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ABSTRACT: One of the emerging problems plaguing the 
chemical industry today is the efficient and cost-effective 
separation of C2 hydrocarbons. In order to help address this 
problem, we report a new material, NbU-1, constructed by 
the extremely cheap starting materials. The special structural 
characteristics of NbU-1 such as the planar, mixed-valence 
copper clusters and Lewis-basic adsorption channels 
enforce interactions with acetylene molecules that lead to 
the highest kinetic separation efficiency for C2H2/C2H4. Via 
DFT-D calculations, it is indicated that C2H2 molecules are 
adsorbed onto the two adjacent Cu(I) centers, but not the 
usual single open metal sites of Cu centers. The reported 
results not only provide information for a deep investigation 
into the separation mechanism, but also offer an alternative 
strategy for preparing the cost-effective materials that can 
perform highly-efficient separations of light hydrocarbons. 

Purification of ethylene from C2 mixtures is an extremely 
important industrial process that plays a major role in the 
chemical and polymer industry. Due to the close-boiling 
points and small differences between their condensabilities, 
cryogenic distillation is the current state of the art process 
used for C2 separation, even though it is an extremely high 
energy-cost process.1 Inversely, non-thermally driven 
separations such as adsorption processes using porous 

materials have been receiving widespread attention from 
academia and industry over the last two decades.2 

Metal-Organic Frameworks (MOFs), which are renowned 
for their tunable porous structure and functional surfaces, 
have exhibited great potential as the efficient separation 
materials.3-8 However, several fatal weaknesses still block the 
practical application of MOFs-based separation, such as the 
lack of the effective interaction sites, low thermal or 
chemical stability and the contradiction between the low 
separation efficiency and high cost of the starting materials. 
In order to surmount these defects, lots of research work 
has focused on increasing the effective open sites in MOFs 
separation. For example, the MOF-74 series illustrated that 
the presence of open metal within MOFs play a critical role 
in the identification of similar C2 molecules.4a In response to 
this work, the pursuit of materials with additional open 
metal sites has become more intense as well as significantly 
more challenging.9 Due to the limitation of coordination 
habits, spatial hindrance, high cost of the starting materials 
and synthesis process, the pursuit of larger high-nucleariry 
cluster-based MOFs has encountered a bottleneck, and the 
related research work still focused on the several star MOFs 
templates. In order to inject new vitality, highly efficient and 
cost-effective synthesis strategies and models are urgently 
required.
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Figure 1. Perspective view of the six-connected 
heptanuclear Cu7(OH)6(Ad)6 planar and 4-connected single 
Cu (a, b); Three-dimensional structure of NbU-1composed 
of simplified nodes (c). 

Planar, high-nuclearity M-O based complexes have 
attracted increasing attention due to their fascinating 
properties.10-12 Each metal center in the planar core tends to 
generate two perpendicular open sites, which could be 
conjugated into two metal-active-surfaces used to enhance 
the related properties of the planar complexes. With the 
consideration of the complementarity and structural 
advantages, the materials integrated planar high-nuclearity 
node into MOFs could generate unprecedented separation 
performances, such as metal-active-surfaces within pores 
that exert strong binding interactions with specific guest 
molecules. In order to validate the effectiveness of this 
constructive strategy, a novel MOF, (NH4) 
{CuⅡ

3∙[CuⅡCuⅠ
6(OH)6(Ad)6]2}∙(H2O)x (NbU-1 = Ningbo 

University-1, Ad = adenine), has been directly constructed 
from the cheap starting materials via one-step synthesis 
(see ESI†). NbU-1 exhibits not only high chemical stabilities, 
but also the highest efficient kinetic selectivity of C2H2/C2H4.

Figure 2. The basic adsorption channel (a) and cavities (b) in 
the three-dimensional structure (c) of NbU-1.

Single-crystal X-ray diffraction analysis revealed that 
NbU-1 presents a 3D porous structure based on 
heptanuclear Cu7(OH)6 clusters and single Cu ions linked by 
adenine ligands (Figure 1). In the heptanuclear cluster, the 
central Cu1 ion and Cu2 ring are co-planar. Cu1 exhibits a 
distorted octahedral geometry with six µ3-OH- groups, 
which are distributed equally between the two sides of the 
heptanuclear plane. Cu2 atoms reside in a four-coordinated 
coordination mode with two µ3-OH- groups and two N 
donors from different adenine ligands. One Cu1 and two 
Cu2 atoms are bound together via one µ3-OH- group to 
form the Cu3(OH) triangle. Through sharing two isosceles 
edges, six triangles are fused into the heptanuclear planar, 
whose periphery is decorated by six adenine ligands that 
further separately coordinate with Cu3 atoms. Each Cu3 
atom is surrounded by four adenine units via N2 atom. For 
Cu1 and Cu3, the Cu-O and Cu-N distances fall in the range 
of Cu(II) state, but for Cu2, the related values indicate Cu(I) 
state (Table S2). Furthermore, the existence and proportion 
of two different of copper states was also validated by X-ray 
photo-electron spectroscopy (XPS) (Figure S2). The 2p3/2 
peak is characterized by doublets with the energies of 934.6 
and 932.5 eV, corresponding to CuII and CuI, respectively.13 
The integral areas of two peaks yield CuI:CuII in a ratio of 
70:30, in consistent with the crystallographic studies of 
12CuI:5CuII. 

From a topological point of view, NbU-1 can be 
described as a (4,6)-connected 3D gar topological network 
(Figure S3) with the point (Schläfli) symbol 
{44·62}3{46·66·83}2.14 Meanwhile, 3D framework presents 
irregular void, featuring rich open channels and cavities 
( 54.9% of the unit cell volume, Figure 2). The channels have 
trigonal windows, which are functionalized with the Lewis-
basic adsorption sites such as the uncoordinated pyridyl and 
amino-groups of Adenine on the inner surface. Furthermore, 
the surface of irregular pores is decorated with planar 
metal-binding sites created by the heptanuclear clusters 
which supply the exceptional number of open metal sites. 
Therefore, in terms of structural characteristics, the dual 
adsorption active sites of NbU-1 could synergistically 
enforce the specific host-guest interactions with C2H2.

Powder XRD studies displayed NbU-1 not only possesses 
high thermal stability under the wet and vacuum condition, 
but also exhibits outstanding chemical stability in both 
boiling acidic and alkaline conditions even for one week, 
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which means NbU-1 is more stable than the most MOFs 
with exceptional gas separation performances.4 N2 
adsorption of activated NbU-1 at 77 K shows a reversible 
type-I isotherm, giving Langmuir surface area of 538.6 m2 
g−1 (BET surface area of 368.2 m2 g−1). The Horvath–
Kawazoe method shows a well uniform pore distribution of 
about 4Å, indicating the ultra-microporous structure of 
NbU-1. 

Figure 3. (a) C2Hx sorption isotherms for NbU-1 at 273 K 
and 298K; (b) The isotherms of the relationship between the 
adsorption amount and the equilibrium time; (c) The C2Hx 
isosteric heats of adsorption for NbU-1 ； (d) IAST 
adsorption selectivities for NbU-1 of equimolar C2H2 /C2Hx 
mixtures. 

Figure 4. Breakthrough curves for C2H2/C2H4 separations 
(50/50) (a) and (1/99) (b).

The stable, ultra-microporous structure and functionalized 
porous surface prompted us to further examine the 
capacities of NbU-1 for the adsorption of small C2 
hydrocarbons. Single component adsorption isotherms for 
C2 hydrocarbons were measured at 273 and 298K, 
respectively, which shows NbU-1 exhibits adsorption 
capacities with the trend of C2H2>>C2H4≈C2H6, and the 
C2H2/C2H4 and C2H2/C2H6 uptake ratio of NbU-1 were 
estimated to be 1.76 and 1.69 at 273K, which is notably 
larger than the values for MOF-74 series separation with the 
value range of 1.21–1.36.4c According to the virial equation 
(Figure 3c), the heat of adsorption values at zero loading for 
C2H2, C2H4, and C2H6 are 38.3, 37.9 and 32.2 kJ mol-1 
respectively. Therefore, the remarkable adsorption 
enthalpies, which have a trend of C2H2≈C2H4>C2H6, must be 
attributed to the specific structural characteristics of the 
Lewis-basic sites and the planar metal-binding sites. 
Simultaneously, the similar adsorption enthalpies for C2H2 
and C2H4 manifest NbU-1 might be not suitable for 
thermodynamic separation of C2H2/C2H4. 

Due to this, kinetic adsorption behavior was carefully 
studied because gas separation is the process of non-
equilibrium adsorption, which is related not only to the 
interactions between the host and the guest, but also the 
kinetic diffusion rate of the gas molecules themselves within 
the material.15 The relationship between the adsorption 
amount and equilibrium time gives a time sequence of 
T(C2H2)<<T(C2H6)<T(C2H4) (especially the lower adsorption 
amounts 0-0.5bar) (Figure 3b). The shortest equilibrium time 
not only indicate the fastest diffusion rate within NbU-1 for 
C2H2, but also theoretically endows NbU-1 with the 
separation potential of C2H2 based on a combination of 
kinetic diffusion rates and enthalpies of adsorption. 

In order to evaluate the real gas separation abilities of 
NbU-1, ideal adsorbed solution theory (IAST) was 
performed on 50–50 C2H2/C2H4 and C2H2/C2H6 binary 
mixtures, which yield the separation selectivity values for 
NbU-1 of C2H2/C2H4 and C2H2/C2H6 under 100KPa to be 
12.1, 12.5 at 273 K, and 5.9, 6.5 at 298K, respectively (Figure 
3d). The relatively high selectivity value of C2H2/C2H4 for 
NbU-1 is greater than that the presented star MOFs (Table 
S4), illustrating the great potential of NbU-1 as the efficient 
separation material for C2H2/C2H4. Prompted by the results 
of theoretical calculation, the experimental breakthrough 
studies were further performed for the C2H2/C2H4 mixtures 
that were flowed over a packed bed of activated NbU-1 at 
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293K and 1bar. Two different ratios of C2H2/C2H4 mixture 
(50:50 and 1:99, v/v) were conducted and clear separations 
curves were realized (Figure 4). It was found that NbU-1 
displays a remarkable separation of the 1:99 mixtures, where 
the breakthrough of C2H2 occurs at 93 min after dosing the 
gas mixture. Furthermore, an extremely high purity of C2H4 
that was greater than 99.997% had been obtained (the 
detection limit of the GC, 0.003%). Moreover, based on the 
breakthrough curve, the amounts of C2H2 adsorbed by 
NbU-1 during the time 0～tbreak can be calculated as 1.2 and 
27.6 cm3 g−1 from 1/99 and 50/50 C2H2/C2H4 mixture 
respectively, which are 13.2% and 52.0% of the values 
obtained from the single component adsorption isotherms 
(9.1 and 53.1 cm3 g−1 at T=298K, PC2H2=0.01 bar and 0.5 bar). 
Compared to the performance of other MOFs-based 
separation materials (Table S4), it is worth noting that NbU-
1 exhibits the longest dimensionless breakthrough time 
(τbreak) of C2H2 for the 50/50 mixtures with the specific 
constant flow rate of 2ml/min, and for the 1/99 mixtures, 
the τbreak of C2H2 only lower than UTSA-200a 4d, and 
illustrates the excellent kinetic-factors, especially the fastest 
diffusion rate of C2H2, and excellent stability promoted 
NbU-1 to be an extremely practical material for C2H2/C2H4 
separations. There is no obvious enhancement for the 
separation of acetylene/ethane compared to 
acetylene/ethylene. For ethylene/ethane, there is no 
separation effect for NbU-1, which was also caused by the 
faster diffusion rate of ethane than ethylene (Figure S15 , 
S16).

Figure 5. DFT-D calculated C2H2, C2H4 and C2H6 adsorption 
binding sites on Cu7(OH)6(adenine)6 unit.

Additionally, spin-polarized density function theory 
calculations were carried out to investigate the role of 
planar metal-binding sites in NbU-1. The extended NbU-1 
can be simplified as the effective moiety of Cu7(OH)6(Ad)6 to 
highlight the crucial role of the planar metal-binding sites in 
the process of separation. Different from the normal 
adsorption mechanism, in NbU-1, the series of C2 molecules 
prefer to bind onto the open metal sites via dangling bonds 
between the d block-electrons-rich regions of two adjacent 
CuI atoms (Figure 5, S1). Furthermore, the adsorption energy 
has been calculated as -13.07 kcal/mol for C2H2, -12.57 
kcal/mol for C2H4 and -12.01 kcal/mol for C2H6, meaning the 
weak adsorption of these C2 molecules onto metal-active 
surface. The average C-Cu bond lengths of 2.922 Å for C2H2, 
3.113 Å for C2H4, and 3.483 Å for C2H6, indicate the 
important role of the weak Van der Waals force between 
gas molecules and planar unit. The different bond 
characteristic of C2 molecules must be responsible for the 
origination of different weak C-Cu interactions. Observed 
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from the theoretical investigation, the planar, open metal 
sites of the four-coordinated CuI atoms, especially through 
conjugated with each other, play an important role in the 
selective adsorption of different C2 light hydrocarbons.

In conclusion, NbU-1 exhibits the several advantages as 
the multiple CuI open metal-binding sites, extreme chemical 
stability and the best price-performance ratio (Table S3) 
compared to the reported MOFs-based separations. Via 
breakthrough experiments, NbU-1 clearly illustrates the 
excellent kinetic parameters for the separation of C2H2/C2H4 
mixtures. The out-standing and record-breaking separation 
abilities of NbU-1 are ascribed to the affluent basic 
adsorption sites and special planer, open metal binding sites. 
Therefore, the related research results illustrate an 
important and significant advancement on the design and 
preparation of MOF materials for practical C2 separations 
and can provide a model for further MOF development.
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