
&Hydrocarbon Separation

Influence of Solvent-Like Sidechains on the Adsorption of Light
Hydrocarbons in Metal–Organic Frameworks

Andreas Schneemann,[a] Eric D. Bloch,[b, c] Sebastian Henke,[a] Philip L. Llewellyn,[d]

Jeffrey R. Long,*[b] and Roland A. Fischer*[a]

Abstract: A variety of strategies have been developed to

adsorb and separate light hydrocarbons in metal–organic
frameworks. Here, we present a new approach in which the
pores of a framework are lined with four different C3

sidechains that feature various degrees of branching and
saturation. These pendant groups, which essentially mimic

a low-density solvent with restricted degrees of freedom,
offer tunable control of dispersive host–guest interactions.

The performance of a series of frameworks of the type

Zn2(fu-bdc)2(dabco) (fu-bdc2¢= functionalized 1,4-benzene-

dicarboxylate; dabco = 1,4-diazabicyclo[2.2.2]octane), which

feature a pillared layer structure, were investigated for the
adsorption and separation of methane, ethane, ethylene,
and acetylene. The four frameworks exhibit low methane

uptake, whereas C2 hydrocarbon uptake is substantially
higher as a result of the enhanced interaction of these

molecules with the ligand sidechains. Most significantly,
the adsorption quantities and selectivity were found to

depend strongly upon the type of sidechains attached to

the framework scaffold.

Introduction

The light hydrocarbons methane, ethane, ethylene, and acety-
lene are typically obtained as mixtures from either natural gas
or the steam cracking of naphtha.[1] An extremely cost-inten-

sive portion of the production of these important chemicals
thus lies in their separation from the product stream.[2] The

most widely employed method for performing such a separa-
tion is cryogenic distillation, a process that, owing to the low
boiling points and similar physical properties of these
molecules, must be carried out at low temperatures and high

pressures. A potentially more energy-efficient alternative
involves a higher-temperature adsorptive separation by using

porous materials.[2–3] A specific class of materials that have
been thoroughly investigated for adsorption-based separa-

tions, in addition to numerous other applications, are metal–
organic frameworks (MOFs).[4] These materials are composed of
metal cations or clusters connected by organic linkers

(predominantly carboxylate or N-coordinating, multidentate
ligands) to create often porous, architecturally robust three-

dimensional networks. The highly tunable structures that result
possess a large range of surface areas, pore geometries, and
surface functionalities.[5]

To differentiate hydrocarbons within a MOF, the two most

commonly investigated strategies have been the utilization of
coordinatively unsaturated metal sites[6] and/or the tuning of
pore size and geometry.[7] A specific example of the former is
the metal–organic framework Fe2(dobdc) (dobdc4¢= 2,5-dioxi-
do-1,4-benzenedicarboxylate; also known as CPO-27-Fe or Fe-

MOF-74).[6b] This material displays high selectivity for a number
of hydrocarbon separations based on the different binding af-

finities of hydrocarbons to the exposed Fe2+ cations of the

framework. In tuning pore size and shape for a given separa-
tion, discrimination of different hydrocarbons is achieved by

taking advantage of the distinctive kinetic diameters of the
adsorbent molecules, similar to the separation mechanism in

zeolites.[8] Alternatively, sharp angular features attainable
within the pores of a MOF, but not in zeolites, can be used to
engender shape-based separations for mixtures of alkane iso-

mers.[9] The combination of open metal sites and size/shape-se-
lectivity has also been adopted. In this approach, side

groups[10] or interpenetration[11] can be used to tune pore size,
which leads to better confinement of molecules in the pores,

whereas open metal sites located on the pore surface lead to
a stronger affinity towards specific guests.
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Although pendant side groups can be used to tune the
shape and size of pores in MOFs, they may potentially also be

useful for introducing specific adsorbent–adsorbate interac-
tions. For example, the separation of CH4/CO2/N2 mixtures was

studied in UiO-66 materials that contained functional groups
that both altered pore size and also integrated new interaction

sites into the MOF, which thus modulated selectivity (e.g. , by
introducing NH2 or NO2 groups).[12] However, it may be even
more desirable to prevent the uptake of certain guest mole-

cules by introducing rather bulky substituents that gate the
channels by interacting more strongly with each other than
with adsorbent molecules.[13] This strategy has been used, for
example, to impart selectivity towards polar molecules in a

material in which sidechains form strong hydrogen bonds with
each other.[14]

Along these lines, we decided to utilize flexible sidechains

covalently bonded to the ligand backbone that can rotate and
rearrange within the pore. These pendant groups may interact

strongly with guest molecules, essentially mimicking a solva-
tion-like effect. Accordingly, a series of linker molecules with

pendant C3 alkoxy groups were prepared. Various degrees of
branching and saturation could be expected to differentially

adsorb or “dissolve” methane, ethane, ethylene, or acetylene.

A MOF particularly amenable to the introduction of various
ligand molecules is the pillared framework Zn2(fu-bdc)2(dabco)

(fu-bdc2¢= 2,5-functionalized-1,4-benzenedicarboxylate; dabco
= 1,4-diazabicyclo[2.2.2]octane; Figure 1). Frameworks of this

type have shown interesting properties, such as tunable
framework flexibility upon solvent and gas adsorption/desorp-

tion or in response to temperature changes.[15] This family of

frameworks is derived from the well-studied, archetypal
pillared-layered framework Zn2(bdc)2(dabco) (bdc2¢= 1,4-ben-

zenedicarboxylate), which consists of Zn2 paddlewheel units
interconnected by 1,4-benzenedicarboxylate linkers to form

a two-dimensional Zn2(bdc)2 grid.[16] These grids are extended
into a three-dimensional structure with the pillaring ligand

dabco. In the functionalized analogue, Zn2(fu-bdc)2(dabco),
a phase transition occurs upon activation, from the as-synthe-
sized large-pore form (lp) to the activated narrow-pore form

(np ; Figure 1 b). This phenomenon is often referred to as
a “breathing effect”.[17] The phase transition initiated by guest
removal/reintroduction is attributed to the sidechains attached
to the linker molecule. When the pore is filled with guest mol-

ecules, the pendant sidechains interact with the guests, which
leads to the lp phase. After removal of the guest, a contraction

of the Zn2(fu-bdc)2 grid, initiated by favorable interactions be-

tween neighboring sidechains, occurs. The square framework
structure is transformed into a rhombic framework structure

that leaves the dabco-containing axis unaffected. The resulting
np phase possesses a substantially lower unit cell volume (see

Figure S7 in the Supporting Information for the cell volumes of
activated compounds 1–4). In the np phase, the pore entran-

ces are lined by the “solvent-like” sidechains on the linker,

which leads to a maximum interaction of the sidechains with
potential guest molecules.[15c] The magnitude of the pore con-

traction initiated by the guest removal highly depends on the
nature of the sidechains. For example, substantial differences

in the CO2 adsorption isotherms at 195 K were observed for
different functionalized linkers, which makes it possible to tune

the uptake and the CO2 phase transition pressure back to the

lp form.[15c,e]

Results and Discussion

To potentially endow Zn2(fu-bdc)2(dabco) with selectivity for

specific light hydrocarbons, four different H2 fu-bdc molecules
were selected: H2DP-bdc (2,5-dipropoxy-1,4-benzenedicarbox-

ylic acid), H2DiP-bdc (2,5-diisopropoxy-1,4-benzenedicarboxylic
acid), H2BA-bdc (2,5-bis(allyloxy)-1,4-benzenedicarboxylic acid),

and H2BPy-bdc (2,5-bis(prop-2-ynyloxy)-1,4-benzenedicarboxyl-
ic acid; Figure 2). By using standard solvothermal methods (de-
tails can be found in the Experimental Section), we synthesized
the functionalized frameworks Zn2(DP-bdc)2(dabco) (1),

Zn2(DiP-bdc)2(dabco) (2), Zn2(BA-bdc)2(dabco) (3), and Zn2(BPy-
bdc)2(dabco) (4). Upon evacuation of solvent-exchanged mate-
rials at elevated temperatures, the frameworks are all present

in their np forms, as determined by powder X-ray diffraction
and gas adsorption analysis (see Figures S5, S6, S10, and S11 in

the Supporting Information).
Adsorption isotherms for methane, ethane, ethylene, and

acetylene were measured at 298 K for compounds 1–4
(Figure 2). The trend in adsorption capacity at 1 bar is the
same for all four materials, with CH4<C2H6�C2H4<C2H2.

Under these conditions, 1 and 2 display the lowest acetylene
uptake of 0.34 and 0.23 mmol g¢1, respectively. Interestingly,

the materials with fu-bdc linkers that contain alkene and
alkyne functionalities adsorb significantly more acetylene, with

Figure 1. a) Side view of a single cavity and sketch of the framework build-
ing units. b) Schematic depiction of a single cavity of a pillared-layered
metal–organic frameworks of the type Zn2(fu-bdc)2(dabco) in the solvated
state (lp) and the activated state (np). Carbon: grey, oxygen: red, nitrogen:
blue, zinc: dark green; coordination spheres around the Zn are represented
by blue polyhedra. c) Representation of the chemical structures of the
H2fu-bdc linker molecules used for the preparation of MOFs 1–4.
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3 and 4 displaying capacities of 0.87 and 0.76 mmol g¢1, re-
spectively, at 1 bar. At similar pressures, 1 and 2 display low

ethylene and ethane uptakes of approximately 0.1 mmol g¢1,
whereas 3 and 4 have moderate uptakes of 0.47 and

0.25 mmol g¢1, respectively. The methane uptake in all four

cases is very low, ranging from 0.001 to 0.07 mmol g¢1.
All the isotherms measured display typical type I behavior,

which confirms that the materials remain in the np form
during the adsorption of hydrocarbons under these conditions

(298 K, 0–1 bar). This observation is in distinct contrast to the
low-temperature CO2 isotherms of the same materials that fea-
ture a distinct step in the uptake curve of the isotherm, which

indicates a pore transformation from np to lp.[15c] In principle,
a similar phase transition during the adsorption of light hydro-
carbons is also possible, though it likely occurs at higher pres-
sures and/or lower temperatures than studied here. To exclude

the effects of pore size as the driving force for the adsorption
of certain hydrocarbons, the powder X-ray diffraction patterns

of activated materials 1–4 were fit by using the Pawley

method[18] and the unit cell parameters were obtained (see Fig-
ure S7 in the Supporting Information). The fits confirm that all

four materials are present in their np form, with moderately
different unit cell volumes. Thus, slight variations in accessible

pore volume as a function of the functionality on the bdc2¢

linker are anticipated.

Interestingly, the trend in the decrease in cell volume of the

np materials 1–4 (V1�V2>V3>V4) does not match with the
trends in guest uptake observed from the physisorption meas-

urements. Therefore, the dissimilarities in gas uptake capacities
are induced primarily by differences in substituent–guest inter-

actions. The adsorption capacities at 298 K and 1 bar suggest
that the different adsorption capacities are not based on a siev-

ing effect because the kinetic di-
ameters of the molecules investi-

gated follow the trend C2H6>

C2H4>CH4>C2H2. In addition,

the polarizabilities of the mole-
cules increase from methane to

ethane, with CH4<C2H2<C2H4<

C2H6 (see Table S1 in the Sup-

porting Information). Thus, it is
most likely that significant p–p

interactions of C2H2 with the

sidechains lead to the higher
uptake (3 and 4). Nevertheless, it

needs to be noted that the C2H4

and C2H6 uptake are nearly iden-

tical, which suggests that the

observed differences in uptake
cannot be solely based on the

variation in p–p interactions of
the adsorbents with the side-

chains. Although the overall ad-
sorption capacities are perhaps

somewhat low in comparison to

other MOFs (for example, the
parent material Zn2(bdc)2(dabco)

without the flexible sidechains takes up approximately
4.2 mmol g¢1 of C2H2

[19] and 7.5 mmol g¢1 of CH4
[20] at 298 and

296 K, respectively), a high relative difference between the
acetylene and ethylene uptake is apparent, which indicates

a comparably strong selectivity for the adsorption of acety-

lene.
Typical gas adsorption analyzers measure only single-com-

ponent isotherms and the routine measurement of binary gas
mixtures is complicated. A model that can reliably determine

adsorption selectivity for mixed gas systems was developed by
Myers and Prausnitz.[21] Their ideal adsorbed solution theory

(IAST) can be used to estimate selectivity coefficients, which

are defined by the equation

Sads ¼
x1=x2

y1=y2

in which Sads is the adsorption selectivity, xi is the amount of

adsorbed gas as determined using IAST, and yi is the mole frac-
tion of each component in the gas phase at equilibrium. The
calculated selectivities are displayed in Figure 3. Consistent

with the high acetylene uptake exhibited by 4, this material
has the highest C2H2/C2H6, selectivity, with a value of 7.3 for an

equimolar mixture at 1 bar and 298 K, whereas 1, 2, and 3 dis-
play selectivities of 6.2, 3.7, and 3.2, respectively. The some-

what lower selectivity obtained for 3 could potentially be ex-

plained by a partially ordered alignment of the allyloxy side-
chains inside the pores that leads to an increase in the number

of freely accessible adsorption sites, and thus increases the
uptake for all four adsorbates. This is in agreement with the

observation that 3 is the only material under study here that
adsorbs reasonable amounts of N2 at 77 K (�40 cm3 g¢1),

Figure 2. Adsorption isotherms for CH4 (^), C2H6 (~), C2H4 (*), and C2H2 (&) measured at 298 K for a) 1, b) 2, c) 3,
and d) 4.
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whereas the other materials are essentially nonporous towards

N2.[15c]

The C2H2/C2H4 selectivity factors are slightly lower than
those for C2H2/C2H6. For an equimolar mixture at 1 bar total

pressure, selectivities of 5.9, 4.4, and 3.8 are observed for 4, 1,
and 2, respectively. The selectivity of 4 represents, to our

knowledge, the highest reported selectivity for an equimolar
acetylene/ethylene mixture at 1 bar of total pressure and

298 K, and is only rivaled by the selectivity of M’MOF-3 (5.2).[10a]

Again, the lowest selectivity is found for 3, with a value of 3.4.
This value, however, is still among the highest reported for

metal–organic frameworks under these conditions. Indeed, two
widely studied metal–organic frameworks, Fe2(dobdc) and

NOTT-300, display selectivities of 2.2 (at 318 K) and 2.3 (at
293 K), respectively.[22]

Because there is utility in removing trace acetylene impuri-

ties from ethylene streams, we also evaluated selectivity for
1:99 C2H2/C2H4 mixtures. Particularly high values were recently

reported for M’MOF-3[10a] and UTSA-100a,[23] which show selec-
tivities of 24.0 and 10.7, respectively, whereas the selectivities

of NOTT-300 (2.2) and Fe2(dobdc) (2.1) were considerably
lower.[23] For material 4, the IAST value for a 1:99 C2H2/C2H4

mixture at 1 bar is 5.6, which makes it, to the best of our

knowledge, the third-best material reported for this set of
parameters (see Table 1 for selectivities for 1:99 and 99:1

mixtures at 1 bar).

Conclusion

In addition to the commonly employed methods of modifying

uptake and selectivity for short-chained hydrocarbons in
metal–organic frameworks, the foregoing results demonstrate

that linker functionalization with flexible sidechains can effec-
tively be used to tune adsorption selectivity for specific hydro-

carbons. The highest uptake of unsaturated hydrocarbons oc-
curred in Zn2(fu-bdc)2(dabco) materials with unsaturated side-
chains. The high acetylene uptake and C2H2/C2H4 selectivity

can be credited to strong p–p interactions, which apparently
give rise to additional adsorption sites. Ethane and ethylene

are moderately adsorbed at a very similar level, this might be
induced by the much weaker p–p interactions of the ethylene
(compared with acetylene) and the van der Waals interactions/
polarizability of the ethane that balance each other out. Given
the modular nature of MOFs, this strategy should be generally

applicable and transferable to the vast field of 1,4-benzenedi-
carboxylate-based frameworks and beyond. The issue of low
overall capacities may be overcome by using larger pore struc-
tures or perhaps through the preparation of suitable core–

shell systems.[24] Future investigations will expand the library of
H2 fu-bdc linkers and employ them in the synthesis of a wide

array of prototypical MOFs. More sophisticated tuning of sepa-

ration properties could potentially be achieved through the
synthesis of solid–solution MOFs that contain several different

linkers,[25] or through the implementation of these new MOFs
in membranes[26] and thin-film devices.[27]

Experimental Section

Materials

All chemicals were purchased from commercial suppliers (Sigma–
Aldrich, Fluka, Alfa Aesar, ABCR, and others) and used without fur-
ther purification. The tetrahydrofuran (THF) used in the linker syn-
thesis was catalytically dried, deoxygenated, and saturated with
argon by using an automatic solvent purification system from
MBraun. The residual water content was determined by using Karl
Fischer titration, which indicated levels of 5 ppm. The activated
MOF samples were stored under argon in a glovebox (MBraun
LabStar) before further measurements.

Figure 3. Selectivity factors for 1 (&), 2 (*), 3 (^), and 4 (~) for the separa-
tion of 50:50 mixtures of a) C2H2/C2H6, b) C2H2/C2H4, and c) C2H4/C2H6 at
298 K.

Table 1. IAST selectivity calculated for materials 1–4 for C2H2/C2H4

mixtures with ratios of 1:99, 50:50, and 99:1 at 1 bar and 298 K.

Material 1:99 50:50 99:1

1 4.0 4.4 5.4
2 3.6 3.8 4.0
3 3.2 3.4 3.6
4 5.6 5.9 6.0
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Methods

For the adsorption measurements, samples 1–4 (150–200 mg)
were transferred into a pre-weighed sample tube under nitrogen
and capped with a Transeal. The samples were then outgassed on
the activation unit of a Micromeritics ASAP 2020 gas adsorption
analyzer and heated at a rate of 0.1 K min¢1 from RT to 433 K.
When the outgas rate was below 2 mbar min¢1, the samples were
considered fully activated. The evacuated tubes were subsequently
weighed again to determine the measurement weight, then the
samples were transferred to the analysis port of the Micromeritics
2020 instrument and again heated to 433 K and evacuated until
the outgas rate was below 2 mbar min¢1. Isothermal conditions
were ensured by using a recirculating dewar connected to an iso-
thermal bath. The gases used for measurements had purities of
99.5 % for acetylene and 99.99 % or higher for methane, ethane,
ethylene, nitrogen, CO2, and H2. Liquid-phase NMR spectra were re-
corded by using a Bruker Advance DPX 200 spectrometer (1H,
200 MHz) or a Bruker Advance DPX 250 spectrometer (1H,
250 MHz) at 293 K. 1H NMR spectra of the synthesized linker mole-
cules were recorded in [D6]DMSO and the spectra of digested
MOFs were recorded in 0.5 mL [D6]DMSO and 0.05 mL of DCl/D2O
(20 %). Chemical shifts are given relative to TMS and referenced to
the solvent signals as internal standards. Infrared spectra were re-
corded by using a Bruker Alpha-P FT-IR situated in a glovebox. For
all measurements the ATR mode of the spectrometer was used
and measurements with 48 scans were performed. All thermogravi-
metric analyses (TGA) were performed by using a Netzsch STA
409 PC TG-DSC apparatus. A heating rate of 5 K min¢1 was applied
and the samples were placed in clean pre-weighed aluminum
oxide crucibles. All measurements were performed in a stream of
N2 gas with a constant flow rate of 20 mL min¢1. Powder X-ray dif-
fraction (PXRD) measurements were performed by using a PanAlyti-
cal X’Pert Pro with CuKa radiation in Bragg–Brentano geometry
with an automatic divergence slit and a position-sensitive detector
in continuous scan mode in the range of 2q= 5–508. The samples
were measured on zero-background silica substrates cut along the
[510] plane. For measurements of the as-synthesized samples, the
MOF powders were taken straight from the synthesis solution and
measured while still slightly wet from the solvent. For measure-
ments of the dried samples, the substrate was covered with a thin
film of grease and the dried samples were distributed on the
grease.

Linker synthesis

The linkers H2DP-bdc, H2DiP-bdc, H2BA-bdc, and H2BPy-bdc were
prepared according to known literature procedures.[15c]

Synthesis of Zn2(fu-bdc)2(dabco) (1–4)

H2fu-bdc (H2DP-bdc, H2DiP-bdc, H2BA-bdc, or H2BPy-bdc, respec-
tively; 1.5 mmol), dabco (90 mg, 0.8 mmol), and Zn(NO3)2·6 H2O
(446.2 mg, 1.5 mmol) were placed in a beaker, N,N-dimethylform-
amide (DMF; 30 mL) was added, and the mixture was sonicated
until everything was dissolved. The mixture was left for 10 min to
settle and a precipitate formed. The precipitate was filtered off and
the filtrate was collected in a screw jar, sealed, and placed in an
oven at 120 8C for 48 h. Next, the vessel was slowly cooled to RT
and the solvent was decanted and fresh DMF was added. A stirring
bar was added and the content of the reaction vessel was stirred
for 30 min. The mixture was left to stand for 24 h and the solvent
was exchanged twice for CHCl3, followed by 30 min of stirring,
over the course of 48 h. Afterwards the MOF powder was filtered

off and transferred to a Schlenk flask and dried at 120 8C in vacuo
(oil pump). The dried material was then stored under argon in
a glovebox. NMR spectra, powder XRD, TG, IR, and adsorption
measurements (CO2, N2, and H2) of the materials can be found in
the Supporting Information.
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