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Hexane Isomers Separation

Fu-An Guo+, Jing Wang+, Cailing Chen+, Xinglong Dong, Xingyu Li, Hao Wang,*
Peng Guo,* Yu Han, and Jing Li*

Abstract: Discrimination of physically similar molecules by porous solids represents an important yet challenging task in
industrially relevant chemical separations. Precisely controlled pore dimension and/or tailored pore surface functionality
are crucial to achieve high-efficiency separation. Metal-organic frameworks (MOFs) are promising candidates for these
challenging separations in light of their structural diversity as well as highly adjustable pore dimension/functionality. We
report here a microporous, ftw-type Zr-based MOF structure, HIAM-410 (HIAM=Hoffmann Institute of Advanced
Materials), built on hexanuclear Zr6 cluster and pyrene-1,3,6,8-tetracarboxylate (ptc4� ). Its crystallographic structure has
been determined using continuous rotation electron diffraction (cRED) technique combined with Rietveld refinement
against powder X-ray diffraction data, aided by low-dose high-resolution transmission electron microscopy (HRTEM)
imaging. The compound features exceptional framework stability that is comparable to the prototype MOF UiO-66.
Interestingly, the linker vacancies in the pristine MOF structure could be partially restored by post-synthetic linker
insertion. Its separation capability of hexane isomers is enhanced substantially upon the linker vacancy engineering. The
restored structure exhibits efficient splitting of monobranched and dibranched hexane isomers at both room temperature
and industrially relevant temperature.

Introduction

Industrially relevant hydrocarbon separations are critical for
the production of a variety of extensively-used commodities,
such as plastics, gasoline, and drugs.[1] These separation
processes, currently dominated by heat-driven distillations,
require tremendous energy input. Separation accomplished
through selective physisorption by porous materials under
mild conditions holds strong potential to reduce the
associated energy consumption and suppress carbon dioxide
emission. Traditional adsorbents have found uses in the
industrial separation of hydrocarbons. For example, zeolite
5A is currently used for extracting linear alkanes from light
naphtha, and Y zeolite is widely applied for the separation
of xylenes.[2,3] However, certain challenging separations
involving full discrimination of physically similar molecules
such as olefin/paraffin or monobranched/dibranched alkanes
remain to be daunting.[4] Adsorptive separation of these

hydrocarbons of high similarity has stringent requirements
on the structure, pore dimension, and functionality of the
adsorbent, which have not been fully fulfilled by traditional
materials. In this context, MOFs assembled through coordi-
nation of inorganic clusters and organic linkers are partic-
ularly promising for discriminating similar molecules, be-
cause of their structural diversity, high porosity, exceptional
tunability with respect to their pore dimensions, and
functionality.[5–7]

MOFs have demonstrated great promise in efficient
separation of industrially relevant hydrocarbon mixtures
such as propane/propylene,[8–11] ethane/ethylene,[12,13] xylene
isomers,[14] etc., thanks to the successful practice of reticular
chemistry which allows one to precisely tailor their pore
structure and functionality. Fine-tuning of MOF structures is
typically accomplished by making use of three strategies:
linker engineering, metal/SBU engineering, and linker
conformation engineering.[15] Linker engineering has been
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extensively practiced to achieve MOFs with tailored struc-
ture, porosity, pore size and functionality, as exemplified by
IRMOFs,[16] MOF-74 analogues,[17] and UiO series,[18] to
name a few. By using organic linkers with different
dimensions and/or functionality, pore size, and surface
chemistry of MOFs can be systematically adjusted with the
overall connectivity remaining unaltered. Metal/SBU engi-
neering has been applied where metal ions with similar
coordination habit can be replaced by each other, as
demonstrated in M2(dobdc) (M=Mg, Mn, Fe, Co, Ni, Zn)[19]

and M6-fcu/ftw-MOF (M=Zr, Y, etc.).[20] Judicious selection
of metal/SBU may render optimal pore size or framework
charge for target applications. Achieving tailored structural
features of MOFs by linker conformation engineering has
not been documented until recently. Zhou, Farha, Liu,
Wang, and co-workers have demonstrated the formation of
different structures by controlling linker confirmation
through optimization of synthetic conditions, which has
largely enriched MOF structural diversity.[15,21–23] Besides the
aforementioned three strategies involving pre-synthetic
design and synthetic optimization, the pore structure and
functionality of MOFs could also be tailored through post-
synthetic modifications (PSM), including pore space
partition,[24,25] ligand insertion,[26,27] and others. In particular,
Zr-based MOFs (Zr-MOFs) built on hexanuclear Zr6
clusters with a connectivity less than 12 (full connectivity)
are prominent platforms for linker installation and post-
synthetic fine-tuning of pore functionality. These ordered
pockets in the crystal lattice with coordinately unsaturated
metal centers can be filled with judiciously selected secon-
dary linkers.[27] Additionally, Zr-MOFs built on 12-con-
nected Zr6 clusters are also commonly linker-deficient, with
linker vacancy sites which are disordered in long range.

These linker vacancies may notably influence the porosity,
pore size, and surface functionality of the structure and can
be potentially engineered for target applications.[28] Previous
studies focused mainly on linker vacancy engineering of the
prototype UiO-type MOFs while exploration for Zr-MOFs
built on 12-c Zr6 cluster and tetratopic linkers is more
challenging and has not been well documented.[29–31]

In this work, we report the synthesis and structure of a
ftw-type Zr-MOF, HIAM-410 built on 12-connected Zr6O4-
(OH)4(COOH)12 SBU and ptc4� . The crystallographic
structure of nanosized HIAM-410 was determined by
combining cRED and Rietveld refinement against the
powder X-ray diffraction (PXRD) data. HIAM-410 features
exceptional stability under harsh conditions which is com-
parable to that of UiO-66. Interestingly, the as-synthesized
HIAM-410 possesses notable linker vacancy sites, making its
effective pore aperture noticeably larger than the predicted
value from its vacancy-free idealized crystal structure
(designated as HIAM-410VF, Figure 1). However, the
vacancies can be partially restored by post-synthetic ptc4�

installation so as to adjust the pore dimensions of the MOF,
as evidenced by Rietveld structure refinement before and
after linker vacancy engineering. The post-synthetically
linker-inserted HIAM-410 (denoted as HIAM-410LI) exhib-
its full discrimination of linear, monobranched, and di-
branched hexane isomers through a synergistic effect of
thermodynamically and kinetically driven mechanism.

Results and Discussion

Zr-MOFs, in particular those built on 12-connected Zr6
clusters and small-sized organic linkers, feature highly

Figure 1. Schematic representation of linker vacancy engineering. a) Linker vacancy free structure of HIAM-410 (HIAM-410VF), b) Structure of as-
synthesized HIAM-410, and c) Structure of HIAM-410 upon linker insertion (HIAM-410LI).
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robust structures rendering them broad applicability for
industrial utilizations.[32] A prominent example is UiO-66
constructed from Zr6O4(OH)4(COO)12 and terephthalate,
with a fcu topology.[18] A number of studies have demon-
strated that it possesses exceptional thermal, moisture,
water, and hydrothermal stability, with its crystallinity and
porosity well preserved upon treatment under harsh con-
ditions. We also reported a 12-connected ftw-type Zr-MOF
made of Zr6O4(OH)4(COO)12 and 3,3’,5,5’-biphenyltetracar-
boxylate (bptc4� ) that exhibits extraordinarily high
stability.[33] Studies have revealed that topology and stability
of MOFs are closely related to the connectivity of the Zr6
SBU, which is determined by the geometry of the organic
linkers. Tetracarboxylate linkers with a geometry close to a
square are prone to forming ftw topology with 12-connected
SBU, which features robust framework, large cavity and
small pore aperture that are particularly promising for
molecular separation. With this in mind, we selected a small-
sized tetratopic linker, ptc4� to target a stable ftw-type Zr-
MOF. It appears a general fact that highly robust structures
are always challenging to form large crystals, as seen in the
case of UiO-66 and MIL-101(Cr). Similarly, in this case,
despite tremendous efforts, growing crystals that are large
enough for conventional single-crystal X-ray diffraction
analysis was not successful. However, highly crystalline
products with particle size of 50–100 nm could be easily
obtained by solvothermal reactions of ZrCl4 and H4ptc in
DMF/formic acid (Figure S1). Therefore, we applied the
advanced cRED for the initial structure solution.[34] This
technique enables us to collect 3D electron diffraction from
one nanocrystal of interest, in this case, the unit cell
parameters, space group, and even the atomic coordinates
could be deduced from cRED data (Figure 2a–c). Its
crystallographic structure is solved by cRED based on the
space group Im-3 and also confirmed by Rietveld refinement
against PXRD data (Figure S2). As expected, the obtained
MOF, HIAM-410, is built on 12-connected Zr6O4(OH)4-
(COO)12 clusters, featuring 4,12-c ftw topology (Figure S3
and S4). The structure contains cubic cage-like pores where
the vertexes of the cubes are occupied by the Zr6 clusters
and ptc4� linkers take up the faces. The large-sized cages are
interconnected by narrow windows with a diameter of
�4 Å. It should be noted that, from the Rietveld refinement
results, the occupancy of the organic linker ptc4� (C1, C2,
C3, C8, and C10) in the as-synthesized structure is 81.5%,
meaning that 18.5% of the linker sites in the crystal lattice
are vacant.

The structure of HIAM-410 was further analyzed by
low-dose HRTEM imaging. HRTEM was performed under
ultra-low electron dose conditions to prevent structural
damage of the MOF by electron irradiation. The obtained
HRTEM image revealed the high crystallinity of HIAM-410
(Figure 2d–h). The corresponding Fourier transform con-
firmed that it is of the HIAM-410 structure oriented along
the h001i direction (Figure 2d). The HRTEM image was
processed by correcting the effect of the contrast transfer
function (CTF) of the objective lens to make the image
contrast more interpretable. The CTF-corrected image
displayed in Figure 2e matches perfectly with the simulated

h001i—projected electrostatic potential map of HIAM-
410VF (Figure 2f) and the structure model obtained from
cRED (Figure 2h). Our initial attempt of direct imaging of
the linker vacancies failed, probably because they are
randomly distributed in the crystal lattice without long-range
order. Nevertheless, the HRTEM image further confirmed
its crystallographic structure solved by cRED technique.

The phase purity of the as-synthesized HIAM-410 was
confirmed by PXRD where the pattern agreed well with the
simulated one (Figure 3b). Thermogravimetric analysis
(TGA) displayed an initial weight loss of 18% before 100 °C
corresponding to the free solvents inside the pore, which is
followed by a plateau up to 400 °C, indicating high thermal
stability of the compound (Figure S5).

The porosity of HIAM-410 was evaluated by N2

adsorption at 77 K. The adsorption-desorption isotherm
displayed a typical Type I profile, indicating its microporous
nature (Figure 3a). The calculated BET surface area and
pore volume of HIAM-410 are 832 m2g� 1 and 0.42 cm3g� 1,
respectively. We anticipated HIAM-410 constructed on 12-
connected hexanuclear Zr6 SBU and small-sized rigid
tetratopic linker tpc4� would possess high framework
stability, similar to UiO-66 and Zr-bptc. This was exper-
imentally confirmed by stability tests under various con-
ditions. Temperature-variable in situ PXRD analysis indi-
cated the crystallinity of the compound can be fully reserved
up to 400–450 °C (Figure S6). Upon heating at 150 °C in
open air, the crystal structure of HIAM-410 was also well-
retained, indicating high thermal stability of the material
(Figure 3b). Its chemical stability was systematically eval-
uated as well. It is stable in common organic solvents
including methanol, ethanol, acetone, DCM, and hexane
(Figure S7). It can also survive in highly acidic condition
such as pH 0 aqueous solution (Figure 3b). Hydrothermal
stability of HIAM-410 was further investigated and com-
pared with that of the other benchmark MOFs including
UiO-66, UiO-67, and MIL-101(Cr). HIAM-410 and the
aforementioned three compounds were treated with boiling
water for 1 week and their crystallinity and porosity were
evaluated afterwards. It was observed that the PXRD
patterns of HIAM-410, UiO-66, and MIL-101(Cr) after
boiling water treatments matched well with those of their
pristine samples, indicating the full preservation of their
structural integrity during the process (Figure 3b and Fig-
ure S8). Importantly, no notable loss of porosity was
observed for the three compounds after the treatments, as
suggested by N2 adsorption results (Figure 3a and Fig-
ure S9). In contrast, the crystallinity and porosity of UiO-67
were totally lost after the boiling water treatments, suggest-
ing that its structure is less stable compared to the other
three materials. The pH values of the water solutions before
and after the treatments were subsequently measured for
HIAM-410, UiO-66, and MIL-101(Cr) to detect possible
degradation of the crystal structure and release of carbox-
ylate linkers. The results indicated the pH values of the
water solutions after treatments with HIAM-410, UiO-66,
and MIL-101(Cr) were 5.60, 4.45, and 3.85, respectively,
slightly lower than that of the original water (pH 6.5),
indicating the high hydrothermal stability of the adsorbents.
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A rough estimation (using UiO-66 as an example) suggested
that the linker leaching percentage is less than 1% after
boiling water treatments.

The highly robust HIAM-410 was evaluated for the
adsorption and separation of hexane isomers with different
degrees of branching, including linear n-hexane (nHEX),
monobranched 3-methylpentane (3MP), and dibranched 2,2-
dimethylbutane (22DMB). At 30 °C and a relative pressure
of P/P0=0.5, HIAM-410 can take up all three adsorbates
with adsorption capacities of 121, 111, and 103 mg/g for
nHEX, 3MP, and 22DMB, respectively. In addition, none of
the three isomers exhibit notable diffusional restrictions
(Figure 4c). This seems contradictory to the pore dimensions

of HIAM-410 which has a pore aperture of �4 Å from the
crystal structure, and ab initio calculations indicated that
HIAM-410VF, without linker vacancies, would not accom-
modate any of the hexane isomers (kinetic diameter: nHEX:
4.3 Å, 3MP: 5.5 Å, 22DMB: 6.2 Å) as a result of the high
energy barrier to pass through the narrow window. It should
be noted that the calculation was performed on a perfect
4,12-connected structure without defect sites. However, the
adsorption results were not surprising considering the high
degree of defects in the crystal structure, which notably
enlarged the effective pore dimensions of the material. The
effective pore aperture could be as large as 8 Å at the linker
vacancy site. Adsorption isotherms of nHEX, 3MP, and

Figure 2. 3D reciprocal lattice of HIAM-410 and its low-dose HRTEM imaging. a) Reconstructed 3D reciprocal lattice of HIAM-410 from the cRED
data. b) and c) Two-dimensional slices 0kl and hhl extracted from the reconstructed reciprocal lattice. The reflection conditions deduced from the
3D reciprocal lattice and the 2D slices of 0kl and hhl are hkl: h+k+ l=2n; 0kl: k+ l=2n; hhl: l=2n; 00l: l=2n. The possible space groups are I23,
I213, Im-3, I432, I-43m, and Im-3m. d) HRTEM image of HIAM-410, acquired along the <001> zone axis. e) Contrast transfer function (CTF)-
corrected image of the marked area in (d). f) Simulated projected potential map along the <001> direction of HIAM-410VF with a point spread
function width of 2 Å. g) Left: simulated electron diffraction (ED) pattern along h001i direction, Right: Fourier transform image of (d). h) View of
crystal structure of HIAM-410VF along the a-axis.
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22DMB by HIAM-410 were collected at 30, 90, and 150 °C
(Figure S10–S12). While all three isomers can diffuse freely
into the structure of HIAM-410, they display different
adsorption capacities and affinity, both with a sequence of
nHEX>3MP>22DMB. At 30 °C, the adsorption capacities
for nHEX, 3MP, and 22DMB are 129, 107, and 89 mgg� 1 at
20 kPa, and the values at 150 °C are 84, 82, and 62 mgg� 1,
respectively. The calculated isosteric heats of adsorption
(Qst) demonstrated that the initial values for nHEX, 3MP,
and 22DMB are 90.1, 55.3, and 27.9 kJmol� 1 at low loading,
in accordance with that of the adsorption capacities (Fig-
ure S17). Multicomponent column breakthrough measure-
ments were performed to evaluate the separation capability
of HIAM-410, with a feed of equimolar ternary mixture of
nHEX, 3MP, and 22DMB. At 30 °C, the compound is
capable of discriminating the three isomers, with the break-
through time of 178, 234, and 312 ming� 1 for 22DMB, 3MP,
and nHEX, respectively (Figure 4e). This is consistent with
the sequence of adsorption capacities and adsorption
affinity, which leads to a thermodynamically controlled
separation. The selectivity (ratio of breakthrough time) of
3MP/22DMB is 1.31, comparable to that of other MOFs
showing thermodynamic separation of the isomers such as
Fe2(BDP)3 (�1.1) and Zr-abtc (�1.3).[33,35] However, when
the temperature increased to industrially more relevant
temperature (150 °C), HIAM-410 can barely separate the
isomers of different branching. 22DMB eluted out first

followed by the co-breakthrough of nHEX and 3MP (Fig-
ure S18). These results demonstrate that HIAM-410 is
capable of discriminating hexane isomers as a result of their
different adsorption affinity, but with relatively low selectiv-
ity and separation efficiency.

The relatively poor separation capability of HIAM-410
should be attributed to its high rate of linker vacancies,
leading to the notably enlarged effective pore dimension
that allows for the free passage of all the aforementioned
hexane isomers. Thus the separation relied merely on the
tiny difference in adsorption affinity between different
adsorbates. This prompted us to explore the possibility of
improving the separation ability of the material by engineer-
ing its linker vacancies through the post-synthetic linker
insertion. Pore engineering of MOFs by the linker installa-
tion has been well-documented for ordered “pockets” and
dicarboxylates. For example, Zhou et al. demonstrated
linear dicarboxylate linkers with different functional groups
can be sequentially installed at the linker vacancy sites of
the bcu-type Zr-Me2-BPDC built on 8-connected Zr6 node.
However, linker insertion at randomly distributed defect
sites with tetracarboxylates has not been well explored.
Post-synthetic insertion of ptc4� in HIAM-410 was carried
out through further solvothermal reaction of as-synthesized
HIAM-410 and excess H4ptc at 100 °C. The obtained
crystalline product was washed thoroughly with DMF and
methanol to remove residual organic linkers, and is denoted
as HIAM-410LI (HIAM-410 with ligand insertion). PXRD
analysis revealed the pattern of HIAM-410LI remained
essentially the same as that of the pristine compound,
indicating the overall structure was fully preserved (Fig-
ure 4a). The comparison of TGA curves of HIAM-410 and
HIAM-410LI suggested that the latter has a smaller initial
weight loss associated with free solvents and a higher weight
percent of organic linkers (Figure S5). These results implied
that the linker vacancies may be, at least partially, restored
through the post-synthetic process. To quantitatively assess
the linker vacancies in HIAM-410LI, its crystal structure
was re-evaluated through Rietveld refinement against
PXRD data. Indeed, the overall connectivity and atomic
coordination of HIAM-410LI remained intact compared to
that of HIAM-410, however, we did observe an increase of
linker occupancy from 81.5% to 88.0%. This suggests that
the linker vacancies were partially restored by the post-
synthetic linker installation, and the defect rate decreased
from 18.5% to 12%. The results were further supported by
elemental analysis where an increase of C (%) and a
decrease of O (%) were observed upon linker insertion
(Supporting Information Table S4), in consistent with the X-
ray diffraction data as well as the experimental adsorption
results which will be presented later on. N2 adsorption at
77 K by HIAM-410LI displayed a decrease in adsorption
capacity (Figure 4b), resulting in a BET surface area of
616 m2g� 1, slightly lower than that of HIAM-410
(823 m2g� 1). This is reasonable considering the increased
occupancy of the organic linker.

We speculated the successful linker installation may lead
to the contraction of the accessible pore aperture of the
structure, which prompted us to evaluate the separation

Figure 3. Porosity and stability of HIAM-410. a) N2 adsorption-desorp-
tion isotherm at 77 K by pristine HIAM-410 (black) and HIAM-410 after
boiling water treatment for 1 week (red). b) PXRD patterns of HIAM-
410 under various treatments comparing with the simulated one.
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capability of HIAM-410LI. Adsorption of nHEX, 3MP, and
22DMB by HIAM-410LI at 30 °C revealed that the adsorp-
tion rates were notably lower than that for HIAM-410
(Figure 4d). In particular, 3MP and 22DMB displayed
evident diffusion restrictions. The adsorption rates of
nHEX, 3MP, and 22DMB are 123.1, 74.6, and
17.9 mgg� 1min� 1/2, respectively (Figure S13). Adsorption
isotherms of the three isomers by HIAM-410LI were
measured at 30, 90, and 150 °C, with sufficient equilibrium
time (Figure S14–S16). In general, the adsorption capacities
of HIAM-410LI for all adsorbates are lower than those of
HIAM-410. This is reasonable considering its decreased
porosity upon linker insertion. In addition, the adsorption
amounts in HIAM-410LI follow the sequence of nHEX>

3MP>22DMB, similar to that observed for HIAM-410. The
heats of adsorption for nHEX, 3MP, and 22DMB are 100.5,
64.4, and 41.3 kJmol� 1, respectively at low loading (Fig-
ure S17). The notable differences in adsorption kinetics as
well as adsorption affinity implied HIAM-410LI may be
capable of efficient separation of hexane isomers. This was
further validated by column breakthrough measurements
with a feed of equimolar nHEX, 3MP, and 22DMB. The
breakthrough curves at 30 °C demonstrated that 22DMB
eluted out from the column at the very beginning of the
measurement, suggesting its full exclusion by the adsorbent
under dynamic multicomponent adsorption conditions (Fig-
ure 4f). This was followed by the breakthrough of 3MP and
nHEX which occurred at the 34th and 212th ming� 1, respec-
tively. The results suggest that, upon linker vacancy engi-
neering, HIAM-410LI is able to fully separate linear/

monobranched and dibranched hexane isomers. More
importantly, further breakthrough test at 150 °C revealed
the separation capability of HIAM-410LI was fully retained,
showing efficient splitting of hexane isomers as a function of
branching (Figure S19). This is a significant enhancement as
full separation of monobranched and dibranched alkane
isomers by porous solids through size-exclusion is crucial in
the industry, but has rarely been reported.[36,37] In particular,
previous studies for full splitting of monobranched and
dibranched alkane isomers were mostly evaluated at
ambient temperature, while in this work we demonstrated
the capability of HIAM-410LI for the separation at industri-
ally more relevant temperature.[36–39] We believe the ex-
cellent separation capability of HIAM-410LI should be
attributed to a synergistic effect of thermodynamically and
kinetically controlled mechanisms. However, the distinct
adsorption kinetics of the isomers resulted from linker
insertion may be the main reason.

Conclusion

Efficient separation of alkane isomers remains a challenge
in petrochemical industry. The discrimination of physically
and chemically similar alkane molecules requires precise
engineering of the pore structure and chemistry of the
adsorbents to achieve optimal separation efficiency. In this
regard, MOFs are particularly promising as their rich
chemistry, diverse structure, and highly tunable pore
dimensions allow fine tailoring of their structural details and

Figure 4. Hexane isomers separation. a) Comparison of the PXRD patterns of HIAM-410, HIAM-410LI and the simulated pattern of HIAM-410VF.
b) N2 adsorption-desorption isotherms at 77 K by HIAM-410 (black) and HIAM-410LI (red). c) Adsorption of nHEX, 3MP, and 22DMB at 30 °C and
50 torr by HIAM-410. d) Adsorption of nHEX, 3MP, and 22DMB at 30 °C and 50 torr by HIAM-410LI. e) Column breakthrough curve for an
equimolar ternary mixture of nHEX, 3MP, and 22DMB at 30 °C by HIAM-410. f) Column breakthrough curve for an equimolar ternary mixture of
nHEX, 3MP, and 22DMB at 30 °C by HIAM-410LI.
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optimization of the separation capability. The MOF struc-
ture we reported in this work, HIAM-410 built on 12-
connected Zr6 nodes and a 4-connected tetracarboxylate
linker, possesses a ftw network. The compound demon-
strates exceptional thermal and water stability which is
comparable to that of the prototype MOFs including MIL-
101(Cr) and UiO-66. Interestingly, the pristine HIAM-410
possesses nearly 18.5% of linker vacancy sites that could be
partially restored via post-synthetic linker insertion forming
HIAM-410LI, which demonstrates notably improved sepa-
ration capability for hexane isomers. Upon the linker
installation, HIAM-410LI can completely separate mono-
branched and dibranched hexane isomers, as demonstrated
by the multicomponent column breakthrough measurements
at 30 and 150 °C. Our study serves as a good example
illustrating the great promise of MOFs for challenging
separation processes, where pore structures could be finely
engineered to achieve optimal separation efficiency.
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