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Grand Canonical Monte Carlo method was used to investigate the adsorption and separation properties of noble gas and 

N2 mixtures on a MOF material, CuBTC, functionalized with different groups including amino, hydroxyl and fluorine in 

order to understand the potential applications of the materials in noble gas separation. Binary equimolar mixtures of 

Xe/Ar, Xe/Kr and Kr/Ar, as well as the nonequimolar mixtures of Xe/N2 and Kr/N2 containing 0.01% (molar fraction) noble 

gas were examined. Amino functionalized CuBTC displayed attractive interaction with all gases due to high polarity of 

amino-functionalized benzene and its large van der Waals interaction with all gases, while hydroxyl groups exhibit less 

impact on the adsorption properties of CuBTC. On the other hand, functionalization with fluorine groups largely decreased 

the adsorption capacity for all noble gases compared to the parent Cu-BTC. The functional groups also exhibited different 

effects on the adsorption selectivity to the noble gas over N2. The amino functionalized CuBTC showed an enhanced 

selectivities towards noble gas over N2 or other noble gases. Hydroxyl and fluorine groups exhibited similar selectivity with 

the original CuBTC. The difference in the adsorption selectivity is mainly attributed to the enhanced electron delocalization 

and the polarizability of the aromatic ring due to the presence of amino groups, which is the best binding sites for the 

noble gases and N2. According to the simulation results, it can be concluded that amino groups functionalized CuBTC can 

enhance both the adsorption capacity and the selectivity of noble gas over N2 or other noble gases at low pressure from 0 

to 100kPa at 292K.  

Introduction 

Noble gases, which occupy only about 0.94% of the air with low 

chemistry reactivity, are now widely used in many fields such as 

tracer application1, lighting2, imaging3, etc. For example, Ar, Kr and 

Xe are used to fill into light tube or windowpane due to their low 

thermal conductivity and high density. Xe is also applied as fuel in 

satellite launcher and narcotic in medical profession. However, 

noble gas only possesses fairly low concentration in the air, and 

their inertia chemical properties make them difficult to separate 

from the air or from each other. The current extraction methods for 

noble gases are cryogenic rectification, catalytic reaction and 

pressure swing adsorption (PSA). The former two methods are 

energetically expensive, while the low cost PSA is difficult to 

provide satisfying adsorption and separation performance due to 

the fully occupied valence shell of valence noble gases. Therefore, it 

is significant but also challenging to develop adsorption materials 

enable PSA to effectively purify and separate noble gas from the air.  

Nanoporous adsorbents such as activated carbon2, zeolites4, 

molecular sieves5 and single-walled carbon nanotube bundles6, 7 are 

usually used for noble gas capture and purification. For example, 

Foroutan et al. studied adsorption behavior of ternary mixtures of 

noble gases inside single-walled carbon nanotube bundles, and 

found that heavier gases were more easily adsorbed than lighter 

ones on single-walled carbon nanotube bundles6. 

In the past few years, Metal-organic Frameworks (MOFs) have 

drawn extensive attention owing to their promising properties and 

tunable structures. Compared to other conventional nanoporous 

materials, MOFs have the advantage of high surface area, large 

pore volume, and tunable structure8-10, which allow them to be 

deployed in many fields such as adsorption and separation11 , 

catalysis12 , ferromagnetic13, florescence14, drug carrier15 , etc. One 

of the most significant applications of MOFs is gas adsorption and 

separation. So far there are few reports on adsorption and 

purification of noble gas by MOFs. Greathouse et al. reported 

adsorption and separation of noble gases in IRMOF-1 with Grand 

Canonical Monte Carlo (GCMC) simulation and found that 

selectivity of Xe to Ar or Kr may correlate with the van der Waals 

depth of each gas16. Thallapally compared adsorption of Xe on 

NIDOBDC and activated carbon, and they observed that NIDOBDC 

was more selective for Xenon over Krypton than activated carbon2. 

Parkes et al. studied the effect of pore size and framework topology 

on selective noble gas adsorption in air and discovered that heavier 

and more polarizable gases were more easily separated by MOFs 

than those lighter and less polarizable gases17. Wang et al. 
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compared adsorption and separation properties of Xe in several 

MOFs and COMs (Covalent-Organic Materials), concluding that Xe 

uptake on the materials is entirely consistent with their accessible 

surface area. In addition, the order of selectivities of Xe/N2 on the 

materials follow the order of their difference in isosteric heats18. 

The recent studies imply that MOFs have potential benefits in 

adsorption and separation compared to the conventional 

adsorbents due to their tunable structures and compositions. 

HKUST-1 (also called as CuBTC) was one of the well-studied 

MOFs, which was first reported by Chui et al. in 199919. It consists of 

three types of cages including T1, L2 and L3cages (see Fig. 1). T1 

cages (the small tetrahedral-shape pockets with diameter of 5-7Å) 

is surrounded by two large cages (L2 and L3 cages) that are formed 

by four BTC linkers and recognized as apolar in nature. L3 cages are 

larger (11-12Å) and more polar compared to L2 cages (10-13.5Å) 

due to the open copper site located inside the L3 cages. Its gas 

separation applications have been confirmed during the past 

decades20-22. Besides that, CuBTC can be easily synthesized using 

copper salt and terephthalate under mild condition19. Recent 

reports showed that CuBTC had high adsorption capacity for noble 

gas, exhibiting excellent potential for separating noble gases from 

the air or other noble gases18, 23-25. One unique feature of MOFs is 

the tunble functional groups on the surface, which can lead to a 

large variety of adsorption properties for gas adsorption. Therefore, 

functionalized MOFs have drawn significant attention for gas 

adsorption and separation over the past few years. For example, 

Couck et al. found that functionalized group can strengthen 

interaction between framework with CO2, resulting in the enhanced 

affinity for CO2
26. Cai et al. investigated the impact of alkyl-

functionalized BTC on adsorption and separation properties of 

copper-based CuBTC and  

 

 
Fig. 1 The schematic of (a) 3-dimentional view and (b) left view of CuBTC model. 

 
found that functionalized CuBTC was able to suppress water 

adsorption to one third of that in CuBTC while maintaining 

comparable CO2 and CH4 excess uptake up to 5 bar. It shows that 

proper functionalization on MOFs can promote the strong 

interaction between target gas with open-metal site in MOF and 

weaken that between water with open-metal MOF27. Obviously, 

functionalization is one of the effective methods that can be 

employed to tune MOFs with more promising properties on gas 

adsorption and separation. Due to the wide range of available 

ligands for MOFs systematical investigation of the relationship 

between structure and their adsorption and separation property 

using computational methods is highly desired. It is also more 

challenging to understand the impact of functionalization on MOFs 

for adsorbing noble gases because they are chemically inert 

substance without dipole moment and quadrupole. 

Therefore, a GCMC simulation study was carried out to 

investigate the adsorption and separation properties of CuBTCs 

functionalized with different ligands. Three functionalized-CuBTCs 

were theoretical constructed by inserting fluorine, hydroxyl and 

amino groups onto aromatic ring of the organic linker. GCMC 

simulation were carried out to evaluate the adsorption and 

separation property of CuBTC and functionalized CuBTCs. The DFT 

calculation was employed to investigate the electrostatic potential 

of the cluster, preferred adsorption site and polarizability of the 

aromatic rings of the organic linker. The purpose of this work is to 

understand the noble gas adsorption on the fluorine, hydroxyl and 

amino functionalized CuBTCs and to investigate the potential 

applications of the materials in noble gas adsorption and 

separation. 

Simulation details 

Model construction and charge calculation 

The crystal structure of CuBTC was constructed from the X-ray 

diffraction data. According to the previous report28, the copper 

nodes and the ben-1,3,5-tricarboxylate (BTC) linkers construct the 

diametric copper paddle wheel, which is the structural building 

blocks for a three-dimensional face-centered CuBTC unit cell. 

Generally, the open-metal site is covered with hydroxyl group or 

other solvents which can be removed to form an activated 

framework. 

 

 
Fig. 2 The metal clusters for (a)CuBTC, (b)3F-CuBTC, (c)3OH-CuBTC and (d)3NH2-CuBTC 

respectively. (copper: orange, oxygen: red, carbon: gray, hydrogen: white, nitrogen: 

dark blue, fluorine: light blue) 

 
The X-functionalized (X=-F, -OH, -NH2) CuBTC structures were 

constructed on the basis of its parent CuBTC. The original CuBTC 

metal cluster was cut down from CuBTC unit cell and methyl groups 
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was subsequently insert onto the nonsaturated site. The metal 

cluster of functionalized CuBTC was constructed by substituting the 

hydrogen atoms of the aromatic with the X groups. Finally the 

functionalized metal cluster was optimized by Gaussian 0929 

withwb97xd/6-311+g(2df,p) method (the same as those in binding 

energy calculation) for nonmetallic atoms and lan2ldz for copper 

and Xe atom while fixing the original structure and replicating the 

position of X groups onto CuBTC framework. This constructed 

model can be proper to accurately reflect X-functionalized CuBTC 

due to the unchanged symmetry after insertion of functionalized 

groups, which are small in size and have less impacts on the original 

CuBTC. The optimized metal clusters were displayed in Fig. 2. The 

similar styles of functionalization have been reported by other 

researchers. Katharina constructed an amino-functionalized CuBTC 

and discovered that it has the same tbo topology style with original 

CuBTC30. Yang et al. synthesised several functionalized CuBTC by 

functionalized origin one with groups including methyl, ethyl, 

methoxyl, bromo, nitro and acetamide and demonstrated that the 

last three functionalized CuBTC maintain the same topology 

structure with CuBTC31.  The energy of the clusters and the energy 

gap (Egap) between HOMO (Highest Occupied Molecular Orbital) and 

LUMO (Lowest Unoccupied Molecular Orbital) were listed in Table 1. 

The energy of the three functionalized clusters were slightly larger 

than that of original one, which may be contributed by the 

increasing atom numbers. However, the energy gap of the three 

functionalized clusters were smaller than that of original one, which 

demonstrated that the three functionalized clusters are more stable 

than the original one. Therefore, it is possible for the three 

functionalized CuBTC constructed in this article. Also, the same 

method was applied to calculate charges of atoms. The optimized 

clusters were fixed when charges were being calculated. All charges 

of atoms are given in the Table S1. 

 
Table 1. Energy of four clusters and energy gap between HOMO and LUMO of four 
clusters. 

Clusters CuBTC 3F-CuBTC 3OH-

CuBTC 

3NH2-

CuBTC 

Energy 
(a.u.) 

-4030.78 -4327.4 -4255.2 -4080.1 

Egap (ev) 1.40 1.38 1.34 1.33 

 

Force field 

Potential parameters for MOFs were taken from mixed force 

field including the Universal Force Field (UFF)32 and all-atom 

OPLS(OPLS-AA)33 force field, which have been examined to be 

agreed with experiment results from Allendorf34 . The model of 

noble gases referred to that used by Pellenq35 and Levitz and Loef36 . 

N2 was defined as three-site model including two N atoms and a 

COM atom with van der Waals interactions and atomic charge 

reported by Siepmann37 . All interatomic potential parameters were 

listed in Table S2. All the LJ cross interaction parameters were 

calculated by the Lorentz-Berthelot mixing rules: 

 ��� = ������
�/	

    (1)  


�� =
�

	
(
� + 
�)  (2)  

ε and σ represent energy well depth and van der Waals radii 

respectively. 

GCMC simulation 

Simulated adsorption isotherms were generated by the grand 

canonical Monte Carlo using the Music code from Snurr38. The 

lattice parameters of all MOFs are listed in Table S3, which was 

optimized by Forcite model of Materials Studio with ultrafine basis 

set39. The simulation was operated on 2×2×2 unit cells. Simulation 

was performed at 292K with pressure ranging from 1kPa to 100kPa. 

The excess uptake Nex was transformed from the absolutely uptake 

Nabs to compare with experiment data by equation (reported Duren 

et al.38) as 

��� = ���� − ����    (3) 

Where �� and �� represent the density of the bulk gas calculated 

from PR EOS and the free pore volume of MOFs respectively. Vg was 
generated by the method of Myers et al.40 from the ideal gas law: 

�� =
����

���
      (4) 

Where R is the gas constant, T is the temperature, p is the pressure 

and Nm is the number of adsorbed probe molecules per molar mass 

mm of the adsorbents, which is calculated by helium (σ=2.64 Å, 

ε/kb=10.90K) gas in the MOFs at low temperature and ambient 

pressure. 

The adsorption selectivity (Sads) is often used to indicate the 

separation ability of nanoporous materials. The adsorption 

selectivity of component i over component j is defined as 

���� =
��/��
��/��

     (5) 

where x and y represent the molar fraction of the two components 

in the adsorbed and bulk phase, respectively41.  

The binding energy (BE) was calculated to evaluate the 

interaction strength of gas molecules on different binding sites of 

adsorbents. In the optimizing process, the metal clusters were fixed 

in order to replicate bulk behavior while the gas molecules were 

near relaxed with the possible adsorption sites. The value of BEs can 

be given by the difference between the products and reactants 

including the energy of Basis Set Superposition Error (EBSSE)
42. 

� = !"#$%��� − !"#$ − !��� + !&��!    (6) 

where !"#$%��� is the total energy of the adsorbate –adsorbent 

system in equilibrium state, while !"#$  and !���  are the non-

adsorbed MOF structure and gas molecule, respectively. 

Results and discussion 

Adsorption isotherms 

Single component adsorption isotherms of different gas 

molecules on CuBTC at 292K were first simulated, and compared to 

experimental data (Fig. 3). The experiment data was obtained from 

the work of Allendorf et al34. Although a slight difference exists 

between simulations and experiment data, the GCMC simulation 

can still reproduce the experiment results with certain accuracy, 

indicating that the force field used in this study is reasonable for 

simulating adsorption and separation properties of CuBTC and the 

functionalized CuBTCs. Previous work has also confirmed that such 

results can match well with experiment data34. Overall the force 

field is reasonable for simulating adsorption and separation 

properties of CuBTC and the functionalized CuBTCs. 
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Fig. 3 Comparison of experimental and simulation N2 and noble gases adsorption 

isotherms at 292K. 

 

 
Fig. 4 Comparison of the adsorption and separation property of noble gases by ε. (a) 

Comparison between ε and adsorption volume of noble gas at 100kPa; (b) Comparison 

between ε and selectivities of Xe over Kr and Ar at 100kPa. 

 
Since the outer shell of noble gas atoms is full occupied by 

electrons and the atoms are spherically symmetric, coulomb 

interactions, dipole–dipole interactions and hydrogen-bonding 

interactions have little effects on the binding between noble gases 

and the MOFs. The charge induced, dipole-induced and dispersion 

forces may, however, play roles on the adsorption of noble gases. 

Both experiment and simulation results suggest that the adsorption 

of noble gases on CuBTC favors for molecules. This result may be 

due 

to the different electronic polarizability, the size and the van der 

Waals well depths (ε) of the noble gas atoms. The electronic 

polarizability of Xe, Kr and Ar, which were expressed in units of (4πε) 

Å, were reported as 4.04, 2.48 and 1.63 respectively43. The 

electronic polarizability can result in the displacement of the 

electron cloud. The larger the displacement is, the more inducible 

interaction will happen in the adsorption process. Therefore, Ar and 

Kr showed lower interaction with known binding sites in the CuBTC 

compared to Xe. In addition, the ε of the noble gas atoms may 

affect their adsorption properties in the framework. Greathouse 

compare to the van der Waals well depths of Xe, Kr and Ar with the 

experimental data, and found out that noble gas with larger van der 

Waals well depth tends to be preferentially adsorbed by adsorbents 

at low pressure16. Fig. 4 compares the adsorption capacity of CuBTC 

for Ar, Kr and the adsorption selectivity to Xe in equimolar Xe/Kr 

and Xe/Ar mixtures at 100kPa  using the van der Waals well depths 

as a coordinator. The results clearly suggest that the adsorption 

capacity is correlated to the van der Waals well depth. A similar 

correlation was also observed for the van der Waals diameter σ 

(listed in Table S2). Therefore, we conclude that the adsorption 

capacity for noble gas on the CuBTC closely correlates with the ε 

and σ of the noble gas atoms. Xe selectivity is larger in the Xe/Ar 

mixture due to the ratio of εXe/εAr is larger than εXe/εKr. Since N2 (the 

main composition of the air) is nonpolar gas with a little quadrupole, 

N2 can be treated as an inert gas to a certain degree. 

 
Table 2 The structural parameters of CuBTCs 

MOF Pore 

volume(cm
3
/g) 

Sacc(m
2
/g) ρcrystal(g/cm

3
) 

CuBTC 0.879 1924.49 0.805 
3F-CuBTC 0.708 1774.92 1.010 
3OH-CuBTC 0.711 1787.92 1.014 
3NH2-CuBTC 0.683 1701.00 1.034 

 

 
Fig. 5 The comparison of pore diameter distribution of CuBTCs. 

 
When the functionalized groups were introduced into the 

original CuBTC metal cluster, it was observed that the angle 

between that C-X bond (X groups with aromatic carbon atoms) and 

Page 4 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

aromatic plane is consistent with that between the C-H bond with 

aromatic 

 

 
Fig. 6 Adsorption isotherms of (a)Ar, (b)Kr, (c)Xe and (d)N2 at 292K. 

 

plane in the original CuBTC metal cluster. The structural properties 

of X-CuBTC and CuBTC including the accessible surface area (Sacc), 

pore volume (Vp), and density of MOFs (ρMOF) were displayed in 

Table 2. The pore size distribution(PSD), listed in Fig. 5, was 

calculated from Poreblazer code developed by Sarkisov et al44. The 

Sacc and Vp are decreased with the addition of functional groups into 

the framework. Noticeably, larger functional group (-NH2>-OH=F) 

led to smaller Sacc and Vp. As shown in the pore size distributions 

(Fig. 5), the peaks are assigned as T1, L2 and L3 cage type from left 

to right respectively. The T1 cages centered at 5 Å are invisible in 

the 3OH-CuBTC and 3F-CuBTC, indicating that the small cages can 

be easily blocked by the functional groups. This implies that the 

presence of inserted groups gives rise to the steric hindrance effect 

in the small T1 cages. In contrast, the –OH and -F groups didn’t 

effect on the size distribution of L2 cages(the peak centered at 11 Å) 

and L3 cages(the peak centered at 11 Å), suggesting that there are 

no functional groups in the L2 cages and L3 cages of these two 

functionalized CuBTCs. Interestingly, the diameter of T1 cages in 

3NH2-CuBTC increased to 5.9 Å while the diameter of L2 and L3 

cages decreased to 9.7 Å and 12 Å respectively. The enlargement of 

the T1 cages may be attributed to the gas adsorption of MOF at low 

pressure and the reduction of L2 and L3 cages in size may increase 

the interaction between gas and MOF. Commonly, when the gas is 

adsorbed in the L2 and L3 cages the MOF may prefer to adsorb the 

larger gas due to its larger dynamic diameter. The gas would diffuse 

into the L2 and L3 cages after the T1 cages were filled. Therefore, 

the reduction of L2 and L3 cages in the 3NH2-CuBTC would do help 

to the larger gas at high pressure. In addition, the functionalize 

groups can induce steric hindrance effect in the adsorption of noble 

gases and N2. 

Fig. 6 depicted the adsorption isotherms of noble gases and N2 

on CuBTCs with different functional groups from 0 to 100kPa at 

292K. Among the three CuBTC samples, 3NH2-CuBTC  exhibited the 

highest adsorption capacities for all studied gases. 3OH-CuBTC 

showed similar adsorption properties with the parent CuBTC, while 

3F-CuBTC exhibited relatively weak adsorption for the gases. The 

order of the polarity of the functionalized groups is F>OH>NH2. The 

low adsorption capacity of 3F-CuBTC for noble gas is constructive 

since the noble gas atoms or the N2 atoms would be favorably 

adsorbed on the atom or groups with higher polarizability. This may 

suggest that noble gases and N2 were not preferred to be adsorbed 

near the functional groups, in particular at low pressure. In order to 

understand the adsorption properties of the functionalized CuBTC, 

the polarizabilities of functionalized aromatic ring were calculated 

(listed in Table 3). The increased polarizability follows the order of 

benzene, 3F-benzene, 3OH-benzene and 3NH2-benzene, which is in  

 
Table 3. Polarizability of the functionalized benzenes derivatives 

Benzenes Polarizability(C∙m
2
/V) 

Benzene 70.55 
3F-benzene 70.82 
3OH-benzene 88.12 
3NH2-benzene 103.49 

 
agreement with the order of the enhanced value of adsorption 

volume of noble gases and N2 at low pressure except for the 3F-

benzene. This indicates that the noble gases and N2 are 
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preferentially adsorbed on the aromatic planes of the CuBTC with 

different functional groups. The lower capacity for 3F-CuBTC can be 

attributed to the similar polarizability between benzene and 3F-

benzene but the much higher weight of fluorine atom compared to 

hydrogen  atom. We also observed that the adsorption capacity of 

gases is correlated with the van der Waals well depth of the center 

atoms of functionalized groups. Fig. 7 compared the adsorption 

volume of gases at 100 kPa in CuBTCs by using the ε of the center 

atoms of functionalized groups and hydrogen atom. There is a 

remarkable relationship between the van der Waals of noble gas 

with its adsorption volume at 100kPa. In other words, the inserted 

group with larger van der Waals depth contributed more to the 

adsorption volume of each gas. Although the van der Waals well 

depth of F atom is larger than that of hydrogen atom, the 

adsorption volume of each noble gas on CuBTC is larger than that 

on 3F-CuBTC. It was likely associated with the 16 times larger 

molecular weight of F atom than that of hydrogen atom, which 

made larger effect than the van der Waals well depth on the 

adsorption property. 

 

 
Fig. 7 Comparison of adsorption volume of noble gases and N2 at 100kPa by the van der 

Waals depth of center atom of the functionalized groups. 

 

Preferential adsorption sites 

As shown in Fig. 8, snapshots from production simulation were 

undertaken to further understand the adsorption mechanism of 

noble gases and N2 on the adsorbents with different functionalized 

groups. Fig. 8(e)-8(h) indicates that each gas was preferentially 

adsorbed in the T1 cages of CuBTC, which subsequently diffuse into 

L3 cages after T1 cages were mostly filled. Some of them were 

adsorbed in L2 cages due to the polarizability regions surrounding 

the open copper atoms. As we can see, most of gases were 

preferentially adsorbed above the center of the organic linker in 

CuBTC. Similar phenomenon was found in 3NH2-CuBTC. As shown in 

Fig. 8(a)-8(d), the insertion of amino groups enhanced the 

adsorption amount of Xe in 3NH2-CuBTC. This phenomenon was 

attributed by the enhancement in polarizability of the linker and the 

reduction in size of L2 and L3 cages. At low pressure, the 

enhancement in polarizability polarized adsorbed gases, which 

enhance the interaction between gas atoms with linkers and 

accelerate the filling of T1 cages. Also, the reduction in size of L2 

and L3 cages could decelerate the diffusion of Xe in 3NH2-CuBTC 

and enhance the interaction between gas atoms with the 

framework. In addition, noble gases mainly centered in T1 pockets 

and L3 pockets, which indicated that noble gases were 

preferentially bound with aromatic rings or the carbon site that 

connected with the aromatic ring. Similar phenomenon was found 

on the other functionalized groups. 

 

Fig.8 Comparison of snapshots of 3NH2-CuBTC and CuBTC.(a)-(d) represent N2 at 
100kPa, Ar at 50kPa, Kr at 10kPa and Xe at 5kPa in 3NH2-CuBTC respectively,(e)-(g) 
represent N2 at 100kPa, Ar at 50kPa, Kr at 10kPa and Xe at 5kPa in CuBTC respectively. 
(copper: orange, oxygen: red, carbon: gray, hydrogen: white, nitrogen: dark blue, 
fluorine: light blue, noble gas: light blue, N2: dark blue) 

 
We predicted the possible binding site by comparing the binding 

energy in different binding sites. There may be two binding sites (in 

Page 6 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7 

Please do not adjust margins 

Please do not adjust margins 

Fig. 9) in the process of adsorbing noble gases. One is the aromatic 

ring site (L-site) and the other one is the C-site. After the 

optimization of adsorption distance, it was found that the noble gas 

atoms preferred to stay above the aromatic rings and moved away 

from the C-site. Here we calculated the biding energy of Xe with the 

L-site of 3NH2-CuBTC and CuBTC clusters. The data showed that 

E3NH2-CuBTC was -8.319 kJ/mol while ECuBTC was -0.035kJ/mol. The 

insertion of amino groups greatly increased the binding energy of 

Xe with the clusters, which indicates that the amino group can 

significantly enhance the interaction of gas atoms with the aromatic 

rings (L-site). 

 

 
Fig. 9 The possible binding site of noble gases and N2 in CuBTC at low pressure. 

 

Adsorptive selectivities 

Ideal adsorbed solution theory (IAST) of Myers and Prausnitz45 

was applied to calculate the adsorption selectivities of noble gase 

over N2 or other noble gas. IAST, which assumes that the adsorbed 

mixture is an ideal solution with constant temperature and pressure, 

has been widely used to predict the adsorption selectivities of 

binary gas mixtures from pure component isotherms46-48. According 

to IAST, the chemical potential of the adsorbed solution is 

considered to be equal to that of the gas phase at equilibrium45. 

Fig. 10 and Fig. 11 display adsorption selectivities of various 

noble gases and N2 on the four types of CuBTCs. For the three types 

of  selectivities in Fig.10, there was a visible enhancement on 3NH2-

CuBTC when the pressure is lower than 20 kPa, while selectivity 

didn’t change significantly with increasing pressure. The similar 

phenomenon was observed on the other three functionalized 

CuBTCs. The diameter of L2 and L3 cages of 3OH-CuBTC is equal to 

that of 3F-CuBTC, but the polarizability of 3OH-benzene is larger 

than that of 3F-CuBTC. The larger polarizability would enhance the 

interaction between the larger gas atoms with the benzene of L2 

and L3 cages at high pressure. Therefore, it can be found that all the 

selectivities of 3OH-CuBTC were larger than that of 3F-CuBTC. Fig. 

11 shows the selectivity for CuBTCs for Xe/N2 and Kr/N2 mixture 

including 99% molar fraction for N2. For the adsorption selectivity of 

Xe on N2, 3NH2-CuBTC showed outstanding performance compared 

with the other three CuBTCs. Since the molar fraction of N2 is high, 

a slight change in the adsorption amount of Xe might help in 

enhancing the selectivity of Xe/N2. The adsorption volume of Xe in 

3NH2-CuBTC is nearly twice that in CuBTC. Therefore, 3NH2-CuBTC is 

the best adsorbents among these three functionalized CuBTCs. The 

selectivity of Xe/Ar, Xe/Kr, K/Ar and each noble gas over N2 

decreased with the increasing pressure, which can be attributed to 

the difference of the molecular dynamic diameter of each 

gas(N2:3.64Å, Ar:3.542 Å, Kr:3.655 Å, Xe:4.047 Å). With the 

increasing pressure, the smaller gas atoms have an advantage to 

flow into the L2 cage or L3 cage than the larger gas atoms, resulting 

in the decrease in selectivity. In addition, for the selectivity of noble 

gas over N2, there was little interaction between N2 atoms. 

Therefore the competitive adsorption ability of the larger molecules 

would be minified. 

 

 

 
Fig. 10 Selectivities of CuBTCs for equimolar (a)Xe/Ar, (b)Xe/Kr and (c)Kr/Ar mixture. 

 

Herein we deduce that the polarizability of the functionalized 

benzenes, van der Waals well depth and the electron delocalization 

on the aromatic ring are the main factors that dominant the 
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adsorption property of the functionalized CuBTC. The functionalized 

groups can influence the electron cloud distribution on the 

aromatic ring. The three inserted groups can be classified into two 

types: (i) the amino and hydroxyl groups are all electron-excluded 

groups that can averaged the positive charge from the aromatic 

ring and move equal number of electrons return to the aromatic 

ring. (ii) the fluorine atom was electron-attract group that can 

minify the electron density. 

 

 
Fig. 11 Selectivities of CuBTCs for (a)Kr/N2 and (b)Xe/N2 mixtures including 99% molar 

fraction for N2. 

 

Conclusions 

The simulation results demonstrate that mixed force field 

including the Universal Force Field and OPLS-AA force field are 

suitable to simulate the adsorption and separation of noble gases 

and N2 on the CuBTC MOF. This force field was used to predict the 

adsorption and separation properties of noble gas and N2 on CuBTC 

and functionalized CuBTC. The simulation results exhibited that 

amino functionalized CuBTCs could effectively enhance the 

adsorption volume and separation property of noble gases over N2 

and other noble gases at low pressure. The selectivity of Xe over N2 

in 3NH2-CuBTC is able to maintain high value while the pressure is 

increased to 100kPa. Aromatic ring was found to be attractive to 

noble gases and N2 for its rich electron cloud that can induce these 

gases to stay above the ring. The gas with larger van der Waals well 

depth can be attractively adsorbed in CuBTCs and the 

functionalized groups with larger van der Waals well depth and 

smaller size can enhance the adsorption and separation of noble 

gas over N2 and other noble gases. The high polarizability and 

electron cloud density of the best binding sites can also contribute 

to the adsorption and separation of noble gas over N2 and other 

noble gases. More functionalized CuBTCs should be further 

investigated to explore the adsorption and separation mechanism. 
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