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1. Introduction 

The chemistry of cobalt(III) salt ammine-complexes is an intensively studied area; 

however, due to the reducing character of the complex cation, the compounds having oxidizing 

anions like permanganate are not very stable and scarcely studied. The existing permanganates of 

amminecobalt(III) complex cations easily decompose even under storage in a desiccator and at low 

temperatures; thus, only minimal information is available about their properties. Furthermore, their 

thermal decomposition products have not been characterized at all. Since their decomposition 

temperature is lower than the typical decomposition temperatures of the cationic or anionic parts, 

a quasi-intramolecular redox reaction might take place in the solid phase, which gives a possibility 

to prepare cobalt-manganese oxides in amorphous and nanosized form. Similar reactions of 

tetraamminemetal (M=Cu, Zn, and Cd) complexes gave nanosize MMn2O4 type spinels.  

Therefore, I studied the possibilities of the preparation of (Co, Mn)(Mn, Co)2O4 type 

catalytically active nanosize Co-Mn oxides, from amminecobalt(III) permanganate compounds 

with various Co: Mn stoichiometries (pentaamminecobalt(III) chloride permanganate (Co: 

Mn=1:2), hexaamminecobalt(III) permanganate (Co: Mn=1:3), and hexaamminecobalt(III) 

dichloride permanganate (Co: Mn=1:1). The variability of Co and Mn valences (both elements 

have +2 and +3 oxidation states, and manganese might be stable in +4 oxidation state as well), 

gives the challenge to identify the distribution of each type of cations between the tetrahedral and 

octahedral sites of spinel formed. I also studied and described a method to prepare Ag/Mn3O4 

(Ag/MnMn2O4 spinel) composites since they are used as catalysts in the preparation of Gefitinib, 

a new promising anticancer agent. The key element of the methods was based on the preparation 

and decomposition of compounds containing transition metals (Ag or Co) in a complex cation 

having reducing ligands like ammonia or pyridine and permanganate anions. Namely, the 

[4Agpy2MnO4].[Agpy4]MnO4, [Ag(py)2]MnO4, and some amminecobalt(III) permanganate 

complexes without/with outer or inner sphere chloride ions were tested. 

The decomposition of permanganate complexes is expected to proceed with ligand loss and 

consecutive/parallel decomposition of permanganate anion into oxygen and lower valence 

manganese oxides. Instead of these expected reactions, quasi-intramolecular redox reactions were 

initiated between the reducing ligand and the permanganate anions even below the formal 

decomposition temperature of the cationic and anionic part of complexes in their salts with non-

oxidizing/reducing counterions. 
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The temperature of the exothermic solid-phase decomposition processes of these 

compounds was located between 80 and 120 °C, depending on the ligand and central transition 

metal cation. As a consequence of the solid phase reaction and low temperature, the crystal lattice 

collapses without re-arrangement of the heavy lattice atoms of the starting compounds (Ag, Co, 

Mn), thus amorphous materials were formed as primary products. The crystallization and the size 

of these amorphous materials can be controlled by temperature, heating time, and atmosphere. 

The spinel metal oxides are well known for their potential application as photocatalytic 

agents over the decomposition of organic dyes, which depends largely on their band structure, 

particle size, specific surface area, and morphology. Several intermediates from the cobalt-

containing materials obtained at different temperatures were evaluated as potential catalysts for the 

decomposition of Congo Red and Methyl Orange dyes, and significant outputs were found which 

are presented in this study.  

 

2. Literature background 

All the compounds prepared, studied or their analogs mentioned in this document to 

evaluate the properties of target compounds are summarized in Table 1. 

The pyridinesilver permanganate complexes have been studied since 18861–5; although, 

there is still not enough information published about their properties so far. In the beginning, the 

authors1 believed they could isolate these compounds in a pure form; however, it was proven later 

on that they could synthesize only a mixture of [Ag(py)2]MnO4 (compound 2a) and 

[Ag(py)2.4]MnO4 (compound 4a). Recently, one study summarized the interconversion within Ag-

py-MnO4 complexes via different routes5 by varying the solvent media, ligand concentration, 

temperature, and other conditions. The thermal stability, spectroscopic data, and crystallographic 

studies of some complexes like compound 2a; compound 3a were reported previously4,5. However, 

the pure complex [Ag(py)2MnO4].[Ag(py)4]MnO4 (compound 4a) was not reported until the  

present date. Hence, this is one of the topics of my present thesis, providing its crystallographic, 

spectral, and thermal properties.  
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Table 1. Labels of mentioned complexes 

Compound – formula Label 

AgMnO4 1a 

Agpy2MnO4 2a 

[Agpy2MnO4].0.5py 3a 

4[Agpy2MnO4.[Agpy4]MnO4 4a 

[Agpy4]MnO4 5a 

AgClO4 1b 

[Agpy2]ClO4 2b 

[Agpy2ClO4].0.5py 3b 

4[Agpy2ClO4.[Agpy4]ClO4 4b 

[Agpy4]ClO4 5b 

[Co(NH3)4CO3]2SO4·3H2O 6 

[Co(NH3)4CO3]MnO4 6a 

[Co(NH3)6](MnO4)3 7a 

[Co(NH3)6](ClO4)3 7b 

[Co(NH3)6](ReO4)3.2H2O) 7c 

([Co(NH3)6][TcO4]3·2H2O) 7d 

[Co(NH3)6]Cl2(MnO4) 8a 

[Co(NH3)5Cl](MnO4)2 9a 

[Co(NH3)5Cl](ClO4)2   9b 

[Co(NH3)5Cl](ReO4)2 9c 

[Co(NH3)5Сl](ReO4)2⋅0.5H2O 9c.0.5H2O 

[Co(NH3)5Сl](ReO4)2⋅nH2O 9c.nH2O 

 

Similarly, the pyridine complexes of silver perchlorate have been studied since 19255–11 

and it is known that [Ag(py)2]ClO4 (compound 2b), [Ag(py)2.25]ClO4 (it was proved to be later to 

be compound 4b, [Ag(py)4]ClO4 complexes could be isolated under different temperatures from a 

saturated solution of silver perchlorate in pyridine; being compound 2b the most stable among 
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them and the easiest to be synthetized6. The preparation of the pure compound 2b and compound 

5b were previously reported7,8. The crystal structure of the pure compound 5b; compound 4b and 

compound 2b were also reported8,9,11. The synthesis, structure, and vibrational spectra of silver(I) 

pyridine perchlorate with 1:2 Ag: py stoichiometry were previously stated12. Most recently5, a 

study summarized different routes to synthesize the silver(I) pyridine perchlorates and provide the 

basic spectral data of compound 4b and compound 5b. However, pure compound 4b has not been 

characterized completely since the date. This is the second topic of this thesis, providing its 

crystallographic, spectral, and thermal properties. 

As the third topic, four different groups of complexes containing cobalt in its composition 

were studied to evaluate their potential as a precursor on the formation of cobalt or cobalt 

manganese oxides. The first of them is the [carbonatotetraamminecobalt(III)] sulfate trihydrate, 

([Co(NH3)4CO3]2SO4.3H2O) – compound 6, which has been known for a long time13 and its 

dehydrated product may be considered as a good precursor on the preparation of nanosized cobalt 

oxide catalysts14. The hydrolyzed composition was applied before as a precipitant agent15 and also 

as a water-soluble ionic sulfate precursor in the preparation of carbonatotetraamminecobalt(III) 

compounds16. The crystal structure was reported to be rhombohedral17; orthorhombic18 and 

monoclinic19,20, being confirmed as monoclinic21. The thermoanalysis of this compound assigned 

the formation of Co3O4 through loss of water molecules resulting in the cobalt(II,III) oxide 

(CoCo2O4 spinel)21,22. Interestingly, the intermediate containing the sulfate group was not provided 

by them which prompted me to investigate it in this study. The spectroscopic data were previously 

reported by means of infrared20,23,24 for the intermediates obtained up to 300, 500, and 700 oC – 

and in this study, we also include the Raman analysis and we studied the thermal decomposition 

under inert and oxidant atmosphere.
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The following complex of my interest is the hexaammine cobalt permanganate - 

[Co(NH3)6](MnO4)3 (compound 7a ) – firstly prepared in 188725 and due of its sensitiveness over 

heating and impact, it has been barely studied. One study26 reported its thermal stability and 

spectroscopic data in the range of 4000 cm-1 and 600 cm-1. On the other hand, their analogs 

compound 7b and compound 7c have widely been described27–31 and those results may help over 

the characterization of the permanganate compound. Due to the lack of information, we reported  

in this thesis the crystallographic arrangement, thermal decomposition under inert and oxidant 

atmospheres, and the complete spectroscopic data, including Raman in liquid N2 and room 

temperature measurements. Also, we have checked the potential of its decomposition intermediates 

as photocatalysts over the decomposition of organic dyes such as Congo Red and Methyl Orange. 

Another complex -  [Co(NH3)6]Cl2(MnO4) / compound 8a – was prepared first by Klobb 

(1887)25 which was obtained from a combination of the previously mentioned compound 7a with 

[Co(NH3)6]Cl3. However, there was no more information regarding their properties and structure. 

Thus, this hexaammine cobalt permanganate dichloride was studied in detail and all the information 

found is presented in my thesis. 

Besides the characterization of compounds 4a, 4b, 6, 7a, and 8a, I worked out a new 

reaction route to prepare a previously unknown  compound [Co(NH3)5Cl](MnO4)2 (compound 9a), 

and provided the crystallographic, thermal and spectroscopic data. 
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3. Experimental Methods 

3.1 Sample preparation 

 To prepare the pure compound 4a, pure AgMnO4 was dissolved in pure pyridine, and 

immediately a dilution with water was performed to reach a pyridine content of 10%, which 

allowed the formation of the pure target complex. 

The pyridine complex of silver perchlorate was prepared by slightly modifying the method 

described by Sajó et al. (2018)1. Firstly, a mixture containing the compounds 4b and 5b was 

prepared by combining AgSO4 with cold (+ 8 oC) aqueous solutions of pyridine (20 %) and NaClO4 

(0.2 M). The resulting mixture was kept in a fridge (5-8 oC) for two weeks allowing the conversion 

from compound 5b into compound 4b, which could be assigned by powder XRD.  

The compound 6 was prepared according to Jorgensen’s method32 by dissolving basic 

cobalt carbonate (CoCO3) in dilute sulfuric acid (~ 10% H2SO4), then the clear solution was poured 

into a solution containing ammonium carbonate ((NH4)2CO3) and cc. ammonia (~ 25% NH4OH). 

An oxidation step was performed by a stream of pure O2 gas for 4 h and then the solution was 

evaporated in a steam bath till reaching half of its volume and filtered out. The solution was again 

evaporated to a concentrated form and chilled out, whereupon compound 6 crystallized as purplish-

pink prisms. 

The hexammine cobalt(III) permanganate was obtained via a combination of [Co(NH3)6]Cl3 

with NaMnO4 by keeping the solution stirring at 60 oC for 15 minutes. After that the solution was 

chilled out at around 3 oC and filtrated, the former compound was washed with cold distilled water 

to ride off the remaining soluble salt. 

The compound 8a was similarly formed via a combination of compound 7a and 

[Co(NH3)6]Cl3 solution at the same conditions described above. When the solution reached 1 oC, 

blocks of small strips of crystals appeared and could be filtered out to be dried in a desiccator at 

room temperature. 

The novel pentaamminecobalt (III) chloride permanganate could be formed via a 

combination of [Co(NH3)5Cl]Cl2 and excess of NaMnO4. Our proposed route considered 1 g of 

[Co(NH3)5Cl]Cl2 into 150 mL of distilled water, and 5 mL of Na(MnO4) 

0% poured in it – keeping the solution stirring for 15 minutes at 60 oC. Similar to the previous 

compound, strips of crystals were formed at around 1 oC. 
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3.2 Sample characterization 

The thermal behavior, stability, and processes during the decomposition of the 

abovementioned cobalt and silver complexes were investigated by simultaneous thermogravimetry 

/ differential thermal analysis on-line coupled with mass spectrometry (TG/DTA-MS). The starting 

materials, its intermediates and end products were characterized with several analytical methods, 

i.e. their compositions, vibrational spectra with diffuse reflectance ultraviolet-visible light (DR 

UV-VIS), attenuated total reflectance (ATR), Fourier transformation infrared (FTIR), and Raman 

spectroscopy; the morphology with scanning (SEM) electron microscopy and specific surface area 

with BET method; crystal properties with X-ray diffraction (XRD) and single-crystal X-ray 

diffraction (SXRD). The photocatalytic model reaction was performed with methyl orange and 

Congo red aqueous probe solution under UV light irradiation. 

The compounds were identified by powder X-ray diffractometry (PXRD) using a Philips 

PW-1050 Bragg–Brentano parafocusing goniometerwhichis h equipped with a Cu cathode, a 

secondary beam graphite monochromator, and a proportional counter and operated at 40 kV and 

35 mA tube power. The diffractograms were recorded in the step mode of 2θ  range of 4-70 degrees 

with steps of 0.04 degrees per second, with an overall measuring time of 32 minutes in the interval 

of 1 s. The diffraction patterns were evaluated by full-profile fitting techniques. 

The FT-IR spectrum of solid compounds was recorded in the attenuated total reflection 

(ATR) mode on a Bruker Alpha IR spectrometer and a BioRad-Digilab FTS-30-FIR spectrometer 

in the 4000–400 cm-1 range (2 cm-1 resolution). The Far-IR spectra of all compounds were recorded 

on the Biorad-Digilab FTS-30-FIR spectrometer in the 700 – 50 cm-1 range. The spectra were 

evaluated with OPUS-BUCKER and plotted with Origin Pro19. 
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The Raman measurement of compounds was performed by a Horiba Jobin–Yvon 

LabRAM-type microspectrometer (external 532 nm and 785 nm Nd-YAG and diode laser source, 

respectively, 40 mW, supplied with an Olympus BX-40 optical microscope). The spectrum at 532 

nm wavelength was used at -150℃, and the spectrum at 785 was recorded at 0℃ and room 

temperature using a Linkam THMS600 temperature-controlled microscope stage to make the low-

temperature measurements. The laser beam was focused by an objective of 20×, and a D0.6 (- 

150 ℃), and D0.3 (room temperature) intensity filters were used to decrease the laser power to 25, 

,1 and 50%, respectively, to avoid the thermal degradation of the sample. The confocal hole of 

1000mm and 950 or 1800 groove mm-1 grating monochromators were used in a confocal system 

and for light dispersion depending on the laser source. The spectral range of 100–4000 cm-1 was 

detected with a 3 cm-1 resolution. The exposure times were 15 s at 25 ℃ and 10 s at - 150 ℃, 

respectively, to obtain intensive peaks at the applied conditions. 

Thermal data of the mentioned complexes were collected using a TA Instruments SDT 

Q600 thermal analyzer coupled to a Hiden Analytical HPR-20/ QIC mass spectrometer. The 

samples were placed in an alumina crucible (sample holder) and an empty alumina crucible was 

used as reference. The non-isothermal DSC curve between - 150 and 170 °C was recorded using a 

PerkinElmer DSC 7 apparatus under nitrogen and O2 flow (20 cm3.min-1) in an unsealed aluminum 

pan. Isothermic heat treatment was carried out in a furnace under inert (N2) and oxidizing 

atmosphere (air).  

The morphologies of the product were studied by ZEISS EVO 40XVP scanning electron 

microscope (SEM) operating at 20 kV. The SEM measurements were taken with different 

magnifications.  

The Nitrogen physisorption measurements were performed by using Quantachrome 

Autosorb 1C static volumetric apparatus at -196 °C. Samples of cc. 0.1 g were outgassed under 

vacuum before measuring them at 110 °C for 24 h. The specific surface area was calculated by the 

BET method. 

The photocatalytic studies were performed under UV radiation source by Osram 18 W 

blacklight lamps (λ = maximum intensity at 375 nm). The cuvettes were placed 5 cm from each 

lamp and the absorbance was measured every 30 min during four hours by a Jasco V-550 UV-VIS 

spectroscope. The relative absorbance values of the most intensive peaks for Methyl Orange (464 

nm) and Congo Red (497 nm), below and above their pKa value, were considered to evaluate the 
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catalysts' activity in the degradation of dyes. The dilute perchloric acid solution (0.1 M) was used 

to decrease the pH of both dyes. 

 

 4. Results 

4.1 Structural features of the complexes 

Compound 4a contains in its structure four and one coordinated andnon-coordinated 

permanganate anions, respectively (Figure 1-a). It crystallizes in the tetragonal crystal system – 

space group 𝐼4̅ with one [Ag(py)2MnO4] and a quarter of [Ag(py)4]MnO4 in the asymmetric unit. 

The isomorph compound 4b (Figure 1-b) also crystallizes in the tetragonal crystal system (space 

group I-4). The unit cell volume for compound 4a was 0.85% larger than that of compound 4b. 

The coordination strength of the perchlorate to the silver ion in compound 4b, was weaker 

(d(Ag⋯O– ClO3)=2.740 Å) than obtained for the permanganate compound (d(Ag⋯O–MnO3)= 

2.601 Å.  

The crystallographic properties of compound 6 were reported previously and not 

investigated in this work. The hydrated material was obtained as purplish-pink prisms which belong 

to a space group P21/c and have a monoclinic form. 

Compound 7a (Figure 1-c) resulted in an incommensurate structure and its complete 

structure determination was inhibited by the modulation of the structure and supercell reflections 

could be observed. Based on the structure refinement a tetragonal cell (space group I-4) gave the 

lowest R-value.  

The crystal structure of compound 8a (Figure 1-d) consists of an octahedral cation, 

tetrahedral anion, and chloride ions, which are bonding by hydrogen bonds to each other. 

Compound 8a crystallizes in a monoclinic cell (space group P 21/c). The hydrogen bonding 

between the anionic and cationic parts was found to be stronger in comparison with compound 7a.  

The crystal structure of the novel compound 9a (Figure 1-e) consists of distorted octahedral 

[Co(NH3)5Cl]2+ cations and tetrahedral permanganate anions, bound to each other via weak 

hydrogen bonds. This compound crystallizes in an orthorhombic cell with a space group Cmc21. 
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Figure 1. Packing structure of (a) compound 4a (b) compound 4b (c) compound 7a (d) compound 8a (e) compound 

9a 

4.2 Vibrational modes of the complexes 

In compound 4a the Mn-O four internal vibrational modes of permanganate ion appear at 

826, 917-887 cm-1, 382 cm-1, and 339 cm-1 (symmetric and asymmetric stretchings and bending 

a) b) 

c) d) 

e) 
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modes, respectively). The Ag-N modes belong to [Ag(py)2]
+ and [Ag(py)4]

+ cationic parts in 

compounds 4a and 4b could be distinguished. The assignation of each IR band and Raman shift 

are given in Table 2.  

 

Table 2. Vibration modes of compounds 4a and 4b 

 
Band / Assignation 

Wavenumber (cm-1) 

 IR Raman 

Section A ν1 (MnO), νs (A) 826 (w) 826 (vs) 

ν2 (MnO), δs (E) 339 (vw) 345 (m) 

ν3 (MnO), νas (F2) 907, 917 (vs) 887 (w), 902 (w), 913 (w) 

ν4 (MnO), δas (F2) 382 (w) 384 (vw) 

[Ag(py)2]+, νs (AgN) 246 247 

[Ag(py)2]+, νas (AgN) 166 150 

[Ag(py)4]+, νas (AgN) 117 124 

Coordinated [Ag(py)2]+ 418  

Coordinated [Ag(py)4]+ 412  

Section B ν1(ClO), νs(A) 944 928, 911 

 ν2(ClO), δs(E) 462, 415 460, 417 

 ν3(ClO), νas(F2) 1154,  1122 1157, 1121 

 ν4(ClO), δas (F2) 651, 635 651, 632 

 νs(AgN), 𝐴𝑔𝑝𝑦2
+ 228 - 

 νas(AgN), 𝐴𝑔𝑝𝑦2
+ 164 172 

 νas(AgN) 136 144 

 νs (AgN) - 122 

 

Regarding compound 6, the bending and stretching modes of NCoN, NCoO, and OCoO 

were found mainly in the far-IR region of the IR spectrum (~ 514 – 336 cm-1). To assign each 

ligand and octahedral skeleton modes, Raman spectroscopy and deuteration experiments were also 

done. The deuteration gave a possibility to assign the δas(HNHN) mode, prior found as a mixed 

band with C=O§ at 1645 cm-1, which shifted to 1162 cm-1 on deuteration. Other assignations 

regarding bands belonging to the coordinated carbonate ion are summarized in Table 3. 

Table 3. Vibration modes of [Co(NH3)4CO3]2SO4·3H2O 

 
Band / Assignation 

Wavenumber (cm-1) 

 IR Raman 

 Antisymmetric Co-O 396 404 

Symmetric Co-O 335 318 

Rocking NH3 828, 677* 793 

Antisymmetric NHN 3425, 2453* 3439 

Symmetric NHN 3189, 3192, 2318* 3235, 2286 

   
*deuterated sample 
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The cobalt-permanganate complexes resulted in some similarities regarding their 

vibrational spectra. Generally speaking, the permanganate ion with a tetrahedral symmetry 

resulting in bands between 812 – 928 cm-1 (antisymmetric and symmetric stretching) and between 

348 – 392 cm-1 (symmetric and antisymmetric Mn-O deformation).  

The NCoN bending and Co-N stretching modes in the IR spectrum of compounds 7a, 9a, 

and 9a were found in the far-IR region (~ 505 – 308 cm-1). The ammonia rocking mode in 

compound 9a strongly coincides with the symmetric Mn-O mode. The intensity of rocking N-H 

mode in the Raman spectrum of [Co(NH3)5Cl]Cl2 is very low, so assignation of the intensive 

Ramans shift in the spectrum of compound 9a may only belong to s(Mn-O)mode,  

 

Table 4. Vibration modes of Cobalt-ammine-permanganate complexes 

 
Band / Assignation 

Wavenumber (cm-1) 

 IR Raman 

Compound 7a 

Symmetric Mn-O 911, 982 928, 919, 896 

Antisymmetric Mn-O 812 843, 842, 841 

Antisymmetric def. Mn-O 385 392 

Symmetric def. Mn-O - 348 

Antisymmetric def. NCoN 315 349, 308 

Symmetric Co-N - 504, 505 

Antisymmetric Co-N 487 489, 481 

Rocking NH3 810 842, 841 

Symmetric def. HNH 1344 1322 

Antisymmetric def. HNH 1621 1677 

Symmetric NHN 3180 3119 

Antisymmetric NHN 3265 3357, 3344 

Compound 8a 

Symmetric Mn-O 893 927, 924, 921 

Antisymmetric Mn-O 853 897 

Antisymmetric def. Mn-O 388 392 

Symmetric def. Mn-O - 350, 346 

Antisymmetric def. NCoN 388 392,390 

Symmetric Co-N 503 506, 500 

Antisymmetric Co-N 388 392, 390 

Rocking NH3 813 845, 843 

Symmetric def. HNH 1340 1323 

Antisymmetric def. HNH 1608 - 

Symmetric NHN 3174  

Antisymmetric NHN 3256 3355 

 Symmetric Mn-O 895 903 

 Antisymmetric Mn-O 849 841 

 Antisymmetric def. Mn-O 379 389 

 Symmetric def. Mn-O 352 346 

Compound 9a Antisymmetric def. NCoN 319 284 

 Symmetric Co-N 483, 455 483, 462 

 Antisymmetric Co-N 379 383 

 Rocking NH3 829 838 

 Symmetric def. HNH 1325, 1294 1352, 1311 
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 Antisymmetric def. HNH 1600 - 

 Symmetric NHN 3177  

 Antisymmetric NHN 3255  

 

4.3 Thermal studies of the complexes 

The thermal decomposition of compound 4a proceeded in two decomposition steps. In the 

first step the DTG peak appeared at 85 oC accompanied by a mass loss of 48% while in the second 

one, a slower process resulted in a mass loss of 8% with a peak at 428 oC (Figure 2. a). The studies 

were performed under air and inert atmospheres where the same exothermic characteristics were 

observed bearing that the oxygen from the air did not play an important role to initiate the 

decomposition process. The total mass loss achieved in the decomposition under inert atmosphere 

suggested the formation of elementary silver which was confirmed via PXRD analysis, and the 

formation of Mn3O4 phase – the latter one was confirmed by titrimetric chemical analysis. The 

gaseous products from the inert and oxidizing atmospheres (Figure 2b) revealed the presence of 

free pyridine (m/z = 79, 78, 52) liberated together with its oxidation products (CO2, H2O, NO, and 

N2, m/z = 44, 18, 30 and 28, respectively) when the cations [Ag(py)4]
+ and [Ag(py)2]

+ were 

decomposed. The evolved heat resulted from the redox reaction between the ligand and the 

permanganate anion. In an inert atmosphere, the exothermic redox reaction heat overcompensated 

the energy demand of the endothermic ligand loss and initiates the completion of the decomposition 

process in one main step (ΔH = - 363.35 J/g). A similar process was observed under oxidizing 

atmosphere although the organic residues of the solid phase suffer oxidation due to the catalytic 

activity of the Ag/Mn phase containing redox-active intermediate, which resulted in a more 

energetic exothermic peak (ΔH = - 429.63 J/g). 

The thermal decomposition of compound 4b in an inert atmosphere starts above 45 oC with 

a mass loss of 8.5 % which is in agreement with the release of 2 molecules of pyridine. A pure 

intermediate – compound 2b – could be isolated at 85 oC and characterized by PXRD. Above 105 

oC, the degradation of the compound was characterized by a complex process (Figure 2c) and any 

pure intermediate could be isolated. A second intermediate was obtained at 350 oC – identified 

further as AgClO4 which lost oxygen at higher temperatures (~425 oC) and resulted in the formation 

of the end product up to 450 oC – (AgCl). Under air, a similar decomposition was observed 

although, the decomposition processes occurred at a bit lower temperatures than in inert conditions. 

A higher experimental mass loss than the calculated one in the first decomposition step may be 
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attributed to a minor redox by-reaction involving pyridine and perchlorate ion. The mass 

spectroscopy analysis for the first and second steps resulted in the appearance of pyridine fragment 

signals such as m/z = 26 (CN), 36(C3), 39(C2HN), 50(C2HN), 51(C2H2N), 52(C2H3N) and 79 

(C5H5N). Also the signals m/z = 30 and m/z = 44 were assigned to NO and CO2 as decomposition 

products, respectively, whereas m/z = 17 and m/z = 18 belonging to water fragments. These 

fragments were formed via the oxidation of pyridine since it was the only available source of 

hydrogen in the system. The intensity of m/z = 28 and parent m/z 44 peaks (CO from CO2 or N2 

from N2O) suggested that the m/z = 44 probably belonged to CO2 instead of N2O. Under an inert 

atmosphere, no external source of oxygen was provided and the formation of oxides such as CO2, 

N2O, NO, and H2O was related to the decomposition of perchlorate anion. Up to 200 oC, the thermal 

degradation processes were accompanied by endothermic heat effects regarding the loss and the 

degradation of pyridine ligands under both atmospheres. From 200 oC (under N2) a fast oxidation 

process of carbonaceous residues of pyridine by perchlorate ions was initiated which was 

accompanied by high heat release.  

The thermal decomposition of compound 6 started at room temperature with its dehydration 

completed up to 90 oC under inert and oxidizing atmospheres (Figure 2e). The first decomposition 

step resulted in the formation of anhydrous compound 6 (compound 6a) which was stable up to 

221 oC in an inert or oxidative atmosphere either. Up to 500 oC, the outer oxygen source did not 

play a key role in the decomposition process. The cobalt(III) content did not reduce completely in 

the main decomposition step (~240 oC) under inert and oxidizing atmospheres, resulting in a 

residual cobalt(III) content in the intermediate material formed at 300 oC instead of the expected 

cobaltyl sulfate ((CoO)2SO4). On further heating up to 719 oC, cobalt(II, III) oxide (Co3O4) was 

obtained under air, whereas CoO and two allotropes (hcp and fcc) of metallic cobalt were obtained 

in inert conditions. The main decomposition step of compound 6 was found to be endothermic 

independently on the atmosphere. Nonetheless, a small exothermic peak was observed at 414 oC 

(air) and 474 oC (N2) curves, which was related to the formation of a minor intermediate phase 

beforehand the formation of the end product. According to the evolved gas analysis, water 

evolution was found during the dehydration and also in the main decomposition steps which 

confirmed the existence of a redox reaction involving ammonia molecules, since the only source 

of hydrogen may only be the coordinated ammonia. The presence of NO and N2
 confirmed the 

oxidation of ammonia.  
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Figure 2. a) TG studies of compound 4a in He atmosphere; b) The gaseous products of the redox reaction between the 

pyridine ligands and permanganate anions in the air; c) Thermal decomposition curve of compound 4b under inert 

a) b) 

c) d) 
e) 

f) 
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atmosphere; d) TG–MS ion intensities of the pyridine and its oxidation products (H2O, CO2/N2O, CO and NO) during 

decomposition of perchlorate double salt under Ar 

The thermal decomposition of all the studied amminecobalt permanganate complexes was 

an explosion-like process. The main decomposition step of compound 7a occurred at ~ 107 – 111 

oC) accompanied by the two secondary decomposition steps at ~ 139 – 144 oC and ~ 169 – 172 oC 

under inert and air atmospheres, respectively (Figure 3. a). These are slightly exothermic processes 

that may be related to the oxidation of the residual materials from the main decomposition process. 

Under air, the released heat in the main decomposition step was found to be higher (579.67 kJ/mol) 

than in inert conditions (386.97 kJ/mol), which may be attributed to the role of aerial oxygen in the 

oxidation of the ligand. According to the evolved gas analysis (Figure 3. b), the presence of the 

fragments m/z = 17 and 18 confirmed the redox reaction of ammonia and permanganate ions in the 

main decomposition step. The fragments m/z = 30 and 44 may be related to the ammonia oxidation 

products, NO and N2O, respectively.  

In the thermal decomposition of compound 8a, we could see the formation of at least three 

intermediate points between 135 – 280 oC and 131 – 250 oC under air and argon, respectively 

(Figure 3. c). The first mass loss was in accordance with the theoretical release of 1 H2O (theor. 

5.12 %; obs. 8.17%) but this decomposition step showed the presence of some fragments of NH3, 

H2O, and N2  (m/z = 16, 17, 18, and 28); whereas in the second step the evolution of ammonia, 

H2O and NO (m/z = 17, 18, 30) could be observed ( Figure 3.d). The third decomposition step 

could be assigned to the evolution of the residual ammonia, its fragments, and the formation of 

such oxidation products as H2O and N2O (m/z = 16, 17, 18, 28, 30, and 44). The presence of water 

was an evidence that the redox reaction took place in the solid phase. The TG-MS analysis showed 

that around 401 oC, N2 (m/z = 28) was formed. The low decomposition temperature of compound 

8a together with the exothermic character of the reaction suggested the presence of a heat-evolving 

redox process between the reducing ammonia and oxidizing permanganate anion. Also, the lower 

exothermicity of the first decomposition step in pure O2 (-107.07 kJ/mol) in comparison with the 

N2 (-260.82 kJ/mol) DSC curve may be attributed to the fact that the aerial oxygen may play role 

in the formation of endothermic NO during the decomposition process.  

The thermal decomposition process of compound 9a was quite similar to the previous ones 

described above. There were two exothermic peaks at 121.6 oC (air)/125 oC (argon) and at 193.6 

oC (air)/181 oC (argon) (Figure 3e). In the decomposition in the aerial atmosphere, the mass loss 

observed (4.9 %) was close to the theoretical value ~ 1 molecule of water (theor. 4.3 %) or one 
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molecule of ammonia (theor. 4.08%) evolution. In the second decomposition step, the mass loss of 

28.6 % may be attributed to the evolution of ammonia and its oxidized fragments (N2, NO, N2O, 

NO2). Above 300 °C, a mass loss of 6.5% was observed and the residual mass at 500 °C was 57.7%, 

which was slightly higher than the calculated one of mass percent for CoMn2O4 spinel (55.77%) 

formation. 

Due to the similarity of the decomposition of the compound 9a under air and argon 

atmospheres, the mass spectral analysis was performed only in the case of the inert condition. We 

could confirm the evolution of water (m/z =18) in the first decomposition step; the presence of 

ammonia, its fragments, and oxidized products (m/z = 16, 17, 28, 30, 44) in the second step 

accompanied by the water signal (m/z = 18) which showed that a redox-reaction took part over the 

decomposition process. The DSC analysis revealed a highly exothermic peak at 119.48 oC (O2) and 

117.77 oC (N2) accompanied by a reaction heat of (ΔH = − 475.85 kJ/mol and − 479.95 kJ/mol in 

O2 and N2, respectively). The exothermic reaction heat in the second decomposition step (at 189.9 

oC (O2) and 188.3 oC (N2)) resulted in -102.31 kJ/mol (O2) and -121.48 kJ/mol (N2), respectively. 

From these results, I may state the outer oxygen does not play any key role to initiate the 

decomposition reaction, thus the permanganate ion source is quite enough to provide and start the 

oxidation of the ammonia ligand in the compound 9a to promote the complete oxidation.  

  

b) 
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Figure 3. a) Thermal decomposition curves of [Co(NH3)6](MnO4)3  under Argon; b) TG-MS curves of 

[Co(NH3)6](MnO4)3  under argon; c) thermal decomposition  curve of [Co(NH3)6]Cl2(MnO4) under air; d) thermal 

decomposition and MS curve of [Co(NH3)6]Cl2(MnO4) under argon;  

 

4.4 Intermediates of cobalt-complexes as photocatalysts 

The decomposition intermediates from compound 6 obtained at 300 oC in the air – catalyst 

1 – were found to be active catalysts in the decomposition of Congo Red (CR) and Methyl Orange 

(MO) test materials. The reactions were performed at pH below and above the pKa value of each 

dye. In the case of MO, no significant decomposition was observed. However, decomposition of 

CR was reliably accelerated -  two times at pH 3.40 and seven times at pH 5.25 in comparison to 

the blank sample (without catalyst). The results pointed out adsorption towards Congo Red in an 

amount of 30.7 mg of dye per gram of catalyst. 

Among the studied thermal decomposition intermediates of compound 7a obtained in the 

air at 120 oC (catalyst 2) and 420 oC (catalyst 4) were active catalysts in the degradation of CR and 

c) d) 

e) f) 
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MO above pH of its pKa value. The intermediate obtained in an inert atmosphere at 110 oC (catalyst 

5); 240 oC (catalyst 6); 360 oC (catalyst 7) and at 400 oC (catalyst 3) was found to be active only in 

CR degradation, it accelerated the degradation of CR in 4, 7, 11 and 9 times compared to the control 

without catalyst. 

The decomposition intermediates of compound 8a obtained in an inert atmosphere at 115 

oC (catalyst 8); 250 oC (catalyst 9); 390 oC (catalyst 10) and 500 oC (catalyst 11) were the most 

active for the degradation of Congo Red (acceleration rates of 54, 12, 11 and 9 times, respectively). 

There were no significant results for the Methyl Orange solution. The sample prepared in an 

oxidizing atmosphere at 500 oC (catalyst 12) resulted in significant photocatalytic properties 

(acceleration rate was found to be 9 times) in the case of Congo Red solutions. 

The most active intermediates in the decomposition of (CR) from compound 9a were the 

ones formed in an inert atmosphere at 125 oC (catalyst 13) and 420 oC (catalyst 14) with 

acceleration rates of 5 and 13 times respectively; also in an oxidizing atmosphere at 125 oC (catalyst 

15) and 550 oC (catalyst 16) – acceleration rates of 18 and 9 respectively. The only significant 

result in the decomposition of (MO) was through the application of the catalyst 15 (acceleration 

rate of 8.75 times), the others did not result in in-activeness.  

The results obtained such as the linear regression by considering the Lagergren model are 

summarized in Table 5. 

Table 5. Photocatalytic activity of cobalt-complexes in the degradation of Methyl Orange and Congo Red dyes 

Substrate pH Kapp / 10-4. min-1 R2 

Congo Red, 2.10-5 M, without catalyst 3.40 1.0 0,81 

5.25 1.0 0.98 
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Congo Red, 2.10-5 M, with catalyst 1 3.40 2.0 0.92 

 5.25 7.0 0.98 

Congo Red, 2.10-5 M, with catalyst 5 5.7 4.0 0.96 

Congo Red, 2.10-5 M, with catalyst 2 5.7 4.2 0.97 

Congo Red, 2.10-5 M, with catalyst 6 5.7 7.0 0.98 

Congo Red, 2.10-5 M, with catalyst 7 5.7 11.0 0.95 

Congo Red, 2.10-5 M, with catalyst 3 5.7 9.0 0.97 

Congo Red, 2.10-5 M, with catalyst 4 5.7 7.0 0.96 

Congo Red, 2.10-5 M, with catalyst 8 5.7 54.0 0.93 

Congo Red, 2.10-5 M, with catalyst 9 5.7 12.0 0.87 

Congo Red, 2.10-5 M, with catalyst 10 5.7 11.0 0.99 

Congo Red, 2.10-5 M, with catalyst 11 5.7 9.0 0.99 

Congo Red, 2.10-5 M, with catalyst 12 5.7 9.0 0.98 

Congo Red, 2.10-5 M, with catalyst 13 5.7 5.0 0.93 

Congo Red, 2.10-5 M, with catalyst 14 5.7 13.0 0.98 

Congo Red, 2.10-5 M, with catalyst 15 5.7 18.0 0.89 

Congo Red, 2.10-5 M, with catalyst 16 5.7 9.0 0.96 

Methyl Orange, 4.10-5 M, without catalyst 3.20 0.8 0.99 

5.60 0.8 0.99 

Methyl Orange, 4.10-5 M, with catalyst 2 5.60 7.0 0.98 

Methyl Orange, 4.10-5 M, with catalyst 6 5.60 2.0 0.91 

Methyl Orange, 4.10-5 M, with catalyst 7 5.60 2.0 0.96 

Methyl Orange, 4.10-5 M, with catalyst 15 5.60 7.0 0.17 

 

 5. Thesis statements 

5.1 –I synthesized and characterized some hardly studied inorganic complexes, such as: 

4[Agpy2MnO4].([Agpy4]MnO4) – compound 4a; 4[Agpy2ClO4].[Agpy4]ClO4 – compound 4b; 

[Co(NH3)4CO3]2SO4·3H2O – compound 6; [Co(NH3)6](MnO4)3 – compound 7a; 

[Co(NH3)6]Cl2(MnO4) – compound 8a; and also presented a new route for the synthesis of a 

formerly unknown [Co(NH3)5Cl](MnO4)2 – compound 9a. The pyridinesilver(I) perchlorate and 

pyridinesilver(I) permanganate complexes resulted in analog structures with the presence of 

[Ag(py)2]
+ and [Ag(py)4]

+ cations in their crystal lattice. The permanganate and perchlorate ions 

were coordinated to [Agpy2]
+ but not coordinated to [Agpy4]

+ cations. Thus, the novelty of this 

study is the synthesis and caracterization of [Co(NH3)5Cl](MnO4)2 - compound 9a; in addition to 

complementary carachterizations of the previously studied compounds, such as 

4[Agpy2MnO4].([Agpy4]MnO4) – compound 4a; 4[Agpy2ClO4].[Agpy4]ClO4 – compound 4b; 

[Co(NH3)4CO3]2SO4·3H2O – compound 6; [Co(NH3)6](MnO4)3 – compound 7a and 

[Co(NH3)6]Cl2(MnO4) – compound 8a (P1-P3, P5). 
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5.2 – The thermal studies of compound 4a showed a two-step decomposition process, forming 

elementary Ag and Mn3O4 phases as end products. The thermal decomposition of the isomorph 

compound 4b consisted of more steps being hard to isolate the intermediates between 105 oC – 300 

oC. It was found that AgClO4 was obtained, and by further heating, its eutectic mixture with AgCl 

was decomposed in melt and formed AgCl as an end-product (P2, P3, P4). 

 

5.3 – The thermal studies of compound 6 enabled us to identify the residual cobalt(III) content in 

the intermediate material formed at 300 oC instead of the expected cobaltyl sulfate ((CoO)2SO4). 

The end products were the cobalt(II,III) oxide (Co3O4) obtained under air and a mixture of CoO 

and two allotropes (hcp and fcc) of metallic cobalt under inert conditions (P1).  

 

5.4. The crystal structure of the compounds 4b, 7a,  8a, and 9a were solved in this work. Compound 

4b presented isomorphism with compound 4a described previously and crystallized in the 

tetragonal crystal system (space group I-4). The complete structure refinement of compound 7a 

was problematic due to the modulation of the structure and supercell reflections could be observed. 

Based on the structure refinements it was suggested I-4 as a space group. However, the refinement 

of this crystals structure has been a hard task due to the probability of incommensurate structural 

features. On the other hand, the structures of compound 8a and 9a were succesfully performed. 

Compound 8a was found to be monoclinic with space group P 21/c while compound 9a was 

described as orthorrombic with space group Cmc21 (P3, P5) 

 

5.5 – The thermal decomposition of hexaamminecobalt(III) permanganate complexes resulted in 

an abrupt falling in the first decomposition step being highly exothermic. These complexes resulted 

in a different stoichiometric ratio of spinel-like materials, such as Co0.75Mn2.25O4 from compound 

7a; Co1.5Mn1.5O4 from compound 8a, and CoMn2O4 from compound 9a as end products (P5). 

 

5.6 – The cobalt-intermediates as well the end products obtained along the thermal decomposition 

process of each inorganic complexes mentioned in this study showed some activity in the 

degradation of organic dyes such as Congo Red (CR) and Methyl Orange (MO) under UV-Vis 

irradiation. The most active among them was catalyst 8  - the intermediate obtained in an inert 
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atmosphere at 115 oC from compound 8a – which accelerate up the decomposition rate of Congo 

Red 54 times above the pH of the pKa value of CR (P1, P5).  
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