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Size-dependent guest-memory switching of the flexible
and robust adsorption characteristics of layered

metal-organic frameworks
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Flexible-robust metal-organic frameworks (MOFs), which exhibit unique hybrid nature comprising both flexible
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and rigid framework characteristics, exhibit high potential for hydrocarbon separations. However, no clear guide-
lines have been established to regulate their hybrid characteristics owing to limited understanding of their ad-
sorption mechanism. This study investigates the effects of the particle size of a flexible-robust MOF on its
adsorption and structural transition behaviors. The robust nature originates from the structural transition of a
metastable guest-free structure, while its flexible nature arises from another guest-free structure. The type of
guest-free structure is predominantly determined by the particle size; particles below the critical size are trapped
in the metastable guest-free structure. Notably, the critical size varies with the type of guest molecule to be re-
moved; consequently, the difference in critical size results in guest-memory characteristics, enabling guest-free
structure switching. These results underscore the importance of controlling the particle size to fine-tune hybrid

adsorption characteristics of flexible-robust MOFs.

INTRODUCTION

The adsorption separation of gases, with energy-saving, high-
efficiency, and low-cost characteristics, is a key technology that can
facilitate the development of a sustainable society (1-4). Several
types of adsorption processes—including pressure-, vacuum-, and
temperature-swing adsorption—are used for treating different feed
gases with widely varying volumes and compositions. To manufac-
ture adsorption systems with a high separation efficiency that can
capture specific target molecules, the tailored design and control of
the adsorbent structure and properties are crucial. Metal-organic
frameworks (MOFs), which are porous crystalline materials com-
prising metal ions and organic ligands, exhibit high potential for gas
adsorption because the vast variety of metal ion-ligand combina-
tions facilitate the formation of adsorbents with a controlled pore
size, surface area, and molecule adsorption affinity (5, 6).

MOFs are generally classified as rigid or flexible. Rigid MOFs
show permanent porosity, high surface areas, and large pore vol-
umes, typically yielding type I isotherms, while flexible MOFs un-
dergo a crystal-structure transformation from a closed/narrow pore
phase to a large pore phase in response to external stimuli (7, 8), re-
sulting in the stepwise uptake of guest molecules by gate adsorption
(9). Thus, flexible MOFs exhibit high working capacities in separa-
tion processes (10, 11) and molecular recognition abilities in sensing
applications (12). Flexible-robust-type MOFs, which were originally
proposed by Li et al. in 2017 (13), exhibit unique hybrid properties
characterized by multistep adsorption isotherms, which comprise a
type I profile in the low-pressure region and a subsequent stepwise
increase at a certain pressure (14-17). Owing to their hybrid nature,
flexible-robust MOFs exhibit high potential for the challenging sepa-
rations of several hydrocarbon mixtures such as C;H,/C,Hy, CHy/
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C,Hg, and C3H4/C3Hg (13, 18-21). Fine-tuning the hybrid character-
istics of flexible-robust MOFs would improve their adsorption and
separation performances substantially. However, unlike the robust
literature on MOFs with rigid or flexible properties, very little infor-
mation is available on the fundamentals of flexible-robust MOFs and
the mechanism of their adsorption and structural transition behav-
iors; therefore, the guidelines for controlling the hybrid characteris-
tics of flexible-robust MOFs remain ambiguous. Similar to flexible
MOFs, which exhibit particle-size-dependent characteristics such as
adsorption kinetics (22), framework flexibility (23, 24), and hyster-
etic behavior (25), the particle size of flexible-robust MOFs is a pos-
sible physical factor that affects the structural flexibility of these
systems without changing their material composition. However, to
the best of our knowledge, the influence of the particle size of flexible-
robust MOFs on their properties has not been investigated to date.
This study investigates the impact of the particle size of a flexible-
robust MOF on its adsorption and structural-transition behavior.
The elastic layer-structured MOF-12 {ELM-12 [Cu(OTf),(bpy)2)];
trifluoromethanesulfonate (OTf); 4,4"-bipyridine (bpy)}, which was
the first-reported MOF to exhibit a double-step isotherm (14), was
used as the model flexible-robust MOF in this study. ELM-12 shows
a stacked structure of two-dimensional (2D) tetragonal grid sheets
comprising Cu ions and bpy molecules and intersheet pillars com-
prising OTf anions that bind with Cu ions and exhibits unique ad-
sorption behaviors toward toxic gases such as SO, and N,O (26, 27).
For this study, monodisperse ELM-12 particles were downsized. The
typical synthesis of ELM-12 involves carefully layering a bpy solu-
tion onto a Cu(OTf), solution to promote an interfacial chemical
reaction between the two solutions. However, as the interfacial reac-
tion is a slow process, it facilitates the synthesis of relatively large
crystals (in the order of 10° pm) with a wide size distribution, which
are unsuitable for this study. Therefore, to synthesize monodisperse
ELM-12 particles of different sizes, a bpy solution was intensively
mixed with a Cu(OTf), solution using a microreactor to form a uni-
form reaction solution; this mixing induced instantaneous nucleation
and the subsequent growth of ELM-12 particles. Microreactors are
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promising reaction tools because of their excellent mixing ability
(28, 29), as demonstrated in our previous studies in which we ap-
plied a central collision-type microreactor to particle synthesis (30)
and successfully synthesized different types of particles such as
monodispersed MOF particles (31, 32), metallic nanoparticles (33),
and nanoshells (34, 35).

In this study, the particle size dependence of the structural vari-
ations and adsorption behavior of ELM-12 were explored. ELM-12
particles with different sizes were synthesized by using a central
collision-type microreactor. The N, adsorption isotherms and
structure of these particles were investigated to elucidate the ori-
gins of the robust and flexible characteristics specific to ELM-12
particles. Through the particle size—-dependent behavioral analy-
ses, we successfully clarified that the initial type I-like uptake by
ELM-12 particles is caused not by a “rigid” nature of the frame-
work, which was the originally proposed concept (13), but by its
“extremely flexible” nature specific to a metastable guest-free struc-
ture that responds to very low pressures, while the stepwise uptake
is due to the formation of another guest-free structure. Further-
more, on the basis of the understanding on the flexibility difference
between guest-free structures of ELM-12, adsorption isotherms of
H, and D, were investigated as a potential application of ELM-12
to an isotope separation. This study provides a guideline for regu-
lating the hybrid adsorption properties of flexible-robust MOFs that
can facilitate the development of high-efficiency adsorption-based
separation processes.

RESULTS

Synthesis of ELM-12 particles

ELM-12 particles were synthesized by mixing an aqueous solution
of Cu(OTf), with an ethanol (EtOH) solution of bpy in a central
collision-type microreactor with an excellent mixing ability. Figure 1
(A and B) shows the particles generated by the typical microreactor-
based synthesis. These particles are well-dispersed and plate-like
rhombic in shape (Fig. 1A) with a lateral size of 5.4 + 1.0 pm (Fig.
1B). Intensive mixing by the microreactor enabled the synthesis of
particles with a narrow size distribution; semi-batch-type mixing
with a weaker mixing ability produced particles with a wider size
distribution (fig. S1). The lateral size of particles increased with the
temperature and decreased with the Cu concentration and the Cu-
to-bpy ratio within 2 to 23 pm (Fig. 1, C and D), possibly because
higher supersaturation conditions at lower temperatures, higher Cu
concentrations, and larger Cu-to-bpy ratios produced a larger num-
ber of smaller nuclei, resulting in the formation of smaller-sized
particles [scanning electron microscopy (SEM) images of these
samples are shown in fig. S2]. Small size (in the submicron-scale)
particles with an average lateral size of 0.6 pm (fig. S2A) were pro-
duced under low temperature (5°C) and high Cu-to-bpy ratio (1:5)
conditions. The thickness of the particles increased almost linearly
with the lateral size (Fig. 1E), indicating that the ratio of lateral size
to thickness remained constant (~10) during particle formation,
showing no variation with the Cu concentration, reaction tempera-
ture, and Cu-to-bpy ratio. This phenomenon can be attributed to the
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Fig. 1. ELM-12 particles produced by the microreactor-based synthesis. (A) Representative SEM image and (B) lateral size distribution of ELM-12 particles synthesized
with Cu and bpy concentrations of 30 and 60 mM. The dependence of the average lateral size of ELM-12 particles on (C) the reaction temperature and (D) Cu concentra-

tion. (E) Linear relationship between lateral size and thickness. Error bars indicate standard deviation of data.
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formation of equilibrium-shaped particles with a fixed lateral size-
to-thickness ratio through a thermodynamically controlled synthe-
sis under the reaction conditions used in this study.

As-synthesized particles with different sizes synthesized by
the microreactor-based process showed almost identical x-ray
diffraction (XRD) patterns (Fig. 2A), confirming a size-independent
framework structure. Moreover, these XRD patterns were similar
to the XRD patterns of ELM-12 particles synthesized by the
interfacial-reaction method after the adsorption of EtOH or water
molecules (36). Thus, the microreactor-based direct-mixing proce-
dure yielded ELM-12 particles that accommodated solvent mole-
cules (EtOH and/or water). The black line in Fig. 2A and Fig. 2 (B
and C) shows the theoretical XRD pattern and the structural model
of ELM-12 in as-synthesized phase, respectively, which is essen-
tially the same as the crystalline structure of ELM-12 reported by
Kondo et al. [referred to as 2a in (14)], but with minor modifica-
tions to the cell parameters (see Table 1) and subsequent relaxation
of the atomic arrangement of the structural model through density
functional theory (DFT) calculations. The as-synthesized structure
comprises 2D layers with tetragonal grids, which are slightly dis-
torted from squares (with an angle of ~87°; Fig. 2C), in a lattice
arrangement stacked with alternating interlayer distances of 5.85
and 6.78 A (Fig. 2B).

Thus, the microreactor-based process enabled the size-controlled
synthesis of ELM-12 particles with a reasonably narrow size distribution
(with a lateral size within 0.6 to 23 pm and thickness within 0.06 to 2.3
pm) that can be used for particle size-dependent behavioral analyses.

Particle size-dependent adsorption behavior
Figure 3A shows the N, adsorption isotherms of ELM-12 particles
with different sizes at 77 K. Despite the identical structures of the

as-synthesized ELM-12 particles (Fig. 2A), the adsorption iso-
therms varied remarkably with the particle size, exhibiting a con-
siderable size dependence. ELM-12 particles with a size of 14 pm
showed the typical double-step isotherm that is characteristic of
flexible-robust-type systems in which the uptake in the first step
is almost equal to that in the second step. Here, the ratio between
the first and second steps changed with the particle size. The first
step for 21-pm ELM-12 particles was almost half the first step for
14-pm particles, with an almost unchanged saturated adsorption
amount. For the relatively large crystals (>100 pm) synthesized
by the interfacial-reaction method (fig. S3), the first step was
substantially smaller than the second step. In addition, the sec-
ond step gradually changed on decreasing the particle size below
14 pm; eventually, 3.4-pm ELM-12 particles exhibited an appar-
ently type I isotherm with an increased uptake at low pressures. The
difference in the synthesis methods, the microreactor-based or the
interfacial-reaction, did not have a major impact on the adsorption
isotherms because particles, which were originally synthesized
by the interfacial-reaction method and subsequently milled in a
mortar, with sizes around tens of micrometers or smaller exhibited
a similar adsorption isotherm to that of 21-pm particles synthesized
by the microreactor-based process (fig. S4). Thus, a balance between
robust and flexible characteristics can be controlled by tuning
the particle size. Notably, stepped-back second-uptake adsorption
isotherms were observed for large-sized ELM-12 particles (21
and >100 pm in size). This could be an apparatus artifact due to
which a lower equilibrium pressure was measured after a large
stepwise uptake owing to the small dead volume of the sample cell
(~16 ml). No step back was measured on using an apparatus with a
relatively large dead volume specific to the in situ XRD system
(~85 ml), as later shown in Fig. 4A.
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Fig. 2. XRD pattern and atomic structure of the as-synthesized ELM-12. (A) XRD patterns of the as-synthesized ELM-12 particles with different lateral sizes. (B) Struc-
ture of the as-synthesized ELM-12, wherein the layer structures shown in (C) are stacked with alternating interlayer distances of 5.85 and 6.78 A.The black line in (A) rep-
resents the theoretical XRD pattern of as-synthesized ELM-12, which is simulated on the basis of the structure shown in (B). a.u., arbitrary unit.
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Table 1. Crystal data for ELM-12 in as-synthesized, «, f§, and y phases. o and p are guest-free structures, while y is a No-loaded structure.

As synthesized o p Y
aA) 27.115 25.635(3) 14.5454(7) 15.8072(17)
b (A) 15.7972(6)
c(A) 16.125 16.8858(22) 19.6618(11) 15.0322(15)
B 111.309 110.147(5) 101.7544(26) 107.466(4)
Space group Cc
4
1250.4
d ¥ 7.68
2£Cu-Cu-Cu (°) 87.0 80.6 81.6 90.0
Layer spacing (A) 5.85,6.78 5.30,6.73 6.38 7.7
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Fig. 3. N, adsorption isotherm, XRD pattern, and atomic structures of two guest-free phases of ELM-12. (A) N, adsorption isotherms on ELM-12 at 77 K and (B) XRD
patterns of ELM-12 with different lateral sizes under vacuum at 77 K. Guest-free structures of ELM-12 in (C) phase a and (E) phase 8, wherein the layer structures shown in

(D) and (F) are stacked.

In situ XRD patterns of ELM-12 particles recorded at 77 K un-
der vacuum after the activation procedure to remove solvent mol-
ecules are shown in Fig. 3B. The guest-free structures of ELM-12
varied with the particle size. A careful analysis of the in situ syn-
chrotron XRD patterns indicated the existence of two guest-free
structural phases, labeled structure o and p. The smaller sized (1.7

Watanabe et al., Sci. Adv. 10, eadr1387 (2024) 6 December 2024

and 4.4 pm) particles mainly comprised o, while the larger sized
(20 pm) particles predominantly comprised . The XRD pattern of
10-pm ELM-12 particles indicated a mixture of both phases, and
all the peaks in the pattern could be attributed to either of the two
structures. Subsequently, initial structural models of a and p were
constructed with reference to the guest-free structure of ELM-12
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Fig. 4. In situ XRD measurement and N,-loaded structure of ELM-12. N, adsorption isotherms on ELM-12 particles with a lateral size of 4.4, 11, and 21 pm at 77 Kiin
(A) linear and (B) logarithmic scales. In situ XRD patterns of ELM-12 particles with a lateral size of (C) 4.4, (D) 11, and (E) 21 um recorded at the corresponding points indicated
in (B). (F) Structure of ELM-12 in phase y, wherein the layer structures shown in (G) are stacked with an interlayer distance of 7.17 A. (H) and (1) represent N,-free visualiza-

tions of the structures shown in (F) and (G), respectively

reported by Kondo et al. (14) and the open structure of ELM-11 (37),
which is a structural analog of ELM-12 with BF4 anions as pillars in
place of OTf anions (38), respectively, and optimized using the re-
finement method described in Materials and Methods. The struc-
tural models shown in Fig. 3 (C to F) indicate that o and p are
structural isomers with stacking layer structures in which 2D grids
are distorted into a rhombic shape at an angle of ~80° by the re-
moval of solvent molecules. The interlayer distance and rhombic-
grid alignment in the 2D layers were different in o and f; o showed
alternate interlayer distances of 5.30 and 6.73 A with a straight
alignment of rhombic grids, while f showed a single interlayer
distance of 6.38 A with zigzag alignment. Straight and zigzag
alignments are a common structural variation in tetragonal grids
comprising Cu and bpy; the hydrated forms of ELM-11 comprise
structural isomers with a straight and zigzag alignment of tetrago-
nal grids (39). According to DFT calculations of potential energy,
B is more stable than o by 34.7 kJ/mol, indicating that smaller

Watanabe et al., Sci. Adv. 10, eadr1387 (2024) 6 December 2024

ELM-12 particles are more likely to form the metastable structure
« after the activation process.

The differences in the guest-free structures accounted for the vari-
ations in the adsorption isotherms, as demonstrated by in situ XRD
measurements under different adsorption pressures (Fig. 4). Starting
from o in vacuo, 4.4-pm ELM-12 transformed into an intermediate
structure (labeled structure a’) through point A to B in the low rela-
tive pressure region of 107 (Fig. 4, B and C). New peaks appeared at
point C after a steep increase in the adsorption amount, indicating a
structural transition induced by N, adsorption. Moreover, peaks cor-
responding to o’ weakened at point C and lastly disappeared at point
E, resulting in a N,-loaded structure. In contrast, for 21-pm ELM-12,
the XRD patterns mainly comprising f§ remained almost unchanged
until point 3 (p/py ~ 10™") except for the peaks originated from a; after
this point, p transformed into a N,-loaded structure accompanied
with stepwise gas uptake from point 3 to 4 (Fig. 4, B and E). The
N,-loaded structures of 21- and 4.4-pm ELM-12 were identical,
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indicating that the guest-free structures of both a and f eventually
formed a large pore structure, labeled structure y. For 11-pm ELM-12,
o and P separately transformed into y in such a way that the struc-
tural transition from o to &’ to y first proceeded through pointa to b
to ¢, followed by a transformation from p to y through points c and d
(Fig. 4, B and D). Therefore, the flexible-robust-type isotherms of
ELM-12 can be attributed to the coexistence of two guest-free structures
o and P. Type I-like uptake at low pressures corresponds to o, where-
as the subsequent gate-type stepwise uptake corresponds to .

The in situ synchrotron XRD patterns of 2.4-pm ELM-12 parti-
cles after the introduction of N, gas were analyzed to characterize
the Nj-loaded structure y. An initial structural model was con-
structed by referencing the layer structure of ELM-12 in the as-
synthesized phase and optimized by refinement, resulting in the
structural model shown in Fig. 4, F to I, and Table 1. The uptake of
N, molecules straightened the tetragonal grids back into square
shape from the rhombic shapes of & and p and increased the inter-
layer spacing to 7.17 A.

The ELM-12 particles showed a fixed lateral size-to-thickness
ratio of 10 (Fig. 1E); consequently, lateral size reductions were
accompanied with a concomitant reduction in thickness. To separately
evaluate the effects of the lateral size and thickness on the adsorp-
tion behavior of ELM-12, relatively thick ELM-12 particles with a
lateral size of 14 pm, thickness of 3.4 pm, and lateral size-to-thickness
ratio of 4 were synthesized by adding pyridine as a modulator dur-
ing ELM-12 synthesis (Fig. 5A). Pyridine suppressed the lateral growth
of 2D grid sheets, facilitating growth in the thickness direction.
Unlike the ELM-12 particles synthesized without pyridine with a
lateral size of 14 pm and thickness of 1.5 pm (Fig. 5B), which con-
tained two guest-free structures (o and ), the thicker ELM-12 par-
ticles mainly comprised the B phase in the guest-free state (Fig. 5C).
Therefore, thickness influences the guest-free structure and corre-
sponding adsorption behavior of ELM-12 to a greater extent than
the lateral size. An analysis of the particle size dependence on the
guest-free structure of ELM-12 in terms of thickness (Figs. 1E and
3) indicated that ELM-12 particles with a thickness of <0.5 pm
(lateral size of 1.7 and 4.4 pm; Fig. 3B) predominantly formed o, and
those with a thickness of >2 pm (lateral size of 20 pm; Fig. 3B)
mainly comprised B, whereas those with an intermediate average
thickness yielded a mixture of a and P (lateral size of 10 pm; Fig. 3B)
owing to the intrinsic thickness distribution around the average par-
ticle thickness. As 14-pm ELM-12 exhibited a double-step isotherm
with almost identical uptakes in the first and second steps (Fig. 3A),
indicating equal amounts of & and f, an average thickness of 1.5 pm
was identified as the critical thickness for the formation of the meta-
stable guest-free structure a by the activation of as-synthesized
ELM-12 particles.

Guest-molecule dependence of guest-free structures

An interesting feature of ELM-12 is the dependence of the guest-
free structure on the type of guest molecules accommodated imme-
diately before the activation procedure, which was confirmed by
structural variation during repeated isotherm measurements (Fig. 6).
The first measurement of 4.4-pm ELM-12 exhibited steep gas uptake
at p/po~ 107, resulting in an apparently type I isotherm, as the aver-
age thickness (0.4 pm) was lower than the critical thickness (1.5 pm) cor-
responding to the formation of the guest-free structure o [Fig. 6, A
(a) and B (a)]. Although the second step was rather broad, the sec-
ond measurement, which was recorded after the first isotherm

Watanabe et al., Sci. Adv. 10, eadr1387 (2024) 6 December 2024

measurement followed by activation without exposure to air, pro-
duced a double-step adsorption isotherm with gas uptake at a higher
pressure of p/py ~ 10~". This isotherm variation was attributed to the
formation of the other guest-free structure f in the second measure-
ment, as confirmed by in situ XRD measurements (Fig. 6B, b), indi-
cating that ELM-12 particles with thicknesses below the critical
thickness could form the § phase after N, desorption. To confirm
the recoverability of the guest-free structure, ELM-12 particles were
immersed in ethanol after the second measurement; ethanol was
used for immersion instead of water because ELM-12 particles par-
tially dissolved in water. After the immersion, ELM-12 particles ex-
hibited the type I-like adsorption isotherm induced by the formation
of the o phase [Fig. 6, A (c) and B (c)]. Similarly, the adsorption
isotherm of 19-um ELM-12 with an average thickness of 2.2 pm,
which was a double-step isotherm in the first measurement, showed
an almost complete gate-type behavior in the second and third
measurements with a suppression of the initial uptake at low
pressures (Fig. 6C). No noticeable changes in the particle size and
morphology were confirmed after the repeated adsorption measure-
ments (fig. S5). Thus, ELM-12 particles within a certain thick-
ness range formed the guest-free structures o and f§, where the

Intensity (a.u.)

Normal

5 10 15 20 25
26 (degree)

Fig. 5. Controlling the thickness of ELM-12 particles while maintaining the lat-
eral size. Laser scanning microscope images of ELM-12 synthesized (A) with pyri-
dine for suppressed lateral growth and (B) under normal conditions. (C) XRD
patterns of thick and normal ELM-12 particles with the same lateral size recorded
under vacuum at 77 K after activation; triangles and squares represent peaks cor-
responding to a and f, respectively.
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Fig. 6. Guest-molecule dependence of guest-free structures of ELM-12. (A) N, adsorption isotherms on 4.4-um ELM-12 at 77 K under various conditions: (a) Data of
the initial measurement using as-synthesized ELM-12, (b) data of the second measurement collected without air exposure, and (c) data of the third measurement after
immersion in ethanol (EtOH). A pre-heat treatment was used before each measurement. (B) XRD patterns of ELM-12 under vacuum conditions before the adsorption
measurements described in (A). Triangles and squares represent peaks corresponding to a and B, respectively. Repeated adsorption isotherms of N, on (C) 19-um and

(D) 0.6-pm ELM-12 particles at 77 K.

adsorption and desorption of nonpolar N, molecules yielded f, while
that of polar solvent molecules, such as ethanol and water, resulted
in the formation of a. Thus, ELM-12 shows switchable flexible and
robust adsorption characteristics that depend on the type of guest
molecule accommodated immediately before the activation proce-
dure. This structural variation upon guest removal is a unique be-
havior in that the guest-free structures a and p are both in closed/
narrow pore phases, indicating the existence of two different struc-
tural transition paths from an open/large pore state. This is a con-
trast to the cases of some flexible MOFs showing the solvent-induced
switchability in which the guest-free structure switches between
closed/narrow pore and open/large pore phases along a single tran-
sition path (40, 41), where the open guest-free structure is formed
by keeping the open structure almost unchanged against the solvent
removal. The formation of multiple closed guest-free structures for
ELM-12 is possibly due to a high degree of structural freedom in the
intra- and interlayer structure and the location of pillar molecules
specific to the stacking layer structure.

The “guest-memory” switching of the guest-free structure was
observed for ELM-12 particles that formed a after solvent molecule
removal; accordingly, the upper limit of particle thickness for guest
memory switching was identical as the critical thickness of 1.5 pm.
The second adsorption isotherm of 4.4-um ELM-12 (Fig. 6, A, b), in
which the initial uptake at low pressures was almost half of the satu-
rated adsorption amount, was used to investigate the lower limit of
thickness for this phenomenon. Assuming that half of the 4.4-pm
ELM-12 particles transformed into the & phase after the removal of
N, molecules, an average thickness of 0.4 pm was considered to be
the lower limit for the guest-memory effect. Notably, the adsorption
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isotherms of submicron-sized ELM-12 particles (0.6 pm in lateral
size and 0.06 pm in thickness) with a substantially lower thickness
than 0.4 pm remained type I-like over six cycles with a gradual re-
duction in the initial increment on repetitive cycling to reach an al-
most identical saturated amount (Fig. 6D). Because no noticeable
changes in the particle size and morphology were observed after the
repeated adsorption measurements (fig. S5), the reduction in the
initial increment was possibly due to the formation of the guest-free
structure P in a small portion of submicron ELM-12 particles dur-
ing the activation process, as the guest-free structure formation in-
volved stochastic nature typified by energy barriers between the
N,-loaded structure y and the guest-free structures. Thus, N, re-
moval from ELM-12 particles slightly thinner than 1.5 pm induced
the formation of the f phase, whereas N, removal from substan-
tially thinner ELM-12 particles (<0.4 pm) dominantly induced the
formation of the o phase. Therefore, the guest-memory effect is ob-
served in ELM-12 particles within a limited size range (4 to 14 pm)
in the lateral dimension that corresponds to thicknesses within 0.4
to 1.5 pm.

Mechanism of size-dependent flexible and robust
adsorption characteristics

The structural variations in ELM-12 particles of different sizes are
summarized in Fig. 7A. Different sizes of the as-synthesized ELM-
12 particles showed a similar crystalline structure, comprising
tetragonal grids with interlayer distances of 5.85 and 6.78 A (Fig. 2,
B and C). In contrast, the guest-free structures of ELM-12 varied
with the particle size (i.e., with the particle thickness). The activa-
tion procedure to remove solvent molecules (EtOH and/or water)
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Fig. 7. Size-dependent guest-memory switching of the flexible and robust adsorption characteristics of ELM-12. (A) Mechanism of size-dependent structural
transformation. The key factor for controlling the guest-free phase is the particle thickness. Particles with a thickness of <0.4 um are trapped in the metastable a phase,
whereas those with a thickness of >1.5 pm transform into the stable  phase. Particles with intermediate thickness exhibit a guest-memory effect, in which solvent-
encapsulated (as-synthesized) ELM-12 particles transform into the a phase, while N,-loaded ELM-12 (y) particles transform into the f phase. (B) The flexible-robust nature
of ELM-12 can be attributed to two gate openings: the a-to-y transition at a low pressure (indicating the robustness of the system) and the p-to-y transition at a moderate

pressure (indicating the flexibility of the system).

from the as-synthesized structures and subsequent cooling to 77 K
transformed the particles thinner than the critical thickness of 1.5 pm
into the metastable guest-free structure o with linearly aligned rhombic
grids (Fig. 3, C and D), whereas thick particles (>1.5 pm in thick-
ness) transformed into the stable structure f with zigzag grid align-
ment (Fig. 3, E and F). Upon N, adsorption at a relative pressure of
~1073, o transformed into the Nj-loaded structure v (Fig. 4, Fto 1),
whereas the f-to-y transition occurred at a higher relative pressure
of 107", As the adsorption branches in gate-adsorption processes are
kinetically controlled (not thermodynamically) (42-44), a higher
pressure for the B-to-y transition than the a-to-y transition in-
dicates a higher energy barrier between the structures § and y.
Detailed analysis indicated that the structural transformation
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from P to y involved an exchange of the relative positions of the OTf
anions (see fig. S6); this exchange is an energetically expensive
process that occurs through an unstable transition state. As the
transformation of a to y did not involve this exchange, the high
energy barrier of the transformation was attributed to the struc-
tural dissimilarity between f and y in terms of the relative positions
of OTf anions.

The formation of a is favored in small-sized ELM-12 despite the
higher stability of f than a in the bulk phase. Two possible scenarios
can be considered for ¢ formation to be preferred over that of . The
first scenario is based on the surface effect accompanied by particle
downsizing. Owing to a higher framework density (Table 1), o of-
fers a smaller surface-to-volume ratio than f. Hence, for small-size
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ELM-12 particles in which the surface effect remarkably influences
the system stability, the formation of & can be preferred over that of
P despite the higher stability of the latter in the bulk phase. However,
simple calculations indicate that the density difference is insufficient
to ensure system stabilization, making this scenario improbable (see
Supplementary Text). The second scenario, which is based on the
kinetic effect, is the most probable explanation for the favored for-
mation of . According to this scenario, small-sized ELM-12 parti-
cles are trapped in the metastable state upon guest removal. Because
the structural transformation is assumed to proceed during the
guest removal process, smaller particles inevitably have a shorter
time for the transformation because of a smaller number of guest
molecules per particle. Because the as-synthesized structure of
ELM-12 is more similar to o than f in terms of the alternation of the
interlayer distance, straight alignment of the tetragonal grids, and
the relative positions of OTf anions, the transformation of the as-
synthesized state into o is expected to involve a lower energy barrier
than transformation into B; accordingly, smaller particles are more
easily trapped in the metastable o structure.

Notably, the critical thickness for a formation varies with the
type of guest molecule; the critical thickness for N, guest molecules
(0.4 pm) is lower than that for solvent molecules (1.5 pm), possibly
owing to the degree of structural similarity between the guest-loaded
structures and ot. That is, the as-synthesized structure including solvent
molecules is more similar to o compared with a similarity between
Y (which accommodates N, molecules) and e, resulting in a lower
energy barrier for the transformation into o from the as-synthesized
structure than the y-to-o transformation. The results of the study
indicate that the critical thickness is a vital parameter influencing
the guest-memory switching effect; guest-free structures within a
certain thickness range undergo a transformation that depends on
the history of the guest-molecule type immediately before the acti-
vation process. For ELM-12 particles with thicknesses within 0.4 to
1.5 pm, the removal of solvent molecules from the as-synthesized
structure yields o, whereas the removal of N, molecules from y
forms P. Hence, the a-to-y transition is not reversible for particles
in this thickness range, whereas it is reversible in substantially thin-
ner particles (<0.4 pm).

The structural variation of ELM-12 particles directly influenced
their adsorption behavior. The structural transition of & resulted in
a rapid increase in N, uptake at a very low-pressure region, which
apparently appeared as a type I isotherm; consequently, the robust
nature of ELM-12 is attributed to the gate adsorption accompanying
the a-to-y transition (Fig. 7B). The flexible nature of ELM-12 cor-
responded to the gate adsorption caused by the -to-y transition at
a relative pressure of 10™" (Fig. 7B). The amounts of particles in the
o and B phases after the activation process determined the magni-
tudes of the first and second steps in the resultant isotherms, respec-
tively. Double-step isotherms with equal uptakes for the first and
second steps, which are typical of flexible-robust-type systems, ap-
pear for particles with lateral sizes of ~15 pm as the average thick-
ness is near the critical thickness of 1.5 pm, while ELM-12 particles
that are thinner and thicker than the critical thickness yield type I-
like (characteristic of robust systems) and stepwise (characteristic
of flexible systems) isotherms, respectively. Furthermore, through
guest-memory switching, ELM-12 particles that originally exhibited
flexible-robust isotherms showed the characteristics of a flexible
system through the introduction and subsequent removal of N,
molecules. As the critical thickness varies with the type of guest
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molecule, the thickness range for guest-memory switching can be
further optimized. Therefore, the precise control of the particle
size and the suitable selection of guest molecules for the guest-
memory effect enable the fine regulation of the gate-adsorption
characteristics of ELM-12 from robust type to flexible robust type
to flexible type.

As described above, the guest-free structure o is not a rigid frame-
work; instead, it is a flexible system that undergoes structural transi-
tion at a very low pressure. During the transformation of «, the
small amount of stabilization provided by guest-molecule adsorp-
tion compensated for the stability difference between the guest-free
and open states, indicating that ot shows a high-molecular recogni-
tion ability through pore structure opening in response to weak in-
teractions. Therefore, the flexible nature of & can be used for the
separation of molecules with similar properties. Model systems
comprising H, and D, were used to investigate the feasibility of
the concept; the adsorption isotherms of H, and D, on submicron
(0.6-pm) and micron (19-pm) ELM-12 particles were recorded at 77 K
(Fig. 8). Note that 19-um ELM-12 particles were pretreated with N,
adsorption and desorption to increase the f phase by taking advan-
tage of the guest-memory switching characteristics (Fig. 6C). ELM-
12 (0.6 pm) whose guest-free structure predominantly comprised
the o phase showed larger uptakes of D, than those of H, over the
entire pressure range, whereas 19-pm ELM-12 with the § phase as
the guest-free structure exhibited a stepwise increase in D, up-
take at 4 kPa after which the amount of adsorbed D, increased
more rapidly than those of H,, indicating a gate-opening behavior

Amount adsorbed (mmol/g)

(vs]

b4

Amount adsorbed (mmol/g)

10" 10’ 10°
Pressure (kPa)

10 10"

Fig. 8. Potential application of ELM-12 enhanced by particle size control. (A)
H, and D, adsorption isotherms at 77 K in particles with a lateral size of 0.6 pm,
wherein ELM-12 adsorbs D, at lower pressures than H,. (B) H, and D, adsorption
isotherms at 77 K in particles with a lateral size of 19 pm, where the D, adsorption
isotherm exhibits the gate-opening behavior at 4 kPa.
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selectively responding to D,. Considering that adsorption profiles
of 19-um ELM-12 were almost identical between H, and D, at pres-
sures below the gate opening at 4 kPa (Fig. 8B), the larger uptakes of
D, on 0.6-pm ELM-12 is attributable to a gate opening of & in a
very-low-pressure region. ELM-12 was thus demonstrated to ex-
hibit an isotope-selective structural responsivity (45-47), and the
sensitivity is higher for smaller submicron-sized ELM-12 particles.
Therefore, these results demonstrate high potential of ELM-12 for
separations involving light gases with weak interactions and high-
light the importance of the size-controlled synthesis around the
critical size for enhanced separation performance.

DISCUSSION

This study investigated the effects of particle size on the flexible-
robust adsorption characteristics of ELM-12. ELM-12 particles of
different sizes with a lateral dimension of 0.6 to 23 pm and a thick-
ness of 0.06 to 2.3 pm having a fixed ratio of lateral size to thickness
as ~10 were synthesized using a microreactor-based process. Effi-
cient mixing by this process enabled the formation of ELM-12 par-
ticles with narrow size distributions. Although the as-synthesized
structures were identical, regardless of particle size, their adsorption
and structural-transition behavior showed remarkable particle size
dependence. In situ XRD measurements revealed that type I-like
uptake at low pressures in a double-step isotherm, corresponding to
the robust nature of the system, was caused by gate-type adsorption
from the metastable guest-free structure o to the N-loaded struc-
ture y at p/po ~ 10, The second step, corresponding to the flexible
nature of the system, was due to the structural transition of the sta-
ble guest-free structure P to y at p/po ~ 10~". The coexistence of the
two flexible guest-free structures a and P resulted in a double-step
isotherm; the amount of each structure determined the uptake at
each step. The structure o was observed in small-sized particles,
while B was observed in large-sized particles in which the particle
thickness (not the lateral size) predominantly influenced the guest-
free structure. The critical thickness for the formation of the meta-
stable phase a varied with the guest molecule to be removed, with a
value of 1.5 um for solvent molecules and 0.4 pm for N,. The differ-
ence in critical thickness emerged as a vital parameter influencing
the guest-memory effect; ELM-12 particles within a specific thick-
ness range exhibited different guest-free structures and adsorption
behaviors depending on the guest-molecule history. This study
highlights the importance of the size-controlled synthesis of flexible-
robust MOFs in fine-tuning the adsorption characteristics of these
systems for targeted separation applications. The high-molecular
recognition ability of flexible-robust MOFs is attributed to their
guest-free structure, which is suitable for specific hydrocarbons,
along with dynamic structural adjustment (13, 18). Therefore, con-
trolling the structural flexibility of MOFs through particle size tun-
ing can enhance the separation efficiency of such systems, expediting
their industrial application.

Notably, this study does not completely elucidate the mechanism
underlying the guest-memory switching effect. However, the results
of this study indicate that ELM-12 particles within a specific size
range can form two different guest-free structures, indicating that
the kinetics of these transformations are possibly related and that
the height of the energy barriers between the structures before and
after the transitions could be a key factor in determining the final
guest-free structure, as previously discussed in a flexible MOF
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system (41). Hence, future studies should investigate these struc-
tural transition paths. In addition, the temperature dependence of
structural stability could be another key contributor to the guest-
memory effect because the activation process to remove guest mol-
ecules involves a temperature variation. This indicates that the rate
of temperature variation could be an operational parameter for con-
trolling the guest-memory effect because guest-free structure for-
mation is kinetically controlled. Relevant research is currently
ongoing and will be reported elsewhere.

MATERIALS AND METHODS

Chemicals

Cu(OTf), (98%) and pyridine (99.8%) were purchased from Sigma-
Aldrich Chemical Co., ethanol (EtOH, 99.5%) was purchased from
Kishida Chemical Co., and bpy (98%) was purchased from Tokyo
Chemical Industry Co. Ltd. All chemicals were used without
further purification. Aqueous solutions were prepared in ultrapure
water (resistivity > 18 megaohm-cm) from a water purifier system
(Sartorius, Germany).

Synthesis of ELM-12 particles

An aqueous solution of Cu(OTf), and an EtOH solution of bpy
were pumped into a central collision-type microreactor using a
two-channel syringe pump at a flow rate of 20 ml/min through each
syringe. The central collision-type microreactor comprises submil-
limeter sized channels (~100 pm) and demonstrates an excellent
mixing performance with a mixing time of 0.3 ms, which is 100
times shorter than that of batch-type mixing (30). The volume of
each solution was typically 10 ml. The two solutions underwent
rapid mixing in the microreactor, forming ELM-12 particles via a
coordination reaction. The mixed solution was collected in a vial
through a tube connected to the microreactor outlet and main-
tained under quiescent conditions for 15 min. The reaction was as-
sumed to be complete within 15 min because the resultant particle
size did not vary on increasing the reaction time further (fig. S7).
The synthesized particles were collected by vacuum filtration using
a polycarbonate membrane filter with a pore size of 0.8 pm, washed
with 1 to 3 ml of EtOH, and dried under vacuum overnight. The Cu
concentration and Cu-to-bpy ratio were varied within 25 to 40 mM
and 1:2 to 1:5, respectively, while the reaction temperature was var-
ied within 5° to 30°C by immersing the microreactor and vial into a
water bath. ELM-12 particles were formed in yields of 50 to 60%
(on a Cu basis). A semi-batch—type experiment in which an aque-
ous solution of Cu(OTf), (10 ml) was poured into an EtOH solution
of bpy (10 ml) in a vial at a flow rate of 50 ml/min followed by stir-
ring at 1500 rpm for 15 min was used to analyze the effect of the
mixing procedure on the synthesis. The ELM-12 yield of the semi-
batch synthesis (40 to 45%) was slightly lower than that of the
microreactor process. Relatively large (>100 pm) ELM-12 crystals
were formed on using the interfacial synthesis strategy reported by
Kondo et al. (14) (fig. S3).

In separate experiments, pyridine was added as a modulator to
regulate particle growth. An aqueous solution of Cu(OTf), (30 mM)
was mixed with a premixed solution of bpy (60 mM) and pyridine
(20 mM) in EtOH in the microreactor at a flow rate of 20 ml/min
through each syringe at 20°C. The mixed solution was collected in a
vial and kept stationary for 15 min, followed by the vacuum filtra-
tion, EtOH washing, and vacuum drying overnight.
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Characterization

SEM images were recorded using a JSM-6700F field-emission scan-
ning electron microscope (JEOL Ltd. Japan). The synthesized ELM-
12 particles were coated with Au (thickness: 7.0 nm) using a Q150TS
turbo-pumped sputter coater (Quorum Technologies Ltd. UK) be-
fore imaging to minimize charging problems. The average lateral
size and standard deviation (SD) of the resultant ELM-12 particles
were calculated by measuring the size of at least 100 particles in the
SEM images. The particle thickness was measured using a confocal
laser scanning microscope VK-X100 (Keyence Corp. Japan) to esti-
mate the average and SD of 20 particles. To estimate the thickness of
submicron-sized ELM-12 particles, an atomic force microscopy in-
strument (MFP-3D Origin, Oxford Instruments, UK) was used to
record height images of ELM-12 particles deposited on a mica sub-
strate by scanning in air. The N,, H,, and D, adsorption isotherms
on ELM-12 at 77 K were measured using a BELSORP-MINI (Micro-
tracBEL Corp., Japan) automated adsorption apparatus. Before each
isotherm measurement, the ELM-12 particles were activated at 363 K
for 90 min under vacuum (<10 Pa). Powder XRD patterns were
recorded using an x-ray diffractometer (UltimaIV/285/DX, Rigaku
Corp. Japan) with Cu Ka radiation (40 kV and 40 mA) at a scan
rate of 5.0°/min and step size of 0.05°. The in situ XRD patterns of
ELM-12 particles during the N, adsorption were measured using
BELSORP-18 (MicrotracBEL Corp.) and an x-ray diffractometer
(SmartLab; Rigaku Corp.) with a cryostat equipped with a single-
stage Gifford-McMahon refrigerator with Cu Ka radiation (45 kV
and 200 mA) at a scan rate of 2.5°/min and step size of 0.01° or on
the BL02B2 beamline of the SPring-8 synchrotron facility, Japan,
using incident x-rays with a wavelength of 0.1000388 nm and a
Debye-Scherrer-type multi-MYTHEN detector system (48).

Structural analysis

The initial structures of ELM-12 in the guest-free and N,-loaded
phases were constructed by analyzing the in situ synchrotron XRD
patterns of ELM-12 using the indexing program Conograph (49),
referencing the frameworks of the ELM series (as described in
Results). Subsequently, these structures were refined by a method
combining Rietveld analysis with potential energy calculations,
generating crystallographically and thermodynamically feasible
structures (37, 50). The refinement method used in this study
involves structural optimization to minimize the evaluation
function E (= wRy, + U), where Ry, is the reliability factor that
indicates the agreement between the observed and calculated XRD
patterns, U is the potential energy, and w is a weighting parameter.
GSAS-II (51) and CP2K (52) were used to evaluate Ry, and U, re-
spectively; the detailed method and results are provided in Supple-
mentary Text.

DFT calculations

The relative stability of the two guest-free structures of ELM-12 was
evaluated using DFT including dispersion correction (DFT-D) cal-
culations with the CP2K software (52). A cutoff energy of 400 ryd-
berg was used along with the Perdew-Burke-Ernzerhof (PBE)
functional and DZVP-MOLOPT-SR basis set. In addition, the D3(BJ)
method proposed by Grimme et al. (53) was applied. The conver-
gence criterion for energy calculations was set to be less than 107
hartree. The structures determined in the “Structural analysis”
section were optimized while maintaining the space group sym-
metry with the aid of Atomic Simulation Environment (54) Python

Watanabe et al., Sci. Adv. 10, eadr1387 (2024) 6 December 2024

libraries, and optimization was continued until the maximum
force exerted on the atoms was less than 0.005 eV/A. T-point sam-
pling in the Brillouin zone with a conventional cell, as listed in Table
1, was used during geometrical optimization. In addition, I"-point
sampling with a (1 X 2 X 2) supercell for o and (2 X 2 X 2) supercell
for B, where o and P represent the guest-free structures of ELM-12,
was used for relative stability calculations, thereby improving
the optimization accuracy.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S11

REFERENCES AND NOTES

1. S.Sircar, Applications of gas separation by adsorption for the future. Ads. Sci. Technol. 19,
347-366 (2001).

2. P Pullumbi, F. Brandani, S. Brandani, Gas separation by adsorption: Technological drivers
and opportunities for improvement. Curr. Opin. Chem. Eng. 24, 131-142 (2019).

3. S.K.Ujjain, A. Bagusetty, Y. Matsuda, H. Tanaka, P. Ahuja, C. de Tomas, M. Sakai,
F.Vallejos-Burgos, R. Futamura, |. Suarez-Martinez, M. Matsukata, A. Kodama,

G. Garberoglio, Y. Gogotsi, J. Karl Johnson, K. Kaneko, Adsorption separation of heavier
isotope gases in subnanometer carbon pores. Nat. Commun. 12, 546 (2021).

4. Y.L.Zhao, X. Zhang, M. Z. Li, J. R. Li, Non-CO, greenhouse gas separation using advanced
porous materials. Chem. Soc. Rev. 53, 2056-2098 (2024).

5. C.Jiang, X. Wang, Y. Ouyang, K. Lu, W. Jiang, H. Xu, X. Wei, Z. Wang, F. Dai, D. Sun, Recent
advances in metal-organic frameworks for gas adsorption/separation. Nanoscale Adv. 4,
2077-2089 (2022).

6. Y.Li,Y.Wang, W. Fan, D. Sun, Flexible metal-organic frameworks for gas storage and
separation. Dalton Trans. 51, 4608-4618 (2022).

7. S.Horike, S. Shimomura, S. Kitagawa, Soft porous crystals. Nat. Chem. 1, 695-704 (2009).

8. A.Schneemann, V. Bon, |. Schwedler, I. Senkovska, S. Kaskel, R. A. Fischer, Flexible
metal-organic frameworks. Chem. Soc. Rev. 43, 6062-6096 (2014).

9. S.Krause, N. Hosono, S. Kitagawa, Chemistry of soft porous crystals: Structural dynamics
and gas adsorption properties. Angew. Chem. Int. Ed. 59, 15325-15341 (2020).

10. S.Hiraide, Y. Sakanaka, H. Kajiro, S. Kawaguchi, M. T. Miyahara, H. Tanaka, High-
throughput gas separation by flexible metal-organic frameworks with fast gating and
thermal management capabilities. Nat. Commun. 11, 3867 (2020).

11. Y.Sakanaka, S. Hiraide, I. Sugawara, H. Uematsu, S. Kawaguchi, M. T. Miyahara,
S.Watanabe, Generalised analytical method unravels framework-dependent kinetics of
adsorption-induced structural transition in flexible metal-organic frameworks. Nat.
Commun. 14, 6862 (2023).

12. B.Chen, S. Xiang, G. Qian, Metal—organic frameworks with functional pores for
recognition of small molecules. Acc. Chem. Res. 43, 1115-1124 (2010).

13. L.Li, R. B. Lin, R. Krishna, X. Wang, B. Li, H. Wu, J. Li, W. Zhou, B. Chen, Flexible-robust
metal-organic framework for efficient removal of propyne from propylene. J. Am. Chem.
Soc. 139, 7733-7736 (2017).

14. A.Kondo, H. Noguchi, L. Carlucci, D. M. Proserpio, G. Ciani, H. Kajiro, T. Ohba, H. Kanoh,
K. Kaneko, Double-step gas sorption of a two-dimensional metal-organic framework.
J.Am. Chem. Soc. 129, 12362-12363 (2007).

15. A.Kondo, A. Chinen, H. Kajiro, T. Nakagawa, K. Kato, M. Takata, Y. Hattori, F. Okino, T. Ohba,
K. Kaneko, H. Kanoh, Metal-ion-dependent gas sorptivity of elastic layer-structured
MOFs. Chemistry 15, 7549-7553 (2009).

16. C.Reichenbach, G. Kalies, J. Lincke, D. Lassig, H. Krautscheid, J. Moellmer, M. Thommes,
Unusual adsorption behavior of a highly flexible copper-based MOF. Microporous
Mesoporous Mater. 142, 592-600 (2011).

17. R.Grinker, I. Senkovska, R. Biedermann, N. Klein, M. R. Lohe, P. Miiller, S. Kaskel, A highly
porous flexible metal-organic framework with corundum topology. Chem. Commun. 47,
490-492 (2011).

18. P.D.Zhang, X. Q. Wu, T. He, L. H. Xie, Q. Chen, J. R. Li, Selective adsorption and separation
of C, hydrocarbons in a “flexible-robust” metal-organic framework based on a
guest-dependent gate-opening effect. Chem. Commun. 56, 5520-5523 (2020).

19. H.Z.Li,Q H.Li,M.Yao,Y.P.Han, K. |. Otake, S. Kitagawa, F. Wang, J. Zhang, Metal-organic
framework with structural flexibility responding specifically to acetylene and its
adsorption behavior. ACS Appl. Mater. Interfaces 14, 45451-45457 (2022).

20. M.M.Xu, Y. H. Liu, X. Zhang, J. A. Lv, R. C. Zhao, L. H. Xie, J. R. Li, Highly efficient propyne/
propylene separation in a “Flexible-Robust” and hydrolytically stable Cu(ll)-MOF. Inorg.
Chem. 62, 12329-12336 (2023).

110f12

$202 ‘22 1e0weos uo 610'80us 105" MMM//SdNY LWOoJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.

31

32

33.
34.
35.

36.

37.
38.

39.

40.

41.

Watanabe et al., Sci. Adv. 10, eadr1387 (2024)

P-D. Zhang, J.-H. Liu, X.-Q. Wu, Y. Xie, J. Yu, J.-R. Li, Flexible-robust interlayer space in a 2D
metal-organic framework for light hydrocarbons separation. Sep. Purif. Technol. 333,
125791 (2024).

D.Tanaka, A. Henke, K. Albrecht, M. Moeller, K. Nakagawa, S. Kitagawa, J. Groll, Rapid
preparation of flexible porous coordination polymer nanocrystals with accelerated guest
adsorption kinetics. Nat. Chem. 2,410-416 (2010).

Y. Sakata, S. Furukawa, M. Kondo, K. Hirai, N. Horike, Y. Takashima, H. Uehara, N. Louvain,
M. Meilikhov, T. Tsuruoka, S. Isoda, W. Kosaka, O. Sakata, S. Kitagawa, Shape-memory
nanopores induced in coordination frameworks by crystal downsizing. Science 339,
193-196 (2013).

S. Ehrling, H. Miura, I. Senkovska, S. Kaskel, From macro- to nanoscale: Finite size effects
on metal-organic framework switchability. Trends Chem. 3, 291-304 (2021).

H. Arima, S. Hiraide, S. Watanabe, Elucidating the particle size-dependent guest-induced
structural transition of flexible metal-organic frameworks by exploring cooperative
nature. J. Mater. Chem. 12, 23647-23657 (2024).

Y. Zhang, P. Zhang, W. Yu, J. Zhang, J. Huang, J. Wang, M. Xu, Q. Deng, Z. Zeng, S. Deng,
Highly selective and reversible sulfur dioxide adsorption on a microporous metal-organic
framework via polar sites. ACS Appl. Mater. Interfaces 11, 10680-10688 (2019).

L.Wang, Y. Li, Y.Wang, J. Yang, L. Li, J. Li, Research on CO,-N,O separation using flexible
metal organic frameworks. Sep. Purif. Technol. 251, 117311 (2020).

K. Mae, Advanced chemical processing using microspace. Chem. Eng. Sci. 62, 4842-4851
(2007).

J.Yoshida, Y. Takahashi, A. Nagaki, Flash chemistry: Flow chemistry that cannot be done
in batch. Chem. Commun. 49, 9896-9904 (2013).

S.Watanabe, S. Ohsaki, A. Fukuta, T. Hanafusa, K. Takada, H. Tanaka, T. Maki, K. Mae,

M.T. Miyahara, Characterization of mixing performance in a microreactor and its
application to the synthesis of porous coordination polymer particles. Adv. Powder
Technol. 28,3104-3110 (2017).

S.Watanabe, S. Ohsaki, T. Hanafusa, K. Takada, H. Tanaka, K. Mae, M. T. Miyahara, Synthesis
of zeolitic imidazolate framework-8 particles of controlled sizes, shapes, and gate
adsorption characteristics using a central collision-type microreactor. Chem. Eng. J. 313,
724-733 (2017).

A. Fujiwara, S. Watanabe, M. T. Miyahara, Flow microreactor synthesis of zeolitic
imidazolate framework (ZIF)@ZIF core-shell metal-organic framework particles and their
adsorption properties. Langmuir 37, 3858-3867 (2021).

S.Watanabe, T. Koshiyama, T. Watanabe, M. T. Miyahara, Room-temperature synthesis of
Ni and Pt-Co alloy nanoparticles using a microreactor. Front. Chem. Eng. 3, 780384 (2021).
S.Watanabe, T. Hiratsuka, Y. Asahi, A. Tanaka, K. Mae, M. T. Miyahara, Flow synthesis of
plasmonic gold nanoshells via a microreactor. Part. Part. Syst. Charact. 32, 234-242 (2015).
S.S.Maw, S. Watanabe, M. T. Miyahara, Flow synthesis of silver nanoshells using a
microreactor. Chem. Eng. J. 374, 674-683 (2019).

A. Kondo, H. Kajiro, H. Noguchi, L. Carlucci, D. M. Proserpio, G. Ciani, K. Kato, M. Takata,

H. Seki, M. Sakamoto, Y. Hattori, F. Okino, K. Maeda, T. Ohba, K. Kaneko, H. Kanoh, Super
flexibility of a 2D Cu-based porous coordination framework on gas adsorption in
comparison with a 3D framework of identical composition: framework dimensionality-
dependent gas adsorptivities. J. Am. Chem. Soc. 133, 10512-10522 (2011).

S. Hiraide, H. Tanaka, M. T. Miyahara, Understanding gate adsorption behaviour of CO, on
elastic layer-structured metal-organic framework-11. Dalton Trans. 45, 4193-4202 (2016).
D. Li, K. Kaneko, Hydrogen bond-regulated microporous nature of copper complex-
assembled microcrystals. Chem. Phys. Lett. 335, 50-56 (2001).

S.Watanabe, S. Hiraide, H. Kunimitsu, A. Fujiwara, M. T. Miyahara, Mechanism of CO,
capacity reduction of flexible metal-organic framework caused by water adsorption.
Front. Mater. 9, 825592 (2022).

E.J. Carrington, C. A. McAnally, A. J. Fletcher, S. P. Thompson, M. Warren, L. Brammer,
Solvent-switchable continuous-breathing behaviour in a diamondoid metal-organic
framework and its influence on CO, versus CH, selectivity. Nat. Chem. 9, 882-889 (2017).
L. Abylgazina, I. Senkovska, S. Ehrling, V. Bon, P. St, J. D. Petkov, S. Evans, A. Krylova,

S. K. Krylov, Tailoring adsorption induced switchability of a pillared layer MOF by crystal
size engineering. CrystEngComm 23, 538-549 (2021).

6 December 2024

42. S.Watanabe, H. Sugiyama, H. Adachi, H. Tanaka, M. T. Miyahara, Free energy analysis for
adsorption-induced lattice transition of flexible coordination framework. J. Chem. Phys.
130, 164707 (2009).

43. A.V.Neimark, F. 0.-X. Coudert, A. Boutin, A. H. Fuchs, Stress-based model for the
breathing of metal—organic frameworks. J. Phys. Chem. Lett. 1, 445-449 (2010).

44. R.Numaguchi, H.Tanaka, S. Watanabe, M. T. Miyahara, Simulation study for adsorption-
induced structural transition in stacked-layer porous coordination polymers: Equilibrium
and hysteretic adsorption behaviors. J. Chem. Phys. 138, 054708 (2013).

45. J.Y.Kim, L. Zhang, R. Balderas-Xicohtencatl, J. Park, M. Hirscher, H. R. Moon, H. Oh,
Selective hydrogen isotope separation via breathing transition in MIL-53(Al). J. Am. Chem.
Soc. 139, 17743-17746 (2017).

46. J.Y.Kim, J. Park, J. Ha, M. Jung, D. Wallacher, A. Franz, R. Balderas-Xicohtencatl,

M. Hirscher, S. G. Kang, J.T. Park, |. H. Oh, H. R. Moon, H. Oh, Specific isotope-responsive
breathing transition in flexible metal-organic frameworks. J. Am. Chem. Soc. 142,
13278-13282 (2020).

47. L.Bondorf, J. L. Fiorio, V. Bon, L. Zhang, M. Maliuta, S. Ehrling, I. Senkovska, J. D. Evans,
J.-0. Joswig, S. Kaskel, T. Heine, M. Hirscher, Isotope-selective pore opening in a flexible
metal-organic framework. Sci. Adv. 8, eabn7035 (2022).

48. S.Kawaguchi, M. Takemoto, K. Osaka, E. Nishibori, C. Moriyoshi, Y. Kubota, Y. Kuroiwa,

K. Sugimoto, High-throughput powder diffraction measurement system consisting of
multiple MYTHEN detectors at beamline BL02B2 of SPring-8. Rev. Sci. Instrum. 88, 085111
(2017).

49. A.Esmaeili, T. Kamiyama, R. Oishi-Tomiyasu, New functions and graphical user interface
attached to powder indexing software CONOGRAPH. J. Appl. Cryst. 50, 651-659 (2017).

50. H.Tanaka, S. Hiraide, A. Kondo, M. T. Miyahara, Modeling and visualization of
co2adsorption on elastic layer-structured metal-organic framework-11: Toward a better
understanding of gate adsorption behavior. J. Phys. Chem. C 119, 11533-11543 (2015).

51. B.H.Toby, R. B.Von Dreele, GSAS-/I: The genesis of a modern open-source all purpose
crystallography software package. J. Appl. Cryst. 46, 544-549 (2013).

52. J.Hutter, M. lannuzzi, F. Schiffmann, J. VandeVondele, CP2K: atomistic simulations of
condensed matter systems. WIREs Comput. Mol. Sci. 4, 15-25 (2014).

53. S.Grimme, S. Ehrlich, L. Goerigk, Effect of the damping function in dispersion corrected
density functional theory. J. Comput. Chem. 32, 1456-1465 (2011).

54. A.Hjorth Larsen, J. Jorgen Mortensen, J. Blomqvist, I. E. Castelli, R. Christensen,

M. Dulak, J. Friis, M. N. Groves, B. Hammer, C. Hargus, E. D. Hermes, P. C. Jennings,

P. Bjerre Jensen, J. Kermode, J. R. Kitchin, E. Leonhard Kolsbjerg, J. Kubal, K. Kaasbjerg,
S. Lysgaard, J. Bergmann Maronsson, T. Maxson, T. Olsen, L. Pastewka, A. Peterson,

C. Rostgaard, J. Schigtz, O. Schiitt, M. Strange, K. S. Thygesen, T. Vegge, L. Vilhelmsen,
M. Walter, Z. Zeng, K. W. Jacobsen, The atomic simulation environment-a Python library
for working with atoms. J. Phys. Condens. Matter. 29, 273002 (2017).

Acknowledgments: We are grateful to A. Kondo (Oita University) for fruitful discussions and
A. Ukai and |. Takemoto for the assistance. Synchrotron radiation experiments were performed
at the BL0O2B2 beamline of SPring-8 with the approval of the Japan Synchrotron Radiation
Research Institute (JASRI) (proposal nos. 2015A1759, 2017A1674, and 2021B1526). Funding:
This work was supported by the Japan Society for the Promotion of Science (JSPS) Grant-in-Aid
for Scientific Research (B) (17H03443, 21H01690, and 24 K01235), the JSPS Challenging
Exploratory Research (26630391), and the Hosokawa Powder Technology Foundation. Author
contributions: Conceptualization: S.W. Methodology: S.W. and S.H. Investigation: S.H., HA,,
A.F, and M.M. Supervision: S.W., H.T., and M.T.M. Writing—original draft: S.W. and S.H.
Writing—review and editing: S.W.,, S.H., and H.T. Competing interests: The authors declare
that they have no competing interests. Data and materials availability: All data needed to
evaluate the conclusions in the paper are present in the paper and/or Supplementary
Materials.

Submitted 17 June 2024
Accepted 1 November 2024
Published 6 December 2024
10.1126/sciadv.adr1387

120f 12

$202 ‘22 1e0weos uo 610'80us 105" MMM//SdNY LWOoJ) pepeojumod



	Size-dependent guest-memory switching of the flexible and robust adsorption characteristics of layered metal-organic frameworks
	INTRODUCTION
	RESULTS
	Synthesis of ELM-12 particles
	Particle size–dependent adsorption behavior
	Guest-molecule dependence of guest-free structures
	Mechanism of size-dependent flexible and robust adsorption characteristics

	DISCUSSION
	MATERIALS AND METHODS
	Chemicals
	Synthesis of ELM-12 particles
	Characterization
	Structural analysis
	DFT calculations

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


