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Introduction

Separation of small hydrocarbons such as methane, acety-
lene, ethylene, and ethane is a very important industrial pro-
cess because these small hydrocarbons have been widely uti-
lized as energy sources and raw materials. Methane, the pri-
mary component of natural gas, is a cleaner alternative to
other automobile fuels such as gasoline (petrol) and diesel;
whereas ethane is the important chemical for the production
of ethylene through industrial scale cracking processes. Both
acetylene and ethylene are the very basic raw materials for
various industrial and consumer products such as acetic
acid, rubber and plastics. The traditional cryogenic distilla-
tion method for such small hydrocarbon separation is very
energy-consuming, whereas the alternative oil-absorption
method is not efficient. One of the most promising alterna-
tive energy- and cost-efficient separation methods is to use
microporous adsorbents that can selectively separate meth-
ane from C2 hydrocarbons at room temperature. It is envi-
sioned that the realization of adsorptive separation of these

small hydrocarbons might lead to innovative technologies
that will reduce the cost of removing C2 hydrocarbons from
natural gas feedstocks by the implementation of pressure
swing adsorption (PSA), temperature swing adsorption
(TSA) technologies, and/or adsorbent-based membrane de-
vices. Porous metal–organic frameworks (MOFs), self-as-
sembled from metal ions and/or metal-containing clusters
with multidentate organic linkers through coordination
bonding, have been rapidly emerging as a new type of mi-
croporous adsorbents and thus the unique sieving materi-
als.[1–14] The pores can be tuned by the organic linkers of dif-
ferent length and/or space, and the pore surfaces can be
functionalized by the immobilization of functional sites,
such as -NH2 and -OH, into their isostructural MOFs.[2,4,15]

Thus, the MOF approach has theoretically enabled us to
target microporous adsorbents with suitable pore sizes/cur-
vatures and specific pore surfaces for the highly selective
recognition, and therefore separation, of these small hydro-
carbons, although not much research has been carried
out.[16] Given the fact that these hydrocarbons have kinetic
diameters of 3.3 to 4.4 �, those microporous MOFs for
which the pores are comparable to and/or slightly larger
than their kinetic diameters will be of special interest as the
adsorbents for the separation of these small hydrocarbons.
Previously, the construction of such small pores within
porous MOFs has been mainly realized by framework inter-
penetration.[14,16, 17] In fact, we recently targeted the first mi-
croporous MOF Zn2 ACHTUNGTRENNUNG(PBA)2 ACHTUNGTRENNUNG(BDC) (UTSA-36 a, HPBA= 4-
(4-pyridyl)benzoic acid, H2BDC =1,4-benzenedicarboxylic
acid) of the doubly interpenetrated primitive cubic net with
3D-intersected pores of about 3.1 to 4.8 � for the selective
separation of C2 from C1 hydrocarbons.[16] To rationalize the
structure–property relationship and thus to maximize the
C2/C1 separation selectivity and capacity, it is necessary to
screen a variety of microporous MOFs of different pore
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structures and surface areas for such a function. However,
enlarging the pores by the above-mentioned interpenetra-
tion methodology is basically crystallographically possible,
but practically not feasible because longer organic linkers
will typically lead to high-fold interpenetrated frameworks
with even smaller pores or the same-fold interpenetrated
frameworks with larger pores that cannot sustain vacuum
and/or thermal activation.[14, 18] We have been developing
new organic linkers (“organic-linker engineering”) to target
MOFs with optimized and suitable pores (“pore engineer-
ing”) for gas storage and separation, which can be realized
by different combinations of the organic backbones and the
m-benzenedicarboxylate moieties.[19] To enforce the con-
struction of microporous MOFs with high stability and mod-
erate pore sizes/curvatures, we develop a new organic linker
H8L (Scheme 1) with condensed m-benzenedicarboxylate

moieties. Herein, we report a novel microporous metal–or-
ganic framework Zn4L ACHTUNGTRENNUNG(DMA)4 (which we term as UTSA-
33, H8L=1,2,4,5-tetra(5-isophthalic acid)benzene, DMA =

N,N’-dimethylacetamide) with small pores of about 4.8 to
6.5 � for highly selective separation of acetylene, ethylene,
and ethane from methane at room temperature, which has
been established exclusively by the sorption isotherms and
simulated breakthrough experiments.

Results and Discussion

The organic linker H8L was synthesized by Pd-catalyzed
Suzuki cross-coupling between 1,2,4,5-tetrabromobenzene
and dimethyl 5-(pinacolboryl)isophthalate followed by base-
catalyzed hydrolysis. UTSA-33 was obtained as colorless
block-shaped crystals by the solvothermal reaction of H8L
and Zn ACHTUNGTRENNUNG(NO3)2·6H2O in N,N’-dimethylacetamide (DMA) at
100 8C for 48 h. Its structure was determined by single-crys-
tal X-ray diffraction,[20] and the phase purity of the bulk ma-
terial was confirmed by powder X-ray diffraction (PXRD)
(Figure S1, see the Supporting Information). UTSA-33 can
be formulated as Zn4L ACHTUNGTRENNUNG(DMA)4 on the basis of single-crystal
X-ray structure determination, thermogravimetric analysis
(TGA), and microanalysis. TGA revealed a weight loss of
24.4 % up to 300 8C, corresponding to the release of the co-
ordinated DMA solvent molecules (Figure S2 in the Sup-
porting Information). Single-crystal X-ray diffraction analy-
sis reveals UTSA-33 adopts a 3D network that crystallizes

in an orthorhombic space group Pnma. The asymmetric unit
consists of two zinc atoms, a half of a deprotonated ligand L
and two terminal DMA molecules. Each organic linker con-
tains four bridging carboxylates, two chelating ones and two
chelating-bridging ones (Figure S3 in the Supporting Infor-
mation). The secondary building unit (SBU) is a binuclear
zinc-carboxylate cluster in which the Zn1 and Zn2 atoms
are bridged by three carboxylate groups from three different
ligands with a Zn1···Zn2 distance of 3.314(1) � (Figure 1 a).

Besides, there are two terminal DMA molecules around
Zn1 and a chelating carboxylate group around Zn2. Thus
Zn1 and Zn2 adopt a six-coordinated and five-coordinated
geometry, respectively. Topologically, each binuclear zinc–
carboxylate cluster and each organic linker can be regarded
as a 4-connected and 8-connected node, respectively, which
are linked with each other to form a noninterpenetrated
(4,8)-connected network with the flu topology (Schl�fli
symbol: (41261284)(46)2) (Figure 1 b).[21] There exist two types
of micropores of approximately 5.4 � 6.5 � along the a direc-
tion and 4.8 � 5.8 � along the c direction, respectively,
taking into account of the van der Waals radii (Figure 1 c
and d). PLATON calculations indicate that UTSA-33 con-
tains 52.8 % void space that is accessible to the solvent mol-
ecules after removal of coordinated DMA molecules from
the Zn1 centers. To check the permanent porosity, the fresh
sample was guest-exchanged with dry acetone and then acti-
vated under high vacuum at room temperature to generate
the desolvated UTSA-33 a. PXRD studies indicate that
UTSA-33 a still retains the crystalline feature (Figure S1 in
the Supporting Information). The porosity was characterized
by N2 gas sorption at 77 K. The isotherm shows a Type-I
sorption behavior typical for microporous materials with a
Brunauer–Emmett–Teller (BET) and Langmuir surface area
of 660.0 and 1024.3 m2 g�1, respectively, and a pore volume
of 0.367 cm3 g�1 (Figure 2 a and Figure S4 in the Supporting
Information). The adsorbed amount is 237.4 cm3 g�1 (at stan-

Scheme 1. The organic linker H8L used to construct UTSA-33. Figure 1. Single-crystal X-ray structure of UTSA-33 indicating a) the bi-
nuclear zinc–carboxylate unit linked by four organic ligands, b) the flu
topology, and c) and d) space-filling diagrams showing the channels along
the a and c axes.
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dard temperature and pressure (STP)) at P/P0 =0.95. The
H2 sorption isotherm at 77 K shows that UTSA-33 a can
adsorb H2 to the amount of 166.3 cm3 g�1 (STP) (1.5 wt %)
at 1 atm (Figure 2 b). The hydrogen adsorption data follow
closely the Langmuir–Freundlium equation (R2 =0.99996),
from which the maximum adsorption of 237.6 cm3 g�1 (STP)
(2.1 wt %) at 77 K can be predicted (Figure S5 in the Sup-
porting Information). Establishment of the permanent po-
rosity of UTSA-33 a encouraged us to examine its potential
application in gas separation, particularly for industrially im-
portant C2/C1 hydrocarbon separation. As shown in
Figure 3, UTSA-33 a exhibits different adsorption capacities
to C2H2, C2H4, C2H6, and CH4 at two different temperatures
(273 and 296 K). The most remarkable and significant fea-
ture is that UTSA-33 a systematically adsorbs many more C2

hydrocarbons than C1 methane. At 296 K, for example,
UTSA-33 a can take up a moderate amount of C2H2

(97.1 mgg�1), C2H4 (76.2 mgg�1), and C2H6 (83.0 mgg�1), but
basically a negligible amount of CH4 (9.2 mgg�1) at 1 atm
(Figure 3 a), thus highlighting UTSA-33 a as a very promis-
ing material for highly selective adsorptive separation of C2

hydrocarbons from CH4 at room temperature. The separa-
tion selectivities, based on pure component molar loadings,
of C2H2/CH4, C2H4/CH4, and C2H6/CH4 at 296 K are 6.5, 4.7,
and 4.8, respectively, which are systematically higher than
those in our recently reported UTSA-36 a.[16] Using the
dual-Langmuir fits of pure component isotherms (Fig-ACHTUNGTRENNUNGures S6–S9 in the Supporting Information), the adsorption
selectivities, Sads, are defined by the following equation:

Sads ¼
q1=q2

p1=p2
ð1Þ

in which pi the bulk gas pressure of species i, and qi the
component molar loading of species i, can be determined
using the ideal adsorbed solution theory (IAST) of Myers
and Prausnitz.[22] The accuracy of IAST for estimation of
binary mixture equilibrium in zeolites and MOFs has been
established in a number of publications in the literature.[23]

Figure 4 shows the IAST calculations of the adsorption se-
lectivity, Sads, for equimolar C2H2/CH4, C2H4/CH4, and C2H6/
CH4 mixtures at 296 K in UTSA-33 a. The selectivities of
C2H4 with respect to CH4 are in excess of 12 for a range of

Figure 2. N2 (a) and H2 (b) sorption isotherms of UTSA-33 a at 77 K. *:
adsorption, *: desorption.

Figure 3. C2H2 (& and &), C2H4 (* and *), C2H6 (~ and ~), and CH4 (!
and !) sorption isotherms of UTSA-33 a at a) 296 K and b) 273 K. Solid
symbols: adsorption, open symbols: desorption.

Figure 4. Calculations of the adsorption selectivity, Sads, for equimolar
C2H2/CH4 (!), C2H4/CH4 (^), and C2H6/CH4 (~) mixtures at 296 K in
UTSA-33 a using IAST.
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pressures to 100 kPa; separation of this binary mixture is
therefore expected to be easy. For C2H2/CH4 and C2H6/CH4

mixtures, the adsorption selectivities are in excess of 16, and
thus separations of these binary mixtures are even easier.

To understand such high separation selectivity, the isoste-
ric heat of adsorption, Qst, defined as

Qst ¼ RT2 @ ln p
@T

� �
q

ð2Þ

was determined by using the pure component isotherm fit
(Figures S6–S9 in the Supporting Information). Figure 5
presents the data on the isosteric heats of adsorption for

C2H2, C2H4, C2H6, and CH4 in UTSA-33 a. These calcula-
tions are based on the use of equation (2), along with ana-
lytic differentiation of the isotherm fits of the dual-Lang-
muir fit parameters provided in Tables S1–S4 (see the Sup-
porting Information). The analytic procedure used is identi-
cal to the one described in detail in the Supplementary In-
formation accompanying the paper by Mason et al.[24] The
isosteric heat of adsorption of CH4 in UTSA-33 a is signifi-
cantly lower, and has a value of 20.5 kJ mol�1, whereas the
isosteric heats of adsorption of C2H2, C2H4, and C2H6 are
close to one another, and have a value of about 32 kJ mol�1

in the limit of low loadings. The higher adsorption heats for
C2 hydrocarbons might be due to the comparable pore sizes
in UTSA-33 a with these small C2 hydrocarbons, thereby en-
forcing their interaction with the host framework, and thus
leading to highly selective separation of C2 over C1 hydro-
carbons.

The separation characteristic of any adsorbent is dictated
not only by the adsorption selectivity, but also by the ad-
sorption capacity. The appropriate combination of the selec-
tivity and capacity characteristics is reflected in the break-
through behavior in a packed-bed adsorber. Figure 6 (top)
shows a schematic of a packed bed adsorber. The break-
through characteristics were simulated using the methodolo-
gy described in the work of Krishna and Long.[25] Assuming

isothermal conditions, with the adsorber maintained at
296 K, the transient breakthrough of an equimolar 4-compo-
nent mixture of C2H2, C2H4, C2H6, and CH4 at 296 K in
UTSA-33 a were determined. The molar concentrations of
the gas phase exiting the adsorber are shown in Figure 6
(bottom) for a gas mixture with partial pressures of 25 kPa
each for each of the four components at the inlet. The x-axis
is a dimensionless time, t, obtained by dividing the actual
time, t, by the contact time between the gas and the crystal-
lites, eL/u. For a given adsorbent, under chosen operating
conditions, the breakthrough characteristics are uniquely de-
fined by t, allowing the results to be presented here to be
equally applicable to laboratory scale equipment, as well as
to industrial scale adsorbers. Specifically, the calculations
presented here were performed taking the following param-
eter values: L=0.12 m; e=0.75; u=0.00225 ms�1. The
framework density of UTSA-33 a is 993 kg m�3. From the
breakthrough curves presented in Figure 6 (right), we note
that CH4, the component with the poorest adsorption
strength “breaks through” earliest and it is possible to pro-
duce pure methane from this 4-component mixture during
the adsorption cycle. The feasibility of separation of CH4

Figure 5. The isosteric heats of adsorption for C2H2 (!), C2H4 (^), C2H6

(~), and CH4 (&) in UTSA-33 a.

Figure 6. Schematic of packed-bed adsorber (top) and transient break-
through of an equimolar 4-component mixture containing C2H2 (!),
C2H4 (^), C2H6 (~), and CH4 (&) in adsorber packed with UTSA-33 a,
operating at isothermal conditions at 296 K. The inlet gas is maintained
at partial pressures pi0 =25 kPa. Video animations showing the motion of
gas phase concentration fronts traversing the length of the adsorber with
the 4-component mixture have been provided as Supporting Information.
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from mixtures containing C2H2, C2H4, or C2H6 is also em-
phasized by determining the breakthrough characteristics of
binary mixtures C2H2/CH4, C2H4/CH4, and C2H6/CH4 at
296 K (Figures S10–S12 A in the Supporting Information).
For each of these three mixtures, there is a significant gap
between the breakthroughs of CH4 and the partner species.
This further indicates the feasibility of recovering pure CH4

during the adsorption phase. After the adsorption cycle is
complete, the component that is preferentially adsorbed,
C2H2, C2H4, or C2H6, can be recovered by purging. The de-
sorption characteristics using an inert, non-adsorbing gas are
shown in Figures S10–S12 B (in the Supporting Information).
It is clear that pure C2H2, C2H4, or C2H6 can be recovered
from the purge gas. The breakthrough calculations confirm
the potency of UTSA-33 a in separating CH4 from mixtures
containing one or more of the species C2H2, C2H4, and C2H6.

Conclusion

We have successfully realized a novel moderately porous mi-
croporous metal–organic framework for highly selective sep-
aration of C2 hydrocarbons from C1 methane at room tem-
perature. This new MOF exhibits not only higher adsorption
capacity, but also higher separation selectivities than the
previously established UTSA-36 a, indicating the feasibility
to tune the pore structures and/or surfaces within porous
MOF materials for the enhanced C2/C1 separation. This
work will initiate more extensive research on this important
subject and some practically useful micropous MOF materi-
als will be targeted and eventually implemented into these
industrially important separations in the future.

Experimental Section

Materials and measurements : All reagents and solvents were used as re-
ceived from commercial suppliers without further purification. 1H NMR
and 13C NMR spectra were recorded on Varian Mercury 300 MHz or
Bruker AV600 spectrometer. Tetramethylsilane (TMS) and deuterated
solvents (CDCl3, d= 77.0 ppm; [D6]DMSO, d =39.5 ppm) were used as
internal standards in 1H NMR and 13C NMR experiments, respectively.
The coupling constants were reported in Hertz. FTIR spectra were per-
formed on a Bruker Vector 22 spectrometer at room temperature. The
elemental analyses were performed with Perkin–Elmer 240 CHN ana-
lyzers from Galbraith Laboratories, Knoxville. Thermogravimetric analy-
ses (TGA) were measured using a Shimadzu TGA-50 analyzer under a
nitrogen atmosphere with a heating rate of 3 8C min�1. Powder X-ray dif-
fraction (PXRD) patterns were recorded by a Rigaku Ultima IV diffrac-
tometer operated at 40 kV and 44 mA with a scan rate of 1.0 deg min�1.
A Micromeritics ASAP 2020 surface area analyzer was used to measure
gas adsorption isotherms. To remove the guest solvent molecules in the
framework, the fresh sample was exchanged with dry acetone at least 5
times, filtered and vacuumed at room temperature until the outgas rate
was 5 mmHg min�1 prior to measurements. A sample of 125.4 mg was
used for the sorption measurement and was maintained at 77 K with
liquid nitrogen and at 273 K with an ice-water bath. As the center-con-
trolled air condition was set up at 23 8C, a water bath was used for ad-
sorption isotherms at 296 K.

Synthesis and characterization of the organic linker H8L : The synthetic
route to the organic linker H8L was shown in Scheme 2.

1,2,4,5-tetra(3,5-dimethoxycarboxyphenyl)benzene (H8l-Me): The de-
gassed mixed solvents (toluene/MeOH/H2O, 120:60:60 mL) were added
to a mixture of 1,2,4,5- tetrabromobenzene (2.50 g, 6.35 mmol), dimethyl
5-(pinacolboryl)isophthalate (12.20 g, 38.11 mmol), Na2CO3 (10.77 g,
101.61 mmol), and Pd ACHTUNGTRENNUNG(PPh3)4 (1.47 g, 1.27 mmol) under a nitrogen atmos-
phere. The resulting mixture was stirred for 72 h under reflux. After re-
moval of the solvent, the residue was extracted with dichloromethane
(80 � 3 mL), washed with brine (80 mL), dried over anhydrous MgSO4,
filtered, and concentrated in vacuo. The residue was purified by silica gel
column chromatography to give 1,2,4,5-tetra(3,5-dimethoxycarboxyphe-
nyl)benzene as a pure white solid (4.14 g, 4.89 mmol, 77% yield).
1H NMR (CDCl3, 300.0 MHz) d =8.55 (t, J=1.5 Hz, 4H), 8.061 (d, J =

1.5 Hz, 8H), 7.58 (s, 2 H), 3.89 ppm (s, 24H); 13C NMR (CDCl3,
75.4 MHz) d =165.57, 140.26, 138.76, 134.76, 132.66, 130.64, 129.46,
52.48 ppm; FTIR ñ =2952, 1718, 1599, 1430, 1331, 1298, 1236, 1126, 1107,
1072, 997, 963, 907, 875, 832, 786, 769, 753, 721, 692 cm�1.

1,2,4,5-tetra(5-isophthalic acid)benzene (H8L): A 6m aqueous solution of
NaOH (60 mL, 360 mmol) was added to a solution of 1,2,4,5-tetra(3,5-di-
methoxycarboxyl)benzene (4.50 g, 5.31 mmol) in methanol (150 mL). The
resulting mixture was stirred under reflux overnight. After removal of
the solvent, the residue was dissolved in H2O and filtered. The filtrate
was neutralized with concentrated HCl at 0 8C. The resulting precipita-
tion was collected by filtration, washed with H2O and dried in vacuo at
80 8C to afford the target compound as an off-white solid (3.85 g,
5.24 mmol) in 99 % yield. 1H NMR ([D6]DMSO, 600.1 MHz) d=13.20
(br s, 8H), 8.35 (t, J =1.2 Hz, 4H), 8.00 (d, J=1.2 Hz, 8 H), 7.78 ppm (s,
2H); 13C NMR ([D6]DMSO, 150.9 MHz) d= 166.19, 140.18, 138.38,
134.50, 132.62, 131.35, 128.67 ppm; FTIR ñ =1685, 1597, 1439, 1392, 1193,
1137, 1000, 906, 751, 704, 658 cm�1.

Synthesis and characterization of UTSA-33 : A mixture of the organic
linker H8L (10.0 mg, 13.6 mmol) and Zn ACHTUNGTRENNUNG(NO3)2·6H2O (20.0 mg,
67.2 mmol) was dissolved into N,N’-dimethylacetamide (DMA, 1.5 mL)
in a screw-capped vial (20 mL). The vial was then capped and heated at
100 8C for 48 h. The colorless block-shaped crystals were collected in
65% yield. UTSA-33 can be formulated as Zn4L ACHTUNGTRENNUNG(DMA)4 on the basis of
single-crystal X-ray structure determination, TGA, and microanalysis.
FTIR ñ=1600, 1583, 1507, 1399, 1351, 1257, 1190, 1106, 1060, 1018, 964,
919, 851, 778, 744, 720, 682 cm�1; TGA data: calcd (%) weight loss for
4DMA: 26.0; found: 24.4; elemental analysis calcd (%) for
C54H50N4O20Zn4: C 48.53, H 3.77, N 4.19; found: C 48.37, H 3.81, N 4.23.

Single-crystal X-ray structure determination : Crystal data for the report-
ed UTSA-33 were collected at 90 K on a Bruker SMART Apex II CCD-
based X-ray diffractometer system equipped with a Cu-target X-ray tube
(l=1.54178 �) operated at 2000 watts power (50 kV, 40 mA). The struc-
ture was solved by direct methods and refined to convergence by the
least squares method on F2 using the SHELXTL software suit.[26] The hy-
drogen atoms on the ligands were placed in idealized positions and re-
fined using a riding model. The DMA solvents could not be located. We
employed PLATON/SQUEEZE to calculate the diffraction contribution
of the solvent molecules and thereby produce a set of solvent-free dif-
fraction intensities. CCDC-837371 (UTSA-33) contains the supplementa-
ry crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Scheme 2. The synthetic route to the organic linker H8L.
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