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S1 Derivation of the Potential Theory under Corresponding States 

In the following section, a general approach for the simulation of gas adsorption iso-

therms via a simplified model using the van der Waals theory is presented. Subsequently, 

the validity of the Dubinin based universal adsorption theory (D-UAT) for sorption in 

rigid materials will be proven using said model. For a different approach to proof the 

validity of the corresponding states theory in adsorption science, the early work of Myers, 

Sircar and Prausnitz [1,2] is recommended. 

In the latter section, flexible materials will be considered with the modelling of two 

concurring structures within one adsorbent. Different scenarios will be evaluated in order 

to help explain differences in flexible adsorption behavior, on a qualitative basis, in the 

manuscript.  

S1-I General approach of gas adsorption isotherm simulation via the van der Waals theory 

For the description of the thermodynamics of a gas from a constant reservoir, the 

grand canonical potential Ω𝐺𝐶
𝑔  (𝜇,V,T-ensemble) is commonly used. Herein, the free en-

ergy 𝐹𝑔 of the gas and the chemical potential 𝜇 from the reservoir are relevant. In order 

to simulate an adsorbed phase in a box, one may take a mean-field approach with a po-

tential exerted from the solid to the gas molecule (𝛾𝑠−𝑔). In case of a rigid adsorbent, the 

thermodynamics of the solid can be neglected [3]. Note that it is an oversimplified picture 

of real-world systems, but it does enable an understanding of the basic mechanisms gov-

erning adsorption processes. 
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Figure S1. Schematic illustration of the adsorption model utilizing the vdW theory. 

The mathematical formulation of such a system is represented in equation (1):  

Ω𝐺𝐶
𝑔

= 𝐹𝑔 −  𝑁 𝜇 𝑔 +  𝑁 𝛾𝑠−𝑔 (1) 

where 𝑁 is the number of molecules within the adsorbed system. Note that 𝛾𝑠−𝑔 has a 

negative pre-sign since there are attractive forces between solid and gas. Given the van 

der Waals theory and its parameters 𝑎 and 𝑏, the free energy and the chemical potential 

of the bare gas are given by the following equations which were summarized by Johnston 

[4]: 

𝐹𝑔 = −𝑁𝜏 (𝑙𝑛 [
𝑛𝑞(𝑉 − 𝑁𝑏)

𝑁
] + 1) −

𝑁2𝑎

𝑉
 (2) 

The chemical potential is best derived using the fixed number density 𝑛 from the 

gas reservoir, with 𝑛 =  
𝑁

𝑉
. 

𝜇 𝑔 = −𝜏 (𝑙𝑛 [
𝑛𝑞(1 − 𝑛𝑏)

𝑛
]) +

𝑛𝑏𝜏

1 − 𝑛𝑏
− 2𝑛𝑎 (3) 

In these equations, 𝜏 stands for the thermal energy 𝑘𝐵𝑇, 𝑉 is the volume of the ad-

sorption box and 𝑛𝑞 is the quantum concentration. Inserting equations (2) and (3) into 

equation (1), one gets: 

Ω𝐺𝐶
𝑔

=  −𝑁𝜏 (𝑙𝑛 [
(𝑉 − 𝑁𝑏)

𝑁
]) − 𝑁𝜏 −

𝑁2𝑎

𝑉
∓ 𝑁𝜏 (𝑙𝑛 [

(1 − 𝑛𝑏)

𝑛
]) −

𝑁𝑛𝑏𝜏

1 − 𝑛𝑏
+ 2𝑁𝑛𝑎 + 𝑁𝛾𝑠−𝑔 (4) 

or: 

Ω𝐺𝐶
𝑔

=  𝑁 (−𝜏 (𝑙𝑛 [
(𝑉 − 𝑁𝑏)

𝑁
]) − 𝜏 −

𝑁𝑎

𝑉
+ 𝜏 (𝑙𝑛 [

(1 − 𝑛𝑏)

𝑛
]) −

𝑛𝑏𝜏

1 − 𝑛𝑏
+ 2𝑛𝑎 +  𝛾𝑠−𝑔) (5) 

The last term 𝛾𝑠−𝑔 is proportional to the measurable quantity of the differential heat 

of adsorption 𝑑ℎ: 

𝛾𝑠−𝑔 ~ 𝑑ℎ  → 𝑁 𝛾𝑠−𝑔 ~ 𝑑𝐻 (6) 

An illustration of the grand canonical potential can be seen in Fig. S2a. Under given 

conditions, the number of molecules within the box 𝑁𝑒𝑞
𝑔  is at the minimum of the grand 

canonical potential Ω𝐺𝐶
𝑔 , thus given by equation: 

𝑁𝑒𝑞
𝑔

→  
𝑑Ω𝐺𝐶

𝑔

𝑑𝑁
= 0 (7) 
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This minimum can be calculated for any chemical potential of the reservoir, meaning 

different number densities or, in more practical terms, applied pressures at constant tem-

peratures. The resulting sorptive loading can be calculated as the first derivate of equation 

(1) to the chemical potential. Using a given isotherm, the change of the grand canonical 

potential can be calculated via the product of 𝑁 and the change in chemical potential 𝑑𝜇 𝑔 

as illustrated in Fig. S 2b.  

𝑑Ω𝐺𝐶
𝑔

𝑑𝜇 𝑔
=  −𝑁    𝑜𝑟   𝑑Ω𝐺𝐶

𝑔
=  −𝑁 𝑑𝜇 𝑔 (8) 

Subsequently, a sorption isotherm of loading vs. change in chemical potential, which 

is mathematically the same as the negative adsorption potential in the Dubinin theory, 

can be calculated as illustrated in Fig. S 2c.  

 

   
g

GC

 +F
g

 - N
g

 +N
g

e
n

e
rg

y
 E

 /
 J

 

number of particles N / mol

N
eq

 
 

g
ra

n
d

 c
a

n
o

n
ic

a
l 
p

o
te

n
ti
a
l 


G

C
 /
 J

-d  J mol
-1

 sorption isotherm

-N
eq

 

 

M
o

la
r 

lo
a

d
in

g
 N

 /
 m

o
l

-d / J mol
-1

 sorption isotherm

 

Figure S2. Visualization of the model-based adsorption isotherm construction. 

Under a given temperature and pressure on one adsorbent, different gases do have 

different vdW parameters, leading to different chemical potentials and grand canonical 

potentials. Additionally, different sorption interactions with the solid may occur and thus, 

different adsorption isotherms are obtained (see Fig. S 3).  
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Figure S3. Visualization of different adsorption isotherms regarding ethane, propane and butane 

on an adsorbent with a volume of 0.4 cm3. Furthermore, the respective interaction potentials 𝜸𝒔−𝒈 

were set arbitrary in this illustration. 

S1-II Applicability of the Dubinin universal adsorption theory (D-UAT) 

The objective of the bare universal adsorption theory (UAT) is to enable the normal-

ization of gas properties via the critical temperature of chemically and physically different 

species and thus create more insights for the evaluation of sorptive interactions or even 

the prediction of adsorption isotherms from other gases based on experimental data on 
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one adsorbent. In addition to the bare UAT, Sircar et al. used the Dubinin theory to fur-

thermore normalize the resulting sorptive loading to the accessed volume within an ad-

sorbent via the adsorbate density [5]. Thus, the full application of this new theory requires 

two steps. One, the normalization of the independent variable in an isotherm (herein the 

chemical potential), and two, the normalization of the dependent variable in an isotherm, 

meaning the sorptive loading. To the best of our knowledge, a precise explanation or 

mathematical description concerning the validity of the UAT were missing so far. Thus, 

both steps are herein subsequently elaborated and mathematically proven. The coupling 

of the bare UAT (step one) and the Dubinin approach (step two) will be summarized as 

the D-UAT theory going forward.  

In the earlier works on the UAT, the critical temperature 𝑇𝑐 of the gas was used in 

order to normalize the adsorption potential 𝐴 [5,6]. If the change in chemical potential 

𝑑𝜇 or adsorption potential 𝐴 is scalable by 𝑇𝑐, then the grand canonical potential has to 

be scalable with 𝑇𝑐 as well to ensure the validity of equation (8): 

Ω𝐺𝐶

𝑇𝑐

=  ∫ −𝑁 
𝑑𝜇

𝑇𝑐

 

𝜇
𝑇𝑐

−∞

 (9) 

In order to prove the validity of the UAT it is more convenient to use the thermal 

energy with 𝑘𝐵𝑇 =  𝜏 instead of the bare temperature 𝑇, thus changing equation (9) to: 

Ω𝑟𝑒𝑑
𝐺𝐶 =

Ω𝐺𝐶

𝜏𝑐

=  ∫ −𝑁 
𝑑𝜇

𝜏𝑐

 

𝜇
𝜏𝑐

−∞

 (10) 

where Ω𝐺𝐶,𝑅 is the reduced grand-canonical potential. 

The van der Waals gas parameters 𝑎 and 𝑏 as well as the number of molecules in a 

system 𝑁 can be expressed in terms of critical values: 

 𝑎 =
27 𝜏𝑐

2

64 𝑝𝑐

 (1) 𝑁 =
8 𝑝𝑐𝑉𝑐

3 𝜏𝑐

 (2) 

 𝑏 =
𝑇𝑐

8 𝑝𝑐

 (3)   

Furthermore, critical values can be expressed in terms of the parameters 𝑎, 𝑏 and 
𝑁 

 𝑝𝑐 =
𝑎

27 𝑏2 
 (4) 𝜏𝑐 =

8 𝑎

27 𝑏 
 (5) 

 𝑉𝑐 = 3𝑁𝑏 (6)   

Reduced variables are given by the ratio of state variable and the respective critical 

value: 

 𝜏𝑟𝑒𝑑 =
𝜏

𝜏𝑅

=
𝑘𝐵𝑇

𝑘𝐵𝑇𝑐

 (7) 𝑝𝑟𝑒𝑑 =  
𝑝

𝑝𝑐

 (8) 

 𝑉𝑟𝑒𝑑 =  
𝑉

𝑉𝑐

 (9)   

The reduced grand canonical potential, the reduced chemical potential and the re-

duced interaction potential are expressed as the ratio of the bare potentials and the critical 

thermal energy: 

 Ω𝑟𝑒𝑑
𝐺𝐶 =

Ω𝐺𝐶

𝜏𝑐

 (10) 𝜇𝑟𝑒𝑑 =
𝜇

𝜏𝑐

 (11) 
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 𝛾𝑟𝑒𝑑
𝑠−𝑔

=  
𝛾

𝑠−𝑔

𝜏𝑐

 (12)   

Considering equations (1)-(9), the reduced grand canonical potential can be entirely 

expressed in reduced variables:  

Ω𝐺𝐶

𝜏𝑐

=   𝑁 (−𝜏𝑅(ln (3𝑉𝑅 − 1)) − 𝜏𝑅 −
9

8𝑉𝑅

+ 𝜏𝑅 ln (
3 − 𝑛𝑅

𝑛𝑅

) −
𝜏𝑅𝑛𝑅

3 − 𝑛𝑅

+
9𝑛𝑅

4
+ 𝛾𝑅

𝑠−𝑔
) (23) 

Under the same reduced variables, gas properties mathematically converge into cor-

responding states, meaning its calculation is independent of the gas used. The resulting 

patterns of the reduced grand canonical potential vs. the reduced chemical potential as 

well as the constructed isotherms can be seen on the left hand side of Fig. S 5.  

Since equation (10) still refers to the sorptive loading as the number of molecules 𝑁, 

different sorptive loadings occur depending on the gases used. Thus, the second normal-

ization step takes the parameter 𝑏, the volume of one molecule within the van der Waals 

theory, and multiplies with the number of molecules 𝑁 to normalize the sorptive loading 

to the accessed volume within the adsorbate. This changes equation (10) to: 

Ω𝑟𝑒𝑑
𝐺𝐶 =

Ω𝐺𝐶  𝑏

𝜏𝑐

=  ∫ −𝑁𝑏 
𝑑𝜇

𝜏𝑐

 

𝜇
𝜏𝑐

−∞

 (24) 

Herein, the parameter 𝑏 was used to mimic the volume of a molecule. In the real 

Dubinin assessment, the fluid densities in liquid state of the molecules were used, while 

other approaches regarding the adsorbate volume are certainly possible. Furthermore, as 

previously stated, only the critical temperature 𝑇𝑐 was applied in the main manuscript 

instead of the thermal energy for the sake of simplicity. This leads to different units and 

values but does not influence the ability to analyze reduced isotherms. Note that by using 

the thermal energy, the x axis of the isotherms becomes dimensionless. A similar result 

can be obtained for the y axis when using the reduced volume with 𝑉𝑅 =  
𝑉

3𝑁𝑏
, thus mak-

ing the reduced grand canonical potential dimensionless as well. From an experimental 

point of view, the accessible volume of the adsorbent is also depending on entropic effects 

of the adsorbent-adsorptive pair and thus would hinder a fair comparison of various iso-

therms with different pairs and thus was herein not applied.  

The resulting isotherms from equation (24) of the adsorption model were redrawn 

with the dual-DA equation based on the model results and can be seen on the right hand 

side of Fig. S 4 for the adsorptives ethane, propane and n-butane. Herein, all isothermal 

patterns reduce to one characteristic curve. However, this only holds true since the solid-

gas interaction potential 𝛾
𝑠−𝑔 are chosen to be scalable with 𝜏𝑐  as well, then summa-

rized as a reduced interaction potential 𝛾𝑟𝑒𝑑
𝑠−𝑔. As stated before, the interaction potential is 

proportional to the enthalpy of adsorption 𝑑ℎ, thus the reduced interaction potential is 

equally proportional to the reduced adsorption potential 𝑑ℎ𝑟𝑒𝑑 . 

Summarizing the chapter above, if isotherms of different gases are transformed into 

reduced isotherms via the herein described D-UAT and a complete superimposition oc-

curs, the reduced adsorption enthalpy has to be equal for all three gases as well. For obvi-

ous reasons, the accessible volume of the adsorbent must be equal too. 

To put it inversely, the shapes of isotherms reduced via D-UAT are determined by 

only two factors: first, the reduced adsorption enthalpy and second, the accessible volume 

of the adsorbent. Note that in this manuscript, only subcritical gases were analyzed due 

to practical reasons. While in theory possible, the adsorbate density of supercritical fluids 

is much harder to assess and prone to large error while the independent variable would 

have to be changed to the absolute chemical potential instead of the change in chemical 

potential (requiring a saturation pressure 𝑝0, which is not present in supercritical fluids). 
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Figure S4. Illustration of the simple UAT (left) and the isotherms normalized via the adsorptive 

volume b further (right) with a Dubinin plot.. 

S1-III Gases in Flexible Porous Materials 

A flexible porous material is present when at least two structural configurations are 

favorable and the energetically preferred structure changes upon change of external stim-

uli like pressure or temperature. The theoretic groundwork for flexible MOFs within ad-

sorption was laid by Coudert et al. [7], showing that the position of the structural transi-

tion within an isotherm could be explained by characteristic patterns of the osmotic po-

tential in dependence of the host ś cell volume. These patterns, also referred to as free-

energy profiles, are currently a major focus of the computational chemistry community 

[8-10]. Using the D-UAT, the same thinking can be applied, an exemplary illustration is 

given in Fig. S 5. 
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Figure S5. Schematic representation of the local and global minima of the reduced osmotic potential 

in dependence of the unit cell volume (left) as well as the resulting structural patterns for an iso-

therm (right), both under changing pressure (1-3). Herein, the red (pressure stare 1), turquois (pres-

sure stare 2) and orange (pressure stare 3) patterns are to be understood as an extension of the black 

energy profile at zero pressure. 

Herein, a small unit cell volume structure 1 is energetically favored at very low pres-

sures (high reduced adsorption potentials) by an offset compared to a high unit cell vol-

ume structure 2. This offset was introduced as the energetic difference between both 

empty hosts, usually denoted as 𝑑𝐹𝐻𝑜𝑠𝑡 . With increasing pressure, thus decreasing re-

duced sorption potential, structure 2 becomes more favorable until a point where both 

structures do have the same potential under equilibrium conditions. This point would 

mark a sharp gate-opening, at which the loading in an isotherm switches from low to high 

(assuming the accessible pore volume correlates with the respective cell volume). 
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Thus, the adsorbent itself has to be taken into account for the thermodynamical anal-

ysis. Coudert and coworkers therefore described the adsorption in flexible hosts with the 

osmotic ensemble Ω𝑂𝑆, which extends the grand canonical potential Ω𝐺𝐶
𝑔  with two terms 

regarding the bare solid [7]. 

Ω𝑂𝑆 =  𝐹𝑠 + 𝑃𝑉𝑠 +  Ω𝐺𝐶
𝑔  (25) 

In this consideration, at least two concurring host structures that are assumed as rigid 

are possible and only the one with the lowest osmotic potential will be present in the sys-

tem, as explained in the main manuscript. Note that for a rigid material, the volume stays 

constant and thus, the 𝑃𝑉𝑠 term can be neglected. If the D-UAT theory is applied as well, 

one gets for both structures: 

Ω𝑂𝑆  𝑏

𝜏𝑐

=   
𝐹𝑠 𝑏

𝜏𝑐

+ 𝑁𝑏 (−𝜏𝑅(ln (3𝑉𝑅 − 1)) − 𝜏𝑅 −
9

8𝑉𝑅

+ 𝜏𝑅  ln (
3 − 𝑛𝑅

𝑛𝑅

) −
𝜏𝑅𝑛𝑅

3 − 𝑛𝑅

+
9𝑛𝑅

8
+  𝛾𝑅

𝑠−𝑔
) (26) 

Therefore, a complete superimposition of isotherms of different gases on one flexible 

host in a reduced Dubinin plot means that the differential heats of adsorption are scalable 

by the critical temperature, and the free energy of the solid is scalable by the critical tem-

perature and the adsorptive ś volume. 

For a better illustration of this, two exemplary gas-adsorbed structures are shown in 

Fig. S 6 after application of the D-UAT in reduced quantities. One with low accessible 

volume and one with a 10 times larger accessible volume, however both with the same 

reduced differential heats of adsorption. Furthermore, it is assumed that the higher pore 

volume structure has an energetic offset, leading to intercrossing of Ω𝑂𝑆 for both struc-

tures and therefore to a structural transition.  
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Figure S6. Reduced grand canonical potential plot vs. negative change in red. chemical potential 

plot for two structures with an energetic offset (Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡) leading to a sharp gate-opening. 
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S1-IV Sensitivity analysis for governing parameters 𝛥𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡 , 𝑉 and 𝑑ℎ𝑟𝑒𝑑  

In the following, sensitivity analyses will be undertaken in order to investigate the 

influence of three governing parameters, Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡, 𝑉 and 𝑑ℎ𝑟𝑒𝑑  on an opened pore phase 

with a constant closed pore phase. Please note that by changing any of the parameters, 

this would a different MOF-structure. 

𝚫𝑭𝒓𝒆𝒅
𝑯𝒐𝒔𝒕 sensitivity 𝑽 sensitivity 𝒅𝒉𝒓𝒆𝒅 sensitivity 
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Figure S7. Sensitivity analysis regarding the three governing parameters for flexible MOFs: 

Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡, 𝑉 and 𝑑ℎ𝑟𝑒𝑑. 

Fig. S 7 shows the dependencies of the gate-opening sorption potential. First, an in-

crease of ∆𝐹ℎ𝑜𝑠𝑡  leads to a shift of the gate-opening point to lower reduced sorption po-

tentials, meaning higher pressures and vice versa if both, 𝑉 and 𝑑ℎ𝑟𝑒𝑑 , are kept constant. 

Secondly, a larger pore volume for the opened phase also leads to lower reduced sorption 

potentials since more sorption and thus more energy can be converted into the structure. 

Lastly, an increase of the reduced enthalpy of sorption leads to lower reduced sorption 

potentials for the structural transition for the same reason.  

S1-V Simulation of real cases as in Cu-IH-pw, Cu-IHMe-pw and Cu-IHEt-pw 

In the following, the key differences that govern the flexible behavior, or lack thereof, 

for Cu-IH-pw, Cu-IHMe-pw and Cu-IHEt-pw are implemented within the described model. 

Herein, the spec. pore volumes of the opened pore phase of Cu-IHMe-pw and Cu-IHEt-pw 

are reduced by 25% and 50% compared to Cu-IH-pw, respectively (0.04, 0.03 and 0.02 cm3). 

The closed pore phases were kept constant for all materials at Vcp = 0.002 cm3. Further-

more, no energetic offset was set for Cu-IH-pw while for both flexible materials this was 

implemented with 1.4 and 1.5 J nm3 K-1 for Cu-IHMe-pw and Cu-IHEt-pw, respectively. 

Additionally, the reduced interaction potential was set equal for all materials and pore 

phases. The result can be seen in Fig. S 8, showing very similar trends as compared to the 

real experimental data. The Cu-IH-pw emulation shows obviously no flexible behavior due 

to the missing energetic offset. The gate-opening for Cu-IHMe-pw occurs at a reduced gate-

opening potential of 47 J mol-1 K-1, whilst for Cu-IHEt-pw at 18 J mol-1 K-1.  
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Figure S8. Simulation of the flexible behavior of the three MOFs under study with varying govern-

ing parameters of the described adsorption model. 

S2 Isotherm Fitting for flexible MOFs 

Within this work, a dual-Dubinin-Asthakov equation (dual-DA) suitable for inhomo-

geneous adsorbents with two adsorption spaces was applied to model all experimental 

isotherms [11].  

𝑊 =  𝑊0,1 𝑒
(

−𝐴
𝐸1

)
𝑚1

+ 𝑊0,2 𝑒
(

−𝐴
𝐸2

)
𝑚2

 (27) 

Herein, 𝑊0 is the saturation loading, while 𝐸 and 𝑚 mark the specific adsorption 

energy and the inhomogeneity parameter respectively. Since it is a dual-volume model, 

all three parameters are denoted with either 1 or 2 for a closed and opened pore phase, 

respectively. The fits for the n-butane adsorption on Cu-IHMe-pw can be observed in Fig. 

S 9, the fitting parameters are presented in Tab. S 1. 

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 27 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 [12]. It is mathematically identical to the 

first derivative of the surface potential as defined by Myers [3]. It describes the counter 
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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 com-

pletion of a monolayer [12]. 

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. S 10). It 

has to be stated that the resulting ESW values are not of relevance in this case but just the 

position of the extrema. The resulting values for the GOS and GOE points are summarized 

in Tab. S 1. 
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Fig. S1: Fitting approach using the dual-DA equation for n-butane on Cu-IHMe-pw and the result-

ing gate-opening boundaries. (left: linear, right: logarithmic scale) 
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Figure S10. Determination of gate-opening end using the excess surface work (ESW) theory. 

Table 1. Reduced fitting parameters for the dual-Dubinin-Asthakov model regarding the desorp-

tion of n-alkanes. 

 Pore phase i W0,i / cm3 g-1 Ei / J K-1 mol-1 ni 

Cu-IH-pw 
2 (medium pore phase 

mp) 
0.40 –52 4 

Cu-IHMe-pw 

1 (narrow pore phase np) 0.011 –59 6 

2 (medium pore phase 

mp) 
0.28 –41 20 

Cu-IHEt-pw 

1 (narrow pore phase np) 0.005 –41 4 

2 (medium pore phase 

mp) 
0.175 –38 10 
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S3 Derivation of Equilibrium states for calculation of 𝚫𝑭𝒓𝒆𝒅
𝑯𝒐𝒔𝒕 

As explained in the main manuscript, the calculation of Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡  as proposed by 

Coudert et al. [7] is highly dependent on whether the ad- or desorption is taken into ac-

count. Thus, there stands the questions which curve represents the equilibrium state the 

most. In the following section, this question is being tackled from both the kinetic as well 

as the microcalorimetric point of view. 

S3-I Kinetic analysis  

To answer this question, the respective gate-opening and gate-closing ranges in both 

hosts can be taken as an indication. E.g. in Cu-IHMe-pw, Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡 = 38-26 J mol-1 K-1 for gate-

opening, 35-44 J mol-1 K-1 for gate-closing), the ranges do correspond to much tighter pres-

sure ranges regarding the desorption as compared to the adsorption (given n-butane at 

298 K, the gate-opening refers to pressures between 6 and 25 mbar, gate-closing to 7 and 

1 mbar; note that the sorption potential is logarithmic in nature, thus bare sorption poten-

tial ranges cannot be compared in that manner). Since the pressure ranges are predomi-

nantly ascribed to kinetic hindrances of the underlying processes [13], it indicates a larger 

kinetic control for the gate-opening as compared to the gate-closing. This can be further 

substantiated by kinetic uptakes taken from the equilibrium measurements on 

Cu-IHMe-pw and Cu-IHEt-pw, as illustrated in Fig. S 11. Herein, the time to reach quasi-

equilibrium is much shorter for the gate-closing as compared to the gate-opening.  
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Figure S11. Visualization of the simplified kinetic analysis of adsorption (left) and desorption 

(right) for propane on Cu-IHMe-pw. Herein, the measured time to reach a quasi-equilibrium is rep-

resented as vertical bars. 
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Figure S12. Visualization of the simplified kinetic analysis of adsorption (left) and desorption 

(right) for propane on Cu-IHEt-pw. Herein, the measured time to reach a quasi-equilibrium is rep-

resented as vertical bars. 
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Using the free-energy profile analogy from Fig. S 5, both energetic minima regarding 

the respective structures 1 and 2 have the same energy at the point of structural transition 

(pressure point 2). Thus, the system is equally likely to “jump over” the needed activation 

energy going from structure 1 to structure 2 as vice versa if taken schematics of the tran-

sition state theory (TST) into account [14]. Therefore, the bare kinetics of the processes 

should have the same rate at the equilibrium point. However, within the gate-opening 

process, the gas molecules do have to enter the pore entries of the np phase. Additionally, 

there must be a minimum amount of molecules within a closed crystal domain in order to 

infuse the needed structural stress and subsequently trigger the transition. Conversely, 

during the gate-closing process, gas molecules must only leave the open host via the much 

wider mp phase. Furthermore, it is possible that the subsequent collapse of the structure 

would accelerate the diffusion during the desorption process as molecules are “pushed” 

out of the crystal domains (compare Fig. S 13). However, the precise mechanism govern-

ing the dynamic process during structural transitions are beyond the scope of this article 

and will be addressed in detail in future works for the underlying system.  

 

Figure S13. Schematic representation of the governing processes during ad- and desorption within 

flexible MOFs. 

The fact that the kinetic hindrance is far more pronounced during the adsorption is 

also in line with the respective position of the process centers for both structures. For Cu-

IHMe-pw and Cu-IHEt-pw, the GOC diverge much more (Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡  = 30 vs. 14 J mol-1 K-1) 

than regarding the GCC (41 vs 37 J mol-1 K-1), most likely due to the much-hindered diffu-

sion of the gas molecules in the tighter pore system of Cu-IHEt-pw. This is further visual-

ized in Fig. S 14, where the n-butane adsorption on Cu-IH-pw, Cu-IHMe-pw, Cu-IHEt-pw 

as well as on Cu-IHnPr-pw, is shown. Herein, it becomes observable that the starting po-

tentials of the gate-opening are shifted to higher pressures the larger the alkyl substituent 

of the linker becomes, up to the point where no structural transition can be observed an-

ymore in case of Cu-IHnPr-pw. Herein, the pore channels are likely to tight in order to 

enable an effective diffusion.  
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Figure S14. Reduced ad and desorption pattern of n-butane in Cu-IH-pw, Cu-IHMe-pw, Cu-IHEt-pw 

and Cu-IHnPr-pw. *Note that due to the retention of n-butane within Cu-IHEt-pw during desorption, 

the pattern of propane is shown.  

The indications above lead to the consideration that the desorption patterns represent 

the thermodynamic equilibrium during the structural transition much more closely than 

the adsorption. This should be equally true for similar MOF systems. Using his Monte 

Carlo simulation tool, Numaguchi comes to the same result [14] while the kinetic differ-

ences between ad- and desorption were so far not analyzed experimentally, to the best of 

our knowledge. 

Thus, the calculations regarding the respective energetic offsets between the np and 

mp phase in the MOFs under study were based on the desorption patterns. The estimation 

of the difference of the free host energy under the D-UAT, Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡 , can be conducted in a 

similar way as proposed by Coudert et al. for the MIL series [7]. It relies on the integration 

of the hypothetically rigid sorption isotherms for the np phase and mp phase until the 

center of structural transition. The sorption isotherm of the np phase can be taken from 

the observable adsorption within that phase at low pressures and can be extrapolated to 

the saturation pressure using a single Dubinin-Astakhov fit. The hypothetical rigid iso-

therm of the mp phase poses a definite challenge for a precise quantification since this is 

mostly unknown and thus source of potential errors [7]. Within this work, the dDA fit of 

the rigid and isoreticular Cu-IH-pw was used and scaled to the accessible pore volumes of 

both Cu-IHMe-pw and Cu-IHEt-pw in order to circumvent this problem. This allows the 

integration of the reduced patterns and yields a universal, non-gas specific Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡  with 

the unit of 𝐽 𝑚𝑜𝑙−1 𝑋. Herein, 𝑋 stands for the gas and temperature specific molar den-

sity as well as the critical temperature of the gas used (
𝑐𝑚3

𝑚𝑜𝑙𝐹𝑙𝑢𝑖𝑑 𝑇𝑐
), these allow an easy re-

calculation to the real values. This further answers the question of whether the unreduced 

Δ𝐹𝐻𝑜𝑠𝑡  should be the same for all adsorptives under the assumption of the very same 

opened pore structure [15,16]. Since both the molar density and the critical temperature 

are taken into account, different values of the Δ𝐹𝐻𝑜𝑠𝑡  in real values have to occur (com-

pare Fig. S 15). The universal values for Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡 are tabulated in Tab. 1 as well. At 298 K, 

the real values of the difference of free host energy for Cu-IHMe-pw would be Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡 = 

16, 12 and 6 𝐽 𝑚𝑜𝑙𝑀𝑂𝐹
−1  for n-butane, propane and ethane, respectively (Fig. S 15). These 

values are comparable to other flexible MOFs [15,16].  
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Figure S15. Temperature and gas dependence of the ∆𝐹ℎ𝑜𝑠𝑡 under real values (in 𝐽 𝑚𝑜𝑙𝑀𝑂𝐹
−1 ) assum-

ing a ∆𝐹𝑀𝑂𝐹
𝑅  of 4 𝐽 𝑋 𝑚𝑜𝑙𝑀𝑂𝐹

−1 . 

S3-II Microcalorimetric analysis 

Another way to derive an energetic difference between the two phases is the calcula-

tion of loss of enthalpy due to the structural transition in relation to a rigid host. Fig. S 16 

shows the calculated curve for the differential enthalpy of adsorption for Cu-IHMe-pw and 

n-butane at 298 K. Additionally, results for this quantity derived from microcalorimetry 

experiments are in good agreement with the calculation. Both patterns show a drastic 

drop of the differential heat of adsorption during the structural transition. This was pre-

viously observed by Mason et al. for the MOF Co(bdp) [17]. The authors linked this drop 

directly to the amount of enthalpy that has to be put into the system for the transition to 

occur. Furthermore, a calculation method was proposed which similarly to Coudert ś 

method relies on the hypothetical isotherm for the larger pore phase [17]. The results for 

this method regarding the MOFs Δ𝐻𝑟𝑒𝑑
𝐻𝑜𝑠𝑡  under study herein are presented in Tab. 1 as 

well, generally showing the same trend as Δ𝐹𝑟𝑒𝑑
𝐻𝑜𝑠𝑡 .  
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Figure S16. Calculated and measured differential enthalpy of adsorption dh for the n-butane ad-

sorption on Cu-IHMe-pw. 
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 S4 Further Structure Information 

The crystallographic data is taken from Kobalz et al. [18] and the PhD Thesis of 

Merten Kobalz at the Universität Leipzig [19] and is summarized in Tab. S 2.  

Table 2. Crystallographic data of Cu-IH-pw, Cu-IHMe-pw and Cu-IHEt-pw. 

Compound 

Form 

[Cu2(H2-trz-Ia)2]  

Opended 

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

Opened mp form 

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

Closed np form 

Analysis method 
single crystal  

data 
crystal powder refinement crystal powder refinement 

Molar Mass UC / g mol-1 1178.84 1234.94 1234.94 

Crystal system monoclinic monoclinic monoclinic 

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

Unit cell parameters / 

pm, ° 

a = 1096.8(2)) 

b = 1220.3(1) 

c = 1436.6(2) 

β = 110.30(1) 

a = 1135.94(5) 

b = 1498.83(5) 

c = 1098.10(5) 

β = 116.582(3)  

 

 

a = 1022.49(5) 

b = 1522.16(6) 

c = 775.14(4) 

β = 107.792(5) 

Volume / 106 pm3 1803.3(5) 1672.0(1) 1148.7(1) 

Z 2 2 2 

Density / g cm3 1.086 1.457 1.785 

Porosity / % 52.6 43.3 4  

Pore Volume / cm3 g-1 0.484 0.294 0.023 

Rint    

R1    

wR2    

Rp  0.0668 0.0607 

Rwp  0.0858 0.0750 

*Structure indication of Cu-IHEt-pw was based on the large pore form of Cu-IHMe-pw and thus can-

not justifingly compared. 
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Structure determination of Cu-IHMe-pw (mp form) and (np form) from X-ray powder 

diffraction data 

High resolution X-ray powder diffraction (PXRD) data were collected on a STOE 

STADI-P diffractometer using Cu-Kα1 radiation (λ = 154.060 pm). For the measurements 

an in situ PXRD/Sorption setup [20] was used. The powder pattern of the np form was 

collected under vacuum, while the pattern of the mp form was collected in n-butane gas 

at a pressure of 500 mbar. 

Indexing of the powder diffraction patterns, space group determination and struc-

ture solution was performed with EXPO2014 . Appropriate structure models could be ob-

tained in space groups P21/c (np form) and P21/n (mp form) with the simulated annealing 

approach. One linker molecule and one Cu2+ ion were provided as structure fragments, 

respectively. In the case of the mp form the addition of a n-butane molecule was necessary 

for a successful structure solution. Subsequently, the obtained structure models were re-

fined via the Rietveld method using TOPAS [21] and GSAS [22].  

 

 

 

Fig. S17: Rietveld refinement of Cu-IHMe-pw (mp form): Space group P21/n (no. 14); a = 1135.94(5) pm, b = 1498.83(5) pm, c = 

1098.10(5) pm, β = 116.582(3)°, Z = 2, V = 1672.0(1) 106 pm3; Rp = 0.0694, Rwp = 0.0896. 
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Fig. S18Rietveld refinement of Cu-IHMe-pw (np-form): P21/c (no. 14); a = 1022.49(5) pm, 1522.16(6) pm, 775.14(4) pm, β = 107.792(5), 

Z = 2, V = 1148.7(1) 106 pm3; Rp = 0.0607, Rwp = 0.0750. 
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S5 Further experimental data   
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Figure S19. Ad- and desorption isotherms of alkanes at 298 K on the flexible Cu-IHMe-pw (adsorp-

tion - filled symbols, desorption - empty symbols). 

1E-3 0.1 10 1000

0

1

2

3

4
Cu-IHEt-pw at 298 K

 ethane 

 propane 

 butane

a
b

s
o

lu
te

 l
o

a
d

in
g

 n
a
b
s
 /
 m

o
l 
m

o
l-1

pressure p / kPa  

Figure S20. Ad- and desorption isotherms of alkanes at 298 K on the flexible Cu-IHEt-pw (adsorption 

- filled symbols, desorption - empty symbols). 
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Figure S21. Dubinin plots after application of D-UAT to the sorption of n-butane and 1-butene on 

Cu-IHMe-pw (top) and Cu-IHEt-pw (bottom). 
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Figure S22. Dubinin plot for ad- (dark grey dots) and desorption (light grey dots) after application 

of D-UAT to the sorption of propane and ethane on Comoc-2 [15]. 
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Figure S23. Dubinin plot ad- (dark grey dots) and desorption (light grey dots) after application of 

D-UAT to the sorption of propane and ethane on Cu-Me-trz-PABA [23]. 
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Figure S24. Adsorption isotherms of n-alkanes on the rigid MOF Cu-IH-pw at 298 K. 
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Figure S25. Dubinin plot for the adsorption of n-butane at 283, 298 and 313 K on Cu-IH-pw. The 

experimental data is fitted with the dual-Dubinin-Asthakov (dual-DA) model. 
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