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S1. Derivation of eqn 12
Differential free energy , µ, is calculated as

µ(m,P) =
∂∆Ωos

∂m

= ∆Ωos(m+1,P)−∆Ωos(m,P)

=−kBT ln
1

(m+1)! ∑
rrrm+1

exp
(
−E(rrrm+1,P)

kBT

)
+ kBT ln

1
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exp
(
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kBT

)

=−kBT ln
1

m+1
∑rrrm+1 exp(−E(rrrm+1,P)/kBT )

∑rrrm exp(−E(rrrm,P)/kBT )

(1)

where rrrm = (rrr1,rrr2, ...,rrrm) and ∑rrrm = ∑rrr1 ∑rrr2 ...∑rrrm
. Defining the energy that the op cell with rrrm+1 receives from the other op cells as E+,

E(rrrm+1,P) = E(rrrm,P)+E+(rrrm+1;rrrm,P) (2)

is obtained. Notably,
E(rrrm,P) = m∆ω

op
os +EIUC(rrr

m,P) (3)

and thus,
E+(rrrm+1;rrrm,P) = ∆ω

op
os +E+

IUC(rrrm+1;rrrm,P) (4)

where E+
IUC is the total inter-unit-cell interaction that the op cell with rrrm+1 receives. Here, considering the summation of the exponential

of energy,
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≡ ∑
rrrm+1

A(rrrm+1;rrrm,P)

(5)

is introduced. As the meaning of A is the summation over all the state in rrrm under the periodic boundary conditions, the A value is the
same regardless of rrrm+1; thus,

∑
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exp
(
−E(rrrm+1,P)

kBT

)
= M∑
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exp
(
−E+(rrrm+1;rrrm,P)

kBT
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(6)

Substituting the equation into eqn 1 of this section yields:

µ(m,P) =−kBT ln
{

M
m+1

× ∑rrrm exp(−E(rrrm,P)/kBT )exp(−E+(rrrm,P)/kBT )
∑rrrm exp(−E(rrrm,P)/kBT )

}
(7)

where the last term in the {} cabinet is the ensemble average of a term relating to the energy received when an additional op cell is
inserted into a system, E+. Therefore, eqn 12 in the main paper is introduced.
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S2. Particle size distribution for the ELM-11 samples
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Fig. S1 Particle size distribution of the synthesized ELM-11.
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S3. Explanation of particle-size dependence based on the primitive theory and its shortcomings
The nanoscale simulation was conducted on the simplified model having 10σgg×10σgg layers. This model cannot show the particle-size
dependence which agrees with experimental observations. When the layers measure 30σgg×30σgg, this layer can be regarded as nine
of the small layers (10σgg× 10σgg) which undergo transition simultaneously; that is, free energy scales linearly with layer size, nine
times in this case. Assuming that the thermal fluctuation does not depend on layer size, hysteresis loop expands because energy barriers
scale also linearly with layer size (Fig. S2). Even if the thermal fluctuation were proportional to layer size, the hysteresis width of larger
particles would be the same, but not narrower.
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Fig. S2 (a) Free energy profiles of the unit-cell (30σgg× 30σgg× h) at various pressures. (b) Adsorption isotherms of the unit-cell. The transition
from cp to op states occurs thermodynamically at the same pressure as 10σgg×10σgg model, but the hysteresis loop expands: the adsorption pressure
increases and the desorption one decreases (solid line).
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S4. Downward-convex profile inducing a gradual increase in the amount adsorbed
When free energy profiles show a downward convex, the stable states where the ∆Ωos values reach the minimum shift gradually in
response to pressure change. In this model, the amount adsorbed is roughly proportional to the number of op cells, so a gradual
increase in the amount adsorbed occurs due to a gradual change in stable states.
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Fig. S3 (a) Free energy profiles of the particle model with a weak interaction parameter, J# = 0.6kBT , at various pressures. (b) Adsorption isotherms
for the particle. A gradual change in stable states causes a gradual increase in the amount adsorbed.
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S5. Particle-thickness dependence
Fig. S4 depicts adsorption isotherms with various Mz, where M# = 10 and Jz = 0. All simulated isotherms presented below were obtained
by averaging 10 separate simulations to obtain smooth profiles. Although particle size in the x- and y-directions contributed to changing
the transition behaviors, the particle thickness did not so. In this Jz = 0 condition, the number of stacked layers did not matter because
neighboring cells in different states in the z-direction incurred no energetic penalty to affect the free energy profiles.
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Fig. S4 Adsorption isotherms for the particle models with various Mz when M# = 10. With any J# values, the adsorption behaviors were not changed
by Mz.

6



CONTENTS CONTENTS

S6. Simulated adsorption isotherms with various M#
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Fig. S5 Adsorption isotherms for the particle model with the different numbers of unit cells in the x- or y-directions, M#, when Mz = 10,J# = 2.2kBT ,
and Jz = 0.
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S7. Determination of the equilibrium transition pressure
The ∆ω

op
os values at the gate adsorption and desorption pressures are the same absolute value with an opposite sign (eqn 19). The

free energy change can be calculated by thermodynamic integration for adsorption isotherms, which is equal to the area of adsorption
isotherm when the x-axis is chemical potential (or logP). Therefore, dividing the area between Pads and Pdes into two equal parts
would enable obtaining the equilibrium pressure, Peq (Fig. S6a). Strictly speaking, the ∆ω

op
os value should be obtained by integrating

nop
guest, which is usually estimated by fitting an isotherm with a Langmuir plot or another appropriate fitting method1. That is, the

integration including the intermediate part of the S-shaped curve does not give the correct ∆ω
op
os values. However, the proposed method

would provide a good approximation because the non-integrated areas for the adsorption branch is almost the same as that for the
desorption branch. By conducting the proposed method for our experimental results (Fig. 2g), the Peq values were calculated for each
sample (Fig. S6b), where these transition pressures, Pads and Pdes, were defined as pressures at half maximum uptake2. The results
showed equilibrium pressures at 29.01 kPa with a vibration range of ±0.4 kPa, while the adsorption and desorption pressures varied
by approximately 2 kPa. In conclusion, we successfully developed the Peq determination method and led the equilibrium transition
pressure of the CO2 adsorption on ELM-11 at 273 K.
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Fig. S6 (a) Illustration for estimating Peq by dividing the area into two equal parts, whose x-axis is a log scale. (b) The obtained Peq, Pads, and
Pdes values with various particle sizes. Although the kinetic transition pressures, Pads and Pdes, change, the equilibrium transition pressure, Peq, seems
constant. These analyses were performed on Fig. 2g.
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S8. Cooperative transition behavior under various conditions
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Fig. S7 Adsorption isotherms for the particle models with various Jz under J# = 0,M# = 10, and Mz = 10, which showed less distinct S-shapes than the
typical condition

The DUT-8(Ni) systems reportedly exhibit an anisotropic size effect2. DUT-8 has a stronger connection in the c-axis, resulting in
a rod-like shaped particle. However, the size effect is weaker thorough the direction, which is contrary to intuition. The strange
anisotropic size dependence was expressed by the particle model with the J#(= 1.4kBT ) value which is a bit smaller than Jz(= 2.2kBT )
(Fig. S8). Fig. S8a depicts adsorption isotherms on the particle with various M# and the constant Mz, which shows the size effect of M#.
Fig. S8b depicts adsorption isotherms on the particle with constant M# and the various Mz, which shows no obvious size effects of Mz.
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Fig. S8 (a) Adsorption isotherms for the particle with various M# and the constant Mz and (b) with the constant M# and various Mz, where J# = 1.4kBT
and Jz = 2.2kBT .
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Isotropic three-dimensional solid–solid interaction can be also discussed. The principle of causing particle size dependence is
completely the same as two-dimensional interactions. Because the interfacial penalty occurs between not only in the x- and y- directions
but also in the z-direction, the transition state forms as a cubic shape to minimize interface area in the initial stage, referred in Fig. 5a,
as shown in Fig. S9. The adsorption isotherms changed depending on the particle size, in particular, the number of cells in the model,
though changing the aspect ratio did not cause a great effect on hysteresis behavior.
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Fig. S9 (a) Adsorption isotherms for the particle model with the different size and J# = Jz = 2.2kBT and (b) a transition state of the model measuring
Mx×My×Mz = 10×10×10 with three-dimensional interaction.
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S9. Details of the nanoscale simulation
The nanoscale simulation was conducted on a simplified unit-cell model developed in our previous study3. The complete details are
found in3–5. The structure of stack-layered MOFs, such as ELM-11, was simplified to obtain free energy profiles. This model comprised
a rigid smeared-carbon wall and single atoms (Ar) mimicking the square-grid layer and organic pillars Fig. S10. A simulation box
was composed of seven unit-cells, which measured 10σgg×10σgg×h where σgg is a size parameter of the Lennard-Jones potential for
guest molecules (Ar) and h is interlayer width. Grand canonical Monte Carlo simulation was performed with various interlayer widths
(1.70σgg–2.05σgg) in steps of 0.01σgg to obtain the amount adsorbed on simulation boxes, nguest.
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Fig. S10 (a) The atomistic model of an ELM-11 layer and (b) the simplified layer model of the ELM-11 structure. (c) Simulation box consisting of
the stacked seven layers.
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