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Abstract

Porous coordination polymers (PCPs) with pore decoration have been used as materi-

als for excellent storage and separation functions. The cooperative properties of flex-

ible PCPs can be utilized to achieve the separation of mixtures of gaseous molecules

having highly similar properties. The key to efficient molecular recognition and sepa-

ration lies in increasing the degrees of freedom of the structure without sacrificing the

stability of the system.However, themechanism study of such behavior is still scarce in

the literature. Here, we focused on PCPs with two-dimensional Kagomè lattice struc-

tures and functionalized the pores with various alkoxy pendant groups; this facilitated

systematic tuning of the pore aperture size, the interlayer spacing, as well as the inter-

actions between the host and adsorbed molecules. The combination of characteriza-

tion techniques allowed us to observe a unique deformation of the lattice upon gas

sorption, allowing the separation of gas molecules with similar physicochemical prop-

erties, such as propane and propylene.

Key points:

Flexible porous coordination polymers (PCPs) can create an excellent mechanism for

recognizing gases with very similar properties. Here, PCPs with a Kagomè framework,

inwhichhexagonal (H) and triangular (T) pores are adjacent to eachother, can achieve a

high level of propylene/propane separation by controlling the cooperativity of the H-T

pores with ligand substituents.

KEYWORDS

gas separation, metal-organic framework, porous coordination polymer, soft porous crystal,
structural flexibility

INTRODUCTION

A long-sought goal for researchers has been to mimic the confined

environments of proteins inwhich physical and chemical processes can

be regulated [1–4]. Supramolecular chemistry has provided the pos-

sibility to design artificial porous materials called porous coordina-

tion polymers (PCPs), also known asmetal–organic frameworks via the

coordinationofmetal ionswithorganic ligands,which results in the for-

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors.Natural Sciences published byWiley-VCHGmbH

mation of crystalline network structures containing inherent and per-

manent voids [1, 5, 6]. The versatility of the organic ligand-metal ion

geometry allows for the design of specific environments for desired

applications such as enantioselective catalysis, sensing, or gas storage

and separation [7–13].

PCPs structures with varying degrees of flexibility have been syn-

thesized, ranging from nearly rigid PCPs exhibiting almost no struc-

tural change during the uptake of guest molecules to flexible PCPs
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that exhibit significant structural deformation during the uptake pro-

cess [14–20]. For the former, pore surface engineering schemes have

been developed for the separation of small hydrocarbons, which is

an extremely complicated problem, owing to the close physicochem-

ical properties exhibited by such small molecules [21]. For instance,

the introduction of open metal sites that preferentially interact with

alkenes into the framework of rigid PCPs was proven to be successful

for the energy-extensive adsorption of propylene over propane (Fig-

ure 1a) [22]. In another mechanism, the presence of low polar ligands

in the porous structure was exploited, which allow for the preferen-

tial adsorption of ethane over ethylene (Figure 1b) [23]. In both cases,

the separation occurs by a kinetic-based mechanism in the rigid PCP

framework as indicated by their Type I sorption isotherms.

A number of phase transition phenomena have been found in flex-

ible PCPs, where even weak interactions result in dramatic changes

over a wide region of the framework, and S-shaped adsorption curves

associated with guest adsorption have been observed. The crystalline

structural change, which cooperatively responds to external chemical

or physical stimuli is a unique property of flexible PCP, also called soft

porous crystals [4, 24–27].

This phenomenon of cooperativity in a flexibe PCP allows latitude

for adopting additional design strategies for separation applications

for gas substances with very similar properties [5, 28–31]. In order to

create responsive PCPs, two-dimensional (2D)-layered materials have

emerged as promising alternatives to three-dimensional (3D) frame-

works because of their enhanced network flexibility and ability to

adopt various stacking modes and distances [32–34]. We focused on

the framework of a Kagomè-type whose porous structure undergoes

structural deformation on guest accommodation.

The Kagomè structure used in this paper has two types of pores in

its framework: hexagonal (H) and trigonal (T). The H and T pores have

been demonstrated to interact closely to exert a cooperative effect

on the structural deformation [35–39]. In this study, we focused on

this peculiarity as well as the superiority of the Kagomè structure for

molecular recognition. By combining different characterization tech-

niques, we found that the substituent used at the fifth position of

1,3-isophthalate has a decisive effect on the H-T interactions in the

Kagomè framework aswell as on the interaction between adjacent lay-

ers. This, in turn, allows for themolecular recognition and uptake func-

tions of propane and propylene (Figure 1c). By appropriately selecting

the activation temperature and functional pendant group decorating

the material, we can preferentially separate propylene over propane

under ambient conditions. Breakthrough and co-adsorption experi-

ments have demonstrated the performance of this promising material

for propane/propylene gas separation.

METHODS

Synthesis of Kagomè materials (KGM-R)

5-Substituted isophthalic acid derivatives (ip-R) were synthesized fol-

lowing the procedure presented in the Supplementary Information. ip-

R was added to Cu(NO3)2.3H2O and pyridine in methanol in a 1:1:1

ratio. The reactants were irradiated at 120◦C for 1 h. Blue hexago-

nal crystals were obtained from this process and washed several times

withmethanol. FunctionalizedKagomèmaterials (KGM-R)were finally

obtained with 85%–90% yield after drying at 60◦C under vacuum for

24 h.

Single-crystal X-ray crystallography

Single-crystal X-ray diffraction (SCXRD) experiments were performed

on a Rigaku XtaLAB AFC10 diffractometer using a VariMax Mo Optic

withMo-Kα (λ= 0.71073 Å).

Sorption measurements

Prior to single gas sorptionmeasurements, the PCP samples were acti-

vated by thermal treatment at 120 or 150◦C for 12 h. The adsorp-

tion isothermsweremeasuredwith BELSORP-CRYO (C3H6 andC3H8)

and BELSORP-MAX (CO2 and N2) volumetric adsorption equipment

acquired from MicrotracBEL. Targeted relative pressures in the range

of 0.01–100 kPa were defined and limits of excess and allowance

amount were set to 5 and 10 cm3 g−1, respectively. When not precise,

equilibration conditions for each point were 0.03 % pressure change

within 300 s. The dead volume was determined using helium gas. In-

situ powder X-ray diffraction (PXRD)/adsorption measurements were

carried out using a Rigaku SmartLab X-ray diffractometer with Cu−Kα
radiation connected to a BELSORP-18PLUS volumetric adsorption

equipment. The two apparatuses were synchronized, and PXRD pat-

terns were obtained at each point of the sorption isotherm. Mixed-

gas adsorption measurements were performed with the BELSORP-VC

(MicrotracBEL) equipped with an Agilent 490 MicroGC. A mixed feed

gas (C3H6/C3H8 =1/1, v/v, 370kPa in total pressure)wasprepared and

introduced into the sample cell at 25◦C. The adsorption amount was

determined by the total pressure change after gas dosing time (1, 2, 8,

24, and 48 h) and the composition ratio that was determined by 490

MicroGC System (Agilent Technologies, Inc.). Because of the regulated

diffusion rate at 25◦C, the adsorption amount and selectivitywere var-

ied as a function of gas dosing time. The dead volume was determined

using helium gas. The samples were externally activated at 120◦C for

12 h, followed by 2 h of internal activation at 120◦C before the mea-

surements.

Column Breakthrough Experiments

The breakthrough experiments were carried out using BELcat-II

(MicrotracBEL). The outlet effluent from the column was continuously

monitored using a quadrupole-type mass spectrometer (BEL-Mass,

MicrotracBEL). The sample (c.a. 1.5 g) was packed into the column and

activated prior to the breakthrough tests. The propane and propylene

(50/50) separation experiments were carried out at 25 and 0◦C with a
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F IGURE 1 Strategies for the separation of small unsaturated (blue isotherms) and saturated (red isotherms) hydrocarbons. (a) The presence of
open-metal sites on the Fe2(dobdc) (dobdc= 2,5-dioxido-1,4-benzenedicarboxylate) porous coordination polymer leads to the favorable kinetic
adsorption of propylene over propane. (b) The low polar environment of Cu(Qc)2 (Qc= quinoline-5-carboxylate) due to the ligand leads to the
adsorption and kinetic separation of ethane over ethylene. (c) Our strategy involved the use of soft, porousmaterials (soft porous crystals) and the
cooperativity behavior between the central functionalized pore and the desired gas, which leads to the deformation of the surrounded pores and
the preferential adsorption of propylene

total gas flux rate of 4 sccm (which is standard cubic centimeters per

minute).

RESULTS

We synthesized a series of 2D Kagomè-type PCPs, KGM-R ([Cu(ip-

R)] (where ip = 5-substituted isophthalate and R = H, methoxy

(OMe), ethoxy (OEt), iso-propoxy (OiPr), or normal-butoxy (OnBu)

groups), based on 5-substituted isophthalate and divalent Cu2+ ions,

using microwave irradiation method (Figure 2; Figures S1–9 and

Table S1). Hexagonal-shaped crystals suitable for SCXRD analyses

were prepared for the KGM-R series. The as-synthesized crystals are

isostructural and consist of 2D Kagomè lattice-type sheets with cop-

per paddlewheel dimer units and connecting ip-R ligands (Figure 2b)

stacked along the c-axis (Figure 2d and crystallographic data). All the

layers contain microporous windows, with one central hexagonal (H)

pore surrounded by two sets of three trigonal (T) pores (Figure 2b

and c, shown as green and orange shading). The substituted groups

on the ip-R ligands point toward the center of the H pore, keeping the

T pore window devoid of pendant groups. Meanwhile, the terminal

hydroxyl groups at the axial positions of the copper dimer point toward

the T pore. Using thermogravimetric analyses, we confirmed that all

the materials were thermally stable up to 300◦C (Figure S9). In this

study, owing to the introduction of pendant groups of different lengths

and ramifications in the dynamic porous system, we expected that

the modifications in the H pore could be exploited to systematically

tune the overall separation properties of the system. In addition, we

also focused on the stacking of the 2D layers, which is affected by the

activation temperature of the KGM-R materials, as the presence or

absence of coordinated solvent molecules has an impact on the sorp-

tion properties of the 2D materials [38, 40]. Furthermore, KGM-OEt

(or STAM-17-OEt) and a similar KGM-R compounds with 5-azido-ip

groups have been reported to exhibit dynamic structural transforma-

tionwith guest accommodation and release (Figure 2e) [41]. For clarity,

the sample name was noted KGM-R-120 and KGM-R-150 when the

sample was activated at 120◦C, where 50% of coordinated solvent

molecules remains, and 150◦C,where no solvent remains, respectively.

Nitrogen (N2) sorption isotherm measurements at 77 K were first

performed to evaluate the porosity of the fully activated KGM-R-150
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F IGURE 2 Typical structures of KGMmaterials. (a) Structural components used in this work, (b) A crystal structure of KGM-OMe
(as-synthesized, –173◦C) viewed along ab plane. The structure contains two kinds of channel: hexagonal (H) pore and trigonal (T) pore as
represented as blue and orange in the figure. (c) Channel shapes of KGM-OMe (as-synthesized, –173◦C). Connolly surfaces of channels of the T
andH pores are represented (probe radius: 1.88 Å). (d) A crystal structure of KGM-OMe (as-synthesized, –173◦C) viewed perpendicular to the c
axis. A layer structure (one layer is colored in blue for clarity) is illustrated. (e) The reversible structural changes of copper paddlewheel upon the
removal of the axial aqua ligand. In the as-synthesized phase, water molecules are coordinated at the axial position of the copper paddlewheel.
After the thermal activation at 150◦C, twowater molecules on the copper paddlewheel are removed, which result in KGM-R-150. In this work, we
found the intermediate phase of KGM-OiPr-120 in which half of the axial aqua ligand remains to exhibit cooperative properties. In these figures,
carbon, oxygen, copper atoms are represented as gray, red, and green spheres, respectively. The substituted groups (R) are shown as purple
spheres for clarity in (a, b, d, e)

in the function of the functionalization degree (Figure S10). Pristine

KGM-H-150 exhibits a Type I isotherm with maximum adsorption of

190 cm3 g–1. As the length of the alkyl chain at the H pore increases

(from KGM-H-150 to KGM-OnBu-150), the N2 adsorption capacity

dramatically decreases (e.g., 80 cm3 g–1 for KGM-OMe-150 vs. ∼15

cm3 g–1 for KGM–OiPr-150, and KGM–OnBu-150), indicating that the

H pores predominantly contribute to the N2 sorption capabilities. The

amount of N2 adsorbed reflects the change in pore volume due to the

presence of bulky substituents in the pores.

In contrast, interesting adsorption behavior is observed with CO2

(Figure 3a). Based on the bulkiness of the pendant group, the amount

of adsorptionwouldbeexpected to significantly decrease in the follow-

ing order: KGM-H-150> -OMe-150> -OEt-150> -OiPr-150> -OnBu-

150. However, we observe a completely different V-shaped trend with

the CO2 sorption capacities at –78◦C for KGM-H-150, KGM-OMe-

150, KGM-OEt-150, KGM-OiPr-150, and KGM-OnBu-150 being 180,

60, ∼30, 150, and 150 cm3 g–1, respectively. The last two values are

comparable to that of pristine KGM-H-150, although the long alkoxy

pendant groups occupy the H pore. As shown in Figure 3a, KGM-OiPr-

150 and KGM-OnBu-150 exhibit a gate-opening sorption behavior

with a threshold pressure of approximately 5 kPa. Nevertheless when

samples were activated at 120◦C, the order changed to almost follow

what was found for N2 adsorption: KGM-H-120> -OMe-120> -OiPr-

120> -OEt-120> -OnBu-120 (Figures S11 and S12).

To investigate the origin of the enhanced flexibility of KGM-OiPr,

compared to KGM-OEt, we compared the activated structures of

KGM-OEt-150 and KGM-OiPr-150 [41]. In the case of KGM-OEt-150,

it has been reported that the removal ofwatermolecules from the axial

site of the Cu2+ paddlewheel unit causes the coordination of Cu to the

carboxylate oxygen atoms present in the paddlewheel units in the adja-

cent layers. This leads to the formation of one-dimensional (1D) chain

networks of Cu–O (Figure 2e) [41]. The “crumple zone” between the
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F IGURE 3 Adsorption (filled symbols) and desorption (empty symbols) profiles for KGM-H-150 (circles, black), KGM-OMe-150 (pentagon,
red), KGM-OEt-150 (stars, orange), KGM-OiPr-150 (diamonds, green) and KGM-OnBu-150 (triangle, purple) for (a) CO2 at –78

◦C (b) C3H6 at
25◦C, and (c) C3H8 at 25

◦C. All materials were previously activated under vacuum at 150◦C for 12 h. In comparison, the C3H6 isotherms at 25◦C
(d) are provided when the KGM-R-120materials were previously activated under vacuum at 120◦C for 12 h

copper paddlewheels in each 2D layer (3.2 Å) is too small for guest CO2

(3.3 Å) molecules to interleave. In contrast, Le Bail profile fitting for

activated KGM-OiPr-150 using synchrotron PXRD data yields a unit

cell with a= b= 33.252 and c= 5.360Å in the trigonal system, which is

isostructural to activated KGM-OEt-150 (trigonal, a = b = 33.028 and

c = 5.2048 Å; Figures S13 and S14). The larger c value of KGM-OiPr-

150 indicates that KGM-OiPr-150 has a larger layer-to-layer distance,

compared to KGM-OEt-150. This is attributed to the additional methyl

group in the alkoxy pendant chains, whose bulkiness causes more sep-

aration between the adjacent 2D layers and results in the creation

of interspaces as well as more interaction with the open metal sites.

Thus, the long alkyl chain facilitates the adsorption of CO2 in KGM-

OiPr-150 and KGM-OnBu-150 but not in KGM-OEt-150 (Figures 3a

and S11).

The observed trend in CO2 adsorption (Figure 3a) demonstrates

that guestmolecules with strong interactions cause structural changes

that lead to a second stage of adsorption. In other words, N2, which

participates in weak interactions, can only enter the H pore, while CO2

can enter the T pore. In general, the gate-opening phenomenon occurs

when the energy of structural deformation and the overall interaction

energy of the frameworkwith the guestmolecules are in balance. From

this observation, it is believed that functionalizedKGM-R allows to dis-

tinguish guest molecules with very similar properties.

Therefore, we utilized this dynamic recognition mechanism to

implement a method for the separation of hydrocarbons with similar

physicochemical properties. Motivated by the above observations

of enhanced pore flexibility in KGM-OiPr-150 and KGM-OnBu-150,

we tested the sorption properties of KGM-R toward propane and

propylene gases at room temperature (Figure 3b and c). Propane and

propylene are similar in size and physicochemical properties and are of

high industrial importance as pure raw chemicals [42]. As shown in Fig-

ure 3b and c, KGM-H-150, KGM-OMe-150, and KGM-OEt-150 exhibit

Type I sorption curves with similar capacities for both gases at 25◦C.

Owing to the presence of the bulky alkoxy pendant group, the total

sorption capacity toward these gases decreases in the order of KGM-

H-150, KGM-OMe-150, and KGM-OEt-150, in line with expectations.
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KGM-OiPr-150 exhibits a maximum adsorption of 30 cm3 g–1 for

propylene adsorption, accompanied by strong hysteresis between the

adsorption/desorption cycle with a gate-opening pressure of 92 kPa

(Figure 3b, green diamond), while it only exhibits surface adsorption

of propane (∼8 cm3 g–1; Figure 3c, green diamond). This indicates

that KGM-OiPr-150 is promising for propane/propylene separation.

The sorption profile of KGM-OnBu-150 also shows a preference

toward propylene over propane, albeit with lower capacities of 20 and

8 cm3 g–1, respectively (Figure 3b and c, purple triangle). Owing to the

lower capacity of KGM-OBu-150 as well as the chemical instability of

the butoxy group during repetitive thermal activation (Figures S15 and

S16), we focused our study on the flexibility of KGM-OiPr.

Notably, we found that the gate-opening pressure of KGM-OiPr

for propylene can be controlled via the activation method (Figure 3d).

KGM-OiPr-120 reaches an increased propylene sorption capacity of

38 cm3 g–1 at a smaller gate-opening pressure of 31 kPawhile retaining

a low sorption capacity of ∼8 cm3 g–1 toward propane. The reduced

gate-opening pressure for propylene makes KGM-OiPr-120 suitable

for propylene/propane separation under ambient conditions. For

other KGMmaterials, we do not observe such changes in the sorption

profiles, except for a decrease in the total capacity (Figures 3 and S17).

This implies the existence of a metastable phase in KGM-OiPr. The in-

situ PXRD pattern of KGM-OiPr-120 recorded at –43◦C shows a slight

shift toward the low-angle region (Figures S18–S21), also pointing to

the flexible nature of KGM-OiPr-120 upon propylene adsorption. Note

that the adsorbed amount of propylene at 25◦C does not decrease

with comparing to the result at –43◦C, indicating strong solid/gas

interactions in this material (Figures 3d and S19). This observation is in

contrast to the case of CO2 adsorption, in which KGM-OiPr-120 and

KGM-OnBu-120 adsorbmuch smaller amounts of CO2 (74 cm
3 g–1 for

KGM-OiPr-120 and 40 cm3 g–1 for KGM-OnBu-120), compared to the

amounts adsorbed after activation at 150◦C (150 cm3 g–1; Figures S11

and S12). Meanwhile, KGM-H-120, KGM-OMe-120, and KGM-

OEt-120 show comparable CO2 adsorption at both the activation

temperatures.

To elucidate the origin of these observations, we conducted struc-

tural analyses based on the synchrotron PXRD results for KGM-H

and KGM-OiPr. We obtained the structures of KGM-H and KGM-OiPr

after activation at 120 and 150◦C, as well as after subsequent propy-

lene adsorption (Tables S2 and S3 and Figures S22–S29). Rietveld

refinement data indicate that water molecules remain coordinated

on the copper paddlewheel sites after activation at 120◦C under

vacuum. The interlayer spacing in KGM-H-120 is slightly shortened,

compared to that of the as-synthesized structure, where the Cu-Cu

distances between the adjacent layers change from 4.85 Å in the

as-synthesized phase to 4.16 Å or 4.21 Å in the activated phase (Figure

S28). In contrast, under propylene atmosphere at –48◦C, the overall

structure remains similar to the activated structure (Figure S28)

despite the propylene adsorption. The adsorbed propylene molecules

are observed to occupy only the H pores, while the T pores remain

empty. This could be attributed to the small aperture size of the T pore

channels (3.72 Å), compared to the size of the propylene molecules

(kinetic diameter of∼ 4.5 Å) as well as the additional terminal hydroxyl

group on the copper sites that interrupt propylene entry into the T

pore. This result is consistent with the Type I curves observed for the

adsorption of propane and propylene on KGM-H-120. We estimate

that five propylene molecules are accommodated in the H pores per

Cu6 unit, basedon thepowder analyses aswell as adsorption isotherms

measured under these conditions (Table S4). Although the structure

of KGM-OiPr-120 activated at 120◦C is generally similar to that of the

as-synthesized form of KGM-OiPr (Figure S29), the unique structural

aspects of propylene-adsorbed KGM-OiPr-120 were clarified. In

the propylene-adsorbed KGM-OiPr-120 structure, each 2D Kagomè

layer is asymmetrically distorted, while the copper paddlewheel units

form dimer-like clusters (Figure 4). The Cu-Cu distances between the

adjacent layers change from 4.82 Å in the activated phase to 3.77 Å (or

4.59 Å) and 6.77 Å (or 6.56 Å) in the adsorbed phase.

Compared to the expected structure of KGM-OiPr-150, where cop-

per paddlewheel units strongly interactwith eachother (Figure2e), the

observed structure after activation at 120◦C retains sufficient spacing

between the layers. The nearest Cu-Cu distance of 4.63 Å would

facilitate the passage of small gas molecules inside the pores. This

solvent-switchable breathing behavior was previously studied with

the 3D SHF-61 material, which demonstrated the suppression of the

framework/framework interaction upon solvation leading to a breath-

ing effect upon CO2 adsorption [43]. Consistent with this structural

observation, KGM-OiPr-120 exhibits gate-opening behavior under

milder pressure (P = 31 kPa) and takes up a total of three molecules

of propylene per Cu6 unit (Table S4). In contrast to the propylene-

adsorbed KGM-H-120 structure, however, the Rietveld analysis

results indicate that the propylene molecules are accommodated not

only in the H pores (1 molecule) but also in the T pores (2 molecules)

per Cu6 unit (Figure S26). It is also worth noting that the expansion

of the T pores is clear in the structure of adsorbed KGM-OiPr-120

(Figure 4). Revisiting the isotherm curves, the first plateau in the curve

corresponds to the adsorption of one propylene molecule, which is

followed by the gate-opening behavior and the uptake of two addi-

tional molecules resulting in the second plateau (Figure 3). From these

results, we infer that KGM-OiPr-120 demonstrates dynamic coopera-

tion during propylene adsorption. The first accommodation of propy-

lene in theH pore induces guest/framework interactions, which lead to

the expansion of the T pores, allowing additional propylene molecules

to access the T pores (Figure 1c). The reversibility of the propylene

adsorption was further demonstrated with recyclability tests at 25◦C

(Figure S30). After four cycles without heating treatment reactivation,

the structure seems to stabilize with a gate-opening at ∼25 kPa and a

maximum capacity of∼35 cm3 g−1. After reactivation at 120◦C for 2 h,

the isotherm almost returned to the initial adsorption curves showing

indirectly that no solvent was lost during the recyclability test. This

could be assimilated to a shape-memory behavior by the structure [44].

To further assess the propane/propylene separation properties of

KGM-OiPr, the mixed-gas adsorption at 25◦C was measured up to a

pressure of 370 kPa for KGM-H-120 and KGM-OiPr-120 (Figures S31

and S32; Tables S5 and S6). In the case of KGM-H-120, both propane

and propylene are equally adsorbed, indicating non-steric–selectivity

for C3hydrocarbons. In contrast, KGM-OiPr-120 exhibits a preference
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F IGURE 4 Structures (–48◦C) of activated KGM-OiPr-120. (a–c) and after the subsequent propylene adsorption (d–f). (a, d) Copper
paddlewheel structures. (b, e) Crystal structures of KGM-OiPr-120 before and after propylene adsorption viewed perpendicular to the c axis. (c, f)
Channel shapes of KGM-OiPr-120 before and after the propylene adsorption. Connolly surfaces of channels of the T andH pores are represented
(probe radius: 1.88 Å). Adsorbed propylenemolecules were omitted in (d–f) for clarity. The carbon, oxygen, copper atoms are represented as gray,
red, and green spheres, respectively. The substituted groups (R) are shown as purple spheres for clarity in (a, b, d, e)

for propylene, with at least two times more adsorption of propylene,

compared to propane over the entire pressure range. Furthermore,

breakthrough experiments were performed on an activation packed

column containing 1.5 g of KGM-OiPr-120 under ambient conditions

(Figures S33 and S34). Amixture of propane/propylene (50:50, v/v) at a

flow rate of 4ml/minwas passed through a fixed-bed column filledwith

KGM-OiPr-120 at 0 or 25◦C. Remarkable one-step propylene purifica-

tion performance is achieved, in which propane with purity >99.5% is

first eluted from the separation bed, while propylene is captured in a

packed column until its saturated uptake with a retention time of 420

s (0◦C) or 210 s (25◦C). These results further confirm the suitability of

our strategy for propane/propylene separation.

CONCLUSION

Controlling the interactions between PCPs and guest molecules is

an interesting area of study, given its potential for aiding the sep-

aration of important molecules. To better understand the gate-

opening phenomena of PCPs and tailor the dynamic behaviors of

PCPs for efficient guest molecule separation, it is essential to com-

prehend their structure-activity relationships. We envisage that by

exploiting the cooperativity between the interacting pores and guest

molecules, we can achieve the otherwise difficult separation of simi-

lar guest molecules. In this work, we synthesized a series of Kagomè-

lattice PCPs with different alkoxy groups to systematically investigate

changes in their dynamic behaviors upon the accommodation of gas

molecules. Upon increasing the bulkiness of the pendant groups, we

unexpectedly observed a V-shape trend in the sorption amount for

CO2 and propylene guest molecules, while decreasing trends were

observed for N2 and propane. This phenomenon is attributed to the

nature of structural deformation induced by the cooperative behavior,

which leads to the molecular sieving of propane over propylene under

ambient pressure and temperature conditions. This indicates that the

cooperativity of propylene with the dynamic pores involves shrink-

age of the H pore and enlargement of the surrounding T pores of the

Kagomè-lattice, leading to the exclusion of propane while allowing the

adsorption of two additional propylene molecules in the T pore. We

expect this cooperative dynamic behavior between the soft framework

and guest molecules to be an adjustable tool for other challenging gas

separation and capture.
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