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ABSTRACT: Flexibility of metal-organic frameworks (MOFs) plays an important role in their 

applications, particularly in adsorption separations, energy and gas storage, and drug delivery. As 

an important practical example, we study adsorption of CH4, and CO2 on iso-reticular IRMOF-1 

crystal at different temperatures using an original computational scheme of iterative grand 

canonical Monte Carlo (GCMC) and isothermal-isobaric ensemble molecular dynamics (NPT-

MD) simulations. Our findings reveal that thermal fluctuations and flexibility of the host 

framework affect adsorption of guest molecules, which in turn exert a significant adsorption stress, 

up to 0.1 GPa, on the framework causing its deformation that occurs in a counterintuitive manner. 

Contrary to the expected gradual swelling during adsorption, we observe non-monotonic 

deformation, characterized by sharp contraction during the pore filling, followed by partial 
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expansion. During the pore-filling process, guest molecules engender softening of the host 

structure to a nearly 100% increase in compressibility. However, upon the pore filling and further 

densification of the adsorbed phase, the structure hardens and compressibility decreases. These 

findings are supported by quantitative agreement with adsorption experiments on IPMOF-1 and 

are expected to be applicable to various degrees, to other MOFs and nanoporous materials. 

1. Introduction 

Metal-organic frameworks (MOFs) are a popular class of nanoporous materials owing to their 

high surface area, tunability, and stability and are being explored for gas storage, separations, and 

carbon sequestration. Composed of metal nodes connected by organic linkers, single molecular 

thin MOF structures experience thermal fluctuations, which cause their intrinsic molecular level 

flexibility. When guest molecules are introduced into the host framework, they exert a noticeable 

stress. As a result, the framework may deform changing preferential sites of adsorption and energy 

landscape within pore compartments. MOF flexibility allows for advanced practical applications 

such as high-precision separations, detecting traces of organic molecules, slow release of drugs, 

biosensing, supercapacitors, and energy storage among the others.1,2-11 

All MOFs deform to different extent upon adsorption of guest molecules. Most prominent 

examples include significant (up to ~100%) swelling12, non-monotonic deformation of 

mesoporous MOFs due to capillary condensation13, and adsorption-induced framework 

transformations, like gate opening14, breathing transitions15, and negative gas adsorption.16 Even 

though the volumetric changes in the framework might be negligible, the thermal fluctuations of 

the framework atoms can impact adsorption.17-19 The intrinsic flexibility is relevant when the pore 

sizes are comparable with the guest molecule size, thereby affecting the transport and accessibility 

of guest molecules in tight pore spaces. The intrinsic flexibility leads to the framework re-
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structuring and either reduce or increase the adsorption capacity in comparison to the rigid 

framework.20  

While experimental studies of adsorption-induced deformation require complicated and 

expensive instrumentation,13 molecular simulations, that mimic the adsorption process, come 

forward.21 In conventional consideration of adsorption of guest molecules, the host framework is 

assumed rigid allowing to calculate adsorption isotherms using the grand canonical Monte Carlo 

(GCMC) simulations.21 The rigid framework assumption simplifies calculations of adsorption 

isotherms and is generally accurate. But depending on the framework chemistry, temperature, and 

nature of the gas molecules, the effects of flexibility must be accounted for.  

Several attempts have been made to model flexibility upon gas adsorption in MOFs.19, 20, 22-27 

Effects of framework flexibility require combination of GCMC and molecular dynamics (MD) to 

account for movement of framework atoms. This is achieved by introducing flexible forcefields 

and using different hybrid MD+GCMC schemes, some of which have been implemented using 

open source packages LAMMPS,28  RASPA,29 Cassandra,30 NAMD31 and GOMC.27, 32 Intrinsic 

framework flexibility without volumetric deformation of the unit cell is directly modeled by MD 

simulations in the NVT ensemble alternated with GCMC simulation. 22, 23, 27 Baucom et al.22 

modelled adsorption and diffusion of CO2 in Cu-BTC framework using hybrid NVT MD 

simulations with GCMC moves in LAMMPS. The authors concluded that adsorption capacity in 

flexible simulations is lower compared to rigid simulations and agrees well with the experiments. 

Flexible snapshot method introduced by Gee and Sholl17 accounts for the framework flexibility by 

first equilibrating the volume of empty framework using NPT MD. This is followed by NVT MD 

simulations, from which several uncorrelated snapshots (~20) are extracted. Then, GCMC 

simulations are performed on these snapshots and the resulting isotherms are averaged. The 
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flexible snapshot method considers the intrinsic flexibility of the framework by using various 

initial framework conformations. A similar approach was employed by Shukla and Johnson.25 

Alternatively, intrinsic flexibility can be modeled entirely in the GCMC simulations, which 

involve movement of framework atoms.33-35 However, these methods do not account for the effects 

of volumetric deformations induced by guest-host interactions.  

Volumetric deformation can be considered in the osmotic thermodynamic ensemble, which 

allows for the volume fluctuations at constant framework composition, external pressure, chemical 

potential, and temperature.36, 37 Dubbeldam et al.21 suggested to introduce NVT MD step as trial 

moves within the GCMC Markov chain simulation, which is accepted with the Metropolis 

probability. To account for the volume change, the authors included additional NPT MC trial 

moves with uniform rescaling of the positions of host framework and guest atoms. This hybrid 

osmotic Monte Carlo (HOMC) method is implemented in RASPA29 and actively used.23, 22 Ghoufi 

and Maurin38 suggested an alternative HOMC scheme with NPT MD trial moves that alter the 

framework conformation and volume. The authors applied this method to simulate breathing 

transitions in MIL-53(Cr) during CO2 adsorption. Gee et al.39 used an analogous HOMC scheme 

for studies of adsorption and diffusion of alcohols in ZIF-8 and ZIF-90. Rogge et al.40 suggested 

several modifications of the HOMC approach. Zhao et al.41 implemented an Osmotic Molecular 

Dynamics (OMD) scheme based on the implementation of trial MC move for the insertion/deletion 

of one guest molecule during the MD trajectory in NPT ensemble. Zhang et al.42 applied an 

iterative hybrid MC/MD scheme with alternating Gibbs ensemble MC (GEMC) simulations to 

determine adsorbed amount at given volume and NPT-MD simulations to vary the volume at given 

adsorption until the adsorption and mechanical equilibrium is attained. The method was 

demonstrated on modeling structural transition in ZIF-8 during N2 adsorption. 

https://doi.org/10.26434/chemrxiv-2024-m5wkv-v2 ORCID: https://orcid.org/0000-0002-0323-7391 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-m5wkv-v2
https://orcid.org/0000-0002-0323-7391
https://creativecommons.org/licenses/by-nc-nd/4.0/


5 

 

The most direct approach to account for the volumetric deformation during adsorption is the 

hybrid MC/MD method, which involves multiple iterations of GCMC and MD in NPT ensemble 

simulations. The iterative GCMC/NPT-MD method requires an extensive computational time 

needed for multiple cycles of MD and MC iterations until the convergence to adsorption and 

mechanical equilibrium is attained. This approach was used in various implementations for 

modeling adsorption deformation of polymers,43, 44 zeolites,23, 45 and other systems.42, 43, 46-53   

In this work, we developed an advanced implementation of the iterative GCMC/NPT-MD 

method to study the effects of framework flexibility. This approach is demonstrated with examples 

of CH4 and CO2 adsorption on IRMOF-1 at different temperatures. Due to availability of 

experimental data, IRMOF-1 is an ideal candidate for exploring flexibility effects. IRMOF-1 is a 

Zn based MOF consisting of ZnO4 clusters connected together by benzene dicarboxylic acid 

(BDC) linkers with a simple and small (~25 Å) unit cell. IRMOF-1 is a relatively rigid MOF. due 

to its high Young’s modulus of 19.5 and 9.5 GPa along the stiffest and softest directions, 

respectively.15 Interestingly, IRMOF-1 exhibits the negative thermal expansion: it contracts upon 

increase in temperature by 0.1 Å per 100 K.34 Adsorption induced deformation of IRMOF-1 was 

studied earlier. Adsorption of CO2 was studied using hybrid MC/MD implemented in RASPA,54, 

55 but the differences between rigid and flexible simulations were negligible.29 In another work, 

the structure flexibility of IRMOF-1 was attributed to  the rotation of the linker.56 Adsorption of 

Ar and H2 was compared between GCMC rigid and flexible simulations at 78 K and 298 K with 

little difference found.33 It should be noted that the latter study used a semiflexible forcefield, 

where the benzene dicarboxylic linkers were assumed to be rigid. Also, the extent of deformation 

upon gas adsorption and the effect of temperature was not considered.  
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Using the iterative GCMC/NPT-MD simulations of CH4 and CO2 adsorption on IRMOF-1 at 

three different temperatures, we discover peculiar mechanisms of adsorption deformation of 

MOFs. We find that the deformation effects during adsorption are not monotonic. In the process 

of pore filling, guest molecules induce contraction and softening of the host structure with about 

100% increase in compressibility. However, once the pores are filled, the adsorbed phase densifies 

further, causing the structure expansion and hardening with a gradual decrease of compressibility. 

The framework contraction leads to a decrease of adsorption capacity and a shift of the pore filling 

step on the adsorption isotherm that quantitatively agrees with experimental measurements.  

2. Methods 

The crystallographic structure of IRMOF-1 was taken from reference57. CH4 is modelled as a 

Lennard-Jones (LJ) particle with parameters from reference58. These parameters are slightly 

different from the standard DACNIS parameters. They were modified to predict accurately the 

adsorption isotherm on rigid IRMOF-1 compared to experiments at 92 K.58 CH4 simulations are 

performed at 92, 102, and 110 K. This range is chosen due to availability of experimental isotherms 

at these temperatures.58 

Adsorption induced deformation simulations were performed using the iterative GCMC/NPT-

MD method which involves multiple iterations of alternating MD in LAMMPS and MC in RASPA 

simulation steps. Iterations are continued until the adsorption and mechanical equilibrium is 

reached. The LAMMPS data file with forcefield parameters was generated using the LAMMPS 

interface software.59 The external stress on the framework is assumed to be equal to the external 

reservoir pressure of the gas phase, 𝜎 = 𝑃𝑒𝑥𝑡. The time step of MD simulations is 1 fs. Each MD 

iteration is performed for 1 ns which is long enough to achieve mechanical equilibrium. Only 

isotropic deformations were considered due to the symmetry of IRMOF-1. Nose-hoover 
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thermostat and barostat were employed with time constant of 100 and 1000 timesteps, respectively. 

PPPM method was used to account for columbic interaction with relative force accuracy of 10−6. 

The flexibility of IRMOF-1 during MD simulations was modelled using the forcefield as described 

in reference.34 In this forcefield, zinc and oxygen atoms are held together by LJ and Coulombic 

interactions, whereas, the linker atoms are held by bonds, angles, dihedrals, improper, LJ and 

Coulombic interactions, see Supporting Information Figure S1. The Van der Walls interactions 

were shifted to zero at a cutoff distance of 12 Å in both MD and MC. Although the LJ parameters 

between the framework atoms were significantly different in flexible forcefield, the solid-fluid 

interaction parameters were taken the same as in rigid MC simulations.  

During the MC simulations, the framework is kept rigid, and the translation, rotation, insertion, 

and exchange moves are performed on the gas molecules. During each MC iteration, 10,000 

RASPA cycles were performed prior to switching to the MD stage. Coulombic interactions 

between CO2 and IRMOF-1 were accounted using Ewald summations. We start with MD 

simulations to relax the structure and take the last snapshot of the framework for performing the 

GCMC simulations. GCMC and NPT-MD simulations are iterated 12 times, which was shown 

sufficient for reaching an equilibrated cell length and amount adsorbed. The results are averaged 

over the last half of the hybrid simulations. A characteristic example is shown in Supporting 

Information (Figure S2) presenting the fluctuations of the box length, 𝐿𝑧, and the number of 

particles in the unit cell, 𝑁, during alternating MC and MD simulation steps.  

3. Results and Discussion 

Figure 1 shows the adsorption and strain isotherms calculated using the iterative GCMC/NPT-MD 

simulations of CH4 adsorption on IRMOF-1 at 92, 102, and 110 K.58 We observe elastic 

contraction prior to the pore filling transition, characteristic stepwise contraction at the transition, 
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and relaxation with minor expansion after the transition. The maximum volumetric strain for CH4 

is ~0.9 % at 92 K, ~0.8 % at 102 K, and ~0.7 % at 110 K. Within the elastic approximation, the 

adsorption induced volumetric strain, 𝜖, is proportional to the difference between the adsorption 

stress, 𝜎𝑎, exerted by guest molecules and the external pressure, p, 15, 60 

 

 𝜖 = −(𝑝 − 𝜎𝑎)/𝐾 (1) 

 

Figure 1:  Adsorption and strain isotherms of CH4 on IRMOF-1 at (a) 92 K, (b) 102 K, and 

(c) 110 K. Experimental isotherms are taken from reference58. Note a narrow hysteresis 

between adsorption (dark green) and desorption (light green) isotherms at 92K. 
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Figure 2: Framework snapshots and solid-

fluid energy map for CH4 adsorption on 

IRMOF-1 along a selected plane. (a) Rigid 

structure, (b) Flexible structure. 

where K is the volumetric modulus reported for IRMOF-1 in the range 0f 3-15 GPa.61-63 Assuming 

K=10 GPa, the adsorption stress causing ~1% contraction of the order of negative 0.1 GPa. 

 

Figure 3:  Adsorption and strain isotherms of CO2 on IRMOF-1 at (a) 195 K, (b) 208 K, and (c) 

218 K. Experimental isotherms are taken from reference64. 
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There are three visible differences between the rigid and flexible isotherms. First, the flexible 

isotherm exhibits reduced adsorption capacity, which matches well with experiments at all 

temperatures. This is due to the contraction of the framework upon adsorption. Second, the pore 

filling transition in flexible isotherm is shifted to higher pressure compared to the rigid isotherm. 

This is due to the reduced attractive potential between the framework atoms and guest molecules. 

Figure 2 shows the framework atoms snapshots and surface energy map along the chosen plane 

during the rigid and flexible simulation. Because of thermal fluctuation of framework atoms during 

flexible simulations, the surface energy map has patches of lower attractive energy, Figure 2b. The 

calculation of 1D solid-fluid energy histogram for the ideal and flexible snapshots of IRMOF-1 

revealed that the flexible frameworks have 1.8 % lower attractive energy compared to the ideal 

symmetric framework (supporting information Figure S3), resulting in the shift of the pore filling 

step to higher pressure.  This shift was also observed during the canonical ensemble Monte Carlo 

simulations.65  

 Third, at 92 K, the flexible simulations exhibit a minor hysteresis whereas the rigid simulation 

does not. This is because prior to condensation the unit cell length is 25.900 Å, slightly higher than 

the rigid structure 25.832 Å, results in reduced solid-fluid attractions and hence a delayed 

condensation step. During desorption however, the contracted box length of 25.800 Å (slightly 

smaller than the rigid structure 25.832 Å) results in a transition at lower pressures. Therefore, the 

difference in the unit cell size before the adsorption and desorption transitions causes a minor 

hysteresis at 92 K. As the temperature increases, both the simulated and experimental isotherms 

become continuous and reversible.  

Overall, the experimental isotherms match more closely with the flexible simulated isotherms at 

102 and 110 K, and with the rigid simulated isotherm at 92 K. This could be attributed to the CH4 
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interaction parameters taken from ref. 58, which were adjusted to fit the experimental isotherm at 

92 K in MC simulations with a rigid framework.  

 

Figure 4: Dependence of IRMOF-1 unit 

cell length upon adsorption of CH4 at 92, 

102, and 110 K and CO2 at 195, 208, and 

218 K.  

Figure 3 compares the rigid, flexible, and experimental isotherms of CO2 at 195, 208, and 218 K. 

For CO2, the maximum volumetric contraction is larger (1.5%) compared to CH4 (1%). Despite 

the larger deformation, the adsorption capacity in flexible simulations is only marginally smaller 

compared to rigid, and the pore filling steps in flexible and rigid simulations are almost identical. 

Overall, the differences between rigid and flexible simulations of CO2 are significantly smaller 

compared to differences observed for CH4 isotherms. This can be attributed to the strength of the 

fluid-fluid interactions: CO2-CO2 interaction is stronger than CH4-CH4. The weaker CH4-CH4 

interactions imply that even a slight alteration in the solid potential can markedly affect the pore 

filling step and adsorption capacity. Conversely, for CO2, the primary source of attraction stems 

from fluid-fluid interactions, which overshadow the solid- fluid interactions. Consequently, 
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despite a 1.8% reduction in solid-fluid interactions in the flexible snapshots, the isotherms exhibit 

minimal variation. (Supporting Information, Figure S3) 

The experimental isotherm in Figure 3 shown in red, matches exactly at 208 K. At temperatures 

of 195 and 218 K, both the simulations and experiments correspond well in terms of adsorption 

capacity and adsorption before the pore filling step. But simulations predict the pore filling steps 

to be at lower pressure compared to the experimental observations. 
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Figure 5:  Non-monotonic dependence of 

the framework compressibility during CH4 

adsorption at IRMOF-1 at 102 K.  (a) 

dependence of 𝑘𝑇 the pressure, adsorption 

isotherm is shown for comparison; (b) 

predicted variation of the adsorption stress 

in the process of adsorption. (c) 
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dependence of 𝑘𝑇 on adsorption; variation 

of the unit cell length is shown for 

comparison. 

Figure 4 illustrates the dependence of the unit cell size on the CO2 and CH4 adsorption at various 

temperatures. Note that the initial unit cell size of the empty framework decreases as temperature 

increases due to the negative thermal expansion coefficient of IRMOF-1.34 Upon gas adsorption, 

but before the complete pore filling, the unit cell size decreases linearly with the number of 

adsorbed gas molecules. Notably, the slope of the plot is steeper for CO2 due to its stronger 

interactions with IRMOF-1 compared to CH4. This effect of the reduction of the unit cell length 

and, respectively, of the pore size is characteristic to all microporous materials, since the adsorbed 

molecules play roles of molecular springs attracting opposite framework atoms.15, 60 Adsorbed 

molecules exert a negative adsorption stress causing the framework contraction. The maximum 

contraction corresponds to the pore filling with the most “comfortably” packed guest molecules. 

Further increase of pressure caused re-packing and densification of the adsorbed phase in order to 

accommodate addition molecules, which exert repulsive positive stress on the framework 

facilitating its expansion.  

The iterative GCMC/NPT-MD approach allows for direct studies of the effects of host 

adsorption on the framework flexibility. Collecting the fluctuations of the unit cell volume, V, 

during the NPT ND simulation, the isothermal compressibility, is estimated based on the statistical 

mechanical relationship66  

 𝑘𝑇 = 〈∆𝑉2〉/𝑘𝑇〈𝑉〉 (2) 
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Here, 〈… 〉 denotes averaging over the simulation trajectory. In Figure 5a, the isothermal 

compressibility along with the adsorption isotherm is presented as a function of pressure for CH4 

adsorption at IRMOF-1 at 102 K. Note that the isothermal compressibility, 𝑘𝑇, is reciprocal to the 

volumetric modulus K.  In the process of pore filling, the MOF structure shrinks and becomes 

softer with the increase of compressibility by 100% from 0.055 to 0.11 GPa-1 and the respective 

decrease of the volumetric modulus (from ~18 to ~9 GPa). This trend continues until the pore is 

filled up. However, after the pores are filled, the compressibility decreases due to further 

densification of adsorbed fluid down to ~0.8 GPa. This non-monotonic behavior is consistent with 

the volumetric deformation, Figure 5b. The compressibility increases with the framework 

contraction, achieves maximum at the minimum contraction, and then decreases with the 

consecutive framework expansion and densification of the adsorbed phase. 

From calculated strain and compressibility, the adsorption stress in the process of adsorption is 

predicted, as  

 𝜎𝑎(𝑝) = 𝑝 + 𝜖𝐾 = 𝑝 + 𝜖(𝑝)/𝑘𝑇(𝑝) (3) 

This dependence is shown in Figure 5c. The adsorption stress decreases in compliance with the 

framework expansion during the initial stage of adsorption and the pore filling. Once the pore is 

filled with adsorbate, the adsorption stress achieves a minimum (~ -0.075 GPa) and then increases 

causing the framework expansion due the adsorbate densification. 

4. Conclusions 

Drawing on an example of CH4 and CO2 adsorption on IRMOF-1, which is often considered a 

rigid MOF, we discovered unexpected effects of thermal fluctuations and framework flexibility on 

its mechanical behavior. Adsorption of guest molecules induces a negative stress causing 

framework contraction in the process of pore filling. This effect is attributed to the attractive fluid-
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solid interactions with adsorbed molecules acting as molecular springs pulling framework atoms 

inwards within the pores. The adsorption stress exerted by the guest molecules is estimated of up 

to 0.1 GPa. The contraction stage is followed by the framework expansion upon the complete pore 

filling and further densification of adsorbed phase. Due to fluid-fluid repulsion, the host molecules 

disjoin the framework that expands to accommodate additional molecules. Such non-monotonic 

deformation is characteristic, to different extent, to all microporous materials. 

Noteworthy, we find that the framework contraction due to adsorption of guest molecules is 

associated with the framework softening with about 100% decrease in compressibility during the 

pore filling. This behavior reverses upon the pore filling: the framework expands and harden as 

the adsorbed phase becomes denser.  

These findings are obtained due to implementation of the efficient iterative GCMC/NPT-MD 

scheme using LAMMPS and RASPA open source packages. This approach allows one to follow 

directly the evolution of the pore structure in the process of adsorption, determine the adsorption 

and strain isotherms, and calculate the variation of the system compressibility from the analysis of 

framework thermal fluctuations. The results of simulations are found in agreement with the 

experimental data on CH4 and CO2 adsorption on IRMOF-1.  

IRMOF-1 exhibits volumetric contraction of up to ~1% upon CH4 adsorption at 92K; the 

contraction reduces to 0.9 and 0.8 % with increase in temperature to 102 and 110 K, respectively. 

Framework contraction causes a decrease of the adsorption capacity and a shift the adsorption 

isotherm to lower pressure, resulting in a better match to experiments at 102 and 110 K. In the case 

of CO2, the maximum contraction is slightly higher, around 1.5%, due to the stronger interactions 

of CO2 compared to CH4 which stems from additional coulombic contribution.  
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The influence of temperature on the MOF unit cell size and conformation is frequently 

overlooked during adsorption simulations, with the assumption th at the framework volume 

remains constant across all temperatures. The presented examples show that the thermal 

fluctuations of the framework are important and cannot be ignored even when the deformation 

effects are minor. The crystallographic structures published in the databases must be MD 

equilibrated at given temperature prior to generating the adsorption isotherm in the MC 

simulations.  

The proposed iterative GCMC/NPT-MD scheme is efficient in studies of coupled adsorption 

and mechanical properties of MOFs and other flexible nanoporous materials. It is worth noting 

that IRMOF-1 is a relatively simple system, and the computational challenge increases for 

frameworks with larger unit cells and disordered materials like microporous carbons and polymers. 

The adsorption-induced deformation effects describe here are expected to be more pronounced in 

the systems exhibiting framework phase transformations, like gate opening and breathing 

transitions. 
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