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 ab

We report a synthetic strategy for constructing a novel flexible 

MOF from a rigid parent structure by ligand exchange. This is the 

first reported study on introducing flexible heterogeneity into a 

rigid structure via substantial structural rearrangement. The 

daughter material exhibits enhanced gas separation selectivity 

compared with the parent. 

Intensive studies on the development of technologies for 

adsorption-based gas separation have been driven worldwide by 

the increasing attention to the environment and the future energy 

demand. Adsorbents play an essential role in gas separation 

processes but conventional adsorbents (zeolites, activated carbon, 

silicon, etc.) are unable to meet the increasing demands placed by 

various industrial applications due to their limitations in structural 

diversity and flexibility. Novel adsorbents are required to improve 

gas separation performance and minimize the energy required for 

separation. Flexible metal-organic frameworks (MOFs) or porous 

coordination polymers (PCPs) are promising adsorbents for gas 

separation,1 since their pore aperture and pore volume can be 

tuned in response to external physical, mechanical, or chemical 

stimuli,2 thus achieving desired separation performance, such as 

high selectivity and capacity. However, the number of such flexible 

MOF candidates is relatively small compared with numerous rigid 

counterparts, because constructing phase-pure MOFs with flexible 

crystalline structure is difficult by typical de novo method.3 

Moreover, it is very challenging to rationalize the design and control 

of flexible moieties in the intrinsic MOF structure by direct one-pot 

synthesis. 

   Recent alternative synthesis methods, termed solvent-mediated 

ligand exchange4 and solvent-assisted linker exchange (SALE),5 

provide new options for the synthesis of novel MOFs with 

controllable flexibility and well-defined crystallinity. Ligand 

exchange is typically achieved by soaking parent MOF crystals in a 

concentrated ligand solution. Although the understanding of this 

synthesis method, such as the effect of solvent, modulator, 

temperature, and reaction kinetics, is still in its infancy, several 

pioneering studies have showed considerable advantages and 

interesting possibilities associated with those strategies.6 For 

example, solvent mediated ligand exchange was first investigated 

and successfully demonstrated to work for three metal-ligand 

coordination polymers [Ag(L)NO3]∞, (L=pyrazine, 3,4’-bipyridine, 

4,4’-pipyridine, 4-(10-(pyridin-4-yl)anthracen-9-yl)pyridine).4 For 

another example, stepwise SALE has been recently reported to 

construct mesoporous MOFs by inserting longer pillars into the 

parent structure.7 It logically follows that ligand exchange could 

provide a versatile strategy for producing flexible MOFs as well: by 

replacing rigid ligands with flexible or semi-flexible ligands, it may 

be possible to rationally design and construct novel flexible MOFs. 

   Herein, we report the conversion of a three-dimensional (3D) rigid 

framework MOF by ligand exchange into a novel two-dimensional 

(2D) flexible network whose pure-phase sample could not be 

obtained by direct synthesis in spite of many attempts in our lab. To 

the best of our knowledge, it is the first case of incorporating an 

exotic flexible-ligand into a rigid pillar-layered MOF structure via 

structural rearrangement during ligand exchange, creating 

structural flexibility in the daughter material. Interestingly, the 

adsorption properties of the daughter material suggest a superior 

gas separation performance to the parent material. The solvo-

thermal reaction of Zn(CH3COO)2·2H2O，H2BPDC (BPDC = 4,4'-

biphenyldicarboxylate) and BiPY (BiPY = 4,4'-Bipyridine) produced 

colourless parent crystals 1. Using 1 as precursor, the daughter 

material 2 was obtained by simply immersing 1 in a concentrated 

fresh 1,3-Bis(4-pyridyl)propane (BPP) solution at 105 °C without 

stirring for four consecutive 3-day exchanges (Scheme 1). A detailed 

synthesis is provided in ESI†. 

 
Scheme 1 Synthesis route of parent 1 and daughter 2 samples. 
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Fig. 1 Synchrotron powder XRD of as-made parent 1 and samples 

with 3, 6, 9, and 12 days exchange time. 

   

 Interestingly, a complete structural rearrangement occurred, with 

an entirely distinct pure-phase structure produced, as confirmed by 

synchrotron powder X-ray diffraction (PXRD) (Fig. 1). Specifically, 

the structure transferred from Orthorhombic (Pbcn) to Monoclinic 

(P21/c) with unit cell parameters provided in Table S1, ESI†. As 

shown in ESI† Fig. S1, the crystal structure of the parent sample 1 

consists of trinuclear Zn clusters which are connected to the 

carboxylate groups of six BPDC bridging linkers to form 2D double 

layers; and the secondary ligands BiPY, as pillars, support the 2D 

layers to generate a 3D framework. The structure of 1 is similar to 

those reported,8 in spite of the variance in reaction temperature 

and metal source in this work compared with the reported 

synthetic procedure, indicating the favoured coordination state in 

the system. In contrast, the daughter structure 2 exhibits a 

completely distinct crystallographic structure. Two oxygen atoms 

from the carboxylate group of two different BPDC are coordinated 

to one Zn centre, and the chains are connected by the Zn-N bond of 

the BPP whose N-to-N distance is approximately 8.5 Å. Thus, in this 

coordination system, BPP is expected to approach maximum 

stretching of the GG′ conformation which displays an N-N distance 

from 6.7 to 8.6 Å.9 The various conformations, due to the flexibility 

of the –(CH2)3- chain and the rotation of pyridyl rings, would be 

essential to the complete ligand exchange reaction. As seen from 

Fig. 2d, a buckled layer consists of two tangled networks (blue and 

red colours) in the ac plane; these buckled layers are then stacked 

up in the order of ababa along the b-axis. The daughter material 

exhibits a 2D flexible structure derived from both the unique 

topology and the bridging ligands, as further characterized below. 

To the best of our knowledge, it represents a rare example of 3D to 

2D transformation during ligand replacement or desolvation, 

among the very large family of numerous MOFs.10  

   Thermal gravimetric analysis (TGA) indicated 2 is thermally stable 

up to 316 °C in N2 atmosphere (ESI† Fig. S2). The weight loss steps 

for the decomposition of BiPY of 1 and BPP of 2 occurred 

approximately at 372 and 318 °C, respectively. To better 

understand the mechanism of structure conversion from 1 to 2, we 

conducted synchrotron PXRD for samples collected at different 

reaction times: 3, 6, 9, and 12 days, to monitor the crystal phase 

transformation during the ligand exchange process. (Fig. 1) The 

parent crystal structure remained unchanged after 3 days 

exchange, and after 9 days, a new crystal phase of daughter 

material 2 formed. It is interesting that a heterogeneous product 

(approximately 40.1 wt% of 1 and 59.9 wt% of 2) was obtained for 

the 6 days sample, which may be indicative of a core-shell structure  

  
Fig. 2 Two-dimensional layer structure of daughter material 2: a) 

view down crystallographic b axis; b) view down crystallographic a 

axis; c) view down crystallographic c axis; d) unit cell of 2×1×1. 

Colour scheme: Zn (cyan), C (grey), O (red), N (blue). 

 

- this needs to be confirmed through more comprehensive 

microscopic characterisation. (ESI†, Plot S2) From the liquid 1H 

NMR analysis, the BiPY ligands in the parent material were 

completely replaced by BPP in the daughter material (ESI†, Figs. 

S3-S7). Scanning electron microscope (SEM) images  show that the 

single crystals of parent sample 1 cracked into meso-crystals to 

form the structure of the daughter material 2, (ESI†, Figs. S8 and 

S9) rather than the single-crystal to single-crystal (SCSC) 

transformation which is usually observed during ligand exchange.11  

   Although several pioneering studies explored the chemical 

principles behind ligand exchange,12 the reaction mechanism in a 

certain coordination system is complicated and at present cannot 

be predicted a priori. In our case, acetic acid might act as a catalyst 

to promote the ligand exchange.13 The solvent-mediated reaction 

logically starts at the external surface of the parent crystals, and 

progresses into the inner structure. In addition, the stable 

secondary building unit (SBU) of the parent structure would 

experience disassembly, thus the underlying mechanism to undergo 

ligand exchange through the surface of the crystal is likely to be a 

dissolution/recrystallization process. As one of the family of 

pillared-paddlewheel MOFs, it is well known that the Zn-O bonds 

are significantly stronger than the Zn-N bonds,5, 14 which enables 

the ligand exchange to occur by Zn-N bond cleavage and reforming 

involved in N-contained ligands rather than carboxylate ligands. 

Therefore, the topologies of the parent samples are sustained. 

However, the substantial structural arrangement observed in our 

work can be attributed to solvent-mediated ligand exchange (in 

contrast to a solid-state transformation), namely, the dissolution 

and recrystallization mechanism as described in the literature.4, 15 

The oxygen from deprotonated acetic acid may temporarily replace 

carboxylate oxygen and coordinate to the Zn ion, which promotes 

the disassembly of the parent metal cluster. Subsequently, the 

carboxylate ligands replace the oxygen of acetate acid, and BPP 

replaces BiPY completely to form a favourable topology via 

structural rearrangement.  

   Importantly, the daughter material 2 exhibits guest molecule 

induced transformation from non-porous to porous structures. At 

77 K and 1 bar, 1 adsorbs a substantial amount of N2 and H2: 12.0 

and 9.4 mmolg-1, respectively (ESI† Fig. S10). In striking contrast, 

the adsorption capacity of N2 and H2 on 2 were negligible under the 

same conditions, indicative of a non-porous crystal state. Hence, 

the conversion of the parent 3D structure to the daughter 2D  
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Fig. 3 a) CO2, CH4, N2 adsorption/desorption isotherms of 1 and 2 at 

273 K (note different Y axis for 1 (in black) left and 2 (in red) right 

are presented for clarity); b) CO2, CH4, and N2 

adsorption/desorption isotherms of 2 at 298 K (in blue) and 313 K 

(in red); c) In situ synchrotron PXRD of 2 depending on CO2 pressure 

at 298 K. (In a and b, solid: adsorption; open: desorption; left-

triangle N2, diamond H2, square CO2, circle CH4; lines are guide to 

the eye.). 

 

structure would be beneficial to gas separation by excluding certain 

gases. Interestingly, CO2 and CH4 sorption on 2 up to 10 bar at 273, 

298 and 313 K (Fig. 3a, 3b), show the typical isotherms for flexible 

MOFs – obvious adsorption steps with large hysteresis,16 which 

indicates structural flexibility and crystal phase transition upon gas 

sorption. To confirm the reversible structural transformation, we 

conducted in situ synchrotron PXRD depending on CO2 pressure. As 

shown in Fig. 3c, main peaks of the PXRD patterns of 2 shifted 

reversibly when the sample was under vacuum or various CO2 

pressures, and the CO2 transition pressure is consistent with the 

step isotherm at 298 K (Fig. 3b). The adsorbate-induced structural 

transformations occurring in the case of CO2 and CH4 are attributed 

to strong interaction between gas molecules and the crystal, due to 

the relatively large quadrupole moment for CO2 of -1.43 × 10−39 C 

m2
 vs. N2 of -4.7 × 10−40 C m2, and polarizability for CH4 (25.9×10-25 

cm-3 
vs. N2 of 17.4×10-25 cm-3. In other words, upon CO2 and CH4 

adsorption, the non-porous desolvated 2 structure transformed to a 

porous network at the transition pressure, implying superior gas 

separation properties to the parent material 1. In contrast, the N2 

adsorption amount is negligible up to 10 bar on 2 due to the weak 

adsobate-adsorbent interactions, resulting in considerably 

enhanced CO2/N2 and CH4/N2 selectivity, compared with those for 

the parent material. Specifically, the daughter material exhibits 

ideal selectivity of CO2/N2 of 80 at 1 bar at 273 K based on pure 

component adsorption, compared with 8 for the parent sample. 

With regard to the CH4/N2 selectivity, the value increased from 1.86 

to 8.2 at 10 bar at 273 K, which is comparable to the highest 

numbers in the open literature17 and holds promise for recovering 

CH4 from low-grade natural gas.  

   In conclusion, we report a novel route to convert a 3D rigid MOF 

structure to a 2D flexible network and the latter one shows 

reversible transformation from a non-porous to porous structure as 

induced by certain guest molecules, exhibiting a superior gas 

separation potential. We propose that the synthetic strategy can be 

potentially generalized and applied to other pillar-layered MOFs 

structures. This work provides more information on interpretation 

of substantial structural rearrangement via ligand exchange. Further 

investigations on the applicability of the synthetic methodology to 

other MOFs families are in progress. 
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Notes and references 

‡Crystal structure of parent sample 1 can refer to the previous 
reported structure (CCDC 192723). Crystal Structure of daughter 
material 2 (CCDC 1404865) was determined based on synchrotron 
powder XRD data, and detailed information is provided in ESI.  

The formulae of the parent material 1 and daughter material 2 are 
[Zn3(C14H8O4)3(C10H8N2)] ·solvent and [Zn(C14H8O4)(C13H14N2)] 
·solvent, respectively. 
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