-sectional views of 1D channels along the x and z axes, together with the channel diameters, in Np
and Lp phases. The shaded region denotes the standard deviation for all 1D channels in the supercell, based on the last snapshot from hybrid
GCMC/MD simulations (273 K, Np: 2.5 bar, Lp: 30 bar, CO2 molecules removed).
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MSD observed at 273 K can be attributed to the enhanced
thermal motion of CO2 molecules.

To elucidate the interactions between CO2 molecules and
framework, RDFs were calculated. Fig. 5a and b present the
RDFs of CO2 around Cd, N_1, and N_2 atoms of X-dia-2-Cd at
273 K. In the Np phase (2.5 bar), pronounced and concentrated
peaks are observed for CO2 around all three framework atoms.
For Cd-(CO2) pair, distinct peaks appear at ∼4.1 and 7.1 Å. The
RDF of N_1-(CO2) exhibits a primary peak at ∼4.8 Å and
a secondary peak at ∼8.7 Å, while the RDF of N_2-(CO2) shows
two notable peaks near 7.2 and 10.5 Å. These peaks reect the
geometric connement imposed by the narrow 1D channels in
the Np phase, resulting in a high degree of structural order and
well-dened CO2-framework interaction distances. Upon tran-
sition from the Np to Lp phase, these RDF peaks become
broader and reduce in intensity. This reects a redistribution of
CO2 molecules in the expanded channels and a weaker
This journal is © The Royal Society of Chemistry 2026
localization of CO2 around specic framework atoms, which is
consistent with the increased congurational freedom in the Lp
phase. Notably, the persistence of the rst peaks around Cd,
N_1 and N_2 atoms suggests that these atoms remain relevant
to CO2-framework interactions aer structural transition,
although their interaction strength is attenuated. Fig. 5c and
d show the atomic types of X-dia-2-Cd and visualizes CO2

adsorption in the 1D channel at 2.5 bar in the Np phase and at
30 bar in the Lp phase, respectively. In the Np phase, CO2

molecules are conned to localized adsorption sites, consistent
with the sharp RDF peaks in Fig. 5a. Upon transition from the
Np to Lp phase, the expansion of 1D channels enables CO2

molecules to access a larger volume, resulting in a more delo-
calized pattern and broader RDF peaks (Fig. 5b). Meanwhile,
this delocalization is accompanied by the formation of addi-
tional adsorption sites and the rearrangement of CO2 mole-
cules, in agreement with the RDF results.
J. Mater. Chem. A, 2026, 14, 15721–15734 | 15727
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Fig. 5 RDFs for CO2 around Cd, N_1, and N_2 atoms of X-dia-2-Cd at 273 K. (a) 2.5 bar in the Np phase and (b) 30 bar in the Lp phase. (c) Atomic
types of X-dia-2-Cd. (d) Visualization for CO2 adsorption at 273 K along the y axis at 2.5 bar in the Np phase and 30 bar in the Lp phase,
respectively.
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3.4. Mechanical properties of X-dia-2-Cd

Aer validating the simulated structural transition and CO2

adsorption at 195 and 273 K, the key mechanical properties of X-
dia-2-Cd during CO2 adsorption were predicted. Fig. 6a displays
three representative mechanical properties: bulk modulus (K),
Young's modulus (E) and shear modulus (G). K is the isotropic
measure of resistance to volumetric deformation under stress
and correlates with fracture resistance. As shown in Fig. 6b, the
bulk moduli (KT) of X-dia-2-Cd at both 195 and 273 K exhibit
characteristic stepped variations with CO2 pressure. Speci-
cally, in the Np phase, KT increases from 11.9 to 12.6 GPa at 195
K and from 10.8 to 12.1 GPa at 273 K. Upon structural transi-
tion, KT undergoes a drop, decreasing from 12.6 to 12.3 GPa and
nally reaching 11.5 GPa at 1.0 bar and 195 K, and from 12.1 to
10.4 GPa, nally reaching 10.1 GPa at 30 bar and 273 K. Notably,
the stepwise behavior of KT shows an opposite trend to that of
the stepped CO2 adsorption isotherm, although the turning
points coincide. This reects the combined effect of framework
rearrangement and increase of CO2 uptake during structural
transition. To further elucidate their contributions to frame-
work stiffness, bulk moduli (K0) of CO2-loaded and -free
frameworks at 0 K and 0 atm were calculated using the explicit
15728 | J. Mater. Chem. A, 2026, 14, 15721–15734
deformation method. As shown in Fig. 6c, in the absence of
CO2, K0 decreases slightly in the Np phase and then drops
sharply by about 3.9 GPa upon structural transition. In contrast,
CO2 adsorption markedly enhances the framework stiffness,
increasing K0 by 1.3 GPa in the Np phase and 5.3 GPa in the Lp
phase, respectively. KT and K0 results indicate that the structural
transition intrinsically reduces the stiffness of X-dia-2-Cd,
whereas CO2 adsorption counteracts this effect, leading to
only a modest decrease in bulk moduli of CO2-loaded X-dia-2-
Cd during structural transition. Compared to 195 K, KT at 273
K is reduced due to thermally induced soening.58,59 Interest-
ingly, in certain porous materials with ample cavities, both
experimental and computational studies demonstrated an
initial soening effect (i.e., reduced bulk moduli) during
adsorption,60–62 as attributed to adsorption induced internal
stresses and the contraction of spacious channels during the
initial stage of adsorption. By contrast, no initial soening is
observed in X-dia-2-Cd, as the channel size in the Np phase is
comparable to the kinetic diameter of CO2. This observation is
consistent with the report by Emelianova et al.63

Linear compressibility (bi) along a crystallographic axis
denes the directional response to stress, which is related to K
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) Three representative elastic properties: bulk modulus (K), Young's modulus (E), and shear modulus (G). (b) Bulk moduli (KT) of CO2-
loaded X-dia-2-Cd versusCO2 pressure calculated using the strain-fluctuationmethod at 195 K and 273 K, respectively. The error bars represent
the standard deviations from five independent simulations at each pressure. (c) Bulk moduli (K0) of CO2-loaded and -free X-dia-2-Cd at 0 K and
0 atm calculated using the explicit deformationmethod. The initial structure was based on CO2-loaded X-dia-2-Cd at 273 K from hybrid GCMC/
MD simulations. Linear compressibilities (b) at 273 K: (d) 2.5 bar in the Np phase and (e) 30 bar in the Lp phase, shown as a representative sample
from one of five independent calculations.
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by K ¼ 1
ba þ bb þ bc

. Fig. 6d and e display the anisotropic b of

CO2-loaded X-dia-2-Cd at 273 K. Notably, pronounced negative
b (NLC) is observed exclusively along the y axis, reaching
a minimum of −72.12 and −71.96 TPa−1 in Np and Lp phases,
respectively. In contrast, conventional positive b exists along the
x and z axes with maximum of 202.11 and 215.46 TPa−1 in Np
and Lp phases, respectively. NLC manifests as expansion along
a single crystallographic axis under pressure, reecting a high
degree of structural anisotropy. It can be attributed to the
distortion of adamantoid cages during the structural transition.
Fig. S19 shows that the cages undergo hinge-like deformation,
whereby angular changes in the diamondoid network lead to
the anisotropic distortion of cages. Specically, the compres-
sion of cages along the x and z directions is accommodated by
This journal is © The Royal Society of Chemistry 2026
an elongation along the y axis, resulting in an overall framework
expansion along this direction. In X-dia-2-Cd, NLC is also
conrmed by the pressure-dependent lattice evolution. As
shown in Fig. S7–S10 and Table S8, upon contraction from the
Lp to Np phase, the supercell volume decreases and the x and z
axes contract, while the y axis exhibits anomalous elongation.
This phenomenon is consistent with experimental observations
on MIL-53(Al) and MIL-53-NH2(Al).64 These results indicate that
in X-dia-2-Cd, following the structural transition, compliance
along the y axis remains essentially unchanged, while the so-
ening along the x and z axes reects that 1D channels expand
predominantly along these directions.

Young's modulus (E) reects the reversible stiffness response
to elastic deformation along a crystallographic axis. Fig. 7a and
b show 3D surfaces of E of CO2-loaded X-dia-2-Cd at 273 K,
J. Mater. Chem. A, 2026, 14, 15721–15734 | 15729
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Fig. 7 Anisotropic 3D surfaces of Young's moduli (E) of CO2-loaded X-dia-2-Cd at 273 K: (a) 2.5 bar in the Np phase and (b) 30 bar in the Lp
phase. Polar plots of 3D surfaces of E obtained via projection onto three orthonormal planes at 273 K: (c) 2.5 bar in the Np phase and (d) 30 bar in
the Lp phase. Anisotropic 3D surfaces of shear moduli (G) of CO2-loaded X-dia-2-Cd at 273 K: (e) 2.5 bar in the Np phase and (f) 30 bar in the Lp
phase. The orange and blue color coding denotes the maximum and minimummoduli, respectively, at each point (q, f, c) point of 3D spherical
coordinates.56 Polar plots of 3D surfaces ofG obtained via projection onto three orthonormal planes at 273 K (g) 2.5 bar in the Np phase and (h) 30
bar in the Lp phase.

15730 | J. Mater. Chem. A, 2026, 14, 15721–15734 This journal is © The Royal Society of Chemistry 2026
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Table 1 Elastic properties of CO2-loaded X-dia-2-Cd at 195 K and 273 K

Elastic properties
Np phase,
195 K

Lp phase,
195 K

Np phase,
273 K

Lp phase,
273 K

Bulk modulus, K (GPa)a 12.57 11.49 12.00 10.11
Young's modulus, E (GPa)a 26.87 19.19 24.79 15.67
Shear modulus, G (GPa)a 11.75 7.85 10.77 6.31
AE

b 17.86 20.34 18.98 28.73
AG

b 19.78 26.61 20.71 42.78

a K, E and G were evaluated using the Hill scheme. b The anisotropy index A is dened as the ratio of maximum to minimum E or G.
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highlighting the pronounced anisotropy in both Np and Lp
phases. In the Np phase, E ranges from 3.30 to 62.51 GPa,
whereas in the Lp phase, the range decreases between 1.56 and
41.35 GPa, indicating a general soening upon transition from
the Np to Lp phase. The corresponding 2D projections on the xy,
yz, and xz planes (Fig. 7c and d) reveal that the minimum of E
(Emin) consistently occurs at the intersection of the xy plane and
the x axis, while the maximum of E (Emax) lies outside these
planes. Such an observation suggests that the most compliant
direction is along the [100] crystallographic axis, whereas the
stiffest direction is oriented off the principal plane, aligned with
the orientation of continuous Cd-HImbz-Cd connectivity
(Fig. S20a).

Shear modulus (G) represents the resistance to shape change
under shear stress, reecting the directional rigidity along an
angular distortion. Fig. 7e and f illustrate 3D surfaces of G of
CO2-loaded X-dia-2-Cd at 273 K. In the Np phase, the minimum
G (Gmin) reaches 1.78 GPa, while the maximum G (Gmax) attains
36.13 GPa. In the Lp phase, these extrema decrease to 0.55 and
21.37 GPa, respectively, indicating a pronounced reduction in
shear rigidity aer framework expansion. The corresponding
2D projections on the xz plane (Fig. 7g and h) further indicate
that the lowest shear resistance is oriented along the diagonal
direction between the x and z axes, whereas the direction
associated with higher shear resistance is aligned with the x
axis. From a structural perspective, the origin of a low shear
resistance (Gmin) can be rationalized by the rectangular cross-
section of 1D channels, which is inherently vulnerable to
a shear deformation. This behavior arises from the compliant
Cdmetal nodes located at the four corners of the channel, while
the HImbz linkers act as comparatively rigid bridging units
(Fig. S20b). As a result, the framework connectivity closely
resembles a pin-jointed truss, a mechanical motif that is
intrinsically unstable under shear loading. Similarly, low Gmin

was also observed in the wine-rack MOF MIL-53,65 which
exhibits comparable mechanical behavior, underscoring the
intrinsically high elastic anisotropy common in exible MOFs.

As summarized in Table 1, E and G of CO2-loaded X-dia-2-Cd
exhibit strong directional variations, reecting a highly aniso-
tropic mechanical response in both Np and Lp phases. Upon
structural transition, the framework undergoes a general so-
ening in both E and G, decreasing from 26.87 and 11.75 GPa to
19.19 and 7.85 GPa at 195 K, respectively. This trend of so-
ening becomes even more pronounced at 273 K, where E drops
sharply from 24.79 to 15.67 GPa and G drops from 10.77 to
This journal is © The Royal Society of Chemistry 2026
6.31 GPa. Concurrently, the structural expansion severely
amplies the mechanical anisotropy of the elastic response, as
evidenced by the increased AE and AG values. Specically, at 195
K, AE and AG increase from 17.86 and 19.78 in the Np phase to
20.34 and 26.61 in the Lp phase, respectively. This anisotropic
amplication is particularly striking at 273 K, where AE and AG
further escalate to 28.73 and 42.78, indicating that the
expanded Lp phase possesses extreme mechanical heteroge-
neity. This is essentially attributed to the weakening of load-
bearing metal-linker interactions and the enhancement of
structural compliance during framework expansion. The elastic
results discussed above, including the quantitative Voigt, Reuss
and Hill averages of K, E and G, together with the corresponding
extrema of anisotropic elastic moduli derived from the Hill
scheme, are listed in Tables S9–S12.
4 Conclusions

Through hybrid GCMC/MD simulations, we accurately capture
the framework exibility of X-dia-2-Cd. The relaxed structure is
consistent with DFT-optimized and experimental structures.
During structural transition from the Np to Lp phase, stepped
CO2 adsorption isotherms at 195 K and 273 K are correctly
predicted, in line with experimental observations. The struc-
tural transition is attributed to the deformation of Cd metal
nodes and the widening of adamantoid cages, as reected by
the changes in the angles of Cd metal nodes, and further causes
the expansion of 1D channels. Upon structural transition, CO2

molecules diffuse markedly faster in the Lp phase than in the
Np phase. From the radial distribution functions between CO2

molecules and framework atoms, we reveal the distinct inter-
actions of CO2 molecules in Np and Lp phases at the molecular
level, providing microscopic insights into their unique adsorp-
tion behavior. Moreover, we explore the relationships between
the mechanical properties of X-dia-2-Cd and its inherent exi-
bility. Upon structural transition, the intrinsic bulk modulus
reduces, whereas CO2 adsorption mitigates this soening.
Notably, anomalous negative linear compressibility exists along
the y axis. The framework exhibits anisotropic elastic proper-
ties, and the origin of directionally dependent mechanical
behavior is fundamentally elucidated. We anticipate that the
hybrid simulation protocol adopted in this study can be
extended to a wide temperature range for the adsorption of CO2

and other adsorbates, facilitating the rational design of next-
J. Mater. Chem. A, 2026, 14, 15721–15734 | 15731
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generation MOFs for high-performance gas storage and
separation.
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