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SIFSIX, were isolated and characterized in term of the gas sorption performance. Noteworthy, the 

exploitation of SiF6
2-

 as linear pillar allow the alignment of the UMCs of the neighboring Cu paddle-

wheel moieties to create single molecule trap for CO2 that is rarely existed in MOMs.
29

  

 

 

 

Scheme 3.1. The ligands (HL1-HL5) used herein for the isoreticular synthesis of fsc nets. 

 

Experimental Section 

All reagents were used as purchased. Solvents were purified according to standard methods and 

stored in the presence of molecular sieves. Powder X-ray diffraction (PXRD) data were recorded at 

298K on a Bruker D8 Advance X-ray diffractometer at 20 kV, 5 mA for CuKα (λ = 1.5418 Å), with a 

scan speed of 0.5 s/step(6°/min) and a step size of 0.05° in 2θ. Calculated PXRD patterns were produced 

using Powder Cell for Windows Version 2.4 (programmed by W. Kraus and G. Nolze, BAM Berlin, 

2000). Gas adsorption isotherms were measured on a Micromeritics ASAP 2020 Surface Area and 

Porosity Analyzer. 
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Synthesis of [Cu3(L1)4Cu(NDS)], fsc-1-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 

Cu(NO3)2·2 H2O, 0.40 mmol (0.049 g) of isonicotinic acid (HL1) and 0.10 mmol (0.036 g) of 1,5-

naphthalene disulphonic acid (NDS)  in 15 ml DMA/EtOH (2:1 ratio) at 85 
o
C for 3 days afforded blue 

cube-like crystals of fsc-NDS (yield 53% based on the Cu(NO3)2·2 H2O). 

Synthesis of [Cu3(L2)4(SiF6)], fsc-2-SIFSIX: In a long thin test tube, copper hexafluorosilicate 

hexahydrate (CuSiF6.6H2O) (0.30 mmol, 0.094 g) in 3ml of EtOH/DMA (2:1) was carefully layered 

over 4-(pyridin-4-yl) acrylic acid (HL2) (0.40 mmol, 0.060 g) in 3ml DMA, the tube was sealed and left 

undisturbed at room temperature. After two weeks blue cube-like crystals were isolated (yield 57% 

based on CuSiF6.6H2O). 

Synthesis of [Cu3(L2)4(NDS)], fsc-2-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 

Cu(NO3)2·2 H2O, 0.40 mmol, (0.060 g) of 4-(pyridin-4-yl) acrylic acid (HL2) and 0.10 mmol (0.036 g) 

of 1,5-naphthalene disulphonic acid (NDS)  in 15ml DMA/EtOH (2:1 ratio) at 85 
o
C for 3 days afforded 

blue cube-like crystals of fsc-2-NDS (yield 60% based on Cu(NO3)2·2 H2O). 

Synthesis of [Cu3(L3)4(NDS)], fsc-3-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 

Cu(NO3)2·2 H2O, 0.40 mmol, (0.075 g) of 4-(1H-imidazol-yl)benzoic acid acid (HL3) and 0.10 mmol 

(0.036 g) of 1,5-naphthalene disulphonic acid (NDS)  in 15ml DMA/EtOH (2:1 ratio) at 85 
o
C for 3 

days afforded blue cube-like crystals of fsc-2-NDS  (yield 67% based on Cu(NO3)2·2 H2O). 

Synthesis of [Cu3(L4)4(NDS)], fsc-4-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 

Cu(NO3)2·2 H2O, 0.40 mmol, (0.080 g) of 4-(4-Pyridinyl)benzoic acid (HL4) and 0.10 mmol (0.036 g) 

of 1,5-naphthalenedisulfonic acid (NDS)  in 15ml DMA/EtOH (2:1 ratio) at 85 
o
C for 3 days afforded 

blue cube-like crystals of fsc-5-NDS  (yield 62% based on Cu(NO3)2·2 H2O). 

Synthesis of [Cu3(L5)4(NDS)], fsc-5-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 

Cu(NO3)2·2 H2O, 0.40 mmol (0.090 g) of 4-(2-(4-pyridyl)ethenyl) benzoic acid (HL5) and 0.10 mmol 
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(0.036 g) of 1,5-naphthalene disulphonic acid (NDS) in 15 ml DMA/EtOH (2:1 ratio) at 85 
o
C for 3 

days afforded blue cube-like crystals of fsc-6-NDS (yield 53% based on the Cu(NO3)2·2 H2O). 

 

Structural Descriptions 

TOPOS
30

 revealed that the isolated structures fsc-1-NDS, fsc-2-NDS, fsc-3-NDS, fsc-4-NDS, 

fsc-5-NDS, fsc-2-SIFSIX exhibit 4,6-connected  fsc topology, which is considered as one of the rare 

topological nets predicted by O’Keeffe and first reported in 2007.
31

 All six structures are consisted of 

two nodes (binodal fsc net). The copper paddlewheel MBBs, [Cu2(COOR)4], serve as 4 connected nodes 

that are alternating with the 6 connected [Cu(NR)4(X)2] octahedral nodes (X is the pillar) as presented in 

Scheme 3.2 and 3.3. We exploit the pyridine carboxylate as a bi-functional mono-negative ligand to 

build up the cationic paddlewheel square grid. These ligands have both functional groups that are used 

to build the well-known pre-mentioned square grids, since the carboxylate moieties have the motive to 

form the binuclear square paddlewheel with Cu cations as neutral  MBB; [Cu2(COOR)4],
22,23

 while the 

pyridine moieties are predicted to form a cationic square planar MBB with Cu cations; [Cu(NR)4]
+2

.
10,24 

This consequently leads to formation of cationic square grid like sheets of alternative neutral binuclear 

paddlewheel with cationic square planar MBBs. Subsequently the logical pathway is to exploit a 

divalent anion such as SiF6
-2

 or NDS
-2

 that can serve as anionic pillar in order to cross-link the cationic 

[Cu(NR)4]
+2 

moieties and connect the 2D cationic sheets to form 3D neutral (4,6)-c fsc net (Scheme 3.2 

and 3.3).  

 



 

 

47 

 

 

Figure 3.1. Illustration of the effect of the linker length on the synergy between the decorating free oxygen atoms of the NDS 

and the unsaturated Cu centers of the paddle-wheel moieties.  

 

 
Figure 3.2. Molecular views of the crystal structures of fsc-1-NDS through fsc-5-NDS showing the fine-tuning of the pore 

size of the fsc platform through the isoreticular synthesis approach. 

 

Results and Discussion 

The crystal engineering strategy detailed herein intended to design a platform where the 

structures are robust and easy to modify through the exploitation of two well-known MBBs in order to 

produce a family of isostructural materials that are amenable for fine-tuning the pore size and pore 

functionality. Over 20,000 structures of MOMs have been reported,
21

 however only a handful of them 

can be considered as  platforms. Such platforms facilitate the systematic study of structure/function in 

hitherto unprecedented way compared with the traditional screening approaches that are commonly used 

in materials science. 
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Distinctively, fsc platform reported herein has a high level of structural diversity since it 

comprised from two MBBs that can be varied in three different positions: metal, linker (L1-L5) and 

pillar (angular or linear, organic or inorganic) which can exquisitely impact on the pore size and pore 

chemistry of these nets. The effect of the linker and pillar substitution on the pore size, pore chemistry 

and tuning the UMCs of the Cu paddlewheel moieties and their impact on the gas adsorption properties 

of the fsc nets are detailed herein.  

 

The Effect of Linker Substitution on Pore Size and Gas Sorption Performance 

The exploitation of NDS for angular pillaring of [Cu(AN)4]
2+ 

moieties connected by the organic 

ligands, L1-L5, has afforded 5 isostructural MOMs: fsc-1-NDS, fsc-2-NDS, fsc-3-NDS, fsc-4-NDS and 

fsc-5-NDS with PLDs of 8.98Å, 12.19Å, 13.43Å, 15.04Å, and 16.26Å, respectively (Figure 3.2). 

Permanent porosity for fsc-1-NDS, fsc-2-NDS, fsc-4-NDS and fsc-5-NDS was confirmed via CO2 

adsorption measurements at 195 K which revealed Langmuir surface areas of 680, 757, 713, 1350 m
2
g

-1
, 

respectively. fsc-3-NDS was found to exhibit no permanent porosity (see Appendix B). 

The variable PLDs of the fsc nets reported herein facilitates the systematic evaluation of the 

effect of the pore size on the gas sorption properties. The CO2 uptakes of fsc-1-NDS, fsc-2-NDS, fsc-4-

NDS and fsc-5-NDS at 1 atm and 298 K were observed to be 88 cm
3
g

-1 
(99 cm

3
cm

-3
), 55 cm

3
g

-1 
(47 

cm
3
cm

-3
), 62 cm

3
g

-1 
(46 cm

3
cm

-3
) and  73 cm

3
g

-1 
(61 cm

3
cm

-3
), respectively (see Figure 3.3). fsc-1-NDS 

thereby outperforms fsc-2-NDS, fsc-4-NDS, and fsc-5-NDS. The isosteric heats of adsorption (Qst) of 

CO2 were calculated using adsorption data collected at 273 and 298 K according to the virial equation 

(see Appendix B). Figure 3.4 reveals that the Qst of fsc-1-NDS was found to be steady across all 

loadings and greater than both fsc-2-NDS and fsc-5-NDS, nevertheless they exhibit the same 

functionality.  



 

 

49 

 

 

Figure 3.3. Reversible single-component CO2 and N2 adsorption isotherms for (a) fsc-1-NDS, b) fsc-2-NDS, c) fsc-2-

SIFSIX and (d) fsc-5-NDS. 

 

We attribute the higher affinity of fsc-1-NDS towards CO2 to the synergy between the primary 

and secondary binding sites which is available only in case of fsc-1-NDS as a result of the shorter 

distance between the oxygen of the sulfonate group and the copper paddlewheels (see Figure 3.1). In 

addition to the strong CO2/framework interaction exhibited by the smaller pore size of fsc-1-NDS (see 

Figure 3.2). Similar observation for the impact of pore size on CO2 adsorption has been reported by us 
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recently
33,34

 whereas the material with the smaller pore size was found to exhibit stronger interaction 

with CO2 as reflected by the higher Qst and higher CO2/N2 selectivity (see Appendix B). 

 

Figure 3.4. CO2 isosteric heats of adsorption (Qst) of fsc-1-NDS, fsc-2-NDS and fsc-5-NDS. 

 

Computational studies were performed in fsc-1-NDS, fsc-2-NDS, and fsc-5-NDS to investigate 

the effects that pore chemistry and pore size have on the interaction between the sorbed CO2 molecules 

and the copper paddlewheels in the respective MOMs. The simulations revealed that the open-metal 

Cu
2+

 ion sites are the first to be occupied in these MOMs. Figure 3.5 shows the radial distribution 

function, g(r), of CO2 carbon atoms about the Cu
2+

 ions of the copper paddlewheels in fsc-1-NDS, fsc-

2-NDS, and fsc-5-NDS at 273 K and 0.05 atm. For these three compounds, a nearest-neighbor peak can 

be observed at approximately 3.3 Å. This peak corresponds to the sorption of CO2 molecules onto the 

Cu
2+

 ions with a Cu
2+

–C distance of about 3.3 Å. Note, this distance is comparable to what was 

observed for CO2 sorption onto the copper paddlewheels in MOFs with rht topology through previous 

molecular simulation studies.
35,36  

Further, this distance is also comparable to what was discerned 

through neutron powder diffraction studies investigating CO2 sorption in HKUST-1, a prototypal MOF 
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with copper paddlewheels, where Cu
2+

–C distances in the range of 3.0 to 3.2 Å were observed.
37

 A very 

large peak can be seen at that distance for fsc-1-NDS, while much smaller peaks were observed for fsc-

2-NDS and fsc-5-NDS. This signifies that there is a much greater quantity of CO2 molecules sorbing 

onto the Cu
2+

 ions of the copper paddlewheels in fsc-1-NDS compared to fsc-2-NDS and fsc-5-NDS. 

The high CO2 occupancy about the copper paddlewheels in fsc-1-NDS relative to fsc-2-NDS and fsc-5-

NDS can be explained by the following. In fsc-1-NDS, as the CO2 molecules bind onto the Cu
2+

 ions of 

the Cu paddlewheels, they can also interact with the RSO3
–
 oxygen atoms of the NDS group that is very 

nearby. Indeed, a favorable, synergistic interaction can be seen between the CO2 oxygen atoms and the 

Cu
2+

 ions and between the CO2 carbon atoms and the decorating oxygen atoms of the NDS pillar in fsc-

1-NDS (Figure 3.6). 

 

Figure 3.5. Radial distribution function, g(r), of CO2 carbon atoms about the Cu
2+

 ions of the copper paddlewheels in fsc-1-

NDS, fsc-2-NDS, and fsc-5-NDS and fsc-2-SIFSIX at 273 K and 0.05 atm. Note, the g(r) are normalized to a total 

magnitude of unity over the distance examined. 

 


