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Porous coordination polymers (PCPs) with soft frameworks show a gate phenomenon consisting of
an abrupt structural transition induced by adsorption of guest molecules. To understand the depen-
dence of the gating behavior on the host framework structure, we conduct grand canonical Monte
Carlo simulations and a free-energy analysis of a simplified model of a stacked-layer PCP. The
interlayer width of the rigid layers composing the simplified model can be changed by guest ad-
sorption and by varying the initial interlayer width h0, which is controlled by the length of pillars
between the layers. We introduce three types of gating behavior, one-step gating, filling and gating,
and double gating, which depend on three parameters: the initial interlayer width h0; the interaction
parameter εss, which determines the host–guest framework interaction as well as the inter-framework
interaction; and the elastic modulus of the framework, which depends on the stiffness of the pillars.
We show that the one-step gating and the filling and gating behaviors depend strongly on h0 rather
than on εss, and thus a transformation from filling and gating to double gating can be achieved by
reducing the stiffness of the host framework. This study should be a guideline for controlling the
gating pressure of PCPs by modifying their chemical components. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4862735]

I. INTRODUCTION

There is a growing interest in novel porous materials,
commonly called porous coordination polymers (PCPs) and
metal–organic frameworks (MOFs).1–3 PCPs have highly or-
dered structures composed of metal cations, counteranions,
and organic linkers, which allow tailoring of the pore size and
inner pore functionality. In addition, PCPs with “soft” frame-
works (soft PCPs) show a peculiar adsorption behavior ac-
companied by a structural transition of the framework, the so-
called gate phenomenon or breathing phenomenon.4 The gate
phenomenon involves a stepwise increase in the number of
adsorbed guest molecules with a dramatic deformation of the
host framework which increases in pore volume at a certain
pressure (gate opening), and abrupt desorption with restora-
tion of the host structure at a lower pressure than the gate-
opening pressure (gate closing). This phenomenon has been
reported for several soft PCP motifs, e.g., one-dimensional
channels,5 two-dimensional stacked layers,6–11 and three-
dimensional interpenetrating motifs.12–14 The breathing phe-
nomenon, which is typically observed for MIL-53 family,15–20

consists of abrupt shrinkage of the host structure followed by
expansion upon adsorption. The soft PCPs have shown dif-
ferent structural transition behaviors, which could be suitable
for various applications such as gas storage,7, 21 separation,9

and molecular sensing;22 however, for their application in in-
dustry, precise control of the structural transition behavior is
required. One method of regulating it is to tune the compo-
nents of the soft PCP while keeping its original morphology.
Férey et al. synthesized soft PCPs, MIL-53(Cr)20 and MIL-

a)Author to whom correspondence should be addressed. Electronic mail:
miyahara@cheme.kyoto-u.ac.jp

53(Al),23 with different metal species that have similar crys-
tal structures. MIL-53(Al) showed a structural transition in-
duced by CO2 adsorption at a 30% higher pressure than that of
MIL-53(Cr).19 Various PCPs were also synthesized by chang-
ing the organic ligand24, 25 and the counteranion,6, 26 and the
gate-opening and/or gate-closing pressures were successfully
tuned by 10% to 100%. On the other hand, a dramatic change
in the shape of the adsorption isotherm was reported in some
component-tuned PCPs, although the tuning retained the mor-
phology of the host structure. For example, MIL-53 materi-
als with metal species such as Fe3+, Ga3+, and Sc3+ have
more shrunk structure than MIL-53(Al) and MIL-53(Cr) in
the degassed state, and show totally different structural transi-
tion behavior from the typical breathing phenomenon.15–18, 27

Moreover, ELM-118 and ELM-12,26 which have similar crys-
tal morphologies and chemical components except for the
counteranion, have a different number of stepwise uptakes
in their N2 adsorption isotherms: ELM-11 shows a step in
the adsorption isotherm, which is attributed to an adsorption-
induced structural transition from the non-porous degassed
structure to the N2-adsorbed one. On the other hand, ELM-
12 exhibits two steps in the adsorption isotherm, which come
from micropore filling in a porous degassed structure and sub-
sequent gate adsorption. The latter “filling and gating” ad-
sorption was also observed for amine-functionalized MIL-
53.24 Moreover, the gating behavior can be more finely con-
trolled by making a solid solution of two parental PCPs
with similar crystal structures.25, 28, 29 The solid-solution PCP
shows an intermediate adsorption isotherm between those of
the parental PCPs, and the gate-opening and -closing pres-
sures can be tuned continuously by varying the ratio of the
parental PCPs. More interestingly, a phase-separated PCP28

0021-9606/2014/140(4)/044707/10/$30.00 © 2014 AIP Publishing LLC140, 044707-1
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consisting of the inner crystal of one parental PCP and the
outer crystal of the other parental PCP exhibits a different ad-
sorption isotherm from that of the solid-solution PCP with the
same chemical formula. This indicates that the mesoscopic
design of the PCP can change the gating behavior. The crys-
tal size of the PCP can also be a parameter for controlling
the gating behavior.30, 31 The adsorption isotherm of the PCP
nanocrystals shows a 50% higher gate-opening pressure with
more gradual uptake than that of the bulk micrometer-sized
crystals.

Molecular simulations have provided a useful micro-
scopic insight for understanding the adsorption behavior of
gases on PCPs. Grand canonical Monte Carlo (GCMC) sim-
ulations were conducted to evaluate the gas adsorption32–36

and separation37–42 capacities of PCPs. The diffusivities of
guest molecules in PCPs were investigated by molecular dy-
namics (MD) simulations.34, 35, 43, 44 Then, a large-scale com-
putational screening of PCPs for gas storage and separation
was recently performed on the basis of the MD and GCMC
simulations.45, 46 These simulation studies used a PCP model
with a rigid framework; however, several simulation studies
indicated the importance of taking into account the flexibil-
ity of the PCP framework. For example, the negative ther-
mal expansion,47, 48 thermal conductivity,49 and conforma-
tional isomerization50 of the PCP frameworks were very re-
cently reproduced with flexible framework models. Then, the
diffusion of guest molecules in the flexible PCP model was
investigated by an MD simulation by Amirjalayer et al.,51

who revealed that the self-diffusion coefficient is smaller than
that calculated with the rigid PCP model. Regarding the gat-
ing behavior of soft PCPs, Maurin et al.52–54 simulated the
CO2 adsorption on MIL-53 by a hybrid osmotic Monte Carlo
method, in which trials of the insertion and deletion of the
guest molecule and the deformation of the host were per-
formed. The structural transition of MIL-53 from a large-pore
(lp) state to a narrow-pore (np) state was successfully simu-
lated by their method, but abrupt expansion from the np state
to the lp state at a higher pressure cannot be achieved because
of the difficulty in sampling the full phase space. To avoid this
difficulty, Triguero et al.55, 56 constructed a simplified model
of MIL-53 taking into account the layer-by-layer shear to the
crystal and succeeded in direct simulation of the structural
transition behavior. Their results suggested that the sponta-
neous structural transition pressures depend on the long-range
elastic cell–cell interaction, which penalizes the formation of
an interface between two crystal phases with the lp and np
structures. Free-energy analysis is another method of address-
ing the difficulty with direct simulation of the gating behavior.
The free energy landscape as a function of the deformation of
the host framework structure and the chemical potential of
the guest molecule can be calculated by a combination of a
GCMC simulation and a thermodynamic integration method.
A stable state is determined by exploring a global minimum
in the landscape. This method was applied to simplified mod-
els of PCPs with the mutually interpenetrating,57, 58 stacked-
layer,59 and one-dimensional lozenge-shape channel (breath-
ing) motifs.60, 61 These studies revealed that the adsorption-
induced structural transition occurs when an energy penalty
for the host deformation is surmounted by stabilization due

to the adsorption of the guest molecules, and that a differ-
ence in energy barriers between the pre- and post-transition
states for the adsorption and desorption processes causes ad-
sorption hysteresis. The dependence of the gating behavior
on the framework structure of the interpenetrated PCP was
first demonstrated by Watanabe et al.58 They constructed two
models composed of intersecting rods with different thick-
nesses and fluid–frame and inter-framework interactions. The
difference in the rod thickness, which corresponds to a change
in the organic linker of the PCP, resulted in different gating be-
havior (i.e., one-step gating for the thick-rod model and fill-
ing and gating for the thin-rod model) because the thin-rod
model provides a space to accommodate the guest molecules
in a degassed state, whereas the thick-rod model has a non-
porous degassed state. Very recently, Bousquet et al.61 ex-
amined the structural transition behavior of a simple model
of MIL-53 under thermodynamic equilibrium. They revealed
that the structural transition behavior is dramatically changed
by arbitrarily varying the Helmholtz free energy profile of the
host framework and Henry’s constant depending on the size
of the guest molecule. However, in these studies, the effects
of the change in the chemical components of the PCP on the
structural transition pressure are still not fully understood.

In this study, we report the dependence of the gat-
ing behavior on the framework structure of the simplified
stacked-layer PCP model used in a previous study,59 which
can be characterized by two parameters: the initial interlayer
width h0 and interlayer interaction parameter εss based on the
Lennard–Jones (LJ) potential. The equilibrium structural tran-
sition pressure and the spontaneous gate-opening and -closing
pressures are determined by the GCMC simulation and a free-
energy analysis. The dependence of the one-step gating be-
havior on h0 at fixed εss and on εss at fixed h0 is demonstrated.
Then, the parameter sets of h0 and εss that provide one-step
gating behavior are explored. The models showing filling and
gating behavior are also determined by tuning the parameter
sets, revealing how the change in the parameters produces a
dramatic change in the gating behavior. We also examine the
gating behavior of a PCP model that has virtual springs be-
tween the layers in order to discuss the correlation between
the elasticity of the host and the gating behavior. This study
should serve as a guideline for tuning the gating pressure and
controlling the shape of the adsorption isotherm by modifying
the PCP components.

II. METHODS

A. Simulation models and details

To model the stacked-layer PCP, we constructed a sim-
plified model, depicted in Fig. 1, which is the same as that
used in our previous study.59 The model consists of rigid
smeared-atom layers and pillaring atoms located on one side
of the layers. The interlayer widths for all the neighboring
layers, h, were assumed to remain the same when the system
was deformed by guest adsorption and desorption. The 12-6
LJ potential was used to describe the fluid–fluid interaction
uff, and the potential parameters used were those of argon:
σ ff = 0.341 nm and εff/kB = 119.8 K, where kB is the
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FIG. 1. Schematic illustration of simplified stacked-layer PCP model.

Boltzmann constant. Then, the 10-4 LJ potential was used for
fluid–solid interaction ufs:

ufs(zik) = 2πρsεfsσ
2
fs

{
2

5

(
σfs

zik

)10

−
(

σfs

zik

)4
}

, (1)

where zik denotes the distance between the ith fluid molecule
and the kth layer, and ρs is the atomic number density of
the layer, which was set to 2.2/σ ff

2. The solid–fluid param-
eters, εfs and σ fs, were calculated according to the Lorentz–
Berthelot mixing rules. Then, the layer–layer interaction ull

was derived from the area integral of the 10-4 LJ potential as

ull(hkl) = 2πρ2
s εssσ

2
ss

{
2

5

(
σss

hkl

)10

−
(

σss

hkl

)4
}

, (2)

where εss and σ ss are the interlayer LJ parameters, and hkl is
the distance, (k − l)h, between the kth and lth layers. The
σ ss value was set to 0.34 nm, and εss/kB was varied from
5 K to 300 K in this study. The layer–pillar interaction ulp

and pillar–pillar interaction upp were calculated using the 10-
4 LJ and 12-6 LJ potentials, respectively. The LJ parameters
of the pillar were the same as those of the guest molecule, and
the density of the pillar was set to 1/(100σ ff

2). Interactions
between the pillars and the guest molecules were neglected
because of the low density of the pillars. All the potentials
were cut and shifted at a distance of 5σ ff. The total potential
of the host framework Uss is expressed as

U ss =
NL−1∑
k=1

NL∑
l=k+1

ull(hkl) +
NL∑
k=1

NL∑
l=1,�=k

ulp(hkl + dp)

+
NL−1∑
k=1

NL∑
l=k+1

upp(rkl), (3)

where NL is the number of the layers in the system, dp is the
distance from a layer to the attached pillar, and rkl is the pillar–
pillar distance (see Fig. S1 in the supplementary material62

for a graphic explanation of Eq. (3)). The initial interlayer
width h0 at which Uss has the minimum value was varied from
1.25σ ff to 3.00σ ff by tuning the pillar length dp. Actually,
electrostatic interactions should contribute to the interaction
potential of the host, Uss, for a real PCP, but the contribution
may be approximately reproduced by tuning εss as mentioned
above. Hence, the electrostatic interactions were not consid-
ered in our model for the sake of simplicity. The simulation

cell was composed of stacked unit cells (uc) which contain
one layer and an interlayer space. The size of the unit cell was
10σ ff × 10σ ff in the x–y layer direction and 1.20σ ff–2.70σ ff

in the z direction normal to the layers. The number of stacked
unit cells was determined so that the z length of the simula-
tion cell was larger than 10σ ff. Periodic boundary conditions
were imposed for all the directions. The relation between the
chemical potential of the system and the bulk fluid pressure
was obtained by the Johnson–Zollweg–Gubbins equation of
state.63 The saturated vapor pressure of the LJ fluid obtained
by Lotfi et al.64 was used to calculate the relative pressure
P/P0.

GCMC simulations were conducted to obtain the ad-
sorption isotherm of argon in the simplified stacked-layer
PCP models. The length of the simulation run was at least
2.5 × 107 steps for equilibration and 2 × 108 steps for sam-
pling. The reduced temperature of the system, kBT/εff, was set
to 0.8 for all the cases in this study.

B. Free-energy calculation

The osmotic free energy of the system �OS was calcu-
lated by the following equation:65

�OS(μ, h) = F host(h) + PV (h) + �(μ, h), (4)

where Fhost is the Helmholtz free energy of the host, P is
the bulk pressure, V(h) is the system volume at the interlayer
width h, and � indicates the grand free energy of the guest
molecules adsorbed on the system with a fixed h, which can
be calculated by thermodynamic integration of the adsorption
isotherm, N(μ, h), as a function of the chemical potential of
the fluid μ:66

�(μ, h) = −
∫ μ

−∞
N (μ, h) dμ. (5)

Then, the relative osmotic free energy ��OS is defined as

��OS(μ, h) = �OS(μ, h) − �OS(μ, h0)

= �F host + P�V (h) + ��(μ, h), (6)

where �V and �� are the changes in the volume and
grand free energy of the system, respectively. The rela-
tive Helmholtz energy of the host, �Fhost(h) = Fhost(h)
− Fhost(h0), was approximated by the difference in the inter-
layer potential, �Uss(h) = Uss(h) − Uss(h0). This approxima-
tion can be reasonable in our model because the thermal fluc-
tuation of the layer itself will change very little with variations
in the interlayer width, so the entropy change in �Fhost(h) can
be negligible.

III. RESULTS AND DISCUSSION

A. Dependence of one-step gating behavior on initial
interlayer width h0

Figure 2(a) shows the relative free energies as a func-
tion of the interlayer width for the model with h0/σ ff = 1.85
and εss/kB = 28 K at a relative pressure of P/P0 = 0.007.
The relative Helmholtz free energy of the host, �Fhost, which
is independent of the gas pressure, has a single minimum at
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FIG. 2. (a) Relative free energies ��OS, ��, and �Fhost for the model with h0/σ ff = 1.85 as a function of the interlayer width at P/P0 = 0.007; (b) relative
osmotic free energies for the model with h0/σ ff = 1.75 at P/P0 = 0.010, 0.013, and 0.050; (c) relative osmotic free energies for the models with h0/σ ff = 1.30
and 1.40 at P/P0 = 1. An interaction parameter εss/kB of 28 K was used for all the models.

h = h0 (degassed state), and it increases monotonically as
the interlayer width h increases, because the layers are drawn
apart against the interlayer attractive force. The relative grand
free energy of the guest, ��, decreases with increasing
h and has a minimum at h0/σ ff = 2.03, where the guest
molecules are the most stably accommodated. The relative
osmotic free energy ��OS was calculated as the sum of
the �Fhost, ��, and P�V terms according to Eq. (6). The
profile of ��OS becomes bistable at P/P0 = 0.007, indi-
cating that a closed state (h/σ ff = 1.87) and an open state
(h/σ ff = 1.97) are in thermodynamic equilibrium. An en-
ergy barrier, EA

eq = 0.64 kBT/uc, appears between the two
stable states, and it depends on the magnitude of the en-
ergy fluctuation of the system whether the system can over-
come the energy barrier or not. The energy barrier and the
energy fluctuation of the system are system-size dependent,
and therefore we assumed that a huge PCP crystal was com-
posed of small domains. In the previous study,59 we showed
that, according to the transition state theory, the energy fluc-
tuation of the domain should be 35 kBT so that we ob-
serve the structural transition within 1 h for the domain of
8.3 × 8.3 × h = 43 nm3 (where h is the interlayer width
of 0.62 nm in the activation state). The obtained energy fluc-
tuation of 35 kBT is equivalent to 6 kBT/uc in this study. If
we apply 6 kBT/uc as the system energy fluctuation for the
model with h0/σ ff = 1.85, the structural transition should be
observed at P/P0 = 0.007 (hereafter, the equilibrium transi-
tion pressure) because EA

eq < 6 kBT/uc. In this case, a re-
versible adsorption isotherm with a single step is obtained,
as shown in Fig. 3(a). Then, if we set the initial interlayer
width to h0/σ ff = 1.75, the bistable state is observed at P/P0

= 0.013 (Fig. 2(b)). However, the equilibrium structural tran-
sition from the closed state (h/σ ff = 1.75) to the open state
(h/σ ff = 1.99) should not occur because the energy barrier
EA

eq is higher than the system energy fluctuation of 6 kBT/uc.

As the pressure increases from P/P0 = 0.013, the global min-
imum switches from the closed state to the open state, and the
energy barrier required for the structural transition toward the
open state decreases owing to the stabilization by guest ad-
sorption. The energy barrier EA

op finally reaches 6 kBT/uc at
P/P0 = 0.050, and spontaneous gate opening can be observed.
For the desorption process, the system stays at the open state
down to P/P0 = 0.010, where the energy barrier EA

cl required
for the transition from the open state to the closed state coin-
cides with 6 kBT/uc. Further decreases in the pressure reduce
EA

cl and trigger spontaneous gate closing. This is the mecha-
nism of gate opening and closing with accompanying adsorp-
tion hysteresis; the resulting adsorption isotherm is shown in
Fig. 3(b). If the initial interlayer width is further decreased
to h0/σ ff = 1.40, EA

op becomes larger than 6 kBT/uc even at

FIG. 3. Adsorption isotherms of models with initial interlayer widths h0/σ ff
of (a) 1.85, (b) 1.75, (c) 1.40, and (d) 1.30. Filled and open symbols indi-
cate adsorption and desorption isotherms, respectively. Dashed lines are ad-
sorption isotherms at thermodynamic equilibrium. An interaction parameter
εss/kB of 28 K was used for all the models.
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FIG. 4. Dependence of equilibrium and spontaneous gate-opening and -
closing pressures on initial interlayer width h0.

P/P0 = 1, although the global minimum switches from the
closed state to the open state (h/σ ff = 1.99) at a higher pres-
sure than P/P0 = 0.277 (Fig. 2(c)). Namely, according to the
kinetics, the amount of adsorption for the model with h0/σ ff

= 1.40 must be zero up to P/P0 = 1, and a stepped adsorption
isotherm is obtained according to the theory of equilibrium
(Fig. 3(c)). Then, for h0/σ ff = 1.30, the global minimum does
not switch from the closed state to the open state below P/P0

= 1 (Fig. 2(c)); thus, adsorption of guest molecules is defi-
nitely not observed (Fig. 3(d)).

The dependence of the equilibrium transition pressure
and spontaneous gate-opening and -closing pressures on the
initial interlayer width h0 is summarized in Fig. 4. The equi-
librium transition pressure decreases with increasing h0. This
is because the work required to expand the interlayer spac-
ing against the interlayer attractive force, which is equal
to �Fhost, becomes smaller as h0 increases. Then, at h0/σ ff

= 1.87, EA
eq becomes zero (the ��OS profile always has a

single minimum); therefore, the first-order equilibrium tran-
sition disappears. Spontaneous gate opening occurs at P/P0

= 1 for the model with h0/σ ff = 1.70, assuming a system en-
ergy fluctuation of 6 kBT/uc. The gate-opening pressure de-
creases sharply with increasing h0/σ ff, and it coincides with
the equilibrium transition pressure at h0/σ ff = 1.80. The gate-
closing pressure was determined for the models with initial
interlayer widths larger than 1.70 because the gate-opening
transition can be achieved for those models only below P/P0

= 1. The gate-closing pressure is nearly independent of h0

because the interlayer width h at the metastable open state be-
fore gate closing becomes almost the same among the mod-
els with different h0 (see Fig. S2(a) in the supplementary
material62). As in the gate-opening transition, the gate-closing
pressure is consistent with the equilibrium transition pres-
sure at h0/σ ff = 1.80. For the models with initial interlayer
widths larger than 1.80, EA

eq as well as EA
op and EA

cl become
smaller than 6 kBT/uc, which yields a reversible adsorption
isotherm with a single step.

To summarize this section: with increasing h0, the equi-
librium transition pressure decreases, and the spontaneous
gate-opening pressure sharply decreases, although the gate-
closing pressure has a weak dependence, and this results in
narrowing and disappearance of the hysteresis loop.

FIG. 5. (a) Relative osmotic free energies for models with εss/kB = 7 K and
h/σ ff = 2.03, εss/kB = 14 K and h/σ ff = 2.02, and εss/kB = 35 K and h/σ ff
= 1.99 as a function of relative pressure; (b) adsorption isotherms of the three
models. The initial interlayer width for all the models is h0/σ ff = 1.70.

B. Dependence of one-step gating behavior
on interaction parameter εss

Tuning of the chemical components in real PCPs affects
not only the geometrical configuration of the host framework
but also the host–guest interaction and inter-framework inter-
action. This can be reproduced by changing the interaction
parameter εss in our model. Figure 5(a) shows the relative os-
motic free energies for models with εss/kB = 7 K and h/σ ff

= 2.03, εss/kB = 14 K and h/σ ff = 2.02, and εss/kB = 35 K
and h/σ ff = 1.99, calculated from the thermodynamic integra-
tion of the adsorption isotherms (Fig. 5(b)) as a function of the
relative pressure. The interlayer widths h for the three models
were fixed during the calculation, although each model has
the same initial interlayer width of h0/σ ff = 1.70. The free-
energy profile exhibits a plateau in the low-pressure region,
and the height of the plateau, which corresponds to �Fhost, is
proportional to the magnitude of εss. The relative osmotic free
energy starts to decrease at the same time as the adsorption
amount begins to increase with increasing pressure. The pres-
sure at which ��OS = 0 is where the equilibrium structural
transition should occur. With increasing εss, the equilibrium
transition pressure decreases; nevertheless, the �Fhost value
required to deform the host framework is increased. This is
because the increase in εss enhances the host–guest interac-
tion according to the Lorentz–Berthelot mixing rules.

Figure 6 shows the dependence of the equilibrium transi-
tion pressure and spontaneous gate-opening and -closing pres-
sures on εss. When the initial interlayer width h0/σ ff was set
to 1.70, the models with εss/kB < 5 K cannot adsorb sufficient
guest molecules to stabilize the deformed host framework ow-
ing to their weak host–guest interaction; therefore, the equi-
librium structural transition should not be observed. Then, as
εss/kB increases from 5 K, the equilibrium transition pressure
decreases because the increase in εss contributes greatly to the
stabilization of the system by strengthening the host–guest in-
teraction compared with the destabilization by the increase
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FIG. 6. Dependence of equilibrium and gate-opening and -closing transition
pressures on interaction parameter εss for models with h0/σ ff = 1.45 and
1.70.

in �Fhost. The dependence on εss for the model with h0/σ ff

= 1.45, which has a larger �Fhost than the model with h0/σ ff

= 1.70, is also shown in Fig. 6 for comparison. The equi-
librium transition pressure for the model with h0/σ ff = 1.45
shows a minimum at εss/kB = 114 K and begins to increase
with increasing εss. This is because the host–guest interac-
tion parameter εfs is proportional to the square root of εss;
on the other hand, �Fhost increases directly with εss. Namely,
the destabilization of the system by the increase in �Fhost be-
comes significant over εss/kB = 114 K. Values of εss/kB larger
than 9 K yield a hysteresis loop for the models with h0/σ ff

= 1.70. The increase in εss raises the gate-opening pressure
as a consequence of the increase in the energy barrier. On the
other hand, the gate-closing pressure sharply decreases with
increasing εss, which differs from the dependence on h0. This
is clear from the fact that desorption of guest molecules from

the model with a stronger host–guest interaction requires a
greater reduction in the bulk gas pressure. These results sug-
gest that the enhancement of the εss value widens the hystere-
sis loop. As for the model with h0/σ ff = 1.45, no spontaneous
transitions should be observed because EA

op and EA
cl are al-

ways larger than 6 kBT/uc.

C. Parameter sets for one-step gating behavior

We explored the models showing the one-step gating be-
havior among the parameter sets of the initial interlayer width
h0 and interaction parameter εss. We categorized the param-
eter sets into types (i)−(v); the results are summarized in
Fig. 7(a). In area (i), which is blank, no structural transi-
tions are observed because the global minimum of the osmotic
free energy remains in the closed state even at P/P0 = 1 (see
Fig. 7(b) (i)). Then, the global minimum can switch from the
closed state to the open state in areas (ii), (iii), and (iv) be-
low P/P0 = 1 (Figs. 7(b) (ii), 7(b) (iii), and 7(b) (iv), respec-
tively). Therefore, according to the theory of equilibrium, a
stepped adsorption isotherm is obtained in areas (ii), (iii), and
(iv). In area (ii), EA

eq is always larger than 6 kBT/uc, and it
follows that the structural transition does not occur according
to the kinetics. In area (iii), spontaneous gate-opening and -
closing transitions are observed on the basis of the kinetics
because EA

op and EA
cl can become smaller than 6 kBT/uc, al-

though EA
eq > 6 kBT/uc, below P/P0 = 1 (Fig. 7(b) (iii)). In

area (iv), even EA
eq can be less than 6 kBT/uc (Fig. 7(b) (iv)),

which yields a reversible adsorption isotherm with a single
step. Then, in area (v), which is blank, the ��OS profile has a
single minimum (Fig. 7(b) (v)), so the first-order equilibrium
transition vanishes. The typical ��OS profiles at the borders
between the areas are shown in the supplementary material
(Fig. S3).62 It is noteworthy that Bousquet et al.61 have shown

FIG. 7. (a) Parameter sets of host framework showing one-step gating and filling and gating behaviors observed below P/P0 = 1; (b) schematic of typical
relative osmotic free energies in areas (i)–(v) shown in (a).
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FIG. 8. (a) Relative free energies ��OS, ��, and �Fhost for model with h0/σ ff = 2.70 and εss/kB = 28 K as a function of interlayer width at P/P0 = 0.099;
snapshots of the system: (b) h0/σ ff = 2.70 and P/P0 = 0, (c) h/σ ff = 2.62 and P/P0 = 0.099, and (d) h/σ ff = 2.92 and P/P0 = 0.099; (e) relative osmotic free
energies at P/P0 = 0.094 and P/P0 = 0.123; (f) resulting adsorption isotherm.

that the first-order equilibrium transition vanishes in their sim-
ple model for MIL-53 with increasing the relative pore size to
adsorbate (the change from Case 2 to Case 1 in Sec. II C).

Figure 7(a) shows that the border between areas (i) and
(ii) strongly depends on εss. The border has a minimum at
εss/kB = 28 K, which is attributed to the difference in the de-
pendence of �Fhost and �� on εss; i.e., �Fhost increases di-
rectly with εss, whereas �� is proportional to the square root
of εss (see Fig. S4(a) in the supplementary material62). Below
εss/kB = 28 K, the h0 value sharply decreases with increasing
εss because the open state is effectively stabilized by the en-
hancement of ��. Then, above εss/kB = 28 K, the h0 value
starts to increase because the destabilization of the open state
by the increase in �Fhost becomes significant. On the other
hand, the border between areas (ii) and (iii) is almost constant
at h0/σ ff = 1.70. This is because, at P/P0 = 1, adsorption of
guest molecules in the framework begins when the interlayer
width h/σ ff reaches ca. 1.75, which is slightly larger than the
initial interlayer width of h0/σ ff = 1.70, with almost no de-
pendence on εss. These facts suggest that the gating behavior
can be controlled by tuning the length of the pillars rather than
enhancing the inter-framework and guest–framework interac-
tions.

Our model is remindful of the Surface Force Apparatus
(SFA) experiments67, 68 and molecular simulations for repro-
ducing the experimental results,69–71 which show oscillation
of the solvation force due to the formation of stable layers of
adsorbed molecules upon squeezing the two substrates. In the
case of our models with the structural parameters discussed
in this section, a monolayer is only formed between the solid
layers at P/P0 < 1, but more than two adsorbed layers should
be inserted when larger chemical potential is imposed on the
system. Actually, the real stacked-layer PCP, ELM-11, shows
first gating transition by CO2 adsorption at 0.2–0.3 bar and
273 K, followed by second gating transition at 6–9 bar,72

though the structure of the adsorbed CO2 in ELM-11 is some-
what different from that in our simple pore model.

D. Parameter sets for filling and gating behavior

The gating behavior of the models with h0/σ ff > 2.1 was
also examined. Here, we take the model with h0/σ ff = 2.70
and εss/kB = 28 K as an example. Figure 8(a) shows the rela-
tive free energies ��OS, ��, and �Fhost of the model at the
equilibrium transition pressure (P/P0 = 0.099) as a function
of the interlayer width. The interlayer width of the model
in the degassed state (Fig. 8(b)) is about 1.7 times wider to
accommodate the single layer of guest molecules. Therefore,
after the filling with guest molecules is complete, the inter-
layer width shrinks to h/σ ff = 2.62 because of the attractive
forces from the guest molecules acting on the frameworks
(filling state, see Fig. 8(c)), although �Fhost increases because
of the repulsion forces acting between the pillars and the solid
layers. The interlayer width contracts continuously without
any activation processes. Then, another stable state of ��OS

appears at h/σ ff = 2.92 with the formation of an ordered bi-
layer of guest molecules (open state, see Fig. 8(d)). An energy
barrier in ��OS arises at h/σ ff = 2.78 between the filling state
and the open state, which is attributed not to �Fhost but to
��, unlike the models showing one-step gating. The energy
barrier EA

eq is larger than 6 kBT/uc; therefore, the equilibrium
transition from the filling state to the open state should not
occur according to the kinetics. However, the energy barrier
decreases to 6 kBT/uc with an increase in the relative pressure
to 0.123 (Fig. 8(e)). Namely, a spontaneous gate-opening
transition from the filling state to the open state should be
observed. Then, as also shown in Fig. 8(e), the backward gate-
closing transition should occur at P/P0 = 0.094. The resulting
adsorption isotherm for the model with h0/σ ff = 2.70 is de-
picted in Fig. 8(f). The gradual step in the adsorption isotherm
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around P/P0 = 0.08 is due to filling of guest molecules with
accompanying shrinkage of the interlayer width. The second
uptake with the hysteresis comes from the gate-opening and
-closing transitions. The filling and gating behavior obtained
in our study should be analogous to that observed in ELM-
12.26 It is also worth noting that Bousquet et al.61 have found
similar shrinking and expanding transition behavior for the
simple model of MIL-53, in which the np state is more stable
than the lp state at the degassed state and the molecular size
of the guest is smaller than the pore size of the np state (Case
A1 in Sec. III A). However, our model is different from their
model in that the Helmholtz free energy of the host only has
a single minimum, which should be typical for stacked-layer
PCPs.

The parameter sets of h0 and εss that generate the fill-
ing and gating behavior were explored, and the results are
shown in Fig. 7(a). We categorized the parameter sets into
three types: (vi), (vii), and (viii). The global minimum can
switch from the filling state to the open state in areas (vi),
(vii), and (viii) below P/P0 = 1. That is, a two-step adsorption
isotherm due to filling and gating is obtained in these three ar-
eas according to the theory of equilibrium. On the other hand,
according to the kinetics, EA

eq is always larger than 6 kBT/uc
in area (vi); therefore, the structural transition from the fill-
ing state to the open state does not occur. In area (vii), EA

op

and EA
cl can become smaller than 6 kBT/uc; it follows that the

gate-opening and -closing transitions are observed according
to the kinetics below P/P0 = 1. Then, in area (viii), even EA

eq

can be less than 6 kBT/uc, which yields a reversible two-step
adsorption isotherm. The borders between the three areas de-
pend little on εss but strongly on h0. This indicates that the fill-
ing and gating behavior can be controlled by tuning the length
of the pillars rather than enhancing the inter-framework and
guest–framework interactions, as in the one-step gating be-
havior.

E. Double gating behavior of spring-added model

We also investigated a model showing double gating be-
havior, which is a combination of the first-order shrinking
and expanding transitions of the framework. In the model
described above, the interlayer width contracts continuously
during the filling process without any activation processes.
Namely, the filling process is not the first-order transition,
which should come from the high compressive stiffness of the
host framework. We therefore estimated the elastic modulus
of the model with h0/σ ff = 2.70 and εss/kB = 28 K by cal-
culating a stress–strain curve and assuming a linear relation
up to 4% strain. The obtained compressive and tensile moduli
of the framework were 2.0 GPa and 0.37 GPa, respectively.
The compressive stiffness is one order of magnitude higher
than the tensile stiffness because of the repulsion forces act-
ing between the pillars and the solid layers. This high stiffness
for compression prevents a large shrinkage of the host frame-
work, so the first-order transition, which requires a dramatic
change in the interlayer width, cannot be achieved. Therefore,
to control the compressive stiffness of the host framework, we
added a harmonic spring on top of the pillars in our model.
The height of the pillars was set so that the initial interlayer
width h0/σ ff of the model without the harmonic springs was
2.40. The equilibrium length of the harmonic spring was de-
termined so that the resulting initial interlayer width became
2.70. Then, the force constant of the harmonic spring was ad-
justed so that the compressive elastic modulus of the frame-
work, Ecomp, was 0.76 GPa. The Ecomp value set in the spring-
added model is less than half that of the model with h0/σ ff

= 2.70 and εss/kB = 28 K without the harmonic springs.
The relative free energies ��OS, ��, and �Fhost of the

spring-added model at P/P0 = 0.066 are depicted in Fig. 9(a).
The obtained ��OS has two minima at h/σ ff = 2.64 and h/σ ff

= 2.46, and the system is in a bistable state. The system

FIG. 9. (a) Relative free energies ��OS, ��, and �Fhost for spring-added model with h0/σ ff = 2.70 and εss/kB = 28 K as a function of interlayer width at
P/P0 = 0.066; snapshots of the system: (b) h0/σ ff = 2.70 and P/P0 = 0; (c) h/σ ff = 2.46 and P/P0 = 0.066, and (d) h/σ ff = 2.92 and P/P0 = 0.122; (e) relative
osmotic free energies at P/P0 = 0.122; (f) resulting adsorption isotherm.
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continuously shifts from the degassed state of h0/σ ff = 2.70
(Fig. 9(b)) to the state of h/σ ff = 2.64 owing to filling of the
guest molecules. An energy barrier in ��OS between the min-
ima is smaller than 6 kBT/uc. Therefore, the first-order transi-
tion from the interlayer width of h/σ ff = 2.64 to that of h/σ ff

= 2.46 (Fig. 9(c)), namely a shrinking transition, should
be observed. Then, another bistable state appears at P/P0

= 0.122 (Fig. 9(e)). One stable state at h/σ ff = 2.42 accom-
modates a single layer of guest molecules, and the other one
at h/σ ff = 2.92 (Fig. 9(d)) has an ordered bilayer of guest
molecules. An energy barrier in ��OS between the minima
is larger than 6 kBT/uc; thus, the equilibrium transition from
the narrower interlayer width to the wider one should not
occur according to the kinetics. However, the energy barri-
ers for the adsorption and desorption processes decrease to
6 kBT/uc at P/P0 = 0.34 and P/P0 = 0.10, respectively, which
provides the second gating behavior with hysteresis. The re-
sulting adsorption isotherm of the spring-added model with
h0/σ ff = 2.70 is shown in Fig. 9(f). The isotherm suggests
that the softening of the framework results in a steep uptake
due to the shrinking transition and widening of the hystere-
sis loop arising from the second gate-opening and -closing
transitions. The shrinking and expanding transitions, which
are both first order and feature of the breathing phenomenon
in MIL-53, have been reproduced with the simple model of
MIL-53 by Bousquet et al. (Cases B1 and B2 in Sec. III A).61

The Helmholtz free energy of the host for their model has
double minima, and the np state is unstable compared with
the lp state without the guest adsorption. On the other hand,
our model exhibits the shrinking transition due to the stabi-
lization only by the guest adsorption, though the Helmholtz
free energy of the host has no minimum at the shrunk state
(h/σ ff = 2.46, Fig. 9(a)).

The dependence of the equilibrium structural transition
pressure on the compressive elastic modulus was examined;
the results are shown in Fig. 10. According to the theory of
equilibrium, the double gating behavior is observed for the
models with Ecomp < 0.83 GPa. The enhancement of Ecomp

increases the resistance to shrinkage of the host framework;
therefore, the shrinking transition pressure is increased. How-
ever, for Ecomp > 0.83 GPa, the first-order shrinking transi-
tion vanishes; instead, the interlayer width contracts contin-
uously without any activation processes (“filling transition”).
On the other hand, in the expanding transition, the increase in
the compressive stiffness helps the host framework expand,

FIG. 10. Dependence of equilibrium transition pressures on compressive
elastic modulus of spring-added model.

which decreases the expanding transition pressure. These re-
sults suggest that the gating behaviors (i.e., filling and gat-
ing and double gating) strongly depend on the length of the
pillars and the stiffness of the host framework. Interestingly,
the compressive moduli of our double gating models roughly
agree with those of atomistic models of PCPs showing double
gating obtained by ab initio quantum mechanical calculations:
0.90 GPa for MIL-53(Al) and 0.45 GPa for DMOF-1.73

IV. CONCLUSION

We investigated the dependence of the one-step gating
and filling and gating behaviors of simplified stacked-layer
PCP models on the initial interlayer width h0 and the inter-
framework interaction parameter εss by conducting GCMC
simulations and a free-energy analysis. The gating behavior
can be transformed from one-step gating to filling and gating
by increasing h0 rather than changing εss. This result can ex-
plain the difference between the gating behaviors of ELM-118

and ELM-12:26 CO2 adsorption on ELM-11, which is com-
posed of BF4

− pillars, shows one-step gating accompanied by
a hysteresis loop, and ELM-12, with CF3SO3

− pillars, which
are larger than BF4

−, shows filling and gating exhibiting a
hysteresis loop on the second step.

We also studied the double gating behavior, which is a
combination of the first-order shrinking and expanding tran-
sitions of the host framework. To reduce the compressive stiff-
ness of the host framework, we cut the pillars and added vir-
tual springs between the pillars and the solid layers of our sim-
plified model. The softening of the host framework yielded
the transformation from filling and gating to double gating
behavior. The compressive moduli of our models showing
the double gating behavior roughly agree with those of the
atomistic models of PCPs obtained by ab initio quantum me-
chanical calculations for MIL-53(Al) and DMOF-1,73 which
proves the validity of our approach.

We believe that our results could serve as a guideline for
controlling the gating pressure of PCPs by exchanging the
chemical components.
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