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S1. Isotherm fitting and gate-opening boundaries 

Within this work, a dual-Dubinin-Asthakov equation (dual-DA) suitable for inhomogeneous adsorbents 
[1] with two adsorption spaces was applied to model all experimental isotherms, as was done in 
previous works [2,3].  

𝑊 =  𝑊 ,  𝑒 +  𝑊 ,  𝑒  (1) 

Herein, 𝑊  is the saturation loading, while 𝐸 and 𝑚 mark the specific adsorption energy and the 
inhomogeneity parameter respectively. Since it is a dual-site model, all three parameters are 
denoted with either 1 or 2.  
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Figure S1: Fitting approach using the dual-DA equation for n-butane on Cu-IHMe-pw and the resulting gate-opening 
boundaries.  

After fitting, essential points within the isotherms can be specified. For flexible MOFs, it is common 
that one gate-opening pressure is defined. However, due to particle size distributions of the 
adsorbents, different energy barriers for the structural transition can occur and therefore, pressure 
ranges rather than isobaric phase changes are observed. Thus, in this work, two pressure points are 
defined to describe the entire gate-opening. For flexible MOFs, the first term in the dual-DA 
equation (1) describes the sorption in the narrow pore phase (np-phase), while the second term 
describes the structural transition and medium pore phase (mp-phase) sorption. The gate-opening 
starts when the latter term starts adding significant pore volume. Therefore, to find a gate-opening 
start (GOS) point in the isotherm, a boundary value of 0.01 cm3 g-1 for the mp-phase term was set.  

Secondly, a gate-opening end (GOE) is determined, herein defined using the excess surface work 
(ESW). The ESW, usually computed as the product of the adsorbed amount and the change in chemical 
potential, gives rise to the strength of interaction between the sorbent and the sorptive according to 
Adolphs [4]. It is mathematically identical to the first derivative of the surface potential as defined by 
Myers [5]. It describes the counter acting processes of decreasing surface free energy and increasing 
isothermal and isobaric work of sorption. The occurring minimum in the plots can then be identified 
as the completion of a monolayer. In this work, the product of the adsorption potential and the 
volumetric loading was used to identify the position of a quasi-monolayer at an ESW-maximum (see 
Fig. S2). It has to be stated that the resulting ESW-values are not of relevance in this case but just the 
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position of the extrema. Analogous to the adsorption, the desorption patterns can be fitted as well 
and subsequently the gate-closing start (GCS) and gate-closing end (GCE) points derived.  
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Figure S2: Determination of gate-opening end (GOE) using the excess surface work (ESW) theory.  
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Furthermore, a new isotherm analysis methodology, the Dubinin-based universal adsorption theory or 
D-UAT were recently published [2]. It utilizes the corresponding states theory by diving the adsorption 
potential by the critical temperatures of the gases. This leads to a normalisation of the gas state and 
allows just comparisons of the reduced interaction potentials which are independent of the gas 
properties. The fits for the ad- and desorption of all system investigated in this work are presented in 
Figure S3, the reduced interaction potentials in dependence of sorptive loading are shown in Figure 
S4, the fitting parameters are presented in Table S1.  
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Figure S3: Characteristic reduced patterns for adsorption (left) and desorption (right) after the application of the D-UAT of 
the C4-hydrocarbons n-butane, iso-butane, 1-butene and iso-butene on Cu-IHMe-pw (top) and Cu-IHEt-pw (bottom) 
measured at temperatures of 283, 298 and 313 K. Please note that iso-butane was not able to open the framework within 
Cu-IHEt-pw and thus is omitted in the lower right-hand graph. 
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Figure S4: Reduced enthalpy of adsorption derived from the dual-Dubinin-Asthakov Fits of the desorption patterns and the 
D-UAT for the C4-hydrocarbons on Cu-IHMe-pw and Cu-IHEt-pw. Please note that iso-butane was not able to open the 
framework within Cu-IHEt-pw and thus is omitted in the right-hand graph.  
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Table S1: Reduced fitting parameters for the dual-Dubinin-Asthakov model (dual-DA-Fit) ad- and desorption for all C4 
adsorptives in both flexible MOFs. 

MOF Process Adsorptive Pore phase i W0,i / 
cm3 g-1 

Ei / J 
mol-1 K-1 mi 

Cu-IHMe-
pw 

ADS 

n-butane 
 

np-phase 0.011 -59 6 

mp-phase 0.28 -32 12 

iso-butane 
 

np-phase 0.011 -61 6 

mp-phase 0.32 -25 4 

1-butene 
np-phase 0.011 -60 6 

mp-phase 0.26 -37 8 

iso-butene 
np-phase 0.028 -60 8 

mp-phase 0.26 -45 22 

DES 

n-butane 
np-phase 0.011 -59 6 

mp-phase 0.28 -41 16 

iso-butane 
np-phase 0.011 -61 6 

mp-phase 0.31 -45 30 

1-butene 
np-phase 0.011 -60 6 

mp-phase 0.26 -55 12 

iso-butene 
np-phase 0.028 -60 8 

mp-phase 0.26 -60 4 

Cu-IHEt-pw 

ADS 

n-butane 
np-phase 0.011 -50 6 

mp-phase 0.2 -12 4 

iso-butane 
np-phase 0.011 -61 6 

mp-phase - - - 

1-butene 
np-phase 0.005 -80 6 

mp-phase 0.2 -29 12 

iso-butene 
np-phase 0.028 -35 2 

mp-phase 0.178 -32 18 

DES 

n-butane 
np-phase 0.011 -50 6 

mp-phase 0.2 -60 2 

iso-butane 
np-phase - - - 

mp-phase - - - 

1-butene 
np-phase 0.009 -50 2 

mp-phase 0.18 -45 12 

iso-butene 
np-phase 0.028 -35 2 

mp-phase 0.17 -51 26 

 

S2. Kinetic analysis 
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The kinetics of an adsorption process are pre-dominantly analyzed via two approaches. The analysis of 
large pressure steps and the subsequent fitting of the uptake curves give a general overview over the 
governing features during this process, e.g pore width limitations, surface-barriers or non-isothermal 
behavior. The relevant fitting approaches are explained within the next section. Secondly, there is the 
opportunity to measure gas uptake for small pressure steps in order to calculate the resulting transport 
diffusivities in dependence of adsorptive loading. For such measurements, the IR-microscopy method 
proposed by Chmelik [6] has been established in recent years for delivering reliable information due 
to its fast data acquisition and independence of scale movements. However, due to the very prolonged 
timeframes of adsorption during the gate-opening, the utilization of this method was not feasible. 
Thus, the gravimetric uptakes during the measurements of the adsorption isotherms were analyzed in 
the same way, which showed similar patterns for the resulting transport diffusivities (see Figure S5). 
The data points themselves deviate by a factor between 2 and 3, which was deemed acceptable for 
the purpose of estimating the overall mechanism of the structural transition.  
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Figure S5: Transport diffusivity measurements via IR-microscopy [2,6] and gravimetry for the adsorption of n-butane on 
Cu-IHMe-pw at 298 K.  
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S3. Static Gas-Mixture Measurements and Model Development 
S3-1  Detailed description of measurement set-up and approach 

As outlined in the main manuscript, a self-built hybrid gravimetric-manometric apparatus was used 
based on the previous works of Lange [7], with Fig. S6 depicting the overall set-up. Herein, the 
manometric part consists of several gas vessels (Vorlage 1, 2 and 3) with valves V1 to V11 able to 
separate different sections within the apparatus. Furthermore, two gas-inlets and the connection to a 
vacuo-pump (TMP) is part of the setting which is directly connected to the suspension balance (MSW). 

Prior to each measurement, the exact amounts required for the experiment were calculated via a mass 
balance, incorporating the overall available volume within the apparatus, the assumed adsorbed 
amounts per component as well as temperature. The adsorbent itself was evacuated within the 
suspension balance with the opening of valve V8. The individual gas-components were being placed 
within the gas vessels Vorlage 1, 2 or 3 with pressure control. The individual chambers were then 
connected via the opening of the valves V6, V10 and V9 and the subsequent gas mixture homogenized 
using a circulating pump. After complete homogenization of the mixture monitored via GC-FID 
measurements, valve V8 was closed and V11 opened, allowing the mixture to enter the suspension 
balance and the evacuated adsorbent. The development of the equilibrium was monitored by the 
weight change of the magnetic suspension balance as well as by the constancy of the gas phase 
composition determined by GC-FID analyses. 

 

Figure S6: Illustration for the hybrid gravimetric-manometric measurement set-up for binary gas mixture, based on [7]. 
Herein, V1 to V11 are valves, Vorlage 1-3 are gas vessels used to prepare the gas mixtures.  
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S3-2 Gas-uptake model and mass balance 
 
As outlined in the previous section, the results of the gas mixture experiments are a gravimetrically 
measured overall gas-uptake on the adsorbent as well as the composition of the gas-phase measured 
via GC-FID. Within a second step, these results were modelled within an overall mass balance in order 
to calculate the composition of the adsorbed phase and the overall separation selectivity.  
For the fitting of the overall gas-uptakes of the gas-mixtures, the “GO”-model developed by Tanaka et 
al. was used [8]. Although it was recently shown [3] to not be able to mimic all the idiosyncrasies 
present in the dynamic uptake of flexible MOFs, the model shows generally good agreements with 
experimental data. In its core, the model deploys two different rate-constants, one for the description 
of the diffusion processes 𝑘  while the second is concerned with the rate of structural transition 𝑘 . 
In our recent study specifically concerned with the overall features governing the kinetics of gas 
uptakes in flexible MOFs, an additional diffusion rate was implemented in order to account for outer-
surface adsorption. This becomes necessary especially for uptakes very close to the overall equilibrium 
of the structural transition. Since such uptakes are not the focus of this work, this step was omitted 
herein and the same mathematical formulation used as originally outlined by Tanaka for the “GO”-
model: 𝐹(𝑡) = 1 − ( ) ( ) , (2) 

 

For the analysis of the gas mixture uptakes, the rate constant for diffusion 𝑘  refers to the diffusion of 
the entire gas mix, regardless of the species. To model the evolution of gas-uptake for both species 
individually, a second formulation for the gas re-exchange of the slower species was assumed with a 
simple LDF-approach. Herein, it is assumed that the slower species (described by 𝐹 ) replaces the faster 
species (described by 𝐹 ) within the framework and thus allows the formulation: 𝐹 (𝑡) = Ψ  (1 − exp(−𝑘 𝑡)), (3) 𝐹 (𝑡) = 1 − ( ) ( ) −  𝐹 (𝑡), (4) 

 

Herein, Ψ  represents the fraction of uptake the second species has in the equilibrium or quasi-
equilibrium. The parameter 𝑘  is much slower than 𝑘  given the low rate of gas-exchange. While 
both 𝑘  and 𝑘  can be fit from the uptake-data, the parameter 𝑘  is fit so the model represents 
the overall gas compositions in dependence of time measured via GC. The relevant fitting parameters 
are shown in Table S2.  

Table S2: Fitting parameters for the gas mixture model for the three gas separations conducted in the main manuscript.  

 Cu-IHMe-pw Cu-IHEt-pw Cu-IHEt-pw 
 n-butane / iso-butane n-butane / iso-butane iso-butene / iso-butane 

all in s-1 0 – 40 kPa 0 – 200 kPa 0 – 20 kPa 𝑘  2.5·10–3 1.0·10–2 1.0·10–3 𝑘  1.5·10–1 4.0·10–2 4.0·10–2 𝑘  2.0·10–4 <2·10–9 <2·10–9 
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The values are hard to compare given the different boundary conditions of the measurements. 
Although it was established within the main manuscript that the ability of gases to diffuse through the 
opened pore framework of Cu-IHEt-pw is much slower compared to Cu-IHMe-pw due to the 
differences in pore widths, the 𝑘  parameter increases from measurement 1 to measurement 2. The 
same is observed for the parameter 𝑘 . This is caused by the much larger pressure step of the 
measurement 2 which overshoots the boundary potential of the structural transition much more than 
measurement 1. The largest difference between measurements on Cu-IHMe-pw and Cu-IHEt-pw can 
be seen in the gas exchange diffusion constant 𝑘 . Due to the narrow pore geometries, a gas 
exchange is not observable even after ~10,000 minutes (1 week), leading to the assumption that the 
exchange coefficient is at least lower than 2·10–4 s-1.  
Generally, the model can be used as a basis for the analysis of static binary gas measurements in the 
future, helping to understand the governing features regarding the rate of structural transition, 
diffusion and gas-re-exchange.  
 
S3-3 Detailed description of the overshoot potential 

As outlined in the main manuscript, the overall driving force of the structural transition can be defined 
with some simplified assumptions as the potential difference between the set pressure point and the 
pressure point at the gate-closing start as given by the desorption pattern [3]. Generally, it would be 
assumed that the higher the driving force, the faster the gate-opening and thus overall gas-uptakes. 
This is mathematically described in formulation 5.  

𝑘  ~ 𝑑𝐴 =  𝐴 − 𝐴 =  𝑅𝑇 ln 𝑝𝑝  (5) 

The formulation would only hold true if the respective loadings at the GCS and the applied pressure 
point are very similar. Within this section, this driving force and the further effect of the activation 
energy 𝐸  as inhibitor will be accounted for in more detail based on energy profiles in order to generate 
a more detailed picture. Incorporating the molar loadings at these specific points, the overall absolute 
energy difference can be derived as 𝐸  based on the integration of the respective sorption potential 
ranges to derive equation 6. 

𝐸 =  𝐸 − 𝐸 =  𝑁  ·  𝐴 − 𝑁  ·  𝐴  
(6) 

Based on the formulations of Coudert and the grand canonical potential profile of a flexible MOF [9], 
at the gate-opening point both the narrow-pore and medium-pore phase have the same energy. 
Within the latter one, this is assumed to be the gate-closing start point. Therefore, 𝐸  represents the 
overshot potential that drives the phase transition towards the medium-pore phase. This is further 
illustrated within Fig. S 7. 

However, as outlined in the main manuscript as well, the energy overshot for iso-butane is larger 
compared to n-butane based on the sorption isotherm patterns while the overall kinetics are much 
slower. The effect can potentially be ascribed to the necessary activation energy 𝐸  of the gate-
opening itself. This is the energy necessary for the molecular re-orientation of the frameworks 
intermediate state to occur and is sketched in Fig. S7 for both n-butane and iso-butane as it is not 
possible to derive this parameter from isotherms alone. Taking the analogy of the transition-state 
theory (TST) [10], the larger the activation energy, the unlikelier the structural transition becomes. This 
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leads to the conclusion that iso-butane very likely has a much larger activation than n-butane although 
is thermodynamically preferred under equilibrium conditions. This is probably caused by the bulkier 
nature of the sorptive and thus the greater spatial demand of it during the re-orientation of the 
framework itself. This however cannot be quantified from experimental data as such insights can only 
be gained by computational approaches. Therefore, the activation energies within the intermediate 
between the np- and mp-phase were only qualitatively ranked in order to illustrate the governing 
mechanism in Fig. S 7.  
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Figure S7: Illustration of the energy-profile at 313 K and 20 kPa for both n-butane and iso-butane on Cu-IHMe-pw. Herein, it 
is assumed that the energy of host and gas remains constant for the np-phase since no adsorption takes place. The change of 
energy for the mp-phase (𝑬𝑶) was calculated via the Dubinin-Asthakov-fits of the desorption isotherms. *The energy of the 
intermediate phases and the subsequent activation energies (𝑬𝑨) however are only qualitatively ranked based on the kinetic 
data.  
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Figure S8: Gas-phase composition and separation factor in dependence of time for a “50:50”-mixture of iso-butene and 1-
butene on Cu-IHEt-pw for a pressure jump of 0-20 kPa. 

 

 

  



 

xi 
 

S4  Additional Structural Data  

Table S3 gives an overview over the relevant crystallographic data for the herein used MOFs and their 
individual phases. A description of the structure solution of the mp-phase of Cu-IHMe-pw can be 
viewed in [2].  

Table S3: Crystallographic data of [Cu2(H-Me-trz-Ia)2] (both medium-pore and narrow-pore form) and of [Cu2(H-Et-trz-Ia)2] 

Compound 
Form 

[Cu2(H-Me-trz-Ia)2]  
Open lp-form 

[Cu2(H-Me-trz-Ia)2]  
mp-form 

[Cu2(H-Me-trz-Ia)2]  
Closed np-form 

[Cu2(H-Et-trz-Ia)2]  
Open lp-form* 

Analysis method 
single crystal  

data 
crystal powder 

data 
crystal powder data crystal powder data 

Molar Mass per 
UC / g mol–1 

1234.94 1234.94 1234.94 1291.04 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group P 21/c (no. 14) P 21/c (no. 14) P 21/c (no. 14) P 21/c (no. 14) 

Unit cell 
parameters / pm, 
° 

a = 1085.9(1) 
b = 1278.6(2) 
c = 1402.6(2) 

β = 110.508(8) 

a = 1098.10(5) 
b = 1498.83(5) 
c = 1174.66(5) 
β = 120.138(3) 

a = 1077.90(5) 
b = 1522.16(6) 
c =    775.14(4) 
β = 115.420(5) 

a = 1089(1) 
b = 1199(1) 
c = 1459(1) 
β = 109.9(1) 

Volume / 106 pm3 1823.9(4) 1672.0(1) 1148.7(1) 1793(3) 

Z 2 2 2 2 

Density / g cm3 1.124 1.227 1.785 1.196 

Porosity / % 50 43.3 4  39.9 

Pore Volume / 
cm3 g–1 

0.45 0.294 0.023 0.330 

Rint 0.0585    

R1 0.0587**    

wR2 0.1597**    

Rp  0.0694 0.0607  

Rwp  0.0896 0.0750  

* The structure assignment of Cu-IHEt-pw is based on the unit cell parameters determined from X-ray powder diffraction data 
which are similar to those of the large pore form of Cu-IHMe-pw.   [M. Kobalz, J. Lincke, K. Kobalz, O. Erhart, J. Bergmann, D. 
Lässig, M. Lange, J. Möllmer, R. Gläser, R. Staudt, H. Krautscheid, Inorg. Chem. 55 (2016) 3030–3039] 
** The PLATON/SQUEEZE routine was used to remove the diffuse residual electron density as no solvent molecules could be 
localized during single-crystal structure refinement.  
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