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ABSTRACT A flexible metal-organic framework (MOF) of [Zn3(btca)2(OH)2]⋅(guest)n (H2btca 

= 1,2,3-benzotriazole-5-carboxylic acid) that exhibits guest molecule-controlled dynamic gas 

adsorption is reported in which carbon dioxide molecules rather than N2, He, and Ar induce a 

structural transition with a corresponding appearance of additional steps in the isotherms. 

Physical insights into the dynamic adsorption behaviors of flexible compound 1 were detected by 

gas adsorption at different temperatures and different pressures and confirmed by Fourier 

transform infrared spectroscopy and molecular simulations. Interestingly, by taking advantage of 

the flexible nature inherent to the framework, this MOF material enables highly selective 

adsorption of CO2/N2, CO2/Ar, and CO2/He, of 36.3, 32.6, and 35.9, respectively at 298 K. This 

class of flexible MOFs has potential applications for controlled release, molecular sensing, noble 

gas separation, smart membranes, as well as nanotechnological devices. 

Keywords: Dynamic adsorption • Monte Carlo simulation • Selective adsorption • Variable 

pressure FT-IR 

INTRODUCTION 

Metal-organic frameworks (MOFs), which are typically porous, are a modern development on 

the interface between coordination chemistry and material science. These materials show hybrid 

functionality that integrates inorganic building units (SBUs) (formed in situ) and multidentate 

organic ligands.1−25 The periodic and porous structures give them advantages for applications 

such as gas storage, gas purification, catalysis, sensing and large molecule adsorption where 

precise control of the structure leads to specific behaviors.26−30 However, in contrast to the rigid 

framework of inorganic porous solids such as zeolites, the most remarkable feature of many 

MOFs is their structural flexibility.31−36 Structural transformations upon the adsorption and 
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desorption of guest molecules, also known as guest-induced switching, can radically alter the 

characteristics of such flexible MOFs. For guest-induced structural switching that generates large 

changes in pore volume, the terms “breathing” and “breathing effect” are applied. MOFs that 

exhibit the breathing effect are one of the most promising developments of MOF chemistry that 

have potential for selective sorption.37−41 

The preparation of breathing MOFs is usually associated with a flexible coordination 

environment (i.e. where the coordination between metal and ligands can reversibly reconfigure) 

and the dynamic effect is typically associated with a large change of the internal pore volume.42 

Such flexible porous MOF solids typically exhibit a precise “gate-opening” pressure identifiable 

from steps in the isotherm, where the free-energy cost of the structural rearrangements necessary 

to open the structure is compensated by the free energy associated with the sorption of guest 

molecules. Besides the appearance of steps in the adsorption isotherm, appreciable hysteresis is 

often observed for these materials owing to host-guest interactions.43 

Although the number of MOFs has grown exponentially since the 1970’s, the understanding of 

the breathing behaviors many MOFs exhibit still represents a formidable challenge. 

Investigations are hampered by the need for rather large specimens that exhibit a prominent 

guest-induced structural transformation to allow a high degree of certainty in determining the 

structural transformations at play. The archetypical representatives of the breathing MOFs are 

the MIL-53 type structures. The MIL-53 structures MIII(OH)⋅BDC (M=Al, Cr, Fe, Ga; BDC = 

1,4-benzenedicarboxylate),42,44,45 are built up from chains of metal-centered octahedra with 

corner sharing OH vertices that are further interlinked into three-dimensional trellis-like 

structures by rigid 1,4-benzenedicarboxylate ligands, resulting in one-dimensional channels. 

Upon thermally activated sorption and desorption, the MIL-53 structure can open and close like 
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a trellis with a high degree of expansion and contraction of the pores.42 Although a great deal is 

known about the dynamic adsorption in flexible MOF materials, the understanding of the more 

subtle effects of breathing behavior in MOFs beyond simple gate-opening stimuli such as guest 

molecules is very limited.46 Herein, we present an investigation into the dynamics of the different 

guest gas adsorption behaviors of a flexible zinc compound [Zn3(btca)2(OH)2]⋅(DMF) (H2btca = 

1,2,3-benzotriazole-5-carboxylic acid; DMF = N,N-dimethylformamide), 1. Carbon dioxide 

molecules controlled dynamic adsorption was observed where MOF breathing was dependent on 

the specific interaction between the intrinsic properties of guests and the framework as 

confirmed by variable pressure Fourier transform infrared (FT-IR) spectroscopy and investigated 

by quantitative computational modeling. It is especially noteworthy that the flexible nature 

inherent to the framework enables the highly selective adsorption of CO2/N2, CO2/Ar, and 

CO2/He with selectivies of 36.3, 32.6, and 35.9, respectively, at room temperature.   

EXPERIMENTAL DETAILS 

Synthesis. Zinc(II) acetate dihydrate (0.022g, 0.1 mmol) and H2btca (0.016g, 0.1 mmol) were 

added to an autoclave containing 1.0 mL water, 0.5 mL DMF and 2.0 mL  0.1 M NaOH aqueous 

solution and the mixture was sonicated for 10 min. Then the autoclave was closed tightly and 

heated to 150 oC and kept at that temperature for 4 days. The resulting brown crystals were 

washed with ethanol and dried under vacuum at 60 oC overnight before characterization, 

including variable pressure Fourier transform infrared (FT-IR), powder x-ray diffraction (XRD), 

nitrogen adsorption-desorption measurements at 77K, CO2, N2, Ar, and He adsorption-

desorption, high pressure CO2 and N2 adsorption-desorption and elemental analysis. 

Characterization. Thermogravimetric analysis (TGA) was carried out using a TA Instrument 

2950 from room temperature to 900 oC at a heating rate of 5 oC min‒1 under air atmosphere. The 
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elemental analysis was conducted at Galbraith Laboratories Inc.. Powder XRD patterns were 

recorded on a Bruker D8-Advance diffractometer (in Bragg-Brentano geometry (λ = 1.5406 Å): 

Cu Kα radiation, SOL-X solid state detector, 40 kV and 40 mA, step scan 5−60º/0.02º/15 s. The 

sample was covered with oil to isolate from air during the data collection. The Le Bail phase 

fitting was performed with the EXPGUI interface of GSAS programs.47 

X-ray single crystal structure data of compound 1 were collected with a Rigaku Saturn 724 

diffractometer with graphite-monochromated Mo-Kα (λ = 0.71073 Å) radiation at 293 K. 

Empirical absorption corrections were applied to the data using the SADABS program.48 The 

structure was solved by the direct method and refined by the full-matrix least squares on F2 

using the SHELXS-86 and SHELXL-97 programs.49 All non-hydrogen atoms were refined 

anisotropically. All hydrogen atoms attached to carbon atoms were placed at their ideal 

positions. Crystallographic data and structure determination summaries are given in Table S1. 

Crystallographic data (excluding structure factors) for the structures in this paper have been 

deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge 

CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the depository 

numbers CCDC-1045659 for compound 1 (Fax: +44-1223-336-033; E-Mail: 

deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). 

N2 adsorption studies were performed to confirm the permanent porosity of compound 1, as 

well as to determine the surface area. Gas adsorption experiments were performed on a 

Micromeritics Tristar 3000 at 77 K. Before gas permeation tests, the as-synthesized compound 1 

was activated at 150 °C under Ar flow for more than 12 hours to remove the occluded guest 

molecules in the channels, and subsequently loaded for adsorption analysis. CO2, N2, Ar, and He 

isotherms and high pressure isotherms of CO2 and N2 were carried out using an IGA-002 
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Intelligent Gravimetric Analyser supplied by Hiden Analytical Ltd. A 30 mg sample was loaded 

into the sample boat and heated to 150 °C under vacuum (~ 10−5 bar) for 12 hours. The sample 

was then cooled to 25 °C under vacuum and the dry mass was recorded. For all isotherms, the 

temperature of the sample was maintained within ±0.1 °C of the desired temperature and the 

sample chamber was pressurized to a set pressure of the adsorbate and allowed to equilibrate for 

a minimum of 40 min before moving to the next pressure point. 

Modeling. Molecular dynamics simulations were carried out using the GAFF force field 

supplemented by a set of angular terms to maintain metal coordinated structure. A supercell of 6 

× 6 × 6 loaded with the equivalent of 12 molecules of CO2 per unit cell was constructed from 

solvated unit cell structure. A series of NσT (constant number, stress and temperature) ensemble 

molecular dynamics simulations were carried out to simulate the desorption process.  After 

collection of statistics for each simulation, several CO2 molecules were randomly removed from 

the simulation cell, followed by re-equilibration of 10 ps and further production simulation of 10 

ps. The sorption module of Material Studio was used to perform isotherm simulations. The 

COMPASS force field was used. The solvated structure with the solvent molecules removed was 

used as input. The rigid framework simulation box consisted of 3 × 3 × 3 repeated unit cells. The 

Metropolis Monte Carlo steps were run at a fixed adsorbate pressure of 300 mbar and various 

temperatures. A sufficiently long run was implemented to collect statistics of loading and 

adsorption enthalpy. 

 

RESULTS AND DISCUSSSION 
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Figure 1. The rod shaped Zn3(OH)2 chains in the three-dimensional porous structure of 
compound 1, for clarity only the bridging fragments of the ligands are shown (green: Zn, red: O, 
light gray: C, blue: N) (a); view of the structure of 1 along the c-axis with guests and hydrogen 
atoms omitted for clarity (b); Connolly surface representation of the one-dimensional channel 
along the c axis (where plain grey  shows the outer surface of the pores) (c). 
 

Brown block crystals of compound 1 were obtained by reacting zinc acetate with H2btca in 

DMF/water in a Teflon-lined stainless autoclave for three days at 150 oC. The structure and 

composition were characterized by single crystal X-ray crystallography, powder X-ray 

diffraction, elemental analysis, FT-IR spectroscopy, and thermal gravimetric analysis (TGA). 

The crystal structure of compound 1 is analogous to that of the aluminum net in SrAl2 with the 

“sra” topology ((see details in the Supporting Information (SI), Table S1).50,51 In the structure of 

1, the carboxylate groups of the doubly deprotonated ligand btca act as bridges between pairs of 

Zn(II) ions and the triazolate moiety binds three Zn(II) ions with three different nitrogen atoms 

respectively resulting in alternating chains with two distorted square pyramidal metal Zn(II) 

centers and one octahedral metal Zn(II) center interlinked by µ3−OH groups.42 This structure is 

distinct from the MIL-53 solids, in which the exclusive octahedral units [MO6] metal centers are 

connected to each other by trans corner sharing µ3−OH groups to form an uniform chain. In 
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compound 1, the interconnection of rod-shaped Zn3(OH)2 chains via btca linkers forms a neutral 

three-dimensional (3D) framework with one-dimensional (1D) nanosized rhombic channels 

running parallel to the crystallographic c axis (Figure 1). Based on the van der Waals radii of the 

surface atoms, the dimensions of the channels in 1 are approximately 9.5×6.7 Å. A calculation 

with PLATON gives a total potential solvent accessible volume of the channels of 1071.6 Å3 per 

unit cell, or 42.1% of the total cell volume. 

To quantify the amount of adsorbed solvents and the thermal stability of compound 1, TGA 

was conducted in air. The TGA traces of the as-synthesized 1⋅guests and the desolvated 

compound 1 show that the as-synthesized material contains 17.4% guests and moisture per 

[Zn3(btca)2(OH)2] formula unit and the empty structure is stable up to 350 oC (Figure S1, SI). 

FT-IR measurements indicate that the hydroxide bridging groups are retained under the 

desolvation conditions (Figure S2, SI). Since the powder X-ray diffraction (PXRD) pattern of 

compound 1 after exposure to the atmosphere (Figure S3, SI) shows sharp diffraction peaks 

similar to those of the as-synthesized material, the framework is largely retained during 

desolvation. Le Bail fitting of the powder data, reveals that the unit cell changes slightly with the 

cell shrinking along the b direction and expanding along the a direction reflecting the change in 

guests from DMF to atmospheric H2O only, which corresponds to a 6.0% reduction in volume.  

To examine the permanent porosity, methanol-exchanged compound 1 was activated at a 

temperature of 150 °C overnight prior to the N2 adsorption–desorption measurement at 77 K. 

The N2 adsorption–desorption measurement shows a typical type I isotherm according to the 

IUPAC classifications and analysis of the low pressure region (P/P0 in the range from 0.05 to 

0.25) of the N2 adsorption branch gives an apparent Brunauer-Emmett-Teller (BET) surface area 

of 323 m2 g−1
 (Figure S4, SI). However, the CO2 adsorption isotherms show a type I sorption 
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behavior with no obvious steps at 196 K. At 273K, CO2 sorption experiments give isotherms 

showing hysteresis and two distinct steps, in the pressure ranges of 0−100 mbar and 400−500 

mbar respectively (Figure 2), consistent with structural rearrangement to admit the guests. The 

first step is associated with a sharp uptake of CO2 and a loading of three molecules per unit cell. 

The second step involves a more gradual uptake as the sorbent admits an additional four CO2 

molecules as the pressure reaches 1066 mbar (66.4 cm3/g). The steps are not apparent below 

1000 mbar in the CO2 adsorption isotherms at 298K (see Figure 2a). 

 
Figure 2. The CO2 isotherms at 196, 273, 298K (a) and isosteric heat of adsorption (Qst) of CO2 
calculated based on Langmuir-Freundlich equation with the adsorption data at 273 and 298K (b). 
High pressure isotherms of CO2 and N2 at 273K (c) and 298K (d), with filled/open symbols for 
adsorption/desorption isotherm branches. 
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The hysteretic behavior and appearance of two steps on the sorption branches (Figure 2a) are 

both significant. Pronounced sorption steps can be ascribed to transitions between relatively open 

and closed framework structures as gas is adsorbed with hysteresis resulting from meta-stability 

of the more open structure.52 To further probe the sorption characteristics of 1, high pressure 

sorption experiments with CO2 and N2 were conducted at two temperatures (Figures 2c, 2d). At 

273 K, the step of CO2 isotherms occurs at around 400 mbar, in accordance with the low 

pressure observations (Figure 2a), while a step in the CO2 isotherms at 298 K is observed at 1000 

mbar. In contrast, no steps were observed for the N2 isotherms at 273 or 298 K over the same 

pressure range. These observations indicate that structural changes responsible for the steps in 

the isotherms not only depend on the temperature, requiring higher pressures at higher 

temperatures, but are also related to specific interactions of guest molecules with the framework. 

To demonstrate that the framework breathing depends on the nature of the guest molecules, the 

variable pressure Fourier transform infrared (FT-IR) spectra of the desolvated compound 1 were 

recorded at different pressures of CO2 and N2 at 298 K (Figure 3). The band at 1560 cm−1, which 

corresponds to a stretch asymmetric vibration, ν(COO−),52 of the carboxylate groups on the btca 

ligands, shifts as the CO2 pressure increased to around 1400 mbar which is higher than the 

reshaping pressure observed from the CO2 isotherms (Figure 2d), possibly due to the response 

delay to CO2 molecules during a short equilibrium time. More notably, intensity change 

increases corresponding to the CO2 pressure. However, no significant shifts in the N2 spectra 

were detected for the stretching vibration of ν(COO−). The FT-IR spectra evidently demonstrate 

that CO2 molecules can induce changes in the local coordination environments around the metal 

centers, presumably leading to structural transition of the framework, while nitrogen does not. 
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Figure 3. Variable pressure FT-IR spectra of desolvated compound 1 at various pressures under 
CO2 (a) and N2 (b) at 298K. 
 

The desorption of CO2 from 1 at 273K was investigated using classical molecular dynamics 

(MD) simulations.53,54 Starting from a supercell loaded with the equivalent of 12 molecules of 

CO2 per unit cell, a series of NσT ensemble molecular dynamics simulations were carried out. 

After collection of statistics for each simulation, a number of CO2 molecules were randomly 

removed from the simulation cell, followed by re-equilibration and further simulations. The 

enthalpies of loading and cell volume from the series of simulations are shown in Figure 4(a). 

The results from an analogous series of simulations for MIL-53 are shown in figure 4(b) for 

comparison. The loading enthalpies reveal that up to a loading of about 3 molecules of CO2 per 
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unit cell, the loading enthalpy is fairly constant at approximately -40 kJ mol−1 and the cell 

volume increases smoothly. Between 3 and 5 molecules of CO2 per unit cell, the loading 

enthalpy increases sharply and there is a slight upward trend in the volume curve. Between 

loadings of 5 and 11 CO2 molecules per unit cell, the loading enthalpy remains roughly constant 

with a gradual increase in cell volume (Figure 4a, inset). 

 

Figure 4. The loading enthalpy (blue) and cell volume (red) vs CO2 loading calculated using 
molecular dynamics simulations at 273K (a) for compound 1 and the expansion of the channels 
with the increasing pressure (inset) and (b) for MIL-53. 

 

The CO2 sorption behavior of compound 1 contrasts with that of other reported flexible MOF 

materials, such as the breathing MIL-53 series and the adaptable peptide-based 
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[Zn(GlyAla)2]⋅(guests).53 It neither switches between open and closed structures like MIL-53 

(Figure 4b),10 which exhibits both an energy barrier and sudden change in cell volume, nor is 

there an initial barrier to sorption followed by a continuum of configurations available as it 

expands once the barrier is overcome, as in Zn(GlyAla)2.53 The steps in the isotherm and the 

simulations show that the structure opens quite easily for CO2, reaches a plateau where sorption 

becomes more difficult and then opens even more at slightly higher pressures. In desolvated 1, 

the structure is under strain and so the initial sorption of about 3 CO2 molecules per unit cell is 

relatively easy. Once the structure has opened to its full extent, it becomes more difficult to fit 

more CO2 in. The sharp increase in loading enthalpy followed by a plateau (in the absence of a 

transition the enthalpy would continue to increase with loading) and the second step in the 

isotherm show a structural transition that opens the pore volume and allows further sorption. The 

rigidity of the btca ligand in compound 1 combined with two different binding modes at each end 

is responsible for such a structural transition. The btca ligand, like the benzene-dicarboxylate, 

possesses few internal degrees of freedom and is less flexible than the triazolate, and hence 

produces a more rigid coordination to the metal. In addition to the hard and soft nature 

respectively of the carboxylate and azolate moieties of the btca ligand, the presence of 5-

coordinate Zn ions can also play a role in the response of compound 1 to guest molecules. The 

presence of a free coordination around the metal could be instrumental in enabling the gradual 

opening of the framework, rather than the concerted opening mechanism observed in MIL-53, 

where the metal ions are 6-coordinate.42  The structural transition mechanism is also different 

from the expansion/shrinkage upon solvent adsorption/desorption in the network of the MIL-88 

family.  It should be noted, however, that these transitions all depend on interactions between the 

guests and the skeleton.41 
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Figure 5. The CO2, N2, Ar, and He isotherms at 298 K (a), mixture adsorption isotherms and 
adsorption selectivity predicted by IAST of desolvated compound 1 at 298 K for CO2 (15 %) and 
N2 (85 %) (b), for CO2 (15 %) and He (85 %) (c), and for CO2 (15 %) and Ar (85 %) (d). 

 

In order to predict CO2/N2, CO2/Ar and CO2/He binary mixture selectivity, an ideal adsorbed 

solution theory (IAST) calculation based on a dual-site Langmuir-Freundlich (DSLF) simulation 

was employed on the basis of the single-component CO2, N2, Ar, and He adsorption isotherms 

(see details in the SI, Table S2).55,56 The sorption behavior of compound 1 makes it potentially 

interesting for application in gas separation. The selectivity of 1 towards CO2/N2, CO2/Ar and 

CO2/He was investigated at 298 K. Figure 5 shows the predicted mixture adsorption isotherms 

and adsorption selectivity of desolvated compound 1 for CO2 (15 %) and N2 (85 %), a mimic of 

real flue gas, with a highly selective adsorption of CO2/N2, CO2/Ar, and CO2/He of 36.3, 32.6, 
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and 35.9, respectively. Compound 1 preferentially adsorbs CO2 over N2, Ar and He, indicating 

that the CO2 molecules have a relatively high affinity to inner surface of the framework and 

making 1 an appealing candidate to separate CO2 from gas mixtures. One possible reason for the 

selective gas adsorption of compound 1 is attributable to the amplitude and kinetics of the pore 

opening and is a function of the interactions between the framework and the guest 

molecules.57−59 

To understand the CO2-induced structural reshaping and high selectivity to other gases, we 

conducted grand canonical Monte Carlo simulations (GCMC). The interaction between the 

framework and adsorbed molecules, quantified in terms of isosteric heats of adsorption, is 

presented in Table S3. The strong interaction between CO2 and the MOF framework is evident, 

especially at 273 K, which probably leads to the pore opening and improved adsorption.  

Interactions of other adsorbate molecules are too moderate to induce conformational transition of 

the pores. Also note that the elevated temperature gives rise to reduced CO2 adsorption, leading 

to a much weaker interaction with the MOF framework.  Hence, there is no gate opening seen at 

298 K below 1 bar. 

 

CONCLUSIONS 

In contrast to other reported flexible MOFs, the compound of interest belongs to a new class of 

flexible MOFs with unique dynamic gas adsorption behaviours demonstrated experimentally and 

computationally. The dynamic adsorption process is adsorbate dependent, i.e., carbon dioxide 

molecules rather than N2, He, and Ar enable the breathing effect to occur with corresponding 

appearance of more steps on the isotherms. 
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The dynamic adsorption behaviors of the flexible compound were detected by gas adsorptions 

at different temperatures and different pressure and confirmed by Fourier transform infrared. 

Interestingly, by taking advantage of the flexible nature inherent to the framework, this MOF 

material enables highly selective adsorption of CO2/N2, CO2/Ar, and CO2/He, which strongly 

depends on the interaction between the gas molecules and the framework with CO2 >> N2/Ar/He. 

Hence, by tuning the structural transformations that occur within flexible MOFs it is possible to 

devise materials with high adsorption selectivities for different species. Hence, this kind of MOF 

materials potentially has applications in gas separation, smart membranes, controlled release, 

molecular sensing, and nanotechnological devices.  
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A flexible metal-organic framework that exhibited guest molecule-controlled dynamic gas 

adsorption in which carbon dioxide molecules rather than N2, He, and Ar induce a structural 

transition with a corresponding appearance of additional steps in the isotherms was detected by 

gas adsorptions at different temperatures and different pressures and confirmed by variable 

pressure Fourier transform infrared and molecular simulations. 


