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Abstract: The improvement of the Total Isomerization
Process (TIP) for the production of high-quality gasoline
with the ultimate goal of reaching a Research Octane
Number (RON) higher than 92 requires the use of
specific sorbents to separate pentane and hexane
isomers into classes of linear, mono- and di-branched
isomers. Herein we report the design of a new multi-
cage microporous Fe(III)-MOF (referred to as MIP-214,
MIP stands for materials of the Institute of Porous
Materials of Paris) with a flu-e topology, incorporating
an asymmetric heterofunctional ditopic ligand, 4-pyrazo-
lecarboxylic acid, that exhibits an appropriate micro-
porous structure for a thermodynamic-controlled sepa-
ration of hydrocarbon isomers. This MOF produced via
a direct, scalable, and mild synthesis route was proven to
encompass a unique separation of C5/C6 isomers by
classes of low RON over high RON alkanes with a
sorption hierarchy: (n-hexane@n-pentane�2-meth-
ylpentane>3-methylpentane)low RON@ (2,3-dimeth-
ylbutane� i-pentane�2,2-dimethylbutane)high RON fol-
lowing the adsorption enthalpy sequence. We reveal for
the first time that a single sorbent can efficiently
separate such a complex mixture of high RON di-
branched hexane and mono-branched pentane isomers
from their low RON counterparts, which is a major
achievement reported so far.

Purifying hydrocarbons with advanced separation processes
(e.g. adsorption, membranes, etc.) is crucial in petrochemical
industry due to the high energy penalty of the conventional
separation processes of chemical mixtures (e.g.
distillation).[1] In the manufacture of gasoline, its quality is
measured by the research octane number (RON) above 90,
fundamental for the efficient combustion of thermal engines.
A high research octane number (high RON—HRON) in
gasoline blends is closely related to the level of branched
pentane (C5) and hexane (C6) alkane molecules. With the
advent of manufacturing unleaded gasoline, cracking, alkyla-
tion, isomerization, and the use of additives are strategies to
increase the RON of gasoline to above 92. Regarding the
isomerization processes, e.g., the Total Isomerization Proc-
ess (TIP) from Universal Oil Products (UOP)[2–4] and the
analog Ipsorb/Hexorb process from Axens,[5–7] the catalytic
reaction where the linear alkanes (low RON—LRON;
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present in large amount in light naphtha) are isomerized to
branched alkanes is followed by a separation step in which
an adsorbent is used to completely separate the branched
alkanes from the unconverted linear alkanes. The output of
the isomerization reactor and the respective feed to the
adsorption separation unit are mainly composed of di-
branched alkanes: 2,2-dimethylbutane (22DMB; RON 94)
and 2,3-dimethylbutane (23DMB; RON 105), mono-
branched alkanes: 2-methylpentane (2MP; RON 74.4), 3-
methylpentane (3MP; RON 75.5) and i-pentane (iC5; RON
93.5), and linear alkanes: n-hexane (nC6; RON 30) and n-
pentane (nC5; RON 61.7).[2] The adsorption separation unit
in actual TIP processes uses zeolite 5A (LTA type) with 8-
ring apertures, which only separates the linear isomers (nC5
and nC6) from the branched ones (22DMB, 23DMB, 2MP,
3MP, and iC5), returning them back to the isomerization
reactor for further processing, while the other isomers are
removed as the final product. However, the presence of a
large amount of LRON mono-branched C6 isomers, 2MP
and 3MP (ca. 30%), is detrimental to the octane upgrading
of gasoline for RON values higher than 90. Therefore, it is
of great importance to develop new advanced adsorbents to
replace zeolite 5A and efficiently separate the high HRON
isomers (22DMB, 23DMB, and iC5) from the other LRON
alkanes to achieve upgraded gasoline blends (RON>90)
without using additives that usually significantly increase the
final product price.

The separation of C6 isomers by zeolites or metal–
organic frameworks (MOFs) with various topologies has
been intensively investigated.[8–14] Among the zeolites that
are adequate for the splitting of LRON/HRON branched
alkanes, MFI (with 10-ring channels) and BEA (with 12-ring
channels) types (with larger pore openings than LTA) can
discriminate fractions with HRON content. However, this is
achieved via a slow kinetic diffusion mechanism (MFI) or a
low thermodynamic selectivity (BEA).[15–18] Porous MOFs
due to their pore shape/size that can be systematically varied
by the judicious choice of metal ions, bridging organic
linkers, and structure types are a suitable alternative for
such separation.[19–21] The features of MOFs as practical
adsorbents are quite different from zeolites, whose pores are
confined by rigid tetrahedral oxide skeletons with limited
chemical variability. Specifically, the microporous MOFs
with suitable pore aperture sizes and/or pore shapes have
shown great potential for separating C6 isomers by classes
of HRON/LRON. For instance, a kinetic separation can be
achieved between the HRON 22DMB and the LRON
isomers 3MP and nC6 with MIL-53(Fe)-(CF3)2 .[22] Via a
thermodynamic equilibrium selectivity, Fe2(BDP)3 and MIL-
140B both with 1D triangular channels (that are unattain-
able in zeolites) were found to conveniently separate linear,
mono and di-branched alkane molecules.[23,24] Also, a further
precise construction of the Zr-abtc and CAU-10-H/Br
MOFs with square-shaped channels allows discriminating
the same mixture via a thermodynamic and kinetic mecha-
nisms, respectively.[25,26] Remarkably, HIAM-203 and Ca-
(H2tcpb) (two calcium-based materials) have the ability to
molecular sieve 22DMB from 3MP and nC6, based on a
temperature programming separation process due to their

structure flexibility.[11,27] Similar outcomes were also shown
by MOF adsorbents possessing a robust framework with
optimal pore channels, such as Zn-tcpt, Al-bttotb and NU-
2004.[12,28,29] However, most of these studies with MOFs are
currently being performed with only C6 alkane isomers and
not all show multicomponent data.[29]

In the case of the more complex C5 and C6 alkane
mixtures representative of light naphtha, an effective
discrimination of the three desirable HRON compounds
(22DMB, 23DMB, and iC5) from the four LRON isomers
(2MP, 3MP, nC6, and nC5) for improving the overall RON
of the final product of TIP processes is highly challenging.
With respect to both C5 and C6 alkane mixtures, configura-
tional bias Monte Carlo (CBMC) simulations predicted for
the 1D channels of the benchmark MOF Fe2(BDP)3 a poor
discrimination of the HRON C5 isomer iC5 relative to the
LRON mono-branched C6 isomers 2MP and 3MP, which is
detrimental for overall performance of the TIP process.[23]

Very recently, some of us have shown that such a complete
separation between C5 and C6 HRON and LRON isomers
can be performed through a synergistic action of two
families of sorbent materials: (i) the microporous bioderived
MOF, MIL-160(Al), that thermodynamically separates C6
isomers according to the degree of branching, and (ii) the
commercial zeolite 5A that molecular sieve rejects branched
isomers, leading to an unprecedented final product RON of
92.[30] However, so far, none of the existing porous
adsorbents including zeolites and MOFs enable to achieve
this highly challenging separation through a single adsorb-
ent. Therefore, we ambition here to develop a new MOF
with the unique ability to perform a single one-step
separation. This major achievement eliminates the need to
use mixed or layered beds in cyclic industrial operations
(MIL-160(Al)/zeolite 5A). Accordingly, Figure 1 illustrates
the concept aiming to develop the new MOF MIP-214 (MIP
stands for materials of the Institute of Porous Materials of
Paris).

To reach such an ambitious objective, we deployed an
isoreticular chemistry approach, by substituting one ligand
by another one with a similar geometry/complexing group
and a different size/length. For the target C5/C6 alkanes
separation, the desired MOFs shall exhibit narrow pores.
Thus, we opted to substitute long-length ligands from
existing large-pore MOFs with shorter ligands. Typically, the
replacement of linear terephthalic acid linker (6.9 Å in
length) by shorter fumaric acid (5.0 Å in length) in MOF-5,
MIL-53, and UiO-66 type architectures resulted in con-
tracted versions of these materials, some of them exhibiting
excellent performance for hydrocarbon separations, how-
ever still not meeting the ideal performances, either in terms
of selectivity or productivity.[31–34] Thus, we envision that
designing a MOF with narrow pore apertures and a very
large internal pore volume would be highly desirable for
optimal separation of branched alkanes since their con-
stricted apertures would improve the adsorptive selectivity
while the cage-like pores would lead to a higher sorption
capacity. Such a strategy has already been applied to design
MOFs with enhanced separation ability, including alkane
isomers separation.[12,25,35,36] When considering structures
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with such a configuration, the MTN zeotype architecture
MOFs emerge as attractive candidates—such as the bench-
mark mesoporous MOFs: MIL-100[37] and MIL-101.[38] How-
ever, these MOFs possess large microporous windows, far
too big for a size exclusion-based separation of alkanes. A
contracted version of MIL-101 with MTN topology, or of
the hypothetical MIL-hypo-2,[39] predicted a few decades
ago, was recently reported as MCF-48.[40] It exhibits flu-e
topology with large multi-cages accessible through smaller
square-shaped windows, likely to exhibit a higher shape/
size-based adsorption selectivity compared to the larger
pentagonal (φ~12,5 Å) and hexagonal (φ~16 Å) windows of
MIL-101 metal(III) terephthalate mesoporous materials. Its
microporous apertures, however, still slightly exceed the size
required to separate branched alkanes. Herein, with the aim
to construct a multi-cage MOF to potentially achieve a
highly efficient pentane/hexane isomers separation into
classes of HRON and LRON counterparts, we deliberately
designed a new microporous Fe(III) trimer-based MOF
MIP-214, of formula [Fe3(OH)(H2O)2(μ3-O)(PyC)3] ·guest
(guest=H2O, DMF) by using an off-the-shelf small asym-
metric heterofunctional ditopic ligand, 4-pyrazolecarboxylic
acid (H2PyC, 4.0 Å in length) to replace the terephthalic
acid linker used in MCF-48 with flu-e topology (Figure 2),

associated with microporous apertures (~6.1 Å) and large
cages (~10.5 Å and 15 Å).

Simply through the reaction of Fe(NO3)3 ·9H2O and
H2PyC with a mole ratio of 1 :1 in N,N’-dimethylformamide
(DMF) under 353 K, yellowish green MIP-214 was isolated
and further purified by DMF and methanol washing. Note-
worthy, the synthesis is easily scalable up to ~25 g using
similar ambient pressure conditions (Figures S1, S2). The
crystal structure of MIP-214 was solved ab initio from high-
resolution powder X-ray diffraction (PXRD) data (Figur-
es S8, S9; Tables S2, S3). It indicates that the solid crystal-
lizes in a cubic Fm-3 m space group (n° 225) with a unit-cell
parameter of a=31.800(5) Å and V=31800(4) Å3. The
framework is constructed by the linkage of PyC2� anions
and inorganic Fe3O trimers containing clusters that consist
of three Fe atoms in an octahedral environment with one μ3-
O atom, four oxygen and/or nitrogen atoms from statistically
disordered carboxylate groups and/or pyrazolate rings from
four independent PyC2 � ligands and one oxygen atom from
the terminal water. The Mossbauer spectra obtained at
300 K and 77 K are similar (only the 77 K spectrum is
illustrated in Figure S6): they result exclusively from an
asymmetrical quadrupolar doublet with broadened lines. It
is important to note a great similarity with the MOF sample

Figure 1. Schematic illustration of the separation of C5/C6 alkane isomers into fractions of LRON and HRON alkanes via: Left—Two-step
(synergistic action) separation with zeolite 5A and MIL-160(Al).[30] Right: One-step separation using MIP-214.
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MIL-100(Fe): indeed, these samples contain the same Fe3O
trimers although in our case (MIP-214), the real environ-
ment is FeX6 (X=O, N) versus FeO6 for MIL-100(Fe). The
best fitting model requires at least two quadrupolar
components, but a model involving three quadrupolar
components is physically more realistic. The refined values
of the hyperfine parameters are listed in Table S1. The
isomer shift values, which are also very similar, indicate
unambiguously the presence of Fe3+ species located in FeX6

octahedral units (X=O, N). The lack of resolution leads to a
variety of solutions, but the hyperfine structures suggest
three rather equiprobable iron sites with different chemical
environments, which agrees quite well with the crystallo-
graphic structure as described above.

Notably, these trinuclear clusters based on mixed
carboxylates and pyrazolates are unprecedented. The
pyrazole bears a negative charge, and the two nitrogen
atoms from the pyrazole bind in a similar way as a
carbxylate with the iron trimer of octahedra. An attempt to
remove the disorder of the carboxylate/pyrazolate groups
reduces the space group to P213 or P23. These statistically
equivalent systems were further geometry optimized at the
density-functional level of theory (DFT). The simulated
PXRD patterns of these DFT derived models show excellent
similarities with the experimental one (Figure S2), further
confirming the accuracy of the ab initio determined model
of MIP-214.

Further structural analysis revealed that MIP-214 exhib-
its the same flu-e topology (Figure 2a) as chromium
terephthalate-based MIL-hypo-2 structure predicted
previously[39] and its Fe-analogue MCF-48 synthesized
following a rather complex stepwise process.[40] Remarkably,
MIP-214 is a contracted version of MCF-48, which can be
realized in more direct and mild synthesis conditions. In the
flu-e net of the MIP-214, the Fe trimer-based clusters act as
the vertex, and the PyC2� anions act as the edges. Small
tetrahedra (diameter of ~5 Å), medium cubes (diameter of
~10.5 Å), and large rhombicuboctahedra (diameter of
~15 Å) with a ratio of 2 :1 : 1 are formed by sharing the

inorganic trimer clusters and/or the square (~6.2 Å) and
triangle (~2.6 Å) windows. For the sake of clarity, consistent
with the DFT optimized models, we show the framework
cages and windows without any disorder in Figures 2b, S10.
The reversible type-I N2-sorption isotherm (Figure S7) leads
to a BET area of 1140 m2g� 1 and a pore volume of
0.46 cm3g� 1, much higher than those of zeolite 5A
(~600 m2g� 1 and 0.25 cm3g� 1, respectively).[25] A slight devia-
tion between the experimetal and theoretical surface area
and pore volume (1650 m2g� 1 and 0.56 cm3g� 1) values was
observed, as is often the case with MOF materials that are
not easy porous solids to activate, unlike zeolites that can be
cleaned through calcination. The pore size distribution
(PSD) and associated pore network of the MIP-214 are
presented in Figure S23: a good agreement is found between
the theoretical values and the calculated PSD deduced from
experimental data using the NLDFT model. TGA curve
(Figure S5) indicates the complete departure of organic
ligands at around 490 K in oxygen. Interestingly, MIP-214
exposed to air maintains its crystallinity over 1.5 years (see
the PXRD patterns in Figure S2), likely due to the strong
Fe(III) carboxylate bonds, while Fe-pyrazolates are usually
more prone to hydrolysis.

The alkane isomers separation performance of MIP-214
was assessed using a chromatographic technique through
dynamic breakthrough experiments (Figure S13).[41] The
separation of a quinary mixture of equimolar C6 isomers
was first investigated, followed by the separation of a
septenary mixture of equimolar C5/C6 isomers. These
experimental studies were carried out at 343 K and 373 K
and at 10, 25, and 50 kPa of total isomers pressure
(Tables S5, S6).

The breakthrough experiment with C6 isomers is shown
in Figure 3a at 373 K and a total isomers pressure of 10 kPa,
where it is noted that all isomers are able to diffuse through
the square windows of MIP-214. Note that window sizes
smaller than or comparable to those of the guests do not
necessarily mean a diffusion problem and/or kinetic separa-
tion mechanism owing to the flexible nature of the apertures

Figure 2. (a) The flu-e net of MIP-214 structure. (b) The rhombicuboctahedron, cube, and tetrahedron cages, as well as the shared square and
triangular windows of MIP-214. Fe polyhedra, carbon atoms, nitrogen atoms and oxygen atoms are in bluish green, black blue and red, respectively.
Hydrogen atoms have been omitted for clarity.
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and/or the guest molecules.[42] Notably, we remark that the
di-branched isomers 22DMB followed by 23DMB elute first
from the column, then the mono-branched isomers 3MP
followed by 2MP eluted subsequently, and lastly, the nC6.
Indeed, MIP-214 enables a separation according to the
degree of branching: linear (nC6)@mono-branched (2MP,
3MP)@di-branched (22DMB, 23DMB). This separation
sequence depicted in Figure 3a is similar for most materials
with channel-like pores mentioned above. Decisively, MIP-
214 can even separate the two mono-branched isomers
(2MP and 3MP) of similar kinetic diameter (5 Å), which are
unlikely to be realized by other benchmark materials,
Fe2(BDP)3 or Al-bttotb with 1D channels.[23,28] This demon-
strates the finely shape-based discrimination of hexane
isomers through the cage-like structure of MIP-214. The two
most desirable di-branched isomers with HRON values
show an overshoot up to more than two or even three times
the initial feed concentrations due to the competitive

adsorption equilibrium between different isomers. The
observed adsorption hierarchy nC6@2MP>3MP>23DMB
�22DMB is kept in the full range of investigated pressures
and temperatures: 343 K to 373 K and partial pressure up to
50 kPa (Figures S14, S15). The measured adsorption selec-
tivity calculated by Eq. S4 from the breakthrough data
increases from 4.5 (343 K, 50 kPa—Figure S14c) to 21.2
(373 K, 10 kPa—Figure 3a). MIP-214 also falls within the
best performing MOFs (selectivity>10 and adsorption
capacity>0.6 molkg� 1) predicted by two recent high-
throughput computational studies.[43,44] Of relevance to the
industrial processes, MIP-214 has significantly high ideal
productivities (>0.74 moldm� 3, Table S5) for a fixed RON
of 92, outperforming the majority of current adsorbent
materials (see Table S7), including the benchmark Fe2-
(BDP)3 MOF (0.54 moldm� 3) by at least 40%.[23]

CBMC adsorption simulations were then performed for
the equimolar quinary mixture of C6 isomers at 373 K. They

Figure 3. Separation of equimolar mixtures of C6 isomers (a) and C5 and C6 isomers (b) by fixed bed adsorption with MIP-214 at 373 K and a total
isomers pressure of 10 kPa. Breakthrough data is plotted as the normalized molar fraction of each isomer (left y-axis) and average real-time RON
(right y-axis) as a function of time.
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evidenced the same hierarchy as that observed experimen-
tally by breakthrough experiments: nC6@2MP>3MP>
23DMB�22DMB (Figure 4a), following the sequence of
adsorption enthalpies (Table S11, Figures 3a, S15). This
conclusion remains also true at 343 K (Figures S14, S24a). A
careful analysis of the CBMC-derived adsorption snapshots
revealed more favorable adsorption of nC6 as compared to
the other isomers in both cubic and rhombicuboctahedron
cages (Figures 5a and 5b). In addition, a significant fraction
of the nC6 molecules sits perpendicularly in the gates/
windows along the pathway connecting rhombicuboctahe-
dral cages (Figures 5c, S22). The substantially higher uptake
of nC6 is attributed to a much more efficient packing of this
linear molecule over the entire porosity of MIP-214. The
radial distribution functions (RDFs) calculated for the
hydrocarbon/MOF atom pairs show that the shortest host/
guest separating distances for all C6 isomers are ~3.6 Å,
characteristic of relatively weak van der Waals interactions

(Figure S25). The thermodynamic selectivity value, S=10.6,
calculated from the GCMC adsorption isotherms at 343 K
for linear and mono-branched alkanes over di-branched
ones at 10 kPa, was found to be similar to that determined
from experimental breakthrough measurements (14.9). This
value decreased to 6.3 (or 4.5 in the experimental data) at
50 kPa. Similar trends in adsorption selectivity were also
observed at 373 K (Table S5).

Furthermore, for an equimolar mixture of all seven C5/
C6 isomers, the breakthrough times of the C6 isomers follow
the same sequence as in the separation of the quinary
mixture (Figures 3b, S17, S18). Remarkably, with an adsorp-
tion hierarchy of nC6@nC5�2MP>3MP>23DMB� iC5
�22DMB, the high-octane di-branched 22DMB and
23DMB and mono-branched iC5 elute nearly together,
much earlier than the elution of the other four LRON
components, leading to an ideal 92 RON productivity of
0.67 moldm� 3 (comparable with the one calculated from the

Figure 4. CBMC simulated adsorption isotherms of an equimolar quinary mixture of C6 isomers (a) and an equimolar septenary mixture of C5/C6
isomers (b) obtained for MIP-214 at 373 K.

Figure 5. Illustration of the preferential arrangement of the adsorbed C6 and C5/C6 isomers in MIP-214 issued from the CBMC simulations
performed for the equimolar quinary (a) and septenary mixtures (d), respectively, at P=10 kPa and T=373 K. Middle-panel shows magnified views
of a nC6 molecule siting along the window of a rhombicuboctahedral cage (b), and a typical molecular packing (viz. nC6 along with a 2MP/3MP)
inside a cubic cage (c). Color codes: nC6 (green spheres), 2MP (red spheres), 3MP (orange spheres), 23DMB (teal spheres) and 22DMB (violet
spheres), nC5 (magenta spheres), and iC5 (light-blue spheres) and MIP-214 framework atoms are: Fe (dark orange), carbon (grey), nitrogen
(blue), oxygen (red). MOF skeletons in a and d are depicted in mono-color grey, while hydrogen atoms are omitted for clarity.
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experiment with only C6 isomers: 0.74 moldm� 3) along with
a selectivity of 11.3 (twice higher than that from the mixed-
bed sorption of zeolite 5A and MIL-160(Al)[29]). This
remarkable desired separation of HRON and LRON
molecules is unique for all families of adsorbents, including
zeolites and MOFs. Single-component adsorption equili-
brium isotherms (Figure S21) derived from the single-
component breakthrough curves of C5/C6 isomers in MIP-
214 collected at 373 K (Figure S20) showed a similar
sorption hierarchy order. The sharp breakthrough profiles
prove that there are no kinetic limitations in the sorption of
the C5/C6 isomers in MIP-214. Exceptionally, to the best of
our knowledge, this is the first evidence of a single porous
adsorbent being able to distinctly separate the HRON and
LRON C5/C6 isomers in a one-step separation under
practical operating conditions in the gas phase, which may
decrease the complexity of the design of adsorption industri-
al processes by avoiding the use of mixed or layered beds.[30]

CBMC simulations performed for the septenary C5/C6
mixture at 373 K and 343 K revealed the same adsorption
sequence (Figures 4b, S24b). Similar to the equimolar
quinary C6 mixtures, nC6 is adsorbed substantially more
compared to the other alkanes in the mixture due to a
favorable sitting in the cubic cages, as well as in the
rhombicuboctahedron cages and their windows (Figure 5d).
Here we noticed that linear nC5 molecules took over a few
positions that would typically be occupied by nC6 ones,
while these former molecules remain predominantly ad-
sorbed as observed experimentally owing to a higher affinity
of nC6 over nC5 (see Table S11). Overall, the adsorption
enthalpy and Henry coefficient data calculated by MC
widom insertion method indicate the strongest affinities of
MIP-214 towards nC6 and nC5, followed by those of the
monobranched C6 isomers and the weakest adsorption
affinities towards dibranched C6 isomers and monobranched
C5 isomer (the three most desired HRON components),
revealing the thermodynamic separation mechanism. In-
deed, this outstanding performance of MIP-214 showcases
its exceptional potential in enhancing the TIP process, which
can be attributed to its exceptional/unique ability to
effectively separate HRON isomers, such as 22DMB,
23DMB, and iC5, from LRON isomers, specifically 3MP
and 2MP.

In summary, a new microporous cubic MOF MIP-214
with flu-e topology, bearing narrow windows and large
cages, was designed using a short ditopic ligand H2PyC
through an isoreticular chemistry approach. MIP-214 can be
easily synthesized and scalable under mild conditions. The
suitable pore structure (including small tetrahedron, me-
dium cube, and large rhombicuboctahedron cages associated
with square and triangle apertures) allows the diffusion of
all C5 and C6 isomers, but with distinct affinities according
to their shape and size. Breakthrough experiments revealed
that this MOF enables a unique, effective one-step separa-
tion of the HRON and LRON alkane isomers fractions
through a competitive thermodynamic adsorption process.
MIP-214 is thus a promising candidate for HRON C5/C6
isomers class separation with the potential to be exploited in
current TIP processes for the octane improvement of

gasoline pools via a clean route, eliminating/reducing the
need for additives in petrochemical industry.
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