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A Porous Zirconium-Based Metal-Organic Framework with the
Potential for the Separation of Butene Isomers
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Abstract: By using a novel C3-symmetrical tricarboxylate

(4,4’,4’’-benzene-1,3,5-triyl-1,1’,1’’-trinaphthoic acid), a novel

zirconium-based metal-organic framework ZJNU-30 was sol-
vothermally synthesized and structurally characterized.

Single-crystal X-ray structural analyses show that ZJNU-30
consists of Zr6-based nodes connected by the organic linkers

to form a (3,8)-connected network featuring the coexistence
of two different polyhedral cages: octahedral and cubocta-

hedral cages with the dimensions of about 14 and 22 a, re-

spectively. Remarkably, ZJNU-30 is very stable when exposed
to air for one month. More importantly, with a moderately

high surface area, hierarchical pore structures, and an aro-

matic-rich pore surface in the framework, ZJNU-30, after ac-

tivation, exhibits a promising potential for the selective ad-
sorptive separation of industrially important butene isomers

consisting of cis-2-butene, trans-2-butene, 1-butene, and iso-
butene at ambient temperature. This separation was estab-

lished exclusively by gas adsorption isotherms and simulated
breakthrough experiments. To the best of our knowledge,

this is the first study investigating porous metal-organic

frameworks for butene-isomer separation.

Introduction

Metal-organic frameworks (MOFs), also known as porous coor-

dination polymers (PCPs), are hybrid porous solids built up

from inorganic metal ion subunits connected by polytopic or-
ganic ligands. MOFs have attracted great interest in the past

couple of decades due to their intriguing characteristics like
high porosities, tunable structures, and easily functionalized

pore surfaces. These properties have afforded excellent appli-
cation potentials in a variety of fields including, but not limited

to, gas storage,[1] gas separation,[2] heterogeneous catalysis,[3]

luminescent sensors,[4] proton conduction,[5] and drug deliv-
ery.[6] It is well known that these applications of MOFs mainly

hinge on their porosities and stabilities. In terms of porosities,

a very wide range of MOFs with various pore sizes ranging

from ultramicropore to mesopore have been realized due to
the richness and variety of both metal ions and organic ligands

constituting MOFs. In particular, remarkable breakthroughs in

the construction of MOFs with ultrahigh porosities have been
made, and several landmark MOFs displaying large experimen-

tal surface areas with values exceeding 5000 m2 g@1 have been
reported; these include PCN-68,[7] UMCM-2,[8] MOF-210,[9] DUT-

32,[10] and NU-110E.[11] Despite the important progress on the
porosity, one significant limitation for the use of the over-
whelming majority of MOF materials in practical applications is

the poor hydrolytic stability under humidity. Generally, for
practical use, an unstable material even with superior per-
formance is much less cost-effective than the one that may
have inferior performance but is more robust. Consequently,

how to design and synthesize porous MOF materials with en-
hanced hydrolytic stability is still nowadays one of the key

challenges for the MOF community.

The hydrostability of a given framework largely depends on
its metal-ligand interaction holding the metal ions and organic

linkers together, where the metal-containing clusters are often
susceptible to attack by water molecules. Naturally, according

to the HSAB (Hard and Soft Acids and Bases) principle suggest-
ed by Pearson, an efficient strategy to improve the hydro-

stability of an MOF is combining high-valence metal ions (Zr4 + ,

Cr3 + , Fe3 + , Al3 + , etc.) with carboxylates to strengthen the
metal-ligand coordination bonds.[12] This has been well demon-

strated by the first Zr-based MOF UiO-66 (UiO stands for
University of Oslo) built up from Zr6O4(OH)4 and benzenedi-

carboxylate linkers, first discovered by Cavka et al. in 2008.[12a]

This first Zr-based MOF displays exceptionally good chemical
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resistance toward water compared to the majority of the other
common MOFs. In addition, other successful strategies adopt-

ed to enhance the water stability of MOFs include the intro-
duction of hydrophobic groups close to the coordinated metal

centers,[13] and PDMS-coating treatment.[14] In this context, we
turned our attention to Zr-cluster-based MOFs to develop

highly stable and porous MOF materials for specialized applica-
tions.

Surprisingly, among the reported Zr-based MOFs, organic li-

gands are limited to dicarboxylate[15] and tetracarboxylate li-
gands,[16] whereas the Zr-MOFs based on tricarboxylate linkers
have seldom been explored.[17] To the best of our knowledge,
only two Zr-based MOFs based on tricarboxylate ligands were

reported in the literature. One is built from the triangular BTC
linker (benzene-1,3,5-tricarboxylate),[17a] whereas another is

constructed from the expanded triangular BTB linker (4,4’,4’’-
benzene-1,3,5-triyl-tribenzoate).[17b] Considering that extensive
research has shown the use of C3-symmetric tritopic carboxyl-

ate linkers is very useful in constructing porous MOF materi-
als,[18] more Zr-based MOFs constructed from tricarboxylate

need to be developed.
On the other hand, the separation of unsaturated olefins

and dienes from C4 hydrocarbon mixtures is very important in

petrochemical processing. Due to the similar boiling points
(iso-butane = 261.45 K; iso-butene = 266.25 K; 1-butene =

266.85 K; 1,3-butadiene = 268.75 K; n-butane = 272.65 K; trans-
2-butene = 273.45 K; cis-2-butene = 276.85 K), the separation of

C4 streams to recover the valuable 1,3-butadiene, 1-butene,
and iso-butene by distillation is very difficult and energy-inten-

sive. Appropriately designed MOFs offer energy-efficient alter-

natives for the separation of C4 hydrocarbons.
In this study, we report the solvothermal synthesis of

a novel Zr-MOF designed as ZJNU-30 (ZJNU: Zhejiang Normal
University) based on Zr6 clusters and a C3-symmetrical trigonal

tricarboxylate linker, 4,4’,4’’-benzene-1,3,5-triyl-1,1’,1’’-trinaph-
thoic acid (H3L, Scheme 1). A multi-tier approach was used to

examine the potential of ZJNU-30 for the separation of C4 hy-

drocarbon mixtures; this strategy consists of a combination of
experimental data on unary isotherms, ideal adsorbed solution
theory (IAST) calculations, and simulated breakthrough experi-
ments. We aimed to demonstrate that ZJNU-30 has good po-

tential for the separation of butene mixtures; this is the first
publication to demonstrate the potential of porous MOFs for

this challenging separation.

Results and Discussion

Synthesis and characterization

The organic ligand, 4,4’,4’’-benzene-1,3,5-triyl-1,1’,1’’-trinaph-
thoic acid, was readily synthesized by a Suzuki cross-coupling

reaction of 1,3,5-tribromobenzene and methyl 4-(pinacolboryl)-
1-naphthalate followed by hydrolysis and acidification, provid-
ing a good yield (see the Experimental Section for details). Its

chemical structure was characterized by 1H and 13C NMR, and
FTIR spectroscopies. Solvothermal reaction of the organic
linker with anhydrous ZrCl4 in N,N-dimethyl acetamide (DMA)
at 403 K for 86 h in the presence of benzoic acid as modulator

resulted in the formation of octahedron-shaped colorless crys-
tals of ZJNU-30 in a decent yield (32 %). The crystals were not

soluble in common solvents such as DMF (N,N-dimethylforma-

mide), DMA, 1,4-dioxane, THF, MeOH, EtOH, acetone, CH2Cl2,
and CHCl3. The structure of ZJNU-30 was determined by

single-crystal X-ray diffraction, and the phase purity of the bulk
material was confirmed by a good match of the powder X-ray

diffraction (PXRD) pattern with the simulated one calculated
from the single-crystal X-ray structure (see Figure 2 a). Based

on the single-crystal X-ray diffraction structural determination,

thermogravimetric analysis (TGA, Figure S1 in the Supporting
Information), and elemental analysis, ZJNU-30 can be best for-

mulated as [Zr9O6(OH)6(PhCOO)6(L)4]·24 DMA.

Structural description

Single-crystal X-ray analysis revealed that ZJNU-30 crystallized

in the cubic space group of Pm-3m with a = 28.345(5) a. In ad-
dition to guest molecules, the asymmetric unit comprises

three-eighths of Zr4+ ions, one-sixth of fully deprotonated li-
gands, one-fourth of benzoate, one-fourth of m3-oxo atoms

and one-fourth of m3-hydroxyl groups. The coordination geom-

etry of the Zr4 + ion can be described as a square-antiprism
consisting of eight oxygen atoms. As found in most Zr-based

MOFs,[19] the basic inorganic secondary building unit in ZJNU-
30 is the octahedral Zr6 cluster Zr6O4(OH)4(COO)12, in which

each Zr4 + occupies the vertex of an octahedron and the trian-
gular faces are alternatively capped by m3-O and m3-OH groups.
However, unlike the well-known 12-connected Zr6 clusters ob-
served in UiO-66 series of MOFs,[12a] only eight edges of the Zr6

octahedron are bridged by carboxylates from L3@ ligands,
whereas the remaining positions are occupied by the terminal
benzoate involved in the MOF synthesis protruding towards

the channels. The octahedral cores are further connected by
the tritopic organic linkers to give rise to an extended three-di-

mensional network. The interesting structural characteristic is
a hierarchical combination of microporous octahedral and

mesoporous cuboctahedral cages, as well as the coexistence of

cages and channels in the framework (Figure 1 e). Octahedral
cages are formed by six Zr6 clusters occupying the vertices

connected by eight organic ligands covering the faces, as
shown in Figure 1 c. In contrast, the cuboctahedral cages are

formed by twelve Zr6 clusters occupying the vertices connect-
ed by eight organic ligands covering the triangular faces, as

Scheme 1. The chemical structure of the organic linker H3L used to construct
ZJNU-30.
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shown in Figure 1 d. The diameters of octahedral and cubocta-
hedral cages are about 14 and 22 a, taking into account the

van der Waals radii of the atoms. Each cuboctahedral cage is
surrounded by eight octahedral cages through the sharing of

the triangular faces and vice versa. Cuboctahedral cages are in-
terconnected by four-membered windows to form one-dimen-

sional infinite channels running along each crystallographical-
axis direction. There are two different types of windows sepa-

rating these cages, which allow the guest molecules to access

the inner pore system. The total solvent-accessible volume is
63.8 % of the volume of the unit cell when the disordered sol-

vent molecules are removed (14 522.2 a3 out of the 22 773.5 a3

per unit cell volume), calculated using the PLATON routine.[20]

For topological analysis, the Zr6 core is connected by eight
organic ligands and can be regarded as an 8-connected node

(Figure 1 a), whereas each organic ligand links to three Zr6

cores and therefore can be treated as a 3-connected node (Fig-
ure 1 b). Thus, the overall network can be simplified to a (3,8)-

connected net with Schl-fli symbol of {48·64·812·104}, as indicat-
ed by TOPOS software (Figure S2 in the Supporting Informa-

tion). Notably, ZJNU-30 adopts a topology different from that
of two reported Zr-tricarboxylate frameworks. MOF-808 based

on the BTC linker has a (6,3)-connected three-dimensional

framework with an overall spn topology,[17a] whereas the Zr-
MOF based on the BTB linker is a two-dimensional network

adopting a kgd topology.[17b]

Permanent porosity

To assess the permanent porosities, the N2 adsorption-desorp-

tion isotherm was collected at 77 K by using a Micromeritics
ASAP 2020 HD88 surface-area-and-pore-size analyzer. Prior to

gas sorption measurements, the as-synthesized sample ZJNU-
30 was washed with copious amount of DMA and then sol-

vent-exchanged with dry acetone, followed by the evacuation

under a dynamic vacuum at 373 K for 24 h, generating the ac-
tivated ZJNU-30 a (thereafter, “a” represents the activated form

of MOF materials). Retention of the framework structure after
activation was confirmed by X-ray diffraction (Figure 2 a). As

shown in Figure 2 b, ZJNU-30 a displays a reversible pseudo-
type-I adsorption isotherm showing changes of slopes at rela-

tively low pressures, which is consistent with the presence of
different pore geometries within the structure. Based on the
N2 adsorption isotherm, the Brunauer-Emmett-Teller (BET, con-
sidering the consistency criteria proposed by Rouquerol and
Llewellyn[21]) and Langmuir surface areas were calculated to be

1570 and 3298 m2 g@1, respectively (Figure S3 in the Supporting
Information).[22] The pore volume calculated from the maxi-

mum amount of N2 adsorbed is 1.15 cm3 g@1, which is in good
agreement with the calculated value of 1.07 cm3 g@1 using

PLATON software[20] and is also among the highest values ever

reported for the Zr-based MOFs (Table S1 in the Supporting In-
formation). The mean pore sizes obtained from the NLDFT

(non-local density functional theory) model are predominantly
around 1.36 and 2.16 nm (the inset in Figure 2 b), which are

close to the sizes of octahedral and cuboctahedral cages deter-
mined from the crystal structure.

Thermal and hydrolytic stability

To assess the thermal stability, the TGA was carried out from

room temperature to 1073 K under nitrogen atmosphere (Fig-
ure S1 in the Supporting Information). TGA reveals that ZJNU-
30 displays an obvious decline before 423 K, corresponding to
the release of solvent molecules trapped in the pores. There-
after, the solvent-free framework could be thermally stable up

to 773 K, followed by the collapse upon further calcination.
The thermally stability is comparable to that of UiO-66 and its

analogues.[12a]

In addition to the thermal stability, the hydrothermal stabili-
ty of ZJNU-30 was also explored. The activated sample ZJNU-
30 a was exposed to air for one month, or immersed in water
as well as aqueous solutions of 2 m HCl for one week at ambi-

ent temperature, and the PXRD patterns were then examined.
No significant loss of crystallinity was observed for these treat-

Figure 1. Single-crystal X-ray structure of ZJNU-30 showing that a) each Zr6

cluster is connected to eight organic ligands and b) each organic ligand co-
ordinates to three Zr6 clusters. The view of c) octahedral cages with an effec-
tive pore diameter of ca. 14 a indicated by the green sphere, and d) cuboc-
tahedral cages with an effective pore diameter of ca. 22 a indicated by the
blue sphere in ZJNU-30. e) A three-dimensional porous structure featuring
the coexistence of two different types of pore cages.
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ed samples (Figure 2 a). Considering that a small degradation
of the framework is not visible in the PXRD pattern, we further

measured the N2 adsorption isotherms of these treated sam-
ples at 77 K. Adsorption studies revealed that almost no loss in

the amount of N2 adsorbed was observed when the activated
sample was exposed to air for one month, whereas exposure

of the activated sample in water or 2 m HCl for one week led

to a certain reduction of the adsorption amount of N2 (Fig-
ure 2 c), indicating the moderate hydrostability of the activated

ZJNU-30 a.

Separation of butene isomers

A C4 hydrocarbon fraction obtained from various hydrocarbon
cracking operations consists of n-butane, iso-butane, iso-

butene, 1-butene, cis-2-butene, trans-2-butene, and 1,3-buta-
diene. The most valuable components in C4 hydrocarbons are

iso-butene, 1-butene, and 1,3-butadiene. For example, iso-
butene is an important building block for many valuable prod-
ucts such as tert-butyl alcohol, methyl tert-butyl ether, methyl

methacrylate, and 1-tert-butyl-4-methylbenzene. 1-butene is
used as a monomer feedstock in the production of poly(1-

butene), or as co-monomer in the production of linear low
density polyethylene (LLDPE). Also, 1-butene is converted into
various fine chemicals such as sec-butanol and methyl ethyl
ketone. 1,3-Butadiene is used to produce synthetic rubbers

(butadiene homopolymers, styrene-butadiene rubber or nitrile
rubber), which are used in a wide variety of consumer and in-
dustrial products that provide tremendous benefit to society.
As such, the separation of C4 streams to recover the valuable
1,3-butadiene, 1-butene, and iso-butene is an important way

to increase the added value. Because their physicochemical
properties such as volatility and boiling point are very similar,

the separation of C4 streams by simple distillation is a highly

energy-intensive process in the chemical industry. Among the
many alternatives considered, physisorption-based processes

involving porous adsorbents that are able to discriminate C4

hydrocarbons are of great interest.[23] A few zeolites and p-

complexation adsorbents have been examined for such a sepa-
ration.[24] For example, Palomino et al. reported that it is possi-

ble to perform the kinetic separation of trans-2-butene and 1-

butene from the C4 fraction by using pure silica ITQ-32 zeolite
as adsorbent.[24c] Tijsebaert et al. have demonstrated the poten-

tial of the all-silica zeolite RUB-41 for liquid phase separation
of cis-2-butene and trans-2-butene from 1-butene.[24a] Yang

et al. investigated the feasibility of using the p-complexation
sorbents (AgY[24f] and CuY[24d] zeolites) to effectively remove

trace amounts of butadiene from 1-butene, but the issue relat-

ed to long-term operation needs to be considered. Given the
fact that compared to zeolites, the MOFs have some unique
features such as high porosities, tunable pore sizes, and func-
tionalizable pore surfaces, there is a need to explore porous

MOFs for such a purpose.
ZJNU-30 a does not have Lewis acidic uncoordinated metal

sites that are accessible, which avoids olefin oligomerization
that will lead to pore blocking after prolonged time. It also ex-
hibits high porosity, which facilitates the diffusion of large-

sized gas molecules into the pores. Considering these proper-
ties, we investigated the potential of ZJNU-30 a for the separa-

tion of C4 hydrocarbon mixtures. Accordingly, the equilibrium
adsorption isotherms of n-butane, iso-butane, 1-butene, cis-2-

butene, trans-2-butene, iso-butene, and 1,3-butadiene were

measured systematically at three different temperatures of
288 K, 298 K, and 308 K up to 1 atm. As expected, diffusion of

all C4 hydrocarbons in ZJNU-30 a is fast because the measure-
ment of each adsorption isotherm was completed in 5 h (equi-

librium time: 25 s when P<30 mmHg, and 5 s when P = 30–
1000 mmHg). There is almost no observable loss in the ad-

Figure 2. a) PXRD patterns and c) N2 adsorption–desorption isotherms at
77 K of the treated samples. b) N2 adsorption and desorption isotherms of
ZJNU-30 a at 77 K. Solid and open symbols represent adsorption and de-
sorption, respectively. The inset: pore size distribution calculated by NLDFT
method.
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sorbed amount after five consecutive cycles (Figure S4 in the
Supporting Information; note that the reactivation process was

applied between each cycle, which was achieved by heating
the sample at 333 K until the degassed rate reached 3 mmHg

min@1), indicating the gas sorption isotherms are reproducible,
and the polymerization of butene and butadiene during the

adsorption was not observed. As shown in Figure 3, all iso-
therms, except those for iso-butene and 1,3-butadiene at
308 K, reach the saturation as the pressure increases to 1 atm,

and display a remarkable hysteresis upon desorption. The sorp-
tion hysteresis existing between adsorption and desorption

branches of the isotherms can be interpreted as follows: the
large-sized C4 hydrocarbon adsorbate molecules have compa-

rable sizes with the window, hindering them to escape from
the pore upon desorption. Interestingly, two distinct steps

were found in the adsorption isotherms. Due to the framework

remaining intact after activation, the possibility of the structur-
al transition of the MOF to be the origin of the stepped iso-

therms, as demonstrated in flexible ZIF-7,[25] is ruled out. We
tentatively attributed the stepped isotherms to sequential fill-

ing of C4 hydrocarbons into two distinct cages in the frame-
work. Similar adsorption behaviors were also observed in the

previous study for alkanes in MOFs with hierarchical cages

such as HKUST-1.[26] The sorption isotherms for each adsorptive
exhibit the expected temperature dependence for loadings,

that is, the lower the measurement temperature, the higher
the excess amount of the respective hydrocarbons. It should

be mentioned that in the report by Palomino et al. ,[24c] the
uptake of these gases increases with the temperature, which

the authors think is attributed to the strong diffusional restric-

tions. Due to the large pore volume, ZJNU-30 a adsorbs a large
amount of C4 hydrocarbons. The adsorbed amounts of cis-

butene, n-butane, trans-2-butene, 1-butene, iso-butane, 1,3-bu-
tadiene, and iso-butene of ZJNU-30 a at 298 K and 1 atm are

282, 265, 249, 240, 236, 238, and 205 cm3 g@1 at STP (standard
temperature and pressure), respectively. This corresponds to
102.8, 96.6, 90.7, 87.5, 86.0, 86.8, and 74.7 molecules adsorbed

per unit cell, respectively, which reflects differences in the effi-
ciencies by which the C4 hydrocarbons pack themselves within

the pore. The better packing efficiency for a linear isomer than
a branched isomer might be due to the effect of configuration-
al entropy, which is similar with that observed in IRMOF-13,
IRMOF-14, PCN-6’, and PCN-6,[27] but different with that ob-

served in IRMOF-1 and IRMOF-6, in which the amounts of ad-
sorbed branched alkanes is larger than that of the linear
ones.[28] When the temperature decreased to 288 K, the

amounts of adsorbed cis-butene, n-butane, trans-2-butene, 1-
butene, iso-butane, 1,3-butadiene, and iso-butene increased to

291, 277, 266, 252, 246, 259, and 221 cm3 g@1 (STP), respective-
ly. These values are significantly higher than those of conven-

tional adsorbents like activated carbons and zeolites.[24a, d, e, 29] It

should be mentioned that the experimental data on the ad-
sorption of C4 hydrocarbons, in particular cis-2-butene, trans-2-

butene, and 1,3-butadiene, on MOFs are extremely limited to
date. A detailed comparison of C4-hydrocarbon adsorption ca-

pacities of ZJNU-30 a with those of other reported MOF mate-
rials is presented in Table S2 in the Supporting Information. It

can be observed that the sorption capacities of ZJNU-30 a for
C4-hydrocarbons are relatively high compared to some other

MOF materials under the similar conditions, and butane ad-
sorption capacity is only surpassed by DUT-6(Zn) so far.

To check whether ZJNU-30 a can separate C4 mixtures, we
performed IAST and simulated breakthrough calculations. The

experimentally measured loadings for n-butane, iso-butane, 1-
butene, iso-butene, cis-2-butene, trans-2-butene, and 1,3-buta-

diene at temperatures of 288, 298, and 308 K in ZJNU-30 a
were fitted with the dual-site Langmuir-Freundlich isotherm
(DSLF) model (Figure S5 in the Supporting Information). The

fitting parameters provided in Table S3 in the Supporting Infor-
mation, were then used to perform the corresponding calcula-

tions. Figure 4 a presents the IAST calculations of uptake ca-
pacities of each component for adsorption from an equimolar
seven-component mixture of n- butane, iso-butane, 1-butene,

iso-butene, cis-2-butene, trans-2-butene, and 1,3-butadiene, in
ZJNU-30 a at 298 K. At a total pressure of 100 kPa, we obtain
the hierarchy of component loadings as follows: cis-2-
butene>n-butane> trans-2-butene>1-butene> iso-butane>

1,3-butadiene> iso-butene. From the component loadings cal-
culated using IAST, we can determine the n-butane/iso-butane

(nC4/iC4), cis-2-butene/trans-2-butene, and 1-butene/iso-

butene selectivities at 298 K as a function of pressure; these
are presented in Figure 4 b. The selectivities are in the range of

1.5–2 over the entire range of pressures, which are not as high
as expected. The 1-butene/iso-butene selectivity is slightly

better than that of IRMOF-1.[28]

The separation characteristic of an adsorbent is determined

not only by the adsorption selectivity, but also more impor-

tantly by the uptake capacity. To appropriately evaluate the
combined effects of adsorption selectivity and uptake capacity,

we carried out transient breakthrough simulations using the
simulation methodology described in the literature.[30] For the

breakthrough simulations, the following parameter values
were used: length of packed bed, L = 0.3 m; voidage of packed

bed, e= 0.4; superficial gas velocity at inlet, u = 0.04 m s@1. The

framework density of ZJNU-30 a is 596 kg m@3. Figure 4 c pres-
ents transient breakthrough simulations for the separation of

an equimolar seven-component mixture of n-butane, iso-
butane, 1-butene, iso-butene, cis-2-butene, trans-2-butene, and

1,3-butadiene in ZJNU-30 a at 298 K, each with a partial pres-
sure of 12 kPa. We note that the hierarchy of breakthrough

times is cis-2-butene>n-butane> trans-2-butene>1-butene>
iso-butane>1,3-butadiene> iso-butene, which is a precise re-
flection of the hierarchy of component loadings in Figure 4 a.

However, there is overlap in the breakthroughs, and it appears
that it is not possible to separate each of these mixtures in

a nearly pure form.
From the results in Figure 4 c, it appears that ZJNU-30 a is

most suited to the separation of 1-butene/iso-butene/cis-2-

butene/trans-2-butene mixtures. To demonstrate this, Fig-
ure 5 a shows IAST calculations of uptake capacities of each

component for adsorption from an equimolar four-component
1-butene/iso-butene/cis-2-butene/trans-2-butene mixture in

ZJNU-30 a at 298 K. At a total pressure of 100 kPa, we obtain
the following hierarchy of component loadings: cis-2-butene>
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trans-2-butene>1-butene> iso-butene. On the basis of the

IAST calculations, we expect the separation of a mixture of
butene isomers is sharper. To verify this expectation, Figure 5 b

depicts transient breakthrough simulations for the separation

of an equimolar four-component 1-butene/iso-butene/cis-2-
butene/trans-2-butene mixture in ZJNU-30 a at 298 K, each

with a partial pressure of 25 kPa. We note that the hierarchy of
breakthrough times is cis-2-butene> trans-2-butene>1-

butene> iso-butene, which is a precise reflection of the hierar-
chy of component loadings in Figure 5 a. We note clear separa-

tions between cis-2-butene and trans-2-butene, and between

1-butene and iso-butene, demonstrating that ZJNU-30 a has
good potential for separation of 1-butene/iso- butene/cis-2-

butene/trans-2-butene mixtures. Further experiments are on-
going to confirm this promising separation potential.

Conclusions

In summary, we synthesized a new tricarboxylate ligand and
employed it to construct (3,8)-connected Zr-based MOF ZJNU-

Figure 3. Adsorption isotherms of n-butane (a), iso-butane (b), 1-butene (c), iso-butene (d), cis-2-butene (e), trans-2-butene (f), and 1,3-butadiene (g) in ZJNU-
30 a at 288, 298, and 308 K. Solid and open symbols correspond to adsorption and desorption, respectively.
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30, featuring the coexistence of two different types of cages:
octahedral and cuboctahedral cages in the framework. The

MOF shows the promising potential for the separation of
butene isomer mixtures. The selective adsorptive separation

might be mainly attributed to the unique pore characteristics

as well as an aromatic-rich pore surface in ZJNU-30 a. This is
the first study investigating MOFs for butene isomer separa-

tion. This work will initiate more investigations on emerging
MOFs for such an industrially important separation. Given that

the pore sizes of MOFs can be tuned by the interplay of metal
ions and organic linkers to enhance their size-selective separa-

tions, and the pore surface can be functionalized by the immo-

bilization of specific sites to direct molecular recognition, ex-
tensive research on porous MOFs is expected to lead to the

discovery of better materials that offer enhanced capacities for
butene isomer separation in the near future.

Figure 4. a) IAST calculations of uptake capacities of each component for ad-
sorption from an equimolar seven-component mixture of n-butane, iso-
butane, 1-butene, iso-butene, cis-2-butene, trans-2-butene, and 1,3-buta-
diene, in ZJNU-30 a at 298 K; b) IAST calculations of nC4/iC4, cis-2-butene/
trans-2-butene, and 1-butene/iso-butene selectivities for adsorption from an
equimolar seven-component mixture of n-butane, iso-butane, 1-butene, iso-
butene, cis-2-butene, trans-2-butene, and 1,3-butadiene in ZJNU-30 a at
298 K; and c) transient breakthrough simulations for the separation of an
equimolar seven-component mixture of n-butane, iso-butane, 1-butene, iso-
butene, cis-2-butene, trans-2-butene, and 1,3-butadiene in ZJNU-30 a at
298 K, each with a partial pressure of 12 kPa.

Figure 5. a) IAST calculations of uptake capacities of each component for ad-
sorption from an equimolar four-component mixture of 1-butene/iso-
butene/cis-2-butene/trans-2-butene in ZJNU-30 a at 298 K, and b) transient
breakthrough simulations for the separation of an equimolar 4-component
mixture of 1-butene/iso-butene/cis-2-butene/trans-2-butene mixtures in
ZJNU-30 a at 298 K, each with a partial pressure of 25 kPa.
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Experimental Section

Materials and methods : All chemicals were purchased from com-
mercial sources and used as received unless otherwise noted. 1H
and 13C NMR spectra of the compounds were measured using
a Bruke AVANCE 400 or 600 NMR spectrometer by dissolving the
samples in [D6]DMSO or CDCl3. The chemical shifts were reported
in parts per million (ppm) with use of residual solvent as an inter-
nal standard for 1H (d(CDCl3) = 7.26 ppm, d([D6]DMSO) = 2.50 ppm)
and 13C spectra (d(CDCl3) = 77.16 ppm, d([D6]DMSO) = 39.52 ppm).
Fourier transform infrared (FTIR) spectra were recorded on a Nicolet
5DX FT-IR spectrometer with samples in KBr pellets in the range of
4000–400 cm@1. The elemental analysis of C, H, and N was per-
formed on a Vario EL III CHNOS elemental analyser. TGA was per-
formed on a Netzsch STA 449C thermal analyser with a heating
rate of 5 K min@1 in a flowing nitrogen atmosphere (10 mL min@1).
PXRD patterns were recorded on a Philips PW3040/60 automated
powder diffractometer, using CuKa radiation (l= 1.542 a) with a 2q

range of 5–408. An ASAP 2020 HD88 surface-area-and-pore-size an-
alyser was used to volumetrically measure the adsorption behav-
iors. The sorption measurement was maintained at 77 K with liquid
nitrogen and at other specified temperatures by a circulating bath
(Julabo F12).

Single-crystal X-ray crystallography: The X-ray diffraction data
were collected at 100(2) K on a Agilent supernova dual diffractom-
eter with MoKa radiation (l= 0.71073 a). The structure was solved
by direct methods with SHELXS-97 and refined with a full-matrix
least-squares technique within the SHELXL program package.[31]

The unit cell includes a large region of disordered solvent mole-
cules, which could not be modelled as discrete atomic sites. We
employed PLATON/SQUEEZE[20] to calculate the diffraction contri-
bution of the solvent molecules and, thereby, to produce a set of
solvent-free diffraction intensities; structures were then refined
again using the data generated. The crystal data and structure re-
finement results are listed in Table S4 in the Supporting Informa-
tion. CCDC 1446516 (ZJNU-30) contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

Synthesis and characterization of the organic linkers

Methyl 4-bromo-1-naphthoate : To 4-bromo-1-naphthoic acid
(10.00 g, 39.83 mmol, Shanghai Shaoyuan Co. Ltd.) in methanol
(280 mL), was added concentrated H2SO4 (10 mL). The solution was
refluxed for 24 h under a nitrogen atmosphere. After the solution
was cooled to room temperature, the solvent was rotary-evaporat-
ed, and CH2Cl2 (150 mL) and H2O (150 mL) were added. The organ-
ic phase was separated and the aqueous phase was extracted with
CH2Cl2 (50 mL V 2). The organic phase was combined, washed with
saturated NaHCO3 aqueous solution and brine subsequently, dried
over anhydrous MgSO4, and filtered. Removal of the volatile sol-
vent gave the target compound (10.2 g, 38.5 mmol, 97 %), which
was pure enough for the next reaction. 1H NMR (400.1 MHz, CDCl3):
d= 8.94–8.98 (m, 1 H), 8.35–8.38 (m, 1 H), 8.03 (d, J = 8.0 Hz, 1 H),
7.86 (d, J = 8.0 Hz, 1 H), 7.67–7.70 (m, 2 H), 4.03 ppm (s, 3 H).

Methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-naph-
thoate : methyl 4-bromo-1-naphthoate (11. 00 g, 41.49 mmol), bis(-
pinacolato)diboron (B2Pin2, 11.59 g, 45.64 mmol, Beijing HWRK
Chem Co.,Ltd.), KOAc (12.22 g, 124.48 mmol), and Pd(dppf)Cl2

(0.91 g, 1.24 mmol, Beijing HWRK Chem Co.,Ltd.) were placed in
a 500 mL flask equipped with a condenser for refluxing and a mag-
netic stirring bar. The flask was evacuated and refilled with N2. The
process was repeated three times, dry dioxane (250 mL) was then
added using a syringe. The resulting mixture was stirred at 353 K

for 24 h. After the solvent was rotary-evaporated, CH2Cl2 (200 mL)
and H2O (200 mL) were added. The organic phase was separated
and the aqueous phase was extracted with CH2Cl2 (80 mL V 2). The
organic phase was combined, washed with brine (80 mL), dried
over anhydrous MgSO4, and filtered. After removal of the volatiles,
the residue was purified using silica gel column chromatography
(100–200 mesh, Qingdao Haiyang Chemical Co. , Ltd) with petrole-
um ether/ethyl acetate (40/1, v/v) as eluent, affording the methyl
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-naphthoate as
a white solid (10.6 g, 33.85 mmol, 81.6 %). 1H NMR (400.1 MHz,
CDCl3): d= 8.81–8.86 (m, 2 H), 8.09–8.10 (m, 2 H), 7.58–7.64 (m, 2 H),
4.03 (s, 3 H), 1.46 ppm (s, 12 H).

Trimethyl 4,4’,4’’-benzene-1,3,5-triyl-1,1’,1’’-trinaphthonate : To
a mixture of 1,3,5-tribromobenzene (1.90 g, 6.03 mmol, Beijing
HWRK Chem Co.,Ltd.), methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)-1-naphthoate (6.78 g, 21.72 mmol), K3PO4 (9.22 g,
43.42 mmol, Acros), and Pd(PPh3)4 (1.05 g, 0.90 mmol, Beijing
HWRK Chem Co.,Ltd.), was added dry dioxane (200 mL). The result-
ing mixture was stirred under reflux under a nitrogen atmosphere
for 72 h. After removal of the solvents, CH2Cl2 (100 mL) and H2O
(100 mL) were added. The mixture was filtered. The organic phase
was separated and the aqueous phase was extracted with CH2Cl2

(50 mL V 2). The combined organic phase was washed with brine
(80 mL), dried over anhydrous MgSO4 and filtered. Volatiles were
removed by rotary evaporation under reduced pressure, and the
residue was purified by silica-gel column chromatography using
petroleum ether/CH2Cl2 (10/1, v/v) as eluent to give the tetrameth-
yl intermediate as a white solid (2.89 g, 4.58 mmol, 76 %). 1H NMR
(CDCl3, 400.1 MHz): d= 9.03 (d, J = 8.4 Hz, 3 H), 8.27 (d, J = 7.6 Hz,
3 H), 8.22 (d, J = 8.4 Hz, 3 H), 7.76 (s, 3 H), 7.64–7.69 (m, 6 H), 7.57–
7.61 (m, 3 H), 4.05 ppm (s, 9 H).

4,4’,4’’-benzene-1,3,5-triyl-1,1’,1’’-trinaphthoic acid : To a suspen-
sion of the tetramethyl intermediate (2.89 g, 4.58 mmol) in THF
(40 mL) and MeOH (40 mL), was added 6 m NaOH (40 mL, 240 mm).
The resulting mixture was refluxed overnight. After removal of the
solvents, the residue was dissolved in water, and acidified with
conc. HCl in an ice-water bath. The resulting precipitation was col-
lected by filtration, washed with water and dried in vacuum at
343 K, affording the target compound in an almost quantitative
yield. 1H NMR (600.1 MHz, [D6]DMSO): d= 13.23 (s, br, 3 H), 8.97–
8.98 (m, 3 H), 8.22–8.23 (m, 6 H), 7.79 (d, J = 7.8 Hz, 3 H), 7.76 (s,
3 H), 7.67–7.72 ppm (m, 6 H); 13C NMR (75.4 MHz, [D6]DMSO): d=
168.4, 142.8, 139.9, 131.1, 131.0, 130.4, 129.1, 127.8, 127.3, 126.7,
126.3, 125.9 ppm; selected FTIR (KBr): ñ= 1689, 1577, 1514, 1464,
1425, 1375, 1282, 1248, 1194, 1140, 852, 795, 777, 723, 640,
430 cm@1.

Synthesis and characterization of ZJNU-30 : ZrCl4 (5.0 mg,
21.4 mmol, Alfa Aesar), the organic ligand (5.0 mg, 8.5 mmol), and
benzoic acid (250 mg, 2.0 mmol, Energy Chemical) in DMA (1.5 mL)
were ultrasonically dissolved in a 20 mL Teflon-lined autoclave. The
mixture was heated at 403 K for 86 h. After the autoclave was
cooled down to room temperature, polyhedron-shaped colorless
crystals were collected by filtration. Yield: 4.2 mg, 32 % based on
the organic ligand. ZJNU-30 can be best formulated as
[Zr9O6(OH)6(PhCOO)6(L)4]·24 DMA on the basis of single-crystal X-ray
diffraction structure determination, TGA, and microanalysis. Select-
ed FTIR (KBr): ñ= 1645, 1600, 1560, 1512, 1410, 1371, 1265, 1188,
1012, 800, 779, 721, 648, 453 cm@1; elemental analysis calcd (%) for
C294H336N24O72Zr9 : C 57.15, H 5.48, N 5.44; found: C 56.70, H 5.50, N
5.23.

Fitting of pure component isotherms : The experimentally mea-
sured loadings for n-butane, iso-butane, 1-butene, iso-butene, cis-
2-butene, trans-2-butene, and 1,3-butadiene at temperatures of
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288, 298, and 308 K in ZJNU-30 a were fitted with the DSLF iso-
therm model:

q ¼ qA;sat

bApnA

1þ bApnA
þ qB;sat

bBpnB

1þ bBpnB

in which T-dependent parameters bA, and bB are:

bA ¼ bA0 exp
EA

RT

. -
; bB ¼ bB0 exp

EB

RT

. -
The fitting parameters are provided in Table S2 in the Supporting
Information.

IAST calculations of adsorption selectivities and uptake capaci-
ties : The selectivity of preferential adsorption of component 1 over
component 2 in a mixture containing 1 and 2, perhaps in the pres-
ence of other components too, can be formally defined as:

Sads ¼
q1=q2

p1=p2

In this equation, q1 and q2 are the component loadings of the ad-
sorbed phase in the mixture. These component loadings are also
termed the uptake capacities. We calculate the values of q1 and q2

using the Ideal Adsorbed Solution Theory (IAST) of Myers and
Prausnitz.[32]
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Fig. S1 TGA curves of the as-synthesized ZJNU-30 and activated ZJNU-30a under 

N2 atmosphere with a heating rate of 5 K min
-1

. 



 

Fig. S2 (a) View of the 8-coonected SBU; (b) view of the 3-connected ligand; (c) 

schematic representation of (3,8)-connected net with the point symbol of 

{4
8
∙6

4
∙8

12
∙10

4
}. 



 

 

SBET = 1/(0.00276+0.0000119827)/22414×6.023×10
23

×0.162×10
-18 

= 1570.4 m
2
 g

-1
 

SLangmuir = (1/0.00132)/ 22414×6.023×10
23

×0.162×10
-18 

= 3297.9 m
2
 g

-1
 

Fig. S3 The consistency plot (a), BET (b) and Langmuir (c) fitting for ZJNU-30a. 



 

Fig. S4 Five cycles of 1-butene (a), iso-butene (b), cis-2-butene (c), trans-2-butene (d) 

and 1,3-butadiene (e) gas adsorptions in ZJNU-30a. Note that the reactivation process 

was applied between each cycle, which was achieved by heating the sample at 333 K 

until the degassed rate reached 3 μmHg min
-1

. 

 

 

 

  



 

Fig. S5 Comparison of component loadings for n-butane (a), iso-butane (b), 1-butene 

(c), iso-butene (d), cis-2-butene (e), trans-2-butene (f), and 1,3-butadiene (g) at 

temperatures of 288 K, 298 K and 308 K in ZJNU-30a with the isotherm fits. 
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Fig. S6 FTIR spectra of the organic ligand H3L (black) and the as-synthesized 

ZJNU-30 (red). 
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Table S1 BET surface areas and pore volumes of the reported Zr-MOFs 

Zr-MOFs 
Vp 

(cm
3
 g

-1
) 

BET 

(m
2
 g

-1
) 

Ref. 

NU-1103 2.91 6550 
[1]

 

NU-1104 2.79 6230 
[1]

 

NU-1105 2.17 3700 
[2]

 

NU-1102 2.00 4830 
[1]

 

NU-1101 1.72 4340 
[1]

 

PCN-222(Fe) 1.56 2200 
[3]

 

NU-1100 1.53 4060 
[4]

 

NU-1000 1.4 2320 
[5]

 

ZJNU-30 1.15 1570 This work 

DUT-51(Zr) 1.08 2335 
[6]

 

UiO(bpdc) 1.057 2646 
[7]

 

PCN-221 0.76 1936 
[8]

 

UiO-66(dhtz) 0.73 1632 
[9]

 

Zr6O4(OH)4(TCPS)2(OH)4(H2O)4 0.69 1402 
[10]

 

Zr6O4(OH)4(OH)6(H2O)6(BTB)2 0.27 613 
[11]

 

PCN-521 NA 3411 
[12]

 

MOF-525 NA 2620 
[13]

 

PCN-128W NA 2532 
[14]

 

MOF-545 NA 2260 
[13]

 

UiO-66 NA 1580 
[15]

 

MOF-535 NA 1120 
[13]

 



Table S2 Comparison of C4-hydrocarbon adsorption data in the reported MOFs 

Adsorptive MOFs 
T 

(K) 

P 

(kPa) 

Uptake 

(mol kg
-1

) 
Ref. 

n-butane 

DUT-6(Zn) 293  18.9
a
 

[16]
 

DUT-9(Ni) 293  12.0
a
 

[17]
 

ZJNU-30a 298 100 11.8 This work 

MIL-101 293  11.2
a
 

[18]
 

ZJNU-80a 298 100 7.93 
[19]

 

DUT-8(Ni) 293  6.0
a
 

[20]
 

MIL-53(Cr) 303 100 3.9 
[21]

 

Cu-BTC
b
 293  3.7

a
 

[18]
 

Cu-Me2trz-pba
c
 313 100 3.4 

[22]
 

MIL-53(Fe) 303 100 2.8 
[21]

 

ZIF-7 298 100 2.6 
[23]

 

Y-fum
d
 293 100 2.0 

[24]
 

Eu-1,4-NDC
e
 298 100 1.56 

[25]
 

iso-butane 

ZJNU-30a 298 100 10.5 This work 

ZJNU-80a 298 100 7.5 
[19]

 

Zn-DABCO 294 100 6.4 
[26]

 

MIL-100(Fe) 323 100 5.0 
[27]

 

Cu-BTC 303 3 4.3 
[28]

 

Cu-Me2trz-pba
c
 313 100 3.6 

[22]
 

iso-butene 

ZJNU-30a 298 100 9.14 This work 

ZJNU-80a 298 100 6.8 
[19]

 

Cu-BTC
b
 303 3 5.1 

[28]
 

Cu-Me2trz-pba
c
 313 100 4.0 

[22]
 

1-butene 

ZJNU-30a 298 100 10.7 This work 

ZJNU-80a 298 100 8.35 
[19]

 

Cu-Me2trz-pba
c
 313 100 3.8 

[22]
 

ZIF-7 298 100 2.13 
[23]

 

cis-2-butene 

ZJNU-30a 298 100 12.57 This work 

ZJNU-80a 298 100 9.16 
[19]

 

ZIF-7 298 100 2.58 
[23]

 

trans-2-butene 

ZJNU-30a 298 100 11.10 This work 

ZJNU-80a 298 100 8.66 
[19]

 

ZIF-7 298 100 2.7 
[23]

 

1,3-butadiene ZJNU-30a 298 100 10.63 This work 
a
 Saturation capacity; 

b
 BTC = benzene-1,3,5-tricarboxylate; 

c 
Me2trz-pba = 

4-(3,5-dimethyl-4H-1,2,4-triazol-4-yl)benzoate; 
d
 fum = fumarate; 

e
 1,4-NDC = 

1,4-naphthalenedicarboxylate 



Table S3 Dual-site Langmuir-Freundlich fitting parameters for n-butane, iso-butane, 

1-butene, iso-butene, cis-2-butene, trans-2-butene, and 1,3-butadiene in ZJNU-30a. 

 Site A Site B 

 
qA,sat 

mol kg-1
 

bA0 

iPa  

EA 

kJ mol-1 

A 

dimensionless 

qB,sat 

mol kg-1 

bB0 

iPa  

EB 

kJ mol-1 

B 

dimensionless 

n-butane 9.1 8.410-9 27 0.8 
4.1 

 
8.8410-54 149 6 

iso-butane 8 1.7710-8 24.6 0.8 
4.2 

 
6.910-54 147 5.84 

1-butene 8.1 1.3910-9 30 0.86 
4.2 

 
1.7110-55 149 6.2 

iso-butene 8.5 1.4510-8 23 0.84 
3.7 

 
4.4710-54 140 5.9 

cis-2-butene 9 4.2310-9 28.5 0.84 
4.6 

 
3.8110-62 194 6.3 

trans-2-butene 8.4 1.410-9 30 0.88 
4.2 

 
3.6410-59 157 6.8 

1,3-butadiene 9 1.5810-8 23 0.85 
4.4 

 
6.0610-58 158 6.1 

 



Table S4 Crystal data and structure refinement for ZJNU-30. 

Compounds ZJNU-30 

Empirical formula C66H40O16Zr3 

Formula weight 1362.64 

Wavelength (Å) 0.71069 

Crystal system Cubic 

Space group Pm-3m 

Unit cell dimensions 

a = 28.345(5) Å 

b = 28.345(5) Å 

c = 28.345(5) Å 

α = 90.000(5)
o
 

β = 90.000(5)
o
 

γ = 90.000(5)
o
 

Volume (Å
3
) 22773(7) 

Z 6 

Calculated density (g cm
-3

) 0.596 

Absorption coefficient (mm
-1

) 0.230 

F(000) 4104 

θ range for data collection (
o
) 3.13 to 27.48 

Limiting indices 

-24 ≤ h ≤ 36,  

-33 ≤ k ≤ 27,  

-36 ≤ l ≤ 36 

Reflections collected / unique 108819 / 4953 

Rint 0.0697 

Completeness to θ = 25.02 98.6% 

Max. and min. transmission 0.9864 and 0.9686 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 4953 / 37 / 136 

Goodness-of-fit on F
2
 1.004 

Final R indices [I > 2σ(I)] R1 = 0.0748, wR2 = 0.1842 

R indices (all data) R1 = 0.1630, wR2 = 0.2157 

Largest diff. peak and hole (e.Å
-3

) 0.547 and -0.339 

CCDC 1446516 
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