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Introduction
The separation of light hydrocarbons is a key step in the petro-
leum refining process. A classic and widely used approach for 
hydrocarbon separation is fractional distillation [1], which is 
energy-consuming and can be inefficient for mixtures with 
very similar boiling points. This consideration led to the 
development of zeolites [2–4], a type of porous materials in 
which one of the main driving forces for separation is the dif-
ference in adsorption energies between guest molecules and 
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Metal–organic frameworks (MOFs) have received significant attention thanks to their promising features 
in the storage and separation of guest molecules. MOFs without open metal sites are emerging as they 
are often less susceptible to poisoning compared to those with open metal sites. However, a complete 
understanding of the binding and gas separation mechanisms in such materials is still missing. In this 
work, we perform a comparative study of two classes of vanadium-based MOFs without open metal sites: 
MFM-300-V(III) and MFM-300-V(IV) , as well as MIL-47-V(III) and MIL-47-V(IV) . We employ first-principles van 
der Waals density functional theory to find the optimal binding conformations and binding energies of 
a series of small hydrocarbons within the pores of the aforementioned MOFs. Our study provides insight 
into the host–guest interactions in such MOFs without open metal sites, especially the role played by the 
bridging hydroxyl group ( µ2–OH). We conclude that the bridging –OH group acts as a pseudo open metal 
site in these MOFs.
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the zeolite [5–8], i.e., the “adsorptive separation.” As another 
type of porous materials, metal–organic frameworks (MOFs) 
[9–11] have attracted much attention in many areas, such as 
carbon capture [12–14], catalysis [15, 16], precursor in syn-
thesis [17–19], hydrogen storage [20, 21], and gas separa-
tion [22–28]. MOFs feature great tunability in pore size and 
shape [29, 30], owing to the rich chemical space that one can 
explore by combining different linker molecules with differ-
ent metal centers [31, 32], and are thus excellent candidates 
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for the adsorptive separation of gas molecules such as small 
hydrocarbons [33–35].

Most MOFs feature open metal sites, i.e., coordinatively 
unsaturated metal atoms [36], which tend to interact strongly 
with π orbitals of guest adsorbates. Such a binding preference 
leads to the separation of CO2 , C 2H2 , and CH4 using MOF-74 
[37], O 2/N2 separation using different MOFs [38, 39], metha-
nol/acetone separation using M-BTC [40], flue gas separation 
[41] using MOF-74, among others. In the context of hydrocar-
bon separation, the same concept explains the separation of 
olefins from paraffins [42–46]. However, for MOFs with open 
metal sites, it is reported that there could be a rapid loss in the 
activity after adsorbates are bound to MOFs, resulting in the 
poisoning of the metal center and a reduction of the uptake 
capacities of adsorbates [41, 47]. To overcome this issue, MOFs 
without open metal sites have been developed, with prominent 
examples being NOTT-300-Al [48, 49], MFM-300 series with 
various metal centers [50–54], and MIL-47-V [55, 56]. However, 
a fundamental understanding of the binding and gas separa-
tion mechanism at the atomistic level in such MOFs, as well 
as a comparison between different MOFs without open metal 
sites are still missing. To this end, insights from accurate first-
principles calculations are needed.

In this work, we employ first-principles density functional 
theory (DFT) [58, 59] with a van der Waals (vdW) functional, 
vdw-DF-cx [60], to study the binding and separation of four 
small hydrocarbons—methane (CH4 ), ethane (C2H6 ), ethene 
(C2H4 ), and ethyne (C2H2)—in two families of MOFs without 
open metal sites, namely the MFM-300-V family [61] and the 
MIL-47-V family [56], both featuring vanadium as the metal 
center. These MOFs have similar local coordination chemistry 
near the metal center, and the MFM-300-V family has been 

experimentally studied for hydrocarbon separation [61]. Within 
each family, we study two isostructural MOFs with the same 
topology and connectivity, where the only difference is the oxi-
dation state of vanadium: V (III) and V (IV) , respectively. Therefore, 
we perform a comparative study of four MOFs: MFM-300-V(III) , 
MFM-300-V(IV) , MIL-47-V(III) , and MIL-47-V(IV) . We par-
ticularly focus on the local binding geometries of unsaturated 
hydrocarbons, and use binding energies to explain the experi-
mental trends in hydrocarbon separation. We then attribute the 
differences between MFM-300-V and MIL-47-V to their dif-
ferent structures. We believe that such a comparative computa-
tional study provides insight into a microscopic understanding 
of gas binding within MOFs without open metal sites and guides 
future materials design.

Figures 1a–d display all MOF structures studied in this 
work, where we show one simulation cell for each MOF. MFM-
300-V(IV) [MIL-47-V(IV) ] is the oxidized counterpart of MFM-
300-V(III) [MIL-47-V(III) ]. Figure 1e highlights the local bind-
ing geometry near two neighboring vanadium atoms in both 
MFM-300-V(III) and MIL-47-V(III) structures, where one can 
see an –OH group bridging two vanadium atoms, i.e., a µ2-OH. 
It also shows that the coordination chemistry in that region is 
the same for both the MFM-300 family and the MIL-47 family. 
Each vanadium atom is coordinated with four organic linkers 
and two bridging –OH groups, and every adjacent pair of vana-
dium atoms share three functional groups bridging them: two 
carboxylate groups in the organic linkers and one µ2-OH. Fig-
ure 1f highlights the local binding geometry near two neighbor-
ing vanadium atoms in both MFM-300-V(IV) and MIL-47-V(IV) , 
where one can see an oxo group bridging two vanadium atoms 
(i.e., a µ2 -O atom) instead of the µ2-OH, which is the only 
structural difference between V (III) and V (IV) MOFs of the same 

Figure 1:   Structures of the four MOFs studied in this work: (a) MFM-300-V(III) ; (b) MFM-300-V(IV) ; (c) MIL-47-V(III) ; and (d) MIL-47-V(IV) . Black boxes denote 
the simulation cells. (e) Zoomed-in view of the bridging hydroxyl group ( µ2-OH) connecting two V (III) atoms in (a) and (c). (f ) Zoomed-in view of the 
bridging oxo group ( µ2-O) between two V (IV) atoms in (b) and (d). (g) the organic linker used in (a) and (b). (h) the organic linker used in (c) and (d). 
Color Code: C-brown; H-light pink; O-red; V-magenta. All figures in this paper are rendered using VESTA [57].
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family. Figure 1g shows the organic linker present in the MFM-
300-V family, the biphenyl-3,3’,5,5’-tetracarboxylic acid. MIL-
47-V(III) and MIL-47-V(IV) possess the so-called “wine-rack” 
motif [62] and feature terephthalic acid as the organic linker, 
shown in Figure 1h. The structural differences between the 
MFM-300 and the MIL-47 families as well as between the V (III) 
and V (IV) MOFs of the same family lead to differences in the 
binding with unsaturated hydrocarbons, as we discuss below.

For each MOF, we consider two binding sites for the guest 
hydrocarbon molecules. Reference [61] pointed out that there 
are two distinct binding sites within the MFM-300 family based 
on neutron powder diffraction (NPD) experiments, which we 
adopt in this work. Using C 2H2@MFM-300-V(III) as an example 
(in this paper, we use the “@” sign to denote molecules adsorbed 
in the pores of a MOF), we show the two binding sites in Fig. 2a, 
b. At site 1, the molecules are located close to the bridging –OH 
groups between two vanadium atoms [c.f. Fig. 1e]. At site 2, the 
molecules are located close to the organic linkers. Similar bind-
ing sites exist for MFM-300-V(IV) . For a direct comparison, we 
adopt the same two binding sites in our study of MIL-47-V(III) 
and MIL-47-V(IV) , which are shown in Fig. 2c, d using C 2H2

@MIL-47-V(III) as an example. Since the local coordination 
chemistry is the same for both MFM-300 and MIL-47 near the 
vanadium atoms, their differences in binding with guest mol-
ecules must arise from the linker, providing insight into struc-
ture–property relationship.

The paper is structured as follows: In “Results and discus-
sion” section, we present our results on the binding with each 
type of hydrocarbons, followed by a discussion on the hydro-
carbon separation. We then provide a brief conclusion in “Con-
clusion” section. The computational parameters are detailed in 
“Methods”.

Results and discussion
Crystal structure

Table 1 reports lattice parameters from our geometry relaxa-
tions, for the four MOF structures without guest molecules. 
Our calculations are in good agreement with the literature: Ref. 
[56] reported that the lattice parameters of MIL-47-V(III) [MIL-
47-V(IV) ] are a =16.440 Å(17.434 Å), b =13.815 Å(13.433 Å), 
and c =6.886 Å(6.620 Å). Reference [63] reported that the lattice 
parameters of MIL-47-V(IV) are a =16.143 Å, b =13.939 Å, and 
c =6.818 Å. In Table S1 in the Supplementary Information, we 
report our calculated lattice parameters for all molecule@MFM-
300-V(III) and molecule@MFM-300-V(IV) structures, which are 
within 2% of known experimental values. The adsorption of 
guest molecules leads to nearly no change in lattice parameters 
compared to the original MOF. As shown in Fig. 1, MFM-300 
has roughly cylindrical pores, with diameters about 11.0 Å. 

MIL-47 has “wine-rack”-shaped pores due to the planar organic 
linkers, with pore sizes about 16.3 Å along the a direction and 
14.0 Å along the b direction.

When guest molecules are adsorbed within the pores of the 
MOFs, we consider a 1:1 ratio between the number of adsorb-
ates and the number of binding sites to ensure a fair comparison 
across different binding sites and MOF structures. As shown 
in Fig. 2, for MFM-300, we consider 8 molecules per unit cell 
with 4 molecules in each pore, due to the presence of 4 possible 
binding site 1 positions and another 4 possible binding site 2 
positions per pore. Experimentally, this loading corresponds 
to a gas pressure of 0.3-0.4 bar for the MFM-300 family with  
C 2Hn ( n = 2, 4, 6 ) [61]. For MIL-47, there are 4 (8) possible 
binding site 1 (site 2) positions in each unit cell. Furthermore, 
we consider all molecules within the pores occupying equivalent 
sites, i.e., all at site 1 or all at site 2. In reality, both sites could 
be simultaneously occupied especially at high gas pressure, and 

Figure 2:   Molecular adsorption sites within the pores of the MOFs. 
Here, we use the V (III) MOFs and the C 2H2 molecule as an example to 
show different adsorption sites. Similar sites for other combinations 
of MOF structures and guest molecules are shown in Figs. S1–S8 in 
the Supplementary Information. (a) MFM-300-V(III) binding site 1; (b) 
MFM-300-V(III) binding site 2; (c) MIL-47-V(III) binding site 1; (d) MIL-47-V(III) 
binding site 2. In (a) and (c), the guest molecules are located close to 
the bridging –OH groups. In (b) and (d), the guest molecules are located 
close to the organic linkers.

TABLE 1:   Calculated crystallographic parameters in Å. In our relaxations, 
we constrain the symmetry of the MFM-300 family as tetragonal, as 
determined experimentally [61].

We constrain the symmetry of the MIL-47 family as orthorhombic, con-
sistent with Ref. [56].

a b c

MFM-300-V(III) 14.996 14.996 12.100

MFM-300-V(IV) 15.012 15.012 11.840

MIL-47-V(III) 16.277 13.951 6.642

MIL-47-V(IV) 16.135 13.788 6.823
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the competition between the two sites can be described by a 
dual-site Langmuir model [64–66]. We comment that what we 
compute in this work are the limiting cases, which allows us to 
focus on the local binding mechanism at each site, rather than 
the kinetics of adsorption/desorption processes.

We show the calculated binding energy per molecule in kJ/
mol in Table 2, for each combination of MOF, hydrocarbon, and 
binding site. In the following subsections, we discuss the bind-
ing with saturated hydrocarbons (CH4 and C 2H6 ), the binding 
with C 2H4 , and the binding with C 2H2 , respectively, followed 
by a discussion of the implications on the hydrocarbon separa-
tion process. For each hydrocarbon adsorbate, we compare the 
performance among the four MOFs and aim to illustrate the 
structure–property relationship.

Binding with saturated hydrocarbons: CH4 and C 2H6

We first discuss the case of CH4 . Depending on the initial guess 
structure, our relaxations yield slightly different binding con-
formations for the molecules within the pores with very similar 
binding energies. The most stable binding conformations of 
CH4 at both binding sites of the MFM-300 (MIL-47) family are 
shown in Fig. S1 in the Supplementary Information, with the 
binding energies listed in Table 2. We see that for either MFM-
300 or MIL-47, the two binding sites do not lead to significantly 
different binding energies, and neither does the oxidation state 
of the vanadium atom. Such an observation strongly suggests 
that the binding is purely dispersive without much selectivity in 
terms of the binding orientation. The MFM-300 in general leads 
to about 10%-15% higher binding energy than MIL-47, perhaps 
due to the larger molecular weight of the MFM-300 framework, 
again affirming that the dominating mechanism in the binding 
between the MOFs and molecules is the dispersion interaction.

The above conclusions apply to C 2H6 , another saturated 
hydrocarbon with higher molecular weight. We show the most 
stable binding conformations of C 2H6 that we find during our 
relaxations at both binding sites of the MFM-300 (MIL-47) fam-
ily in Fig. S3 (Fig. S4) in the Supplementary Information, with 
the binding energies listed in Table 2. Same as CH4 , there is not 
much preference with respect to the binding site or the oxidation 
state of the vanadium atom. The values of the binding energies 

are about 1.5 times of the corresponding values for CH4 , and the 
binding energies in MFM-300 are again about 10%-15% higher 
than those in MIL-47. Based on these facts, we conclude that 
the directionless dispersion interaction dominates, similar to 
the case of CH4.

Binding with C 2H4

We show the most stable binding conformations of C 2H4 within 
the pores of MFM-300 (MIL-47) family in Fig. S5 (Fig. S6) in 
the Supplementary Information, with binding energies listed 
in Table 2. Here, in contrast to the saturated hydrocarbons, a 
preference in binding does arise. First, in both MFM-300 and 
MIL-47, the binding energies are similar at site 2, independent of 

TABLE 2:   The calculated binding 
energy per molecule in kJ/mol 
between each of the four MOFs 
and each of the four hydrocarbons.

For each MOF-hydrocarbon pair, we list results for the most stable conformation at each of the two binding 
sites.

Hydrocarbon CH4 C2H6 C2H4 C2H2

Binding site #1 #2 #1 #2 #1 #2 #1 #2

MFM-300-V(III) 32.1 29.8 46.5 47.6 44.8 43.1 44.1 40.5

MFM-300-V(IV) 31.1 29.9 45.1 46.5 43.0 43.1 40.6 41.4

MIL-47-V(III) 27.9 27.9 42.7 41.4 47.9 36.9 45.3 34.8

MIL-47-V(IV) 26.3 27.4 41.1 40.1 39.0 36.6 38.5 34.0

3.2 Å

MFM-300-V(III)

MIL-47-V(IV)MIL-47-V(III)

(a) (b)

(c) (d)

4.1 Å

2.7 Å2.5 Å 2.5 Å

3.6 Å

MFM-300-V(IV)

Figure 3:   The most stable binding conformation of C 2H4 at binding 
site 1 in the four MOF structures: (a) MFM-300-V(III) ; (b) MFM-300-V(IV) ; 
(c) MIL-47-V(III) ; and (d) MIL-47-V(IV) . Only one molecule and the closest 
atoms near the binding site are shown to highlight the local binding 
environment. For a view of the full simulation cell, see Fig. S5 (Fig. S6) for 
MFM-300 (MIL-47).
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the oxidation state of vanadium. Second, in both MFM-300 and 
MIL-47, the binding energy at site 1 of the V (III) MOF is larger 
than both site 2 of the same MOF and site 1 of the V (IV) MOF, 
with the difference more pronounced (about 10 kJ/mol) for 
MIL-47, showing a strong binding preference. Third, for MFM-
300-V(IV) , the binding energy at site 1 is similar to that at site 2, 
while for MIL-47-V(IV) , the binding energy at site 1 is slightly 
larger than that at site 2, showing a weak binding preference. We 
explain all the above observations below with our calculations.

We first note that at site 2, the binding energies for the 
V (III) and V (IV) MOFs are almost identical, for both the MFM-
300 and the MIL-47 families. This is because the local struc-
tures of the V (III) and V (IV) MOFs are similar at the linker, 
where the binding site is located. The situation for site 1 is 
different. We show in Fig. 3 the local binding geometry near 
the bridging –OH or –O group for the most stable conforma-
tion, with pertinent bond distances marked. For MIL-47-V(III) 
(Fig. 3c), the C 2H4 plane is perpendicular to the bridging 
–OH connecting the two vanadium atom in a “side-on” con-
formation. The distance between the hydrogen atom in the µ2-
OH and the two carbon atoms in C 2H4 is about 2.5 Å, which is 
consistent with the typical bonding distance between an –OH 
group and a carbon–carbon double bond [67–69], with the 
interaction being electrostatic between the electronegative π 
electrons in the carbon–carbon double bond and the electro-
positive hydrogen in the -OH. The orientation, i.e., carbon pz 
orbital aligned with the -OH, also supports such a conclusion, 
making the binding directional.

For MIL-47-V(IV) (Fig.  3d), due to the absence of the 
hydrogen in the bridging group, the C 2H4 binds to the µ2 -O 
using one hydrogen atom in a “head-on” conformation, 
forming weak C-H· · · O hydrogen bond, whose binding is 
also directional. The distance between the hydrogen and the 
oxygen is 2.7 Å, consistent with typical C-H· · · O bond [70]. 
During our relaxation, we found other local minima where the 

C 2H4 rotates around the C-H· · · O, with similar binding ener-
gies (37-38 kJ/mol compared to the most stable 39.0 kJ/mol 
in Fig. 3d). As a comparison, the binding energy with MIL-
47-V(III) in Fig. 3c is 47.9 kJ/mol, suggesting that the C-H· · · O 
hydrogen bonding in C 2H4@MIL-47-V(IV) is weaker than the 
OH–π interaction in C 2H4@MIL-47-V(III).

The situation is quite different for the MFM-300 family. 
Figure 3a shows the binding conformation at site 1 of MFM-
300-V(III) , where C 2H4 does not bind to the bridging –OH 
using its π electrons as in MIL-47-V(III) (Fig. 3c), but rather, 
stay much further away from the MOF, with the distance 
between the hydrogen atom on the bridging -OH and the 
carbon atoms within C 2H4 around 4 Å. This length is greater 
than typical H-π bonding distance and the sum of the vdW 
radii of hydrogen and carbon atoms, suggesting that the H–π 
interaction may not be the dominating binding mechanism. 
During our relaxations, we have found other local minima, 
such as the one shown in Fig. 4a that is similar to the “side-on” 
binding with MIL-47-V(III) . However, even in this conforma-
tion, the distance between the hydrogen atom on the bridg-
ing -OH and the carbon atoms within C 2H4 is still about 4 
Å, unlike the case of MIL-47-V(III) . Furthermore, it yields an 
even lower binding energy (43.6 kJ/mol) compared to the one 
reported in Fig. 3a (44.8 kJ/mol). Note that this long distance 
between the C 2H4 molecule and the MOF does match results 
from the NPD experiment [61], where the OH-π distance is 
reported to be 3.74 Å.

To understand the nature of  the binding of  
C 2H4 at site 1 of MFM-300-V(III) (Fig.  3a), we plot in 
Fig.  5a the change of total charge density upon binding, 
i . e . ,  �ρ = ρ(molecule@MOF)− ρ(MOF)− ρ(molecule) . 
ρ(molecule@MOF) is the charge density of the composite 
system, ρ(MOF) is the charge density of the MOF alone, and 
ρ(molecule) is the charge density of all the molecules. All these 
quantities are calculated using the same atomic positions and 
simulation cell of the relaxed molecule@MOF system, so no 
effects of the geometry change are taken into account. Blue 

(a) (b)

Figure 4:   Secondary binding conformation of C 2H4 at (a) site 1 of MFM-
300-V(III) and (b) site 1 of MFM-300-V(IV) . These conformations lead to 
slightly lower binding energies than those shown in Fig. 3. Only one 
molecule and the closest atoms near the binding site are shown to 
highlight the local binding environment.

Figure 5:   The charge density difference upon binding, �ρ , for C 2H4 at (a) 
site 1 of MFM-300-V(III) and (b) site 1 of MFM-300-V(IV) . Blue (yellow) color 
indicates electron charge accumulation (depletion) upon binding. The 
same isosurface value is used for both panels.
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(yellow) blobs indicate positive (negative) �ρ , i.e., electron 
charge accumulation (depletion) upon binding. From this fig-
ure, one can see that although the molecule is located at site 
1, the bridging –OH groups only play a marginal role in the 
binding. Rather, the main binding mechanism is the interaction 
between the C 2H4 and part of the side chains in the MOF—
perhaps via a π − π interaction—similar to the case of site 2 
binding. It explains why the binding energy is not significantly 
larger than that at site 2 for this MOF (44.8 kJ/mol at site 1 and 
43.1 kJ/mol at site 2).

For MFM-300-V(IV) (Fig. 3b), the binding conformation is 
similar to that of MIL-47-V(IV) (Fig. 3d), where the C 2H4 binds 
to the MOF using one hydrogen atom in a “head-on” confor-
mation. However, the distance between the hydrogen atom in  
C 2H4 and the bridging –O atom of the MOF is 3.2 Å, about 
0.5 Å larger than that in MIL-47-V(IV) . This distance of 3.2 Å is 
also larger than the typical bonding distance in a weak C-H· · · O 
hydrogen bond [70–72]. A secondary binding conformation is 
shown in Fig. 4b, with slightly lower binding energy [40.9 kJ/mol 
compared to 43.0 kJ/mol in Fig. 3b]. To understand the binding 
mechanism in Fig. 3b, we again plot �ρ , in Fig. 5b. Similar to 
Fig. 5a, the C 2H4 mainly interacts with the side chains, explain-
ing the fact that the binding energy at site 1 (43.0 kJ/mol) is 
almost identical to that at site 2 (43.1 kJ/mol).

To conclude this section, the bridging –OH in MIL-47-V(III) 
leads to a strong binding preference with C 2H4 compared to 
the site 2 of the same MOF (11 kJ/mol difference) or the site 
1 of MIL-47-V(IV) (8.9 kJ/mol difference), while the bridging 
–O atom in MIL-47-V(IV) leads to a weak binding preference 
compared to the site 2 of the same MOF (2.4 kJ/mol difference). 
For the MFM-300 family, the effect of the bridging –OH or –O 
group on the binding preference is much weaker than that in 
the MIL-47 family. We attribute the difference in the binding 
properties of these two families of MOFs to their structural 
difference. From Fig. 1c, one can see that in MIL-47-V(III) , the 
bridging –OH is readily accessible to a guest molecule adsorbed 
in the pore, due to the wide angle that the linkers form in this 
“wine-rack” topology. The two carboxylate groups in the linker 
are in para position of each other (Fig. 1h), making the linker 
effectively linear. In contrast, in MFM-300-V(III) , the carboxylate 
groups in the linker are in meta position of each other (Fig. 1g). 
As a result, these carboxylate groups lead to steric hindrances 
near the bridging –OH groups (Fig. 1a), preventing a close 
contact between an adsorbed molecule within the pore and the 
bridging –OH group in the MOF.

Binding with C 2H2

In line with the discussion of the C 2H4 binding, we discuss both 
the binding energies and binding conformations when C 2H2 is 
adsorbed in the pores of the four MOFs. The most stable binding 

conformations are shown in Fig. S7 (Fig. S8) in the Supplemen-
tary Information for the MFM-300 family (MIL-47 family), with 
binding energies listed in Table 2. The overall trend is similar 
to that of C 2H4 : First, for the same family, either MFM-300 or 
MIL-47, the binding energies at site 2 of both the V (III) MOF and 
the V (IV) MOF are similar. Second, the binding energy at site 1 
of the V (III) MOF is significantly larger than the V (IV) counter-
part, due to the directional binding between the bridging –OH 
present in the V (III) MOF and the carbon–carbon triple bond. 
Third, for MFM-300-V(IV) , the binding energy at site 1 is similar 
to that at site 2, while for MIL-47-V(IV) , the binding energy at 
site 1 is slightly larger than that at site 2. Below we elaborate on 
the second and third points, particularly focusing on the differ-
ence between C 2H2 and C 2H4.

Figure 6 highlights the most stable binding conformations 
of C 2H2 at binding site 1 in the four MOF structures studied 
in this work, where we list the distances between the adsorbate 
molecule and the MOF. In MIL-47-V(III) (Fig. 6c), the C 2H2 and 
the bridging –OH are approximately in the same plane, with the 
O-H bond perpendicular to the linear C 2H2 molecule. This con-
formation suggests that the MOF binds C 2H2 via a H–π inter-
action, similar to the situation of C 2H4 . The distances between 
the hydrogen atom in the –OH and the carbon atoms in the 
triple bond are 2.4 Å, slightly shorter than the H–π distance 
with a carbon–carbon double bond [67]. The binding situation 

(a) (b)

(c) (d)

Figure 6:   The most stable binding conformation of C 2H2 at binding 
site 1 in the four MOF structures: (a) MFM-300-V(III) ; (b) MFM-300-V(IV) ; 
(c) MIL-47-V(III) ; and (d) MIL-47-V(IV) . Only one molecule and the closest 
atoms near the binding site are shown to highlight the local binding 
environment. For a view of the full simulation cell, see Fig. S7 (Fig. S8) for 
MFM-300 (MIL-47).
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for MIL-47-V(IV) is also similar to that of C 2H4@MIL-47-V(IV) 
(Fig. 3d), where the hydrocarbon molecule binds to the MOF via 
a weak “head-on” C-H· · · O hydrogen bond. Due to the smaller 
steric hindrance in the hydrocarbon, C 2H2 binds closer (2.4 Å) 
with MIL-47-V(IV) than C 2H4 (2.7 Å).

For the MFM-300 family, the MFM-300-V(III) (Fig. 6a) binds 
the C 2H2 in a similar way as the MIL-47-V(III) does, i.e., –OH 
interacting with the π electrons in the carbon–carbon triple 
bond. However, the distances between the hydrogen atom and 
the carbon atoms are about 2.9 Å, which is close to the sum 
of the vdW radii of hydrogen and carbon atoms and hence at 
the limit of the interaction range. Our result is consistent with 
Ref. [61], where this distance was determined to be about 3.0 Å 
based on NPD results. The binding distance is closer than that of  
C 2H4@MFM-300-V(III) (Fig. 3a), likely due to the smaller steric 
hindrance of the linear C 2H2 molecule. Besides the attractive 
interaction between C 2H2 and the bridging –OH group, the 
�ρ plot in Fig. 7a shows additional contributions to the bind-
ing energy from the interactions between C 2H2 and the linker. 
Comparing with the case of C 2H4@MIL-47-V(III) (Fig. 5a), one 
can see small charge accumulation between the –OH and the π 
electrons in the C 2H2 , consistent with the fact that C 2H2 binds 
closer to the MOF than C 2H4 . Moreover, this attractive interac-
tion between the π electrons in the C 2H2 and the bridging –OH 
group makes the binding energy at site 1 (44.1 kJ/mol) larger 
than that at site 2 (40.5 kJ/mol).

For MFM-300-V(IV) , our relaxation shows that the most 
stable structure is a “side-on” conformation (Fig. 6b) with a 
very long (4.7 Å) distance between the bridging –O atom and 
the carbon–carbon π bond. This is consistent with the NPD 
results reported in Ref. [61], where this distance is determined 
to be greater than 4.83 Å. However, we do not expect such a 
long distance to give rise to any interaction between the C 2H2 
and the bridging –O atom (let alone the fact that this interac-
tion, if at all possible, must be repulsive because both species 
are electronegative). To understand the nature of the binding 

mechanism between C 2H2 and the MOF, we analyze the �ρ 
plot in Fig. 7b, which shows that the interaction between  
C 2H2 and the cluster around the vanadium atoms is negligi-
ble. Rather, the contribution to the binding energy is mostly 
from the interaction between C 2H2 and the linker, even when 
C 2H2 is located at site 1. It explains why the binding energy 
at site 1 (40.6 kJ/mol) is comparable to that at site 2 (41.4 
kJ/mol). We note in passing that we have computationally 
explored another “head-on” conformation (not shown) similar 
to that of C 2H2@MIL-47-V(IV) (Fig. 6d). However, that con-
formation leads to a much lower binding energy (36.4 kJ/mol) 
than Fig. 6b (40.6 kJ/mol), likely due to the lack of attractive 
interactions between the linker and the C 2H2.

Overall, the bridging –OH group in MIL-47-V(III) leads to 
a strong binding preference compared to the site 2 of the same 
MOF and the site 1 of MIL-47-V(IV) . Similarly, the bridging 
–O group in MIL-47-V(IV) leads to a weak binding prefer-
ence compared to the site 2 of the same MOF. However, such 
preferences are much weaker in the MFM-300 family. There 
is only a slight preference in binding at site 1 compared to site 
2 in MFM-300-V(III) due to the weak interaction between the 
bridging –OH and the π electrons in C 2H2 . From a binding 
energy perspective, there is not much selectivity between site 1 
and site 2 in MFM-300-V(IV) . We again attribute the difference 
between MFM-300 and MIL-47 to the local steric effects near 
the vanadium atoms, as we discussed at the end of “Binding 
with C2H4” section.

Implications on hydrocarbon separation

Experimentally, the separation of a mixture of two gases is 
characterized by the ideal adsorbed solution theory (IAST) 
selectivities as a function of total gas pressure, which are 
deduced from adsorption isotherms of the individual com-
ponents. To simulate IAST selectivities, one would typically 
need to carry out Grand Canonical Monte Carlo simulations 
[73, 74], which are beyond the scope of this work. Here, we 
attempt to infer qualitative trends on the separation of small 
hydrocarbons from our static calculations of binding energies. 
Admittedly, our analysis neglects the pressure and entropic 
effects. However, we believe that our calculations capture one 
of the most important factors, i.e., the binding preference 
between MOFs and hydrocarbons, which is central to the con-
cept of “adsorptive separation.” Furthermore, our calculations 
provide structure–property relationships for the two families 
of MOFs considered.

Reference [61] experimentally studied the IAST selectivi-
ties for the following equimolar mixtures: C 2H6/CH4 , C 2H4/
CH4 , and C 2H2/CH4 . It showed that MFM-300-V(III) features 
higher selectivity than MFM-300-V(IV) . For the difference in 
selectivities between the two MOFs, C 2H2/CH4 is the largest, 

Figure 7:   The charge density difference upon binding, �ρ , for C 2H2 at (a) 
site 1 of MFM-300-V(III) and (b) site 1 of MFM-300-V(IV) . Blue (yellow) color 
indicates electron charge accumulation (depletion) upon binding. The 
same isosurface value is used for both panels.
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followed by C 2H4/CH4 , and the C 2H6/CH4 selectivity values 
are almost identical for the two MOFs. Our binding energy 
results as listed in Table 2 correctly explain this trend: compar-
ing MFM-300-V(III) and MFM-300-V(IV) , the binding energies 
differ most in C 2H2 (at site 1), then in C 2H4 (at site 1), and 
the performances for the saturated hydrocarbons are almost 
identical. The preference in binding with unsaturated hydro-
carbons in the MFM-300-V(III) , although very weak based on 
the binding energies, originates from the bridging –OH group, 
as we discuss above. Additionally, Ref. [61] showed that the 
actual IAST selectivity values are the highest for C 2H2/CH4 , 
with C 2H6/CH4 slightly lower, and the lowest for C 2H4/CH4 , 
for both MFM-300-V(III) and MFM-300-V(IV) . We note that 
our binding energy results do not reproduce this experimental 
trend. Rather, the binding energy ratio is the largest for C 2H6/
CH4 and the smallest for C 2H2/CH4 , where the trend follows 
the molecular weight, reflecting the fact that the major bind-
ing mechanism is dispersion. One would need to consider the 
pressure and entropic effects in order to quantitatively repro-
duce the IAST selectivity values in experiment. For the same 
reason, our DFT binding energy results are consistently larger 
than the experimentally deduced isosteric heat of adsorption 
as reported in Ref. [61]. Nevertheless, our computed binding 
energies do reflect the qualitative trends in binding and sepa-
ration, as discussed above.

To the best of our knowledge, the MIL-47 fam-
ily has not been studied for similar small hydrocarbon 
separation experiments. Based on our findings, we pre-
dict that MIL-47-V(III) and MIL-47-V(IV) could also be 
used for hydrocarbon separation, similar to the MFM-
300 family. Furthermore, comparing the V (III) and V (IV) 
MOF in the MIL-47 family, their difference in bind-
ing energies with unsaturated hydrocarbons is larger 
than those in the MFM-300 family. Moreover, the two 
unsaturated hydrocarbons, C 2H4 and C 2H2  , give rise 
to larger binding energies with the V (III) MOF than  
C 2H6 , in contrast to the MFM-300 family. The larger bind-
ing energy is due to the strong binding preference between 
π electrons in the hydrocarbon and the bridging –OH in the 
MIL-47-V(III) . Such results indicate that the difference in 
IAST selectivities between the V (III) and V (IV) MOFs in the 
MIL-47 family might be greater than what has been experi-
mentally observed for the MFM-300 family in Ref. [61], and 
the actual values of the selectivities might be larger than the 
corresponding MFM-300 values, too. We emphasize again 
that these differences stem from the structural difference 
between the MIL-47 and MFM-300, where the former has 
less steric hindrance near the bridging –OH group or –O 
atom such that the binding distance is shorter than that in 
the MFM-300 and the binding is more directional.

Conclusion
In this work, we systematically studied the binding of four 
small hydrocarbons—CH4 , C 2H6 , C 2H4 , and C 2H2—with two 
families of vanadium-based MOFs without open metal sites, 
namely the MFM-300 and the MIL-47 families. For each fam-
ily of MOFs, we considered a structure featuring V (III) and its 
oxidized isostructural counterpart that contains V (IV) . For each 
MOF-hydrocarbon pair, we considered two binding sites, one 
near the bridging –OH or –O group that connects two neigh-
boring vanadium atoms, and another one located close to the 
linker. We carried out first-principles density functional calcu-
lations using the vdW-DF-cx functional, and demonstrated a 
preference in binding with unsaturated hydrocarbons at the site 
1 of the V (III) MOFs in both families. The preference is much 
stronger in the MIL-47 family than in the MFM-300 family, 
and we have attributed this difference to the dissimilarity of the 
linker in these two families. We conclude that although these 
MOFs do not possess open metal sites that typically lead to a 
preference in binding with π-electron-rich guest molecules, the 
bridging –OH or –O group acts as a pseudo open metal site that 
provides the necessary binding preference and selectivity. Our 
results explain existing hydrocarbon separation experiments 
from a binding perspective. We hope that the structure–prop-
erty relationship we unveiled in our work could shine light on 
future design of similar porous materials.

Methods
We start our geometry optimization using experimentally deter-
mined structures and atomic coordinates whenever available 
[61, 75]. All calculations employ the optimized norm-conserving 
Vanderbilt (ONCV) pseudopotentials [76, 77] and the vdW-DF-
cx functional [60] as implemented in the Quantum ESPRESSO 
package [78], with periodic boundary conditions along all direc-
tions. We note that a functional capturing van der Waals dis-
persion is required to accurately describe the binding between 
guest molecules and the MOF, as we have explicitly checked that 
the Perdew–Burke–Ernzerhof (PBE) functional leads to bind-
ing energies that are one order of magnitude smaller than those 
calculated using vdw-DF-cx, as expected. For MFM-300, the 
convergence study shows that a kinetic energy cutoff of 70 Ry 
and the Ŵ-point sampling converge the total energy per atom 
within 5 meV. Therefore, we use a kinetic energy cutoff of 90 Ry 
(to mitigate the Pulay stress) for variable-cell relaxations of these 
MOFs as well as the related molecule@MOF composite systems, 
where we fix the symmetry of the structure to be the experimen-
tally determined tetragonal [61]. The relaxation is considered 
complete when all forces are below 0.05 eV/Å and the pressure 
is below 0.5 kbar for the simulation cell. In another convergence 
study, we have checked that a 120 Ry kinetic energy cutoff and 
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a force criterion of 0.02 eV/Å lead to the same binding energy 
(within 0.1 kJ/mol) as the parameters used in this work.

For the MIL-47 family, we use the same kinetic energy 
cutoff as above and a k-mesh of 1 ×1× 2 for their variable-cell 
relaxations, where we fix the symmetry of the structure to be 
orthorhombic, which is the experimentally determined sym-
metry for MIL-47-V(IV) [55, 79]. For MIL-47-V(III) , the structure 
can be either monoclinic [55] or orthorhombic [56] depending 
on the preparation of the sample. We consider the orthorhom-
bic phase here to facilitate a direct comparison computationally. 
Additionally, there is one complication regarding the relaxations 
of the molecule@MIL-47 systems: Ref. [80] and others showed 
that the “wine-rack” type of MOFs could “breathe” (a significant 
change in lattice parameters) when guest molecules are adsorbed 
within the pores. However, Refs. [81, 82] reported the rigidity of 
MIL-47 upon adsorption of small hydrocarbons under typical 
gas pressures, where its lattice parameters are nearly unchanged. 
Here, we follow these works and fix the lattice parameters in all 
molecule@MIL-47 systems as those of the corresponding MIL-
47 [either V (III) or (IV) ], and relax all atomic coordinates.

Binding energies  are  ca lculated as  fol lowing: 
B.E. = E(MOF)+ nE(molecule)− E(molecule@MOF) , where 
n is the number of molecules adsorbed in the specific MOF. 
E(molecule@MOF) is the total energy of the fully relaxed com-
posite system where multiple guest molecules are adsorbed 
within the pores of the MOF (variable-cell relaxations for the 
MFM-300 family and fixed-cell relaxations for the MIL-47 
family); E(MOF) is the total energy of the fully relaxed MOF 
structure (variable-cell relaxation for each one); E(molecule) 
is the total energy of one fully relaxed hydrocarbon molecule 
placed in a 20Å× 20Å× 20Å simulation box, which we cal-
culate using a kinetic energy cutoff that is consistent with the 
corresponding MOF and molecule@MOF systems.

Lastly, we comment that all our conclusions above are built 
upon binding energies calculated using the vdW-DF-cx func-
tional. Materials featuring localized d-electrons are known to 
be problematic for standard local and semi-local functionals. To 
justify that our choice of the functional is indeed suitable for this 
class of material, we have computed binding energies for C 2H2

@MFM-300-V(III) and C 2H2@MFM-300-V(IV) at both binding 
sites using vdW-DF-cx0 [83], the hybrid version of vdW-DF-
cx. The binding energies vary within 5%-10%, with the trend 
unchanged. Such results indicate that our vdW-DF-cx results are 
reliable as far as the trends of binding energies are concerned.
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