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organic frameworks by exploring cooperative
nature†

Homare Arima, Shotaro Hiraide * and Satoshi Watanabe *

Flexible metal–organic frameworks (MOFs) exhibit a structural transition induced by adsorption of guest

molecules. This guest-induced structural transition occurs at a certain gas pressure, resulting in an S-

shaped adsorption isotherm. Consequently, these materials exhibit a high working capacity, making them

highly competitive in energy-saving separation processes. However, the understanding of hysteresis

loops between adsorption and desorption branches remains insufficient for industrial applications.

Specifically, the particle size dependence of hysteresis behaviors is still actively being investigated.

Generally, smaller particles of flexible MOFs show larger hysteresis loops. Herein, we constructed

a simple multi-scale simulation model that couples molecular simulations for a unit cell with Ising lattice

model-based simulations, in which solid–solid interactions for adjacent unit cells are considered, to

address the cooperative nature within a flexible MOF particle. The solid–solid interactions strongly link

unit cells in an identical state to form a domain, minimizing the heterointerface area. In transition states,

the interfacial energy is independent of particle size, whereas the configurational entropy is significant

for large particles, leading to a pronounced size dependence. This is applicable to real systems on the

micron order, which is confirmed by the linear correlation between particle size and the free energy

change of the unit cell over the hysteresis range. The correlation enables estimating particle size-

dependent adsorption behavior, and consequently, tailoring the transition behaviors of flexible MOFs for

target systems by controlling particle size. This study advances the understanding of hysteresis in guest-

induced structural transitions and provides insights for designing adsorption-based separation processes.
1 Introduction

Recently, the disparity between the actions taken and those
necessary to reduce greenhouse gas emissions has widened.1

Consequently, the development of energy-efficient separation
technologies, including adsorption and membranes, is an
urgent priority.2 Metal–organic frameworks (MOFs) have
attracted signicant attention for adsorption-based separation
processes owing to their inherent potential arising from the
innite combinations of metal ions and coordinated organic
linkers, which allows control over pore size and host–guest
o University, Nishikyo, Kyoto 615-8510,
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interactions.3 Several MOFs exhibit structural exibility in
response to external stimuli,4–8 suddenly changing their struc-
tures from a closed-pore (cp) to an open-pore (op) form at
a specic threshold pressure during adsorption. This guest-
induced structural transition is called the “gate opening”
behavior and adsorption isotherms on exible MOFs have
a characteristic S-shape. Other specic MOFs show a reversible
transition behavior through a single adsorption process,
occurring from a large-pore (lp) to a narrow-pore (np) form at
a low pressure and subsequently from the np to lp form at
a high pressure. This reversible transition, so-called the
“breathing” behavior, exhibits the similar adsorption isotherms
and occurs due to the same mechanism as the gate adsorption.
A stepwise isotherm enables a larger working capacity with only
a slight pressure change, compared to the conventional type I
isotherm. Guest recognition4,9 and intrinsic thermal manage-
ment10,11 capabilities also have positive effects on adsorption-
based separation processes,12 rendering exible MOFs prom-
ising materials that should be urgently investigated.13

In general, adsorption behavior involving a phase transition
is accompanied by hysteresis. A typical example is capillary
J. Mater. Chem. A, 2024, 12, 23647–23657 | 23647
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condensation in nanopores, in which the evaporation (desorp-
tion) process starts at a lower pressure (Pdes) than the conden-
sation pressure during adsorption (Pads).14,15 The hysteresis
behavior is not preferable for adsorption-based separation
processes, because compared to an ideal adsorbent that
exhibits an equilibrium transition at the same pressure for both
adsorption and desorption branches, the adsorption and
desorption processes require increasing and decreasing pres-
sures to induce the transition, respectively, resulting in addi-
tional energy consumption.16 However, the capillary
condensation/desorption pressures are determined only by the
pore size and the surface properties of the pore walls,17 indi-
cating that the width of the hysteresis loop cannot be controlled
within the same material. Similarly, the guest-induced struc-
tural transition of exible MOFs involves hysteresis and
depends on the type of MOF;18 however, a crucial difference
from the capillary condensation is that the hysteresis behavior
depends on the particle size. Sakata et al. rst reported that
smaller particles of [Cu2(bdc)2(bpy)] (bdc = 1,4-benzenedi-
carboxylate, bpy = 4,40-bipyridine) exhibit larger hysteresis.19

This tendency has also been observed in other exible MOFs,
such as breathing,20 swelling,21 and linker-bending types.22–26

Interestingly, an anisotropic size effect was observed for DUT-
8(Ni) ([Ni2(ndc)2(dabco)]; ndc = 2,6-naphthalenedicarboxylate,
dabco = 1,4-dizabicyclo[2.2.2]octane).24,27 The crystal width,
which corresponds to the planar direction of the sheet
composed of ndc paddle-wheels, affected its hysteresis loop,
whereas the crystal length, aligning with the direction in which
dabco ligands link the ndc sheets, had no signicant effect.
These observations indicate that elucidating the size effect can
uncover new possibilities for controlling the hysteresis behavior
while maintaining the other desired properties of the target
MOFs.

The theoretical understanding of hysteresis loops has been
developed based on a thermodynamic framework for guest-
induced structural transitions,28 which explains the transition
pressure as the point at which the free energy of the cp structure
equals that of the op structure encapsulating the guest mole-
cules. Based on molecular simulations using a toy model that
mimics jungle gym-type MOF structures, we demonstrated the
existence of an energy barrier between the cp and op phases,29

and many subsequent corroborating studies have reported that
the hysteresis loop is caused by the additional pressure variance
required for the system to overcome the energy barrier.30–33

However, the model cannot explain the size effect of the
hysteresis behavior (which is discussed in detail below), mainly
because it implicitly assumes a uniform transition within a bulk
crystal, represented by a series of replicates of a nanoscale
periodic unit cell. The current understanding of the energy
barrier fails to incorporate aspects that are considered impor-
tant when considering size dependence. These aspects include
the effects of surface properties and the cooperative nature
observed over long distances, which are only apparent in
mesoscale systems wherein constituting unit cells are allowed
to adopt different states. Several pioneering studies have been
reported regarding this cooperative nature.34–39 Vandenhaute
et al.37 developed a mesoscale simulation box of MIL-53(Al),
23648 | J. Mater. Chem. A, 2024, 12, 23647–23657
showing that the simulation box exhibits a mixed-phase state
during the transition induced by mechanical pressure, in which
a unit cell within the simulation box tends to take on the same
phase as its neighbors, thereby forming domain structures of cp
and op phases. Mitsumoto and Takae38 constructed a toy model
that accounts for distortion energy upon structural deforma-
tion, revealing that the difference in the domain structures
between adsorption and desorption processes causes hyster-
esis. Their results suggest that the transition state in actual
systems does not lie in the intermediate structure between the
cp and op structures, as suggested by earlier studies, but rather
in the cooperative nature where the interactions between
neighboring exible motifs play a key role.40,41 Therefore,
a detailed investigation into the cooperative nature to redene
the “true” energy barrier would reveal the size-dependent
hysteresis behavior.

In this study, we elucidated the guest-induced structural
transition including the particle size dependence of the
hysteresis loop. We developed a simple multi-scale simulation
model that couples molecular simulations for a nanoscale unit
cell with Ising lattice model-based simulations for a mesoscale
system, thereby addressing the cooperative nature between
motifs within frameworks of a MOF particle. As a model case,
we focused on ELM-11 ([Cu(BF4)2(bpy)2]),42,43 which possesses
a stack-layered structure and exhibits a guest-induced structural
transition arising from the expansion of its interlayer widths.
The material displays a high degree of selectivity for CO2/CH4

separation, thereby realizing an energy-efficient process for the
treatment of industrial exhaust gas.12
2 Theoretical procedures
2.1 Thermodynamics of guest-induced structural transition

The osmotic free energy of a unit cell, as part of a bulk MOF
crystal having a stack-layered structure, denoted as uos, is rep-
resented by

uos(h,P) = fhost(h) + uguest(h,P) (1)

where h is the interlayer width, P is the pressure, and fhost and
uguest are the free energies associated with host-framework
deformation and guest adsorption, respectively. We dene hcp
as the interlayer width at which uos reaches its minimum value
when P = 0, corresponding to the cp phase. The free energy
change accompanying layer expansion from hcp to h, Duos, is
expressed as

Duosðh;PÞ ¼ uosðh;PÞ � uos

�
hcp;P

�
¼ DfhostðhÞ þ Duguestðh;PÞ (2)

where Dfhost and Duguest are changes in the fhost and uguest

values from h = hcp, respectively. The equilibrium phase tran-
sition between the cp (h = hcp) and op (h = hop) states can be
explained as occurring at P= Peq that satises Duos(hop,Peq)= 0.
Most theoretical studies on the guest-induced structural tran-
sition have relied on this thermodynamic framework28 (here-
aer designated as the primitive theory). However, discussions
based on the periodic unit cell implicitly assume a bulk crystal
This journal is © The Royal Society of Chemistry 2024
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in which all unit cells are in the same state. Thus, when
explicitly considering a MOF particle consisting of M unit cells,
the primitive theory treats the entire free energy change of the
particle, DUos, as:

DUos = MDuos(h,P) (3)

However, it is better to express DUos as a function of inter-
layer widths composed of unit cells, h = (h1, h2, ., hM).
DUos(h,P) should include the free energy term for each unit cell,
Duos(hi,P), and interactions between unit cells representing
a penalty for adjacent cells in different states. In this context,
the primitive theory corresponds to the assumption of an
innite inter-unit-cell penalty, which enforces all unit cells to
have an identical interlayer width. Note that in the derivation of
the equation for the structural transition-type adsorption (STA
equation39) reported by our group, DUos(h,P) is modeled as
follows:

DUosðh;PÞ ¼
XM=s

k¼1

sDuosðhk;PÞ (4)

where s represents the average number of unit cells that
simultaneously deform as one domain. Namely, eqn (4) is
a simplied expression of the cooperative nature; the essence of
inter-unit-cell interaction is abstracted as an effective domain
size within which the unit cells undergo cooperative
deformation.

In contrast, the present study directly addresses the inter-
unit-cell interaction. Specically, DUos(h,P) was modeled as

DUosðh;PÞ ¼
XM
i¼1

Duosðhi;PÞ þ FIUCðhÞ (5)

where FIUC is the free energy associated with the inter-unit-cell
interaction. As an initial approach, this study introduced
several assumptions. First, the transition states of the unit cells
were disregarded, allowing the unit cells to be categorized
exclusively into either cp or op states. This assumption converts
the rst term on the right-hand side of eqn (5) into

XM
i¼1

Duosðhi;PÞ ¼ ðM �mÞDuos

�
hcp;P

�þmDuos

�
hop;P

�
¼ mDuop

os ðPÞ
(6)

where m is the number of op cells in the particle, and Duos(-
hop,P) is simply denoted as Duop

os(P). Second, inter-unit-cell
interactions were limited to only between adjacent cells.
Under these two assumptions, the inter-unit-cell interaction
energy, EIUC, for a given conguration can be written as

EIUCðhÞ ¼ EIUC

�
rðmÞ� ¼ X

i˛x;y;z
ni
�
rðmÞ�Ji (7)

where r(m) is the index vector that indicates the positions of op
cells when the number of op cells is m. ni is the number of
interfaces at which different states are adjacent along the i-
direction, and Ji (>0) is the interfacial energy, serving as
a penalty for adjacent different states. Thus, FIUC for a givenm is
expressed as
This journal is © The Royal Society of Chemistry 2024
FIUCðmÞ ¼ �kBT ln

"X
rðmÞ

exp

�
� EIUC

�
rðmÞ�

kBT

�#

¼ �kBT ln

"
1

m!

X
r1

X
r2

.
X
rm

�
� EIUCðr1; r2;.; rmÞ

kBT

�# (8)

Through the last transformation in eqn (8), the meaning of r
changes from the index vector to the integer coordinates for m
distinguishable op “particles.” Consequently, the summation is
divided bym! to eliminate duplication. Furthermore, EIUC is also
extended to returnN if any two of them particles have identical
coordinates, ensuring that exp(−EIUC/kBT) = 0. Taken together,
DUos can be modeled as a function of m and P as

DUosðm;PÞ ¼ mDuop
os ðPÞ þ FIUCðmÞ

¼ �kBT ln

"
1

m!

X
rm

exp

�
�mDuop

os ðPÞ þ EIUCðrmÞ
kBT

�#

h� kBT ln

"
1

m!

X
rm

exp

�
� Eðrm;PÞ

kBT

�# (9)

where rm = (r1, r2, ., rm) for simplicity. Eqn (9) presents the
standard form of the equation that expresses the relationship
between energy and free energy, implying that if E(rm,P) =

mDuop
os(P) + EIUC(r

m) can be evaluated, Monte Carlo (MC) tech-
niques are applicable for analysis. Specically, by using
canonical MC simulations, in which the transition to
a proposed conguration rj from ri is accepted with
a probability:

P ri/rj ¼ min

�
1;

exp
��E

�
rj ;P

��
kBT

�
expð �Eðri;PÞ=kBTÞ

�
(10)

we can obtain the ensemble average of m, hmi, at a given P.
Consequently, the average amount adsorbed, Nguest, can be
determined using the adsorbed amount for a unit cell in the op
phase, nopguest, such that:

Nguest(P) = hminopguest(P) (11)

Furthermore, the test particle method44 enables us to eval-
uate the prole of DUos(m,P) as

DUosðm;PÞ ¼ �kBT
Xm�1

m
0 ¼0

ln
M

m
0 þ 1

*
exp

0
@�

Eþ
	
rm

0
;P



kBT

1
A+

(12)

where E+ is the energy received when an additional op cell is
inserted at random into a system with a conguration of rm (see
Section S1, ESI† for details on the derivation of eqn (12)).
2.2 Simulation model

To evaluate E(rm,P), we performed two types of simulations. The
rst, named “nanoscale simulation,” involves conducting
molecular simulations for a toy model that mimics the frame-
work structure of ELM-11 to obtain variables regarding the unit
J. Mater. Chem. A, 2024, 12, 23647–23657 | 23649
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cell, such as nopguest(P) and Duop
os(P) (Fig. 1a). We used the same

toy model as in our previous studies,31–33 where the stack-layered
structure of ELM-11 is represented by a pair of planes with
a pillar atom and the cell size of 10sgg × 10sgg × h (sgg: the size
parameter of the Lennard-Jones (LJ) potential for a guest
molecule). The second, named “mesoscale simulation,” repre-
sents the cooperative behavior within a particle. We constructed
a particle model consisting of Mx × My × Mz (= M) unit cells
that adopt either the cp or op phase, with interfacial energy Ji
imposed if the adjacent cell in the i-direction is in the different
state. MC simulations were conducted for this particle model to
obtain Nguest(P) and DUos(m,P) according to eqn (11) and (12)
(Fig. 1b). As the stack-layered structure should have a much
stronger connection in the x- and y-directions due to
Fig. 1 Schematics of (a) the toy model that mimics the framework
structure of ELM-11 and (b) the particle model where the unit cells can
undergo transitions while interacting with adjacent cells.

23650 | J. Mater. Chem. A, 2024, 12, 23647–23657
coordination bonds than in the z-direction which stems from
van der Waals interactions, we assumed Jx= Jy (h J#), Jz= 0, and
Mx = My (h M#) and varied J#, M#, and Mz as a rst step. For
more details, refer to Section 5.

Note that all variables are discussed in their dimensionless
forms using the LJ parameters of the guest molecule, sgg and
3gg, where 3gg is the depth of the LJ potential. Throughout all
simulations, the temperature was xed at kBT/3gg = 1.
3 Results and discussion
3.1 Particle size-dependent behaviors of ELM-11

First, we experimentally examined the size-dependent behaviors
of ELM-11 (see Section 5 for synthesis and analysis procedures).
Fig. 2a–e show scanning electron microscopy (SEM) images of
ELM-11 particles synthesized under various concentration
conditions. X-ray diffraction (XRD) measurements conrmed
that these particles are the hydrated form of ELM-11 (ref. 45)
(Fig. 2f), and the particles sizes on the longer side measured
22.6 ± 10.0, 10.2 ± 4.1, 7.8 ± 2.6, 7.6 ± 2.7, and 6.7 ± 2.6 mm,
respectively (particle size distributions are provided in Section
S2, ESI†). Higher concentrations resulted in smaller particles,
which agreed with the classical nucleation theory and the
results of ZIF-8 synthesis.46,47 Fig. 2g shows CO2 adsorption
isotherms on the ELM-11 samples at 273 K, indicating a clear
trend wherein smaller particles exhibit larger hysteresis and
less distinct S-shaped curves. This aligns with the tendencies
exhibited by other exible MOFs.19,20,22–26,48
3.2 Nanoscale simulation of the unit cell

Fig. 3a depicts the free energy landscape of the unit cell along
the interlayer width. At P = 0, the free energy increases as h
increases, which represents the free energy change of host-
framework deformation, Dfhost, as no guest molecules are
adsorbed. With increasing pressure, guest adsorption stabilizes
the system, leading to a decrease in Duos for a larger h. The
bistable state is established at P = P3, indicating that P3 is the
equilibrium transition pressure for a unit cell (Peq). As the stable
state switches across Peq, the adsorption isotherm exhibits
a stepwise shape, as depicted by the dashed line in Fig. 3b. From
these results, we determined hop = 2.00sgg and obtained
nopguest(P) and Duop

os (P) proles from the data, as shown in Fig. 3c
and d, which were used in the subsequent mesoscale
simulations.

Note that the primitive theory attributes the cause of the
hysteresis loop to the energy barriers found in the free energy
proles shown in Fig. 3a.31 For example, assuming that the
system can overcome an energy barrier lower than 2kBT through
thermal uctuation, the transition during adsorption would
occur at P = P5 (> Peq), while during desorption, it would occur
at P = P2 (< Peq), as depicted by the solid lines in Fig. 3b.
However, this approach has resulted in an incomplete under-
standing in two aspects: rst, the simulated adsorption
isotherms exhibit a stepwise shape at the transition pressure,
whereas experimental results show gradual changes within
narrow pressure ranges (Fig. 2g). Second, according to eqn (3),
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a)–(e) SEM images, (f) XRD patterns, and (g) CO2 adsorption
isotherms (273 K) of ELM-11 particles synthesized under various
concentration conditions. The closed and open symbols in (g) repre-
sent adsorption and desorption branches, respectively.

Fig. 3 (a) Free energy profiles of the unit cell at various pressures.
Filled star symbols denote the stable state at each pressure, while the
open star symbol denotes a metastable state. (b) Adsorption isotherms
of the system. The equilibrium transition from cp to op states at P =

0.00039 (P3) illustrates a step-wise adsorption behavior (dashed line),
and the kinetic transition occurs with a hysteresis loop when the height
of energy barriers is lower than 2kBT. (c) The resulting nopguest(P) and (d)
Duop

os (P) profiles, which are used in the mesoscale simulations.
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DUos is the product of Duos and the number of unit cells. This
suggests that a larger particle has a higher energy barrier, and
thus, a larger hysteresis loop (details are present in Section S3†),
which contradicts the experimental observations (Fig. 2g). To
explain the experimental results, the energy barrier must be
lower for larger particles.

3.3 Mesoscale simulation for the particle model

Fig. 4a depicts adsorption isotherms for the particle model (M#

= Mz = 10) with various J#. These adsorption behaviors showed
three features: (1) weak interaction between unit cells, as
This journal is © The Royal Society of Chemistry 2024
represented by J# = 0.6kBT, resulted in no hysteresis loops. (2)
Moderate interaction caused a step-by-step change in the
amount adsorbed, accompanied by hysteresis. (3) Strong
interaction expanded the hysteresis loop. All these points can be
explained by the free energy landscapes at P = Peq, i.e., DUos(-
m,Peq). Fig. 4b shows free energy proles with various J# values
at P = Peq. A small J# exhibited a downward-convex prole with
no energy barriers. In contrast, the proles with a larger J#
exhibited repeated upward convexes; these energy barriers
inhibited the equilibrium transition and caused hysteresis.
J. Mater. Chem. A, 2024, 12, 23647–23657 | 23651
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Fig. 4 (a) Adsorption isotherms for the particle model and (b) free
energy profiles with various J#. (c) and (d) Display snapshots of the
particlemodel at the pointsmarkedwith star symbols in (b), where pink
and blue cubes represent op and cp cells, respectively. The layers are
displayed with a slight offset.
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Further increasing J# increased the energy barriers and conse-
quently widened the hysteresis loop.

In principle, free energy is determined by the balance
between internal energy and entropy. Because Duop

os equals zero
at P = Peq, the free energy proles illustrated in Fig. 4b consist
solely of FIUC, which is determined by the balance between how
comfortable a cell feels towards its neighbors and how freely op
cells are placed. The downward-convex proles with smaller J#
demonstrate that, under these conditions, the entropic contri-
bution controls the system as the interfacial energy is too small.
A snapshot at the stable point, highlighted with a star symbol,
23652 | J. Mater. Chem. A, 2024, 12, 23647–23657
illustrates the seemingly random coexistence of cp and op cells,
supporting this explanation (Fig. 4c). The free energy prole
remained downward convex with increasing pressure while the
value of m at which DUos reaches its minimum varied, resulting
in a gradual increase in adsorption without hysteresis (details
are provided in Section S4†). In contrast, as shown in Fig. 4d,
increasing J# tends to make all unit cells within the same layer
share an identical state so that the interfacial contribution is
minimized, leading toMz + 1 local minima whenm is a multiple
of M#

2. Therefore, the system needs to overcome an energy
barrierMz times, resulting in a step-by-step adsorption increase
with a hysteresis loop. These ndings indicate that an experi-
mentally obtained S-shaped isotherm with a large increase in
uptake within a narrow pressure range originates from the
layer-by-layer transition in a MOF particle.

3.4 Size dependence of a guest-induced structural transition

Fig. 5a shows adsorption isotherms for a particle with various
M# under the conditions of Mz = 10 and J# = 2.2kBT, demon-
strating that decreasing M# resulted in a wider hysteresis loop.
Because M# can be regarded as being proportional to particle
size, the results qualitatively coincide with the experimental
observation (Fig. 2g). Fig. 5b shows that the energy barrier at
a pressure higher than Peq increases as M# decreases, which
should be the cause of the widening hysteresis loop. To clarify
the mechanism behind the obtained results, we attempt to
simplify DUos(m,P) (eqn (9)) under appropriate assumptions. As
discussed in the previous section, the process that causes an
energy barrier fundamentally involves a transition within
a layer. Because Jz was set to 0 in the simulations, each layer can
be regarded as independent from the other layers. This means
that one simulation withMz layers is statistically identical to the
average of Mz individual simulations with a single layer (details
are provided in Section S5†). Therefore, the key is to understand
the free energy prole of a single layer, as shown in Fig. 5c where
M# = 1 and J# = 2.2kBT. The snapshots in Fig. 5c show that, with
such a large J#, op cells exist adjacent to each other to form
a domain, which allows categorizing the transition into three
stages: both the initial and nal stages feature square-shaped
domains, albeit with different phase compositions, while the
intermediate stage presents a rectangular shape with the long
side of M#. Both square and rectangular shapes have the
minimum interfacial areas under periodic boundary condi-
tions. Given that the intermediate stage presents a plateau
region in DUos(m,Peq) and that DUos(m,P) can be expressed as
mDuop

os(P) + DUos(m,Peq), the transition state having a local
maximum energy emerges in the initial stage during the
adsorption process (Duop

os < 0), as demonstrated in Fig. 5b. Here,
DUos(m,P) can be rewritten in a different form from eqn (9)
using the energy levels of the interfacial interaction, 3IUC,c (c: the
index for the energy level), and the number of congurations
satisfying EIUC = 3IUC,c, denoted as wc, as follows:

DUosðm;PÞ ¼ mDuop
os ðPÞ

�kBT ln

"X
c

wcðmÞexp
�
� 3IUC;cðmÞ

kBT

�# (13)
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Adsorption isotherms for the particle model with various M#. (b) Free energy profiles at a higher pressure than Peq, indicating that
a smallerM# exhibits a higher energy barrier. (c) The free energy profile of a single layer (Mz= 1) withM#= 10 and J#= 2.2kBT at P= Peq, showing
three stages with different domain shapes. The red line represents an approximated curve of the free energy profile during the initial stage (eqn
(14)). (d) Schematic representations of the states at m = 16.
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Note that in eqn (13), the op cells are regarded as indistin-
guishable. Assuming a square number for m, the energy level in
the initial stage should be
3IUC ¼ 4

ffiffiffiffi
m

p
J#; ð4 ffiffiffiffi

m
p þ 2ÞJ#;.; ð4m� 2ÞJ#; 4mJ# in

ascending order, as illustrated in Fig. 5d. Under the conditions
where the interfacial energy is governed, considering only the
lowest energy level state should provide a good approximation.
Therefore, eqn (13) can be transformed as

DUosðm;PÞ ¼ mDuop
os ðPÞ þ 4

ffiffiffiffi
m

p
J# � kBT ln M#

2 (14)

The red line in Fig. 5c represents eqn (14), demonstrating
a reasonable approximation for the prole in the initial stage,
including non-square numbers of m. Differentiating eqn (14)
with respect to m provides the transition state as

mtr ¼ 4J#
2

ðDuop
os Þ2

(15)

Therefore, the height of the energy barrier, DUtr, can be
approximated as:

DUtrðP;M#Þ ¼ � 4J#
2

Duop
os ðPÞ � 2kBT ln M# (16)
This journal is © The Royal Society of Chemistry 2024
While the rst energetic term remains constant regardless of
layer size, the second entropic term reduces the energy barrier
more signicantly for larger layers. Therefore, we conclude that
particle size-dependent hysteresis primarily arises from the
entropic contribution.

Eqn (16) also indicates an important relationship between
particle size and transition pressure. Assuming that the system
can overcome the energy barrier with the height of k through its
thermal uctuations, eqn (16) can be rewritten as

ln M# ¼ � 2J#
2

kBTDuop
os ðPadsðM#ÞÞ �

k

2kBT
(17)

where we explicitly express the size dependence of the transition
pressure. As k seems to be independent of M#, eqn (17) repre-
sents the linear relationship between lnM# and 1/Duop

os . Fig. 6a
shows the plot of lnM# vs. 1/Du

op
os obtained from simulations for

single layers with M# = 10, 15, 30, 50, and 100, where Duop
os was

evaluated at the pressure at which the adsorption branch rea-
ches its transition ratio m/M#

2 of 0.5 (see Fig. S6† for the ob-
tained isotherms). Fig. 6a demonstrates clear linearity between
lnM# and 1/Duop

os , which agrees well with eqn (17). However, the
slope and intercept of the regression line indicate that J# =

1.49kBT and k = 10.4kBT, which differ slightly from the exact
values: J# = 2.2kBT (a set value) and k = 23kBT (the average
energy barrier heights in the actual free energy proles for
J. Mater. Chem. A, 2024, 12, 23647–23657 | 23653
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Fig. 6 Plot of lnM# vs. 1/Duop
os for (a) the simulation results and (b) the

experimental results (Fig. 2g). The dashed lines represent the regres-
sion lines.
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layers with various M#). These deviations probably arise from
the assumption that only the lowest energy state is considered.
Nonetheless, this linearity is useful to validate the applicability
of our simulation to experimental systems, as discussed below.
3.5 Validation of the simulation model through comparison
with experimental results

Due to computational costs, our simulation was limited to
a maximum size ofM# = 100. Considering that the unit cell size
of ELM-11 is approximately 1.1 nm (the length of Cu–bpy–Cu),
our results only cover less than 100 nm. Therefore, we examined
the linear relationship between lnM# and 1/Duop

os in experi-
mental results (Fig. 2g) to indirectly demonstrate the applica-
bility of our simulation model to real-system conditions,
specically at the micrometer scale. According to the primitive
theory, Duop

os(Pads) can be obtained by28

Duop
os ðPadsÞ ¼ �kBT

ðPads

Peq

nopguestðPÞVmdP (18)

where Vm is the molar volume of the guest. Peq is impossible to
observe in real systems due to the hysteresis loop. Our previous
studies proposed that Peq is closer to Pdes than Pads because
pressure responsiveness to reducing the energy barrier for
a nanoscale transition is different (Fig. 3a and b); the barrier
height decreases more drastically around Pdes than Pads.29,31

However, the present study indicates that the actual energy
barrier controlling the kinetic behavior of the system is based
on the cooperative nature at the mesoscale, in which the free
energy prole at P = Peq displays symmetry (Fig. 5c). The
symmetry suggests that the transition state during the desorp-
tion process can be identied in the nal stage in Fig. 5c, and
that the height of the energy barrier during the desorption
process can be modeled in a manner analogous to that
described in eqn (14)–(16). Considering that the height of the
energy barrier at Pads and Pdes should be identical, the following
must be satised:

Duop
os (Pads) = −Duop

os (Pdes) (19)
23654 | J. Mater. Chem. A, 2024, 12, 23647–23657
Therefore, eqn (18) can be transformed without Peq as

Duop
os ðPadsÞ ¼ �1

2
kBT

ðPads

Pdes

nopguestðPÞVmdP

¼ �1

2
nNkBT ln

1þ KPads

1þ KPdes

(20)

In the second transformation, nopguest was modeled by the
Langmuir equation, characterized by the parameters nN and K.
Note that eqn (19) also provides the important insight that Peq
can be numerically determined from an experimental isotherm
(see Section S7 for details†). As nN and K of the ELM-11–CO2

system were determined to be 3.910 mmol g−1 and 0.201 kPa−1

at 273 K, respectively,39 Duop
os can be evaluated from the exper-

imental adsorption and desorption branches. Fig. 6b shows the
plot of lnM# vs. 1/Duop

os for ELM-11 derived from experimental
results, where the M# values were calculated by dividing the
mean particle size by 1.1 nm. The experiments also conrmed
clear linearity, suggesting our transition model is valid in actual
MOFs. Substituting eqn (20) into eqn (17) yields:

Pads � Pdes ¼ 1þ KPdes

K

�
exp

�
8J#

2

nNkBTð2kBT ln M# þ kÞ
�
� 1



(21)

By extrapolating the regression line in Fig. 6b, we can esti-
mate how the width of the hysteresis loop changes with particle
sizes. For example, if we could synthesize one order of magni-
tude larger ELM-11 particles (100 mm), the width of the hyster-
esis loop would be 4.8 kPa, which is 1.7 times narrower than
that of 22.6 mm ELM-11 particles (Fig. 2g). This would provide
guidelines for synthesizing a exible MOF with a narrow
hysteresis loop, thereby reducing the additional pumping cost
in adsorption-based separation processes. However, eqn (21)
also indicates that the hysteresis loop never disappears even if
millimeter-sized single crystals are synthesized (e.g., 3.2 kPa for
1 mm and 2.4 kPa for 10 mm), because the size responsiveness
becomes milder for larger particles, which follows an experi-
mental trend.24

Finally, we discuss the validity of the approach taken in this
study, which posits that the transition state controlling the
system's behavior stems from the interfacial energy rather than
the intermediate structure during the layer expansion of the
unit cell. At P = Peq where Duop

os = 0, the transition state of the
entire particle is at the intermediate stage of Fig. 5c. Consid-
ering only the lowest energy state, the energy barrier at the
intermediate stage can be approximated as

DUtr(Peq,M#) = 2M#J# − kBT ln 2M# (22)

To disregard the effect of the intermediate structure during
the layer expansion, the following points should be veried:
rst, Dutr is much smaller than DUtr, thereby allowing the
height of the energy barrier to be regarded as DUtr. Second, the
total energy barrier when all the unit cells undergo transition
simultaneously, i.e., M#

2Dutr, is much greater than the DUtr
This journal is © The Royal Society of Chemistry 2024
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value, thereby making the transition state stemming from the
interfacial energy an actual saddle point. Thus,

Dutr � 2M#J# − kBT ln 2M# � M#
2Dutr (23)

is the required condition. By assuming Dutr x 4.6kBT
(Fig. 3c) and 10 mmparticles (M#∼ 104), the order of J# should be
much larger than 10−3kBT and smaller than 104kBT. It is plau-
sible to assume that the energy arising from the interfaces is
larger than the thermal motion (∼kBT) but smaller than the
reaction heat (∼102kBT) involved in cleaving and connecting
chemical bonds,49 which satises the requirement condition.
Therefore, we can conclude that the intermediate structure
during the layer expansion does not severely affect the system's
transition behavior nor hysteresis behaviors.
4 Conclusion

This study explored the particle size dependence of guest-
induced structural transitions from experimental and theoret-
ical perspectives. We conducted mesoscale simulations of
multiple unit cells, considering the interfacial interactions
between adjacent cells in different states, to understand the size
effect. These interactions strongly bind cells in the same state,
creating a domain that reduces the heterointerface area. While
the energetic term contributing to the free energy prole is
independent of particle size, the congurational entropic term
increases with particle size, resulting in a pronounced size
dependence of the hysteresis loop.

Finally, we note three limitations of this study and one
perspective. The limitations are as follows:

(1) In our model, we consider interactions only between
adjacent cells, which might be insufficient for modeling guest-
induced structural transitions that involve drastic deformation.
To accurately model the distortions, considering interactions
with non-adjacent or diagonally adjacent cells would be effec-
tive, as some studies have demonstrated in exploring solid–
solid phase transitions in complex magnetic materials.50,51

(2) Eqn (17) has room for improvement. Although the
experimental results showed a linear correlation between lnM#

and 1/Duop
os (Fig. 6b), comparing the regression line to eqn (17)

indicates that k is less than zero, i.e., a negative thermal uc-
tuation. This unnatural outcome may stem from the accuracy of
eqn (14) (as discussed above), the discrepancy between an
actual ELM-11 and the ideal condition of Jz= 0, and the way that
M# was derived from experiments (where particle size was
considered in Fig. 6b, though crystallite size might be more
appropriate). An improved linear equation that addresses these
concerns is highly promising, offering the potential to gain
quantitative insights into interfacial energy and thermal uc-
tuation in real systems.

(3) Although our model demonstrates the typical size
dependence shown by specic exible MOFs, such as ELM-11,
Cu2(bdc)2(bpy),19 MIL-53,20 and DUT-8,22–26 some other unique
size dependence cannot be explained. Specically, ZIF-8
exhibits a shi to a higher transition pressure in both the
adsorption and desorption branches as the particle size
This journal is © The Royal Society of Chemistry 2024
decreases. A previous study suggested that this phenomenon is
caused by the weaker adsorption potential near the surface;
therefore, a smaller particle with a larger specic surface area
requires additional pressurization to undergo a transition in
both the adsorption and desorption branches.52 This exception
highlights the necessity to expand our model to incorporate
surface contributions for a comprehensive understanding of
the size-dependent hysteresis behavior.

Despite these limitations, our simulation model is useful not
only for understanding the fundamental mechanism behind
size-dependent hysteresis behavior, but also for exploring
dependences on framework type. In this study, we focused on
stack-layered MOFs having stronger connections within their
two-dimensional layers. However, some MOFs display stronger
connections along one-dimensional paths, such as [Cu(BF4)2(-
bpp)2] (bpp = 1,3-bis(4-pyridyl)propane).53,54 The behavior of
these one-dimensional chain MOFs could be simulated using
our model with Jz > 0 and J#= 0, preliminary results of which are
shown in Section S8.† Although a trend similar to that observed
in the stack-layered MOF was obtained with an increase in
interfacial energy, the S-shaped uptake upon structural transi-
tion was less distinct compared to those in Fig. 4a. This
observation aligns with the experimental results: [Cu(BF4)2(-
bpp)2] exhibits a more gradual adsorption increase compared to
ELM-11.53,54 Furthermore, when J# and Jz have specic non-zero
values, a decrease inM# resulted in a widening of the hysteresis
loop, whereasMz had no impact on the behavior. This tendency
agrees with the anisotropic size effect observed in DUT-8(Ni)24

(see Section S8† for prospective results). Additionally, our
simulation model also has the potential to elucidate a more
generalized system with three-dimensional interfacial interac-
tions (Fig. S9†). A systematic investigation using our model,
considering the type of connectivity in the framework, would
provide a comprehensive understanding of the size-dependent
hysteresis behavior of exible MOFs; such a study is currently
underway and will be reported elsewhere.

5 Methods
5.1 Synthesis of ELM-11 samples

ELM-11 was synthesized by the following procedure, which is
based on our previous report.45,55 First, 0.295 g 4,40-bipyridine
(bpy; 98.0%, Tokyo Chemical Industry Co., Ltd) was dissolved in
1.181 mL methanol (99.%, Kishida Chemical Co., Ltd). Second,
0.283 mL of a Cu(BF4)2 45% aqueous solution (Kanto Chemical
Co., Inc.) was mixed with 0.738 mL deionized water prepared
using an Arium®mini plus (Sartorius) water purication system.
Subsequently, the bpy methanol solution was added dropwise
into a Cu(BF4)2 aqueous solution in a vial while stirring with
a magnetic stirrer at room temperature (∼297 K). The dropwise
addition was completed slowly over 2 h, followed by mixing for
several days. The synthesized particles were collected by
vacuum ltration, washed several times with deionized water,
and then dried under vacuum overnight. The particle size of
ELM-11 becomes smaller as the concentration of bpy and
Cu(BF4)2 is higher. Therefore, we varied the concentrations with
a xed ratio to control the size range of the resulting particles
J. Mater. Chem. A, 2024, 12, 23647–23657 | 23655
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([bpy], [Cu(BF4)2])= (0.8 M, 1.6M), (1.0 M, 2.0 M), (1.2 M, 2.4 M),
(1.4 M, 2.8 M), and (1.6 M, 3.2 M); the particles obtained under
these conditions correspond to Fig. 2a–e, respectively.
5.2 Characterization

XRD patterns were obtained using an UltimaIV/285/DX (Rigaku
Corp., Japan) with Cu Ka radiation (40 kV and 20 mA) at a scan
rate of 10° min−1 and step size of 0.01°. SEM images were ob-
tained using an SU8220 eld emission SEM (Hitachi High-Tech
Corp., Japan). The mean particle size was calculated by
measuring the length of at least 70 particles using the SEM
images. CO2 adsorption isotherms were measured at 273 K
using a BELSORP-mini (MicrotracBEL Corp., Japan), in which
the equilibrium setting was pressure variation within 30 Pa for
600 s and the sample amount was approximately 50 mg. The
samples were dehydrated and activated by degassing at 393 K
for 10 h under vacuum below 10 Pa before adsorption
measurements.
5.3 Nanoscale simulations for the unit cell

Grand canonical MC simulations were conducted on 36 models
with slightly different interlayer widths from h = 1.70sgg to h =

2.05sgg at various pressures (Fig. 1a), obtaining the amount
adsorbed on the unit cell, nguest(h,P). By computing relative free
energy of each structure without guest molecules and the grand
potential of the guest molecules, uos(h,P) was obtained. Details
of the simulation are present elsewhere31 or in Section S9.†
5.4 Mesoscale simulations for the particle model

We performed two types of mesoscale simulations using the
particle model, in which periodic boundary conditions were
imposed in all directions.

The rst was to obtain the adsorption isotherms, which
resembles a standard simulation method for the Ising lattice
model. The simulation procedures were as follows:

(1) Set a pressure and obtain the Duop
os(P) value from the

nanoscale simulation.
(2) Choose one cell at random and convert its state into the

other one.
(3) Accept the conversion with the probability dened by eqn

(10).
(4) Perform Steps 2 and 3M× 10, 000 times and calculate the

ensemble average number of op cells, hm(P)i, in which the rst
half of the trials are used for equilibration, and the sampling is
conducted in the latter half.

(5) Repeat Steps 1–4 with increasing/decreasing pressure to
obtain adsorption/desorption isotherms.

Except for the results shown in Fig. 4a, the adsorption and
desorption isotherms were averaged over 10 separate simula-
tions to obtain smooth proles.

The second method mimicked Widom's test particle tech-
nique to calculate free energy proles. The simulation proce-
dures are outlined as follows:

(1) Set the number of op cells, m, in the particle model and
the pressure to P = Peq, where Duop

os(Peq) = 0.
23656 | J. Mater. Chem. A, 2024, 12, 23647–23657
(2) Choose one of op cells at random and convert it into the
cp state. Then, choose another cell and convert it into the op
state, which corresponds to a movement trial.

(3) Accept the movement trial based on the probability
dened by eqn (10):

(4) Perform Steps 2 and 3 1 000 000 000 times.
(5) Every 1000 MC steps aer 5 000 000 MC steps during Step

4, calculate E+(rm
0
,P), which is the energy received by a cell when

converting it into the op phase. This calculation is conducted
sequentially for all cells, and the resultant values are averaged.

(6) Repeat Steps 1–4 with increasing m to obtain free energy
proles according to eqn (12).
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