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Enhancing the separation efficiency of C2H2/C2H4 mixture by a 
chromium Metal-Organic Framework fabricated via post-
synthetic metalation
Fan Yua,*, Bing-Qian Hu,a Xiao-Ning Wangb, Yu-Meng Zhaob, Jia-Luo Lic, Bao Li*,b and Hong-Cai 
Zhou*,c 

Abstract: Chromium Metal-Organic Frameworks (MOFs) had been well known for their stable porous framework, which is 
not fully explored due to the difficulty encountered in the synthesis process. In order to investigate the possibilities of Cr-
MOFs as the separation materials towards C2 guest molecules, a novel iron MOF had been constructed, which could be 
served as the scaffold to fabricate Cr-MOFs via post-synthetic metalation. The corresponding gas adsorption properties of 
two iso-structural MOFs had been systematically investigated, illustrating the potential separation ability of Cr-MOF with 
respects to CO2/C2H2 and C2H2/C2H4. Furthermore, the real and feasible behaviors of gas separation for Cr-MOF had been 
verified by dynamic breakthrough experiments. Compared to the iso-structural Fe-MOF, the fabricated Cr-MOF not only 
improves the chemical stability, but also enhances the separation efficiency of C2 gas molecules. The systematical 
investigation clearly manifests the important role of chromium ion towards the separation of gas molecules, and explore 
the other insight into fabricating the MOF-based separation materials.

Introduction 
How to effectively and cost-efficiently carry out the 
purification of ethylene from C2 mixtures is an important 
problem required the special attention.1,2 In the current 
chemical industry, the separation process of cryogenic 
distillation for C2 light hydrocarbons is a very energy-cost 
process, because of the close-boiling points and slight 
differences between the series of C2 substances. Therefore, 
there are the related investigations shift to utilize porous 
materials to fulfill the non-thermally driven separation process, 
which is consistency with the development of modern cleaning 
concept.3-6

As one important type of the porous materials, Metal-
Organic Frameworks (MOFs) have also received considerable 
attention due to their excellent structural-activity relationship, 
which exhibits the versatile applications in gas adsorption, 
heterogeneous catalyst, guest separation and luminescent 
sensing.7-24 Importantly, MOFs-based separation materials 
have also made considerable research progress, which 
illustrates the vital role of open metal sites in enhancing the 

separation efficiency of C2 molecules.25-38 The subsequent 
research efforts have focused on how to effectively increase 
the number of open metal sites and separation efficiency. 
Most of the MOFs-based separation materials concentrate on 
the iron, cobalt and copper-based ones.39-45 However, rare 
attention has focused on chromium-based MOFs since the 
unsolved difficulty in the effective construction of Cr-MOFs. 
Because of the strong connection mode caused by Cr(III) ion, 
Cr-MOFs usually exhibit the open metal sites, high chemical 
stability and large porous framework.46-48 The corresponding 
structural advantages of Cr-MOFs ensure their potential as the 
separation materials towards C2 matters, and the relevant 
systems are urgently needed to verify their separation 
performance. However, the effective construction of Cr-MOFs 
is still encountering the great challenge.

Recently, the preparation of Cr-MOFs by post-synthetic 
metalation (PSM) using Fe-MOFs as a template has proven to 
be of an effective strategy, which could be fulfilled in the 
moderate reaction environment.49-50 Directed by the 
successful experience, in order to fabricate the proper Fe-
parent, hexakis(4-formylphenoxy) cyclotriphosphazene (H6L1), 
was chosen as the organic linkers for the following 
consideration: 1) The multi-connection mode and large size 
configuration of H6L1 could ensure the formation of novel iron 
secondary building units(SBUs) since the classic iron-based SBU 
is trinuclear [FeIII

2FeII(O)(COO)6]; 2) The highly connection 
modes between Fe SBU and hexa-carboxyl ligands would 
facilitate the formation of parent framework with large porous 
surface area and open metal sites. More importantly, after the 
moderate PSM process, the fabricated Cr-MOFs could fully 
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inherit the structural benefits exhibited by Fe-MOFs, and 
subsequently exhibit the potential application as gas 
separation materials. Herein, in accordance with our 
predesign, a new porous MOF, [(Fe3O)2(H2O)4(HCOO)(L1)2}n 
(HUST-5, HUST = Huazhong University of Science and 
Technology ), was constructed, which consists of the 
unprecedented [Fe3O-COO-Fe3O] SBU and stable porous 
framework. HUST-5 shows no any effect of gas separation 
towards C2 series, but the post-synthetically fabricated Cr-MOF 
exhibit the corresponding separation effect. The systematic 
comparison of these two isomorphic materials clearly 
illustrates the important role of Cr ion in the aspect of C2 
separation, and explore the other insights into the 
construction of the highly-efficient separation materials. In 
addition, the detailed preparation, crystal structure and 
adsorption behaviors are reported below, along with the 
theoretical investigation on the guest-host interactions 
between different C2 molecules and two isostructural clusters.

Figure 1. (a) Perspective view of the coordination environment of hexa-nuclear cluster, 
which consists of two tri-nuclear clusters bridged by formate anion; (b) Partial view of 
one dimensional arrangement of hepta-nuclear clusters ; (c) Partial view of two-
dimensional channels of framework.

Results and discussion 
Crystal Structure of Fe-MOF

The template Fe-MOF had been constructed by utilizing the 
typical [Fe3O(CH3COO)6] inorganic cluster and hexa-
carboxylate ligand under solvothermal condition. The 

polyhedron red crystal samples have been obtained at 150 ℃ 
for 3 days in DMF, which were directly utilized for the 
structural characterization, gas adsorption, preparing the 
isostructural Cr-MOF and other measurements. SCXRD data 
and selected structural parameters had been listed in Table S1-
S2. SCXRD studies have found that HUST-5 crystallizes in 
monoclinic space group C2, whose asymmetric unit contains 
two Fe3O clusters and two hexa-carboxylate ligands. All of the 
syn-syn acetate bridges in each tri-nuclear cluster have been 
substituted by the benzoate groups of four different ligands. 
Different to the isolated Fe3O cluster in the reported MOFs, in 
HUST-5, two adjacent Fe3O clusters are bind together via one 
formate anion to form the hexa-nuclear cluster, along with the 
dihedral angle of 72.58° (Figure 1). The other coordination 
sites of iron center are occupied by aqua molecules. 
Furthermore, the periphery of each hexa-nuclear cluster has 
been capped via six hexa-carboxylate ligands.

Figure 2. Perspective view of the coordination environment of metal cluster (a) and 
hexa-carboxylate ligands (b)

In HUST-5, there are two types of hexa-carboxylate ligands 
with the different connection modes (Figure 2). The 
substituted benzoate arms distribute equally on two sides of 
central ring. For each hexa-carboxylate ligand, three benzoate 
groups on two sides adapt different coordination modes to 
bind the same hexa-nuclear or two different hexa-nuclear 
clusters, along with the distorted Ccarboxyl-Osubstituted-Pcentral 

angles ranged from 118.9 to 130.5º. The high connection mode 
between hexa-nuclear cluster and hexa-carboxylate ligands 
determines the fabrication of one dimensional SBU chain 
(Figure 1b), which must be the reason for the high stability of 
samples under vacuum conditions. Furthermore, each chain is 

Page 2 of 8Journal of Materials Chemistry A



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

inter-connected by another four parallel 1D chains via the 
hexa-carboxylate backbones to construct the final 3D porous 
framework (Figure 3). Three dimensional porous channel was 
left in the packing structure ( solvent accessible volume of 
64.2% per unit cell calculated by the PLATON routine ). If the 
separated trinuclear cluster and hexa-carboxylate ligands had 
been simplified as five- and four-connected modes, the 
topological structure of whole framework could be reduced as 
4,5-c net with the point (Schläfli) symbol 
{3·4·72·82}{32·42·75·8}. The thermal and chemical stability of 
as-synthesized Fe-MOF had been examined via TGA and PXRD 
measurements ( Figure S7-10), illustrating the stable porous 
structure under different strict conditions. Furthermore, the 
porous structure had been characterized by N2 adsorption of 
activated Fe-MOF at 77 K, which exhibits the reversible type-I 
isotherm and gives the values of Langmuir surface area of 
1020.3 m2 g−1 (BET surface area of 802.2 m2 g−1). The high 
connection mode between the novel metallic clusters and 
hexa-carboxylate ligands must be responsible for the stable 
porous structure in Fe-MOF.

Figure 3. (a) Partial view of 3D porous structure of Fe-MOF HUST-5 along with c-axial 
direction; (b) Partial view of topological structure, blue and red polyhedrons represent 
the iron ions and hexa-carboxyl ligands.

Figure 4. (a) N2 sorption isotherms for activated HUST-5 (Fe-MOF) and HUST-6 (Cr-MOF) 
at 77K after vacuum-drying at 150 °C overnight. (b) XRD spectra of HUST-5 and HUST-6.

Post-synthetic Metalation of Fe-MOF to fabricate Cr-MOF

Due to the more stability of chromium MOF, the as-
synthesized Fe-MOF (HUST-5) usually could serve as the 
metathesis template to prepare the isostructural Cr-MOF 
(HUST-6). Herein, when the red HUST-5 samples were 
immersed in acetone solution containing CrCl3·6H2O at 60℃ 
for 3 days, obvious color-change of crystal samples to green 
sample could be observed. The crystallinity of single-crystal 
HUST-6 sample had been decreased in the process of 
metathesis, whilst the detailed structure could not be 
determined via SCXRD method. However, via the PXRD studies, 

the post-synthetic HUST-6 remains the isostructure compared 
to HUST-5 template ( Figure 4 ). SEM studies manifest the 
uniform distribution of chromium ion in HUST-6, and no iron 
element could be detected ( Figure 5 ). The stable porous 
framework of HUST-6 could be validated via N2 adsorption at 
77 K, which also exhibits the reversible type-I isotherm and 
gives the values of Langmuir surface area of 958.2 m2 g−1 (BET 
surface area of 645.3 m2 g−1). Compared to the porous 
characteristics of HUST-5, in HUST-6, the elimination of defects 
in the crystal sample during the process of metallic metathesis 
must be responsible for the decrease of porous surface area. 
During the soaking process, Cr3+ ions tends to repair the 
defects reserved in Fe-MOFs due to its proper coordination 
ability, resulting in a more regular crystal systems. During the 
Except for the change of porosity, the thermal and chemical 
stability of HUST-6 have been also improved due to the 
speciality of chromium ion( Figure S9). In addition, the defects 
of HUST-5 could be also decreased by the utilization of FeCl2 
salt with the modified synthesized method, which exhibits the 
similar adsorption behaviors to HUST-6 (Figure S23).

Figure 5. Images of HUST-5 (a) and HUST-6 (b); (c) SEM image of the as-prepared HUST-
5 and EDX mapping image of Fe and P elements; (d) SEM image of HUST-6 obtained via 
metallic metathesis and EDX mapping image of Cr and P elements.

Gas separation ability of two isostructural MOFs 

The permanent porosity and multiply interaction sites in these 
two isostructural MOFs encourages the further comparison of 
gas separation performances, in order to illustrate the 
important roles of iron and chromium ions on the separation 
for small gas molecules. Firstly, the adsorption amount for 
pure components of CO2, CH4, C2H6, C2H4 and C2H2 have been 
evaluated ( Figure 6 ). Both of two isostructural MOF exhibit 
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adsorption capacities with the trend of C2H2>C2H4>CO2>CH4. 
With the consideration of the urgent requirement of the 
separation of C2H2/CO2 and C2H2/C2H4 mixtures in industrial 
application, the separation performance of two MOFs had 
been comprehensively investigated. For these two MOFs, the 
largest adsorption amount of C2H2 with the uptake ratio of 
C2H2/C2H4 and C2H2/CO2 in the range of 1.42 to 1.93 at 273 K, 
similar to the reported values for MOFs used in gas 
separation.51-54 The adsorption amount of C2H2 for HUST-6 is 
much larger than HUST-5, indicating the much stronger 
interaction of HUST-6 compared to iron analogue. By virtue of 
virial equation, the isosteric heats of adsorption values (Qst) for 
the zero loading of C2H2, C2H4, and CO2 are calculated as 30.6, 
29.2 and 29.4 kJ mol-1 for HUST-5, and 31.1, 30.2 and 28.3 kJ 
mol-1 for HUST-6, respectively ( Figure 6 ). In term of the trend 
of adsorption enthalpies, these two isostructural MOFs exhibit 
the similar potential for thermodynamic separation of C2H2 
from CO2 and C2H4 mixtures.

Figure 6. CO2 , CH4 and C2Hx sorption isotherms for HUST-5 (Fe-MOF, a) and HUST-6 (Cr-
MOF, b) at 273 K; IAST adsorption selectivity for HUST-5 (c) and HUST-6 (d) of 
equimolar C2H2/C2Hx and C2H2/CO2 mixtures; CO2, C2Hx isosteric heats of adsorption for 
HUST-5 (e) and HUST-6 (f).

Guided by the primary theoretical investigation, in order to 
further evaluate the gas separation performances of two 
MOFs, the adsorption selectivity for equivalent C2H2/C2H4 and 
C2H2/CO2 binary mixtures have been simulated according to 
ideal adsorbed solution theory (IAST) (Figure 6). At 273K and 
initial pressure, the separation selectivity value of HUST-5 for 
the mixtures composed of equimolar binary C2H2/C2H4 and 
C2H2/CO2 is 1.8 and 1.4. Under the same condition, the values 
calculated for HUST-6 reaches to 3.8 and 8.6, which are higher 
than those of the most promising MOFs for C2H2/C2H4 and/or 

C2H2/CO2 separations, such as MOF-74-Fe (1.8 for C2H2/C2H4), 
NbU-3-MnFe (2.7 for C2H2/C2H4) and TIFSIX-2-Ni-i (6.2 for 
C2H2/CO2). Clearly, the adsorption selectivity for C2H2/C2H4 and 
C2H2/CO2 has been effectively enhanced due to the speciality 
of chromium ions.

E
Figure 7. Breakthrough curves for CO2/C2H2 (50/50) (a) and C2H2/C2H4 separations 
(1/99) (b) for HUST-6.

ncouraged by the above results of theoretical calculation, 
the dynamic breakthrough experiments had been further 
performed for the fully activated HUST-5 and HUST-6 towards 
the actual separation processes of C2H2/C2H4 (1:99, v/v) and 
C2H2/CO2 (50:50, v/v) mixtures ( Figure 7 ). The gas mixtures 
had been injected into a stainless column packed with the fully 
activated MOFs under the gas flow of 1.0mL/min at 290K. 
Under the same dynamic conditions, the highly efficient 
separations for HUST-6 could be obviously observed, 
compared to the negligible separation performances for HUST-
5. For mixture of C2H2/C2H4 ( 1/99 ), the breakthrough time of 
C2H2 takes place approximately 33.5 minutes, indicating about 
0.93 cm3 of C2H2 being retained per gram of HUST-6. For 
C2H2/CO2 (50/50, v/v), breakthrough of C2H2 for HUST-6 
occurred after 13 min. The corresponding separation 
performance means that about 18.4 cm3 of C2H2 has been 

captured, meaning about 63.0% of the amounts obtained from 
the single component adsorption isotherms ( 29.2 cm3 g−1 at T 
= 298 K, P(C2H2) = 0.5 bar). The systematic comparison clearly 
indicates chromium would play the important role in the field 
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of gas separation, and HUST-6 exhibit the promising potential 
application in C2H2 separation performance.  

Figure 8. The view of the adsorption structure and adsorption energy of X/M-cluster ( X= C2H2 and C2H4 , M = Fe and Cr ) (a) along with the enlarged view of the adsorption sites (b); 
The view of frontier molecular orbitals Cr-cluster with C2H2(c) and C2H4(b).

The similar results could be also observed for the systems 
consisted of two isostructures of MIL-100(Fe) and its derivative 
MIL-100(Cr). No separation effect could be observed for Fe-
based materials, but the moderate effect had been presented 
for Cr-based ones (Figure S26 ). Additionally, HUST-6 exhibits 
better performance compared to MIL-100(Cr), illustrating the 
important roles of porous structure and open metal sites on 
gas separation performance. This is also the key point we hope 
to explore in depth in the future. Herein, only the role of 
chromium ion had been illustrate with the systematic 
comparisons of two isostructures.
Theoretical calculation for two iso-structural MOFs

Compared to the iso-structures of HUST-5 and HUST-6, the 
elimination of defects might also supply the effect for 
improving the adsorption behaviors of different gas molecules. 
But the important role of open metal sites in different samples 
should be also fully considered for separation effect of C2H2 

and C2H4. Therefore, theoretical calculation of Spin polarized 
Density functional theory had been carried out to illustrate the 
distinct separation performance for two iso-structural MOFs 
via the utilization of PBE/DNP theoretical level in the DMol3 
software55-56. In order to optimize the huge calculation amount 
in these two MOFs, the hexanuclear  units of 
(M3O)2(H2O)4(HCOO)(L2)4 ( M = Fe, Cr ) unit have been 
presented as the  computational model. L2 means the 
simplified tetra-carboxyl ligands derived from the hexa-
carboxyl ligand ( Scheme S1 ). Geometrical optimization results 
reveal Cr-MOF keeps the same framework with Fe-MOF ( see 
Figure S20 ), consistent with the observed PXRD result. For 
hexa-nuclear iron cluster, the dissociation energy between Fe 
ion and coordinated water molecule had been calculated as Ed 

= 1.21eV, giving the slight difference between the weak 
adsorption energy as Ea= -3.75 kcal/mol for C2H2 and -4.25 
kcal/mol for C2H4. These calculated values for HUST-5 not only 
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mean the difficult in the activation process, but slight 
separation performance for C2H2/C2H4 mixture. Different to Fe 
cluster, the activation process is easier to manipulate with 
respect to the weak dissociation energy of Ed = 0.84 eV 
between the coordinated water molecules and Cr ions, 
illustrating the facile generation of open metal sites of one Cr 
ion in hexanuclear cluster ( Figure S21 ). After the inspection of 
frontier molecular orbitals, it is manifested that LUMO mostly 
consist of 3d empty orbital of chromium(III) ion in the 
activated hexa-nuclear Cr system. Furthermore, the obvious 
difference between the adsorption-energy for C2H2 ( Ea = -
14.96 kcal/mol ) and C2H4 ( Ea = -11.55 kcal/mol ) for the 
activated Cr cluster could illustrate the reason for the 
presentation of separation performance for HUST-6 ( Figure 8 ). 
In addition, Hirshfeld charge population analysis shows that 
obvious electrons transfer from C2 molecule to Cr ion ( 0.037e 
for C2H2 and 0.0014e for C2H4 , Figure 8c-d ),which is also facile 
for the separation of C2H2/C2H4 mixture. Consequently, with 
the systematic comparison of iron and chromium-based 
separation substrates, the synergistic effect between open 
metal site of chromium ion and different C2 molecules play the 
important role in the proper separation performance of 
C2H2/C2H4 mixture for HUST-6 compared to HUST-5.

Conclusions
In summary, a novel chromium MOF, HUST-6, had been 
constructed via the post-synthetic metalation of the iso-
structural HUST-5 under the mild condition. The successful 
post-introduction of chromium ions not only effectively 
improve the chemical stability of the skeleton, but also 
enhance the corresponding parameters of the gas adsorption 
for series of C2 molecules, illustrating the feasibility of HUST-6 
as a promising separation material. Compared to the no effect 
of iso-structural HUST-5, the executive separation application 
of Cr-MOF towards CO2/C2H2 and C2H2/C2H4 has been verified 
by dynamic Breakthrough experiment. With respect to the iso-
structural framework in two frameworks, the origination of the 
distinct gas separation behaviors should be only ascribed to 
the different open metal sites of metal clusters. After the 
theoretical calculations, the different binding energy between 
the gas molecules and Cr clusters in HUST-6 had been 
presented, compared to the slight difference of Fe ones, 
adequately illustrate the important role of Cr ion in improving 
the performance of gas separation. The systematic comparison 
of two MOFs not only demonstrates the importance of Cr-MOF 
as a crystal engineering for building functional MOF materials, 
but also explores the other scientific insight into the MOFs-
based separation materials!
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A new Cr Metal-Organic Framework had been fabricated via post-synthetic metalation,  which 

exhibits the enhanced separation performance of C2H2/C2H4 compared to its template of 

isostructural Fe framework.
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