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ABSTRACT Two novel pillared Zn(II)-based Metal-Organic Frameworks were de-novo 

synthesized exploiting N,N'-(1,1'-biphenyl)-4,4'-diylbis-4-pyridinecarboxamide (bpba) and its 

fluorinated analogous N,N'-(perfluoro-1,1'-biphenyl-4,4'-diyl)diisonicotinamide (F-bpba) as 

suitable pillar linkers and 2,6-naphthalene dicarboxylic acid as carboxylic ligand. The resulting 

heteroleptic MOFs, namely PUM210, [Zn4(bpba)1.5∙(ndc)4∙(H2O)]n and PUM210F, [Zn3(F-

bpba)1∙(ndc)3∙(DMF)]n, feature an uncommon  truncation of the Zn(II) paddle-wheel nodes along 
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the pillaring direction. PUM210 and PUM210F exhibit a polycatenated architecture, resulting in 

microporous channels decorated by amide moieties. The activated forms show a permanent 

porosity and a selective adsorption of CO2 over N2. Moreover, the partially transmetallated Cu-

PUM210 and Cu-PUM210F were obtained by convenient transmetallation protocol and their 

adsorption propriety towards CO2 were subsequently investigated. 

INTRODUCTION  

Among porous materials, Metal-Organic Frameworks (MOFs) are well-known for the high 

versatility of their structural design and tailoring.1,2 This comes from the possibility of selecting 

the most appropriate ligands and metal nodes to reach the desired architecture, which can be 

further tuned by post-synthetic modifications (PSM). Among the most effective PSM protocols,  

transmetallation,3 i.e. the replacement of framework metal ions, is of particular interest, because 

it can have profound effects not only on the final crystalline structure, in some occasions leading 

to the isolation of solid phases not obtainable under conventional synthetic protocols,4–6 but even 

on framework stability,7 porosity and then uptake properties.8 In particular, the selectivity 

towards CO2 trapping is of paramount relevance, owing to the dramatic environmental issues 

linked to this greenhouse gas.9–11 Significant enhancements of both carbon dioxide uptake and 

selectivity have been reached exploiting the quadrupolar moment of CO2.
12,13 Hence, a wide 

applied protocol regards the introduction of polar groups, such as amine14–16 or amide,17,18  in the 

MOF framework to strengthen the interactions between CO2 molecules and the MOF internal 

walls. In particular, amide groups can interact with carbon dioxide through N-H…O=CO 

hydrogen-bonds or act as Lewis base through N…CO contacts.19–21 Another successful strategy 

which can be exploited for the preparation of good sorbents is based on perfluorination or partial 
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fluorination of organic linkers. Although a favorable effect is not easily predictable a priori, in 

some cases significant enhancements of carbon dioxide trapping have been observed.22–25  

Starting from these considerations, we decided to employ the two amide-containing ligands 

N,N'-(1,1'-biphenyl)-4,4'-diylbis-4-pyridinecarboxamide (bpba) and its fluorinated  analogous 

N,N'-(perfluoro-1,1'-biphenyl-4,4'-diyl)diisonicotinamide (F-bpba) for the self-assembly of 

novel pillared MOFs26 (Scheme 1). The two ligands have the same length and then are expected, 

once combined with the same di-carboxylate ligand and the same SBU, to lead to structurally 

very similar pillared MOFs. However, the perfluorinated biphenyl core of F-bpba allows to 

evaluate the effect of perfluorination on the carbon dioxide uptake. To the best of our 

knowledge, bpba has rarely been used for the construction of metal-containing assemblies,27 

while its use in MOF synthesis has been recently reported by us.28 F-bpba is a new bis-pyridine 

ligand never reported in literature.  

The two ligands were used to assemble two new heteroleptic pillared MOFs, 

[Zn4(bpba)1.5∙(ndc)4∙(H2O)]n (PUM210) and [Zn3(F-bpba)1∙(ndc)3∙(DMF)]n (PUM210F) (PUM 

stands for Parma University Materials), which were structurally characterized by single crystal 

X-ray analysis. Moreover, the corresponding partially transmetallated Cu-MOFs were obtained 

through a mild transmetallation protocol yielding to the heterometallic Zn2+-Cu2+ materials Cu-

PUM210 and Cu-PUM210F. In this work the structural differences arising from perfluorination 

and transmetallation will then be discussed, together with the sorption properties of the isolated 

crystalline materials towards CO2, N2 and CH4, with particular regard to the CO2 selective 

adsorption.  
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Scheme1. Schematic representation of the synthesis of the MOFs shown in this work 

 

EXPERIMENTAL SECTION 

Materials and Methods: The ligand N,N'-(1,1'-biphenyl)-4,4'-diylbis-4-pyridinecarboxamide  

(bpba) was synthesized according to the previously published Pd-catalyzed cross-coupling 

protocol optimized in our laboratory.29 N,N'-(perfluoro-1,1'-biphenyl-4,4'-diyl)diisonicotinamide 

(F-bpba) was synthesized according to the procedure described below. 2,6-

naphthalendicarboxylic acid (ndc) and all other reagents and solvents are commercially available 

and were used as received.  

Physical and Chemical Measurements. The details of the apparatus used for the spectroscopic 

and thermal characterization are given in the Supporting Information.   

Single Crystal  X-ray Crystallography (SC-XRD): Crystal measurements were performed at 

Elettra Syncrotron (Trieste, Italy) on beamline XRD1 at 100K under cold nitrogen flux.30 The 

source used for the analysis was a NdBFe Multipole Wiggler (Hybrid linear), 4.27 KeV with a 

power of 8.6 kW, a source size FWHM of 2.0 x 0.37 mm (0.7 x 0.2 mm FWHM beam size at 

sample) and photon flux 1012-1013 ph/sec. MOFs crystals were taken from the mother liquor or 

washing DMF and mounted with cryoloops (0.05-0.3 mm), prior a flash freezing at 100 K. 
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Diffraction data were indexed, integrated, and scaled using CrysAlis software. Structures were 

solved by direct methods using SHELXS31 and refined by full-matrix least-squares on all F2 

using SHELXL implemented in Olex2.32 For all the structures, anisotropic displacement 

parameters were refined except for hydrogen atoms. Unstructured residual electron density found 

inside cavities was accounted for by the Mask procedure in Olex.  Table 1 reports the results of 

crystal structures determination. Crystallographic data for PUM210, PUM210F, and Cu-

PUM210F have been deposited with the Cambridge Crystallographic Data Centre (1849457-

1849459) . 

Table 1. Crystal data and structural refinement. 

 PUM210 PUM210F Cu-PUM210F 

Empirical formula C186H148N18O46Zn8 C63H35F8N5O15Zn3 C72H56Cu3F8N8O18 

Formula weight 3894.18 1450.07 1663.86 

Temperature/K 100.0 100.0 100.0 

Crystal system monoclinic monoclinic monoclinic 

Space group C2/c P21/c P21/c 

a/Å 18.9998(6) 31.7870(4) 31.6781(17) 

b/Å 18.0175(5) 17.3848(2) 17.4634(4) 

c/Å 62.1271(16) 19.5421(3) 19.4796(7) 

α/° 90 90 90 

β/° 90.557(2) 97.3440(10) 97.172(3) 

γ/° 90 90 90 

Volume/Å3 21266.9(10) 10710.6(2) 10691.9(7) 

Z 4 4 4 

ρcalcg/cm3 1.216 0.899 1.034 

F(000) 7992.0 2920.0 3388.0 

2Θ range for data 

collection/° 
3.32 to 51.888 3.1 to 57.298 3.446 to 51.888 

Index ranges -23 ≤ h ≤ 23, -20 ≤ k ≤ 

20, -74 ≤ l ≤ 76 

-43 ≤ h ≤ 43, -23 ≤ k 

≤ 23, -26 ≤ l ≤ 26 

-37 ≤ h ≤ 39, -21 ≤ k ≤ 21, 

-23 ≤ l ≤ 23 

Reflections collected 57163 175080 44236 

Independent reflections 21249 [Rint = 0.0748, 

Rsigma = 0.0589] 

28514 [Rint = 0.0505, 

Rsigma = 0.0240] 

20826 [Rint = 0.0504, 

Rsigma = 0.0579] 

Data/restraints/parameters 21249/636/1084 28514/517/1098 20826/301/1431 

Goodness-of-fit on F2 2.725 1.062 1.429 

Final R indexes [I>=2σ (I)] R1 = 0.2301, wR2 = 

0.5843 

R1 = 0.0638, wR2 = 

0.2089 

R1 = 0.1045, wR2 = 

0.3472 

Final R indexes [all data] R1 = 0.2437, wR2 = 

0.5923 

R1 = 0.0702, wR2 = 

0.2165 

R1 = 0.1188, wR2 = 

0.3615 
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Largest diff. peak/hole / e Å-3 4.34/-3.98 1.25/-0.83 1.43/-1.61 

 

Synthesis of F-bpba. In a 250 mL two neck round bottomed flask, octafluorobenzidine (0.50 g, 

1.52 mmol), triethylamine (1.0 mL, 7.30 mmol, 4.8 equivalents) and isonicotinoyl chloride 

hydrochloride (0.65 g, 3.65 mmol, 2.4 equivalents) were added to dry toluene (30 mL). The 

resulting reaction mixture was heated at reflux for 5 days. Then, water (30 mL) was added and 

the crude was isolated by vacuum filtration. The resulting off-white solid was washed with water 

(3x10 mL) and ethanol and dried to provide F-bpba (0.61 g, 1.12 mmol, y = 74%). 1H-NMR 

(400 MHz, DMSO-d6, 25C) : 11.19 (s, 2H, NH), 8.87 (d, J = 5.6 Hz, 4H, CHpyr), 7.94 (d, J = 

5.6 Hz, 4H, CHpyr) ppm; 19F{1H}-NMR (377 MHz, DMSO-d6, 25C) : -139.12 (m), -143.43 

(m) ppm; 13C{1H}-NMR (100 MHz, DMSO-d6, 25C): 164.6 (C=O), 151.1 (CH), 144.2 (dd, 

1JCF= 251.0 Hz, 2JCF= 14.0 Hz, CF), 142.5 (dd, 1JCF= 251.0 Hz, 2JCF= 14.0 Hz, CF), 139.8 (C-

C=O), 112.3 (CH), 119.8 (m, C-N ipso), 104.5 (m, C-CF ipso) ppm; IR (ATR, cm−1): 3235, 

1687, 1516, 1496, 1468, 1413, 1299, 987, 915, 845, 759, 737, 728, 711, 670, 654, 618; MS (ESI 

+) : m/z 539.1 [M +H+. 

Synthesis of PUM210: In a 70 mL pyrex glass tube, bpba (0.2 mmol, 80 mg), 2,6-

naphthalendicarboxylic acid (0.4 mmol, 86 mg) and Zn(NO3)2∙6H2O (0.4 mmol, 120 mg) were 

added to DMF (41 mL). The resulting mixture was sonicated, then heated under autogenous 

pressure at 80C. After 5 days the reaction vessel was slowly cooled to room temperature. The 

resulting small yellow crystals were washed with DMF (2 x 10 mL).  

Synthesis of PUM210F: In a 20 mL pyrex glass tube, F-bpba (0.1 mmol, 54 mg), 2,6-

naphthalendicarboxylic acid (0.2 mmol, 40 mg) and Zn(NO3)2∙6H2O (0.2 mmol, 60 mg) were 

added to DMF (10 mL). The resulting mixture was sonicated, then heated under autogenous 
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pressure at 80C. After 5 days, the reaction vessel was slowly cooled to room temperature. The 

resulting colourless small crystals were washed with DMF (2 x 10 mL).  

 Transmetallation reactions: Single crystals of PUM210 and PUM210F were dipped in DMF 

for 2 days to dissolve any remaining side products that may have been adhered to the crystals. 

Then, the crystals were soaked in a CuCl2 0.01M DMF solution at 60C for at least three days  to 

obtain the Cu-containing phase. During the transmetallation process the Cu-containing solution 

was refreshed each 24/48 hours. The occurring of the reaction could be appreciated by naked 

eye, since the yellow crystals of PUM210 turned green (Cu-PUM210) while the white crystals 

of PUM210F turned turquois (Cu-PUM210F). Copper-content was determined by ICP-OES 

analysis. 

RESULTS AND DISCUSSION 

Synthesis and Comparative Analysis of the Crystal Structures of PUM210 and PUM210F. The 

solvothermal reaction of bpba, ndc and Zn(NO3)2∙6H2O in a 2:1:2 molar ratio in DMF at 80 °C 

provided PUM210 as yellow plate crystals. The same reaction conditions were successfully 

applied to the synthesis of PUM210F but replacing bpba with F-bpba. The perfluorinated 

network was isolated as colourless plate crystals. The solid state structures of PUM210 and 

PUM210F were determined by single-crystal X-ray analysis performed with synchrotron light 

radiation.  
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Figure 1. Framework architectures and SBUs found in PUM210 (a) and PUM210F (b); (c) 

detail of PUM210 (c) and PUM210F (d) asymmetric units. 

 

PUM210 crystallizes in the monoclinic C2/c space group. The asymmetric unit consists of four 

independent Zn2+ cations, one and a half bpba ligand, four ndc2- anions and three modelled DMF 

molecules (Figure 1c). Residual electron density (340 electrons inside each of two residual 

cavities of 2760Å3) indicates the presence of around 8 additional DMF molecules per cavity 

which were not possible to model. Its whole formula is then 

[Zn4(bpba)1.5∙(ndc)4∙(H2O)]n·(DMF)x. The 1H-NMR spectrum recorded on native crystals 

dissolved in a TFA-d/DMSO-d mixture indicates the presence of 4-5 molecules of DMF (see 

Figure S14), hence part of the included DMF was likely removed by vacuum drying prior to 

NMR analysis. 
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Notably, PUM210 shows two different types of Zn2 paddle-wheel SBUs.33 Zn3 and Zn4 form 

the classical [Zn2(COO)4(py)2] unit (indicated with blue arrows in Figure 1a), where the metals 

lie in a square pyramidal coordination environment ensured by four bridging carboxylates and 

two pyridine moieties. Each SBU of this type is bridged by a bpba ligand oriented along c axis 

to a second type of SBU, which is a truncated paddle-wheel of the type [Zn2(COO)4(py)(H2O)] 

containing Zn1 and Zn2 (indicated with red arrow in Figure 1a). Here the truncation of the SBU 

is due to a molecule of water which occupies the position where a pyridine moiety was expected 

to be found. It is noteworthy commenting that only very few examples of truncated Zn-paddle-

wheels are reported in literature.34–36 As shown in Figure 1a, the combination of these two SBUs 

generates 2D sheets forming an infinite polymeric expansion along the a and b directions, which 

form the plane where the carboxylate square grids lie. Instead, along c direction, the truncation of 

the Zn paddle wheel leads to an interruption of the pillar motif, which is therefore limited to 

three bpba units. The coordinated water is also involved in a hydrogen bond interaction with a 

DMF solvent molecule (Figure 1c). 

The crystallographic analysis conducted on PUM210F reveals that it crystallizes in the 

monoclinic P21/c space group. The asymmetric unit (Figure 1d) contains three independent Zn2+ 

cations, three ndc2- anions, one F-bpba ligand, disordered on two positions (see Supporting Info, 

Fig S20)  and one modelled DMF molecule coordinated to Zn1 (Figure 1d). Residual electron 

density (1300 electrons in a void volume of 5530Å3) indicates the presence of around 32 

additional disordered molecules of DMF in the cell. Its whole formula is then [Zn3(F-

bpba)1∙(ndc)3∙(DMF)]n·(DMF)x. 
1H-NMR spectroscopy conducted on native crystals digested in 

a TFA-d/DMSO-d mixture (see Figure S14) indicates the presence of 2.5 molecules of DMF. 

Again, most of the DMF molecules have likely been removed by vacuum prior to NMR analysis. 
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Analogously to PUM210, the structural motif shows again the two different Zn2 paddle-wheel 

units (Figure 1c), one integral comprising Zn3 of the type [Zn2(COO)4(py)2], and one truncated 

comprising Zn1 and Zn2 of the type [Zn2(COO)4(py)(DMF)]. The different composition of the 

truncated SBU found in PUM210 and PUM210F reflects the higher hydrophobicity expected for 

the perfluorinated MOF. As regard the coordination environment of the metal ions, Zn1 is bound 

to four carboxylic oxygens of four different ndc2- anions and one oxygen belonging to a DMF 

molecule, whereas Zn2 is bound to four carboxylic oxygens of four different ndc2- anions  and 

one pyridine ring of a F-bpba ligand bridging Zn2 and Zn3. The 2D structure of the framework 

of PUM210F is then similar to the one found in PUM210 (Figure 1b), with the two truncated 

SBUs being spaced only by two F-bpba ligands, along the crystallographic axis a. 
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Figure 2. Simplified view of the polycatenation found in PUM210 (a) and 1D channels along 

crystallographic axis a (d); (b) Interpretation of the structural disorder affecting PUM210 arising 

from networks sliding along the c crystallographic direction (two additional random net positions 

are plotted in transparency); Simplified view of the polycatenation found in PUM210F (c) and 

1D channels along crystallographic axis c (e).  

 

The 3D structure of PUM210 is generated by a triple polycatenation37 of parallel 2D nets 

(Figure 2a). The resultant framework displays rectangular microporous channels running along 

crystallographic axis a (Figure 2d, ~7.1 x 11.5 Å2 cross-section, determined including the van 

der Waals radius of atoms).38 As shown in Figure 2d, the carboxylate planes are linked by bpba 

linkers and the channels are decorated by amide moieties of bpba. After removal of the solvent 

electron density, a unit cell void volume of 37% was calculated. A similar architecture was found 

in PUM210F, consisting of a two-fold catenated framework (Figure 2c). The lower degree of 

catenation should be ascribed to the higher steric hindrance of the perfluorinated biphenyl 

scaffold of F-bpba, which prevents the growth of an additional net. This allows the construction 

of larger channels (~8.5 x 17.2 Å2 considering the Van der Waals radius of atoms) running along 

the crystallographic c axis (Figure 2e). This is also reflected in a higher fraction of void volumes, 

once compared with PUM210, which reaches 52% of the unit cell after removal of the solvent 

electron density and not considering the volume occupied by the disordered ligand. The different 

degree of polycatenation found in the two materials, appears to have a relevant impact on their 

structural flexibility. In fact, structural analyses show in both materials high electron density 

residuals close to the metal centres, situated along the paddlewheel axis, which is coincident with 

the direction of propagation of poly-catenation. These strong residues can be attributed to 
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additional positions for the SBUs and, coherently, also for the linkers. The peculiar type of 

disorder agrees with the presence of highly correlated diffuse scattering in the diffraction 

patterns (see Supporting Information, section IX) and suggests that the network is capable of 

moving by slight sliding of the 2D sheets one on the other, as depicted in Figure 2b for PUM210. 

Stability. The thermal behaviour of the native MOFs was estimated by thermogravimetric 

analysis under nitrogen flux. TGA traces were collected using gently vacuum-dried crystals and 

pointed out a good thermal stability for both PUM210 and PUM210F, with Tdec > 340C (Figure 

S5, Supporting Information). An initial two-step slope in the TGA trace of PUM210 was 

observed in the range 25-250C, corresponding to 23% weight loss. PUM210F revealed a 

similar behaviour with a lower weight loss, corresponding to 13%, in the same interval of 

temperature. The amount of thermally extruded DMF molecules agreed well with the one 

calculated by 1H-NMR analyses performed on digested crystals (Figure S14, Supporting 

Information). 

For applicative purposes, it is imperative that MOFs must be able to retain their 3D 

architecture even in the presence of moisture. For instance, the use of MOFs for post-combustion 

CO2 capture, one of the most promising applications of MOFs, is limited to those which are inert 

towards water.39–41 Crystals of PUM210 quickly dull and crack once removed from DMF and 

stored in air for a prolonged time, as usual for carboxylate-containing Zn-based MOFs. The same 

is true for crystals of PUM210F, although degradation is significantly slower. In both cases, 

complete degradation occurs once the crystals are soaked in water. The robustness of the two 

materials towards water was properly determined by water vapour adsorption isotherms and 

PXRD analysis. Before being subjected to water uptake, the crystals were activated by a solvent 

exchange protocol using acetone and dichloromethane, followed by high vacuum at 100°C 
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overnight, to provide the corresponding evacuated phases (see DSC traces in Figures S10-S11). 

The PXRD traces of the activated phases were indicative of a substantial retention of the starting 

framework for PUM210, while significant structural modifications resulted evident in 

PUM210F. This new phase is now referred as PUM210Fa. The water vapour adsorption 

isotherms were determined plotting the water uptake against the relative humidity (p/p°) at 25°C 

(Figure S32), up to 1 bar of pressure. The resulting curves are sigmoidal, the water adsorption 

capacity at 1 bar being slightly higher for PUM210 than for PUM210Fa (5.71 and 4.48 mmol/g, 

respectively). For the entire relative pressure interval investigated, the water uptake shown by 

PUM210 is about twice the one shown by PUM210Fa, in agreement with the higher 

hydrophobicity of the latter. 

Transmetallation reactions: Usually, Cu-based MOFs show higher framework stability and 

higher CO2 uptake than Zn-based ones.42–46 Our attempts to isolate the copper analogues of 

PUM210 and PUM210F through direct synthesis proved to be ineffective. To overcome this 

limitation, we investigated the possibility of isolating the Cu-based MOFs through 

transmetalation.3,47 This approach appeared feasible,48 because the Zn-to-Cu substitution should 

be favoured according to the Irving-Williams stability series.49 Moreover, in both frameworks 

there are SBUs containing terminal solvent species, water in the case of PUM210 and DMF in 

the case of PUM210F, respectively. SBUs containing labile ligands usually lead to fast 

transmetallation processes.41  
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Figure 3. Chromatic variation observed during transmetallation processes of PUM210 (a) and 

PUM210F (c); Comparison of PXRD patterns of PUM210 (b); Superimposition of PUM210F 

(grey) and Cu-PUM210F (light blue) single nets, showing the retention of the framework 

architecture (d). 

 

Crystals of PUM210 and PUM210F were dipped into a 0.01M DMF solution of CuCl2 

thermostated at 60°C. After three days, in both cases the occurrence of metal-exchange was 

indicated by a clear color change of the crystals, as inferable from Figure 3a,c. Crystals of 

PUM210 turned from yellow to green, while the crystals of PUM210F turned from white to 

turquoise. The use of Cu(NO3)·3H2O in place of CuCl2·6H2O led to unsatisfactory results, since 

the color change of the crystals was much less intense after comparable reaction times. The same 
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hold true carrying the reactions out at room temperature. Finally, higher copper concentrations of 

the transmetallating solutions or higher temperatures led to excessive fragmentation of the 

crystals and formation of an uncharacterized yellow side-product. Under the optimized 

conditions, the extent of transmetallation was established by ICP-OES (Inductively Coupled 

Plasma-Optical Emission Spectroscopy) analysis. After three days, in PUM210 28% of Zn2+ 

exchanged with Cu2+, while in the case of PUM210F only 17% of Zn2+ exchanged. These new 

heterometallic materials are hereafter referred as Cu-PUM210 and Cu-PUM210F. Single 

crystals of Cu-PUM210 and Cu-PUM210F were subsequently picked out to be analyzed by X-

ray diffraction analysis to establish the occurrence of a single-crystal-to-single-crystal (SCSC) 

transformation. This requires that the metal-ion exchange occurs via breaking and formation of 

metal-ligand bonds without affecting the overall MOF architecture. A close inspection of the 

selected crystals by optical microscopy revealed that the crystals of Cu-PUM210F maintained 

their crystal habit, whereas those of Cu-PUM210 resulted damaged. Satisfactory X-ray 

diffraction was indeed observed only with the crystals of Cu-PUM210F. Nicely, the structural 

analysis revealed the retention of the starting framework, as inferable from Figure 3d, thus 

confirming a SCSC transformation. The asymmetric unit of Cu-PUM210F is then equivalent to 

that of the starting PUM210F, although in this case it was possible to model five partially 

occupied uncoordinated DMF molecules (see Supporting Information). The different behavior of 

the two types of crystals can be linked to the higher structural flexibility of the perfluorinated 

material conferred by the lower degree of polycatenation (double instead of triple). Noteworthy, 

in the F-containing framework the metal substitution had a substantial effect on the 2D networks 

mobility. In fact, no additional positions for the SBUs were found, thus suggesting that the 

polycatenated nets are now less free to slide than in the case of the starting PUM210F. 
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Prolonging the soaking to 7 days led, in the case of PUM210, to excessive crystals 

fragmentation, phenomenon not observed in the case of PUM210F, for which the copper content 

reached 32%. 

Gas Adsorption Studies. To confirm the permanent porosity and check the CO2 uptake abilities 

of the porous frameworks, adsorption isotherms were collected on activated MOFs. The 

molecular architectures described in the previous sections allow to analyse the effect deriving 

from different ligand functionalization (perfluorination) and post-synthetic-modifications (partial 

transmetallation) onto the gas-adsorption properties of the titled pillared MOFs. The materials 

investigated were PUM210, PUM210F and the corresponding Cu-containing materials, Cu-

PUM210 and Cu-PUM210F. The materials were activated following the same procedure 

described for the water vapour adsorption. The complete removal of the solvent molecules in the 

evacuated compounds was confirmed by DSC and NMR analyses (See Supporting Information). 

PXRD patterns evidenced structural retention passing from Cu-PUM210 to its activated phase, 

as inferable from Figure 3 and Figure S17, while in the case of the perfluorinated compound, 

noticeable structural changes appeared (see Supporting Information). This is in agreement with 

the higher flexibility expected for the 210F series. Hereafter, this phase is referred as Cu-

PUM210Fa. 

The CO2 sorption isotherms of PUM210 and PUM210Fa collected at 195K exhibited a type I 

Langmuir behaviour,50 indicating a favourable interaction between the amidic functionalized 

channels and carbon dioxide molecules during the adsorption process (Figure 4). As mentioned 

above, the structural modification observed after activation of PUM210F, decreases the cavity 

volume leading to a reduction of adsorbed gas and surface area in PUM210Fa.51,52 The 

experimental BET surface area calculated by CO2 isotherms resulted to be 491 m2/g and 206 
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m2/g for PUM210 and PUM210Fa, respectively. In PUM210 the CO2 maximum uptake at 195K 

corresponds to 27.1wt% (138.0 cm3/g and 6.16 mmol) while, as expected, a minor percentage of 

13.9wt% (71.2 cm3/g and 3.16 mmol) was found for PUM210Fa. The reduced adsorptive 

properties of the fluorinated networks could be assigned to a distortion of the 3D architecture 

during activation with a partial pore capacity reduction.53 CO2 isotherm at 195K for Cu-

PUM210Fa (Figure 4a) showed a ~30 cm3/g increase in CO2 sorption capability, resulting in a 

surface area of 285 m2/g. This improvement is linked to the robustness of the MOF caused by the 

presence of Cu ions, suggesting that the substitution of Zn ions with Cu ions is successful for 

increasing the adsorption properties of this family of materials. Unexpectedly, the introduction of 

copper does not have the same effect on PUM210, since the adsorptive capacity of Cu-PUM210 

drops to 71.2 cm3/g (Figure S31), likely due to partial degradation of the crystal framework 

during the transmetallation process, as evidenced during the attempted SCSC transformation. 

Under the mild conditions of 273K and 298K the CO2 adsorption isotherms recorded up to 5 bar 

of PUM210 showed an uptake of 118.64 and 76.85 cm3/g, respectively, whilst the PUM210Fa 

adsorbed a minor quantity in agreement with the smaller pore capacity. The isosteric heat of 

adsorption at low coverage obtained using Vant’Hoff equation is similar for both compounds: 27 

kJ/mol and 28 kJ/mol for PUM210 and PUM210Fa, respectively. These values exhibited good 

affinity and are comparable to Zn-MOFs with a more open structure, for example Zn-MOF74.54 
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Figure 4. (a) CO2 adsorption and desorption isotherms of PUM210, PUM210Fa and 

CuPUM210Fa performed at 195 K; (b) CO2 adsorption isotherms collected at 273K up to 5 bar 

with PUM210 (blue) and PUM210Fa (green), in the inset the mixture adsorption isotherms 

predicted IAST of PUM210 (blue dot) and PUM210Fa (green line) for CO2/N2 (15/85); (c) 

Selectivity on a mixture of 15:85 of CO2/N2 calculated on adsorption isotherms at 273K for 

PUM210 and PUM210Fa.  



 19 

CO2/N2 selectivity is of importance for CO2 purification from combustion emissions. For 

comparison, N2 isotherms were collected at variable temperature on PUM210 and PUM210Fa. 

The selectivity of CO2/N2 mixture (15:85) was obtained by IAST theory: at low coverage in 

PUM210 at 273K the selectivity was 36 (Figure 4c) while in PUM210Fa the selectivity reached 

the value of 60 (Figure 4c). PUM210 selectivity results to be comparable to some reported 

MOFs with basic functionalities in the channels, instead, PUM210Fa value is similar to MOFs 

with more polarized fluorine pendants in the structure.55,54 To point out the sorption features of 

the Zn-MOFs on environmentally important guests, methane adsorption isotherms were collected 

at different temperatures and up to 5 bar. The isosteric heat of adsorption resulted to be 18 

kJ/mol for PUM210 and 14 kJ/mol for PUM210Fa, which is comparable to HKUST and MOF-

5, respectively.56 

CONCLUSIONS 

Over decades, the classic disconnection approach employed in organic retrosynthesis has given 

a plenty of alternative routes to gain the desired substrate. More recently, MOFs projectability 

has attracted an active interest, as it could introduce the chance of combining functionalized 

linkers with tailored metallic secondary building units, by de-novo synthesis or through 

challenging PSM approaches. Herein, we have reported on the synthesis and structural 

characterization of novel catenated Zn2+-pillared MOFs, named PUM210 and its fluorinated 

analogous, PUM210F. The two frameworks are structurally similar, although the use of the 

perfluorinated linker F-bpba imparts peculiar features to the corresponding MOF. In fact, based 

on the different water adsorption isotherm profiles collected with the two MOFs, it was 

concluded that PUM210F is less hygroscopic than PUM210, as expected for a fluorinated MOF. 

Then, we have followed a transmetallation pathway in order to explore also the modification of 
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the metal nodes: a convenient protocol provided the heterometallic Cu2+-Zn2+ derivatives Cu-

PUM210 and Cu-PUM210F. The maintenance of the parent architectures was confirmed by 

PXRD and, notably, by SC-XRD analysis for Cu-PUM210 and Cu-PUM210F, respectively. 

The higher steric encumbrance of the perfluorinated biphenylene scaffold led to a lower degree 

of catenation, making possible the successful SCSC transformation from PUM210F to Cu-

PUM210F. The activated forms of these four structurally related heteroleptic MOFs were tested 

for gas storage and separation. The results indicate that combination of perfluorination and 

transmetallation, corresponding to Cu-PUM210F, is a convenient strategy to reach good 

selectivity for CO2 over N2 adsorption. Current efforts are in progress in our laboratory to extend 

the applied combined functionalization procedure to other PUM representatives. 
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