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Abstract:  Air pollutions by SO2 and NO2 have caused significant  risks on the environment and human

health.  Understanding  on  the  mechanism  of  active  sites  within  capture  materials  is  of  fundamental

importance  for  the  development  of  new  clean-up  technologies.  Here  we  report  the  crystallographic

observation of reversible coordinative binding of SO2 and NO2 on open Ni(II) sites in a robust metal-organic

framework (NKU-100) incorporating unprecedented {Ni12}-wheels, which exhibit six open Ni(II) sites on

each {Ni12}-wheel. Immobilised gas molecules are further stabilised by cooperative host-guest interactions

comprised of hydrogen bonds, π···π interactions and dipole interactions. At 298 K and 1.0 bar, NKU-100

shows adsorption uptakes of 6.21 and 5.80 mmol g-1 for SO2 and NO2, respectively. Dynamic breakthrough

experiments  have  confirmed  the  selective  retention  of  SO2 and  NO2 at  low  concentrations  under  dry

conditions. This work will inspire the future design of efficient sorbents for the capture of SO2 and NO2.

Keywords:  metal-organic framework,  SO2 and NO2 adsorptions,  binding site,  in situ synchrotron single

crystal X-ray diffraction

INTRODUCTION

    Metal-organic frameworks (MOFs) have emerged as multifunctional materials owing to their high internal

surface area and capability of precise edition of pore functionality [1-3]. The fine tuning of pore size and

geometry, framework topology, and chemical functionality has resulted in targeted applications, including

gas adsorption, separation, catalysis, substrate binding and delivery, where host-guest interactions present

and often dominate the materials function [4-10]. Thus, deriving deep understanding and placing control on
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the mechanism of host-guest interactions are of critical importance for the design and discovery of new

functional MOF materials. This is, however, a highly challenging task, not least because the supramolecular

host-guest interactions often undergo dynamic process, where multiple binding sites of similar energies co-

exist to induce the mobility and disorder of guest molecules in the pore [4,8]. MOFs bearing open metal sites

(OMSs)  can  provide  specific,  localised  binding  of  guest  molecules,  driving  strong and highly  selective

adsorption of target gases [11-13].

    Full retention of the crystallinity, ideally single crystallinity, of MOFs upon desolvation and binding of

guest  molecules  is  another major  barrier  in  the study of host-guest  interactions  by advanced diffraction

techniques.  This  barrier  is  pronounced in systems bearing isolated OMSs upon removal  of  coordinated

solvent molecules and upon adsorption of highly reactive molecules, such as SO2, NO2 and NH3, which can

lead to irreversible coordination at the OMSs and thus influence framework stability. To date, MOF materials

that  can reversibly adsorb SO2,  NO2 and NH3 have only been reported in exceptional  cases [4,8,13-17],

where stable systems incorporating OMSs are extremely scarce [13].

    Construction of MOFs using multinuclear metal clusters with high spatial connectivity can effectively

enhance the density of OMSs within the framework and stability of the material [18,19]. However, such

systems that can achieve reversible adsorption of SO2 and NO2 have not been reported to date. Here we

describe the synthesis, crystal structure and gas adsorption and separation properties of a unique {Ni 12}-

wheel-based  MOF,  [NH2(CH3)2]6[Ni12(L)3(μ3-O)6(HCOO)6(H2O)6]  (denoted  as  NKU-100;  NKU = Nankai

University; H4L = biphenyl-3,3’,5,5’-tetracarboxylic acid), which exhibits high isothermal uptake of SO2 and

NO2 (6.21 and 5.80 mmol g-1, respectively) at 298 K and 1.0 bar. Significantly, the full retention of the single

crystal of NKU-100 on desolvation has enabled elucidation of the binding of SO2 and NO2 molecules on the

active sites by  in situ synchrotron single crystal X-ray diffraction (SCXRD) and synchrotron infrared (IR)

single crystal  microspectroscopy. These crystallographic and dynamic experiments established a detailed

molecular mechanism consisting of the reversible coordination of SO2 and NO2 at the six open Ni(II) sites on

the {Ni12}-wheel  (denoted as  first  coordination sphere in  Fig.  1)  and at  oxygen centre  and ligand sites

(denoted as secondary coordination sphere in Fig. 1) at a crystallographic resolution.

RESULTS AND DISCUSSION

Synthesis and structure determination of NKU-100

    Single crystals of NKU-100 were synthesised via the solvothermal reaction of Ni(CH3COO)2·4H2O and

H4L in the mixture of dimethylformamide (DMF) and water at 170  for three days℃ . Bulk NKU-100 can be

synthesised by microwave reaction within 30 mins. Compared with the MOF, [Ni2(H2O)2(L)] [20], which is

constructed by bridging one-dimensional (1D) [NiO4(OH2)2]∞ chains by the same linker, the synthesis of

NKU-100 requires a higher reaction temperature (170 vs 140 ℃) to afford the formation of the multi-nuclear

{Ni12}-wheels.
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    Single crystal diffraction of NKU-100,  [NH2(CH3)2]6[Ni12(L)3(μ3-O)6(HCOO)6(H2O)6]·12H2O,  confirmed

that it crystallised in trigonal P-3 space group with a 3D open framework structure (Table S1). There are two

crystallographically independent nickel sites (Fig. 2a). Ni(1) is coordinated with six oxygen atoms from two

ligands,  two μ3-O atoms,  and two HCOO- ligand generated from the decomposition of  DMF during the

synthesis, and Ni(2) is also six-coordinated with oxygen atoms from two ligands, one water molecule, one μ3-

O atom, and two HCOO- groups. The alternative linkage of six Ni(1) and six Ni(2) atoms assembled an

unprecedented  {Ni12}-wheel  comprised of three layers. Six Ni(1) centres are linked by six  μ3-O atoms to

form a {Ni6O6} ring which is sandwiched by two {Ni3(HCOO)3} triangles in a staggered configuration (Fig.

2b). The {Ni3(HCOO)3} triangles and the {Ni6O6} ring are connected by six μ3-O atoms to form the {Ni12}-

wheel  (Fig.  2c), which is  further bridged to twenty neighbouring {Ni12}-wheels by twelve ligands.  This

arrangement affords a 3D framework containing 1D triangle-shape channels running through c axis with the

window size of 6.7 Å, after taking into account of the van der Waals radius of surface atoms (Fig. 2d). The

channel is filled by free, disordered solvent molecules and  dimethylammonium cations, which have been

confirmed by 1H nuclear magnetic resonance spectroscopy of digested samples (Fig. S1).

    Considering the  {Ni12}-wheel and ligand as twelve-connected Oh-node and four-connected D4h-node,

respectively,  the  framework  of  NKU-100 can  be  simplified  as  4,12-connected  net  with  (4-c)3(12-c)

stoichiometry. It is a 2-nodal shp topology with the short (Schläfli) vertex symbol of {436;630}{44;62}3 (Fig.

2e) [21]. Four types  of  twelve-core clusters have been reported in  MOFs [22-31],  and transition-metal-

cluster-based MOFs are  rarely observed  (Fig.  S2 and Table S2).  NKU-100 represents an unprecedented

member in this family.

    The coordinated water molecule on Ni(2) can be readily removed upon heating at 420 K under dynamic

vacuum for two hours to generate open Ni(II) site  as confirmed by  in situ SCXRD (see below). A small

contraction  of  1D triangle  channel  along  the  ab plane  [from  a=b=16.084(6)  Å  and  c=12.091(7)  Å  to

a=b=15.957(2)  Å  and  c=12.100(2)  Å]  is  observed  in  desolvated  NKU-100,  [NH2(CH3)2]6[Ni12(L)3(μ3-

O)6(HCOO)6]  (Table  S3).  The loss  of  coordinated water  has  also been confirmed by thermogravimetric

analysis coupled with mass spectrometry (TGA-MS) and  in situ IR analysis (Figs. S3 and S4). TGA-MS

confirmed the complete removal of both free solvents in the pore and coordinated water molecules on Ni(2)

at  423 K.  Variable  temperature  IR spectra  show the complete  disappearance  of  the  band at  3529 cm -1

(assigned to  the O-H stretching  mode  of  water  molecule)  at  423 K.  Powder  X-ray  diffraction  (PXRD)

analysis confirmed the bulk purity and excellent stability of NKU-100 in various organic solvents (Fig. S5)

and aqueous solutions of pH 3-13 (Fig. S6), and upon heating to 523 K in air (Fig. S7).

Analysis of adsorption and separation of SO2 and NO2

    N2 adsorption isotherms at 77 K for desolvated NKU-100 show type-I profile with a Brunauer-Emmett-

Teller (BET) surface area of 698 m2 g-1  (Fig. S8a). Pore size distribution calculated by non-local density

functional theory shows a peak centred at ~6.3 Å, which is in good agreement with that (6.7 Å) derived from
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single crystal structure (Fig. S8b). Gas adsorption isotherms for CO2 and SO2 were recorded at 273-318 K

(Figs. 3a, S9 and S10), and for NO2 at 298 and 308 K (Fig. S11). The uptake of SO2 at 273, 298, 308 and 318

K are 6.71,  6.21,  5.56 and 5.08 mmol g-1,  respectively,  which are comparable with that  of leading SO2

sorbents (Table S4), such as Mg-MOF-74 (8.6 mmol g-1) [32], SIFSIX-3-Ni (2.7 mmol g-1) [33] and SIFSIX-

2-Cu (6.5 mmol g-1) [33], but lower than that (17.5 mmol g-1) of MFM-170 [13] which has a much higher

BET surface area of  2408 m2 g-1.  The isothermal  uptake of  NO2 at 298 K is 5.80 mmol g-1,  which  is

comparable with  MFM-520 (4.5 mmol g-1) [17] of similar porosity but is lower than  MFM-300(Al) (14.1

mmol g-1) [8], which has a higher BET surface area of 1370 m2 g-1 (Table S5). NKU-100 shows an uptake of

CO2 of 3.67 mmol g-1 at 298 K, which is lower than MOF-74 materials (4.9 and 8.0 mmol g-1 for the Zn [34]

and Mg [35] analogue, respectively) that bear a high density of OMSs (Table S6). The isosteric heats (Qst) of

adsorption for SO2 and NO2 in NKU-100 were calculated to be 71 and 74 kJ mol−1, respectively, at the zero-

surface coverage, which are notably higher than that (43 kJ mol−1) of CO2 (Figs. 3b and S12).  Analysis of

pure-component isotherms via ideal adsorbed solution theory (IAST) [36-39] affords adsorption selectivities

for equimolar mixtures of SO2/N2, SO2/CO2, NO2/N2 and NO2/CO2 at 298 K and 1.0 bar (>5000, 220-940,

>5000 and 21-23, respectively) (Fig. 3c). The very high IAST selectivity values (>5000) are subject to large

uncertainties due to the extremely low uptake of N2 and therefore should be used for qualitative comparisons

only.  PXRD analysis confirmed the retention of crystal structure of the sample after gas adsorption (Fig.

S13). Cycling experiments of adsorption of SO2 were conducted (Fig. 3d), which confirmed the retention of

adsorption capacity over 25 cycles of adsorption and desorption in NKU-100.

    To  investigate  the  ability  to  capture  SO2 and  NO2 at  low  concentrations,  dynamic  breakthrough

experiments were carried out with a fixed-bed packed with desolvated NKU-100 using a variety of SO2/NO2-

containing (~2500 ppm) gas mixtures at 298 K and 1.0 bar (Fig. 4).  NKU-100 exhibits highly selective

retention of SO2 and NO2 at concentrations of ~2500 ppm, while N2 can elute through the fixed-bed rapidly

(Figs. 4a and 4b). The presence of CO2 shows little effect on the retention of SO2, but negative impact on the

retention of NO2, with retention time of 213 and 54 min g-1 for SO2 and NO2, respectively (Figs. 4c and S14).

Interestingly, NKU-100 can separate the mixture of SO2 and NO2 with selective adsorption of the former

without  the  reduction  of  adsorption  capacity  of  SO2;  this  is  in  sharp  contrast  the  state-of-the-art  MOF

sorbents that all show selective retention of NO2  in the presence of SO2 (Fig. 4d) [8,17]. Thus, NKU-100

demonstrates the unusual selective binding of SO2 over NO2.

Determination of binding domains for adsorbed CO2, SO2 and NO2.  The binding domains of CO2,  SO2

and NO2 were studied by in situ synchrotron SCXRD. A single crystal of NKU-100 was activated by heating

at 420 K under dynamic vacuum for four hours. The structural analysis of desolvated NKU-100 confirms the

complete  removal  of  free  solvents  in  the  pore  and  the  coordinated  water  molecule  on  the  Ni(2)  site,

generating six open Ni(II) sites on each {Ni12}-wheel.  Importantly, desolvated NKU-100 has shown full

retention of the single crystallinity upon adsorption of SO2 and NO2. Refinement of the diffraction data for
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the gas-dosed samples revealed significant residual electron densities, which were assigned to adsorbed SO 2,

NO2 and  CO2  molecules  residing  over  three,  three  and  two  independent  binding  sites,  to  afford

[NH2(CH3)2]6[Ni12(L)3(μ3-O)6(HCOO)6(SO2)4.2]·2.7SO2·1.8SO2,  [NH2(CH3)2]6[Ni12(L)3(μ3-

O)6(HCOO)6(NO2)3]·3.6NO2·2.4NO2, and [NH2(CH3)2]6[Ni12(L)3(μ3-O)6(HCOO)6(CO2)3]·3.6CO2, respectively

(Fig. 5 and Table S3).

    In  SO2-loaded  NKU-100  (Fig.  5a),  SO2(I)  is  bound  to  open  Ni(2)  site  via its  oxygen  centre

[Ni···OSO=2.09(2) Å]. SO2(I) is further supplemented by a C-H···O=S hydrogen bond to the coordinated

HCOO- ligand [OSO···C=3.11(3) Å; <C-H···O=122.1(1)°]. SO2(II) is located inside the triangle channel and

stabilised by a π···π interaction with the phenyl ring [centroid of SO 2···projection on the ring=3.83(1) Å].

SO2(III) binds to the μ3-O centre with an ultra-strong dipole interaction [O2S···O=1.78(3) Å]. The binding

dynamics of SO2 within NKU-100 has also been investigated by in situ synchrotron IR micro-spectroscopy.

With the increase of partial pressure of SO2, the band at 3270 cm−1 (assigned to the C-H stretching mode of

the HCOO- ligand) decreases in intensity [40], consistent with the formation of C-H···O=S hydrogen bonds

with SO2(I). Simultaneously, the intensities of bands at 2258, 2451 and 3434 cm−1 (assigned to the overtone

bands of SO2 [41,42])  increase with SO2 partial pressure (Fig. S15). Compared with gaseous SO2 [43], the

vibration  modes  of  adsorbed  SO2 molecules  show large  red-shifts  of  ~50  cm-1,  confirming  the  heavily

confined dynamics of adsorbed SO2 molecules within NKU-100.

    Similarly, three binding sites were observed for adsorbed NO2 molecules (Fig. 5b). NO2(I) coordinates to

Ni(2) [Ni···OSO=2.13(2) Å] and forms a C-H···O=N hydrogen bond with  the coordinated HCOO- ligand

[ONO···C=3.20(3) Å; <C-H···O=123.4(1)°]. NO2(II) is also located inside the triangle channel and stabilised

by a π···π interaction with the phenyl ring [centroid of NO2···projection on the ring=3.80(1) Å]. Interestingly,

NO2(III) binds to the μ3-O centre but with only a moderate dipole interaction [O2N···O=2.26(4) Å]. This

binding distance is much longer than that observed in SO2-loaded NKU-100. This observation is in excellent

agreement with the unusual selective binding of SO2 in the breakthrough separation of SO2/NO2 mixture.

    In contrast to the V-typed polar molecules of SO2 and NO2, CO2 is a linear nonpolar molecule. Symmetric

disposition of its  polar  bonds results  in the coincidence of positive and negative centres and makes the

binding of CO2 unable at site III. Thus, only two binding sites of CO2 were located (Fig. 5c). Nevertheless,

CO2(I) can be immobilised at Ni(2) with a distance of  2.10(2) Å and 3.17(2) Å to the carbon centre of

HCOO- group with a C-H···O angle of 123.2(1)°. CO2(II) is located inside the triangle channel and stabilised

by a π···π interaction with the phenyl ring [centroid of CO2···projection on the ring=3.75(12) Å].

    Thus, the high uptakes of SO2 and NO2 of NKU-100 are promoted by the multiple host-guest interactions

within both the first and second coordination spheres (Fig. 1). SO2 and NO2 molecules at site I are bound to

the OMSs by the formation of coordination bonds in the first coordination sphere of NKU-100. In the second

coordination sphere, supramolecular bonds comprised of π···π and dipole interactions dominate the binding

between  gas  molecules  and  the  MOF,  generating  site  II  and  III  in  NKU-100.  Tables  S7-S9 give  a

comprehensive review of the host-guest  interactions within MOF materials.  Ni-MOF-74 is  a benchmark

5



MOF  bearing open Ni(II) sites, and CO2 is bound at the Ni(II) site with a Ni-O distance of 2.08 Å [44],

which is similar to NKU-100. Ni3(pzdc)2(7 Hade)2 [pzdc3- = 3,5-pyrazoledicarboxylate; Hade = adenine] can

trap  trace  C2H2 by  open Ni(II)  sites  with  a  Ni···C2H2 distance  of  3.30  Å [45]. Significantly,  NKU-100

represents the first example in porous materials showing reversible binding between open Ni(II) sites and

SO2/NO2 molecules, and the full retention of the single crystal structure of NKU-100 upon regeneration from

the in situ SCXRD experiment has been confirmed (Table S3).

CONCLUSION 

    The design of efficient MOFs to achieve the clean-up of SO 2 and NO2 remains a challenging task for the

development of clean air technologies. Understanding of the binding mechanism of active sites within the

microenvironment of sorbent materials can afford fundamental insights into the design of new materials with

desired selectivity. However, little success has been achieved for the adsorption of SO2 and NO2 in MOF

materials due to their limited stability towards these corrosive gases  defined by the intrinsically moderate

coordination bonds between metal and ligand that constitute the MOF. We have described high adsorption of

SO2 and NO2 (6.21 and 5.80 mmol g-1, respectively, at 298 K and 1.0 bar) in a robust MOF, NKU-100, based

upon an unprecedented {Ni12}-wheel, which displays six individual open Ni(II) sites on desolvation. This

resulted in a high surface density of 2.22 Ni(II) per 100 Å2 on its interior. In situ synchrotron X-ray single

crystal diffraction has revealed the reversible coordination of SO2 and NO2 at the Ni(II) sites and other “soft”

binding sites within the second coordination sphere comprised primarily of the organic moieties. The host-

guest binding dynamics has been investigated by in situ synchrotron IR microspectroscopy as a function of

SO2 loading. Dynamic breakthrough experiments have demonstrated the promising potential of NKU-100 in

the selective capture of SO2 and NO2 at low concentrations from mixed gas streams.
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Figures and legends

Fig. 1. Illustration of host-guest interactions within first (blue) and second (purple) coordination spheres of

the {Ni12}-wheel in NKU-100.
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Fig. 2. Single crystal structure of NKU-100. a. Minimum structural unit.  b. Vertical view of the {Ni12}-

wheel of NKU-100. c. Lateral view of the wheel of NKU-100. d. Framework structure and triangle channel

along c axis. e. Topology of NKU-100.
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Fig. 3. Gases adsorptions of NKU-100. (a) Gases adsorption isotherms for different gases of NKU-100 at 298

K. (b) Qst for NKU-100 with CO2/SO2/NO2. (c) IAST selectivities for CO2/SO2 (50% CO2 and 50% SO2) and

CO2/NO2 (50% CO2 and 50% NO2) at 298 K. (d) Recycling experiments for NKU-100 for SO2 at 298 K.
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Fig. 4. Breakthrough experiments for NKU-100 at (a) N2/SO2 (0.25% SO2 and 50% N2 diluted in He), (b) N2/

NO2 (0.25% NO2 and 50% N2 diluted in He), (c) SO2/CO2 (0.42% SO2 and 15% CO2 diluted in He), (d) NO2/

SO2 (0.25% NO2 and 0.25% SO2 diluted in He).
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Fig. 5. In situ synchrotron SCXRD analysis. From left to right: activated NKU-100, original NKU-100 and

(a) NKU-100-SO2, (b) NKU-100-NO2, (c) NKU-100-CO2 along c axis. There are two binding sites of NKU-

100 in CO2 and three in SO2/NO2. Green ball represents Ni, blue for N, grey for C, red for O and yellow for S.
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