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Separation of linear, mono-branched, and di-branched isomers is critically important in the petrochemical

industry. In this computational study, we demonstrate that the ligand inserted Mg-MOF-74 structure leads

to a reverse selectivity effect (i.e. phenomenon that preferentially allows larger species molecules to

permeate in a gas mixture) of hexane isomers in the resulting material. Molecular dynamics simulations

suggest that strong confinement of the di-branched hydrocarbons in the small pores lead to reverse

selectivity. Over a magnitude difference in diffusivity between linear alkanes and their di-branched

isomers was observed, clearly showing the steric effects imposed by the pore structure.
In the petrochemical industry, separation of the hexane isomers
is an important process that removes impurities for fuel puri-
cation and the isolation of mixtures for applied further reac-
tion.1,2 The sieving of n-hexane and its branched isomers is
particularly interesting research because of the varying octane
numbers in the isomers affecting the gasoline production,3–5

and as such, it is imperative to facilitate separation of these
isomers. Unfortunately, this separation is particularly chal-
lenging due to the similar polarizabilities and chemical inert-
ness of the molecules, leading one to resort to highly energy
expensive distillation processes.1,6

The presently used methods such as molecular sieving using
zeolites and the conventional distillation processes still include
mixtures of the isomers that lowers the overall octane number7,8

compared to the pure di-branched molecule composition. To
discover the adsorbent materials that can completely separate the
isomers into their individual components, many researchers have
investigated adsorbent materials with an appropriate pore size
and shape.9–12 Recently, metal–organic frameworks (MOFs) have
attracted great deal of attention from the researchers due to their
potential applications in gas separations,13–20 CO2 capture,21,22

catalysis,23–26 water harvesting27–29 and several other applica-
tions.30–32 MOFs are crystalline microporous materials composed
of inorganic metal nodes and organic linkers33–35 and via
combining various metal clusters and organic linkers, MOFs can
be tuned specically to ideal shapes and pore chemical environ-
ment for targeted gas separations.36–38 This tunability allows one
to potentially design MOFs that are ideal for hexane isomers.
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Bárcia et al.39 rstly used MOFs called Zn(BDC)(DABCO)0.5
(MOF-1) to separate hexane isomers, although this MOF showed
low adsorption capacities. Also, Herm et al.12 synthesized a MOF
named Fe2(BDP)3 (BDP2� ¼ 1,4-benzenedipyrazolate), which
contain triangular pore channels that can discriminate hexane
isomers better than the commercial standard. More recently, Lv
et al.40 demonstrated that [Fe3(m3-O)(COO)6] and 2,2-bis(4-
carboxyphenyl)-hexauoropropane (6FDCA) have strong capa-
bility to separate n-hexane from its branched isomers on the
basis of a kinetically controlled molecular sieve separation.

Overall, conventional wisdom dictates that one would seek to
design materials whose pore limiting diameter can separate the
molecules of interest within the mixture. With that being said,
there have been few observances where the ordering based on
kinetic diameters is reversed (in what is called reverse selec-
tivity).41 Previous study by Bárcia et al.42 used the concept of
“length entropy” to describe the adsorption and separation
behavior in UiO-66(Zr). They showed that UiO-66(Zr) preferen-
tially adsorb branched alkanes over their linear isomer, in what
they called “reverse selectivity”. Moreover, Pan et al.43 described
the unusual reverse selective separation of n-butane from normal
hydrocarbons above C4 in a uorinated MOF with 1D channels.
Additionally, reverse selectivity has also been mentioned in
recent works with IRMOF-8 (ref. 44) and UiO-66@SiO2 (ref. 45)
with regards to linear and iso-alkane separation.

In our previous computational work, we designed the ligand
inserted MOF frameworks using the ligand insertion strategy.
Using computational analysis, these structures showed increase
in the working capacity of CO2 under humid ue gas condi-
tions,22 utility as a catalyst for enhanced ethane oxidation25 and
potential usage in water harvesting material.29 In the current
work, the dpt ligand inserted Mg-MOF-74 structures with 1-D
channel was used to examine the reverse selectivity of hexane
isomer and separation properties by considering mixtures of n-
hexane and its branched isomers (2,2-dimethylbutane, 2,3-
RSC Adv., 2020, 10, 22601–22605 | 22601
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Fig. 1 Illustration of pore space partitioned Mg-MOF-74 using ligands
2,4-di(4-pyridinyl)-1,3,5-triazine. (a) Viewed along z axis and (b) side
view of the channels showing the cylindrical channel.

Table 1 Kinetic diameters and maximum diameter of all hexane
isomers53,54

Name
Kinetic diameter
(�A)

Maximum diameter
(�A)

n-Hexane (nHEX) 4.3 10.3
2-Methylpentane (2MP) 5.0 9.4
3-Methylpentane (3MP) 5.0 9.4
2,3-Dimethylbutane (23DMB) 5.8 8.1
2,2-Dimethylbutane (22DMB) 6.2 8.1
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dimethylbutane, 2-methylpentane and 3-methylpentane). In the
context of the hexane isomer separation, the inserted ligand
nely tuned the shape and the size of the pores within the MOF
such that branched isomer can reverse selectively pass through
the MOF channel.

Optimization of the MOFs and the hexane isomer binding
energy calculations were conducted using the rst-principles
calculations through the density functional theory (DFT) as
implemented by the plane-wave pseudopotential approach in
Quantum Espresso.46 The second version of a van der Waals
dispersion-corrected density functional (vdW-DF2)47 was used
to describe the dispersion interactions. Ultraso pseudopo-
tentials were used for GGA and vdW-DF2 calculations. A 2� 2�
2 k-point mesh was used for the Brillouin zone sampling in the
reciprocal space. The kinetic energy and charge density plane-
wave cutoff were set to 30 Ry and 240 Ry, respectively.

All molecular dynamics simulations were carried out using
the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) program.48 In the simulations, the MOF structures are
set to be xed with the dpt ligand and the hexane isomers
considered to be exible, incorporating all intramolecular
motions such as bond vibrations, bond angle bending, and
torsional motions. All non-bonded interactions between the
atoms were calculated using the Lennard-Jones (LJ) potential.
Adsorbate–adsorbate and adsorbate–MOF interactions were
truncated at 14 �A and at 12.8 �A with analytical tail-corrections
applied for interactions beyond this cutoff distance, respec-
tively. The LJ parameters for the atoms of the MOF were taken
from the UFF49 and The TraPPE force eld were employed to
model the inter- and intramolecular interactions of the hexane
isomers as previous studies reported that thesemodels accurately
model the adsorption and diffusion properties of alkanes50 and
nHEX51 in the MOFs. Initially, all systems were equilibrated for 2
ns in an NVT ensemble, and aerwards, another 10 ns of simu-
lation was performed in the NVT ensemble during which the
equilibrated phase space trajectories were stored at every 10 ps.
These trajectories were then used to analyze the diffusion
behavior of the hexane isomers with the diffusion coefficients
calculated from the mean square displacements (MSD) of the
molecules using the Einstein's relation.

The ligand insertion strategy within the MOF-74 structure
can be used to recongure the pore space to enhance the
separation performance. To demonstrate this, a size-matching
regulated ligand (2,4-di(4-pyridinyl)-1,3,5-triazine (dpt)) was
inserted as shown in Fig. 1(a).

The insertion of 2,4-di(4-pyridinyl)-1,3,5-triazine (dpt)
ligands into the hexagonal channels of Mg-MOF-74 was
demonstrated in our previous theoretical study on catalyst for
ethane oxidation.25 In the previous work, the computed DFT
binding energy of the dpt ligand was�198.3 kJ mol�1 in the Mg-
MOF-74 structures, providing evidence that the ligands would
stay intact and not wash away, post synthesis. The dpt ligands
were inserted such that the distance between the two dpt
ligands is 8.3 �A along the channel direction in the z-axis
(Fig. 1(b)). In the alkane separations, congurational and length
entropy effects may act in a completely different manner. These
effects plays a bigger role for separating linear and branched
22602 | RSC Adv., 2020, 10, 22601–22605
alkanes in materials such as AFI52 and MOF-74 that have
cylindrical channels. Hence, it is important to consider both the
maximum diameter (i.e.molecular length)53 of the molecules as
well as kinetic diameter. As can be seen from Table 1, the kinetic
diameter of the hexane isomers increases with branching.
However, the maximum diameter is inversely correlated (for
example, nHEX has the largest maximum diameter despite
having the smallest kinetic diameter).

The mean squared displacement (MSD) analysis is a general
method to characterize mobility as it can help determine
whether a molecule is freely diffusing or bound and limited in
its movement. To demonstrate the gas molecule diffusivity,
MSD analysis was used for the hexane isomers (Fig. 2).

The mobility of the ve isomers in the 100% ligand inserted
MOF (where there is a ligand per every 6 metal sites in the
hexagonal plane of the channel) is largely dominated by the
isomer shapes. In general, the MSD (and the resulting self
diffusion coefficient) has an inverse relationship with the kinetic
diameter as molecules with the smallest kinetic diameters tend
to diffuse the slowest (Fig. 2). It turns out that the distance
between two neighbouring ligands (Fig. 1(b), along the z-axis,
measured to be D¼ 8.3�A) signicantly inuences the mobility of
hexane isomers. As noted in Table 1, nHEX is the longest mole-
cule (dnHex ¼ 10.3 �A), and 22DMB is the shortest one (d22DMB ¼
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Mean-squared displacement (MSD) of hexane isomer at 300 K
for 2 ns. Linear hexane (nHEX, red), 2-methylpentane (2MP, purple), 3-
methylpentane (3MP, blue), 2,3-dimethylpentane (23DMB, dark green),
and 2,2-dimethylpentane (22DMB, green) are shown respectively.
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8.1�A). When passing through the channel, nHEX suffer from the
hindrance because of congurational penalty as dnHex > D. On the
other hand, 22DMB can be packed more efficiently in each space
between the ligands within the channels as d22DMB <D. Due to the
discrepancy in the maximum diameter values for the hexane
isomers, the ligand inserted MOF has an unusual behavior in
which the di-branched hexane (2,2-dimethylbutane, 2,3-dime-
thylbutane) show higher diffusivity than mono-branched hexane
(3-methylpentane, 2-meythylpentane) and linear hexane (nHEX).
Finally, the results at a different temperature of T ¼ 433 K are
shown in the ESI† and qualitatively, the simulated data show
similar trends compared to the T ¼ 300 K case (Fig. S1†).

To visualize the trajectory of the hexane isomers, MD snap-
shots are presented in Fig. 3. The reverse selectivity largely
comes from nHEX (Fig. 3(a)) being “stuck” inside the cage
created between the two neighbouring ligands. With increasing
number of branches, it becomes easier for these branched
isomers to rotate vertically and diffuse through the channels
Fig. 3 (a) Snapshot of nHEX in dpt-Mg-MOF-74 at 300 K. (b) Snapshot
of 3MP in dpt-Mg-MOF-74 at 300 K. (c) Snapshot of 22DMB in dpt-
Mg-MOF-74. C (nHEX), C (3MP), C (22DMB), and H are shown in red,
blue, green and white colors, respectively. To better illustrate the
diffuse configurations, the cluster was zoomed in and exterior atoms
were omitted.

This journal is © The Royal Society of Chemistry 2020
(Fig. 3(b) and (c)). The double branched isomer has the shortest
length and thus can freely rotate, leading to relative fast diffu-
sion despite having the largest kinetic diameter (Fig. 3(c)).

Thus far, the computational simulations assumed that all of
the available metal sites within the MOF-74 structure were lled
with the ligands. Most likely, during experimental synthesis of
this material, it might be difficult to populate dpt ligands for all
of the metal sites within the MOF. As such, the proportion of all
available occupied sites was varied from 30 to 100% to see its
effect on the diffusion properties of the hexane isomers (Fig. 4,
and see Fig. S2–S5† for individual ligand proportion data).

Fig. 4 shows that the diffusivity of all of the hexane isomers
reduces with increasing proportion of the ligands. However, the
behavior for each of the isomers is different as at 30% (repre-
senting low occupancy of dpt ligand), the diffusion coefficient
values are pretty much the same for all the isomers as relatively
ample amount of space within the MOF materials lead to
similar diffusivity values. For materials with more than 40% or
more occupancy of the ligands, the gap in diffusivity between
the isomers become pronounced due to the hindrance effects
described earlier. From Fig. 4, one can see that the proportion of
the ligands plays a crucial role in maintaining the high reverse
selectivity and as such, dense occupancy of the ligands is
preferred.

Finally, diffusivity of pentane and heptane isomers were also
computed as a comparison with the hexane data to better
understand the role of the molecule size in the reverse selec-
tivity effect (see Fig. S6 and S7 in ESI†). Since pentane isomers
are smaller compared to the hexane isomers, linear pentane was
not affected by steric hindrance and the length entropy when
passing through the dpt-MOF channel, resulting in the diffu-
sivity ordering based on the kinetic diameter. For the heptane
isomers, the molecular size of the isomers is so large that all of
them have difficulty passing through the dpt-MOF channel,
which results in overall poor diffusivity.

In this work, we applied a ligand insertion strategy to modify
the MOF-74 structure and to introduce reverse selectivity of the
Fig. 4 Diffusivity versus inserted dpt ligand proportion in Mg-MOF-74.
The linear hexane (nHEX, red), 2-methylpentane (2MP, purple), 3-
methylpentane (3MP, blue), 2,3-dimethylpentane (23DMB, dark green),
and 2,2-dimethylpentane (22DMB, green), respectively.

RSC Adv., 2020, 10, 22601–22605 | 22603
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hexane isomers. Specically, we revealed that inclusion of
ligands in dpt-Mg-MOF-74 leads to reversed hierarchy (22DMB >
23DMB > 3MP > nHEX) due to the steric effects of the molecules
that becomes prominent in passing through the straight cylin-
drical channel. The ndings here illustrate the importance of
rational materials design in separating gas molecules that are
relevant to the petroleum industry.
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