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ABSTRACT: The four porphyrin-based metal-organic frameworks (MOFs) containing Ce
3+

 

ions, [Ce4(H2TCPP)3(DMF)2(H2O)4] (CAU-18), [Ce4(H2TCPP)3]∙22H2O (CAU-18a), 

[Ce3(H2TCPP)2(BA-X)(HBA-X/H2O)2] ∙ 2 HBA-X ∙ n H2O (CAU-19-X with X=H, 2Cl, 3Cl, 

4Cl, 3CO2H, 4NH2, 4NO2, HBA= C7H4O2) and [Ce2(H2TCPP)(C7H4O2NO2)2]∙2DMF 

(Ce-PMOF-4NO2) were synthesized using the linker 4-tetracarboxyphenylporphyrin (H6TCPP). 

The formation of the respective MOFs depends mainly on the presence of a co-ligand in the 

synthesis mixture. CAU-18 was obtained in the absence of a co-ligand while CAU-19-X was 

observed, when the benzoic acid derivative HBA-X (X = H, 2Cl, 3Cl, 4Cl, 3CO2H, 4NH2) was 

added. In case HBA-4NO2 was used as a co-ligand, yet another compound Ce-PMOF-4NO2 is 

obtained. The structures of CAU-18 and CAU-19-H were determined from single crystal X-ray 

diffraction data, while the structure of Ce-PMOF-4NO2 was refined from PXRD data by the 

Rietveld method. Activation of CAU-18 and Ce-PMOF-4NO2 resulted in phase transformations. 

Thermal treatment of CAU-18 at 250 °C leads to CAU-18a, which is porous towards N2 and 

H2O, while treatment of Ce-PMOF-4NO2 in organic solvents at 70 °C leads to the formation of 

CAU-19-4NO2, which cannot be synthesized directly. All CAU-19-X compounds are porous 

towards N2 and H2O and the specific surface areas vary between 330 and 600 m
2
 g

-1
 depending 

on the size of the incorporated co-ligand. CAU-18, CAU-18a and CAU-19-X are thermally 

stable in air up to 330 °C and chemically stable in H2O and all tested organic solvents. Ce L3-

edge XANES measurements revealed that exclusively Ce
3+

 ions are present in the title 

compounds, despite the use of (NH4)2[Ce(NO3)6] in all syntheses. In addition, the crystallization 

of CAU-18 and CAU-19-H was investigated in situ by synchrotron PXRD at DESY, Hamburg, 

using reaction temperatures between 110 and 130 °C. The data was evaluated using the approach 

by Gualtieri to determine the probability of nucleation (Pn) and the Arrhenius activation energy 
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for nucleation (kn) and crystal growth (kg). The Arrhenius activation energies for the nucleation 

were determined as 47(2) and 56(3) kJ mol
-1

 and for crystal growth 45(4) and 58(5) kJ mol
-1

 for 

CAU-18 and CAU-19-H, respectively. The induction time (tind), in which no crystalline products 

are detected and the total reaction time to achieve full conversion (tcom) are shortened at higher 

temperatures. Furthermore the maximum of the probability of nucleation is shifted to earlier 

reaction times with increasing temperature. 
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Introduction 

The modular structure of metal organic frameworks (MOFs) allows one to tune the pore size 

and pore surface properties, which in turn leads to a large range of chemical and physical 

properties.
1–4

 Hence MOFs have been investigated in applications such as gas storage and 

separation, drug delivery or catalysis.
1,3,5–7

 In situ crystallization investigations were performed 

in recent years to study crystallization processes of MOFs in solution and to determine kinetic 

parameters. Examples comprise the formation of MIL-53
8
 and MIL-100,

9
 which are formed 

through an intermediate crystalline phase, MOF-14,
10

 which starts to decompose at longer 

reaction times, and CAU-1,
11

 which was shown quantitatively to form within a few minutes.
12

  

Porphyrin-based linker molecules have been intensively investigated in the synthesis of MOFs 

since the resulting porphyrin-based MOFs are often redox active. They have been used in 

catalysis 
13–19

 
20,21

 and were also tested for the singlet oxygen production in biomedical and non-

medical applications as well as cancer therapy.
22–24

 MOFs containing tri- or tetravalent cations 

are known for their high stability,
25

 and in combination with 4-tetracarboxyphenylporphyrine 

(H6TCPP), which is the most intensively investigated porphyrin-linker in MOF synthesis,
26–28

 

various compounds exhibiting permanent porosity have been reported. First pioneering work in 

the field of porphyrin-based MOFs incorporating the H6TCPP ligand were carried out by Suslick 

et al. and Goldberg et al. in 2000 and 2002.
29,30

 More recent studies led to Zr-MOFs known as 

PCN-221 to -225,
13,31,14,32

, MOF-545,
33

 and MOF-525.
33,34

 Some of these compounds have been 

tested in various catalytic reactions, such as the oxidation of cyclohexane,
35

  the electrochemical 

reduction of CO2,
16

 or the photooxidation of mustard gas.
19

 A larger variety of porphyrin-based 

MOFs is known with trivalent ions. Thus three isoreticular MOFs with the group 13 metal ions 

aluminum, gallium and indium (Al-PMOF,
36

 Ga-PMOF,
37

 In-PMOF)
37

 have been reported, and 



 5 

the Al-PMOF was investigated in the photocatalytic methyl viologen assisted H2-generation on 

colloidal platinum.
36

 In addition, porphyrin-based In-MOFs (MMPF-7,
38

 MMPF-8 
38

 and 

UNLPF-10
39,40

), Fe-MOFs (MIL-141,
41

 [Fe2(Fe-TCPP)(C4H4N2)(OH2)]) (C4H4N2 = pyrazine),
42

 

and PCN-600) 
43

 and MOFs containing lanthanide ions like Ce,
44,45

 Nd,
46

 Sm
47

 and Dy
46

 are also 

known. For the latter examples, only the crystal structures but no physisorption measurements 

were reported. 

Herein we present the results of our systematic investigation on the synthesis of twelve 

trivalent Ce-MOFs using the porphyrin-based linker H6TCPP in the absence and presence of 

various benzoic acid derivatives (HBA-X, X = H, Cl, NH2, NO2, COOH) that can act as a co-

ligand (Fig. 1), their structural transformation upon activation as well as the results of our in situ 

crystallization studies. 

 

Figure 1. Graphical representation of the investigation of the system Ce
4+

 / H6TCPP / DMF / 

H2O in the absence or presence of benzoic acid derivatives (HBA-X, X = H, Cl, NH2, NO2, 

COOH) as co-ligands. The study led to the new porphyrin-based Ce-MOFs CAU-18, CAU-18a, 

CAU-19-X (X= H, 2Cl, 3Cl, 4Cl, 4NH2, 4NO2, 3CO2H) and Ce-PMOF-4NO2. 
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Experimental section 

Materials. Cerium(IV) ammonium nitrate ((NH4)2[Ce(NO3)6]) (98 %, ABCR), benzoic acid 

(99.5 %, ABCR), 2-chlorobenzoic acid (98 %, ABCR), 3-chlorobenzoic acid (99 %, Sigma 

Aldrich), 4-chlorobenzoic acid (99 %, Sigma Alrich), 3-carboxybenzoic acid (trimellitic acid, 99 

%, Sigma Aldrich), 4-aminobenzoic acid (99 %, Sigma Aldrich), 4-nitrobenzoic acid (99 %, 

ABCR), ZnSO4 ∙ H2O (97 %, Merck), CoCl2 ∙ 6 H2O (98 %, Fluka), dimethylformamide (DMF, 

99 %, Grüssing), aceton (99 %, Walther), methanol (99 %, Walther), dichlormethane (DCM, 99 

%, Walther) and ethanol (99 %, Walther) were used without further purification. The cerium(IV) 

ammonium nitrate was dissolved in distilled H2O to achieve a 0.53 M solution. The linker 

4,4',4'',4'''-(5,10,15,20-porphyrintetrayl)tetrabenzoic acid (4-tetracarboxyphenylporphyrin, 

H6TCPP) was synthesized according to reported procedures
48–50

 starting with 4-formylbenzoic 

acid (98 %, ABCR) and pyrrole (98 %, ABCR) in propionic acid (99 %, Grüssing). The 

metalated linker Co-H4TCPP was synthesized according to reported procedures. First Co-TCPP-

Me4
51

 was obtained by reaction of H6TCPP with CoCl2 ∙ 6 H2O in MeOH which was 

subsequently hydrolysed.
52

 Details are given in the Supporting Information. 

 

Characterization. 

Single crystal X-ray diffraction data for CAU-18 and CAU-19-H were acquired at the 

beamline ID11 at ESRF (Grenoble, France). The reflections were indexed with the APEX3 suite, 

integrated with SAINT V9.32B,
53

 solved with the program SHELXL,
54

 and refined with the 
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program SHELXL using Olex2 as GUI.
55

 A radiation energy of 40 keV was used, corresponding 

to a wavelength of λ=0.3112 Å. The non-standard wavelength induced a checkcif warning due to 

mismatch of the determined and calculated absorption coefficient μ. Only one full hemisphere (ϕ 

scan) was collected for each sample, due to time constraints, resulting in non-complete data sets. 

Both crystals were very small and poorly diffracting, and in addition suffered from radiation 

damage during the measurements. Both structures contain stacked porphyrin rings, likely to 

cause stacking disorder in the crystals. This disorder is likely to have caused the poor precision 

on bond lengths and ADP values in the obtained crystal structures. Restraints forcing ADP tensor 

components to approximate to isotropic behavior (isor) and rigid body restraints (rigu) were used 

to prevent unphysical ADP values. 

All Ce L3-edge XANES measurements, except for Ce(NO3)3 ∙ 6 H2O, were performed at the 

Southern Federal University (Rostov-on-Don, Russia) using a Rigaku R-XAS spectrometer. The 

water-cooled X-ray tube with a fixed W anode was operating at 12 kV and 80 mA. The incident 

beam was monochromatized using a Johansson-type Ge (220) crystal, ensuring an energy 

resolution of around 1 eV at 5730 eV. The measurements were conducted in transmission mode 

using an Ar-filled ionization chamber and a scintillation counter to monitor the intensity of 

incident (I0) and transmitted (I1) radiation respectively. A He-filled bag was placed between the 

X-ray tube, the monochromator and the I0 detector to reduce the X-rays absorption in air. The 

spectrum of Ce(NO3)3 ∙ 6 H2O was collected at the BM23 beamline of the European Synchrotron 

Radiation Facility (Grenoble, France) in transmission mode using a Si (111) crystal for 

monochromatization, Si mirrors for harmonics rejection and N2/He-filled ionization chambers 

for photon detection, yielding resolution comparable with the laboratory measurement. In all 

cases the samples were measured in the form of self-supporting pellets mixed with boron nitride 
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and pressed with a pressure below 400 kg/cm
2
. Mass of the samples was optimized by using the 

XAFSmass code
56

 to obtain the best signal-to-noise ratio.  

PXRD measurements were carried out with a STOE HT diffractometer equipped with a xy-

stage and an IPDS (Cu Kα1 radiation) or Mythen (Mo K 1 radiation) detector system. High 

resolution PXRD patterns were measured on a STOE Stadi-P combi powder diffractometer 

equipped with a Mythen detector (Cu K 1 radiation). The structure of Ce-PMOF-4NO2 was 

refined from PXRD data using the Rietveld method. Only an approximated structure model was 

obtained due to broad reflections with a low signal to noise ratio and the presence of small 

amounts of CAU-19-4NO2. An appropriate structure model for CAU-18a could not be set up due 

to limited long range order in the sample. Nevertheless, the PXRD pattern of CAU-18a could be 

indexed using TOPAS academic V4.1
57

 and a unit cell similar to CAU-18 was found and 

confirmed by a Pawley-fit (Table 2 and Figure S20). Pawley-fits (Fig. S22 – S29) were carried 

out for all other CAU-19-X and M-CAU-19-H (M= Zn, Co) derivatives to proof that they are 

isostructural to CAU-19-H. Pawley-fits of CAU-18 and CAU-19-H (Fig. S19 and S21) with the 

lattice parameters determined from the single crystal structure determination were carried out to 

proof the phase purity. Pawley-fits and Rietveld-refinements were performed with the program 

TOPAS academic V4.1.
57

 The results of the refinement and crystallographic data of CAU-18, 

CAU-18a, CAU-19-H and Ce-PMOF-4NO2 is shown in Table 2. The refined cell parameters and 

results of the Pawley-fits of the other CAU-19-X and M-CAU-19-H (M= Zn, Co) derivatives are 

shown in Table S2 and S3 and Figure S19 – S29. The diameters of all pores were determined 

using DIAMOND V.3
58

 taking the van-der-Waals radii of the atoms into account. The VT-

PXRD measurements were recorded on a STOE Stadi-P combi powder diffractometer (Cu Kα1 

radiation: CAU-18; Mo K 1 radiation: CAU-19-H) equipped with a capillary furnace. For the 



 9 

measurements 0.5 mm quartz capillaries were used. The samples were heated up in steps of 5 K 

to 500 and 600 °C for CAU-18 and CAU-19-H, respectively, and measured for 10 minutes each.  

The in situ PXRD measurements were carried out at beamline P09
59

 (=0.53905 Å) and 

P07B
60

 (=0.14235 Å) at PETRA III, DESY, Hamburg. The sample-to-detector distance was 

606.074 mm and 2682.568 mm at P09 and P07B, respectively. In both cases a Perkin Elmer 

1621 Flat Panel Detector (2048 x 2048 pixel; 200µm x 200µm pixel size) was used. At beamline 

P09
59

 the experiments were executed with a beam size of 1 x 1 mm. At beamline P07B
60

 the 

beamsize was set to 0.5 x 0.5 mm. The reactions were carried out in a custom-built reactor that 

was developed at CAU Kiel in cooperation with the beamline staff of beamline P08, PETRA III, 

DESY.
61

 The reactor was designed to enable the analysis of chemical reactions under 

solvothermal reaction conditions via synchrotron based techniques. The core of the reactor 

consists of an aluminum casing surrounded by copper-galvanized heating wires. Reaction vessels 

made from borosilicate glass (Vmax = 5 ml) can be inserted into the casing that is aligned in 

transmission geometry on the beamline. The temperature inside the reaction vessel was 

constantly monitored throughout the entire reaction by means of a PTFE-coated k-type 

thermocouple. Through a combination of resistive heating from the heating wires and direct 

cooling of the heating wires via compressed air the temperature inside the glass vessel was 

precisely controlled with a deviation of ±0.5 °C. A stirring device under the base of the reactor 

allowed for homogenization of the sample during the reaction. The setup furthermore provides 

the option of adding solutions during the reaction by means of a remote-controlled syringe pump. 

The syringe pump system is connected to PTFE-tubes that are embedded in the custom-built 

screw caps. In this study the syringe pump was used to start the reactions remotely that lead to 

the formation of CAU-19-H. To ensure a constant reaction temperature the linker solution was 
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first heated to the target temperature followed by the injection of metal salt solution to start the 

reaction. A more detailed description of the experiment procedure is provided in the section 

discussing the in situ studies. 

IR-spectra were recorded using a Bruker ALPHA-FT-IR A220/D-01 spectrometer equipped 

with an ATR-unit. UV/vis spectra were recorded at a Spectroquant Pharo 300 M. Prior to the 

measurements all samples were dissolved in 2M NaOH and measured at once. 
1
H-NMR 

spectroscopy was employed for the quantitative analysis of occluded guest molecules and co-

ligands. The NMR spectra were recorded on a Bruker DRX 500 spectrometer. The samples were 

dissolved in a mixture of 10 % deuterochloric acid (DCl) in D2O and deuterated dimethyl 

sulphoxide (d6-DMSO) (molar ratio=1:7). Sorption experiments were performed with a BEL 

Japan Inc. BELSORP-max. Before sorption measurements all samples were activated at 170 °C 

under reduced pressure (10
-2

 kPa) for 16 h. Thermogravimetric measurements were performed 

on a NETZSCH STA 409 CD analyzer under a flow of air (75 ml min
-1

) with a heating rate of 

4 °C min
-1

 between 25 and 700 °C in Al2O3-crucibles. The data were corrected for buoyancy and 

current effects. 

 

 

Preparation. The syntheses of CAU-18 and CAU-19-X (X=H, 2Cl, 3Cl, 4Cl, 3CO2H, 4NH2, 

4NO2) were carried out in glass-vials (Vmax= 7.0 mL, Pyrex) using a solvent mixture (volume 

ratio H2O to DMF of 1 to 3). Ce-PMOF-4NO2 was obtained in 30 mL autoclaves with Teflon 

inserts using DMF as solvent and 4-nitrobenzoic acid as co-ligand. For the synthesis 

optimization reactions were carried out between 80 and 140 °C, at reaction times between 1 and 

48 h using different molar ratios of metal : linker : HBA-X between 1 : 1 : 0 and 5 : 1 : 300 
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(HBA-X = C7H4O2-X, X= X=H, 2Cl, 3Cl, 4Cl, 3CO2H, 4NH2, 4NO2). The formation of the 

metalated compounds M-CAU-19-H (M= Zn, Co) was investigated starting from the synthesis 

conditions of CAU-19-H. In case of Zn-CAU-19-H the addition of ZnSO4 ∙ H2O and a reaction 

time of 1 h resulted in the formation of Zn-CAU-19-H. Co-CAU-19-H was obtained by an 

increase of metal to linker ratio to 5:1 and a higher amount of DMF (2400 µL). Activation of the 

samples was carried out by thermal treatment or by a combination of solvent exchange at 

elevated temperatures followed by thermal treatment under reduced pressure. 

The optimized synthesis parameters of all title compounds are summarized in Table 1 and the 

results of the elemental analyses are given in Table S1. The detailed synthesis procedures for 

CAU-18, CAU-18-HT, CAU-19-H, M-CAU-19-H (M=Zn, Co) and Ce-PMOF-4NO2 are as 

follows:  

 

CAU-18: H6TCPP (20 mg, 2.53 x 10
-2

 mmol), DMF (1200 µL), H2O (300 µL) and 0.53 M 

aqueous (NH4)2[Ce(NO3)6] solution (94 μL, 5.06 x 10
-2

 mmol) were added to a 7.0 mL glass vial. 

The glass vial was heated for 2 h at 100 °C. The resulting product was filtered off and washed 

two times each with DMF and acetone. A yield of 63 mg, (79 % based on H6TCPP) was obtained 

for CAU-18, [Ce4(H2TCPP)3(DMF)2(H2O)4].  

CAU-18a: CAU-18 (500 mg, 0.16 mmol) was placed in a crucible and heated for 24 h at 250 

°C. A yield of 470 mg, 100 % was obtained for CAU-18a, based on the composition 

[Ce4(H2TCPP)3] ∙ 22 H2O deduced from elemental analysis and TG measurement.  

CAU-19-H: H6TCPP (20 mg, 2.53 x 10
-2

 mmol), benzoic acid (HBA-H) (570 mg, 4.67 mmol), 

DMF (1200 µL), H2O (300 µL) and 0.53 M aqueous (NH4)2[Ce(NO3)6] solution (94 μL, 

5.06 x 10
-2

 mmol) were added to a 7.0 mL glass vial. The glass vial was heated for 24 h at 
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120 °C. The resulting product was filtered off and washed two times each with DMF and 

acetone. A yield of 16 mg, 56 % (based on H6TCPP) was obtained for CAU-19-H, 

[Ce3(H2TCPP)2(BA-H)(HBA-H/H2O)2] ∙ 2 (HBA-H) ∙ 11 H2O.  

Zn-CAU-19-H: H6TCPP (20 mg, 2.53 x 10
-2

 mmol), ZnSO4 (5 mg, 3.10 x 10
-2

 mmol), benzoic 

acid (HBA-H) (570 mg, 4.67 mmol), DMF (1200 µL), H2O (300 µL) and 0.53 M aqueous 

(NH4)2[Ce(NO3)6] solution (94 μL, 5.06 x 10
-2

 mmol) were added to a 7.0 mL glass vial. The 

glass vial was heated for 1 h at 120 °C under stirring. The resulting product was filtered off and 

washed two times each with DMF and acetone. A yield of 15 mg, 53 % (based on H6TCPP) was 

obtained for Zn-CAU-19-H, [Ce3(Zn-TCPP)2(BA-H)(HBA-H/H2O)2] ∙ 2 (HBA-H) ∙ 8 H2O. 

Co-CAU-19-H: Co-H4TCPP (20 mg, 2.53 x 10
-2

 mmol), benzoic acid (HBA-H) (570 mg, 4.67 

mmol), DMF (2400 µL), H2O (350 µL) and 0.53 M aqueous (NH4)2[Ce(NO3)6] solution (94 μL, 

12.65 x 10
-2

 mmol) were added to a 7.0 mL glass vial. The glass vial was heated for 2 h at 

120 °C under stirring. The resulting product was filtered off and washed two times each with 

DMF and acetone. A yield of 12 mg, 42 % (based on Co-H4TCPP) was obtained for Co-CAU-

19-H, [Ce3(Co-TCPP)2(BA-H)(HBA-H/H2O)2] ∙ 2 (HBA-H) ∙ 11 H2O.  

To prove that the porphyrin linker is still metalated after the MOF synthesis UV/vis spectra (Fig. 

S4) were measured. Prior to the measurements all samples were dissolved in 2M NaOH. The 

measurements reveal no significant loss of Co
2+

 and Zn
2+

 ions. The absorption maxima of the 

linker molecules incorporated in CAU-19-H, Zn-CAU-19-H and Co-CAU-19-H after dissolution 

in 2 M aqueous NaOH solution were observed at 414, 422 and 430 nm, respectively and 

correspond well to values reported in the literature (H6TCPP=413,
18,62

 Zn-H4TCPP=424 nm,
63

 

Co-H4TCPP=430 nm
18

). 

 



 13 

To remove the non-coordinating solvent and HBA-X molecules from the as-synthesized 

samples, the materials were treated under reflux with acetone (CAU-19-X, with X = H, 2Cl, 4Cl, 

4NH2, and M-CAU-19-H (M=Zn, Co)) or DMF (CAU-19-3Cl and CAU-19-3CO2H). This 

procedure was repeated until no further decrease of the amount of HBA-X was observed in the 

1
H-NMR spectra (Fig. S5-S12).  

Ce-PMOF-4NO2: H6TCPP (180 mg, 22.77 x 10
-2

 mmol), 4-nitrobenzoic acid (HBA-4NO2) 

(2000 mg, 12.05 mmol), DMF (9000 µL) and 0.53 M aqueous (NH4)2[Ce(NO3)6] solution (850 

μL, 45.54 x 10
-2

 mmol) were added to a 30 mL teflon vessel. The teflon vessel was placed in an 

autoclave and was heated for 48 h at 120 °C. The resulting product was filtered off and washed 

with 100 mL DMF. A yield of 139 mg, 44 % (based on H6TCPP) was obtained for 

Ce-PMOF-4NO2, [Ce2(H2TCPP)(BA-4NO2)2] ∙ 2 DMF.  

CAU-19-4NO2: Ce-PMOF-4NO2 (500 mg, 0.36 mmol) and 30 mL acetone were placed in a 

50 mL glass vessel with screw cap and heated in an oven for 72 h at 70 °C. A yield of 427 mg, 

100 % was obtained for CAU-19-4NO2 (yield calculated based on the linker molecule and 

corresponding to the formula [Ce3(H2TCPP)2(BA-NO2)(HBA-NO2/H2O)2] ∙ 2 (HBA-NO2) ∙ 6 

H2O for CAU-19-4NO2). 
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Table 1. Summary and comparison of the synthesis parameters of CAU-18, CAU-19-X (X=H, 

2Cl, 3Cl, 4Cl, 3CO2H, 4NH2) and Ce-PMOF-4NO2. All CAU-19-Cl derivatives were obtained 

using the same synthesis parameters. All syntheses were carried out in 7 mL glass vials except 

Ce-PMOF-4NO2 which was synthesized in a 30 mL teflon reactor.  

CAU -18 -19-H -19-Cl
a -19-

4NH2 

-19-

3CO2 
Ce-PMOF 

M : L : HBA-X
b
 1:2:0 1:2:180 1:2:150 1:2:200 1:2:140 9:18:450 

H2O : DMF
c
 1:3 1:3 1:3 1:3 1:3 2.8:30 

HBA-X [mg] - 570 600 700 600 2000 

T [°C] 100 120 120 120 120 120 

t [h] 2 24 2 24 24 48 

yield [%] 79 56 51, 30, 72
a
 75 37 44 

a
 CAU-19-Cl indicates all CAU-19-Cl derivatives in following order 2Cl, 3Cl, 4Cl. 

b
 molar ratio, the number 1 corresponds to 2.53 x 10

-2
 (20 mg) mmol 

c
 volumetric ratio, the number 1 corresponds to 300 µL H2O  
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Results and Discussion 

The systematic study employing the linker molecule 4-tetracarboxyphenylporphyrine 

(H6TCPP) as well as co-ligands (HBA-X, with X = X=H, 2Cl, 3Cl, 4Cl, 3CO2H, 4NH2, 4NO2) 

led to twelve new porphyrin-based Ce-MOFs. In contrast to previous studies in the group 

Goldberg, we used co-ligands in our syntheses which have a strong influence on the product 

formation.
45

 

The synthesis of the porphyrin-based Ce-MOFs was investigated starting from the reaction 

procedures recently reported for the synthesis of Ce-UiO-66 and an In-MOF containing the 

H2TCPP
4-

 ion.
21,37

 The title compounds CAU-18, [Ce4(H2TCPP)3(DMF)2(H2O)4] and CAU-19-

X, [Ce3(H2TCPP)2(BA-X)(HBA-X/H2O)2]∙2HBA∙11H2O, were obtained under very similar 

reaction conditions as described for the formation of Ce-UiO-66.
21

 Thus (NH4)2[Ce(NO3)6] was 

used as the metal source, and the reaction was carried out using short reaction times (Tmax = 2 h), 

low reaction temperatures (100 -120 °) and a DMF/H2O solvent mixture (3:1). Although the 

formation of a hexanuclear {Ce6O8} cluster and therefore the crystallization of compounds 

isostructural to the known porphyrin-based Zr-MOFs
34

 was anticipated, this approach resulted in 

the formation of new Ce-MOFs with dimeric and trimeric IBUs that are connected by the 

H2TCPP
4-

 ions to form three-dimensional framework structures. CAU-18 is formed in the 

absence of a co-ligand, while CAU-19-H was obtained in the presence of benzoic acid (HBA). 

Subsequently, usage of different benzoic acid derivatives (HBA-X, with (X=H, 2Cl, 3Cl, 4Cl, 

3CO2H, 4NH2) resulted in the formation of a series of CAU-19 type compounds with the BA-X
-
 

ions incorporated into the crystal structure. While the molar ratio Ce
4+

 to H6TCPP has the most 

pronounced impact on the product formation, the amount of co-ligand varies slightly (Tab. 1). 

Unexpectedly, the use of 4-nitrobenzoic acid (HBA-NO2) as a co-ligand and the increase of the 



 16 

DMF to H2O ratio from 3:1 to 9:1 results in the formation of the new Ce-MOF 

[Ce2(H2TCPP)(BA-4NO2)2] ∙ 2DMF (Ce-PMOF-4NO2). 

Activation of the Ce-MOFs. Thermal activation and variable-temperature PXRD 

measurements of the title compounds revealed several structural changes. Thus, the thermal 

treatment of CAU-18 at 250 °C leads to a desolvated compound denoted CAU-18a. Activation 

of Ce-PMOF-4NO2, was carried out in a two-step process by treatment with an organic solvent 

at elevated temperatures, followed by thermal treatment under reduced pressure. The first step 

leads to the transformation of Ce-PMOF-4NO2 into CAU-19-4NO2 within 72 h at 70 °C. It is 

noteworthy that we have only been able to obtain CAU-19-4NO2 by this treatment. 

 

Crystal Structure. The title compounds CAU-18 and CAU-19-H were obtained as single 

crystals (Fig. S13, and S14), while all other MOFs were only synthesized as microcrystalline 

powders. Hence the structure of CAU-18 and CAU-19-H were determined from single crystal 

X-ray diffraction data, while the one of Ce-PMOF-4NO2 was refined from PXRD data (Fig. 5, 

Tab. 2). In addition Pawley fits were carried out to determine the lattice parameters and to 

confirm phase purity of all title compounds (Fig. S19-S29, Tab. S2-S3).  

CAU-18 is isostructural to [Sm4(H2TCPP)3(DMF)2(H2O)4].
47

 The IBU consists of edge-

sharing CeO7 and CeO9 polyhedra, in a monocapped trigonal prismatic and a distorted tricapped 

trigonal prismatic coordination environment (Fig. 2). Each CeO7 polyhedron contains one DMF 

molecule and each CeO9 polyhedron two water molecules, the other oxygen atoms stem from 

carboxylate groups. The dimers are bridged to tetramers by carboxylate groups (Fig. 2) and 

further interconnection by H2TCPP
4-

 ions leads to a three dimensional framework with very 

small pores of 2.4 x 5.0 Å which are too small to accommodate guest molecules (Fig. 2). 
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Adjacent tetramers approach each other along [101] to a distance of 3.13(3) Å, which hints at the 

presence of a weak H-bond interaction between a coordinated water molecule and an oxygen 

atom of a carboxylate group (Fig. S15). The coordination modes of the carboxylate groups in 

CAU-18 are shown in Fig. S16 using the Harris-notation.
64

 The Harris-notation has the format 

[A,XY], the value A is the number of metal ions coordinated by the carboxylate group and X, Y 

is the number of bonds every oxygen shares with a metal ion.
64

 In the structure of CAU-18 the 

coordination modes [2,21], [2,11], [1,11], [1,10] are observed. 

The bond lengths found in CAU-18 are in good agreement with the literature values. For the 

Ce-O bonds values between 2.296(10) (CN: 7) and 2.841(7) Å (CN: 9) were found which are in 

good agreement with the literature value of 2.386(8) (CN:7) and 2.797(7) Å (CN:9).
45,65

 The 

C=C double bond length varies between 1.319(14) (arom. phenyl) and 1.481(11) Å (arom. 

pyrrole) and the N=C double bond length between 1.323(12)and 1.349(10) Å which are also in 

good agreement with the literature values of 1.303(9) to 1.508(6) Å and 1.358(6) to 1.383(6) Å, 

respectively.
33,45
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Figure 2. Structure of CAU-18. a) IBUs composed of edge-sharing CeO7 and CeO9 polyhedra 

with bridging –COO
-
 groups and coordinated DMF and water molecules, b) CeO7 polyhedron 

and coordination environment, c) CeO9 polyhedron and coordination environment, d) view of the 

framework structure e) space filling model of CAU-18. Carbon atoms are shown in grey, oxygen 

atoms in red, nitrogen atoms in blue and cerium atoms/CeO polyhedra in orange.  

 

CAU-19, [Ce3(H2TCPP)2(BA-X)(HBA-X/H2O)], can be synthesized with different benzoic 

acid derivatives (HBA-X, X = H, 2Cl, 3Cl, 4Cl, 4NH2, 3CO2H) which are part of the structure 

(Fig. 3). The IBU contains trimers which are formed by edge-sharing of two CeO8 and one 

CeO12 polyhedra, in a distorted square antiprismatic and a distorted icosahedral coordination 

environment.  
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The co-ligands are incorporated as the benzoic acid derivative ([1,10] mode)  as well as the 

anion ([1,11] mode)(Figure 3 b) and c)). The trimeric IBUs are connected to chains along [100] 

by H2TCPP
4-

 ions (Fig. 3) which also connect the chains to a three-dimensional framework 

structure with linear oval channels along [100]. These pores have diameters of 3.4 x 8.8 Å and 

are accessible to guest molecules (Fig. 3). In the as synthesized compounds the pores are 

occupied by HBA-X molecules, which are, based on the single crystal X-ray diffraction data, 

located in two positions with an occupancy of 0.5 each (Fig. S17a, omitted for clarity in Fig. 3e). 

The non-coordinating HBA-X molecules can be removed by solvent extraction followed by 

thermal activation. The coordination mode of the carboxylate groups of CAU-19-H are shown in 

Fig. S17.
64

 

 

The bond lengths found in CAU-19-H are in good agreement with the literature values.  For 

Ce-O bonds, values between 2.374(8)  and 2.730(6) Å were found, which are in good agreement 

with the literature values of  2.413(4)  to 2.618(4) Å (CN: 8)
45

 and 2.364(5) to 2.765(2) Å (CN: 

12).
45,65

 The C=C double bond length varies between 1.327(13) Å (arom. phenyl) and 1.512(11) 

Å (arom. pyrrole) and the N=C double bond length between 1.348(11) Å and 1.379(10) Å which 

are also in good agreement with the literature values of 1.303(9) Å to 1.508(6) Å and 1.358(6) Å 

to 1.383(6) Å, respectively.
33,45
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Figure 3. a) IBU of CAU-19-H along [010], b) CeO8 polyhedron and coordination environment, 

c) CeO12 polyhedron and coordination environment, d) view along pores [100] with unit cell 

edges and e) space filling model along [100] of CAU-19-H with pore diameters of 3.4/ 8.8 Å. 

Carbon atoms are shown in grey, oxygen atoms in red, nitrogen atoms in blue and cerium atoms / 

CeO polyhedra in orange.  

Only one other porphyrine-based Ce-MOF of composition [Ce3(H2TCPP)2(HCOO)(H2O)3] has 

been previously reported in the literature.
45

 Its structure resembles some similarities to the one 

observed for CAU-19, but formate instead of benzoate ions are coordinated to the IBUs. In 

addition CeO10 instead of CeO12 polyhedra are incorporated in the trimeric IBUs which are 

interconnected by the linker molecules to form a framework similar to CAU-19.
45

 

The structure of Ce-PMOF-4NO2 , [Ce2(H2TCPP)(BA-4NO2)2]∙2DMF, consists of chains of 

trans corner-sharing CeO6 polyhedra. The metal ions are bridged by the µ-oxygen atom of the 

carboxylate group of 4-nitrobenzoic acid (Fig. 4). All other coordinating oxygen atoms stem 
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from the carboxylate groups of the H2TCPP
4-

 ions. The chains are connected by H2TCPP
4-

 

molecules to form a three-dimensional framework. Two types of pores are formed along [010], 

with pore diameters of 5.0 x 11.8 Å and 2.0 x 11.8 Å, respectively (Fig. 4). This structure is 

similar to the ones of [M2(µ-OH)2(H2TCPP)], M = Al, Ga and In
36,37

 where the bridging of the 

M
3+

 ions is accomplished through µ-OH groups. Since the BA-NO2
-
 ion is not located on a 

special position, the occupancy of the co-ligand was constrained to 0.25.  

 

 

Figure 4. Structure of Ce-PMOF-4NO2. a) IBU along [100] with BA-NO2
-
 ions as bridging 

groups between trans corner-sharing CeO6 polyhedra b) Harris notation in brackets for the 

carboxylate group of the co-ligand and the linker, c) view along pores [010] and d) space filling 

model along [010] with pore diameters of 5.0 x 11.8 Å and 2.0 x 11.8 Å, respectively. Carbon 

atoms are shown in grey, oxygen atoms in red, nitrogen atoms in blue and cerium atoms / CeO 

polyhedra in orange, for clarity the carbon atoms of the BA-NO2
-
 ion are marked in green.  
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Thermal treatment of CAU-18 between 250 and 300 °C leads to a microcrystalline product, of 

composition [Ce4(H2TCPP)3], denoted CAU-18a, with low long range order. At the activation 

temperature removal of coordinating H2O and DMF molecules takes place and a permanently 

porous compound is formed which adsorbs 22 H2O molecules per formula unit. We anticipate 

condensation of the tetrameric units and formation of an open framework accessible for guest 

molecules. Thermogravimetric measurements confirm this hypothesis regarding the loss for 

DMF and H2O molecules at 250 °C (Fig.8).  IR spectroscopy confirms the absence of DMF 

molecules in CAU-18a (Fig. 11).  

Since Ce(III) and Ce(IV) compounds exhibit very distinct Ce L3-edge XANES features, the 

corresponding measurements were performed for all title compounds to probe the oxidation state 

of Ce ions, similarly to our previous Ce MOFs studies.
21

 As demonstrated by comparison with 

the spectra of CeO2 and Ce(NO3)3·6H2O reference compounds presented in the Figure S18, all 

title compounds contain exclusively Ce
3+

 ions which were formed during the synthesis from the 

Ce(IV) precursor (NH4)2[Ce(NO3)6]. It is worth to note, that in the synthesis of Ce-UiO-66
21

 the 

same reaction conditions were employed, but the tetravalent oxidation state was preserved during 

the reaction. Hence redox-active linker molecules such as H6TCPP lead to the reduction of the 

Ce
4+

 ions during the reaction. 
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Table 2. Crystallographic data of CAU-18, CAU-18a, CAU-19-H and Ce-PMOF-4NO2. 

 
CAU-18 CAU-18a CAU-19 

-H 

Ce-PMOF 

-4NO2 

Formula 
[Ce4(H2TCPP)3 

(DMF)2(H2O)4] 

[Ce4(H2TCPP)3] [Ce3(H2TCPP)2 

(C7H4O2H)2(H2O)2] 

[Ce2(H2TCPP) 

(C7H4O2NO2)2] 

Data 

determined by 
single crystal Pawley fit single crystal 

Rietveld 

refinement 

Crystal system monoclinic monoclinic triclinic orthorhombic 

a [Å] 

b [Å] 

c [Å] 

20.755(5), 

23.572(6), 

30.642(8) 

22.420(3) 

23.248(3) 

34.419(5) 

11.665(7) 

13.915(8) 

17.343(10) 

33.077(3) 

7.309(2) 

16.539(2) 

α [°] 

β [°] 

γ [°] 

90 

104.573 (2) 

90 

90 

106.375(5) 

90 

95.514(4) 

99.792(4) 

101.313(5) 

90 

90 

90 

V [Å
3
] 14509(7) 17212(4) 2696(3) 3998(1) 

Space group C2/c P2/c P ̅ Cmmm 

Tot., uniq. 

data, Rint 

21207, 12183, 

0.073 

 10313, 9008 

0.038 

 

Observed data 

[I>2σ(I)] 

6622  6710  

R1, wR2 

(gt) [%] 

7.5, 18.0  7.8, 20.6  

GOF 0.97 1.19 1.04 1.24 

Rwp  2.03  4.46 
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Figure 5. Result of the Rietveld-refinement of Ce-PMOF-4NO2. Measured data are shown as a 

black line, calculated data as a red line and the blue line gives the difference plot. Predicted peak 

positions are marked as vertical bars. 

 

Sorption Properties. Sorption experiments were only carried out for CAU-18a, CAU-19-X 

and M-CAU-19-H (M=Zn, Co) since CAU-18 and Ce-PMOF-4NO2 transform to CAU-18a and 

CAU-19-4NO2 during the activation procedure. Prior to the sorption experiments all samples 

were activated at 170 °C under vacuum (10
-2

 kPa) for 16 h. Subsequently sorption experiments 

using N2 at 77 K (Fig. 6, S30 and S31) and H2O at 298 K (Fig. 7) as adsorptive were performed. 

The specific surface areas were determined using the BET method and applying the method of 

Roquerol.
66,67

 Micropore volumes Vm were determined by using the amount of adsorbed N2 at the 

relative pressure p/p0 = 0.5 (Table 3). All compounds are stable towards activation and sorption 

measurements as proven by PXRD measurements (Fig. S32). All N2 measurements lead to a 

type-1a isotherm as expected for microporous materials with pore diameters 1 nm.
67

 CAU-18a 

has a specific surface area of aBET = 550 m
2
 g

-1
 and the CAU-19-X derivatives have aBET values 

between 330 and 600 m
2
 g

-1
 depending on the incorporated co-ligand. The metalated forms of 
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CAU-19-H exhibit a specific surface area of 570 and 430 m
2
 g

-1
 for Zn-CAU-19-H and Co-

CAU-19-H, respectively. If the specific surface areas per mmol are taken into account, the value 

of Zn-CAU-19-H is identical with the one of the non-metalated form, while for Co-CAU-19-H a 

slightly lower value is observed (Tab. 3). 

 A direct correlation of the steric demand of the different functional groups in CAU-19-X on 

the aBET values is not observed. A co-ligand with a functional group in 2-position seems to lead 

to higher specific surface areas than ligands with groups in 3-, or 4-position (Tab. 3). CAU-19-

4NH2 has the smallest specific surface area of aBET = 330 m
2
 g

-1
 which is due to the fact that not 

all HBA-NH2 molecules could be removed from the pores during activation, as proven by NMR 

spectroscopy (Fig. S10, one HBA-NH2 molecule per formula unit remains in the pores). The 

rather low specific surface area of CAU-19-4NO2 of 400 m
2
 g

-1
 is due to the low long range 

order of the samples after the phase transformation. 

The H2O sorption measurements at 298 K of all samples show an uptake between 10.7 and 

21.3 wt% and CAU-18a exhibits the highest uptake of 21.3 wt%, followed by CAU-19-4NH2 

and CAU-19-3CO2H with values of 16.6 and 16.0 wt%. This result is remarkable since in the N2 

sorption experiments these latter MOFs showed the lowest N2 uptake, but it is probably due to 

strong H-bond interactions between the amino- and the carboxy-group of the incorporated 

benzoic acid derivatives in the pores with the adsorptive water. 
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Table 3. Results of the sorption experiments (N2 at 77 K and H2O at 298.15 K) of CAU-18a, 

CAU-19-X (X = H, 2Cl, 3Cl, 4Cl, 3CO2H, 4NH2, 4NO2) and M-CAU-19-H (M = Zn, Co). The 

micropore volume was calculated at p/p0 = 0.5. 

 

CAU-

18a 
H 

Zn     

H 

Co     

H 
2Cl 3Cl 4Cl 3CO2H 4NH2 4NO2 

N2 (aBET) 

[m
2 

g
-1

]            

[m
2 

mmol
-1

] 

550 

1620 

600 

1370 

570   

1374 

430    

1031 

590 

1390 

580 

1360 

480 

1130 

490 

1160 

330 

760 

400 

950 

N2 (Vm) 

[cm
3 

g
-1

] 0.24 0.26 0.24 0.19 0.25 0.23 0.21 0.21 0.15 0.17 

H2O (upt.) 

[mol mol
-1

]  

[wt %] 

34.8 

21.3 

25.7 

14.1 

  

19.8 

10.7 

26.8 

14.4 

26.4 

14.2 

30.0 

16.0 

30.4 

16.6 

23.0 

12.3 

 

 

Figure 6. N2-sorption isotherms of CAU-18a and CAU-19-X (X = H, 2Cl, 3Cl, 4Cl, 3CO2H, 

4NH2, 4NO2) measured at 77 K. Only the adsorption branch is shown, desorption is omitted for 

clarity. All N2-sorption isotherms including ad- and desorption are shown in the supporting 

information in Figure S30. 
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Figure 7. H2O sorption isotherms of CAU-18a and CAU-19-X (X = H, 2Cl, 3Cl, 4Cl, 3CO2H, 

4NH2, 4NO2) measured at 298 K (mol mol
-1

). The red dashed line represents the sample with the 

highest uptake and the blue dashed line the sample with the lowest uptake, respectively. 

 

Thermal and Chemical Stability. To investigate the thermal stability thermogravimetric (TG) 

measurements of all samples and variable temperature PXRD studies (VT-PXRD) for CAU-18 

and CAU-19-H were carried out.  

The results of the TG measurements (Table S4, Fig. 8 and 9 as well as Fig. S33 – S41) show 

two or three characteristic steps of weight loss, respectively. The loss up to 100 °C is assigned to 

the evaporation of physisorbed water molecules. In case of CAU-18 the removal of the 

coordinated DMF and water molecules occurs between 100 and 250 °C. The weight loss between 

100 and 250 °C for CAU-19-3CO2H  is due to the evaporation of physisorbed DMF as 

confirmed by 
1
H-NMR spectroscopy (Fig. S9). Above 330 °C the decomposition of the 

compounds take place and CeO2 is formed as the final product, as confirmed by PXRD 

measurements (Fig. S42). In the TG curve of CAU-18a three steps of weight loss are observed. 

The first two steps up to 150 °C can be assigned to the loss of water molecules. No further 

weight loss up to 330 °C is observed, when the framework starts to decompose. These results 
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demonstrate that the DMF molecules have been quantitatively removed during the 

transformation of CAU-18 to CAU-18a, which was also confirmed by elemental analysis. In 

general, the results of the TG analysis fit well with the ones of the elemental analyses. Slight 

differences in the amounts of occluded solvent molecules are due to the storage of the samples 

prior to the measurements where guest molecules can be exchanged by atmospheric water 

molecules. 

The results of the VT-PXRD studies of CAU-18 and CAU-19-H are shown in Figure 10. 

These measurements show for CAU-18 two phase transformations one at 220 °C into an 

unknown intermediate and one at 300 °C into CAU-18a. Compared to the direct synthesis of 

CAU-18a (thermal treatment at 250 °C in air for 24 h) the phase transformation is delayed, 

probably due to the fact that the VT-PXRD measurements are performed in the confinement of 

the quartz capillaries within 4 h instead of an open crucible within 24 h. The unknown 

intermediate was also sometimes observed in the direct synthesis at 250 °C but after shorter 

reaction times of 2 h. A first decrease of crystallinity is observed up to 380 °C and the complete 

loss of crystallinity takes place at 490 °C. CAU-19-H shows a very similar behavior. Up to 380 

°C no remarkable loss of crystallinity is observable but a few reflections are shifted during the 

measurement. A decrease of crystallinity is observable at 385 °C and the decomposition of the 

sample takes place at 480 °C. In comparison to the results of the TG the measurements show 

higher decomposition temperatures (CAU-18: 450-500 / 330 °C, CAU-19-H: 450-550 /330 °C) 

which is due to the confinement of the sample in a capillary during the VT-PXRD 

measurements. 

To investigate the chemical stability, CAU-18a and CAU-19-H were exemplarily treated in 

different solvents (2M HCl, 2M NaOH, 100 % acetic acid, H2O, MeOH, EtOH, acetone, 
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dichloromethane) at RT for 24 h under stirring. After the treatment the samples were isolated by 

filtration and measured by PXRD. The results of the chemical stability tests (Fig. S43) reveal 

that both MOFs are stable in all tested organic solvents and water, but show a complete 

decomposition in 2M HCl and 2M NaOH and decrease of crystallinity in 100 % acetic acid.  

 

 

 

Figure 8. Thermogravimetric curve of CAU-18 ([Ce4(H2TCPP)3(H2O)4(DMF)2] and CAU-18a 

([Ce4(H2TCCP)3]·17.4H2O (Table S4). 
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Figure 9. Thermogravimetric curve of CAU-19-H. Evaluation of the data reveals a molar ratio of 

metal : linker : benzoic acid : H2O of 3.1 : 2 : 4 : 11.3 (Table S4). 

 

Figure 10. Results of the VT-PXRD studies of CAU-18 (left, Cu-Kα1 radiation) and CAU-19-H 

(right, Mo-Kα1 radiation) measured in open quartz capillaries (0.5 mm) under atmospheric 

conditions. The label 1 indicates the phase transformation into an unknown intermediate and the 

label 2 the phase transformation into CAU-18a. 
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In situ X-ray diffraction 

To learn more about the formation of CAU-18 and CAU-19-H in situ crystallization studies were 

carried out employing synchrotron radiation.
68

 These MOFs are ideal candidates for such studies 

since they are formed within short reaction times of 1-2 h. In addition to the detection of possible 

crystalline intermediates X-ray diffraction (XRD) crystallization studies are a suitable method to 

determine kinetic parameters such as rate constants for nucleation (kn) and crystal growth (kg) as 

well as the respective Arrhenius activation energies (EA) and the probability of nucleation (Pn) 

and have been reported for several MOFs like MIL-53,
8
 MOF-14,

10
 MIL-100

9
 and CAU-13

69
. 

Crystallization studies have also been reported for other compounds which are obtained under 

solvothermal reaction conditions like zeolites,
12

 polyoxovanadates
70

 and thioantimonates.
71

  

The crystallization of CAU-18 was carried out at three different reaction temperatures (110, 120 

and 130 °C). The linker (H6TCPP, 20 mg, 2.53·10
-2

 mmol), 2400 µl N,N-dimethylformamid 

(DMF), 350 µl dest. H2O and 94.5 µl of a 0.53 mol/L solution of (NH4)2[Ce(NO3)6] in dest. H2O 

were placed in a borosilicate glass vessel (Vmax = 5 ml). After homogenization by shaking, the 

glass vessel was immediately placed into the reactor. The reaction mixture was heated to the 

target temperature within 3 min and stirred during the reaction while collecting powder 

diffraction data. 

The ex situ crystallization study of CAU-19-H indicated a very fast formation. Hence the reactor 

was modified to include a syringe pump system which was employed to start the reaction 

remotely from the control hutch. The synthesis was carried out at three different reaction 

temperatures (120, 130 and 140 °C). A solution of H6TCPP (20 mg, 2.53 10
-2

 mmol) and benzoic 

acid (550 mg, 4.5 mmol) in 2400 µl DMF and 200 µl H2O was placed in a borosilicate glass 



 32 

vessel (Vmax = 5 ml) and heated to the target temperature (ca. 3 min) under stirring while 

continuously measuring XRD data. Subsequently 226 µl of a 0.5333 mol/L solution of 

(NH4)2[Ce(NO3)6] in dest. H2O was added via injection to initiate the reaction. 

The results of the in situ crystallization of CAU-18 and CAU-19-H are shown for the reactions at 

120 °C in Figure 11, further in situ crystallization plots are shown in Figures S44- S48. In order 

to investigate the kinetics of crystallization the normalized peak areas at the different reaction 

times, which correspond to the reaction progress α, were determined. For CAU-18 the [020] and 

for CAU-19-H the [100] reflections were used, which are the ones with the highest intensity. The 

reaction progress α at different reaction temperatures is shown in Figure 12. As expected, the 

induction time (tind), in which no crystalline products are observed, and the total reaction time to 

achieve full conversion (tcom) are shorter at higher temperatures (Fig. 12 and Tab. 4). 

The method of Gualtieri was employed to determine the kinetic constants of the crystallization 

process of CAU-18 and CAU-19-H.
12

 In this model the nucleation and the crystal growth are 

taken into account and are considered as separate processes (eqn. (1)) 

α= 
1

1   exp   - (
t - a

b
  
 1 - exp ( gt 

n      (1) 

The reaction progress α is a non-linear function depending on the reaction time t and the 

parameters a = kn
-1

 (reciprocal rate constant of nucleation), b (a constant related to nucleation), kg 

(rate constant of crystal growth) and n, which represents the dimensionality of the crystal 

growth.
12

 To find the right value for n, all dimensionalities were tested and the best fit, n = 3 for 

CAU-18 and n =1 for CAU-19-H was found, which was substantiated by the SEM measurements 

(Fig. S13-14). The results of the Gualtieri fits for the reaction at 120 °C for both compounds are 

shown in Figure 13 and the resulting parameters are listed in Table 4. The Gualtieri fits for the 
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data obtained at the other reaction temperatures are shown in Figure S49 –S54. The rate 

constants for nucleation and crystal growth increase with temperature and can be used to 

calculate the probability of nucleation Pn which is given in eqn (2). 

 n=e
- 
(t - a 

2

b
2        (2) 

 

Pn is plotted versus time and depends on the Gualtieri constants a and b. The maximum of the 

probability of nucleation is shifted to smaller reaction times with increasing temperature (Fig. 12 

and Table 4). The Arrhenius activation energy for nucleation and crystal growth can be obtained 

by plotting ln(k) vs. 1/T (Fig.  S55 – S58). The Arrhenius activation energies were determined as 

56(1) and 56(3) kJ mol
-1

 for nucleation and 48(1) and 58(5) kJ mol
-1

 for crystal growth for 

CAU-18 and CAU-19-H, respectively. The activation energies are in the same order of 

magnitude and in good agreement with other previous reported MOFs (Mn-MIL-100: 89.9/126.5 

kJ mol
-1 

(reference 9), MOF-14: 64-83 kJ mol
-1 

(reference 10) CAU-13: 76-77 kJ mol
-1 

(reference 

69) and CAU-1: 131-136 kJ mol
-1 

(reference11)). 

Table 4. Rate constants for nucleation (kn) and crystal growth (kg), nucleation parameter b, 

induction time (tind), time to reach reaction completeness (tcom) and maximum of probability of 

nucleation (Pn) as obtained using the method of Gualtieri.
12

 Values in brackets represent the 

reduced values tind and tcom  for injection of the metal salt solution after 3 min to initiate the 

formation of CAU-19-H. 

 a=kn
-1 

kg b tind [min] tcom [min] Pn (max.) [min] 

CAU-18 110°C 16.43 0.09 5.43 9.7 37.0 16.3 
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CAU-18 120 °C 10.70 0.13 3.50 6.7 28.3 10.7 

CAU-18 130 °C 6.89 0.19 1.86 5.0 17.7 7.0 

CAU-19-H 120 °C 19.58 0.08 1.11 16.0 (13.0) 34.3 (31.3) 19.7 

CAU-19-H 130 °C 12.36 0.13 0.63 9.7 (6.7) 22.3 (19.3) 12.3 

CAU-19-H 140 °C 8.50 0.19 0.35 6.3 (3.3) 17.7 (14.7) 8.5 

 

 

Figure 11. Results of the in situ XRD crystallization of CAU-18 (left) and CAU-19-H (right) at 

a reaction temperature of 120 °C. Measurements were carried out at beamlines P09 and P07B, 

PETRA III, DESY, Hamburg. 
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Figure 12. Reaction progress α (filled squares) and probability of nucleation Pn (line) of CAU-18 

(left) and CAU-19-H (right) as determined at the different reaction temperatures. 

 

Figure 13. Gualtieri-fit of the reaction progress for the reactions carried out at 120 °C. Left, 

formation of CAU-18 and right, formation of CAU-19-H. The results of the fits are summarized 

in Figure S50 and S52. 
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Conclusion. We demonstrated the successful synthesis and characterization of four new 

porphyrin based Ce-MOFs, CAU-18, [Ce4(H2TCPP)3(DMF)2(H2O)4], CAU-18a, 

[Ce4(H2TCPP)3] ∙ 22 H2O, CAU-19-X, Ce3(H2TCPP)2(BA-X)(HBA-X/H2O)2] ∙ 2 HBA ∙ xH2O 

(X=H, 2Cl, 3Cl, 4Cl, 3CO2H, 4NH2, 4NO2) and Ce-PMOF-4NO2, 

[Ce2(H2TCPP)(C7H4O2NO2)2] ∙ 2 DMF (H6TCPP = 4-tetracarboxyphenylporphyrin).  

Considering this observed structural diversity induced by the presence/nature of the co-ligand 

employed, it could be very interesting to evaluate the other lanthanide ions in a similar manner. 

Furthermore the metalated form of CAU-19-H, M-CAU-19-H with M = Zn and Co, were 

obtained. Despite the use of (NH4)2[Ce(NO3)6] as a source of Ce in all syntheses, all compounds 

contain exclusively Ce
3+

 ions. The trivalent oxidation state was unequivocally confirmed by 

XANES measurements. Thermal treatment of CAU-18 at 250 °C leads to the removal of DMF 

molecules and the permanently porous compound CAU-18a formed. Phase transformation of Ce-

PMOF-NO2 to CAU-19-NO2 is observed in organic solvents at 70 °C within 72 h. CAU-18a and 

all CAU-19-X derivatives are permanently porous with specific surface areas of 330 - 600 m
2
 g

-1
 

as determined from N2 physisorption measurements at 77 K, and they are also porous towards 

H2O with an uptake between 10.7 and 21.3 wt%. The in situ crystallization studies revealed the 

expected temperature dependent increase of the rate constants for the formation of CAU-18 and 

CAU-19-H.  

In this context it could be very interesting to further investigate the formation of the title 

compounds by in-situ XAS or EXAFS studies to gain insight into the reduction of the metal 

source and the relevance for the formation of Ce
3+

/Ce
4+

 MOFs. 
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Four porphyrin-based Ce(III)-MOFs were synthesized starting from a Ce(IV) source. CAU-

18/CAU-19-X (X = various functional groups) are formed in the absence/presence of a benzoic 

acid derivative HBA-X. Phase transformation of the as-synthesized compounds CAU-18 and Ce-

PMOF-4NO2 was observed upon thermal treatment. The formation of CAU-18 and CAU-19-X 

was also investigated by in situ PXRD studies using synchrotron radiation. 

 


