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1.  Ligand synthesis (LH2) 

The synthesis of 4,4´-(CO2H)2-2,2´-(OMe)2-1,1´-(C6H3)2 (LH2) was reported before.
1
 A 

modified synthesis by Wöckel (2007)
2
 is reported below. The iron-catalysed oxidative homo-

coupling reaction via aryl Grignard reagent was performed under nitrogen using Schlenk 

technique and dry solvents. 
1
H and 

13
C NMR spectra were recorded on an AVANCE DRX 

400 spectrometer (Bruker). The chemical shifts for 
1
H and 

13
C NMR spectra are reported in 

parts per million (ppm) at 400.13 MHz, and 100.63 MHz, respectively, with tetramethylsilane 

as standard and measured at 298 K. Mass spectra were recorded with a VG ZAB HSQ 

Analytical Manchester. 

 

Scheme 1. Synthesis of 4,4´-(CO2)2-2,2´-(OMe)2-1,1´-(C6H3)2. 

 

As starting material, commercially available 2-amine-5-methyl-phenol (I) was used without 

further purification. Compound II was prepared following reported procedures.
3,4

 Protection 

of the OH group (compound III) as –OMe group was conducted following the literature.
5
 

Iron-catalyzed oxidative homocoupling reaction via aryl Grignard reagent IV to obtain 

compound V was done according to the literature.
6,7

 Compound V was isolated as colourless 

crystals from diethyl ether and characterised also by single crystal X-ray diffraction studies. 

Compound 5 crystallises in the orthorhombic space group Fdd2 (Figure 1). CCDC 911251 

(V) contains the supplementary crystallographic data for this paper. These data can be 
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obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. The Crystallographic data for compound (V) is listed 

in Table1. 

 

Figure 1. ORTEP representation of compound V. 

 

Table 1. Crystallographic data for compound V 

Formula C16 H18 O2 

FW 242.30 

Temp./K 130(2) K 

Crystal system Orthorhombic 

Space group Fdd2 

a/Å 15.1458(6)  

b/Å 20.2514(9) 

c/Å 86.838(4) 

α/° 90 

β/° 90 

γ/° 90 

V(Å
3
) 2663.5(2)  

Z 8 

Dc/Mg m
–3

 1.208  

F(000) 1040 

Reflns collected 3551 

Independent reflns 1073 

Rint 0.0196 

GOF on F
2
 1.039 

R1, wR2[I>2σ(I)] 0.0376, 0.1039 

R1, wR2 (all data) 0.0429, 0.1061 
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Compound V was dissolved in pyridine. The oxidation method that was used is a combination 

of two published procedures (by Hòly et al.
8
 and Dickie et al.

9
) to obtain the product (LH2) 

which was isolated as a white solid. Details of the synthesis are given below. 

1.1.  Synthesis of Biphenyl-2,2´-dimethoxy-4,4´-dicarboxylic acid (LH2) 

 

Compound V (2.72 g, 11.29 mmol) was dissolved in pyridine (27.8 mL) and the solution 

refluxed for 10–15 minutes. 11.94 g (75.34 mmol) KMnO4 and 8.79 g (82.90 mmol) Na2CO3 

were dissolved in H2O (111 mL) and the reaction mixture was heated at 70 ºC. This solution 

was added dropwise to the pyridine solution at room temperature. The colour changed from 

bright yellow to dark brown-violet. The reaction mixture was refluxed for 5 h. The solution 

was cooled to room temperature. Excess KMnO4 was destroyed by addition of NaHSO3 

solution (added until a colourless solution had formed (ca 100 mL)). The solid brown material 

was isolated by filtration. The clear solution was cooled at 0 °C. Concentrated hydrochloric 

acid was added dropwise until pH 1 (ca. 52 mL) to precipitate the desired compound. The 

white solid was filtered off, and washed with cold water, until a neutral pH was reached. The 

resulting white solid was dried in air. Yield: 2.21 g (7.25 mmol; 64 %) 

Characterization: 

1
H NMR (d6-DMSO, ppm); δ = 3.77 (s, 6H, OCH3), 7.28 (d, 

3
JHH = 7.7 Hz, 2H, H-6/H-6´), 

7.58 (m, 4H, H-3/H-3´ and H-5/H-5´), 13.00 (br, 2H, COOH) 

IR (KBr, cm
–1

):    = 3432 (br); 2964 (s,  (O–H)); 2647 (w); 1687 (s,  (C=O)); 1604, 1575 (m-

s, C=C); 1456 (s); 1417 (s); 1288, (s, 
C
 (C–O)); 1260 (w, 

M
 (C–O)); 1183 (w); 1117 (m); 

1038 (st), 1005 (m); 910 (w); 877 (m); 811 (w);  759 (s); 658 (w); 528 (w). 

Note: the C–O vibration of the methoxy group, it is denoted 
M 

and the carboxylic C–O  is 

denoted 
C
. MS (ESI): m/z = 303.10; calcd. for [C16H14O6H]

+
: 303.08 

2.  Theoretical calculations 

 

All calculations were carried out in the gas phase with the M06 density functional
10

 of the 

Gaussian 09 program package
11

 and using the 6-31+G(d,p) basis set for all atoms.  

The relaxed potential energy surface (PES) scan along the θ(C1–C2–C3–C4) dihedral angle 

of LH2 revealed that the global minimum S isomer and the local minimum R isomer are 

connected through a very flat PES. The maximum connecting the S and R isomers lies only 
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~4 kJ mol
–1

 above the global minimum (Figure 2). Geometry optimisations starting from 

coordinates taken from the PES scan showed that the R isomer lies only a few kJ mol
–1

 above 

the S isomer (Table2). The transition state connecting the two structures has been located with 

the synchronous transit-guided quasi-Newton (STQN) method
12

 and gave an activation 

energy of only 4.1 kJ mol
–1

 (Table 2). These results indicate that the rotation along the 

dihedral angle θ(C1–C2–C3–C4) of LH2 between S and R enantiomers is practically 

unhindered. 

The experiments showed that θ = ~86° in [{(Zn4O)(L)3(H2O)}·4.5DMF]n (1) and the emission 

spectrum of 1 is identical with the spectrum of LH2 but differs from the spectra of 

[{(Cd3L4)2(CdL2)}·8DMF·8Me2NH2
+
·2Cl

–
]n (2) and [{(Pb6O2)L4}·2EtOH]n (3) (see article 

for details). Prompted by these results, the intermediate geometry IM with θ = 90.4° was 

taken from the PES scan and its properties have been also calculated. The dihedral angle of 

IM is close to the value found in 1, while θ = ~60° in S and θ = ~120° in R (Table 2). 

Frequency calculations revealed IM as a local minimum without any imaginary frequencies 

lying at somewhat higher relative energy values than S and R isomers. However, the 

thermodynamic corrections to the total energy revealed IM as the global minimum (Table). 

Thus, no clearly preferred conformation can be identified for LH2 and it is highly probable 

that under different conditions LH2 and its metal complexes could adopt stable conformations 

with different dihedral angles θ, as indicated by the experimental results. 

   

Figure 2. M06/6-31+G(d,p) relaxed potential energy surface (PES) scan of the full 360° rotation along the 

dihedral angle θ(C1–C2–C3–C4) with a step size of 10°. The critical points S and R are highlighted. 
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Table 2. Total energies (E) with corrections for zero point vibrations (EZPE) and the corresponding relative 

energies, HOMO-LUMO gaps (Egap), θ(C1–C2–C3–C4) dihedral angle values, number of imaginary frequencies 

(Imags), point groups (Symm.) and relative Gibbs free energies (rel. G) of the optimised geometries. 

 

E rel. E EZPE rel. EZPE Egap θ Imags Symm. rel. G 

 [a.u.] [kJ mol
–1

] [a.u.] [kJ mol
–1

] [eV] [°] [cm
– 1

]   [kJ mol
–1

] 

S –1068.912304 0.0 –1068.635687 0.0 4.8 63.3 – C2 1.5 

R –1068.911468 2.2 –1068.634349 3.5 4.7 123.7 – C2 3.9 

IM –1068.911010 3.4 –1068.634754 2.4 5.3 90.4 – C1 0.0 

TS –1068.910742 4.1 –1068.634786 2.4 5.2 96.7 29i C2 5.6 

 

The UV-VIS spectra of S, R and IM have also been calculated with the time-dependent DFT 

method. The first singlet excited states of both S and R correspond to the HOMO → LUMO 

transition and exhibit bands at 314 and 319 nm, respectively. However, the first excited state 

of IM has contributions from both the HOMO → LUMO and the HOMO–1 → LUMO+1 

transitions and the corresponding wavelength is significantly shorter (289 nm) than the 

wavelengths calculated for S and R. The HOMO–1 and HOMO and the LUMO and 

LUMO+1 of IM form degenerate orbital pairs (Figure 4). Thus, the calculations are in 

agreement with the experimental observations and predict that conformations of LH2 with 

dihedral angles θ(C1–C2–C3–C4) around 60° give signals at lower wavenumbers than 

conformations with θ values around 90°. According to the above discussed results, it is highly 

probable that LH2 crystallises with a dihedral angle θ around 90°, giving an emission 

spectrum identical to the spectrum of , as shown by our luminescence measurements.  

 

Figure 3. M06/6-31+G(d,p) optimised geometries. 
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Figure 4: Molecular orbitals involved in the singlet transitions of S, R and IM (orbital energies in parentheses, 

in eV). 

 

3.  TGA Measurements of Compounds 1, 2, and 3 

 

 

Figure 5. Thermogravimetric analysis (TGA) curve for Zn-based MOF 1. The sample was heated to 900 ºC at a 

heating rate of 10 ºC/min.  
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Figure 6. Thermogravimetric analysis (TGA) curve for Cd-based MOF 2.  

The sample was heated to 600 ºC at a heating rate of 10 ºC/min. 

 

 

Figure 7. Thermogravimetric analysis (TGA) curve for Pb-based MOF 3.  

The sample was heated to 600 ºC at a heating rate of 10 ºC/min. 
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4.  X-ray Powder Diffraction Studies 

4.1.  Zn-based MOF 1 

Solvothermal synthesis and reflux were used for the of Zn-based MOF 1. The characterisation 

was carried out with PXRD at room temperature. The PXRD pattern of the product obtained 

under solvothermal conditions is shown in Figure 8. The observed peaks are in agreement 

with the powder pattern of single crystals of 1. An attempt to upscale the synthesis using the 

reflux method with the same stoichiometry but without addition of NEt3 was carried out and 

the product was also studied by PXRD (Figure 9). The observed signals in the PXRD diagram 

are still the same as those of the single crystals but they are broader. In comparison to the 

PXRD diagram of the product obtained under solvothermal conditions, the latter exhibits 

superior crystallinity. The peaks are sometimes slightly shifted because of the different 

temperature employed in the measurement of the single crystals and the powder. 

 

 

Figure 8. PXRD of the bulk product 1 obtained under solvothermal conditions (blue) indicating superior 

crystallinity. Red: simulated pattern from X-ray data.  
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Figure 9. PXRD of the bulk product 1 obtained using the reflux method (blue) indicating lower crystallinity. 

Red: simulated pattern from X-ray data. 

 

4.2.  Thermal Stability Test of 1 

A thermal stability test of 1 was carried out with PXRD. No changes were observed until 380 

ºC. At 420 ºC, decomposition was observed. The new signals could be assigned to ZnO 

(according to the ICSD database).
13

 Figure 10 (top view) and Figure 11 (3D views) illustrate 

these studies.  

 

Figure 10. Top view of the PXRD diagram; heating from room temperature to 540 °C. 
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Figure 11. 3D view of the PXRD diagram; heating from room temperature to 540 °C. 

 

 

 

Figure 12. PXRD of the bulk product 3 obtained under solvothermal conditions (blue). Red: simulated pattern 

from X-ray data. 
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5.  Nitrogen Adsorption Isotherms at 77 K 

Figure 13. Nitrogen adsorption isotherms of 1 obtained from solvothermal  

synthesis (red) and at room temperature (black). 

 shows the nitrogen adsorption isotherm of 1 obtained from solvothermal synthesis.  

 

 

Figure 13. Nitrogen adsorption isotherms of 1 obtained from solvothermal  

synthesis (red) and at room temperature (black). 
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