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Abstract

The design and realization of highly selective nanoporous materials is necessary to target
critical separations across industrial communities. By leveraging pore size, pore shape, and linker
functionalization, the design of nanoporous solid adsorbents will enable the rapid production of
energy efficient separations materials for high value gas mixtures. This study uses a combination
of modeling, synthesis, and gas adsorption testing to investigate a new class of small pore
isostructural rare-earth (RE) DOBDC metal-organic frameworks (MOFs) (RE: Pr-, Gd-, Er-, Yb;
DOBDC = 2,5-dihydroxyterephthalic acid) and their adsorption selectivity for acetylene/ethylene
mixtures. Density functional theory (DFT) simulations identified that selective binding of
acetylene over ethylene in the Gd-, Er-, and Yb-DOBDC MOFs was due to hydrogen-bonding
between the acetylene and the linker hydroxyl. Adsorption experiments validated the
computational results by identifying mechanisms that control the acetylene/ethylene adsorption
selectivity and high acetylene adsorption. Furthermore, dynamic column breakthrough
experiments with the Gd-DOBDC MOF validated the simulations and indicate that ethylene can
be separated from acetylene in a mixture containing 1 vol% acetylene and 39 vol% ethylene
(balance argon). The results highlight the complexity of gas binding in functional porous materials
and how combining modeling and experiment enables a fundamental understanding of gas-

framework interactions that can be leveraged for design of future separation materials.



1. Introduction

Ethylene is the most widely produced petrochemical, with global consumption of over 172
million tons in 2021.! It serves as an essential raw material for polymer and chemical production,
and the current state-of-the-art production process is via steam-cracking of ethane and naphtha.?
However, during the process, acetylene is produced as an impurity, at approximately 1 mol % of
the product.? Reduction of the acetylene concentration to less than a few parts per million is
necessary for the ethylene product, as it can poison the catalyst during polyethylene production,
cause undesired polymerization, or form solid metal acetylides in the fluid stream.* 3

Currently, acetylene removal from ethylene/acetylene mixtures is achieved via four different
processes that suffer from low acetylene selectivity, high energy requirements, and large
equipment footprints.® However, adsorption using porous materials is an attractive alternative
technology for acetylene/ethylene separation due to a lower energy-demand separation process
based on selective adsorption of acetylene over ethylene. Among the many porous materials used
for light hydrocarbon separation,” metal-organic frameworks (MOFs) have tunable pore size, pore
functionality, and channel structures that can achieve high adsorption uptake and selectivity
necessary for gas separations.®

MOFs with small pore windows have separated acetylene through molecular sieving effects,
but their narrow pores can lead to low acetylene adsorption uptakes.> %!> Notably, acetylene
adsorption in SIFSIX MOFs has been studied extensively. The SIFSIX MOF family incorporates
the SiF¢2 units in the framework to introduce preferential acetylene binding over ethylene and
carbon dioxide. SIFSIX-1-Cu has preferential binding to acetylene through cooperative host-guest
and guest-guest interactions by ordered assembly in the pore channel. The small linker used in
SIFSIX-14-Cu-i forms a size selective framework that excludes ethylene almost completely with
an acetylene/ethylene adsorption selectivity of 6000. In SIFSIX-2-Cu-i, a relatively high
selectivity of 44.5 is achieved in a 1:99 v/v acetylene/ethylene mixture, attributed to the large heat
of adsorption for acetylene from hydrogen bonding between acetylene and SiF¢>-anions.!3-!°> This
shows that a small sized pore MOF with moderate heats of adsorption can be leveraged to design
a MOF for acetylene/ethylene separations.

RE-DOBDC (RE = rare earth, DOBDC = 2,5-dihydroxyterephthalic acid) MOFs are a
recently explored class of MOFs that show exceptional selectivity and durability to acid gases.!®

17 Prior studies have shown that this class of MOFs retains the same structure across the lanthanide



series, and that the pore window and pore volume can be tuned by the ionic radius of the
incorporated rare earth metal.!’-2° Additionally, variation in binding energies of acid gases (NO,,
SO,) was previously investigated across the a lanthanide DOBDC MOF series and found to be
sensitive to ligand-metal coordination in both periodic and gas-phase density functional theory
(DFT) simulations?! .

Here, we utilize a combined multidisciplinary effort of modeling, synthesis, and gas
adsorption testing to understand the structural parameters that govern acetylene/ethylene
separations using RE-DOBDC MOFs. The effect of pore size, pore shape, and pore functionality,
along with hydrogen bonding and steric hindrance on acetylene/ethylene separations were
analyzed. The MOFs were synthesized with DOBDC linkers and metals praseodymium (Pr),
gadolinium (Gd), erbium (Er), and ytterbium (Yb) to cover the range of rare earth element ionic
radii and evaluate the impact of structural variation of acetylene/ethylene adsorption. Control of
the RE-DOBDC MOF structure by incorporation of varying rare earth elements enables
investigation of the acetylene/ethylene adsorption equilibrium uptake and gas adsorption to

identify the source of variation in selectivity.

2. Materials and Methods
2.1 Computational Methods

For calculated gas adsorption geometries, ground state electronic structures were optimized
using spin-unrestricted density functional theory (DFT) simulations as implemented in the Vienna
Ab initio Simulation Package (VASP)??> 2 code in a plane wave basis set,>* with projector-
augmented wave (PAW) potentials.?> 26 Large core potentials (LCPs), which represent the M(III)
oxidation state and place the Ln 4f electrons in the potential core, with a 600 eV cutoff energy and
converged to a force accuracy of 0.03 eV/A, were used with a y point for k-point sampling. A
Gaussian smearing of 0.01 eV was used for smearing of the electron occupation. The generalized
gradient approximation (GGA) exchange correlation functional of Perdew—Burke—Ernzerhof
designed for solids and surfaces (PBEsol)>’ was chosen for consistency with recent successes in
RE-MOFs. 16 19: 28 The DFT-D3 method of Grimme et al.?® with Becke—Jonson damping3® was
added as a dispersion correction.

Based on previous studies, the following computational procedure was used as a reproducible

process for optimizing RE-DOBDC MOF structures when interchanging metals in the framework.
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16,28, 31 Tnitial geometries for the current calculation set were taken from previously reported bi-
dentate bound RE-DOBDC MOF structures.!” Four different RE-DOBDC MOF structures were
generated with M = Gd, Yb, Er, and Pr. The structural relaxation of RE-DOBDC MOFs is a
multistep process consisting of (1) optimization of atomic positions, (2) optimization of cell
volume and atomic positions, and (3) re-optimization of only the atomic positions. Recent reports
have indicated that the metal center includes fluorine instead of p;—O groups from synthesis with
a fluorine-containing modulator.?’- 32 Here, both the completely fluorinated and p;—O versions
were simulated and the final unit cell sizes are included in Table S1. Computational structures
were validated via comparison with simulated and experimental x-ray diffraction data, included in
the SI as Figures S1-S3. The final energies of the RE-DOBDC MOF structures were calculated in
reciprocal space for increased accuracy. Optimization of gas adsorption to the metal sites was
completed by placing the ethylene or acetylene molecule within a physisorption distance of 2-3 A
from the metal center. Two different starting positions were considered for the gas molecule, with
the molecule being parallel or perpendicular to the metal cluster, with only the lowest energy
binding configuration reported. The MOF system containing the gas molecule was then relaxed
using the same parameters listed above for the pure MOF system. The binding energies (Eg) of the
systems were calculated as Eg = Enior+gas — Emor — Egas With Eyor as the energy of the activated
MOF and Emorigs the energy of the MOF with the adsorbed gas species.®* Energy of the gas
molecule (Eg,s) was calculated by simulating a single gas molecule in a 20 A x 20 A x 20 A box,

consistent with previous methodologies.!”

2.2 Material Synthesis
All commercial reagents were used without any further purification. The RE-DOBDC MOFs

were synthesized solvothermally using previously published procedures.!”- 1° Synthesis conditions
for Pr-DOBDC is presented here; conditions for the other analogues are included in the Supporting
Information (SI). Praseodymium chloride (0.066 g, 0.188 mmol)and 2,5-dihydroxyterephathlic
acid (0.054 g, 0.275 mmol) were dissolved with sonication in N,N-dimethylformamide (4
mL). 2-fluorobenzoic acid (0.576 g, 4.11 mmol) was dissolved in N,N’-dimethylformamide (4
mL) and added to the salt solution. Water (2 mL) and nitric acid (0.6 mL, 3.5 M) were added to

the reaction mixture and heated at 125 °C for 120 hr in a 20 mL scintillation vial. The crystals



were collected by filtration, washed with N,N’-dimethylformamide (2 x 50 mL) and water (2 x 50
mL), and then dried on the filter with acetone (50 mL).

2.3 Powder X-Ray Diffraction

X-Ray diffraction measurements were performed on powdered MOF samples on a Malvern
PANalytical Alpha-1 Diffractometer with Cu Kal radiation (A = 1.54178 A) at room temperature,
with step size of 0.08° 26.

2.4 Single-Component Ethylene Adsorption Experiment

Samples were activated under high vacuum at 120°C for 16 h prior to gas adsorption isotherms
measurements. Single-component ethylene adsorption measurements were conducted on a
Micromeritics ASAP 2020HD surface area and porosity analyzer at 26°C. We were unable to test

pure acetylene isotherms, as our equipment was incompatible with this gas.

2.5 Dynamic Fixed-Bed Breakthrough and Desorption Experiment

Fixed-bed breakthrough experiments were carried out wusing a premixed
acetylene/ethylene/He (1/39.5/59.5, v/v) mixture (Airgas). MOF samples were packed in a
Swagelok 316SS tubing with a diameter of % inch and a length of 2 inches. Quartz wool was used
to fill the void volume in the tubing. Blank breakthrough experiments were run using quartz wool-
filled sample cells to capture the dead volume in the system. Then, MOF samples were loaded in
the sample cell and activated in situ at 120°C for 16 h under either helium or argon purge. The
acetylene/ethylene/He were fed into the sample cell, and the effluent gas composition was
measured using an in-line mass spectrometer. After the sample or blank cell was saturated with
the feed gas mixture, desorption experiments were conducted using helium purge. Similarly, the
desorption experiments were repeated with blank cells. The breakthrough and desorption

experiments were conducted at 23 + 0.5°C.

2.6 Zero-Length Column (ZLC) Experiment for Diffusivity Measurement

The intracrystalline diffusivities of acetylene and ethylene in the RE-DOBDC MOFs were
measured by the ZLC method. A small amount (2-4 mg) of MOF sample was set between quartz



wool layers in a Swagelok reducing union. The sample was pre-equilibrated with the analysis gas
mixture. The acetylene/ethylene ratio was maintained at 1/39.5 v/v, where the total hydrocarbon
concentration was controlled at 5% by mixing inert helium with the feed gas mixture. Typical
ethylene product from steam cracking contains 1 vol% acetylene and 99 vol% ethylene, but 39 vol%
ethylene was used here for safety reasons. At time zero, the gas flow was switched to pure argon
with flowrates varying from 10-35 sccm, and the effluent concentration was measured by a mass
spectrometer. The experimental technique is described in detail by Eic, Ruthven, Brandani, and
co-workers.’*36 A diagram for the ZLC setup is shown in Figure S4, and the desorption dynamics

are described by detailed equations in Section S1 Zero-length column (ZLC) diffusivity analysis.

3. Results and Discussion

3.1 Single Gas Binding Energies in RE-DOBDC MOFs

Molecular scale modeling of gas binding in the RE-DOBDC MOF was used to identify how
composition of the metal alters the gas-MOF interactions. The calculation of acetylene and
ethylene binding in the four RE-DOBDC MOFs structures is listed in Table 1. Overall, both
acetylene and ethylene are stable inside the RE-DOBDC MOFs with binding energies between -
57 kJ/mol and -28 kJ/mol. These binding energies are in the range of previously calculated binding
energies of acid gases, including SO,, NO,, and H,0, in RE-DOBDC MOFs.!7- 1 Among the RE-
DOBDOC structures evaluated, the Pr-DOBDC MOF is the only structure that has stronger ethylene
binding (-49 kJ/mol) than acetylene (-44 kJ/mol). In all other cases the acetylene binding is
stronger than the ethylene molecule by 18 kJ/mol for the Gd-DOBDC MOF to 8 kJ/mol for the
Yb-DOBDC MOF, as seen in Table 1. This difference in binding energies supports a general

thermodynamic favorability for adsorption of acetylene over ethylene.

Table 1. Binding energies (kJ/mol) of acetylene (C,H,) and ethylene (C,H,4) molecules in RE-
DOBDC MOFs (RE = Pr, Gd, Er, Yb) with p; oxygen (u3—O) or fluorinated (F) metal cluster.
“Mix” denotes a mixture of 30% p;—O and 70% fluorinated metal centers in the MOF as reported
in Ref??

Pr-DOBDC Gd-DOBDC Er-DOBDC Yb-DOBDC
wp—O| F | Mix [isO| F Mix | O | F | Mix | i3—O F Mix




CoH,| 44 [44] 44 [ 66 | 53| 57 | 57 [49] 49 [ 51 | 38 | 42
CoHy| 49 |49 49 | 45 [ 37| -39 | 32 [-39| 37 | 29 | 37 | -35

3.2 Acetylene/Ethylene Binding Sites

Changes in binding strength between the ethylene and acetylene arises from the number and
strength of the gas-MOF interactions. Three different interatomic distances were evaluated to
capture the variability of gas-MOF binding sites, shown in Table 2. First, M---H distances are used
to estimate gas-metal interactions. Next, H--O-H distances are used to identify hydrogen bonding
between the gas molecule and the hydroxyl on the DOBDC linker. Note that all these bond lengths
fall below the sum of the hydrogen and oxygen van der Waals radius (2.61 A), within the
commonly used definition of a hydrogen bond?’. Finally, the H--O, distance is the average distance
between the four oxygens that link the DOBDC to the metal cluster and the gas molecule.
Representative binding sites for ethylene and acetylene in the Gd-DOBDC MOF are included in
Figure 1.
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Figure 1: (a) acetylene and (b) ethylene binding in a Gd-DOBDC MOF demonstrating distances
and rotation of gas molecule relative to the cluster for acetylene and hydrogen bonding with the
hydroxyl on the DOBDC linker. Atom colors: carbon (gray), oxygen (red), fluorine (pink),
gadolinium (teal), hydrogen (white)

Analysis of these distances identified the driving factors for gas binding in the RE-DOBDC
MOFs. Data in Table 2 highlights that the RE-DOBDC MOFs with preferential acetylene binding
exhibit longer M--C and H--O, distances for acetylene than for ethylene. The result is that the
acetylene molecule sits closer to the center of the pore and farther from the metal cluster than
ethylene despite its smaller size. Therefore, some other interaction between acetylene and the MOF
is causing the increased binding strength.

The source of the stronger acetylene binding is found in the hydrogen bonds between the
acetylene and the hydroxyl on the DOBDC linker. As shown in Table 2, the shortest acetylene-
MOF bonds arise from the H--O-H distances and are consistently shorter than for ethylene. The
sp-hybridized C-H bond in acetylene is a stronger proton donor than the sp2-hybridized C-H bond
in ethylene®®, leading to stronger hydrogen bond between acetylene and the hydroxyl on the
DOBDC linker. Additionally, the length of the hydrogen bond is linearly correlated with its
binding strength, with shorter C--O bond lengths associated with increased hydrogen bond
strength®. In these RE-DOBC systems, the Yb-DOBDC MOF has a longer H-~O-H distance than



the other three RE-DOBDC MOFs, which is balanced by shorter H--O, distances (3.20£0.41 A).
The longer hydrogen bond distances in Yb-DOBDC MOF supports weaker acetylene binding
energies. Two competing binding sites exist in the RE-DOBDC MOFs, one with the hydroxyl on
the DOBDC linker that is stronger for acetylene than ethylene, and one interacting with the oxygen
linking the DOBDC to the metal cluster that is stronger for ethylene over acetylene.

Table 2: Binding geometries (A) for acetylene (C,H,) and ethylene (C,H,;) molecules in RE-
DOBDC MOFs (RE = Pr, Gd, Er, Yb) including interatomic distances between the molecule and
the metal center (M--H), the hydrogen bond length between the gas and a hydroxyl on the
neighboring DOBDC linker (H--O-H), and the average and standard deviation of the distance
between the gas molecule and the oxygen on the DOBDC linker that connect to the metal cluster

(H-Oo).

M:--C H-O-H H-O,
Pr | Gd| Er | Yb | Pr | Gd | Er | Yb Pr Gd Er Yb
3.25 328 | 332 | 3.20
+0.65 | +0.59 | £0.49 | +0.41
3.14 295 | 290 | 2.68
+0.51 | +£0.45 | £0.36 | +0.31

CH, | 373|404 |4.11|544|225|241|2.28|2.84

C,H, | 4.08 | 3.90 | 3.89|3.68 275|246 241 |2.28

3.3 Accessibility of the Metal Cluster

Analysis of the O-M-O bond angles in the RE-DOBDC MOFs was used to quantify
accessibility of the metal cluster for gas binding, with higher bond angles indicating greater
binding site accessibility. The largest O-M-O bond angles were for the Pr-DOBDC MOF with
values of 131.8+0.5° and the smallest was for the Yb-DOBDC MOF with O-Yb-O bond angles of
127.940.4°. The O-M-O bond angles in the Gd-DOBDC MOF (129.7+0.7°) and the Er-DOBDC
MOF (128.6+0.3°) fell in the intermediate range. Snapshots of the metal clusters including these
bond angles are included in the Supporting Information as Figure S5. Note that the variation in O-
M-O bond angles with pu3-O in the metal clusters was well within the standard error of the
parameter. For example, the O-Pr-O bond angle is 131.9+0.5° for the fluorinated Pr-DOBDC MOF
compared with 131.8+0.5° for the u3-O composition.



For ethylene adsorption the gas binding energies follow the trend of largest O-M-O bond angle
having the stronger gas binding. The RE-DOBDC MOF with the largest O-M-O bond angle, Pr-
DOBDOC, has the strongest binding energy of -49 kJ/mol and the RE-DOBDC MOF with the
narrowest O-M-O bond angle, Yb-DOBDC having the weakest binding energy of -35 kJ/mol.
Binding is by hydrogen bonding between the hydrogen on the ethylene and the oxygen either (i)
connecting the DOBDC linker to the metal or (ii) from the hydroxyl groups on the DOBDC with
limited direct interaction with the metal center.

For acetylene, three of the four RE-DOBDC MOFs follow the same trend of stronger binding
with a larger O-M-O bond angle including the Gd-, Yb-, and Er-DOBDC MOFs. The Pr-DOBDC
MOF is an outlier, with a weaker acetylene binding then would be predicted based on the O-M-O
bond angle. Further evaluation of acetylene binding structures in the Pr-DOBDC MOF identified
that acetylene has two hydrogen bonds by binding with hydroxyl groups from two different
DOBDOC linkers, as seen in Figure 2. Unlike the ethylene molecule, the acetylene molecule has
more rotational freedom when interacting with the MOF structure between DOBDC linkers, which
allows the acetylene molecule to form stronger hydrogen-bond structures with multiple hydroxyl
groups. Figure 1 includes snapshots of the acetylene in the Gd-DOBDC MOF and demonstrates
rotation of the acetylene molecule relative to the two DOBDC linkers. By contrast the ethylene
molecule is centered between them. The results highlight the complexity of hydrocarbon
interaction inside small pored RE-DOBDC MOFs and how even small variations in isostructural
MOFs caused by changing metal composition can have significant impact on the gas adsorption

energies.
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Figure 2: Snapshot of acetylene binding in Pr-DOBDC MOFs via hydrogen bond with two
hydroxyl groups on different DOBDC linkers. Atom colors: carbon (grey), oxygen (red),
praseodymium (blue), hydrogen (white)

3.4 Single and Multicomponent Experimental Gas Isotherms

Experimental single component ethylene adsorption isotherms were carried out to evaluate
the RE-DOBDC MOF adsorption capacity and are included in Figure 3. At partial pressures below
10 kPa, Gd-DOBDC showed the highest ethylene adsorption capacity, followed by the Pr- and Er-
DOBDC MOFs, and finally the Yb-DOBDC MOF. However, repeated ethylene isotherm
measurements showed that ethylene adsorption in Yb-DOBDC had large variances among
measurements, suggesting possible structural change during adsorption and desorption. Due to its
inconsistent isotherm measurements, it was not considered further for acetylene/ethylene
separation.

To evaluate the effect of MOF structure on gas adsorption and selectivity, the binary
adsorption capacities of acetylene and ethylene were measured experimentally using dynamic
column breakthrough experiments. The experimental selectivities for a binary acetylene and
ethylene mixture were calculated from the binary adsorption capacities. All four of the RE-
DOBDC MOFs studied are acetylene-selective from experimental results, with acetylene/ethylene

selectivities over one, as shown in Figure 4.
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Figure 3. Single-component ethylene adsorption isotherms on Pr-, Gd-, Er-, and Yb-DOBDC at

300K, listed in the order of descending metal ionic radius. The bottom plot is an enlarged section

of the isotherms between 0 and 10 kPa.
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Figure 4. Acetylene/ethylene adsorption selectivity as a function of the acetylene uptake of Pr-,

Gd-, Er-, and Yb-DOBDC in a 1 vol% acetylene/39 vol% ethylene, balance helium at 298 K.

Next, dynamic column breakthrough curve experiments were run using the Gd-DOBDC MOF,
results included in Figure 5. The results show that despite the low acetylene concentration in the
binary mixture (1 vol% acetylene), the acetylene has a longer retention time in the breakthrough
column compared to ethylene. This data indicates that the separation of acetylene and ethylene can
be achieved using the Gd-DOBDC MOF.

To accurately calculate the amount of acetylene adsorbed, blank breakthrough and desorption
experiments were performed using blank columns with the same dimensions (and filled with quartz
wool). The blank experiments were run under the same conditions as the sample breakthrough and
desorption experiments. The normalized concentrations in the effluent stream during the
desorption experiments are shown in Figure S6. It is reasonable to assume that acetylene and
ethylene are adsorbed via physisorption and are completely desorbed during the desorption
measurements. Thus, the amount adsorbed can be calculated by integrating the areas between the

two desorption response curves without the effect of the roll-up during adsorption.
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Figure 5. Fixed-bed breakthrough experiment response in Gd-DOBDC using 1 vol%
acetylene/39 vol% ethylene, balance helium at 298K. The feed gas flowrate is 2 sccm.

3.5 Acetylene and Ethylene Diffusivity Experiments

In addition to the strength of the adsorption sites, diffusivity has been reported as a critical factor
in kinetic separation performance of different MOFs.% In the RE-DOBDC MOFs studied here, the
triangular window sizes are larger than 6 A, while the kinetic diameters of acetylene and ethylene
are 3.3 A and 3.9 A, respectively. Therefore, molecular sieving effects are not expected from the
window and pore size decrease across the four MOFs studied. For that reason, the acetylene and
ethylene diffusivities were measured to explore the effect of metal substitution on gas diffusivity
in the isostructural MOFs.

The acetylene diffusivities were measured via ZLC using the 1 vol% acetylene / 39 vol%
ethylene mixture. The results of this experiment are shown in Figure 6. The acetylene diffusivity
was found to be the fastest in the Gd-DOBDC MOFs with a value of 7.1x10°!'5> m?%/s, and the
diffusivities in the Er- and Yb-DOBDC MOFs are similar within experimental errors. The result

indicates no dependency of acetylene diffusivity on the MOF window size. The estimated diffusion
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selectivities are minimal and suggest that the separation is largely occurring via the strength of the
individual gas binding sites, rather than diffusion of the gas molecules through the MOF

The ethylene diffusivity measured using the same acetylene/ethylene mixture is shown in Figure
S7. The ethylene diffusivity is the fastest in the Gd-DOBDC MOF among the four MOFs studied

with a value of 6.5x10-'> m?/s. Similar to acetylene, no window size dependency was seen in

ethylene diffusivities.
1.2x10™"

416 .9
4 -
] @
o 1.0x10™ + 114
& - | ——
I >
> 8.0x107"% - S
S £
> above: acetylene-selective —
N7 -'aéiawz'éfﬁ'y'iéﬁé:gé'uéaﬁ'v'éy/ % =) 101
=) o
= 6.0x107° 1 c
5 -1 0.8 9
1 . >
2 / £
@ 4.0x107 + 406 0
— ~~

=, ]
= | / 7 7 404 8
3] 7 Q9
<C 2.0x107'5 4 7 1 >
7 102 @©
] O
<

0.0 i : ; : ; : ‘ 0.0
S < < <
Q Q Q Q
O O @) @)
Q Q < Q
3 S < R\

Figure 6. Mixture acetylene diffusivity (gray bars) and acetylene/ethylene diffusivity ratio (red
square points) in Pr-, Gd-, Er-, and Yb-DOBDC, in order of decreasing pore size, measured at
298K and 1 bar using a 1/39 v/v acetylene/ethylene mixture. The total concentration of acetylene
and ethylene is 5 vol%, with helium as a balance gas. The error bars reflect the variation in slope

determination from the long-time asymptotes of the ZLC response curve.

4. Discussion

Understanding the complex mechanisms that control gas binding in porous materials
requires leveraging multiple scientific techniques, including simulation and experiment. In this

study, DFT simulations of gas binding sites as well as experimental gas adsorption isotherms and
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diffusivities are used to evaluate ethylene/acetylene separations through a series of isostructural
RE-DOBDC MOFs. By using isostructural porous materials, specific structural features that
provide the largest impact on gas separations can be identified for future design of new and
improved gas separation materials for targeted gas streams.

Interestingly, both the simulation and experimental results agree that the Yb-DOBDC MOF
has the lowest adsorption capacity driven by the weakest binding energy with the acetylene and
the ethylene molecules. Analysis of the Yb-DOBDC MOF structure identified that this MOF
composition has the narrowest O-M-O bond angle between the two linkers and the metal in the
cluster, resulting in the longest acetylene-metal interatomic distance and the weakest calculated
gas binding energies. Narrow O-M-O distances sterically limit the accessibility of the metal cluster
and decrease the available pore space, both of which limit gas adsorption.

Additionally, the absolute pressure of the gas in the experiments can affect the gas uptake
and create challenges when comparing simulation data and experiment. Based on the DFT
simulations of ethylene binding energies, the predicted gas adsorption trend for ethylene should
be Pr > Gd > Er > Yb. However, at 100 kPa the gas adsorption capacity exhibits the following
trend: Er > Gd > Pr > Yb. But at 10 kPa the adsorption capacity of the Gd- and Er-DOBDC MOFs
are flipped: Gd > Er > Pr > Yb and at even pressures lower than 3 kPa the trend changes again to
Gd > Pr> Er > YD (see Figure 3). As the pressure in the isotherm adsorption data drops, the results
become more consistent with the simulation data. The molecular scale simulations only include a
single gas molecule, making comparison with low pressure gas adsorption experiments more
representative of the simulation conditions. Moreover, additional effects such as gas-gas
interactions and pore sizes are likely to be a factor at higher pressure, which would alter the
adsorption mechanisms. These effects can be evaluated computationally but requires larger scale
simulation methods such as classical molecular dynamics to capture these effects.

For acetylene, the simulated binding energy and experimental gas adsorption data is more
consistent. Experimentally acetylene uptake follows the following trend Er > Gd > Pr > Yb,
compared with the following simulated acetylene binding energy trends: Gd > Er > Pr> Yb. This
may be due to the smaller size of the acetylene molecule, which allows it to access more pore space
and stronger binding sites with or near the metal center, and fewer competing adsorption

mechanisms such as hydrogen bonding with the DOBDC linker.
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Regarding selectivity, the comparison between simulation and experimental results can be
even more challenging, since changes in gas adsorption uptake occur at different pressures, as seen
in Figure 3. However, using computational methods, the difference in the binding energies provide
insight into sources of selectivity based on binding with or near the metal center. The predicted
selectivity trend is Gd > Er > Yb > Pr. Data in Figure 3 for experimental acetylene/ethylene
adsorption selectivity identifies the following trend: Gd > Yb > Er > Pr. Here the simulations have
captured the end members, with stronger acetylene binding over ethylene in the Gd-DOBDC MOF
and almost no difference in acetylene versus ethylene binding in the Pr-DOBDC MOF. This
suggests that for the highest and lowest selectivity, the strength of the binding site is the dominate
mechanism. In contrast, at intermediate selectivities for Yb- and Er-DOBDC MOFs, competitive
adsorption effects may be more pronounced, and these effects can be difficult to capture
computationally.

The combination of molecular scale simulation combined with experimental results is a
powerful method for understanding interactions between gases and porous materials. That is clear
for the current study of ethylene and acetylene adsorption in RE-DOBDC MOFs in which gas
binding varies strongly with the O-M-O bond angle in the RE-DOBDC MOF for ethylene, but that
hydrogen bonding with the hydroxyl on the DOBDC linker supports the stronger acetylene binding
over ethylene. It is this finer understanding of the role of linker functionality and gas binding to
the MOF framework that dominates the selectivity of acetylene gas over ethylene in these small
pored RE-DOBDC MOFs, contrary to a more identifiable selectivity method of molecular sieving
by pore size. Ultimately, molecular scale interactions with multiple aspects of the MOF, site
accessibility, linker functionalization, porosity, and gas diffusivity are all critical to fully

understanding how gases interact with porous functional materials.

5. Conclusion

In conclusion, this work investigated the acetylene/ethylene adsorption performance on
four isostructural rare-earth DOBDC metal-organic frameworks (RE-DOBDC), each with
substituted metal clusters. Inspired by previous literature showing the effect of MOF pore
geometry on the acetylene/ethylene adsorption selectivity, this work studied the influence of metal-
substitution in isostructural small pore RE-DOBDC (RE = Pr, Gd, Er, Yb) MOFs. The results

proved to be more complex than initially surmised. The binding energies of acetylene and ethylene
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were calculated using DFT simulations to identify mechanisms that control ethylene/acetylene
adsorption and selectivity. DFT calculations showed that both acetylene and ethylene were stable
in the RE-DOBDC MOFs, with higher acetylene adsorption in the Gd-, Er-, and Yb-DOBDC
MOFs. Furthermore, structural analysis of acetylene binding revealed that the acetylene adsorption
is dominated by hydrogen-bonding with the linker hydroxyl, while for ethylene binding is
controlled by the linker geometry around the metal center. Direct interaction with the metal center
does not play a major role in gas adsorption.

The experimental adsorption capacities were measured from single-component ethylene
adsorption up to 1 bar and dynamic breakthrough experiments of 1 vol% acetylene/39 vol%
ethylene mixture (with a balance of helium for safety considerations). The results showed that the
Gd-DOBDC MOF had the highest acetylene adsorption capacity and acetylene/ethylene
adsorption selectivity among the four MOFs studied. Findings from intracrystalline diffusivity
measurements indicate that the acetylene diffusivity is influenced by the relative ethylene binding
energy. As a result, greater differences in sorbate affinity result in enhanced diffusion selectivity.
Low pressure gas adsorption experiments validated the modeling since the gas-MOF interactions
are driven by the strength of gas binding sites within the MOF. At higher pressures the correlation
between modeling and experiment begins to break down to secondary effects that only occur at
higher pressures, such as gas-gas interactions and diffusivity of gases through the MOF framework.

Through evaluation of ethylene and acetylene adsorption with isostructural RE-DOBDC
MOFs, mechanisms of gas adsorption based on interaction with the functionalization of the linker
and linker geometry around the metal center was the driving force for selectivity. The results
highlight the complexity of gas binding in porous functional materials and the critical role that
combined modeling and experiment provide in developing a fundamental understanding of gas-

framework interactions that can be leveraged for design of future separation materials.

Supporting Information

Supporting information includes a description of the zero-length column (ZLC) diffusivity analysis
(Section S1), synthesis conditions for Gd-, Er-, and Yb-DOBDC MOFs (Section S2), optimized
ME-DOBDC MOF unit cell dimensions (Table S1), simulated and experimental x-ray diffraction
patterns (Figure S1-S3), set-up for the diffusivity measurement (Figure S4), snapshots of metal

clusters in the simulated RE-DOBDC MOFs (Figure S5), normalized outlet acetylene and ethylene
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concentration in fixed-bed desorption experiment of Gd- and Yb-DOBDC MOFs (Figure S6 and
S8), mixed ethylene diffusivity measurements (Figure S7), and normalized outlet concentration in

fixed-bed desorption experiments of Er- and Pr-DOBDC MOFs (Figure S9 and S10).
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