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Alkyl decorated metal-organic frameworks for selective trapping 
of ethane from ethylene above ambient pressures 
Andreas Schneemann,*a† Juan Ying,b Jack D. Evans,c Takashi Toyao,b,d Yuh Hijikata,e Yuichi Kamiya,f 
Ken-ichi Shimizu,b,d Nicholas C. Burtch,a and Shin-ichiro Noro*f 

The trapping of paraffins is beneficial compared to selective olefin adsorption for adsorptive olefin purification from a 
process engineering point of view. Here we demonstrate the use of a series of Zn2(X-bdc)2(dabco) (where X-bdc2- is bdc2- = 
1,4-benzenedicarboxylate with substituting groups X, DM-bdc2-= 2,5-dimethyl-1,4-benzenedicarboxylate or TM-bdc2- = 
2,3,5,6-tetramethyl-1,4-benzenedicarboxylate and dabco = diazabicyclo[2.2.2.]octane) metal-organic frameworks (MOFs) 
for the adsorptive removal of ethane from ethylene streams. The best performing material from this series is Zn2(TM-
bdc)2(dabco) (DMOF-TM), which shows a high ethane uptake of 5.31 mmol g-1 at 110 kPa, with a good IAST selectivity of 
1.88 towards ethane over ethylene. Through breakthrough measurements a high productivity of 13.1 L/kg per breakthrough 
is revealed with good reproducibility over five consecutive cycles. Molecular simulations show that the methyl groups of 
DMOF-TM are forming a van der Waals trap with the methylene groups from dabco, snuggly fitting the ethane. Further, 
rarely used high pressure coadsorption measurements, in pressure regimes that most scientific studies on hydrocarbon 
separation on MOFs ignore, reveal an increase in ethane capacity and selectivity for binary mixtures with increased 
pressures. The coadsorption measurements reveal good selectivity of 1.96 at 1000 kPa, which is verified also through IAST 
calculations up to 3000 kPa. This study overall showcases the opportunities that pore engineering by alkyl group 
incorporation and pressure increase offer to improve hydrocarbon separation in reticular materials. 

Introduction 
Purification and separation processes take up a major part of 
capital and operating costs in the chemical industry.1-2 For 
instance, the separation of light hydrocarbons necessary for the 
production of polymers is achieved through energy and cost 
intensive cryo distillation processes. One viable alternative is 
the use of adsorbent beds filled with microporous materials in 
temperature and pressure-swing adsorption.3-4 A class of 
porous materials that over recent years showed a lot of 
potential towards separation processes are metal-organic 
frameworks (MOFs).5-8 MOFs are constructed by the bridging of 
inorganic metal containing secondary building units with 
organic ligands. A nearly infinite amount of combinations 

between building blocks is possible, leading to a rich variety of 
tailorable materials that feature ultrahigh surface areas and 
tailorable pore spaces.9-17 Light hydrocarbon separation in 
MOFs is usually achieved through size-shape exclusion18-24 or 
through the presence of interaction sites on the linker25-27 or the 
metal-cluster. 28-31 This usually leads to a preferred adsorption 
of olefins over paraffins, because of the smaller kinetic diameter 
of the olefin and the stronger interactions between the 
unsaturated molecule and an open metal site, achieving 
astonishing adsorption selectivities. Equilibrium based 
adsorptive separation processes are favored at the industrial 
scale.32 However, from an engineering viewpoint, the selective 
adsorption of the more valuable product, the olefin, is 
undesired. This would necessitate the inclusion of an additional 
step to obtain the olefin, requiring a more complex procedure, 
for instance a two step temperature swing33 or a displacement 
desorption process.34 Adsorbents which selectively scavenge off 
the paraffin from the gas mixture would facilitate the industrial 
scale separation of olefin/paraffin mixtures, for example ethane 
and ethylene. Recently, several strategies have been developed 
that enabled the selective capture of ethane from ethylene. For 
instance, the group of Chen showed how the installation of 
peroxo-sites within Fe2(dobdc) triggered the selective 
adsorption of ethane over ethylene. Generally speaking, the 
presence of nonpolar sites and pore surfaces can promote 
sorption selectivity towards the paraffin.35-42 Research on 
aluminophosphates showed, that the installation of methyl 
groups that line the pore space, induces selective adsorption of 
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ethane over ethylene.43-44 Building up on this approach, we 
showcase the possibility of using an isoreticular series of 
pillared-layered MOF featuring diazabicyclo[2.2.2.]octane 
(dabco) pillars and 1,4-benzenedicarboxylate (bdc2-) ligands 
with varying amounts of methyl groups attached to the linker 
backbone. Apart from the prototypical Zn2(bdc)2(dabco) 
(DMOF) framework, two MOFs using H2R-bdc ligands (with H2X-
bdc = H2DM-bdc = 2,5-dimethyl-1,4-benzenedicarboxylic acid 
and H2TM-bdc = 2,3,5,6-tetramethyl-1,4-benzenedicarboxylic 
acid), namely Zn2(DM-bdc)2(dabco) (DMOF-DM) and Zn2(TM-
bdc)2(dabco) (DMOF-TM) were prepared (Figure 1). Materials 
DMOF-DM and DMOF-TM feature two and four methyl groups 
on the linker backbone, respectively. In these materials, Zn2 
paddlewheels are bridged via benzenedicarboxylate linkers, 
establishing Zn2(R-bdc)2 2D grids. These grids are stacked into 
the third dimension by dabco pillars, forming a 3D structure. On 
the one hand attaching methyl groups reduces the pore space 
and on the other hand decreases the polarity of the pore. For 
instance, the most polar adsorption sites45 in paddle-wheel 
based pillared-layered MOFs located at the O-M-O pockets are 
partially blocked through the methyl groups. Previous studies 
on these systems, highlight the potential of methyl groups to 
alter the moisture resistance,46-48 framework dynamics,49 SO2 
capture,50 as well as thermal properties51-52 of these 
frameworks. Here these frameworks were analysed towards 
their feasibility as adsorbents for selective ethane adsorption 
using low and high pressure adsorption isotherms, 
coadsorption measurements as well as breakthrough 
experiments, supported through molecular simulations. 
Particularly, we want to highlight the adsorption properties of 

the materials above ambient pressures. Recently, Pires and 
coworkers have raised awareness that while there is a lot of well 
performing ethane selective MOF materials, their use might be 
hampered by the fact that they reach their full ethane uptake at 
too low pressures, making them unfeasible for pressure swing 
adsorption application which operate between 100 and 1000 
kPa.53 Hence, we present high pressure adsorption isotherms up 
to 3000 kPa as well as coadsorption experiments up to 1800 kPa 
to verify our materials performance at these more suitable 
pressures. Furthermore, a recent study highlighted the 
necessity of reliable coadsorption data in the literature54 and 
we provide data sets that will be helpful to the simulations and 
machine learning community in the supporting information. 

Experimental Section 
All chemicals were obtained from commercial vendors without 
further purification unless otherwise stated. All gases used for 
adsorption or breakthrough experiments had purities of 99.9% 
or higher. 

Syntheses 

1 mmol H2X-bdc (for weights see supporting information), 
Zn(NO3)2∙6H2O (1mmol, 298 mg) and dabco (0.7 mmol, 78 mg) 
were put in a scintillation vial and 20 mL of dimethylformamide 
(DMF) were added. The mixture was sonicated for 10 minutes 
and afterwards placed in an isothermal oven at 120 °C for 24h. 
Afterwards, the reaction mixture was cooled to room 
temperature and the mixture was transferred into 
centrifugation tubes. After centrifugation (8700 rpm, 3 min) the 
DMF was removed and replaced with fresh DMF. The DMF was 
replaced twice with fresh DMF and three times with 
dichloromethane. Afterwards the samples were dried in vacuo 
(120 °C, overnight) and transferred into a glovebox until further 
manipulation. For yields see supporting information. 

Analytical Methods 

Powder X-ray diffraction patterns were acquired on a Rigaku 
Smartlab diffractometer using Cu-Kα radiation operated at 44 
kV and 40 mA. The material was placed on a glass slide and put 
on the Z-Phi stage and the scans were performed in 2Theta 
mode. Infrared Spectra were measured on an Agilent 
Technologies Cary-630 instrument equipped with an ATR unit 
located in a glovebox. Prior to each measurement, a 
background spectrum was collected and subtracted. Field-
emission scanning electron microscopy images were captured 
using a Hitachi S-4800 at an acceleration voltage of 1 kV. 
Thermogravimetric Analysis (TGA) Measurements were 
conducted on a RIGAKU Thermo plus EVO2 TG-DTA8122. The 
samples were heated from 30 to 500 °C with a heating rate of 
10 °C min-1 and under a constant N2 flow of 100 mL min-1. The 
Nitrogen physisorption isotherms were obtained using a 
Micromeritics ASAP 2020 porosimeter at 77K using a N2 bath for 
cooling using 50-100 mg of sample. The samples were degassed 
on the activation port of the instrument in vacuo overnight at 
elevated temperatures (120 °C). Low pressure ethane and 

Figure 1: (a) Depiction of the building blocks used for the construction of DMOF, DMOF-
DM and DMOF-TM. (b) View along the c-axis of the three materials. (c) View along the 
a/b axis of the materials. Carbon, oxygen and nitrogen atoms have been depicted in grey, 
red and blue respectively. Blue polyhedrons represent coordination environment around 
Zn. Hydrogen atoms have been omitted for clarity. 
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ethylene adsorption isotherms (0-100 kPa) were measured at 
288, 298 and 308 K, using a Belsorp Mini adsorption instrument 
from Microtrac Bel. The samples were filled into pre-weighted 
sample tubes. Prior to measurements the samples were 
evacuated and heated to 120 °C on a Belprep (Microtrac Bel) 
sample preparation station, for the first measurement 
overnight and for every subsequent measurement for at least 
three hours. The measurement temperature was controlled 
using a constant temperature water circulator. High pressure 
adsorption measurements up to 3000 kPa were conducted 
using a Belsorp VC from Microtrac Bel. The sample holder was 
filled with 0.5-1 g of sample and installed in the isothermal box 
of the measurement instrument. The sample was evacuated 
prior to each measurement. Co-adsorption measurements were 
as well performed on a Belsorp VC. For the measurements, the 
gases were mixed inside the manifold of the instrument and 
afterwards the sample was exposed to the gas mixture. After 
the equilibration requirements were fulfilled, an aliquot of the 
gas atmosphere above the adsorbent was sampled and injected 
into a Agilent 490 Micro gas chromatographic system equipped 

with a thermal conductivity detector. Breakthrough 
experiments for ethane/ethylene mixtures with 1:1 ratio were 
carried out at a flow rate of 6 mL/min at 298 K under ambient 
pressure. The MOF powder (920 mg) was placed into a ф4 × 350 
mm glass cell. Prior to measurements, the samples were 
subjected to pretreatment (120 °C, 1 h) under a flow of He (50 
mL/min). The flow rates of all gas mixtures were regulated by 
mass flow controllers, and the effluent gas stream was 
monitored by a TCD GC (990 Micro GC; Agilent Technologies 
Inc.) equipped with a PoraPLOT Q column. Cycling experiments 
were performed in a manner similar to that described above. 
Following the breakthrough experiment, the sample was 
heated at 120 °C for 1 h under a flow of He (50 mL/min), and 
then reused for an ensuing experiment. 

Processing of Adsorption Isotherms 

Low pressure adsorption isotherms were fit using the dual site 
Langmuir Freundlich equation: 

𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝑛𝑛𝑚𝑚𝑎𝑎𝑚𝑚,1 ∙ 𝑘𝑘1 ∙ 𝑝𝑝𝜈𝜈1

1 + 𝑘𝑘1 ∙ 𝑝𝑝𝜈𝜈1
+
𝑛𝑛𝑚𝑚𝑎𝑎𝑚𝑚,2 ∙ 𝑘𝑘2 ∙ 𝑝𝑝𝜈𝜈2

1 + 𝑘𝑘2 ∙ 𝑝𝑝𝜈𝜈2
 

In this equation nmax,i is the adsorbed amount for each 
adsorption site at saturation, ki is the Langmuir coefficient and 
νi is the dimensionless Freundlich parameter. The determined 
fitting parameters for the low pressure (0-100 kPa at 288, 298 
and 308K) adsorption isotherms are tabulated in the supporting 
information. The fitting parameters of the isotherms were used 
to determine the respective heats of adsorption (Qst) using the 
Clausius-Clapeyron55 Equation: 

𝑄𝑄𝑄𝑄𝑄𝑄 = 𝑅𝑅𝑇𝑇2  �
𝜕𝜕𝜕𝜕𝑛𝑛𝑝𝑝
𝜕𝜕𝑇𝑇 𝑛𝑛

� 

Furthermore, the fits of the single component isotherms 
measured at 298 K (low pressure and high pressure) were used 

to calculate sorption selectivities based on the ideal adsorbed 
solution theory56 (IAST): 

𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑞𝑞1 𝑞𝑞2⁄
𝑝𝑝1 𝑝𝑝2⁄  

here qi represents the molar fraction of the gas in the gas phase 
and pi the molar fraction of the gas in the adsorbate phase. 
For the high pressure adsorption data, the obtained excess 
adsorptions (nexc) were transformed to total adsorption (ntot):  

𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑛𝑛𝑒𝑒𝑚𝑚𝑒𝑒 +  𝜌𝜌𝑔𝑔 ∙ 𝑉𝑉𝑔𝑔  

whereas ρg is the pressure and temperature dependent density 
of the adsorbate derived from their respective equation of state 
and Vg is the void volume of the adsorbent derived from their 
single crystal structure. 
In order to circumvent issues associated with the extraction of 
adsorption data for data mining57 and machine learning 
purposes, we deposited all obtained C2 adsorption isotherms 
online using the recently established adsorption isotherm file 
format.58 Isotherm data is free of charge accessible in the 
electronic supplementary information.  

Molecular simulation 

Molecular representations of DMOF, DMOF-DM and DMOF-TM 
pore structures were generated from the unit cells of their 
respective crystal structures. The resulting molecular pore 
structures contain eight paddlewheel units connected by eight 
carboxylate ligands and four dabco molecules to produce a 
cube. The paddlewheel units facing the outside of this pore are 
capped by formate and ammonia units. 
The pore structure interaction with ethane and ethylene were 
subsequently investigated by a combination of classical 
potentials and semiempirical tight-binding approaches, namely 
GFN-FF and GFN2-xTB.59-60 Low energy binding conformations 
of one gas molecule within the pore structure were identified 
using extensive metadynamic sampling as implemented in the 
Conformer–Rotamer Ensemble Sampling Tool (CREST).61 An 
ellipsoid potential was applied to counteract the bias potentials 
during the simulations which could produce complete 
dissociation of the gas from the molecular pore structure. 
Initially binding confirmations within a 125.52 kJ mol-1 window 
were screened using the GFN-FF classical potential and 10 
unique 10 ps metadynamics trajectories followed by geometry 
optimisations. The resulting binding confirmations were then 
further screened by optimisation with the accurate and efficient 
GFN2-xTB method. The relative energy of the identified binding 
modes were calculated at the GFN2-xTB level of theory. 
Representative input files for molecular simulations are 
available online in the data repository 
https://github.com/jackevansadl/supp-data. 

Results and Discussion 
The materials were synthesized from Zn(NO3)2∙6H2O, dabco and 
the respective dicarboxylic acid, using solvothermal synthesis in 
DMF. The materials were obtained as white microcrystalline 
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powders and activated after solvent exchange with 
dichloromethane via evacuation at elevated temperatures. 
Phase purity was confirmed using powder X-ray diffraction and 
proper activation and absence of the synthesis solvent through 
IR-spectroscopy, N2 adsorption and Thermogravimetric Analysis 
(See ESI S1-S5). The BET surface area decreases with increasing 
amount of methyl groups inside the pore space, from 1779.9 m2 
g-1 to 1133.8 m2 g-1 and to 962.5 m2 g-1 for DMOF, DMOF-DM 
and DMOF-TM respectively and are matching with previous 
reports of these materials.48, 62-63 All samples were obtained 
with polydisperse crystal size distribution in the range from 
submicron size to 50 μm (see SEM micrographs in ESI S6), unlike 
in kinetic adsorption64-66 or dynamic MOF systems67-69 which are 
studied elsewhere, this broad size distribution is neglectable for 
the scope of this study reporting hydrocarbon separation at 
thermodynamic equilibrium. 
 

Low Pressure Adsorption Studies 

The ethane and ethylene adsorption isotherms recorded at 298 
K from 0-110 kPa are shown in Figure 2. For all three materials 
a distinct adsorption selectivity towards C2H6 is visible. At 110 
kPa C2H6 uptakes of 2.79, 4.03 and 5.31 mmol g-1 were observed 
for material DMOF, DMOF-DM and DMOF-TM, respectively. 
The ethylene uptakes on the other hand are lower at 110 kPa 
and amount to 2.08, 3.11 and 4.99 mmol g-1 for the three 
materials. The ethane uptake is slightly lower than for the 
related compound Ni2(TM-bdc)2(dabco) (5.45 mmol at 100 
kPa).70 It is also visible from the isotherms that decreasing the 
pore size by adding methyl groups, leads to a steeper slope in 
the isotherms, we attribute this to the better fit of the gases 
into the confined pore space, which enhances uptake at low 
pressures. In the cases of DMOF-TM it appears that saturation 
is nearly reached at 110 kPa, while for DMOF and DMOF-DM 
the isotherms did not reach a plateau yet. Interestingly, at 
around 50 kPa a small step can be observed in the C2H6 
adsorption isotherm of DMOF-DM (See supporting information 

for logarithmic plots). We believe that this is not an artefact, as 
it also is observed in measurements at 288 K and 308 K and also 
when a different batch of the material was measured on 
another instrument. This is attributed to small structural 
changes that have been observed for this class of material, i.e. 
during the adsorption of different solvent62 or vapour guests,71 
in some extreme cases a so called “breathing” effect can be 
observed for Zn-based pillared layered MOFs.72-74 It is 
somewhat puzzling why this is not observed for the case of 
DMOF-TM as well, potentially this is due to the presence of four 
methyl groups per linker which restrict the cooperative 
movement of the framework. 
Adsorption isotherms at 288 and 308 K were also recorded, in 
order to determine the Qst through the Clausius-Clapeyron 
equation (Figure 3a). For this, the isotherms were fit using dual 
site Langmuir Freundlich isotherms (for isotherm fits and 
tabulated coefficients see ESI Fig S6-S13) At a loading of 0.1 
mmol g-1 the calculated Qst of C2H6 and C2H4 are 20.7 and 20.3 
kJ mol-1, 25.8 and 24.2 kJ mol-1 and 31.5 and 30.2 kJ mol-1, for 
DMOF, DMOF-DM and DMOF-TM respectively. These values 
are in contrast to the results of Ma and coworkers on related 
Ni2(TM-bdc)2(dabco), 70 which obtained substantially higher Qst 

Figure 2: Ethane (blue circles) and ethylene (green triangles) sorption isotherms for 
DMOF (a), DMOF-DM (b) and DMOF-TM (c) measured at 298 K. Filled and empty symbols 
represent adsorption and desorption branches, respectively.  

Figure 3: (a) Isosteric heats of adsorption of DMOF (black squares), DMOF-DM (red 
circles) and DMOF-TM (blue triangles) for ethane (filled symbols) and ethylene (closed 
symbols). (b) IAST selectivities towards ethane over ethylene for equimolar mixtures or 
DMOF (black squares), DMOF-DM (red circles) and DMOF-TM (blue triangles). 

Page 4 of 12Dalton Transactions



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

towards C2H6 of around 39 kJmol-1 and attributed the C2H6 
adsorption selectivity to strong host-guest interactions. 
However, good selectivity paired with relatively low heats of 
adsorption are considered advantageous as regeneration of the 
adsorbent bed needs less energy input. This would make the Zn 
based framework more suitable for separations compared to 
the Ni analogue. The results obtained from DMOF-DM need to 
be taken with some care, since the step like feature in the C2H6 
adsorption isotherm made it difficult to fit a reasonable 
equation precisely and it may be prone to error. 
Furthermore IAST selectivities were calculated from the dual 
site Langmuir Freundlich Fits of the isotherms at 298 K and the 
results are shown in Figure 3b. For an equimolar mixture of 
ethane and ethylene at 100 kPa the IAST values amount to 1.51, 
1.70 and 1.88 respectively. These values are in line with results 
on similar Ni based materials, however only results for a 1:15 
ethane to ethylene mixture were presented. Other high 
performers, i.e. MUF-15 or PCN-250 are in the same selectivity 
region as DMOF-TM, while Cu(Qc)2 and Fe2(O2)(dobdc) have 
larger selectivities, but lower overall ethane uptakes. A detailed 
discussion can be found at the end of this manuscript. 
The very promising results derived from the single component 
adsorption isotherms motivated us to conduct breakthrough 
measurements on DMOF-TM at 100 kPa with an equimolar 
mixture of C2H6 and C2H4. For this, approximately 1 g of material 
was packed into a column and an ethane/ethylene mixture was 

flowed over the material while monitoring the C2H6 and C2H4 
concentration at the outlet. The breakthrough curves are 
depicted in Figure 4. After flowing the gas mixture for 16 
minutes over the DMOF-TM bed a response is measured at the 
outlet. The gas chromatography suggests that it is pure 
ethylene, while the ethane is retained in the pore space of the 
DMOF-TM bed. The first signal for ethane is observed after 19 
minutes. After 22 minutes the ethane and ethylene 
concentration at the outlet are equivalent to the feed 
concentration. These measurements are highly reversible, 
Figure 4b shows 5 consecutive runs of equimolar C2H6/C2H4 
mixtures, all showing identical curves. Through integration of 
the area under the curve at which the C2H4 concentration in the 
outlet stream is >99.95 % the ethylene productivity can be 
calculated, which has been done as described by Qazvini.37 
DMOF-TM shows a high productivity value of 13.1 L kg-1, which 
is only slightly lower than the ethylene productivity of other 
high performance ethane selective MOF. For comparison 
Fe2(O2)(dobdc)75 and MUF-1537 have experimentally 
determined productivities of 19.3 and 14 L kg-1 respectively. 

Computational Determination of Preferential Adsorption Sites 

To further examine the observed adsorption selectivities, we 
employed molecular simulations to identify the favourable 
adsorption sites for ethane and ethylene in DMOF, DMOF-DM 
and DMOF-TM. For the material DMOF, a similar picture of the 
favoured adsorption sites as for other pillared layered MOFs is 
revealed. The most favoured adsorption site for both ethane 
and ethylene is directly located at the corner of the pore at the 
O-Zn-O pocket, with potential interactions with the benzene 
rings and hydrogen bonding to the oxygens (Figure 5a and d). 
For other pillared layered MOFs, for instance alkyl ether 
functionalized DMOF, this site was also determined to be the 
best adsorption site for CO2.45 Furthermore, adsorption 
enthalpies could be derived for the favoured adsorption sites, 
which amounted to -24.6 kJ mol-1 and -23.8 kJ mol-1 for ethane 
and ethylene, respectively (See ESI Figure S19 for adsorption 
enthalpies for the range of low energy adsorption positions). 
These values are in a similar range as the Qst values obtained 
from the Clausius-Clapeyron equation. For ethane the favoured 
adsorption sites on DMOF-DM are located in a pocket 
constructed by the methyl groups provided by three individual 
DM-bdc2- linkers and the CH2 groups from the dabco pillar 
(Figure 5b). The ethylene sits in a similar pocket in proximity to 
two CH3 groups on the DM-bdc2- linker, the CH2 units from the 
dabco and the oxygen from the Zn2O8N2 metal-cluster. The 
adsorption enthalpies are considerably higher than for 
unfunctionalized DMOF, amounting to -28.4 kJ mol-1 and -27.6 
kJ mol-1 for ethane and ethylene, respectively, qualitatively 
matching the results obtained from the Qst calculations. 
Interestingly, this simulation approach also allowed the host 
framework to deform to produce pore rearrangement also 
observed in other flexible MOFs to accommodate guest 
molecules more snuggly. For instance Wriedt et al. reported the 
rearrangement of an elastic CO2 trap during low pressure 
adsorption of CO2.76 Lastly, for DMOF-TM, the material with the 
highest amount of sp3 CH2 and CH3 groups anchored in the pore 

Figure 4: (a) Ethylene (green triangles) and ethane (blue circles) breakthrough curves for 
DMOF-TM measured at 298 K. (b) Depiction of five consecutive runs over the same 
material using an equimolar C2H6/C2H4 mixture. Lines are a guide to the eye only. 
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space and hence the least polar pore space, the highest 
adsorption enthalpies were calculated. Surprisingly, the highest 
adsorption enthalpy was found for ethylene, amounting to -
30.8 kJ mol-1, while the adsorption enthalpy for ethane on 
DMOF-TM was calculated to be -28.8 kJ mol-1. The favoured 
adsorption position for ethane in DMOF-TM is located at the 
pore aperture, interacting with two dabco molecules and with 
two neighbouring methyl groups on one TM-bdc2- linker (Figure 
5c). Notably, ethylene is also sitting in the pore entrance build 
up by two dabco and two TM-bdc2- linkers, perfectly fitting in 
between the opposing TM-bdc2-, interacting with four methyl 
groups. The adsorption enthalpies for DMOF-TM do not fully 
match with the values obtained from the Qst calculations, 
however, the calculated enthalpies only reflect a single site, 

while the Qst calculations involve a range of sites occupied 
during the adsorption process. Furthermore, it needs to be 
noted that the amount of different high enthalpy adsorption 
sites is higher for ethane compared to ethylene on DMOF-TM 
as shown in Figure S19. Interestingly, our results nicely confirm 
earlier suggestions by Kroon and coworkers who highlighted the 
affinity of methylated aluminophosphates towards paraffins 
over olefins. It is particularly interesting that the guest 
molecules are favourably adsorbing in proximity to non-polar 
interaction sites with mostly van der Waals interactions 
responsible for the strong adsorption, making the highly 
methylated frameworks DMOF-DM and DMOF-TM efficient van 
der Waals traps for C2 hydrocarbons. 
High Pressure Adsorption Studies 

Figure 6: Ethane (blue circles) and ethylene (green triangles) adsorption isotherms of DMOF (a), DMOF-DM (b) and DMOF-TM (c) measured at 298 K. Lines connecting the dots are 
a guide to the eyes only. 

Figure 5: Illustration of the energetically favoured adsorption sites for ethane (a-c) and ethylene (d-f) in DMOF (a, d), DMOF-DM (b, e) and DMOF-TM (c, f) derived through DFT 
calculations. C, H, O, N and Zn are represented in grey, white, red, blue and teal, respectively. Carbon atoms of ethane and ethylene are represented in light blue and green, 
respectively. Dotted lines between guest molecules and framework represent closest contacts. For the sake of clarity parts of the framework have been omitted from the graphical 
representation. 
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High Pressure adsorption isotherms were measured at 298 K in 
a range from 0-3000 kPa for ethylene and ethane. The 
measured isotherms were transformed from excess adsorption 
to total adsorption (ntot) using the temperature dependent 
density of the adsorbates derived from the respective equations 
of state for ethylene77 and ethane.78 The data is displayed in 
Figure 6. In all cases the ethane and ethylene graphs are 
intersecting, in a way that the ethane uptake is higher at low 
pressures, while the ethylene uptake is higher at high pressures. 
The intersection occurs at approximately 660, 730 and 430 kPa 
for DMOF, DMOF-DM and DMOF-TM, respectively. The total 
uptakes at 3000 kPa for DMOF amount to approximately 4.6 
and 4.68mmol g-1 in the cases of C2H6 and C2H4. A slightly higher 
uptake is recorded for DMOF-DM with 5.0 and 5.3 mmol g-1 of 
ethane and ethylene, respectively. The highest uptakes are 
observed for DMOF-TM, with values of 5.79 mmol g-1 for ethane 
and 6.14 mmol g-1 for ethylene. Interestingly, the condensation 
pressures for ethane and ethylene are still considerably higher 
than 3000 kPa at 298 K. These applied pressures are capturing 
the range used in pressure swing adsorption application which 
operate between 100 and 1000 kPa.53 Giving also potential use 
for DMOF and DMOF-DM, however, their selectivities are 
comparably low, as discussed in the IAST section and the 
Coadsorption section. According to this DMOF and DMOF-DM 
would have ethane adsorption working capacities of 1.71 and 
1.21 mmol in the range of 100-1000 kPa, while the working 
capacity of DMOF-TM only amounts to 0.45 mmol in this 
pressure regime. 
High Pressure Coadsorption Measurements 
In order to assess the adsorption selectivity towards ethane and 
to investigate how the mixture behaves above the intersection 
of the isotherms, co-adsorption measurements were conducted 
in the region from 0 to 1000 kPa for a 50:50 and a 10:90 

C2H6/C2H4 mixture. Co-adsorption measurements are thus far 
rarely used for the analysis of MOFs,79-85 we recently described 
the use co-adsorption measurements for the analysis of olefin 
selective MOFs with open metal sites86 and the response of 
flexible MOFs to gas mixtures.26 During these measurements 
both gases are exposed simultaneously to the sample and after 
equilibration a portion of the gaseous phase above the 
adsorbent is sampled via gas chromatography to determine the 
gas phase composition. From the gas phase composition the 
composition of the adsorbed phase can be calculated. The 
results of the measurements are depicted in Figure 7 for all 
three materials. Each measurement features three graphs. The 
orange diamonds represent the total adsorption 
(n(C2H6)+n(C2H4)) determined volumetrically. The blue circles 
and green triangles represent the adsorbed amount of C2H6 and 
C2H4 determined through gas chromatography, respectively. 
Between each point the sample was freshly activated. On each 
graph the first, second, third, etc. points are corresponding to 
each other and are derived from one measurement. Notably, 
the total amount adsorbed in all cases is always close to the 
respective adsorbed amounts in the high pressure adsorption 
isotherms shown in Figure 5. When DMOF is dosed with a binary 
mixture of ethane and ethylene at a total pressure of 157 kPa a 
total uptake of 1.90 mmol g-1 is recorded containing 1.12 mmol 
g-1 of C2H6 and 0.78 mmol g-1 of C2H4. By increasing the pressure, 
an increase in total uptake and for both components is 
observed. At the highest measured total pressure of 1685 kPa a 
total uptake of 3.49 mmol g-1 is observed composed of 2.10 
mmol g-1 ethane and 1.39 mmol g-1 ethylene. In the case of 
DMOF-DM a similar trend is observed (Figure 7b). The lowest 
pressure measured amounts to 129 kPa featuring a total uptake 
of 3.08 mmol g-1. The uptakes of the individual components are 
1.84 mmol g-1 and 1.24 mmol g-1 for ethane and ethylene 

Figure 7: Co-adsorption measurements on DMOF (a, d), DMOF-DM (b,e) and DMOF-TM (c, f). At varying total pressures between 100 and 1700 kPa 50:50 (a-c) and 10:90 (d-f) 
mixtures of C2H6:C2H4 were dosed onto the samples. Orange diamonds represent total adsorption, green triangles and blue circles represent C2H4 and C2H6 adsorption respectively.  
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respectively. Here also an increase of all components over the 
whole pressure range is observed reaching 4.40, 2.78 and 1.62 
mmol g-1 for the total, ethane and ethylene uptake, respectively 
at 1664 kPa. DMOF-TM shows the highest uptakes among the 
three materials (Figure 7c). At a pressure of 91 kPa the material 
reaches already higher uptakes than the other materials at the 
highest applied pressures. The total uptake amounts to 5.18 
mmol g-1 containing 2.98 mmol g-1 and 2.20 mmol g-1 of ethane 
and ethylene, respectively. In contrast to the other material not 
all components uptakes are increasing with increased pressure. 
In fact the ethylene uptake is decreasing from 2.20 mmol g-1 to 
2.01 mmol g-1, while the total uptake increased to 5.80 mmol g-1 
and the ethane uptake reaches 3.79 mmol g-1 at a total pressure 
of 1637 kPa. For the experiments using a 10:90 ethane:ethylene 
mixture also preferential C2H6 adsorption is observed. In the 
case of DMOF the lowest applied pressure is 77.06 kPa featuring 
a total uptake of 0.97 mmol g-1. The adsorbed C2H6 and C2H4 
fractions amount to 0.09 and 0.89 mmol g-1. At the highest 
applied pressure (916 kPa) the uptake is 3.19 mmol g-1 
consisting of 2.74 mmol g-1 ethylene and 0.45 mmol g-1 ethane. 
For DMOF-DM a similar trend is observed. At 57 kPa the values 
are 1.93, 1.74 and 0.18 mmol g-1 for total, C2H4 and C2H6 uptake, 
respectively. At the highest pressure point (889 kPa) the total 
recorded amount is 4.21 mmol g-1, consisting of 0.64 mmol g-1 
ethane and 3.57 mmol g-1 ethylene. Finally, for DMOF-TM the 
highest uptakes are recorded. The lowest pressure 
measurement was conducted at 25 kPa featuring already a total 
uptake of 3.22 mmol g-1, consisting of 2.87 mmol g-1 ethylene 

and 0.36 mmol g-1 ethane. At the highest applied pressure (854 
kPa) the adsorbed amounts are further increasing to 5.78, 4.81 
and 0.97 mmol g-1 for the total, ethylene and ethane uptakes, 
respectively. Calculating the ratios of the adsorbates nicely 
illustrates the ethane scavenging ability of the materials. In the 
case of DMOF-TM the material is offered an 1:9 
ethane:ethylene mixture at a total pressure of 853 kPa and the 
ratio of the adsorbates at equilibration is 1:4.5. Interestingly, at 
low pressures this ratio only amounts to 1:8, suggesting an 
improvement in sorption selectivity with an increase in 
pressure. 
The co-adsorption measurements provide the concentrations 
of both components in the gas phase and in the adsorbate 
phase. By dividing the ratios of the components adsorbed 
through the ratio of the components in the gas phase the 
adsorption selectivity can be calculated. Figure 8 shows the 
calculated adsorption selectivities derived from the 
coadsorption measurements for C2H6:C2H4 ratios of 1:1 (a) and 
1:9 (b) (for tabulated values of qn and pn see ESI table S3 – S8). 
The lowest selectivities are observed for the pristine DMOF, 
which are in the range between 1.39 (157 kPa) and 1.55 (1492 
kPa). This is well in line with the low pressure adsorption 
selectivity of the previously tested analogous material 
Ni2(bdc)2(dabco).87 Slightly higher selectivities were obtained 
for DMOF-DM, with Sads = 1.57 and 1.76 at 129 kPa and 1275 
kPa, respectively. For DMOF-TM the selectivity is nearly 
pressure independent for 1:1 mixtures and stays close to Sads = 
1.9. The lowest observed value amounts to 1.89 kPa (91 kPa) 

Figure 8: Adsorption selectivities for DMOF (black squares), DMOF-DM (red circles) and DMOF-TM (blue triangles) at 298 K for 1:1 (a, c) and 1:9 (b, d) C2H6/C2H4 mixtures. Selectivities 
were determined through coadsorption (a, b) and derived from IAST calculations (c, d) using single component isotherms measured at 298 K. 
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and the highest obtained value is 1.97 (267 kPa). These values 
are in the same range as for other high performance bulk 
ethane separation MOFs such as MUF-1537 or PCN-25088 and 
also comparable to Zn-atz-ipa (SIAST = 2) which was used as the 
ethane selective component in a sequential bed set up for C2H4 
separation from C2H2/C2H4/C2H6/CO2 mixtures.89 All MOFs that 
show higher ethane selectivities (i.e. Fe2(O2)dobdc2, CuQc2, 
MAF-49)35, 75, 90 have considerably lower ethane uptake. In the 
case of a 1:9 mixture again a trend occurs that increasing the 
amount of methyl groups pointing into the pore space leads to 
a preferential adsorption of C2H6. In the case of DMOF and 
DMOF-DM even a slight preference towards ethylene is 
recorded at the lowest pressure points with C2H6/C2H4 
selectivities of 0.79 (at 77 KPa) and 0.80 (57 kPa), respectively. 
In the case of DMOF-TM ethane is favourably adsorbed at the 
lowest pressure point, with an adsorption selectivity of Sads = 
1.15 (25 kPa). By increasing the pressures, a marked increase in 
ethane adsorption selectivities is observed reaching Sads values 
of 1.54 (631 kPa), 1.67 (698 kPa) and 2.01 (758 kPa) for DMOF, 
DMOF-DM and DMOF-TM, respectively. The very low 
selectivities at low pressures can be in part attributed to the 
intrinsic measurement error of the instrument. Notably, Ma et 
al. also obtained low adsorption selectivities via IAST at low 
pressures for the Ni analogues using 1:15 C2H6:C2H4 mixtures in 
their calculations.70 The selectivity values also considerably 
increased with an increase in the overall pressure. 
For comparison with the selectivities from coadsorption we also 
determined IAST selectivities in the range from 0-3000 kPa at 
298 K for 1:1 and 1:9 ethane/ethylene mixtures (Figure 8c and 
d). Interestingly, the general trend in the coadsorption 
experiments suggests that the selectivity increases with an 
increase in pressure, however from the IAST studies a decrease 
in selectivity is observed for DMOF and DMOF-TM with an 
increase in pressure. For the material DMOF-DM in the range 
from 100-500 kPa an increase in selectivity is observed and then 
following in the range from 500-3000 kPa a slight decrease in 
selectivity is observed. For binary mixtures the IAST selectivities 
amount to 1.48 at 200 kPa and 1.27 at 1700 kPa, compared to 
values of 1.39 and 1.53 at these pressures derived from 
coadsorption. Hence, at 1700 kPa a 17 % difference between 
the selectivities derived through different methods is observed. 
When the pressure is further increased to 3000 kPa, IAST yields 
a low selectivity of only 1.2 for DMOF. For DMOF-DM these 
differences are not so pronounced. At low pressures (~100 kPa) 
the IAST selectivity amounts to 1.69, while the selectivity 
determined through coadsorption only amounts to 1.53. At 
higher pressures (~1700 kPa), the values are coinciding very 
well, amounting to 1.79 (IAST) and 1.76 (coadsorption). At 3000 
kPa the IAST selectivity is 1.75. For DMOF-TM the low pressure 
selectivity determined from IAST at 100 kPa is 2.14 while the 
coadsorption at this pressure only amounts to 1.89, which is a 
12 % difference. Finally, at high pressures the IAST and 
coadsorption are very similar, amounting to 1.93 and 1.96, 
respectively, at 1700 kPa. The IAST values determined from the 
low pressure and high pressure sets of isotherms are very 
similar for the materials, except for the case of DMOF-TM, 
where the IAST at 100 kPa is determined as 2.14 (high pressure 

isotherms) and 1.88 (low pressure isotherms). For the 1:9 
mixtures generally the IAST values are always higher than the 
values obtained through coadsorption. Particularly at low 
pressures, the IAST and coadsorption selectivities do not match 
well at all. For instance, at ~100 kPa, DMOF has an IAST 
selectivity of 1.76, while the value from coadsorption amounts 
to only 0.79. A similar observation was made for DMOF-DM, 
where the selectivity from coadsorption amounted to 0.80 and 
the IAST selectivity is more than double with 1.66. For DMOF-
TM, this discrepancy is not as severe, with a IAST selectivity of 
2.16 and a coadsorption selectivity of 1.74 at 100 kPa, which is 
a difference of 19 %. At higher pressures (~900 kPa) the IAST 
selectivities and the selectivities derived from coadsorption are 
more similar to each other. In the case of DMOF these values 
are 1,65 (IAST) and 1.51 (coadsorption), for DMOF-DM 1.82 
(IAST) and 1.68 (coadsorption) and for DMOF-TM 2.05 (IAST and 
1.98 (coadsorption). 

Comparison with the Literature 

To set this work into context, we compared the results with 
pertinent examples from the literature (Figure 9).35, 37-39, 70, 75, 87-

88, 90-99 A table with key properties of ethane selective MOFs can 
be found in supporting information (ESI Table S9). In general, a 
balancing act between uptake and selectivity needs to be 
overcome. High selectivity materials tend to have lower 
uptakes, for instance the top performers MAF-49 and Cu(Qc)2 
have among the highest reported ethane selectivities for 1:1 
mixtures at 100 kPa amounting to 2.7 and 3.45, however their 
ethane uptakes from the mixture are considerably low with 1.21 
and 1.65 mmol g-1 which might hamper the ethylene 
production. Materials that show similar selectivities and ethane 
uptakes to our material are MUF-15 and PCN-250, which have 
selectivities of 1.96 and 1.85 and feature ethane uptakes of 3.13 
and 2.96 mmol g-1. The selectivities of DMOF-TM amount to 
1.89 for a 50:50 mixture of ethane and ethylene while taking up 
2.98 mmol g-1 of ethane at 91 kPa and increase to 1.96 at 1001 
kPa with an ethane uptake of 3.85 mmol g-1. The steady increase 

Figure 9: Comparison of the ethane uptake vs C2H6/C2H4 adsorption selectivity for high 
performance MOFs. Grey squares symbolize values from the literature derived from IAST 
theory for equimolar binary mixtures at 100 kPa. Red circles represent values for DMOF-
TM obtained through coadsorption measurements at different pressures. 
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of uptake without losing selectivity with increased pressure, 
suggests the potential for driving separations at higher 
operating pressures with the probability of an increased 
throughput. Another metric that is sometimes discussed in the 
literature is the separation potential ΔQ which sets the capacity 
and the selectivity into relation.100 The top performing materials 
here are Fe2(O2)dobdc and CPM-73397 with values of 1.93 and 
1.88 at a pressure of 1 bar for an equimolar mixture. 
Interestingly DMOF-TM shows only a low separation potential 
of 0.78 at 91.14 kPa, however this dramatically increases to 1.95 
at high pressures (1637 kPa) making this material compatible 
with other top performers. Particularly, considering that the 
ethane adsorption isotherms do not reach saturation uptake at 
100 kPa which is used in many studies for benchmarking, a lot 
of materials’ performance might be boosted through 
movement to a different pressure regime, which is anyhow 
more amenable for industrial applications.101 

Conclusion 
In this contribution we present a series of three pillared-layered 
MOFs based on Zn2 paddle-wheels, dabco pillars and three 
different benzenedicarboxylate based linker molecules which 
only differ in the amount of –CH3 groups attached to the 
benzene core. Adsorption isotherms of the materials show a 
preferential uptake of ethane over ethylene. Whereas the slope 
of the adsorption isotherms is getting steeper with an increase 
in methylation, most likely through the better confinement of 
the guest molecules in the pore space. Calculation of Qst via the 
Clausius-Clapeyron equation also provide higher isosteric heats 
of adsorption for the tetramethyl functionalized material, 
DMOF-TM. Molecular Simulations were used to identify 
favourable adsorption sites and were able to highlight the 
benefit of the methyl groups which form a pocket that strongly 
adsorbs ethane molecules. High pressure adsorption 
measurements until pressures of 3000 kPa were conducted to 
see how higher pressures affect the adsorption properties and 
selectivities. Interestingly it can be concluded that by increasing 
the adsorption pressure the selectivity increases until reaching 
a plateau which is kept in all cases over the whole pressure 
range. Notably, the ethane uptake is increasing over the whole 
pressure range. This suggests that the materials can maintain at 
higher pressures the selectivity while improving the throughput 
of a reactor bed. We believe that it is crucial to look at 
adsorption selectivities beyond 100 kPa also in the case of 
adsorptive hydrocarbon separation to identify the usable 
parameter space for engineers when developing real-life 
application of research-sorbents using pressure swing 
adsorption with a good working capacity. Further, the 
implementation of methyl groups might also be a viable design 
element for the construction of dual function MOFs which can 
separate ethane and acetylene simultaneously from ethylene 
streams. 
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