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Simulation study for adsorption-induced structural transition
in stacked-layer porous coordination polymers: Equilibrium
and hysteretic adsorption behaviors
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(Received 2 November 2012; accepted 15 January 2013; published online 7 February 2013)

We conduct grand canonical Monte Carlo simulations and a free-energy analysis for a simplified
model of a stacked-layer porous coordination polymer to understand the gate phenomenon, which
is a structural transition of a host framework induced by the adsorption of guest particles. Our cal-
culations demonstrate that stabilization of the system due to the guest adsorption causes host de-
formation under thermodynamic equilibrium. We also investigate spontaneous transition behaviors
(gate opening and closing under metastable conditions). The structural transition should occur when
the required activation energy, which is determined using the free-energy analysis, becomes equal
to the system energy fluctuation. To estimate the system energy fluctuation, we construct a kinetic
transition model based on the transition state theory. In this model, the system energy fluctuation
can be calculated by setting the adsorption time and transition domain size of the host framework.
The model demonstrates that a smaller domain size results in a gate-opening transition at lower
pressure. Furthermore, we reveal that the slope of the logarithm of the equilibrium structural tran-
sition pressure versus reciprocal temperature shows transition enthalpy, and that slopes of the gate-
opening and -closing transition pressures versus reciprocal temperature show activation enthalpies.

© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4789810]

. INTRODUCTION

Porous coordination polymer (PCP), also known as
metal-organic framework (MOF), is a new class of
nanoporous materials constructed of metal ions and or-
ganic linkers.'” Particularly, some types of PCPs, called
soft porous crystals,* have a dynamic structure that results
in a peculiar adsorption behavior known as breathing or
the gate phenomenon, in which, at a certain pressure, guest
molecules are adsorbed abruptly, causing structural deforma-
tion of the host (gate opening), and are desorbed when the
pressure drops below the gate-opening pressure (gate clos-
ing), restoring the shape of the host. This phenomenon has
been reported for several motifs of soft PCPs such as one-
dimensional channels,>® two-dimensional stacked-layers,’'
and interpenetrating three-dimensional motifs.’*?> Intrigu-
ingly, this gating behavior is tunable with the functional-
ization of the organic linkers®'* and replacement of the
metal ions.'® This stimulus-responsive transition behavior
suggests potential application to various adsorption technolo-
gies such as gas storage,'”>* separation,'®?* sensors,” nano
flasks for topotactic radical polymerization,’® and carriers
for drug delivery.”” To understand the gate phenomenon,
an in situ X-ray diffraction experiment for CO, adsorp-
tion onto MIL-53 was conducted,”® and it showed that
only two lattice structures, namely, the narrow-pore (np)
and large-pore (Ip) phases, appeared during the structural
transition, which indicates that the phenomenon can be at-
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tributed to first-order adsorption-induced structural transition.
The adsorption-induced structural transition was also exper-
imentally observed for the other host/guest systems such as
montmorillonite clay/water,”®33 zeolites/aromatics,’ 3> al-
kali earth halides/ammonia,3®® and anthracenebisresorcinol
crystal/ethyl acetate.>* However, the microscopic mechanism
of the adsorption-induced structural transition remains to be
fully understood.

Computational approaches have provided useful infor-
mation to understand the deformation of porous materials
due to guest adsorption. In the 1980s, Megan and Snook**#!
and Lane and Spurling*? predicted that the solvation pres-
sure of a confined Lennard-Jones (LJ) fluid in a slit pore
composed of LJ atoms oscillates with an increase in the
slit width. Accordingly, Israelachvili et al.**** performed a
surface force measurement of confined octamethylcyclote-
trasiloxane [(CH3),SiO]s between mica substrates and con-
firmed the oscillation of the solvation pressure. Since then,
many computational studies of structural deformation in a
slit system have been reported. Most molecular simulations
have been conducted in the canonical or the grand canonical
ensembles in the first decade,*° and new ensembles such
as isostress-isostrain,”! grand isostress,’>>! grand isoshear,>*
and grand isoforce ensembles> have been developed to ex-
amine the stress-strain correlation in slit systems. To investi-
gate swelling in the clay/water system, molecular simulations
have been conducted in the isostress ensemble’’~® and the
grand canonical ensemble.’® %7 Those simulations in the
isostress ensemble succeeded in predicting a stable clay/water
structure; however, the stepwise adsorption isotherm based on
the structural transition of the host was not reported, because

© 2013 American Institute of Physics
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additional calculation is required to obtain a bulk gas pres-
sure in equilibrium with the adsorbed phase. This stepwise
adsorption isotherm was also not represented by the molec-
ular simulation in the grand canonical ensemble, because it
does not allow one to determine the thermodynamically sta-
ble structures in clay/water systems with different interlayer
spacing. To describe the adsorption-induced structural transi-
tion, the most appropriate ensemble is an osmotic ensemble
(Nhost> 4, 0, T), where the control parameters are the number
of atoms in the host framework Ny, the chemical potential
of the adsorbed fluid w, the mechanical constraint o (which is
simply the external pressure in an isotropic system), and the
temperature 7. A molecular simulation study with this ensem-
ble for the adsorption-induced structural transition was first
conducted by Ghoufi et al.%%% Their hybrid osmotic Monte
Carlo simulation for the MIL-53/CO, system successfully ex-
plained the structural transition from the np phase to the Ip
phase, but it failed to explain the I[p — np transition because
of difficulty in sampling the full phase space.

Coudert et al.”%"" proposed an analytical approach using
a general thermodynamic scheme for predicting the equilib-
rium behavior of the structural transition of PCPs. They cal-
culated the pressure dependence of the osmotic free energies
in the pre- and the post-transition states by thermodynamic
integration of the Langmuir isotherms, which are obtained by
fitting to the corresponding parts of the experimental adsorp-
tion isotherm. They determined the host deformation energy,
AF™ 5o that the intersection of the two free-energy pro-
files coincided with the experimental transition pressure. This
model could explain the conditions for the occurrence of the
structural transition, and they successfully derived a phase di-
agram for the MIL-53/xenon system;’> however, their model
could not explain the hysteresis phenomenon. To predict the
hysteretic behavior, Neimark et al.”® proposed a stress-based
model in which the structural transition occurs when the ad-
sorption stress, which is applied on account of guest adsorp-
tion, approaches a certain critical stress. This model was ap-
plied in experimental’*”> and simulation’® studies for the
MIL-53/guest system, and it gave an insight into specific hys-
teric behavior; however, it was not sufficient for quantitative
prediction of the spontaneous transition pressures. A com-
prehensive review of analytical approaches and direct simu-
lations for the osmotic ensemble is found in Ref. 77.

Free-energy analysis is another method to determine the
structural transition behavior.”®”° This method is neither a
direct simulation of the structural deformation, nor an ana-
lytical approach, but a combination of the two. Its method-
ology is as follows: First, the adsorption stress is calculated
with the grand canonical Monte Carlo (GCMC) simulation.
Second, the adsorption stress is integrated with respect to
the change in system volume to obtain the relative osmotic
free energy. Finally, the most stable state is determined based
on the obtained osmotic free-energy landscape. This method
has been applied to the LJ slit system,’® clay materials,3*-8
simple models of MIL-53,% and mutually interpenetrating
PCP.’%7° The osmotic free energy can be also obtained by an-
other pathway, i.e., the integration of the adsorption isotherm
with respect to the chemical potential, and this method has
been applied to investigate the adsorption-induced structural
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transition of zeolites.”>? In contrast to the direct simulation
method, free-energy analysis can represent the equilibrium
behavior of the adsorption-induced structural transition suc-
cessfully, but there are some limitations. One is the impossi-
bility of reproducing the dynamics of the deformation, and the
other is the difficulty of quantitatively determining the hys-
teretic behavior. Watanabe et al.”® determined the hysteretic
transition pressure with the activation energy of the structural
transition obtained from the free-energy landscape by assum-
ing energy fluctuation in the system. However, the amount of
the energy fluctuation cannot be determined by free-energy
analysis, because the energy fluctuation depends on observa-
tion time.

In the present study, we conducted GCMC simulations
and free-energy analysis for a simplified model of stacked-
layer PCP. The simplification of the model allows us to
elucidate the physical essence of the gate phenomenon.
We obtained the relative osmotic free energy from the two
thermodynamic integration pathways. The adsorption stress
was calculated from three newly derived equations for the
stacked-layer system. The equilibrium structural transition
behavior was determined from the free-energy profiles, and
furthermore, the hysteretic transition pressures were predicted
by the relationship between the activation energy and the
assumed system energy fluctuation. Temperature dependence
of the equilibrium pressure and spontaneous gate-opening
and -closing transition pressures was also investigated. To
estimate the system energy fluctuation, we propose a kinetic
transition model, in which a PCP crystal is composed of
transition domains, which can deform independently of each
other. Based on the model, we calculated a rate constant
for the structural transition using transition state theory®*—>
and associated the energy fluctuation with the adsorption
time and the size of the transition domain. We also revealed
that equilibrium transition enthalpy and gate-opening and
-closing activation enthalpies can be obtained from the slopes
of the logarithms of the transition pressures In P versus
reciprocal temperature T~', respectively. This gives a clear
understanding about the experimental results that the In P vs.
T~! plot has a linear correlation. % !1:12:96

Il. METHODS
A. Model and simulation details

To elucidate the physical essence of the gate phe-
nomenon, we constructed a simplified model of a stacked-
layer PCP for which the structural transition has been ob-
served experimentally.”~'® Figure 1(a) shows a typical layer
structure of a stacked-layer PCP (ELM-11"%), which has a
grid network formed by coordination bonds between metal
ions and linker molecules. Pillaring anions are located on both
sides of the layer. In our model, the layer was assumed as a
rigid smeared-atom wall, and the pillars were located on the
one side of the layers (Fig. 1(b)). The simulation box was
composed of seven stacked unit cells containing one layer
each (Fig. 1(c)). The center-to-center distance between the
two layers was defined as the interlayer width h. The in-
terlayer widths for all the neighboring layers were assumed
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FIG. 1. (a) Two-dimensional sheet of the stacked-layer PCP, ELM-11 (see
Ref. 13), consisting of metal ions, organic linkers, and anion pillars on the
layer. (b) Simplified model of the stacked-layer PCP, which is composed of a
smeared-atom layer and pillars on the layer. (c) Simulation box including the
seven unit cells with interlayer width hg. (d) Snapshot of the guest molecules
in the simulation box after the gate opening.

to remain the same when the interlayer width expanded as
the guest molecules were adsorbed in the interlayer spaces
(Fig. 1(d)). For a description of fluid-fluid interaction u', the
12-6 LJ potential was used

off 12 off 6
urij) = deg (—) —(—) , (1)
rij rij

where r; is the pairwise distance between the guest
molecules. The guest molecule was LJ argon with o
=0.341 nm and eg/kg = 119.8 K, where kg is the Boltzmann
constant. For fluid-solid interaction u', the 10-4 LJ potential
was used

2 /o 10 o 4
u“(z,-u:znpssfsoé{— (—f) - (—f> } ©)
5 \ zix Zik

where z;; denotes a distance between the ith fluid molecule
and the kth layer. The layers were composed of carbon atoms
with LJ parameters of oy = 0.340 nm and eg/kg = 28 K.
The atomic number density of the layer, ps* (:psoffz), was
set at 2.2 to attain approximately the same atomic density as
ELM-11."% The LJ parameters, o and &g, were calculated
following the Lorentz-Berthelot mixing rules. A layer-layer
interaction u'! is represented by Eq. (3), which is derived from
an area integral of the 10-4 LJ potential

11 2 2 2 Oss 10 Osg 4
U(hkl)=2ﬂﬂsgssUss g h_kl - h_kl s 3)

where hy; is the distance between the kth and the Ith layers.
The derivation of Eq. (3) is described in the supplementary
material.’” Pillar-pillar interaction uPP and layer-pillar interac-
tion u'P were set to be the 12-6 LJ and the 10-4 LJ potentials,
respectively. The LJ parameters of the pillar were the same
with those of the guest molecule, and density of the pillar was
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set to be 1/(1000 &?). 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
u(R) — u(r, atR <r
uRy =1 " . . “)
0 atR > r.
where the cut-off distance r. was set at So¢, and R indicates
the pairwise distances r;;, zix, and hy. The total potential en-
ergy of the system, U, is described as

U= Uff+ Ufs 4 USS, (5)

N-1 N
Uff — Z Z uff(r,j), (6)

i=1 j=i+l1
N No/2-1
Ut=>" Y utw, (7)
i=1 k=—N /2
Np/2—2 Np/2-1 Np/2-2 Np/2-1

US = Z Z ull(hk[)+ Z Z upl(ka)

k=—Np/2 I=k+1 k=—Nr/2 m=k+1

NL/2-2 Npj2—-1

+ YD uPa), ®)

m=—Np/2 n=m+1

where N and N, are the numbers of the guest molecules
and the layers, respectively. For a real PCP, electrostatic in-
teractions should contribute to the configurational potential
U, but the interaction potential may be approximately re-
produced, e.g., by tuning the LJ parameter 5. Hence, elec-
trostatic interactions are not considered in our model for the
sake of simplicity. The stable interlayer width, hy* (=ho/o ),
can be determined by Eq. (8) to be 1.75. The unit cell size was
100 x 100 in the x-y layer directions and 1.600 ¢—2.050 ¢
in the z direction normal to the layers (thus, the z length of
the simulation box is 11.200 —14.350 ). Periodic boundary
conditions were imposed for all directions.

The GCMC simulations were conducted for various in-
terlayer widths (1.600—2.050) with a step size Ah of
0.01c . The length of the simulation run was 2.5 x 107 steps
for equilibration and at least 2 x 103 steps for sampling.

B. Free-energy analysis

In this study, the relative osmotic free energy, AQ°S, was
calculated by two alternative pathways. One was the thermo-
dynamic integration of “imaginary” adsorption isotherms for
the interlayer width £, which were obtained from the GCMC
simulations.””“® In this case, the osmotic free energy, 05, is
represented by

0

Q%) = P+ PV — [ NG, ©)
—00

where F'*! is the Helmholtz free energy of the host. P is

the bulk pressure, V(h) is the system volume at the inter-

layer width &, and N(u, h) represents the imaginary adsorp-

tion isotherm. The relative osmotic free energy for the change
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of the interlayer width from kg to & is given by
AQOS (1, h) = Q%(u, h) — Q%5 (u, hy), (10)

where the relative Helmholtz energy of the host, AFM(h)
= F'Y(h) — F"'(hy) in Eq. (10), was approximated to
the difference in the interlayer potential, AU*(h) = U*(h)
— U*(hg). This could be reasonable because the thermal fluc-
tuation of the layer itself will change very little in this system
upon the variation in the interlayer width, and thus, the term
of the entropy change in AF' (/) can be negligibly small.
Then, the entropy change of the guest molecules against the
interlayer width is included in the thermodynamic integration
of the adsorption isotherm of Eq. (9), and it does not affect
AFSt(h) jtself.

Another route to obtain AQYS is the thermodynamic in-
tegration of the adsorption stress, o ,qs, With respect to the in-
terlayer width

h
AQS(u, h)y=—A / dh’ oaas(ie, b)), (11)
ho

where A is the area of the layer. To calculate the adsorption
stress, we derived the following three equivalent equations:

(Fo) H{F) B

Oads = n P, (12)
NYkgT  (WE)+(WE) F3
O,ads — _( )VB ( ZZ) V( ZZ) + 7Z _ P, (13)
NL/2-1 k (" (k+1)h
Oads = Z E/O dZ /];h de
k=—Ny/2

11
X |:—8778ff(7ff<,0(z)> (p(z1) {(Z_;;_H)

(=)
z—zk —kh
N/2—1

h Ofg !
. Z k/o dz | —8mpsessots (0(2)) (Z—kh)

k=—N./2

_( ots )5 PEVAN (14)
z—kh A ’

where the angle brackets denote an ensemble average. Equa-
tion (12) indicates that the adsorption stress can be calculated
as the sum of the negative bulk pressure and the z components
of the forces, F,, F,™, and F,*, derived from the fluid-fluid,
fluid-solid, and solid-solid interaction potentials U, U, and
U*, respectively. It is worth noting that the definition of ad-
sorption stress in Eq. (12) is different from that of Neimark
et al.,”® in that the stress for the host deformation (F,**/A) is
included in our definition. The adsorption stress can be also
obtained with Eq. (13) based on the virial theorem. The pres-
sure of the confined fluid is calculated as the sum of the ideal
gas pressure and the fluid-fluid and the fluid-solid virials ap-
plied in a direction normal to the layer, W.. and W_, re-
spectively. In Eq. (14), the local density profile of the guest
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molecule, p(z), is integrated to calculate the fluid-fluid and
the fluid-solid interaction forces. In this equation, the guest
molecules are assumed to have uniform density along the
layer direction. By comparing the computational results, we
confirmed that Eqs. (12)—(14) give the same adsorption stress.
The details of the derivations of the three equations are de-
scribed in the supplementary material.”’

lll. RESULTS AND DISCUSSION
A. Equilibrium transition behavior

Figure 2 shows the relative osmotic free-energy profiles
along the interlayer width for different relative pressures at a
temperature of T# (=kgT/eg) = 0.8, which were calculated
by thermodynamic integration of the adsorption stress using
Egs. (11) and (12). At zero pressure, a global minimum is
located at h = hy (closed state), which is determined by the
balance between the interlayer attraction and the layer-pillar
repulsion. The system becomes monotonically unstable with
layer opening because the layers are forcibly drawn apart
against the interlayer attractive force. At a pressure of P/Pg
= 0.010, a local minimum appears at h* (=hlog) = 1.99,
which is caused by stabilization due to the guest adsorption.
A further increase in the pressure naturally increases the ad-
sorbed amount of guest particles, making the state more sta-
ble. At P/Py = 0.013, the profile becomes bistable, which in-
dicates that the closed state and the opened state (h* = 1.99)
are in thermodynamic equilibrium. The global minimum turns
into the opened state from the closed state at pressures higher
than the equilibrium transition pressure.

Figure 3 shows the relative osmotic free energies as a
function of pressure for various fixed interlayer widths at 7*
= 0.8 calculated by the other integration pathway (Eqgs. (9)
and (10)). The profile for &* = 1.75 is independent of the
pressure because no guests are adsorbed due to the narrow
interlayer space and the contribution of PAV-term is negligi-
ble. At zero pressure, the closed state is the most stable and

(o}

Relative osmotic free energy AQ™" /&x

—*—0.007

—4—10.010
-60  —=—0.013 b
—v—0.050 r
0.292
-80 . . . |
1.7 1.8 1.9 2.0
Interlayer width 4/ o

FIG. 2. Relative osmotic free energies as a function of interlayer width and
pressure at T# (=kpT/egr) = 0.8. EA®Y, EA°P®", and Ex°1°° are the activation
energies for the equilibrium transition and the spontaneous gate-opening and
-closing transitions, respectively.
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FIG. 3. Relative osmotic free energies as a function of pressure and inter-
layer width at 7* = 0.8.

the system with the larger interlayer width is unstable. Even
at low pressures, the closed state is the most stable; however,
the stable state shifts from the closed state (hy* = 1.75) to the
opened state (h* = 1.99) at P/Py = 0.013. The structural tran-
sition pressure determined by the thermodynamic integration
of the adsorption isotherm is exactly the same with the tran-
sition pressure given by the above-mentioned thermodynamic
integration (Egs. (11) and (12)). The switch of the global min-
imum, which induces the structural transition and the guest
adsorption, naturally yields a stepwise adsorption isotherm,
as shown in Fig. 4. From these results, it is revealed that
the equilibrium behavior of the adsorption-induced structural
transition is dominated by the balance between two conflict-
ing contributions: The energy penalty by the host expansion
against the interlayer attraction and the stabilization due to the
guest adsorption.

B. Hysteretic transition behavior

In Sec. III A, it is described how the equilibrium struc-
tural transition pressure was determined by equating the rela-
tive osmotic free energies of the closed and the opened states.
However, the structural transition does not occur at the equi-
librium transition pressure if the system cannot overcome the
energy barrier located between the two stable states during
a finite observation time. As shown in Fig. 2, the activa-

100 T
5
k=
=1
g hloy = 1.99
2 50_ ff . ]
.8
£
2
o
<

hol oy = 1.75 .
0 0.013 0.1 0.2

Relative pressure P/P,

FIG. 4. Stepwise adsorption isotherm for the stack-layer PCP model due to
the equilibrium structural transition from the interlayer width h/o g of 1.75
(closed state) to 1.99 (opened state).
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tion energy for the equilibrium transition, E5®4, is obtained
from the free-energy difference between the two stable states
(h* = 1.75 and 1.99) and the transition state (h* = 1.89 at
T#* = 0.8). The activation energies of the gate-opening and
-closing transitions, E°P" and Exc1%¢ are also determined
from the free-energy landscape: The free-energy difference
between the closed state and the transition state (e.g., h*
= 1.83 at P/Py = 0.050) is the gate-opening activation en-
ergy. The activation energy for the gate opening disappears at
P/Py = 0.292, which indicates the pressure of the metastable
limit for the gate-opening transition. For the gate-closing pro-
cess, the activation energy is obtained as the energy differ-
ence between the opened state and the transition state (for
example, the difference between the opened state with A*
= 1.99 and the transition state with h* = 1.92 at P/P,
= (0.010), and the metastable limit of the gate closing is P/Py
= 0.007. The pressure dependence of the activation energies,
EA%P" and Ex°1°% is shown in Fig. 5(a). The spontaneous
transition pressures can be determined by assuming the sys-
tem energy fluctuation and finding intersections of it with
the EA°P" and E,close profiles. Here, if we assume the en-
ergy fluctuation is 6kg7/uc (where uc denotes a unit cell),
the hysteretic adsorption isotherm is determined as shown in
Fig. 5(b). The gate-closing pressure is closer to the equilib-
rium transition pressure than the gate-opening pressure be-
cause the gate-closing activation energy is more sensitive to
the bulk gas pressure. The difference in the pressure depen-
dences between the gate-opening and -closing transitions re-
flects the difference in the respective mechanisms of sponta-
neous structural transition. In gate opening, the expansion of
the interlayer width is the activation process, which requires a
high pressure in order for guests to be adsorbed in the narrow
pore space. However, in gate closing, the activation process is

Activation energy
EnlkgThuc

50

Adsorption amount N,

()
0.004

0 0.001 0.002 0.003
Pressure P-(0t /&)

FIG. 5. (a) Pressure dependence of the activation energy of the structural
transition for various temperatures of 7% = 0.8-1.2. Closed and open sym-
bols indicate the activation energies for the gate opening and the gate closing,
respectively. The broken line represents the assumed system energy fluctua-
tion of 6 kg7 per unit cell. (b) Adsorption (closed symbol) and desorption
(opened symbol) isotherms for various temperatures (7* = 0.8—1.2, the same
colors as in (a)). The broken line indicates the equilibrium transition pressure.
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the guest desorption from the widened pore space, which is
sensitive to the bulk gas pressure. In this manner, free-energy
analysis can be used to demonstrate the hysteretic adsorption
behavior by considering the relation between the system en-
ergy fluctuation and the activation energy for the structural
transition.

Figure 5(b) also shows temperature dependence of the
adsorption isotherm. The hysteresis loop, which comes from
the different gate-opening and -closing pressures, becomes
wide with increasing temperature from 7% = 0.8 to 1.0, while
it decreases in width at 7% = 1.0 and finally vanishes at 7%
= 1.2. The dissipation of the hysteresis loop is due to the
energy fluctuation of the system being larger than the acti-
vation energy even at the equilibrium transition pressure (see
Fig. 5(a)). In experimental studies,”'>!?? only the increase
in the hysteresis loop with increasing temperature was re-
ported, and thus, this is the first time the non-monotonic tem-
perature dependence of the hysteresis loop has been shown
for the gate phenomenon. The non-monotonic temperature
dependence found in this study may sound somehow surpris-
ing, because it is generally considered that the hysteresis loop
due to the capillary condensation in mesopores is monoton-
ically decreased with increasing temperature.’® '’ However,
the hysteresis loop due to the capillary condensation, which
is caused by the different mechanism from the gate phe-
nomenon, also shows the non-monotonic temperature depen-
dence if the width of the hysteresis loop is expressed by the
absolute pressure as in this study, not by the relative pressure.

As mentioned above, the hysteric behavior in the spon-
taneous adsorption-induced structural transition is dominated
by the energy fluctuation of the system to overcome the en-
ergy barrier that separates the stable and metastable states.
The energy fluctuation of the system should depend on the
observation time and the size of a local domain in the PCP
crystal. Thus, to estimate the energy fluctuation and determine
the spontaneous gate-opening and -closing pressures, we con-
structed a kinetic transition model, as shown in Fig. 6. In this
model, the PCP crystal is composed of small domains, and
friction between them is neglected. According to the transi-
tion state theory, the rate constant of the gate-opening transi-
tion, kp, can be obtained as

1 [2kgT
kop(P9 SN) = z JTl:n

. exp (—,BAQHOCS(P, h) - SN)|transiti0nState (15)
fclosed dh €xXp (_IBAQUOCS(P, h) : SN) ’

@

T

.

FIG. 6. Schematic representations of the kinetic transition model. (a) A PCP
crystal, (b) a transition domain.
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FIG. 7. Pressure dependence of the rate constant for the gate-opening tran-
sition at 7% = 0.8. Transition domain sizes are 5 x 5, 10 x 10, 25
x 25, and 50 x 50 nm?, respectively. The 2 vertical lines indicate the equi-
librium transition pressure and the limit of the metastable pressure for the
infinitely wide layer model. The horizontal broken line corresponds to kqp
= 1/3600 s~ 1.

where m and sy denote the mass and area of the domain, re-
spectively, and B = 1/kgT. The rate constant ko, is the prod-
uct of two contributions: the average velocity of the domain
and the relative probability for the domain to be in the transi-
tion state. Figure 7 shows the pressure dependence of the rate
constant for several sizes of the transition domain. The rate
constant was calculated over the range from the equilibrium
transition pressure to the metastable limit pressure for the in-
finitely wide layer model. The rate constant increases with in-
creasing pressure by more than 15 orders of magnitude even
for a domain size of 5 x 5 nm?, and the increase becomes
more drastic for larger domain sizes. A larger domain size
tends to produce a smaller rate constant because a larger do-
main must overcome higher activation energy. Here, we set
the observation time as one hour and assumed that sponta-
neous transition occurs at the pressure for which the time con-
stant of the spontaneous transition 7, (=1/kop) is equal to the
observation time. Thus, the spontaneous transition pressure
can be determined as the pressure at which the rate constant,
kop, reaches 1/3600 s~! (broken line in Fig. 7). When the do-
main size is small, the structural transition tends to occur near
the equilibrium transition pressure of the infinitely wide layer
model. However, for a large domain, the structural transition
occurs close to the metastable limit pressure of the infinitely
wide layer model. The correlation between the domain size
and the system energy fluctuation at 7* = 0.8 was obtained by
the following scheme: First, the structural transition pressure
at which the rate constant reaches 1/3600 s~! was calculated
as a function of the domain size. Second, the activation ener-
gies of the gate opening corresponding to the obtained struc-
tural transition pressures at 7% = 0.8 were determined from
Fig. 5(b). The obtained activation energy could be regarded
as the system energy fluctuation. Figure 8 shows the sys-
tem energy fluctuation as a function of the domain size. The
system energy fluctuation per the transition domain is about
35 kgT and is nearly independent of the transition domain
size; however, the system energy fluctuation per unit cell (see
Fig. 1(c)) decreases with increasing domain size. The system
energy fluctuation per unit cell shown in Fig. 8 indicates that
the energy fluctuation of 6kg7/uc assumed above corresponds
to the transition domain size of 8.3 x 8.3 nm?. The volume
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FIG. 8. System energy fluctuation per one transition domain (blue circle,
left vertical axis), and per unit cell (red triangle, right axis) as a function of
transition domain size for an observation time of one hour at 7* = 0.8. The
vertical broken line indicates the domain size corresponding to the assumed
system energy fluctuation of 6 kg 7/uc in Sec. I1I B.

of the transition domain can be calculated as 8.3 x 8.3 x [,
= 43 nm® (where [, is the interlayer width of 0.62 nm in the
activation state), and the corresponding energy fluctuation per
unit cell is 35 kgT. These values seem reasonable considering
the activation energy of 59 kg7 for the nucleation of a liquid
droplet of 336 LJ particles (17 nm? in volume) from a vapor
phase. 0!

C. Temperature dependence of the structural
transition pressures

Many experimental studies obtained a linear corre-
lation between the logarithm of the gate-opening pres-
sure (and/or -closing transition pressure) vs. reciprocal
temperature®® 1129 and the slope of the plot of In P vs.
T-! could be considered as structural transition enthalpies
based on the Clausius-Clapeyron equation.®!? As shown in
Fig. 9, our simulations also provide a linear correlation for the
equilibrium structural transition and also for the spontaneous
gate-opening and -closing transitions; however, the Clausius-
Clapeyron equation should not be applied to spontaneous
transitions, because it assumes phase equilibrium. Therefore,
we constructed models to demonstrate the enthalpies obtained

= 4 T T T T

&

s

& or i
=

g

5 gl 1
g

S,

S _jol 1
g A equilibrium

= ® gate opening

§a 12 © gate closing . .

S 08 09 10 L1 12 13

Reciprocal temperature &/kgT

FIG. 9. Temperature dependence of the pressures for the equilibrium transi-
tion, the spontaneous gate-opening and -closing transitions. Lines were cal-
culated by the least squares fitting. Obtained slopes are —9.3¢ (equilibrium),
—5.8¢¢r (gate opening), and —10.2¢¢ (gate closing), respectively.
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FIG. 10. Schematic illustration of the isothermal-isobaric system including
a bulk gas phase and a PCP crystal. The closed state and the opened state are
in equilibrium.

from the slopes of the plots of In P vs. T~ for the equilibrium
transition and the spontaneous transitions.

In modeling the In P vs. T~! correlation for the equilib-
rium transition, we considered an isothermal-isobaric system
that includes a PCP crystal and a bulk gas phase as shown in
Fig. 10. Surface adsorption on the PCP crystal was neglected.
When the system is in equilibrium between the closed and the
opened states, the Gibbs free energies of the two states are
balanced

Gclosed — Gopened' (16)
By taking the total derivative of both sides, we can obtain

dP  AH™ AH"™
dT  TAV™  T(AVgs + AVecp)

a7

where AH" is the enthalpy change during the structural tran-
sition and A V'™ is total volume change of the system, which is
the sum of changes in volume of the gas phase and that of the
PCP crystal due to the deformation induced by the gas adsorp-
tion, i.e., the sum of AV, and AVpcp, respectively. Here, the
AVpcp term is negligible compared with AVy,s. By assuming
the ideal gas law for the gas phase, the following equation can
be obtained:

dinP _ AH"™
d(T-1) ~ kgAN’

where AN is the change in the adsorbed amount of guest par-
ticles. Equation (18) shows that the slope of the plot of In P vs.
T~ for the equilibrium structural transition provides the tran-
sition enthalpy per adsorbed guest molecule. This model was
tested by comparing the slope of the plot with the transition
enthalpies directly obtained from the GCMC simulations, as
shown in Fig. 11. The directly obtained transition enthalpies
were calculated as the difference between the post-transition
state with an interlayer width of & and the pre-transition state
(with an interlayer width of /g in this case)

AHh) = (U™ + (US) + U™ + PV)|, — (U")
+(US) + U™ 4+ PV)|pre-urs- (19)

(18)

As can be seen from Fig. 11, the slope of the plot of In
P vs. T7! is in fairly good agreement with the directly
obtained transition enthalpies. This demonstrates that the
Clausius-Clapeyron type of analysis can be valid even for an
adsorption-induced structural transition.
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FIG. 11. Comparison of the slope of the plot of In P vs. T~! for the equi-
librium transition and the transition enthalpies directly obtained from the
GCMC simulations.

Furthermore, we also constructed a model for the In
P vs. T~! correlation in the spontaneous (gate-opening and
-closing) transitions from the metastable states. In this case,
the correlation between the Gibbs free energies of the pre-
transition state and the activation state, GP*'" and G*, re-
spectively, can be written as

Gpre-tl’s + AG — GaCt, (20)
where AG is the activation energy. Here, we define the fol-
lowing relation:

AG

ksT
where « is a constant. The total derivative of Eq. (20) is ob-
tained as

a, 21)

AVEP = (AS™ + akg)dT, (22)

where AV*' and AS** are changes in the volume and the en-
tropy between the pre-transition and the activation states, re-
spectively. By combining Eqs. (21) and (22) and applying the
ideal gas law to the gas phase, the following equation for the
spontaneous transitions is obtained:

dinP _ AH™

dT-1) ~ kgANat @3)

4 Activated

b, . . .
1.7 1.8 1.9 2.0
Interlayer width 4/ oy

FIG. 12. (a) Relative Gibbs free energy and (b) relative enthalpy, as a func-
tion of interlayer width (7* = 0.8, P/Py = 0.050).
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FIG. 13. Comparison of the slope of the plot of In P vs. T~! for the gate-
opening transition, the transition enthalpies, AH"®, and the activation en-
thalpies, AH**, directly obtained from the GCMC simulations.

where AH*' and AN**" are the changes in the enthalpy and the
adsorption amount between the pre-transition and the activa-
tion states, respectively. This model indicates that the slopes
of the plot of In P vs. T~! for the spontaneous transitions
give the activation enthalpies per adsorbed guest molecule at
the activation state. To verify the model, we compared the
slope of the gate-opening transition with the activation en-
thalpy AH*' and the transition enthalpy AH" obtained di-
rectly from the GCMC simulations. The AH*' and AH™
values were obtained by the following scheme: First, the
interlayer widths of the pre- and post-transition states and
the activation state at P/Py = 0.050 and T* = 0.8 were de-
termined from the relative Gibbs free-energy profile shown
in Fig. 12(a). Second, AH*' and AH" at the interlayer
widths of the activation and the post-transition states were ex-
tracted from the enthalpy change profile obtained by Eq. (19)
(Fig. 12(b)). It is worth noting that the change in the Gibbs
free energy of the system, including the PCP crystal and the
bulk phase (Fig. 10), is the same as that in the free energy of
the osmotic system (Fig. 1(d)). Figure 13 shows a comparison
of the directly obtained activation and transition enthalpies
and the slope of the plot of In P vs. T~! for the gate-opening
transition. The slope is in good agreement with the directly
obtained activation enthalpies, but clearly distinct from the
transition enthalpies. We also conducted a similar verification
of the model for gate-closing behavior by comparing the slope
of the plot of In P vs. T~! with the directly obtained activation
enthalpy, and a good agreement was obtained as is the case in
the gate-opening behavior. This suggests that the slopes of the
plots of In P vs. T~! for the spontaneous gate-opening and -
closing transitions correspond to the activation enthalpies to
reach the transient states, not the transition enthalpies getting
to the final (opened and closed) states as reported in several
experimental studies.

IV. CONCLUSION

In this study, we investigated the adsorption-induced
structural transition of stacked-layer PCP based on free-
energy analysis by thermodynamic integration of the GCMC
simulation results. Our calculation showed that the global
minimum changed from the closed state into the opened state
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with increasing pressure, which indicates that the equilibrium
adsorption-induced structural transition is dominated by the
balance between the energy cost of the host deformation and
the stabilization due to the guest adsorption. The free-energy
analysis also provided the spontaneous structural transition
pressures by calculating the activation energy from the
free-energy profile and by assuming the system energy
fluctuation. The hysteresis loop shows the non-monotonic
temperature dependence: at low temperature, the hysteresis
loop increases with rising temperature as observed in many
experiments, but it eventually decreases at even higher
temperatures and finally vanishes. To estimate the system
energy fluctuation, the kinetic transition model was proposed,
and the rate constant for the gate opening at an observation
time of one hour was evaluated as a function of the size
of the transition domain. A smaller domain size produces
a transition pressure closer to the equilibrium transition
pressure, whereas for a larger domain size, the transition
tends to occur near the pressure of the metastable limit. We
also constructed the two models to demonstrate the enthalpies
obtained from the slopes of the plot of In P vs. T~! for the
equilibrium transition and the spontaneous transitions, and
we tested the models by comparing them with the enthalpies
directly obtained from the GCMC simulations. The model
for equilibrium transition demonstrated that the slope of the
plot of In P vs. T~! for the equilibrium transition provided the
transition enthalpy per adsorbed guest molecule. However,
the model for spontaneous transitions indicated that the
slopes represented the activation enthalpy per adsorbed guest
molecule in the activation state. These models give us a clear
understanding of the temperature-pressure correlation in
adsorption-induced structural transitions.
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