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New heterometallic Co/Zn, Ag/Co, and Ag/Zn imidazolates: 
structural characterization and catalytic activity in the oxidation 
of organic compounds
Mattia Loprestia, Łukasz Kurowskib, Luca Palina, Marco Milanesioa*, Magdalena Siedzielnikb, Karolina Gutmańskab, Adriana 
Dobrenkob, Tomasz Klimczukc, Ewelina Pawelczykb,d, Anna Dołęgab$

Nanocrystalline powders of monometallic and bimetallic imidazolates of Co, Zn and Ag were produced by a reaction carried 
out in water. The powders were characterized by powder X-ray diffraction and the crystal structures of new compounds 
Ag2ZnIm4 and Ag2CoIm4 (Im = imidazolate) were solved. Heterometallic Co/Zn imidazolates showed the standard ZIF-8 crystal 
structure while Ag/Zn and Ag/Co systems were isostructural with the copper analogs. The powders were further 
characterized by EDX, UV-Vis and FTIR ATR spectroscopy in solid state. The catalytic experiments indicated that out of the 
studied heterometallic compounds only Ag2Co(Im)4, exhibits some catalytic activity in the reaction of oxidation of 1-
phenylethanol by tert-butylhydroperoxide at elevated temperature.

Introduction
ZIFs (zeolitic imidazolate frameworks) are a class of MOFs with the 
porous, zeolite-like structures. Being metal imidazolates, M(Im)2 (M 
= Zn, Co, Cu, Fe, other, Im = 1,3-N2C3H3), the structure of the 
prototypical compound ZIF-8, formally with chemical formula 
Zn(Im)2, is built by Zn(Im)4 tetrahedra. The two M-N bonds at one 
imidazolate ligand are oriented at an angle of about 144°, close to 
the Si-O-Si angle in quartz or porous zeolites (Figure 1).1-3 Some of 
these compounds exhibit structural flexibility and transform under 
pressure,4-7 as a result of gas adsorption or the change in the 
temperature.7-9 The structural changes result from the rotations of 
the imidazolate and may lead from porous to dense phases.9 The 
structural similarity to 3-D network of silicates results in the 
unique glass-forming capability of ZIFs.10-14 It is possible to 
quench the melted ZIFs to obtain inorganic-organic glasses with 
interesting physical properties such as ionic conductivity11,14 or 
selective sorption of hydrocarbons.12 The mechanism of glass 
formation includes rapid de-/re-coordination of imidazolate 
linkers, which is true for diverse ZIF topologies.10

Both open framework structures and relatively dense metal 
imidazolates may have potential industrial utility especially 
considering their excellent thermal properties.2,15-17 ZIFs are 
candidates for selective membrane materials in the process of 
CO2 capture and purification of petrochemical gas,18-20 
catalysis,16 electrocatalysis,17 lithium storage,21 luminescent 
materials and detectors,22-24 magnetic materials,25 removal of 
heavy metals from the wastewater.26 As previously mentioned, 
ZIFs can work as materials reversibly responsive to the changes 
of the external environment and this property can be tuned e.g. 
by the volume of the imidazolate linker.27

Figure 1. The molecular structure of ZIF-8.3

The synthesis of imidazolates is relatively simple and requires 
mixing the solution of imidazole with the solution of metal salt 
with or without heating.26,28-32 However, the change in the pH 
typically with ammonia,28,33 or sodium hydroxide,34 may lead to 
the formation of different polymorphs. In the case of a simple 
Cu(II) imidazolate of Cu(Im)2 stoichiometry, five different 
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networks (polymorphs) were isolated and structurally 
characterized in this way.35,36 Various structure-directing agents 
Bond lengths,amines,37,38 bulky amides,39 or 
cetyltrimethylammonium bromide (CTAB).17 Though the 
synthesis of imidazolates is usually carried out in the basic pH, 
they are also able to crystallize from acidic solutions. The 
syntheses in diluted acid solutions were described as acid-
catalyzed, which referred to the dissolution of basic metal 
precursor such as metal oxide in the diluted, aqueous solution 
of the acid.15,40 Variations of the solution methods include 
solvothermal synthesis in different solvents,19,25,41,42 
ionothermal method in deep eutectic solvents (DES),43 or ionic 
liquids (ILs).44 From the reactive metal precursors such as 
alkaline earth metals, their hydrides, or borohydrides, the 
imidazolates can be obtained in solvent-free reactions: via 
mechanosynthesis,45 or via the direct reaction of the metal or 
metal hydride with imidazole in the melt (melt 
synthesis).22,23,46-48 Less reactive precursors require liquid 
assisted grinding (LAG), as described for the fast synthesis of 
ZIF-4 from ZnO and imidazole,49 and other mixed-metal and 
mixed ligand networks.50 The LAG syntheses were carried out in 
the presence of dimethylformamide (DMF) and catalytic 
amounts of inorganic salts e.g. metal acetates.50 Template-
assisted mechanochemical synthesis with the further vapor 
aging (DMF or DEF) was also reported.51

The structure and properties of ZIF materials can be modified 
by the substitution of metal ions and/or ligands within the 
primary network. Apart from simple monometallic systems, 
some heterometallic imidazolates were reported. These include 
solid solutions in which the metal ions may substitute one 
another in practically any ratio or heterometallic compounds 
with the defined composition. The Co(II)/Zn(II) ZIFs,20,26 or 
[Sr1─xEux(Im)2]∞,52 are examples of the solid solutions. The pairs 
of cations Co(II)/Zn(II) and Sr(II)/Eu(II) have very similar ionic 
radii and they form isomorphic compounds. The examples of 
heterometallic compounds include Cu2Co(Im)4,53 Cu2Zn(Im)4,15 
and other Cu/Zn systems described later,18 alkali and alkaline 
earth metals imidazolates NaMgIm3 and KMgIm3.45 Variable 
oxidation numbers of the same element may also lead to the 
new topology of the network as in mixed-valence 
Cu(I)/Cu(II),54,55 or Co(II)/Co(III) imidazolates.17 Apart from 
simple imidazole, the alkyl-substituted imidazole derivatives,56 
as well as benzimidazoles/alkyl-substituted 
benzimidazoles,27,42,57 or amino(benz)imidazoles,19 are applied 
in the synthesis of ZIF materials. In certain conditions 
imidazolate/imidazol (neutral molecule) complexes can be 
isolated.24,46-48,58,59 Heteroligand e.g. imidazole/benzimidazole 
systems were described.11-14,19,21,42

The substitution of ligand and metal ion – even with non-metals 
- is also possible as in a series of metal carboxylate boron 
imidazolate frameworks.60

In order to modify their useful properties ZIFs were also applied 
as constituents of composite materials. Pure ZIF-8, which has a 

wide band gap of 4.9 eV, was not only doped with other metal 
ions but also combined with the metal oxides to form a core–
shell/composite of enhanced photocatalytic activity. The 
bandgap of the composite was reduced to less than 2.0 eV and 
the material was successfully used in the photocatalytic 
desulphurization of model fuels.56

In this study, we introduce a simple wet reaction method, 
highlighting the utilization of water as a solvent for the efficient 
synthesis of metal imidazolate materials. In this way we initially 
produced known solid solutions ZnxCo1-x(Im)2, and then new 
heterometallic compounds: Ag2Co(Im)4 and Ag2Zn(Im)4. We utilized 
higher zinc and lower cobalt concentrations throughout the 
synthesis of Zn/Co systems. This choice was driven by the fact that 
the price of cobalt is approximately 15 times higher than that of zinc. 
Our objective was to assess the stability of heterometallic 
imidazolates while minimizing the content of cobalt(II). For the 
obtained compounds, we report their crystal structures, X-ray 
powder diffraction, FTIR, SEM-EDX and UV-Vis spectroscopic results 
as well as the results of catalytic studies for the oxidation of 1-
phenylethanol.

Experimental

Syntheses

Substrates: imidazole, Co(NO3)2
.6H2O, Zn(NO3)2

.6H2O, AgNO3, 
sodium hydroxide (Merck) and 25% ammonium in water (POCh, 
Poland) were purchased from commercial sources.
Compounds 1 (cobalt(II) imidazolate, Co(Im)2), 2 (zinc(II) 
imidazolate, Zn(Im)2), 3 (silver imidazolate, AgIm), 4a, 4b, 4c, 4d, 
4e, (Co(II)/Zn(II) imidazolates) 5 (Zn(II)/Ag(I) imidazolate) and 6 
(Co(II)/Ag(I) imidazolate) were obtained according to the simple 
general procedure involving mixing of an aqueous 1 M solution 
of imidazole with the aqueous solution of a base: 1 M sodium 
hydroxide or concentrated 25% ammonia and subsequent 
addition to an aqueous solution containing one or two metal 
nitrates. The final reaction mixture was stirred for 15-30 
minutes  at RT, which, in some cases, allowed to reach almost 
100% yield; solid residue was separated by centrifugation and 
decantation. The precipitate was washed three times by 30 ml 
of distilled water, which was each time removed by 
centrifugation and decantation (20 min/ 5000 rpm/20 °C). The 
obtained samples were dried in a laboratory drier at 80oC, for 
24 h. The amounts, final concentrations of the reacting 
solutions and yields are given in Tables 1 and 2. The final purities 
of the obtained products were evaluated on the basis of 
elemental analyses and FTIR spectra, which showed the 
absence or presence of the imidazole impurity. The data are 
collected in Table 3. We have never observed the presence of 
inorganic salts (nitrates) either in the FTIR spectra or X-ray 
powder diffraction (XRPD) pattern. The Rietveld refinement of 
powder diffraction patterns, with absence of extraphases, 
confirmed a purity larger than 99%.
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Table 1. Optimization of the synthesis of 1, and the results of the syntheses of 2 and 3 in the presence of sodium hydroxide.

Comp
d. 

numb
er

Vol. of 0.05M 
M(NO3)2 or 

AgNO3 
[cm3]

Conc. of M2+ or 
Ag+ in the final 

solution 
[mol/dm3]

Vol. of 1M 
solution of 
imidazole 

[cm3]

Concentration 
of imidazole in 

the final solution 
[mol/dm3]

Molar ratio 
M2+ or Ag+ : 
imidazole

Vol. 
of 1M solution 

of NaOH 
[cm3] 

Concentration 
of NaOH in the 
final solution 

[mol/dm3]

Vol. 
of water 

[cm3]

Final vol. 
[cm3]

Mass of the 
product 

[mg]

Yield [%]
(comments)

10 0.0167 10 0.33 1 : 20 0 10 30 6.8 7.12

10 0.0167 10 0.33 1 : 20 0.5 0.0167 9.5 30 44.1 46.2

10 0.0167 10 0.33 1 : 20 1.0 0.033 9.0 30 98.0 102.6

10 0.0167 10 0.33 1 : 20 2.5 0.083 7.5 30 97.4 101.6

10 0.0167 10 0.33 1 : 20 5.0 0.167 5 30 112.0
117.3 

(contains imidazole 
impurity)

10 0.0167 10 0.33 1 : 20 7.5 0.25 2.5 30 100.0
104.7 

(contains imidazole 
impurity)

10 0.0167 5.0 0.165 1 : 10 1.0 0.033 14 30 76.7 79.5

10 0.0167 2.0 0.067 1 : 4 1.0 0.033 17 30 72.7 75.3

1

10 0.0167 1.0 0.033 1 : 2 1.0 0.033 18 30 55.7 57.7

2 10 0.0167 5.0 0.165 1 : 10 1.0 0.033 14 30 48.4 48.6

3 10 0.0167 5.0 0.165 1 : 10 1.0 0.033 14 30 40.6 46.4
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Table 2. The results of the syntheses of 1 - 6 in the presence of ammonia.

Homometallic imidazolates* 

Compd. 
number

Vol. 0.05M M(NO3)2 
or AgNO3 

[cm3]

Conc. of M2+ or 
Ag+ in the final 

solution 
[mol/dm3]

- - -
Vol. 

1M imidazole 
[cm3]

Vol. 
25% NH3 

[cm3]

Vol.
 of water 

[cm3]

Final vol. 
[cm3]

Mass 
of the product 

[mg]

Yield
[%]

1 10 0.0167 - - - 5.0 0.5 14.5 30 86.0 89.1
2 10 0.0167 - - - 5.0 0.5 14.5 30 74.6 75.0
3 10 0.0167 - - - 5.0 0.5 14.5 30 66.3 75.8

Co,Zn heterometallic imidazolates*

Compd. 
number

Vol. 
0.05M Co(NO3)2 

[cm3]

Conc. of Co2+ 
in the final 

solution 
[mol/dm3]

Vol. 0.05M 
Zn(NO3)2 

[cm3]

Conc. of Zn2+ 
in the final 

solution 
[mol/dm3]

Molar ratio
Co2+ : Zn2+ 
in the final 

solution

Vol. 
1M imidazole 

[cm3]

Vol. 
25% NH3 

[cm3]

Vol. 
of water 

[cm3]

Final vol. 
[cm3]

Mass 
of the product 

[mg]

Yield
[%]

1 0.00167 9 0.015 1 : 9 5.0 0.5 14.5 30 40.1 38.5
5 0.00167 45 0.015 1 : 9 25.0 2.5 72.5 150 423.5 81.34a
5 0.00167 45 0.015 1 : 9 25.0 2.5 72.5 150 311.0 60.1

4b 4.15 0.0014 45.85 0.0153 1 : 11 25.0 2.5 72.5 150 401.2 79.9
3.33 0.0011 46.67 0.0155 1 : 14 25.0 2.5 72.5 150 377.7 75.6

4c
3.33 0.0011 46.67 0.0155 1 : 14 25.0 2.5 72.5 150 346.0 66.9

4d 2.8 0.00093 47.2 0.0157 1 : 17 25.0 2.5 72.5 150 407.3 81.4
0.5 0.00083 9.5 0.016 1 : 19 5.0 0.5 14.5 30 39.8 39.3

4e
2.5 0.00083 47.5 0.016 1 : 19 25.0 2.5 72.5 150 422.6 83.4

*concentration of imidazole 0.165 mol/dm3 and concentration of ammonia 0.222 mol/dm3in all experiments.
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Table 2 ctd. The results of the syntheses of 1 - 6 in the presence of ammonia.

Ag,Zn and Ag,Co heterometallic imidazolates*

Vol. 0.05M AgNO3 
[cm3]/ [mol/dm3]

Conc. of Ag+ 
in the final 

solution
[mol/dm3]

Vol. 0.05M 
Zn(NO3)2 

[cm3]/ 

Conc. of Zn2+ 
in the final 

solution
[mol/dm3]

Molar ratio
Ag+ : Zn2+ 

in the final 
solution

Vol. 
1M imidazole 

[cm3]

Vol. 25% 
NH3 [cm3]

Vol. 
of water 

[cm3]

Final vol. 
[cm3]

Mass 
of the product 

[mg]

Yield [%]
comments

3.3 0.0055 6.7 0.011 1 : 2 5.0 0.5 14.5 30 41.0 89.9 per Ag
7.5 0.0125 2.5 0.0042 2.4 : 1 5.0 0.5 14.5 30 60.4 87.4 per Zn5
33 0.011 17 0.0057 2 : 1 25.0 2.5 72.5 150 253.0 55.8 per Zn and Ag

Vol. 0.05M AgNO3 
[cm3]/

Conc. of Ag+ 
in the final 

solution 
[mol/dm3]

Vol. 0.05M 
Co(NO3)2 

[cm3]/

Conc. of Co2+ 
in the final 

solution 
[mol/dm3]

Molar ratio
Ag+ : Co2+ 

in the final 
solution

Vol. 
1M imidazole 

[cm3]

Vol. 25% 
NH3 [cm3]

Vol. 
of water 

[cm3]

Final 
volume 
[cm3]

Mass 
of the product 

[mg]

Yield [%]
comments

13.2 0.0048 26.8 0.0097 1 : 2 25.0 2.5 70 137.5 139.9 77.4 per Ag
6

33 0.011 17 0.0057 2 : 1 25.0 2.5 72.5 150 391.0 72.0 per Ag and Co

*concentration of imidazole 0.165 mol/dm3 and concentration of ammonia 0.222 mol/dm3in all experiments.
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Table 3 The elemental analysis and FTIR data for 1 - 6.

Elemental analysis 
calculated [%]

Elemental analysis 
experimental [%]Assumed formula

C N H C N H
FTIR [cm-1]

1 CoC6N4H6 37.32 29.02 3.13 36.75 28.09 4.04
3109(vw), 1658(vw), 1596(w), 1488(s), 1466(s), 1315(m), 1277(w), 1233(m), 1164(m), 1105(w,sh), 1079(vs), 978(w), 952(s), 

828(m), 771(w,sh), 751(s), 664(s)

2 ZnC6N4H6 36.12 28.08 3.03 35.59 27.83 3.96
3109(vw), 1666(vw), 1601(w), 1495(s), 1472(m), 1320(m), 1283(w), 1238(m), 1169(m), 1106(w,sh), 1084(vs), 979(w), 952(s), 

832(m), 774(m,sh), 755(s), 666(s), 649(vw,sh)

3 AgC3N2H3 20.60 16.01 1.73 20.47 16.03 2.165
3126(m), 3112(m), 2579(vw), 2509(vw), 1671(w), 1645(vw), 1568(m), 1487(m,sh), 1478(m,sh), 1462(s), 1301(vw), 1281(m), 
1236(m), 1172(m), 1108(m,sh), 1088(s), 969(w), 946(m), 849(m), 839(m), 776(w,sh), 759(m,sh), 749(m,sh) 739(vs), 664(s)

4a CoZn9(C6N4H6)10* 36.24 28.17 3.04 36.20 28.14 4.10
4b CoZn11(C6N4H6)12* 36.22 28.16 3.04 36.11 28.09 4.01
4c CoZn14(C6N4H6)15* 36.20 28.14 3.04 35.93 27.96 4.00
4d CoZn17(C6N4H6)18* 36.18 28.13 3.04 37.23 28.43 3.03
4e CoZn19(C6N4H6)20* 36.18 28.13 3.04 35.52 27.64 3.99

3109(vw), 2771(vw), 2598(vw), 2516(vw), 2485(vw), 1665(w), 1600(w), 1494(s), 1471(m), 1320(m), 1282(w), 1238(m), 
1169(m), 1106(w,sh), 1083(vs), 979(vw), 952(s), 832(m), 774(m,sh), 755(s), 666(s), 648(vw,sh)

5 Ag2ZnC12N8H12 26.23 20.40 2.20 26.16 20.43 2.92
3133(w), 3110(w), 2589(vw) 2510(vw), 2324(vw), 1698(vw), 1680(vw), 1653(vw), 1617(w), 1544(vw), 1488(s), 1464(s), 

1317(w), 1277(w), 1239(m), 1170(m), 1110(w,sh), 1085(vs), 977(vw), 951(s), 828(s), 768(s), 663(vs), 644(w,sh)

6 Ag2CoC12N8H12 26.55 20.64 2.23 26.39 21.16 2.83
3132(w), 3118(w), 2583(vw) 2504(vw), 1695(vw), 1650(w), 1615(w), 1481(s), 1461(s), 1314(m), 1273(w), 1237(m), 1167(m), 

1110(m,sh), 1084(vs), 976(vw), 952(m), 825(s), 767(s), 662(s), 642(w,sh)

*The calculated analysis is given for the molar ratio of cobalt(II) and zinc(II) in the initial solution but the composition of the solid is not necessarily the same and it served to calculate the experimental ratio. Sample 4d was probably 
contaminated or there was a mistake in the sample preparation by the operator.
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Catalytic study

The potential catalytic properties of complexes: 4e, 5 and 6 was 
investigated in a redox reaction between the tert-
butylhydroxyperoxide (Luperox TBH70X) and 1-phenylethanol, 
leading to the formation of acetophenone. Variable 
temperature experiments up to 80 C were performed; tert-
butylhydroxyperoxide starts to decompose at its boiling point 
of 89 C/760 mmHg.61 The quantities of the substrate (1-
phenylethanol) and product (acetophenone) were determined 
by gas chromatography (GC) using the internal standard 
method. Benzaldehyde was used as internal standard. We used 
the Thermo Finningan Focus gas chromatograph with the 
Thermo Scientific TRACE TR-5MS GC capillary column (30 m). 
The Chrom Card software was used to analyse the data. Please 
refer to Mielcarek et al. (2019) for further details of the 
experiment.62

Samples for the experiments were prepared by mixing 1-
phenylethanol (0.605 ml, 5 mmol) with Luperox TBH70X (70 
wt%; 1.384 ml, 10 mmol). Two independent test tubes were 
prepared: one with the addition of selected complex (4e, 5 and 
6, 0.0145 g/0.0290 g) as a catalyst and the other without 
catalyst. The test was carried out on both samples 
simultaneously.

Physical measurements

Structure solution by X-ray Powder Diffraction
ZIF samples 1, 4a-e, 5 and 6 underwent characterization using a 
Bruker D8 Advance diffractometer, equipped with a copper K𝛼 
X-ray source and a LynxEye XE-T detector. The measurement 
conditions involved a current of 40 mA and an electric potential 
of 40 kV for the source. The goniometer's radius was set at 280 
mm under standard measurement conditions. The 
experimental data are collected in Table 4.

Table 4. XRPD experimental data for 1, 4c, 5 and 6.

Compound 1 4c 5 6

Chemical formula C6H6CoN4 C12H12Co0.13N8Zn1.87 C12H12Ag2N8Zn C12H12Ag2N8Co

Formula weight/g·mol-1 398.20 398.20 549.43 542.97

Crystal system Tetragonal Tetragonal Tetragonal Tetragonal

Space group I41cd (110) I41cd (110) P-421c (114) P-421c (114)

a/Ǻ 23.552(3) 23.5344(1) 11.3668(3) 11.3300(4)

b/Ǻ 23.552(3) 23.5344(1) 11. 3668(3) 11.3300(4)

c/Ǻ 12.473(3) 12.4751(6) 6.27238(4) 6.2085(2)

/° 90 90 90 90

β/° 90 90 90 90

γ/° 90 90 90 90

V/Ǻ3 6918(3) 6909.3(3) 810.42(4) 796.98(6)

Z - 16 2 2

T/K 298 298 298 298

lCu Ka/Ǻ 1.54175 1.54175 1.54175 1.54175

rcalc/g·cm-3 - 1.531 2.252 2.263

F000 - 3193.5 528.0 522.0

F000’ - 3148.51 526.56 519.19

m/mm-1 - 4.259 21.016 27.672

Rp - 4.941 7.704 1.986

Rwp - 7.793 10.935 3.070

CCDC number - 2285711 2285708 2285710

For 1 the data were collected from 2 = 5o to 40o, with the 0.01o 
step. The profile fitting (LeBail refinement) of the XRPD pattern 
was performed to determine the crystal structure type and 

lattice parameters of the two tested samples of 1, using 
HighScore Plus ver. 3.0e software.
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The XRPD measurement of the ZIF samples 4e – 6 were 
performed with two different methods, depending on the 
amount of the samples: for samples available in small amounts, 
capillary measurements were performed in Debye-Scherrer 
geometry while, for more abundant samples, standard Bragg-
Brentano geometry setup with variable slits was exploited. 
When using the capillary stage primary optics included Göbel 
mirrors with a 1 mm focusing hole and planar 0.6 mm slits. 
Soller slits were mounted on both the primary and secondary 
optics. The ZIF samples were contained in a 0.7 mm glass 
capillary. The measurements were conducted for 
approximately 6 hours, covering a range of 2𝜃 from 2 to 70 
degrees with a step size of 0.015 degrees per step and an 
irradiation time of 5 seconds per step. Bragg-Brentano 
geometry was carried out employing variable width slits as 
primary optics to maintain a constant portion of the irradiated 
sample at 17 mm. Soller slits with a 2.5-degree angle were used 
on both primary and secondary optics to minimize the impact 
of axial divergence. Patterns were collected in an angular range 
of 2 to 130 degrees in 2𝜃, with a step size of 0.02 degrees per 
step and a collection time of 4 seconds per step. Before 
attempting indexation and crystal structure solution, existing 
literature on crystal structures was thoroughly reviewed to 
exclude any homology with previously published structures. For 
the new structures, indexing was performed using EXPO2014 
and Topas 7. The structure solution involved the parallel usage 
of Topas and EXPO, employing the simulated annealing method 
in direct space to explore at best all the possible solution. The 
three crystal structures, representative of all analyzed samples, 
have been submitted to CCDC with deposition numbers 
2285708 (Compound 5), 2285710 (Compound 6), 2285711 
(Compound 4).
UV-Vis diffuse reflectance spectroscopy in solid state
The solid state diffuse reflectance spectra were carried out 
using the Perkin Elmer Lambda 365+ double-beam UV/Vis 
spectrometer with an integrating sphere. Barium Sulphate 
(BaSO4) was used as a blank reference for the reflectance 
spectra in the range of 200 – 1100 nm with a slit width of 5 nm 
and scan speed 489 nm/min. The Kubelka-Munk transformation 
was applied to the reflectance data for estimation of the energy 
band gap (Eg).63 Data evaluation was performed with the UV 
WinLab Data Processor and Viewer Version 10.6.2 software tool. 
Sample preparation consisted of mixing and grinding 10 mg of 
the test compound with 450 mg of BaSO4. UV-Vis spectra of the 
complexes in the solid state were analyzed and compared with 
the spectra of simple metal-imidazole compounds (1-3).
FTIR ATR spectroscopy
FTIR was recorded with Nicolet iS50 equipped with Specac 
Quest diamond ATR device. All spectra were collected and 
formatted by OMNIC software.
SE microscopy (SEM) and EDX spectroscopy
The morphology and composition of the samples were 
examined with a scanning electron microscope (FEI Quanta 250 
FEG) equipped with an energy-dispersive X-ray (EDX) 
spectrometer.

TG analysis

Thermal stability of compounds 4a, 4c, 5 and 6 was examined 
using thermogravimetric analysis. TG/DTG patterns were 
measured and recorded by a METTLER TOLEDO 
thermogravimetric analyzer. The samples were heated from 25 
to 1100 °C (heating rate 10 °C/min) in air flow of 40 ml/min.

Results and Discussion

Syntheses

Metal imidazolates are coordination polymers (CPs) in which 
the imidazolate anion serves as bridging unit and, as such, they 
are insoluble in most solvents, at least if the solvent does not 
change the structure of the CP by coordination. Therefore, it is 
possible to precipitate metal imidazolates from the aqueous 
solutions, in which both precursors: selected metal salts and 
imidazole are well-soluble. We have carried out the syntheses 
in such a way that we prepared in situ imidazolate salts by 
mixing imidazole solutions with the solution of a base: sodium 
hydroxide or ammonia and subsequently added the as-
prepared solution of imidazolate to the solution of metal nitrate. 
The combination of these two solutions results in the 
immediate precipitation of the corresponding metal 
imidazolate in the form of a nanocrystalline powder. We have 
optimized the concentrations of deprotonating agent (NaOH) 
and imidazole with regard to the final yield of metal imidazolate 
for the synthesis of cobalt(II) imidazolate 1 (Table 1). It is 
possible to achieve a 100% yield in this system. However, using 
a large excess of imidazole to enhance product yield results in 
contamination of the precipitate with imidazole, making it 
challenging to remove the compound through repeated 
washings (refer to FTIR spectroscopy results). While sodium 
hydroxide serves as an effective deprotonating agent in the 
synthesis of cobalt(II) imidazolate 1, we had to substitute it with 
ammonia for the syntheses of zinc and silver imidazolates due 
to very poor yields in the presence of sodium hydroxide (not 
shown in Table 1). We believe that the low yields of silver- and 
zinc-containing imidazolates in the presence of sodium 
hydroxide are attributed to additional equilibrium reactions 
occurring between silver(I)/zinc(II) ions and sodium hydroxide 
or sodium imidazolate in water. In the case of silver(I), it leads 
to the precipitation of Ag2O, while zinc(II) forms water-soluble 
hydroxocomplexes due to its amphoterism. We did not reach 
that high, 100% yields of imidazolate formation in the presence 
of ammonia (Table 2). A likely explanation is the formation of 
water-soluble complexes with ammonia by the metal ions. 
Indeed, this is a competitive reaction observed across all 
studied metal ions: Ag(I), Co(II), and Zn(II). Below is a non-
exhaustive list of the possible simple reactions occurring in the 
studied systems:

ImH + NaOH = ImNa + H2O
ImH + NH3 = ImNH4

Co(NO3)2 + 2ImNa = Co(Im)2↓ + 2NaNO3

Co(NO3)2 + 2ImNH4 = Co(Im)2↓ + 2NH4NO3

Zn(NO3)2 + 2ImNH4 = Zn(Im)2↓ + 2NH4NO3

AgNO3 + ImNH4 = AgIm↓ + NH4NO3
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Zn(NO3)2 + 4NaOH = Na2[Zn(OH)4] + 2NaNO3

2AgNO3 + 2NaOH = Ag2O↓ + 2NaNO3 + H2O
Co(NO3)2 + 4NH3 = [Co(NH3)4](NO3)2

Zn(NO3)2 + 4NH3 = [Zn(NH3)4](NO3)2

AgNO3 + 2NH3 = [Ag(NH3)2]NO3 etc.

Due to the formation of several water-soluble by-products, such 
as simple salts and metal complexes, the residue requires 
careful washing with water.
Apart from homometallic systems, we have also tested metal 
mixtures and thus we confirmed that zinc and cobalt 
imidazolates form solid solutions with variable metals ratios. 
However, in the case of cobalt-silver and zinc-silver mixtures, 
the obtained precipitates have a defined stoichiometry. Thus, 
the latter are new chemical compounds, which we further 
characterized by X-ray diffraction, by solving and refining their 
crystal structures. The UV-Vis, powder diffraction and other 
data that confirm such conclusions will be described in the 
following sections. Moreover, the elemental analysis data, 
which are collected in Table 3 reasonably correspond to the 
assumed composition of the compounds 1-6, with the larger 
deviation only for the sample of 4d. Interestingly, 
heterometallic Ag/Co imidazolates were attempted by Tian and 
coworkers with the conclusion that under solvothermal 
conditions, a metal imidazolate complex containing Ag(I) cannot 
be obtained due to the highly oxidative nature of Ag(I).53 
Moreover, the compounds were later mentioned by Zhang and 
Chen (2006) but finally, at least to our knowledge, never 
reported.55

We conducted the reactions on two different scales and 
observed that increasing the scale generally had a significantly 
positive impact on the reaction yield. A five-fold increase in the 
reaction volume (with no change in the concentrations of the 
reactants) resulted in a two-fold increase in the yield (see Table 
2). This is likely attributed to a lower percentage of product loss 
during its recovery from the post-reaction mixture.
It should be observed that metal imidazolates are metal 
complexes and though they do not dissolve in neutral and basic 
solutions, they are unstable in the presence of acids, which 
protonate the imidazolate ligand. We have observed immediate 
dissolution of the precipitates even in the presence of diluted 
acetic acid.
Finally we would like to mention that in the carefully outgassed 
water it is possible to obtain blue-green iron(II) imidazolate in 
the same way as cobalt(II) imidazolate. The obtained powder 
undergoes immediate oxidation in the presence of air, which is 
manifested by the change of colour from green to brown and 
we did not study it further.

XRPD, SEM, EDX data, crystal structures

Bimetallic compounds based on Co, Zn and Ag atoms and 
imidazole as organic counterpart were prepared by the green 
synthesis approach described in the experimental section, also 
varying the metal ration to assess the effect of the starting 
composition on the purity and crystallinity of the obtained 
products. Their crystallinity and purity were assessed by powder 
diffraction. Figure 2 presents XRPD pattern for cobalt(II) 

imidazolate 1. The experimental data are represented by blue 
dots, a red solid line is the profile fit (LeBail) and the vertical bars 
show the expected Bragg reflections for the used model. As a 
result of the synthesis in water the compound crystallized in a 
tetragonal I41cd (110) space group with the refined lattice 
parameters a = 23.552(3) Å and c = 12.473(3) Å. The averaged 
crystallite size d = 80 nm was roughly estimated using the 
Scherrer equation based on the corrected full width at half 
maximum (FWHM) of the (402) XRD reflection. The broad hump 
(background) at low 2 angle is likely caused by substantial 
fraction of the amorphous phase. Both tested samples from two 
synthetic attempts returned the same XRPD pattern.

Figure 2. XRPD patterns for compound 1 of the general formula CoIm2.

The heterometallic compounds can be categorized within two 
categories, the first one comprising 4a-e and the second one 5 
and 6. Compounds collectively denoted as 4a – 4e have 
CoxZn(1-x)Im2 formula, where 0<x<1. They are all isostructural with the 
Zn-zni phase first reported by Lehrnert & Seel in 1980, which means 
that similar to 1 they have tetragonal unit cell, space group I41cd with 
the cell parameters: a=b=23.5331(15), c=12.4723(13), V=6907.3(11) 
measured at RT (Figure 3).25,64,65 The 4c data correspond to the best 
set of data in Figure 3 and were thus used for the Rietveld refinement 
(Figure 4) against literature data, since it is isostructural to CCDC 
1180194.25,36,64

Figure 3. XRPD patterns for compounds 4a-4e of the general formula 
CoxZn(1-x)Im2, where 0<x<1.
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Figure 4. The results of the Rietveld refinement of 4c.

Figure 5. The molecular structure of 4c, M=Zn or Co: a) independent unit with an 
additional imidazole ring to illustrate the tetrahedral environment of the metal 
ion; b) crystal packing viewed along axis c. Bond lengths range: M-N 1.981-2.007 
Å; Angles range N-M-N 103.44-116.44; symmetry operations: i –x, ½-y, ¼+z; ii 1/2–
x, y, -3/4+z; iii ½+x, y, -1/4+z.

The obtained crystal structure is illustrated in Figure 5. In Figure 5a 
we show slightly more than independent unit with the two 
crystallographically unique Co/Zn atoms and in Figure 5b the crystal 
packing is presented. Additionally, in Figures 6a and b the two types 
of channels in the crystal structure of 4 are indicated. The important 
interatomic distances and angles are given in the Figure 5 caption. 
The list of metal-ligand bond lengths and metal-metal distances is 
given in the Table S1 of the ESI. The highest density Zn-zni phase 
obtained here, during the synthesis in water at RT, was earlier 
produced solvothermally as Zn(Im)2 by Lehnert & Seel, (1980)64 and 
as Co(Im)2 by Tian et al. (2003).25 Zn-zni of Zn(Im)2 was also observed 
during the recrystallization of the melt above 400C.65

Figure 6. The voids/channels in the crystal structure of 4c: a) viewed along axis b; 
b) viewed along axis c. The maximum radius of the larger channel is 2 Å.

The ratio of metals in the bimetallic samples of 4 was evaluated 
by the elemental analysis; carbon content was selected for the 
calculations (as the most reliable datum, Table 3). The 
experiments confirmed a variable ratio for 4a-4e thus we can 
infer that Co is randomly distributed within Zn position as in 
similar systems described recently by Zhou and co-workers 

(2017).30 We have calculated the molar ration of Zn and Co from 
the carbon content established by EA and it returned Zn:Co 
8.1:1 for 4a and 9.5:1 for 4b. Similar calculations gave negative 
values for Co content in 4c and 4e. It must be observed that the 
cobalt mass percentage is low in samples 4a to 4e, with the 
highest recorded at about 3.6% in 4a. Moreover, the molar 
masses of cobalt and zinc are closely aligned. Consequently, 
even minor experimental errors can render calculations 
unfeasible, as exemplified in the cases of 4c and 4e. The 
elemental analysis for 4d reveals a higher cobalt content, 
deviating from the trend which must have been our 
experimental error.
Additionally, we scrutinized the morphology and metal ratios 
for the selected specimens of 4 using Energy Dispersive X-ray 
(EDX) analysis. The morphological characteristics of 4a and 4c 
are visually depicted in Figures 10a and b. SEM images confirm 
the presence of small homogeneous nanocrystals (rods) in the 
sample of 4a, while the sample of 4c is partly amorphous. The 
EDX analytical results are compiled in Table 5. The presented 
values were computed as the averages derived from 
measurements made, at least, on three different points of each 
sample. It is noteworthy that the standard deviation of the 
averaged values did not surpass 3%. The ratio of Zn:Co in 4a is 
7.59:1 – slightly lower than the same ratio obtained from 
elemental analysis (Zn:Co = 8.1:1). For 4c the molar ratio Zn:Co 
is 9.05:1 (not accessible by elemental analysis) – thus the 
change is in accordance with the synthetic conditions. Both 
elemental analysis and EDX show that cobalt is over-
represented in the material compared to the ratio of metals in 
solution. Together with the results of elemental analysis it 
suggests that phases containing more cobalt are more 
crystalline and stable.

Table 5. The ratio of metals in heterometallic samples from EDX experiments.

Cmpd. 
No.

Zn 
[mol %] 

Ag 
[mol %] 

Co 
[mol %] 

Expected 
ratio

Observed 
ratio

4a
88.36±
0.215

---
11.64±
0.215

Zn:Co 9:1 7.59:1

4c
90.05±
1.483

---
9.95±
1.483 

Zn:Co 
11:1

9.05:1

5
27.47±
2.368

71.18±
2.744

---
Ag/Zn = 

2/1
Ag/Zn = 
2.59/1

6 ---
60.55±
2.789

39.45±
2.789

Ag/Co = 
2/1

Ag/Co = 
1.53/1

Contrary to 4, compounds 5 and 6 have a definite chemical 
composition Ag2M(Im)4 where in 5 M= Zn and in 6 M=Co. Both 
compounds, which are isostructural, crystallize in tetragonal 
crystal system, space group P-421c with small differences in cell 
parameters: a=b=11.3668(3) Å, c=6.2738(4) Å, V= 810.42(4) Å 
for compound 5, and a=b=11.3300(4) Å, c=6.2085(2) Å, V= 
796.98(6) Å for compound 6, both measured at RT (Figure 7, 
Tables 4 and 6). The molecular structures of 5 and 6 were solved 
ab initio by XRPD and the results of the Rietveld refinement are 
shown in Figures 8a and b.
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The sample of 6 studied by XRPD produced smaller average 
intensities than the sample of 5 and the larger background.

Figure 7. XRPD patterns for compounds 5 and 6 of the general formula Ag2MIm4, 
where M=Zn (5) or Co (6).

Figure 8. The results of the Rietveld refinement of: a) 5; b) 6.

The molecular structure and crystal packing of 5 are shown in 
Figure 9a-d and the molecular structure of 6 is the same, so we 
do not illustrate it separately. The asymmetric unit of 5 holds only 
0.5 of silver atom, 0.25 of the zinc atom and one imidazole (Figure 
9a). The silver atoms are located on proper 2-fold axes, while the zinc 
atoms sit on 4-fold rotoinversion axes. These symmetry elements 
result from typical coordination geometries of these metal ions, 
which they adopt in compound 5 (and 6): linear for silver atoms (C.N. 
= 2) and tetrahedral for Zn and Co atoms (C.N. = 4) as illustrated in 
Figure 9b. Figures 9c and d show the crystal packing: the silver rods 

oriented along axis c (Figure 9c) as well a distorted arrangement of 
imidazolate moieties, and a less porous structure compared to 4 
(Figure 9d). The Ag(I)Ag(I) contacts within the rods are 3.136 Å in 5 
and slightly shorter, namely 3.104 Å in 6. Such Ag(I)Ag(I) distances 
suggest a certain, fractional bond order.66 For the list of metal─ligand 
bond lengths and a discussion on intermetallic contacts please refer 
to the Figure 9 and Table S2 of the ESI.

Figure 9. The molecular structure and crystal packing of 5: a) independent unit; b) 
coordination environment of zinc(II) and silver(I); c) crystal packing viewed along 
axis b; d) crystal packing viewed along axis c. Bond lengths: Zn-N 2.049 Å; Ag-N 
2.051 Å; Angles N-Zn-N 107.64, 113.19, N-Ag-N 178.67.

The compounds 5 and 6 are isostructural with heterometallic 
Cu(I)/Zn15,18 and Cu(I)/Co(II)53 imidazolates; the unit cell parameters 
of all compounds are compared in Table 6 and metal ligand bond 
lengths for silver and copper imidazolates are collected in Table 
S2.15,18,53 The metal-ligand bonds are definitely shorter for copper 
analogs, in accordance with the difference in the ionic radii of copper 
and silver. On the contrary, the Cu···Cu and Ag···Ag contacts are of 
comparable lengths, which indicates once more the existence of 
argentophilic interactions within the chains of silver atoms.
For more discussion on the characteristic crystal packing features of 
several transition metal imidazolates (described here and the 
literature data1,28,29,67), please refer to the ESI content including Table 
S3 and Figure S1.

Figure 10. SEM images of compounds: a) 4a; b) 4c; c) 5 and d) 6.

Table 6. The comparison of the unit cell parameters of 5 and 6 with the literature data for isostructural copper analogs.
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Compd. Chemical formula
Crystal system/ 

Space group
a/Ǻ b/Ǻ c/Ǻ V/Ǻ3 T/K Ref.

5 Ag2Zn(N2C3H3)4 Tetragonal/P-421c 11.3668(3) 11.3668(3) 6.27238(4) 810.42(4) 298 This work
6 Ag2Co(N2C3H3)4 Tetragonal/P-421c 11.3300(4) 11.3300(4) 6.2085(2) 796.98(6) 298 This work

ZIF-202 Cu2Zn(N2C3H3)4 Tetragonal/P-421c 10.9623(3) 10.9623(3) 6.3231(4) 759.86(6) 298 15

ZIF-202 Cu2Zn(N2C3H3)4 Tetragonal/P-421c 10.9562(4) 10.9562(4) 6.2181(2) 746.41(6) 100 18

- Cu2Co(N2C3H3)4 Tetragonal/P-421c 10.9513(15) 10.9513(15) 6.3063(13) 756.3(2) 293 53

The elemental analyses for compounds 5 and 6 exhibit very 
satisfactory conformity with the anticipated formula (Table 3). 
Likewise, the morphology observed in the EDX images suggests 
a high degree of crystallinity and uniformity in the samples of 5 
(rhombohedrons) and 6 (cubes) – see Figure 10c and d. 
However, the Ag:M molar ratio calculated from EDX data 
deviates from the anticipated value of 2:1, with a recorded 
value of 2.59:1 for sample of 5 and 1.53:1 for sample of 6 (Table 
5). We attribute the deviation to systematic errors inherent in 
this analytical method.

FTIR spectroscopy

The FTIR spectra of the imidazolates 1 – 6 are relatively simple and 
very similar. We have used the FTIR spectroscopy as the first 
indication of the purity of the obtained samples during the 
optimization of the synthesis of 1. It also confirms the absence of 
water in the obtained solids. The FTIR spectra of pure imidazolates 
do not show the characteristic, very large and broad mode NH of 
unreacted imidazole (Figure 11).

Figure 11. The FTIR spectra of 1 and imidazole.

Figure 12. The FTIR spectra of 1, 2, and 4a. The inset shows that there are some 
minor shifts in the fingerprint region of the spectra.

All FTIR spectra of imidazolates 1 – 6 are demonstrated in ESI as 
Figures S2-S11. The spectra of compounds 1 and 2 as well as the 

heterometallic 4 (represented by 4a) are hardly distinguishable 
(Figure 12). The FTIR spectra of silver and silver-based 
heterometallic imidazolates 3, 5 and 6 feature CH mode of 
larger intensity, which is connected with the change in the 
coordination geometry – tetrahedral for Zn/Co imidazolates 
and linear for Ag containing imidazolates. This CH mode is 
centered at approximately 3120 cm-1 (Figure 13).

Figure 13. The FTIR spectra of 3, 5, and 6. The inset shows some of the differences 
in the fingerprint region of the spectra.

UV-Vis – optical absorption properties

The presence of an imidazole ring as a chromophore in 
combination with a transition group metal can result in π-π* 
and n-π* (47,650-37,750 cm-1/209-265 nm) and LMCT (ligand-
to-metal charge-transfer) (40,000-29,450 cm-1/250-340 nm) 
interactions.68-71 In the complexes of Co(II) ions the optical 
properties are mainly due to d-d transitions, between which 
relaxation and emission processes occur.72

The spectra of ideal tetrahedral Co(II) complexes usually consist 
of two bands present in the NIR and Vis regions. Frequently, 
splittings into three separate arms are encountered in the 
visible region. In this type of spectra, the following transitions 
can be distinguished: 4A2(F) → 4T1(F) (11,000 - 5,000cm-1/909 - 
2000), 4A2→ 4T1(P) (19,500 - 13,500 cm-1/513 - 741 nm).73,74 For 
compounds showing a square or distorted planar structure, we 
can distinguish transitions of the type: 4T1g(F) → 4T2g(F) (10,500 
- 6,500 cm-1/952 - 1538 nm) and 4T1g(F) → 4T1g(P) (22,000 - 
15,500 cm-1/455 - 645 nm).75 Octahedral Co(II) complexes are 
characterized by bands present in the 525-575 nm range 
(19,048 - 17,391cm-1) accompanied by 4T1g(F) → 4T1g(P) 
transitions. In addition, the transitions 4T1g(F) → 4T2g(F) (11,635 
- 8811 cm-1/859 - 1135 nm) and 4T1g → 4A2g(F) 1(16,447 - 3,550- 
cm-1/608 - 2817 nm) are often visible in the near-infrared.76,77

The reflection spectra of complexes 1 - 6 (Figure 14a-d, Table 7) 
showed only slight differences in band offset, which indicate the 
presence of similar coordination or structural geometry.
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Table 7. UV-Vis reflectance spectra.

Absorption MaximaCompound

λ [nm]
ῦ 

[cm−1]
Assignments

215.93 46 296 π-π*
285.62 35 087 π1(imidazole) → Co(II) LMCT
537.83 18 622

1

575.01 17 391
4A2→ 4T1(P)

218.58 45 662 π-π*
2

302.21 33 112 π1 (imidazole) → Zn(II) LMCT
207.35 48 309 π-π*
249.26 40 161 n-π*3
297.99 33 557 π1 (imidazole) → Ag(I) LMCT
215.93 46 296 π-π*
291.58 34 364 π1 (imidazole) → Co(II) LMCT
539.16 18 552

4a

571.68 17 482 
4A2→ 4T1(P)

213.95 46 729 π-π*
292.74 34 247 π1 (imidazole) → Co(II) LMCT
537.17 18 622

4b

571.97 17483
4A2→ 4T1(P)

215.27 46 512 π-π*
291.59 34 247 π1 (imidazole) → Co(II) LMCT
537.51 18 484

4c

571.68 17 482
4A2→ 4T1(P)

223.89 44 643 π-π*
290.93 34 364 π1 (imidazole) → Co(II) LMCT
537.75 18 519

4d

571.78 17 482
4A2→ 4T1(P)

218.58 45 662 π-π*
291.78 34 247 π1 (imidazole) → Co(II) LMCT
537.98 18 692

4e

571.68 17 483
4A2→ 4T1(P)

217.26 46 083 π-π*1
219.21 45 662 π-π*2
239.82 41 667 n-π*5
297.57 33 557 π1 (imidazole) → Ag(I)/Zn(II) 

LMCT
222.52 44 843 π-π*
289.40 34 602 π1 (imidazole) → Co(II) LMCT
539.74 18 519

6

571.52 17 483
4A2→ 4T1(P)

The electronic spectra of 1 and 4 in the solid state showed 
ligand-field bands in the range of 537-575 nm which consisted 
of Co(II) d-d transitions typical for ideal tetrahedral geometry. A 
major band can be distinguished at 571 nm with a shoulder 
band at about 537 nm. The UV range consists of characteristic 
bands at 213-223 nm, and 289-291nm which is attributed to 
π-π* and π1 (imidazole) → Co(II) LMCT. A visible difference 
between the UV-Vis spectra of the compounds numbered 4a-e 
was the different intensities of the bands, roughly in agreement 
with the synthetic conditions and molar ratio of zinc to cobalt in 
the reaction mixtures. The spectrum of compound 5 shows 
similarity to 2 and 3 and contains four bands at 217, 219, 240 
and 298 nm. The solid-state spectrum of compound 6 is 
comparable to compound 1 and 4, showing bands at around 223, 
289, 540 and 572 nm.

On the basis of UV-Vis spectra we have calculated the HOMO-
LUMO separations of all the materials. Two published 
procedures were applied.78 With a reference to the recent work 
on CoxZn1-x(2MeIm)2 79 we can suggest that Co-doped ZIFs 4 
feature a small excitation energy (a small band gap) of 
1.96-2.0 eV, which may indicate a wide spectrum of responsive 
characteristics of the samples (please, refer to the ESI materials 
Figures S12-S17 and Tables S4 and S5). To verify these data and 
confirm the properties, transient photocurrent responses, 
Mott-Schottky curve and EIS spectra will be carried out in the 
future.

Figure 14. Solid-state electronic spectra of compounds 1 - 6.

Thermogravimetry of bimetallic imidazolates 4, 5, 6

Since the results of TG analysis for 1 - 3 were published by other 
authors,2 we have only studied the thermal stability of 
bimetallic compounds. It was demonstrated that all tested 
compounds are characterized by high thermal stability in the air 
atmosphere. In Figure 15, a sharp weight loss was observed 
after exceeding 420 °C and 450 °C for compounds 4a and 4c, 
respectively. In the case of 4c, the maximum rate of weight loss 
occurred at 480 °C (ESI, Figure S19.), while for 4a (ESI Figure S18) 
it was shifted to 520 °C. 

Figure 15. TG results for 4a and 4c.

The total weight loss was equal to 59.2% for compound 4a and 
59.1% for compound 4c. Together with the green colour of the 
solid residue it corresponds to the removal of the organic part 
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and formation of a mixed-metal oxide in the presence of air 
(Riemann's green: ZnO·CoO).
As shown in Figure 16, compounds 5 and 6 have lower thermal 
stability compared to compounds 4a and 4c. In the case of 
compound 5, after exceeding 240 °C, the TG curve begins to 
decline, with the highest weight loss rate at the temperature of 
365 °C (ESI, Figure S20). For compound 6, the weight loss occurs 
at the temperature of 320 °C, reaching the highest rate at the 
temperature close to that obtained for compound 5 - 370 °C 
(ESI, Figure S21).

Figure 16. TG results for 5 and 6.

In the case of compounds 5 and 6, we can observe 3 zones of 
weight loss – 240–330 °C (5.9%), 330–375 °C (16.4%) and 
375-445 °C (23.0%) for compound 5 and 320-350 °C (3.9%), 
350-380 °C (14.9%) and 380-460 °C (26.9%) for compound 6. In 
addition, for compound 6 a slight weight loss <1% was observed 
at 910 °C, which may correspond to the conversion of Co3O4 into 
CoO. The mass of the residue – 54.7% for 5 and 54.3% for 6 as 
well as metallic lustre of the residue correspond to the mixture 
of metallic silver and cobalt or zinc oxides. In the case of 5 the 
theoretical mass percentage of silver plus the respective metal 
oxide (Ag + ZnO) is 54.10% of the initial mass of the sample - 
experimental result for the residue is 54.7%. For 6 Ag plus Co3O4 
would be equal to 54.57% of the initial mass of the sample and 
experiment returns 54.3%. Moreover, the decomposition of 
Co3O4 into CoO corresponds to the further weight loss of 1.17%, 
which is observed in the TG plot. The suggested numbers are in 
very good agreement with the experimental results.

Catalysis: oxidation of phenylethanol to acetophenone in the 
presence of bimetallic metal imidazolates

To assess the catalytic activity of heterometallic imidazolates 4-
6 in the oxidation of organic compounds, we repeated the 
procedure described previously.62 The reaction between tert-
butyl peroxide and 1-phenylethanol:

tBuOOH + PhCH(OH)CH3 → tBuOH + PhC(O)CH3 + H2O

practically does not proceed without the addition of the catalyst in 
the applied conditions, which was confirmed independently in all 
experiments (Figure 15). The reactions were performed in the 
presence of suspended complexes in catalytic amounts of 0.0145 g  

or 0.029 g , which is ca. 0.75/1.5 mol% for 4e and ca. 0.5/1.0 mol% 
for 5 and 6. 
Out of the three studied materials only one exhibited certain 
catalytic activity and it was compound 6 (Figure 17). At the 
temperature of 80 °C during the 2 hours of the reaction it helped to 
convert approximately 20% or the substrate into the oxidation 
product. Without the catalyst the reaction was completed only in 5%. 
We confirmed this result in several experiments that included the 
variable temperature attempts (40, 60 and 80 °C – for compounds 5 
and 6) and evaluation over time (2 and 6 hrs. for compound 6). The 
additional results are presented in ESI as Figures S22-S24. With 
compound 6 at 40 °C the yield of the catalyzed reaction is low but 
raising the temperature from 60 to 80 °C does not enhance the yield 
to a significant extent, thus 60 °C should be recommended. The 
elongation of reaction time from 2 to 6 hrs at 80 °C allows to 
increase the yield to approximately 40% (with the yield of 
control reaction at approximately 10%). Complex 6 was recovered 
from the reaction mixture by filtration and found to be intact by FTIR 
ATR analysis. The double amount of catalyst had little influence on 
the reaction yield (compare Figure 17 and Figure S23).
We were initially convinced that the presence of silver ions should be 
enough to secure the activity of the complex in the reaction of 
oxidation because silver ions are used as a catalyst of oxidation in 
similar systems.80 Thus we expected that 5 will demonstrate similar 
catalytic activity to 6, but it was not the case. Probably the concerted 
action of Co and Ag is needed to accelerate the reaction. We would 
also like to mention the recent results of Xu et. al. (2023)79 that 
indicate the important influence of irradiation onto the catalytic 
activity of similar compounds. So far we have carried out the 
experiments in dark.

Figure 17. Influence of the addition of complexes 4e, 5 and 6 onto the yield of the 
reaction between the tert-butyl peroxide and 1-phenylethanol. Each sample with the 
individual control; C, reaction without the addition of the complex, 4e, 5, 6 – the yield of 
the reaction with the addition of 0.0145 g of the given complex per 0.605 ml pf 1-
phenylethanol (see Experimental). The experiment performed at 80 °C.

Conclusions
A series of mono and bimetallic imidazolates of Co, Zn and Ag was 
produced by a very simple synthetic approach in water as a solvent 
with little energy consumption. The proposed approach enables the 
production of these materials within a short time frame, emphasizing 
both simplicity and speed. Additionally, it features the limited use of 
energy for heating. Because of the use of water instead of harmful 
solvents this synthetic approach represents a step towards the 
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exploitation of green chemistry processes. By the described method 
nanocrystalline powders are obtained. FTIR spectroscopy proved to 
be a useful tool that may quickly help to identify and evaluate the 
purity of the obtained imidazolates. The crystal structures of 
bimetallic imidazolates CoxZn(1-x)Im2 (4a-e), Ag2ZnIm4 (5) Ag2CoIm4 
(6) were examined by powder diffraction. Cobalt imidazolate 1 as 
well as heterometallic Co/Zn imidazolates showed the standard ZIF-
8 crystal structure. EDX experiments as well as elemental analysis 
indicate that above ~2.8% w/w of cobalt in Zn/Co imidazolates, 
which corresponds to about 9-10 mol% of metal atoms, the samples 
are very pure and crystalline. With less cobalt the obtained phases 
become more amorphous. Ag insertion together with Zn or Co gives 
a more compact structure analogous to the Cu(I) – Co/Zn bimetallic 
imidazolates. All discussed imidazolates feature certain common 
motives in the solid state. The thermal stability of bimetallic 4 is very 
good and resembles that of monometallic zinc and cobalt 
imidazolates.2 Zn/Ag and Co/Ag imidazolates 5 and 6 start to 
decompose in much lower temperatures of 240 and 320 C 
respectively. The preliminary catalytic experiments indicated that 
out of the studied heterometallic compounds only Ag2Co(Im)4, 
exhibits significant catalytic activity in the reaction of oxidation of 1-
phenylethanol by tert-butylhydroxyperoxide at elevated 
temperature. Further experiments are needed to confirm the small 
band gaps of the cobalt imidazolates and catalytic activity of the Co-
containing materials upon irradiation with the visible light.
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