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1. INTRODUCTION 

The chemistry of ammonia and pyridine complexes of cobalt(III) and silver(I) salts is 

an intensively studied area. However, due to the reducing character of the ligands in these 

complex cations, the compounds having oxidizing anions like permanganate ion are not very 

stable and have not been studied in detail previously. The known permanganate compounds of 

amminecobalt(III) and pyridinesilver(I) complex cations easily decompose even under storage; 

thus, only minimal pieces of information are available about their properties1–5. Since the 

decomposition temperature of these complexes is generally lower than the typical 

decomposition temperatures of the complex cationic or permanganate anion, a quasi-

intramolecular redox reaction can be expected in the solid phase decomposition processes, 

which gives a possibility to prepare amorphous and nanosized silver-manganese or cobalt-

manganese oxides. It is also known that solid-phase quasi-intramolecular redox reactions occur 

in some tetraamminemetal (M=Cu, Zn, and Cd) complexes when nanosize MMn2O4 type 

spinels with excellent catalytic activity in several industrially important reactions are isolated6–

8.  

Therefore, we synthesized some amminecobalt(III) and pyridiensilver(I) cation 

containing permanganate compounds to study their thermal decomposition to form promising 

silver-manganese and cobalt manganese oxide phases.  

The structure and spectroscopical properties of the complexes and the surface 

properties of the oxide phases have been studied in detail to investigate the relationships 

between the structure and properties of starting complexes and the formation of the expected 

spinel-like oxide phases.  

A set of (Co,Mn)(Mn,Co)2O4 spinel Co-Mn oxides with various Co:Mn 

stoichiometries were prepared and studied by decomposition of precursors 

([chloro(pentaammine)cobalt(III)] dipermanganate (Co:Mn=1:2), [hexaamminecobalt(III)] 

tripermanganate (Co:Mn=1:3), and [hexaamminecobalt(III)] dichloride permanganate 

(Co:Mn=1:1) with 1:1-3 Co:Mn stoichiometries. The variability of Co and Mn valences (both 

elements have +2 and +3 oxidation state, and manganese might be stable in +4 oxidation state 

as well) allows preparing spinel materials that might have a different distribution of each type 

of cations between the tetrahedral and octahedral sites as in case of normal spinel preparation 

processes.  

We are also studying and describing a method to prepare Ag/Mn3O4 composites since 

they are used as catalysts in various industrially important reactions like the decomposition of 
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dyes in wastewaters9. A series of pyridinesilver(I) permanganate complexes were prepared and 

studied, with different Py:Ag (Py: Mn) stoichiometries from 2-4.   

The temperature of the exothermic solid-phase decomposition processes of the studied 

compounds is below 200 °C. Due to the solid phase and low temperature, the crystalline lattice 

of the starting complexes are collapsed without re-arrangement of the heavy lattice atoms 

(metals, Mn); thus amorphous materials are formed as primary products. The crystallization 

and the size of these amorphous materials are controlled by temperature, heating time, and 

atmosphere. In this way, a controlled (size and crystallinity) catalyst preparation route is 

developed based on the synthesis and decomposition of Ag and Co complexes with pyridine 

and ammonia ligands and oxidizing permanganate anion.  
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2. MAIN GOALS 

 

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

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

 

Table 1. Labels of mentioned complexes 

Compound – formula Label 

AgMnO4 1a 

Agpy2MnO4 2a 

[Agpy2MnO4].0.5py 3a 

([Agpy4]MnO4).4[Agpy2MnO4]  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 

 

The compound 4b has not been characterized in detail since the date; therefore, we 

prepared that in a low-temperature decomposition process of compound 5b to get information 

about its spectral composition, structural features, and thermal decomposition data. 
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Based on the available data about compound 6 and due to controversies between them 

presented so far, this work investigated the role of inert and oxidizing atmosphere on the 

decomposition pathway up to 800.0 oC, including the thermal decomposition behavior and the 

characterization of its intermediates, the spectroscopic data – including Raman - and the 

existence of a possible polymorphism (due to diversity of crystal habits10–14). 

The shortfall of information on the crystallographic structure, complete spectroscopic 

data, and the thermal studies avoiding the explosion of the permanganate complexes prompt us 

to investigate better compound 7a to provide missing information and characterize the 

intermediates formed along the decomposition process. The available data about its analogs 

may help to identify the missing pieces of information regarding our target material.  

Similarly, the missing pieces of information about the composition and structure of 

compound 8a encouraged us to investigate it in detail, and all the information found is presented 

by this research work.  

Compound 9a has not been reported in the literature since the date; therefore, I studied 

and proposed a route of preparation for this material since it looks like a good precursor in the 

formation of bimetallic oxide composites containing Co and another metallic component. 

 

 

 

 

.
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3. LITERATURE REVIEW 

 

3.1 Complexes of silver permanganate with pyridine (2a-5a) 

The first attempt to prepare pyridinesilver permanganate complexes was described by 

Klobb in 18865. He reacted aq. pyridine with silver sulphate and potassium permanganate, and 

two compounds were isolated and characterized with Agpy2MnO4 and Agpy2.5MnO4 formulas.  

Almost one hundred years later, Firouzabadi et al. (1982)15 reported an easy way to prepare a 

purple crystalline material declared as Agpy2MnO4 in high yield (90%) in the reaction of 

KMnO4, AgNO3, and 3 equiv. of pyridine in aq. solution. Agpy2MnO4 was prepared by 

recrystallizing the crude reaction product from acetone-benzene. Lee (2001)16 reproduced the 

method described previously15 and checked the oxidation property of this material in various 

organic reactions.  

Kotai et al. (2005)17 reproduced the methods described by Firouzabadi15 and pointed 

out that Firouzabadi’ s raw product is a mixture of the target compound with the compound 

described by Klobb as Agpy2.5MnO4, which proved to be Agpy2.4MnO4 

([Agpy4]MnO4)·4[Agpy2MnO4] and by recrystallization of this mixture from acetone benzene, 

[Agpy2MnO4]·0.5py (formally Agpy2.5MnO4) could be isolated.   

Sajó et al. (2018)1 performed a detailed study on the compounds of AgMnO4-pyridine-

H2O system, and four compounds could be isolated and identified via powder diffraction and 

spectroscopic analysis, namely Agpy2MnO4 (compound 2a), [Agpy2MnO4]·0.5py (compound 

3a), ([Agpy4]MnO4)·4[Agpy2MnO4] (compound 4a) and [Agpy4]MnO4 (compound 5a). 

Compound 4a is a double salt, (Agpy2.4MnO4 found to be identical with the compound formerly 

prepared by Klobb and characterized with the Agpy2.5MnO4 formula). However, a compound 

with Agpy2.5MnO4 also exists. That is a hemipyridine solvate of Agpy2MnO4 (compound 3a) 

and not identical to Klobb’s “Agpy2.5MnO4”.   

The preparation, properties, and interconversions of the four pyridinesilver(I) 

permanganate complexes were given by Sajó et al. (2018)1 (Figure 1). Bis(pyridine)silver 

permanganate (compound 2a) was isolated by reacting [Agpy2]NO3 with concentrated sodium 

permanganate solution with cooling.  

 

[Agpy2]NO3 + NaMnO4 = Agpy2MnO4 + NaNO3 (1) 
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The double salt, ([Agpy4]MnO4)·4[Agpy2MnO4] (compound 4a) was formed by adding 

10 volumes of water to pyridine solution of AgMnO4 at a molar ratio of Ag:py = 1:50. Changing 

the polarity of the salting-out solvent has an essential influence on the composition and  content 

of the product. If benzene was added to the AgMnO4 solution in pyridine, [Agpy4]MnO4 

(compound 5a) could be formed. Compound 5a could also be prepared by crystallization from 

concentrated pyridine solution of AgMnO4 at around -18.0 oC. Compound 3a could only be 

prepared by recrystallizing compound 2a or mixtures containing compound 2a and 4a from 

acetone-benzene mixtures1.  

The preparation methods and the interconversion reactions of compounds 1a-5a are 

summarized in Figure 1.  

 

Figure 1.  Interconversion scheme of permanganate complexes. Adapted from1 

Standing overnight, compound 5a transforms to compound 4a. The structure of 

compound 2a has not been known before and was firstly described by the authors1. Its 

hemipyridine solvate contains coordinated permanganate ion to the Agpy2
+ units18. The 

crystallographic data for pyridinesilver(I) permanganate complexes are summarized in Table 2.  

Table 2. Crystallographic parameters of pyridinesilver(I) permanganate complexes 

Empirical Formula Formula 

Weight 

Crystal 

System 

Space 

Group 

Unit cell dimensions Z Crystal 

size (mm) 

D  

(g.cm-

3) 

T 

(oC) 
V (Å3) R-factor 

(%) 

Agpy2MnO4 (2a) - Monoclinic Cc a = 22.875A°; b = 

12.666A°; c = 

20.225A°; β = 62.361 

o 

16 - 1.970 25.0 5191.2 - 

Agpy2.4MnO4 (4a) - Tetragonal 𝐼4
− a = 22.01A°; c 

=7.6075A° 

10

(1) 

- 1.877 25.0 3685.4 - 

[Agpy2MnO4].0.5py  

(3a) 

849.12 Monoclinic C2/c a = 19.410(1)A°; b 

7.788(1) A°; c = 

21.177 (1)A°; α = 

90.00o; β = 104.20(1) 

o; γ = 90.00o 

4 0.40x0.30

x0.07 

1.817 22.0 3103.4(5) 4.51 

Agpy4MnO4 (5a) - Monoclinic P21 a = 15.24A°; b = 

13.89A°; c = 5.31A°; 

β = 84.13 o 

2 - - 25.0 1117 - 
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Although the structure of compound 5a and compound 4a has not been determined, the 

isomorphism with the analogous perchlorate complexes, [Agpy4]ClO4 (compound 5b) and 

4[Agpy2ClO4].[Agpy4]ClO4 (compound 4b) strongly suggests that compound 5a contains 

tetrahedral tetrapyridinesilver(I) cation and isolated permanganate ion. In contrast, compound 

4a has dimeric Agpy2 units with coordinated permanganate ions and tetrahedral [Agpy4]
+ 

cations and separated permanganate counter ion to neutralize the charge of this cation1.  

The thermal analysis of compounds 2a, 3a, and Agpy2.25MnO4 (as it turned out later, it 

is the analog of compound 4a, which lost a part of its original pyridine content) was reported 

by Kotai L. and coworkers4,19. The thermal decomposition of compound 3a in the argon 

atmosphere showed a minimal amount of benzene evolution with a maximum at 73.0 oC. The 

mass fragments related to that were assigned as m/z 77 and 78. Pyridine evolution (m/z 51 and 

79) was detected up to 85.0 oC. The authors pointed out the possibility of benzene as a pyridine 

solvate substituent in the lattice. However, most of the solvate in the system is pyridine and, 

since the solvent content is easily escaped even at room temperature, compound 3a is fast 

converted to compound 2a on standing.   

The thermal decomposition of the compounds 2a and Agpy2.25MnO4 showed a very 

similar pattern. It was stated that the complexes started their decomposition at 50.0 oC, with a 

maximum mass loss achieved at 78.0 oC. The most typical feature of these reactions was the 

lack of oxygen evolution during the thermal decomposition, which is unusual during the thermal 

decomposition of permanganate compounds. Over the free pyridine signals (m/z 79), not only 

the fragments but its oxidative decomposition products (CO2 (m/z 44), CO (m/z 28), H2O (m/z 

18), and NO (m/z 30)) were also identified by mass spectroscopy. Based on that it was declared 

the presence of an intramolecular redox reaction in the solid phase between the oxidizing 

permanganate anion and coordinated pyridine ligand of the cation in the complex, bearing in 

mind that the thermal stability of the Agpy2
+ cation is higher (Tdec > 147.0 oC)20,21 than the 

decomposition temperatures observed for compound 2a and Agpy2.25MnO4. 

The IR spectroscopic study on compounds 2a, 3a, 5a, 4a complexes was described by 

Sajó et al. (2018) and is summarized in Table 3.  The assignation of aromatic C-H bands, 

permanganate, and pyridine ring vibrations of these compounds was given. 

 

Table 3. Infra-red spectra of pyridinesilver(I) permanganate complexes 

Compound 
Aromatic C-H 

bands (cm-1) 
Pyridine ring vibrations (cm-1) 

MnO4 bands (cm-1) 
Ref. 
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Agpy2MnO4 

(2a) 

3103, 3070, 3039 

and 3002 cm-1 

1602, 1486, 1448, 1220, 1154, 

1074, 1042, 1015, 891, 745, 700, 

640 and 412 cm-1 

919 cm-1 (vs, triplet, νas)  
1 

830 cm-1 (w, singlet, νs) 

[Agpy2MnO4].0.

5py  

(3a) 

3102, 3067, 3038 

and 3000 cm-1 

1600, 1485, 1447, 1219, 1152, 

1070, 1041, 1014, 880, 750, 697, 

636, 414 cm-1 

920-910 cm-1 (vs, triplet, 

νas) 

1 
831 cm-1 (w, singlet, νs) 

Agpy4MnO4 

(5a) 

3056-2999  cm-1 

(wide multiplet) 

1591, 1483, 1440, 1214, 1152, 

1033, 1003, 885, 750, 697, 618 and 

411 cm-1 

884, 897 cm-1 (vs, νas)  

1 825 cm-1 (w, singlet, νs). 

Agpy2.4MnO4 

(4a) 

2999 and 3039 cm-1 1592, 1485, 1448, 1214, 1154, 

1071, 1033, 1012, 891, 756, 707 

and 413 cm-1 

909, 917 cm-1 (vs, νas)  

1 

826 cm-1 (w, singlet, νs) 

 

3.2 Complexes of silver perchlorate with pyridine (2b-5b) 

The first considerations regarding pyridine complexes of silver perchlorate were 

reported by Macy (1925)22. A ternary aqueous-phase diagram at 25.0 oC was described, as 

shown in Figure 2. According to Macy, [Agpy2]ClO4 (compound 2b), Agpy2.25ClO4 (it was 

proved to be later the compound 4b (Agpy2.4ClO4)), and [Agpy4]ClO4 (compound 5b) could be 

isolated in this system. Some crucial features regarding the solubility curve and the fragments 

of each phase of these complexes are summarized in Figure 2. The authors refer “S” to silver 

perchlorate and “Py” to pyridine. S·4Py correspond to: AgClO4·4C5H5N; 4S·9Py is actually 

5AgClO4·12C5H5N and S·2Py: AgClO4·2C5H5N.  

 

Figure 2. The ternary system of silver perchlorate (S), pyridine (Py) and water (W) at 25.0 °C 
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The amount of water in the system can directly affect the solubility of AgClO4 in 

pyridine, which varies from 20% to < 0.5%. There are four invariant equilibria (1-4) and one 

fragment related to the unsaturated solution (L). The curve d-e specifies the solubility of 

AgClO4. In contrast, the curve b-c represents the composition of the solid phase, which is in 

accordance with the composition of the forming complex under areas 1 and 2. It was pointed 

out that compound 2b was the most stable solid phase with melting point (m.p) at 144.0-147.0 

oC; [Agpy2.25]ClO4 and compound 5b were unstable solid phases that melted (m.p) at 68.0 oC 

and 95.6 oC, respectively. 

The complex 2b studied by Kauffman and Pinnell (1960)20 was isolated in a three-step 

process. They reacted AgNO3 with NaClO4 in pyridine solution in a ratio of (Ag:ClO4:py = 

1:1.3:6, py/H2O = 5/9 (v/v)). After chilling the solution at 10.0 oC, a white precipitate was 

formed. The product was purified using chloroform-pyridine mixture (5:1 (v/v)) and 

diethylether. This solid was treated in a vacuum system. Despite the success in preparing this 

complex, no detailed information upon its structure and composition was provided.  

Nilsson and Oskarsson (1982)23 reported the preparation of compound 5b by dissolving 

silver(I) perchlorate in pyridine solution with subsequent cooling to -20.0 °C. It slowly lost 

pyridine at room temperature. Therefore, the crystal structure was determined at -13.0 oC (Table 

4). The data are consistent with an isostructural arrangement with discrete [Agpy4]
+  and ClO4

-  

ions, where cations and anions are symmetrical. The metal ions are coordinated with four 

pyridines and not coordinated with ordered perchlorate ions, which results in a tetrahedral 

cation geometry. The authors also stated that the shortest distance between the metal-metal 

bonds of silver was 6.748 Å. 

 

Table 4. Crystallographic parameters of pyridinesilver(I) perchlorate complexes 

Empirical 

Formula 

Formula 

Weight 

Crystal System Space 

Group 

Unit cell 

dimensions, Å 

Z D  

(g.cm
-3) 

T (oC) V (Å3) R-factor 

(%) 

Ref. 

[Agpy2]ClO4 

2b 

- Orthorhombic Pnn2 / 

Pnnm 

a = 20.138; b = 

12.694; c 

=10.125 

8 1.876 25.0 2588.3 - 1 

[Agpy2]ClO4 

2b 

731.04 orthorhombic Pbcn a = 19.958(2); 

b 10.0034(13); 

c = 12.3082(16)  

8 1.976 -123.0 2457.3(5) 4.57 24 

4[Agpy2ClO4].[A

gpy4]ClO4 4b 

3971.8 Tetragonal 𝐼4
− a = 21.95 (1); c 

= 7.684 (3)  

 1.78 22.0 3702 (2) - 3 

[Agpy4]ClO4 

5b 

- Tetragonal I4, 𝐼4
−, 

I4/m 

a = 12.874(1); 

c = 6.748(4)  

2 1.55 -13.0 1118.4 - 23 
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Dyason and co-workers (1985)3 evaluated the composition of the product obtained by 

the crystallization of crude compound 2b from CHCl3-py by Kaufmann and Pinnell described 

previously22 and found that this compound is 4b and not the expected 2b. The crystallographic 

data obtained by single-crystal-X-ray methods is available in Table 4. According to them, two 

types of complex cation are present in the elementary cell, four pieces of [Agpy2]
+ and one  

[Agpy4]
+,  and two perchlorate anions. The authors highlighted that by drying the material under 

the specified conditions (vacuum system), the pyridine is lost with the conversion of compound 

4b to 2b. The synthesis, structure, and vibrational spectroscopy of silver(I) pyridine 

perchlorates in 1:1 and 1:2 stoichiometries were also reported by Bowmaker et al. (2005)25.  

Chen et al. (2007)24 emphasized that different stoichiometry of silver(I) pyridine 

adducts can be obtained depending on preparation conditions. To prepare compound 2b, using 

a vacuum under the drying process was essential20,25. The authors also provided the data 

regarding Crystallographic characterization (Table 4).  

Sajó et al. (2018)1 reproduced the method described by Kauffman and Pinnell20 and 

proved that the primary product isolated by them consists of a mixture of compounds 2b and 

4b, and a new compound was also identified as 3b. Regarding [bis(pyridine)silver(I)] 

perchlorate, the authors1 could isolate it by dissolving silver(I) perchlorate in pyridine and 

removing the solvent in a vacuum at room temperature. They have also investigated other routes 

to prepare various pyridinesilver(I) perchlorate complexes, as shown in Figure 3. 

 

Figure 3. Interconversion scheme of permanganate complexes. Adapted from1 

 

Trituration of a mixture of compounds 2b and 4b in a ratio of 1:1 with acetone: benzene 

mixture (1:1, v/v) resulted in a solid phase that proved to be the compound 3b1. This newly 

identified compound is stable only in contact with mother liquor and decomposes to compound 

2b in air.  
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The compound 5b was formed from a saturated solution of AgClO4 in pyridine kept in 

cold (-18.0 oC). It turns into compound 2b  on leaving the solution to evaporate to dryness at 

room temperature. It was also proved that compound 4b was converted to 2b by losing pyridine, 

as reported before23.  

The vibrational modes of the coordinated/non-coordinated perchlorate ions for 

compounds 4b and 5b were reported by Bowmaker et al. (2005)25 and Sajó and co-workers 

(2018)1 respectively, and the aromatic C-H bands, pyridine ring vibrations, and ClO4 band 

frequencies are summarized in Table 5. 

 

Table 5. Infra-red spectra of pyridinesilver perchlorate complexes   

Compound Assignations of cation bands (cm-1) 
Assignation of ClO4 bands (cm-1) Refer

ence 

4b 

 

 

 

226 (νas(AgN)cm-1166 νs(AgN, 122 (ν(AgN) in Ag𝑝𝑦4
+)),  419 

(Ag𝑝𝑦4
+)  and 412 (Ag𝑝𝑦2

+) 

 

 25 

3095(*), 3063 (*), 3043 (*) ,  1592(**), 1482(**), 1440(**), 

1215(**), 1155(**), 1079(**),1034(**), 1002(**), 885(**), 

751(**), 700(**) and 407(**) cm-1 

1064 cm-1 (vs, νas (ClO)) 
 

944 cm-1 (w, singlet, νs (ClO)) 

 

 

1 

 

 

3b 

3109 (*), 3071(*), 

3045(*)  

- 

1603(**),1488 (**), 

1447(**), 1222(**), 

1155(**), 1074(**), 

1041(**), 1015(**), 

750(**), 692(**), 638(**), 

413(**),  

1067-1057 cm-1 (vs, multiplet, νas 

(ClO)) 

 

930 cm-1 (w, singlet, νs (ClO)). 

 

 

1 

 

2b 3113(*), 3080(*), 

3049(*), 3008(*)  

 1607(**),  1497(**),  

1452(**), 1224 (**),, 

1156(**), 1046(**),  

1017(**),  751(**),  

641(**),  414 (**) 

1132 cm-1 (vs,singlet/shoulder, νas 

(ClO)) 

 

945 cm-1 (w, singlet, νs (ClO)) 

1 

 

5b 
3062 (*) (wide 

multiplet) 

- 

1592, 1481, 1440, 1215, 

1155, 1035, 1003, 885, 751, 

700, 618, 408 cm-1 

 

1064,1078 cm-1 (vs, νas (ClO)) 

 

944 -1 (w, singlet, νs (ClO)) 

1 

* aromatic C-H bands (cm-1), ** pyridine ring vibrations 
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3.3  [Co(NH3)4CO3]2SO4.3H2O 

The [carbonatotetraamminecobalt(III)] sulfate trihydrate, ([Co(NH3)4CO3]2SO4.3H2O) 

(compound 6) has been known for a long time26, and its dehydrated product may be a good 

precursor in the preparation of nanosized cobalt oxide catalysts27,28. As a water-soluble 

compound (s ≥ 60.61 g/L), it is an interesting precursor material for us to prepare various water-

soluble (carbonato)tetraammine)cobalt(III) salts29, including permanganate, 

[Co(NH3)4CO3]MnO4, which is a good precursor to prepare mixed cobalt-manganese oxides as 

Fischer-Tropsch catalysts30.  

 

[Co(NH3)4CO3]2SO4 +  BaX2 = 2[Co(NH3)4CO3]X + BaSO4       where X = MnO4 (2) 

 

The IR analysis of compound 6 was also done by Siebert (1959)31 and Goldsmith et al. 

(1968)32, and assignation of the main vibrational modes were given. Hara (1952)33 studied the 

precipitation effect of compound 6 towards purified casein and egg-albumin proteins but did 

not observe precipitation due to the low valency of compound 6.  

Strock and McCutcheon (1931)29 reported first the crystallographic data. Later different 

crystallographic parameters of compound 6 were reported as rhombohedral by Jaeger (1904)11, 

orthorhombic by Flint (1947)12, and monoclinic by Strock (1933)13 and Amigó et al. (1973)14. 

Strock reported that the ruby-red crystals have strong phleochromism. Macikenas et al. (1995)34 

confirmed the monoclinic structure of compound 6 by single-crystal XRD analysis. They also 

provided thermogravimetric data performed under Ar and assigned loss of three water 

molecules and the formation of Co3O4. No data regarding the formation of the intermediate 

containing the sulfate group was provided. 

 The thermal decomposition of compound 6 under air was studied by Amigó et al35. until 

800.0 oC. Two endothermic maxima were found, assigned to dehydration (~120.0 oC) and 

destruction of the complex (~ 280.0 oC). Exothermic maxima were also found at 350.0 oC, 415.0 

oC, and 450.0 oC. The thermogravimetric curve resulted in three defined steps, at 100.0–190.0, 

240.0–380.0, and 690.0–870.0 oC. The final product was found to be Co3O4. The IR spectra of 

the heat-treated samples made at 300.0, 500.0, and 700.0 oC showed the disappearance of 

ligands-related (NH3, Co-N, CO3) vibrational modes even at 300.0 °C, which confirmed 

complete decomposition of the complex structure in the second decomposition step. Further 

decomposition of the remained SO4 group was observed under prolonged heating at 700.0 oC, 

and finally, Co3O4 was formed due to oxidation (oxygen from the gas carrier). Onodera (1978)36 
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studied the decomposition of compound 6 in inert atmosphere (He) with a combination of 

thermogravimetric (TG), differential thermal analysis (DTA), and evolved gas analysis (EGA) 

up to 400.0 oC. Their DSC studies showed two endothermic peaks at 140.0 oC and 250.0 oC, 

which agreed with the previous data35. According to gas-evolution analysis36, the water 

molecule is liberated between 80.0 – 160.0 oC, and ammonia evolves above 180.0 oC. The 

authors have summarized the possible reaction routes as is shown below: 

 

[CoOCO2(NH3)5]X.H2O 
140−170 ℃
→        [CoOCO3(NH3)4.5]X + H2O + 0.5NH3 (3) 

[CoOCO3(NH3)4]X 
180−220 ℃
→        [CoXCO3(NH3)3] + NH3 and cobalt(II) ammine complexes (4) 

[CoOCO3(NH3)4]X 
200−300 ℃
→        Co2OX + N2 + NH3 + CO2        where X = SO4 (5) 

 

The authors concluded that ammonia played an important role in the reduction of Co(III) 

into Co(II) with the formation of (NH4)2SO4 as an intermediate dissociation product36. 

3.4 [Hexaamminecobalt(III)]- and [(chloro)pentaamminecobalt(III)] complexes with  

permanganate, perchlorate, perrhenate and pertechnetate ions   

To compare the effect of the central ion of the XO4
- (X = Mn, Re, Cl, Tc) anions with 

the same cationic components, the properties of the existing analog perchlorate, perrhenate, and 

pertechnetate complexes are also summarized. 

3.4.1 [Hexaamminecobalt(III)] permanganate, perchlorate, perrhenate and pertechnetate  

(compounds 7a-7d) 

The first attempts to prepare [Co(NH3)6](MnO4)3 (compound 7a) was reported by Klobb 

(1877)4 by combining a hot solution (~ 60.0 oC) containing 1 mol of [Co(NH3)6]Cl3 and 3 mol 

of KMnO4, where the crystals of the former compound were obtained upon cooling. The author 

stated the importance of washing it with cold water to get [hexaamminecobalt(III)] 

permanganate. According to the author, this compound is very sensitive to heating and impact 

and explodes easily.  

Later on, Baran and Aymonino (1968)37, by reproducing the method proposed 

previously by Klobb, confirmed the formation of the abovementioned compound, which has 

cubic crystals (a = 11.39 ± 0.01 Å; Z = 4). They assigned the IR vibrations of ammonia N-H, 

permanganate Mn-O, and cobalt Co-N modes in the range of 4000 cm-1 and 600 cm-1. The 

thermal decomposition of compound 7a was followed with DTA and found two exothermic 
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peaks at 100.0 oC and 107.0 oC within the initiation period of the thermal decomposition ended 

at 116.0 oC with an explosion. The impact sensitivity and ignition characteristics of compound 

7a were evaluated by Taylor (1969)38. 

The [hexaamminecobalt(III)] perchlorate, perrhenate and pertechnetate complexes, 

[Co(NH3)6](ClO4)3  (compound 7b), [Co(NH3)6](ReO4)3.2H2O) (compound 7c), and 

[Co(NH3)6][TcO4]3·2H2O (compound 7d), respectively, were studied in detail.21,39–43 The 

perchlorate salt (compound 7b) has cubic crystals, whereas the crystal structure consists of 

octahedral cations and tetrahedral anions. The perrhenate (compound 7c) and pertechnetate 

(compound 7d) salts have monoclinic crystals. Compound 7d crystallizes out in monoclinic 

system with space group P121/n (a = 8.0266(3) A˚ , b = 12.6275(5) A˚ , c = 17.6438(7) A˚ , β 

= 91.320(1)o),44 but this complex is not isostructural with compound 7c (monoclinic C)21,43. 

Mikuli et al. (2003)40 reported the infrared and Raman spectra of compound 7b at room 

temperature. The complex cation has 63 normal modes: cation: 3A1g + 3Eg + 3F1g + 7F1u + 4F2g 

+ 4F2u being 3F1g and 4F2u Raman and infrared active – octahedral symmetry with freely 

rotating of ammine groups (this one with six degrees of freedom for rotation about Co-N bonds) 

- and nine normal modes for ClO4
- anion (A1, E and 2F2) in tetrahedral symmetry. The authors 

also reported a phase transition at -170.0 oC, which resulted in a change of the crystal structure. 

Gorska et al. (2012)41 assigned two polymorphs of compound 7b, a cubic one at 66.9 oC 

(𝐹𝑚3̅𝑚) and another cubic one at -73.2 oC (𝐼𝑎3̅ ).  

Baidina et al. (2012)43 reported the crystal structure of compound 7c containing complex 

octahedral Co(III) cations,  three tetrahedral (ReO4)
- anions and two crystallization water 

molecules. The perrhenate anions and water molecules are bound via O-H···O-Re hydrogen 

bonds of 2.74 Å and 2.79 Å, respectively. Compound 7c has monoclinic crystals with a C2/c 

space group. The average Co-N bond distance was found to be 1.96 Å.  

3.4.2 [(Hexaamminecobalt(III)] dichloride permanganate, [Co(NH3)6]Cl2(MnO4), 

(compound 8a) 

The first and the only proposal since the date was written by Klobb (1877)4 through the 

combination of 1 mol [Co(NH3)6](MnO4)3 dissolved in 6 equiv. of hot (60.0 °C) [Co(NH3)6]Cl3 

solution. The preparation of starting [Co(NH3)6]Cl3 was described in detail45–47. However, there 

is no more information available about [Co(NH3)6]Cl2(MnO4) (compound 8a). 
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3.4.3 [(Chloro)(pentaammine)cobalt(III) permanganate, [Co(NH3)5Cl](MnO4)2 

(compound 9a) 

[Co(NH3)5Cl](MnO4)2 (compound 9a) has not been prepared until now; only its 

thermodynamical properties were calculated using theoretical methods48.  The perchlorate and 

perrhenate analogs, [Co(NH3)5Cl](ClO4)2 (compound 9b), [Co(NH3)5Сl](ReO4)2 (compound 

9c) and [Co(NH3)5Cl](ReO4)2.0.5H2O (compound 9b.0.5H2O), respectively, were described in 

detail43,49. 

Compound 9b was synthesized by heating the [(aqua)(pentaammine)cobalt(III)] 

triperchlorate solution in 1 M HCl50. Shubin and co-workers (2006)49 prepared compound 9c in 

the reaction of [Co(NH3)5Cl]Cl2 with NaReO4 and provided its crystallographic and 

thermoanalytical data. They have indexed this cobalt complex based on the structural data of 

[Rh(NH3)5Cl](ReO4)2 since the isomorphism with the perrhenate compound and identical 

electron configuration of central atoms (d6, Co3+, Rh3+, Ir3+) result in a linear relationship of 

these parameters. Compound 9c has P63/mmc space group (a = 2.680(5) Å, c = 4.310(6) Å). Its 

thermolysis under helium and hydrogen atmosphere (600.0 oC) resulted in an 

amorphous/multiphase product and mainly Co0.33Re0.67 phase, respectively. 

 Baidina et al. (2012)43 reported the crystal structure of compound 9c·0.5H2O 

determined from single-crystal XRD analysis. There are octahedral [(NH3)5CoIIICl]2+ cations 

and tetrahedral ReO4
- anions in the elementary cell of the orthorhombic crystals  (Cmc21, 

a=14.9446(3) Å, b=14.6562(4) Å, c=12.2434(4) Å). The Re-O bond lengths are varied between 

1.647 – 1.728 Å.  
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4. EXPERIMENTAL SECTION 

 

4.1 Experimental Plan 

In this research work, six inorganic complexes were synthesized and characterized in 

detail to provide and clarify missing and / or misleading information reported in the literature, 

since they are good precursors on the formation of different spinel oxides. The 

([Agpy4]MnO4)·4[Agpy2MnO4] (compound 4a) was formerly identified as Agpy2.5MnO4 

instead of Agpy2.4MnO4. Similarly, 4[Agpy2ClO4·[Agpy4]ClO4 (compound 4b) was  previously 

reported as a mixture of compound 4b and [Agpy2]ClO4 (compound 2b). Regarding cobalt 

complexes, ([Co(NH3)4CO3]2SO4·3H2O) (compound 6) was previously characterized by 

different authors and some inconsistent information was observed, then it was detailed 

characterized in this work. [Co(NH3)6](MnO4)3 (compound 7a) and [Co(NH3)6]Cl2(MnO4) 

(compound 8a) were previously reported, but the data about their structure, spectroscopy and 

thermal behavior were not completely studied so far. The [Co(NH3)5Cl](MnO4)2 (compound 

9a) was only described via theoretical methods in terms of thermodynamical properties. Thus 

a completely structural, spectroscopic, thermal and morphological characterization were 

performed for all the compounds mentioned above, by Single-XRD, Powder-XRD, Fourier 

Transformed Infrared Spectroscopy (FT-IR), Raman Spectroscopy, Ultraviolet-visible 

spectroscopy (UV-vis), Thermal Analysis (TG-DTA, DSC, TG-MS), Scanning Electron 

Microscope (SEM) and Brunauer-Emmett-Teller (BET) Surface Analysis.  

 

4.2  Synthetic Procedures 

4.2.1 ([Agpy4]MnO4)·4[Agpy2MnO4] - (Compound 4a) 

Prior to the preparation of the former double salt as described by Sajó et al. (2018)1, 

freshly prepared silver(I) permanganate is required, which can be prepared from a saturated 

solution of AgNO3 and 40% of NaMnO4 aqueous solution (ratio of 1:1 Ag: MnO4). The 

precipitate formed was washed with cold water, and then 2.27 g of it (wet) was dissolved in 

pyridine resulting in a saturated purple solution. A dilution with water was performed to reach 

a pyridine content of 10%, allowing the formation of compound 4a.  
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4.2.2 4[Agpy2ClO4]·[Agpy4]ClO4 - (Compound 4b) 

The double salt of pyridine complex of silver perchlorate was prepared by slightly 

modifying the method described by Sajó et al. (2018)1. Firstly, a mixture of compounds 4b and 

5b was prepared by combining AgSO4 with cold (+ 8.0 oC) aqueous solutions of pyridine (20 

%) and NaClO4 (0.2 M). The resulting mixture was kept in a fridge (5.0-8.0 oC) for two weeks 

allowing the conversion of compound 5b into compound 4b, which could be identified by 

powder XRD. This double salt was isolated as white crystals and showed stability over weeks 

if stored in a dry state in a cold closed vessel (+ 8.0 oC). Otherwise, it releases pyridine and 

converts to compound 2b. 

4.2.3 [Co(NH3)4CO3]2SO4·3H2O - (compound 6) 

To prepare compound 6, the method described by Jorgensen (1894)51 was followed with 

some modifications. An amount of 20 g of basic cobalt carbonate (CoCO3·[Co(OH)2]n) was 

dissolved in dilute sulfuric acid (~ 10% H2SO4), reaching a total volume of 100 mL. Then the 

clear solution was poured into a solution containing 100 g of ammonium carbonate 

((NH4)2CO3), dissolved in 500 mL of distilled water, and 250 mL of cc. ammonia (~ 25% 

NH4OH). Oxidation was performed for 4h with a constant oxygen stream. After the oxidation , 

the solution was evaporated on a steam bath until it reached the volume of 300 mL. Then it was 

filtered, evaporated again to 200 mL, and chilled out, after which compound 6 crystallized as 

purplish-pink prisms. The mother liquor was decanted, and the precipitate filtered off (washed 

with a saturated solution containing a small portion of the precipitate). Further evaporation of 

the mother liquor resulted in more salt formation. It was important to add some (NH4)2CO3 

since ammonia releases during evaporation. 

4.2.4 [Co(NH3)6](MnO4)3 - (compound 7a) 

To prepare compound 7a, as described by Klobb M. T. (1887)4, the starting material 

[hexaamminecobalt(III)] chloride is required. [Co(NH3)6]Cl3 was prepared according to the 

method of Brauer G. (1963)52. First, 14 g of NH4Cl was dissolved in 20 mL of distilled water, 

then 21.6 g of CoCl2.6H2O was added to the solution and stirred for fifteen minutes. After that, 

0.5 g of activated carbon (powder) was added with 55 mL of cc. ammonia solution. O2 stream 

was passed into the solution slowly. In every 15 min interval, 2-3 mL of cc. ammonia was 

added. The reaction can be considered completed when the color turns completely to brownish. 

The precipitate  was filtered out, 100 mL of hydrochloric acid (~5%) was added, and the mixture 

was heated up at 80.0 oC for fifteen minutes. Then, the mixture was filtered still in hot and 40 
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mL of cc. HCl was added, after which [Co(NH3)6]Cl3 crystallizes out on chilling the solution to  

0.0-5.0 oC. The crystals were scrubbed with distilled water and dried at room temperature. 

Compound 7a was prepared by dissolving 1 g of [Co(NH3)6]Cl3 in 50 mL of distilled 

water, then 2.29 mL of NaMnO4 in its 40 % aq. The solution was added, and the mixture was 

heated  at 60.0 oC for fifteen minutes. The mixture was left to cool down to form compound 7a. 

The crystals were filtered off and washed with cold distilled water.  

4.2.5 [Co(NH3)6]Cl2(MnO4) - (compound 8a) 

This complex was prepared following Klobb’s method4 by a direct combination of 1 g 

of compound 7a and 4.13 g of [Co(NH3)6]Cl3 in 70 mL of water (60.0 oC). The mixture was 

stirred for 15 min and left to be chilled out in a fridge, where blocks of small strips of crystals 

were formed at around 1.0 oC. Then the formed crystals were filtered off and dried in a 

desiccator at room temperature. 

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

To form the complex 9a was required a prior preparation of the starting material, 

[(chloro)pentaamminecobalt(III)] dichloride ([Co(NH3)5Cl]Cl2). It was done according to 

Brauer G. (1963) method52.  

The crude [Co(NH3)5Cl]Cl2 was formed via combination of basic cobalt carbonate – 20 

g of CoCO3.nCo(OH)2.mH2O dissolved in 1:1 HCl (chilled solution is used) and a solution 

containing 250 mL of cc. ammonia and 50 g of (NH4)2CO3 in 250 mL of distilled water. Then, 

the mixture was oxidized for three hours in a stream of air. After that, 150 g of NH4Cl was 

added to the solution and evaporated until obtaining a syrup consistency solution. To drive off 

the CO2 formed, a dilute (10%) HCl solution was added, and to get a weakly basic solution, 10 

mL of cc. ammonia was also poured into that. The mixture was heated until all the formed 

[tetraamminecobalt(II)] chloride disappeared, then 300 mL of cc. HCl was added, and the 

solution was heated for 1 hour. At the end of the process, the [Co(NH3)5Cl]Cl2 precipitated with 

cooling, the precipitate was filtered off, washed with 1:1 HCl until free of NH4Cl, then with 

alcohol until free of acid.  

The  salt still contains some contaminants; therefore, further purification is needed. To 

purify the material, [(aquo)(pentaammine)cobalt(III)] oxalate tetrahydrate 

([Co(NH3)5(H2O)]2(C2O4)3.4H2O) had to be prepared. Mixing of 10 g of powdered  

[Co(NH3)5Cl]Cl2 with 75 mL of distilled water and 50 mL of aqueous NH3 (10%) in an 

Erlenmeyer flask covered with a watch glass, under heating and continuous agitation until the 
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dissolution of the all raw [(aquo)(pentaammine)cobalt(III)] dichloride gave a deep-red solution. 

Then, the solution was filtered, and the filtrate resulted in a very weakly acid with oxalic acid, 

and some additional (NH4)2C2O4 was also added to complete the precipitation of the oxalate 

compound. The slurry was allowed to stand, and the precipitated 

[Co(NH3)5(H2O)]2(C2O4)3.4H2O was filtered off, washed with cold water, and dried at room 

temperature. Finally, the  [(chloro)(pentaammine)cobalt(III) dichloride was obtained from the  

[Co(NH3)5(H2O)]2(C2O4)3.4H2O (20 g)  with dissolution that in 150 mL of a diluted  ammonia 

solution (2%), when the insoluble luteoxalate, [Co(NH3)6]2(C2O4)3.4H2O, was filtered off. The 

product was precipitated from the solution  by adding diluted HCl (10%). The 

[(chloro)(pentaammine)cobalt(III)] chloride complex, [Co(NH3)5Cl]Cl2, was filtered off, 

washed successively with 96 % alcohol, absolute alcohol, and ether, and dried in air. 

In order to prepare the [(chloro)(pentaammine)cobalt(III)] permanganate, (compound 

9a), [Co(NH3)5Cl]Cl2 was reacted with excess of 40 % aq. sodium permanganate. One gram of 

[Co(NH3)5Cl]Cl2 was dissolved in 150 mL of distilled water and 5 mL of 40 % aq. NaMnO4 

was added to the solution, then the mixture was heated up to 60.0 oC, and stirred continuously 

for 15 min. The mixture was cooled (1.0 oC), the precipitate was filtered off and dried at room 

temperature in a desiccator containing CaO. 

 

4.3 Analytical Methods 

4.3.1 Powder X-ray diffraction (PXRD) 

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

PW-1050 Bragg–Brentano parafocusing goniometer, which is 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. 

4.3.2 High-Temperature Powder X-ray diffraction (HT-PXRD) 

The in situ, high-temperature XRD measurements of [Co(NH3)4CO3]2SO4·3H2O were 

taken in a nitrogen atmosphere in a high-temperature HTK-1200 Anton–Paar chamber with 

temperature programming, at 450, 550, and 800 °C, respectively. 
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4.3.3 Single crystal X-ray diffraction (S-XRD) 

Single crystal X-ray diffraction measurements were carried out on an Agilent Supernova 

diffractometer equipped with a dual-sealed X-ray tube source, a kappa goniometer, and a 

position-sensitive detector at room temperature. A Mo source was used in a hemisphere of the 

reciprocal space up to the resolution of 0.65 Å. 

The single crystals of compound 4a were grown from the pyridine solution of AgMnO4 

by adding 10-fold amount excess of water and leaving the solution to crystallize at room 

temperature. The diffraction pattern of the blackish purple, block-type single crystal with the 

size of 0.25x0.25x0.20 mm was measured. The crystals of compound 4b were separated from 

the crystal mass formed during its preparation and kept in cold storage (8.0 oC). Cell parameters 

were determined by least-squares using 30 439 (6.78 ≤ θ ≤ 25.28°) reflections. Intensity data 

were collected on a Rigaku RAxis Rapid II diffractometer (monochromator; Mo-Kα 

radiation, λ = 0.71073 Å) at 19.8 oC in the range 3.389 ≤ θ ≤ 25.244. A total of 21 264 

reflections were collected of which 1912 were unique [R(int) = 0.0301, R(σ) = 0.0188]; 

intensities of 1805 reflections were greater than 2σ(I). Completeness to θ = 0.994.  The structure 

was solved by direct methods for all compounds53. For compound 4a, the Anisotropic full-

matrix least-squares refinement on F2 for all non-hydrogen atoms yielded R1 = 0.0208 and 

wR2 = 0.0440 for 1332 [I > 2σ(I)] and R1 = 0.0235 and wR2 = 0.0445 for all (1912) intensity 

data, (number of parameters = 230, goodness-of-fit = 1.032, the maximum and mean shift/esd 

is 0.000 and 0.000). The absolute structure parameter is 0.015(9) (Friedel coverage: 0.821, 

Friedel fraction max.: 0.998, Friedel fraction full: 0.998). The maximum and minimum residual 

electron density in the final difference map was 0.386 and −0.274 e Å−3. The weighting scheme 

applied was w = 1/[σ2(Fo
2) + (0.02940.0000P)2 + 0.0000P], where P = (Fo

2 + 2Fc
2)/3.  

Regarding compound 7a, its crystals were obtained by leaving the mother liquor to 

evaporate slowly in the fridge. We attempted to obtain them by evaporation outstanding in the 

air – room temperature, but the crystals rapidly decomposed. Anisotropic full-matrix least-

squares refinement on F2 for all non-hydrogen atoms yielded R1 = 0.1404 and wR2 = 0.3968 

for 2291 [I > 2σ(I)] and R1 = 0.1831 and wR2 = 0.4355 for all (4368) intensity data, (number of 

parameters = 156, goodness-of-fit = 1.343, the maximum and mean shift/esd is 0.476 and 

0.076). The absolute structure parameter is 0.5 (Friedel coverage: 0.949, Friedel fraction max.: 

0.996, Friedel fraction full: 0.999). The maximum and minimum residual electron density in 

the final difference map was 2.932 and −1.639 e Å−3.  
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On the other hand, compounds 8a and 9a were easily formed during the cooling step of 

the appropriate mother liquor. The structure of compound 8a was solved and refined with the 

SHELX software package2 from Olex23. Anisotropic full-matrix least-squares 

refinement on F2 for all non-hydrogen atoms yielded R1 = 0.0351 and wR2 = 0.0720 for 1983 

[I > 2σ(I)] and R1 = 0.0402 and wR2 = 0.00739 for all (2148) intensity data, (number of 

parameters = 136, goodness-of-fit = 1.172, the maximum and mean shift/esd is 0.000 and 

0.000). The maximum and minimum residual electron density in the final difference map was 

1.189 and −0.377 e Å−3.  

The atomic positions of compound 9a were determined by direct methods, while 

hydrogen atomic positions were calculated from assumed geometries. Hydrogen atoms were 

included in the structure factor calculations, but they were not refined. The isotropic 

displacement parameters of the hydrogen atoms were approximated from the U(eq) value of the 

atom they were bonded too. Anisotropic full-matrix least-squares refinement on F2 for all non-

hydrogen atoms yielded R1 = 0.0395 and wR2 = 0.0746 for 3848 [I > 2σ(I)] and R1 = 0.0567 

and wR2 = 0.0867 for all (4623) intensity data, (number of parameters = 173, goodness-of-fit = 

1.067, the maximum and mean shift/esd is 0.000 and 0.000). The maximum and minimum 

residual electron density in the final difference map was 0.744 and −0.743 e Å−3.  

The single crystals of compound 6 were not investigated since it was well described 

previously10. 

4.3.4 Fourier Transform Infrared Spectroscopy (FT-IR)  

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 spectra were evaluated with 

OPUS-BUCKER and plotted with Origin Pro19. A total of 126 scans were considered for all 

the measurements. 

4.3.5 Far-Infrared Spectroscopy 

The far-IR spectra of compounds were recorded on the Biorad-Digilab FTS-30-FIR 

spectrometer in the 700 – 50 cm-1 range, 126 scans, He-Ne Class 2 Laser 632.8 nm Wavelength. 

4.3.6 Raman spectroscopy 

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 
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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 nm was recorded 

at -50℃ 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 1000 μm 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. 

4.3.7 Ultraviolet-visible (UV-vis) spectroscopy 

The diffuse reflectance spectrum in the UV–Vis region of compounds in solid-phase 

was performed by a Jasco V-670 spectrophotometer in the range from 850 to 200 nm, equipped 

with NV-470-type integrating sphere (using an official BaSO4 standard as reference) at room 

temperature. 

4.3.8 Thermal Analysis (TG-DTA, DSC, TG-MS) 

Thermal data of compounds 4a and 4b were collected using a TA Instruments SDT 

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

Thermal data of 6 was performed by a simultaneous thermogravimetric, differential scanning 

calorimetric, and mass spectrometric evolved gas analysis (TG-DSC-MS) by a Setaram 

LabsysEvo thermal analyzer. Thermal data of compounds 8a and 9a were recorded by a TGS-

2 thermobalance (PerkinElmer, USA) used with a modified furnace, and a temperature 

controller (Eurotherm, UK) coupled to a HiQuad quadrupole mass spectrometer (Pfeiffer 

Vacuum, Germany). The ion source of the mass spectrometer was operated at 70 eV electron 

energy and the signal regarding the decomposition/oxidation products of each compound was 

recorded. The differential and thermo-gravimetric analysis coupled with mass spectrometry 

TG/DTA-MS under air and N2 was performed by an STD 2960 simultaneous DTA/TGA (TA 

Instruments Inc.) thermal analyzer. The samples were placed in an alumina crucible (sample 

holder), and an empty alumina crucible was used as a reference.  

The evolved gas analysis of compounds 4a, 4b, 6, and 7a were monitored in Multiple 

Ion Detection Mode) by Pfeiffer Vacuum OmniStar™ quadrupole mass spectrometer coupled 
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to the above-described TGA. The gas splitters and transfer lines to the spectrometer were kept 

at 220 °C. The measurements were taken in SEM Bargraph Cycles acquisition mode, in which 

the total ion current (TIC), the analog bar graph spectra (for structure determination), and the 

separate ion current of each scanned individual mass (96 masses) was recorded. The scanned 

mass interval was 5–100 amu, with a scan speed of 20 ms amu-1, and the spectrometer was 

operated in electron impact mode. 

The non-isothermal DSC curves of compounds 4a, 4b, 7a, 8a, and 9a were recorded 

using a PerkinElmer DSC 7 apparatus. In the case of low-temperature analysis, two cooling 

systems (liq. N2 and intracooler (- 85.0 oC) were performed. 

The thermal decomposition of compound 4a was followed between room temperature 

up to 800 °C with a heating rate of 2 °C.min-1 in He and air as carrier gas (flow rate = 50 

cm3.min-1). Sample mass was 14 mg, 30% of compound 4a together with 70% (wt) calcined 

alumina. Selected ions were between m/z = 1–120 and the non-isothermal DSC curve between 

- 150 and 170 °C. The sample mass was 4 mg and measured with 10 °C. min-1 heating rate 

under continuous nitrogen flow (20 cm3.min-1) in an unsealed aluminum pan. The measurement 

was also performed under O2 flow at the same conditions. 

The decomposition of compound 4b was performed from room temperature up to 500.0 

oC with 5 °C.min-1 heating rate in argon carrier gas (flow rate = 30 cm3.min-1) and with 2 

°C.min-1 heating rate in air and O2 carrier gas (flow rate = 30 cm3.min-1) until 200.0 oC, and 5.0 

°C.min-1 from 200.0 up to 500.0 oC. The sample mass was ~ 1 mg. Selected ions between m/z 

= 1–101 and the non-isothermal DSC curve between -150.0 and 30.0 oC under N2 with 5.0 

°C.min-1 heating rate. The decomposition processes were monitored both in N2 and in O2 

atmospheres. In an unsealed aluminum pan, sample masses were between 3 and 5 mg under 

continuous gas flow (20 cm3.min-1). 

The decomposition of compound 6 was carried out from room temperature to 500.0 °C 

at a 10.0 oC min−1 heating rate in nitrogen and air as carrier gas (flow rate = 50 cm3.min−1) using 

sample mass ~ 2 mg. The coupled TG–MS measurements were taken by a heating rate of 

5.0 oC min‒1 in argon and air. Selected ions were monitored between m/z = 1–97. The 

measurements were recorded in the 25.0–500.0 °C temperature range, with a heating rate of 

20.0 °C min-1, and samples were weighed into 100 μL alumina crucibles. The obtained data 

were baseline corrected and further evaluated by the thermoanalyzer’s processing software 

(Calisto Processing, ver. 2.01).  
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Thermal data of compound 7a was performed from room temperature up to 250.0 oC 

under air and argon atmospheres, in a heating rate of 2.0 oC.min-1 (flow rate = 30 cm3.min-1). 

The sample mass was around 2.0 mg, and selected ions were between m/z = 1–60. For the TGA 

and TG-MS data of compounds 8a and 9a, approximately 2.0 mg samples were measured in a 

platinum sample pan and heated at a constant heating rate of 2.0 °C.min–1 from room 

temperature to 450.0 °C under inert atmosphere (Ar) at a gas flow rate of 140 mL.min–1. A 

portion of the evolved products was introduced into the MS through a glass-lined metal 

capillary heated at 300.0 °C. The same procedure was carried out for the measurement un air 

conditions with a heating rate of 2.0 oC.min-1 from room temperature up to 150.0 oC, and from 

that, 5.0 oC.min-1 up to 600.0 oC.  

The non-isothermal DSC curve for compounds 7a, 8a, and 9a, was performed between 

-150.0 to 400.0 oC. The sample mass was ~ 1.1 mg and measured with 2.0 °C. min-1 heating 

rate from room temperature to 200.0 oC, and 5.0 °C. min-1 heating rate from 200.0 oC up to 

400.0 oC (nitrogen flow 20 cm3.min-1) in an unsealed aluminum pan. The measurement was 

also performed under O2 flow at the same conditions. The coldest measurement (from -150.0 

oC up to 30.0 oC) was recorded at a heating rate of 5.0 oC.min-1 under N2 gas flow. 

 

Heat Treatment 

Isothermal heat treatment was carried out in a furnace under inert (N2) and oxidizing 

atmosphere (air). In the case of compound 4a, the intermediate and final product formed at 

300.0 oC and 700.0 oC, respectively, were obtained, keeping the samples at the given 

temperature for 30 min and 2.0 oC.min-1 heating rate was used in both cases under N2 

atmosphere. 

The compound 4b was heated for 60 min at 85.0 oC and 30 min at 350.0 and 500.0 oC, 

respectively, under N2 atmosphere in a heating rate of 5.0 oC.min-1. The products formed at the 

last two temperatures mentioned above were sticky to the ceramic crucible and could not be 

removed mechanically. To further characterize, concentrated ammonia solution was poured 

into and left to evaporate in a desiccator.  

For the cobalt-permanganate compounds 7a, 8a and 9a, the heating rate considered in 

all heat treatments was 2.0 oC.min-1. Compound 7a was heated at 110.0, 160.0, 240.0, 340.0, 

360.0, 380.0, 400.0, and 440.0 oC for 5 min and 500.0 oC kept for 10 min under N2. Under air, 

the measurement was performed at 120.0, 160.0, 220.0, 320.0, 420.0, and 465.0 oC standing for 
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5 min and 500.0 oC standing for 10 min. The range was established to check how the sample 

changes from amorphous to crystalline phase along the pathway.  

Compound 8a was heated at 115.0, 135.0, 160.0, 250.0, and 390.0 oC kept for 5 min and 

500.0 oC kept for 10 min under N2. Under air, the measurement was performed at 135.0, 160.0, 

and 250.0 oC standing for 5 min while 500.0 oC was standing for 10 min. 

In the case of compound 9a, under N2 the measurement was carried out at 125.0, 150.0, 

and 220.0 oC and kept for 5 min while at 440.0 oC was standing for 10 min. Under air, the 

temperatures considered were 125.0, 150.0, and 300.0 oC for 5 min, and 550.0 oC for 10 min. 

Compound 6 was heated at 100.0 oC under air and N2 to form the respectively anhydrous 

compound, standing for 60 min. The other two intermediates were studied at 300.0 oC and 750.0 

oC in both atmospheres along 120 min.  

4.3.9 Scanning Electron Microscope (SEM) 

The morphologies of the decomposition products were studied by ZEISS EVO 40XVP 

scanning electron microscope (SEM) operating at 20 kV. The SEM measurements were taken 

with different magnifications.  

4.3.10 Brunauer–Emmett–Teller (BET) Surface Area Analysis 

Nitrogen physisorption measurements were performed using Quantachrome Autosorb 

1C static volumetric apparatus at -196.0 °C. Samples of cc. 0.1 g were outgassed under vacuum 

at 110.0 °C for 24 h before the measurements. The specific surface areas were calculated by the 

BET method. 

4.3.11 Photocatalysis 

To evaluate the photocatalytic activity of the decomposition intermediates formed by 

isothermal heat treatment under inert and an oxidizing atmosphere, 1.0 mg of the decomposition 

products from compounds 7a, 8a, and 9a were put into 3 mL of an aqueous solution of Methyl 

Orange (MO - 4 × 10−5 M), and Congo Red (CR - 2 × 10−5 M) poured into quartz cuvettes. The 

samples were kept in the dark overnight for the adsorption equilibrium. After that, they were 

submitted to a UV irradiation provided 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 MO (464 nm) and CR (497 nm), below and 
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above their pKa value, were considered to evaluate the catalysts' activity in the degradation of 

dyes. The dilute perchloric acid solution (0.1 M) was used to decrease the pH of both dyes. 

4.3.12 Atomic Emission Spectroscopy 

The Ag, Mn, and Co content of the samples were determined by atomic emission 

spectroscopy using a Spectro Genesis ICP-OES (SPECTRO Analytical Instruments GmbH, 

Kleve, Germany) simultaneous spectrometer with axial plasma observation. The multielement 

standard solution for ICP (Merck Chemicals GmbH, Darmstadt, Germany) was used for 

calibration, and the metals could be assigned at 328 nm, 257.6 nm, and 228.61 nm, respectively. 

4.3.13 Chloride content determination in compound 9a.  

 

Compound 9a (1 g) was dissolved in 100 mL of distilled water, then 10% HNO3 (~5 

mL) and 30 % aq. H2O2 (until finishing O2 evolution) were added to reduce the permanganate 

content into Mn(II). The solution was heated until boiling to transform ammonia into 

ammonium nitrate and liberate chloride ion. The solution was filtered and AgNO3 was added in 

slight excess to precipitate AgCl. AgCl was filtered off, dried and weighted.   
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5. RESULTS AND DISCUSSION 

The double salt type pyridinesilver permanganate and perchlorate compounds 

(compounds 4a and 4b) have not been characterized completely previously, and the structure 

of compound 4a has been unknown; therefore, first, these two compounds are described in detail 

here. 

5.1  ([Agpy4]MnO4)·4[Agpy2MnO4] – (compound 4a) 

 

The compound 4a was prepared by diluting the pyridine solution of AgMnO4 with a 10-

fold amount of water and crystallized as blackish-purple block-shaped crystals being stable up 

to 1 month if kept inside of desiccator and in a dark environment.  

The stability of compound 4a was checked by powder XRD measurement of the fresh 

sample (1 day) and old sample (1 month), as shown in Figure 4.  

 

Figure 4. P-XRD of the fresh and old sample 

The bulk composition of the material was proved to be the same after a month (in case 

of storage at room temperature and dark environment) according to the exact matching of both 

measured diffractograms. Only a shiny silvery color appeared after 1-2 weeks on the surface of 

the crystals without changing the composition of the material. The structure, spectroscopic 

properties, and thermal decomposition of compound 4a are presented below.  

Structural features of compound 4a. 

Compound 4a is tetragonal (I4-, a = 21.982 Å; c = 7.5974 Å) and I did not find the existence of 

polymorphs between -150.0 oC and the decomposition temperature. Single crystal analysis ( 
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Figure 5a-5d) of compound 4a showed four coordinated and one non-coordinated permanganate 

anion, four κ1O-permanganate coordinated dimeric [Agpy2]
+ units, and a tetrahedral [Agpy4]

+ 

ion and unsymmetrical hydrogen bonds between pyridine α-CHs and permanganate oxygens in 

the elementary cell. 

a)  b)  

c)  d)  

 

Figure 5. Crystal structure of compound 4a: (a) ORTEP presentation; (b) Structure of [Agpy2MnO4] units in 

compound 4a; (c) Structure of compound 4a along the c crystallographic axis; (d) packing arrangement of 

compound 4a. 

The cell parameters of compound 4a are summarized in Table 6. The results show that 

compound 4a crystallizes in a tetragonal crystal system – space group 𝐼4̅ and one [Agpy2MnO4] 

and a quarter of [AgPy4]MnO4 blocks are present in the asymmetric unit in a ratio of 1:4 

respectively. 
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Table 6. Cell parameters of compound 4a 

Empirical formula [Ag(C5H5N)2.4]MnO4 
Formula Weight 2083.25 
Crystal system Tetragonal 
Space group 𝐼4

− 
Unit cell dimensions a = 21.982(3)A°; b 21.982(3) A°; c = 7.5974 (15)A° 
Z 2 

Crystal size (mm) 0.25x0.25x0.20 

Density (g.cm-3) 1.885 

Temperature (oC) 25.0 

Volume (Å3) 3671.13 

R factor (%) 3.67 

Figure 5-b illustrates the Agpy2MnO4 moiety containing pyridine rings in a rotation of 12.03° 

together with the Cα–H⋯Opermanganate interactions. The [Agpy4]
+ cations are demonstrated in 

Figure 5-c, which shows that Ag+ is placed on 4̅ inversion axis. It is also presented that the 

connection between [Agpy4]
+ cations and Agpy2MnO4 chain occurs via Mn1–O2···π 

interactions with a distance of 3.469(7) Å and an angle of 161.0(3)°. Lastly, Figure 5-d shows 

the packing of compound 4a. 

5.1.1 Vibrational modes of  ([Agpy4]MnO4)·4[Agpy2MnO4] - compound 4a 

In the structure of compound 4a, two different types of permanganate ion can give two 

series of bands due to 4-4 normal modes for each permanganate anion. These were assigned 

and shown in Table 7 and Figure 6 a-c.  

Table 7. IR and Raman wavenumbers of permanganate anions and complex cations of compound 4a 

Band / Assignation 
Wavenumber (cm-1) 

IR Raman 

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) 

[Agpy2]+, νs (AgN) 246 247 

[Agpy2]+, νas (AgN) 166 150 
[Agpy4]+, νas (AgN) 117 124 

[Agpy2]+ (Ag-N) 418  

[Agpy4]+ (Ag-N) 412  
                                vs-very strong, m-medium, w-weak, vw-very weak. 

The symmetric stretching and deformation modes of the permanganate ion appear as 

weak bands in the IR spectrum at 826 cm-1 and 339 cm-1,  whereas a very strong and a medium 

intensity band appear in the Raman spectra at 826 cm-1 and 345 cm-1, respectively. Contrary, 

the antisymmetric stretching mode of the permanganate ion appears as a very strong band in 
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the IR spectrum at 907 and 917 cm-1 and as weak Raman shift appear at 887, 902, and 913 cm-

1, respectively. The antisymmetric deformation mode appears as a weak band in the far-IR 

region, at 382 cm-1, and as a very weak band in the Raman spectrum at 384 cm-1. These band 

positions and intensity relations are in accordance with the literature results given for 

permanganate ion both in the IR and Raman spectra54.  

a)  b)  

c)  

  

Figure 6. (a) IR spectrum of compound 4a in ATR mode; (b) Far-IR spectrum of compound 4a in polyethylene 

pellet; (c) Raman spectrum of compound 4a at room temperature. 

In The far-IR spectrum of compound 4a (Figure 6-b), the bands at 246 and 166 cm-1 

belong to the symmetric and antisymmetric ν(AgN) modes of the [Agpy2]
+ cation. These are in 

good agreement with the positions proposed by density functional calculations results for 

[Agpy]+ species55. The band assignations of these modes were done for Raman shifts, as 

presented in Table 7. The angle of N–Ag–N in [Agpy2] 
+ ion was found to be 173.9 instead of 

an ideal linear (180), being enough to activate the νs(AgN) mode in the IR region. The intensity 

of the band belonging to νs(AgN) mode is too low, therefore it is not visible in the IR spectra. 

However, this band should be active since it has a momentum force (non-linear).  In the region 

above 100 cm-1, a non-separable band system appeared, which is probably regarding the 
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presence of the coupled νas(AgN) modes of the tetrahedral [Agpy4]
+ ion and ν(AgO) modes of 

the O3MnO–Agpy2 units.  

It was also observed that the IR frequencies related to the pyridine ring coordinated to 

the silver of the tetrahedrally coordinated [Agpy2]
+ differ from those of [Agpy4]

+ cations, and 

located at 418 and 412 cm-1, respectively. These bands do not appear in the IR spectrum of free 

pyridine and are separated due to the variation of the bond strength between Ag-pyridine in 

[Agpy]2+ and [Agpy]4+ cations, in which [Agpy]4+ > [Agpy]2+, with the increasing coordination 

number of the complexes. Recently, single bands of [Agpy2]MnO4 and [Agpy4]MnO4 at 412 

cm-1 and 416 cm-1, respectively, were reported1, confirming our assignation.  

 The diffuse reflection UV-Vis spectrum of compound 4a is expected to give a band 

system of pyridine n–π*, Ag+-pyridine MLCT and permanganate t1–4t2, 3t2–2e transitions. The 

band maxima strongly cover each other in the UV spectra. The analysis of spectrum curve 

shows that at 219.9 nm a combined bands of Ag-py (CT) and 𝑀𝑛𝑂4
−

 ((
1A1-

1T2(t1-4t2)); at 258.4 

nm the components of pyridine ((1A1-
1B2(n- π*)) and 𝑀𝑛𝑂4

− (1A1-
1T2(3t2-2e)) transitions and 

at  521.9 and 710.1 nm the components of 𝑀𝑛𝑂4
−, (1A1-

1T2(t1-2e)) and ((1A1-
1T1(t1-2e)) may 

present, respectively.  

5.1.2 Thermal decomposition of ([Agpy4]MnO4)·4[Agpy2MnO4] - compound 4a 

The heating of compound 4a under inert and oxidizing atmospheres initiates redox 

reactions between the pyridine ring and permanganate anion.56 In an inert atmosphere (He), a 

strongly exothermic reaction occurred (explosion-like) and part of the material practically 

burned out of the crucible. In the lack of external oxygens source, the oxidation reaction may 

only be a quasi-intramolecular character. Due to the explosion-like nature of the decomposition, 

suppose a self-propagating reaction heat-driven decomposition, an inert heating absorbing 

media (70% alumina) was tested to make the reaction proceed slower than in its natural state. 

Under this condition, the first decomposition step appeared at 85.0 °C with a mass loss of 48% 

(Figure 7a). The second decomposition step is a slow process between 410 and 500 oC with 8% 

of mass loss, and the decomposition peak temperature is 428.0 oC. Regarding the thermal 

decomposition performed in air, it was observed the same exothermic characteristic bearing 

that the oxygen from the air does not play an important role in initiating the redox-

decomposition process.  
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a)  b)  

Figure 7. (a) TG studies of 4a in He atmosphere (b) TG studies in air between 25 and 800 oC 

The total mass loss achieved in the decomposition under an inert atmosphere suggests 

the formation of 3 Ag and Mn3O4 (or equivalent amount of Mn2O3 and MnO). The calculated 

Δmtheor (55.7%) agrees very well with the experimental one (Δmfound =55.8%) (taking into 

consideration the proportion of aluminium oxide (70%) and compound 4a (30%) in the 

measured sample). This mixture was performed prior the measurement in order to absorb the 

exothermicity of the reaction (by alumina)  and avoid of the self explosion-like decomposition. 

The 2nd mass loss might be related to the evolution of CO2, which was found to be possibly an 

inclusion in the bulk phase or due to the reaction of the residual carbon-like materials (from 

pyridine degradation) and manganese oxides. To determine the phase relations in the end 

product, a redox titration of the decomposition product formed at 700.0 oC was performed with 

oxalic acid, which resulted in a 2:1 ratio of MnIII/MnII content. Considering that the 

stoichiometry of compound 4a is (Ag: Mn ratio = 1:1), and the presence of reducing pyridine 

ligands that can reduce the silver(I) ions into metallic silver and the permanganate anion (MnVII) 

into lower valence manganese oxides (MnO2, γ-Mn2O3, Mn3O4, and MnO), the reaction leads 

to an end product containing ~60% Ag and ~40% manganese oxides (γ-Mn2O3, Mn3O4 and 

MnO). The presence of metallic silver was confirmed by PXRD analysis (Figure 8b) both in 

the intermediate formed at 300 °C and in the end product at 700 °C. A small amount of MnO 

and a phase containing Mn3O4 (hausmannite) or γ-Mn2O3, could also be identified. Since these 

latter oxides present identical lattice constant in their pseudo-spinel structures57, neither PXRD 

nor far-IR is suitable to distinguish them because of the vicinity between the peaks/bands of 

hausmannite and γ-Mn2O3
58–62. However, the MnIII/MnII=2:1 ratio and low amount of MnO 

(MnII) shows that the main phase is the hausmannite, MnIIMnIII
2O4.  
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The highly exothermic characteristic of the thermal decomposition may be related to 

the in situ formation of Ag/Mn-oxides (Korbl’s catalyst type)63, which induces and speeds up 

the oxidation of N-heterocycles as pyridine. The SEM image of the intermediate formed at 300 

°C (Figure 8a) shows the presence of a homogeneous mass of manganese oxides decorated with 

brighter grains of silver (1–5 mm size crystallites).  

a)  b)  

Figure 8. (a) SEM image of intermediate product formed at 300.0 oC (b) XRD of decomposition intermediate 

(300.0 oC) and end product (700.0 oC) 

According to Figure 8b, the composition of the end product (700.0 oC) remains the same 

since the chemical identity of the main crystalline phase of the intermediate formed at 300.0 oC 

does not change after the second decomposition step (428.0 oC), and the same diffractogram 

was found for both products. Based on decomposition temperatures of MnO2 → Mn2O3 → 

Mn3O4 → MnO, which are 542.0, 918.0, and 1027.0 oC respectively64, it is possible to consider 

that the oxide phase was formed via reduction reaction of permanganate anions and not due to 

thermal decomposition of MnO2 and that’s further thermal decomposition products (Mn2O3 and 

Mn3O4). The IR analysis of the intermediate formed at 300 oC shows a weak band belonging to 

MnO2 appears at 732 cm-1 (the amount of MnO2 is too low to detect with PXRD) which 

disappears on further heating. 

The evolved gas analysis along the decomposition process of compound 4a under inert and 

oxidizing atmosphere (Figure 9 a-c) 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). Based on the ligand loss temperature of [Agpy4]
+ and [Agpy2]

+ cations3, the 

ligand loss of [Agpy4]
+ cations and solid-phase redox reaction of [Agpy2MnO4] units with 

consecutive loses of non-oxidized pyridine ligands occurs in parallel. It results in a multi-

component thermal decomposition process that includes a solid-phase quasi-intramolecular 

redox reaction. The redox reaction can be attributed to the presence of weak hydrogen bond 
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interactions (~3.12 – 3.16 Å) between the α-CH hydrogen of the pyridine ring in the [Agpy2]
+ 

units and the permanganate ion ( 

Figure 5 1-b). In a previous study1, compound 3a contained the same [Agpy2MnO4] units with 

a similar hydrogen bond system between the coordinated pyridine ligand and the permanganate 

anion as compound 4a, this hydrogen bond was found to be essential to occur the redox reaction 

between the pyridine ring and permanganate anion17.  

In inert atmosphere (He), the relative intensities of CO and CO2 peaks (m/z = 28 and 

44, respectively) indicate that the m/z = 28 signal probably resulted from a combined signal of 

CO and N2. There is no oxygen evolution during the reduction of permanganate anion into 

manganese oxides initiated by the ligand pyridine. The permanganate anion disappears even 

before its expected decomposition temperature17. 

The evolution of CO2 in the temperature range of 400.0-430.0 oC (Figure 9-a) entirely 

coincides with the thermal decomposition temperature of MnCO3 into MnO and CO2
65

; 

however, the PXRD analysis of the intermediate formed at 300.0 oC did not show the presence 

of MnCO3. The lack of MnCO3 discloses the evolution of CO2 in this way, and there is no 

evidence of reduction of CO2 into CO as it would have occurred in the presence of MnO could 

form in the MnCO3 dissociation66. In principle, carbon dioxide could form in the decomposition 

of silver carbonate in this temperature range as well67; however, there was no evidence of silver 

carbonate formation in the solid intermediate formed at 300.0 oC according to PXRD and IR 

measurements.  

a)  b)  
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c)  

Figure 9. (a) The gaseous products of the redox reaction between the pyridine ligands and permanganate anions 

in the thermal decomposition of compound 4a in inert atmosphere (b) The fragment ion intensities belonging to 

the liberated pyridine in inert atmosphere (c) Some selected m/z fragment intensities in air between 25 and 800 

°C. 

However, the IR analysis of the intermediate phase formed from compound 4a at 300.0 

oC revealed the presence of intercalated gaseous CO2 (2350 cm-1), which amount decreases 

during further heating. Thus, the redox reaction must be the reason for the formation of carbon 

dioxide gas, and the manganese oxide matrix probably encloses the locally evolved CO2. The 

high temperature of  CO2 evolution (Figure 9-a), in principle, might be attributed to a strong 

(chemisorption) interaction within the CO2 gas and the surface of the porous manganese 

oxide68.  To investigate the interaction between the CO2 and the surface of the manganese oxide, 

a BET surface area analysis was performed under N2 and CO2 gas streams. The results indicated 

no strong interaction with CO2 and the Ag/MnOx matrix, the BET surface areas were found to 

be 6 and 3 m2.g-1 with N2 and CO2, respectively. Therefore, it is likely that the presence of CO2 

in the decomposition intermediate sample is a simple gas inclusion. The intermediate formed 

contains lower valence of manganese oxides (III,IV)/silver manganese (III, IV) oxides. Since 

these materials were not the target of our study, their properties were not studied in detail. 

The m/z = 44 peaks that appeared at 200, 430, and 750 °C in the decomposition process 

performed under air atmosphere (Figure 9-c) can be attributed to the oxidation of organic 

residues coming from the decomposition of pyridine ligand. 

The ligand loss of pyridinesilver cations is an endothermic process; thus, the evolved 

reaction heat may be attributed to the exothermic character of the redox reaction between the 

ligand and the permanganate anion (in an inert atmosphere, Figure 10-a), which can 

overcompensate the energy demand of the endothermic ligand loss. In the air atmosphere 

(Figure 10-b), ignition of the organic residues due to the catalytic activity of the Ag/Mn oxide 

phase containing redox-active intermediates results in a more energetic exothermic peak. 
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a)  b)  

Figure 10. (a) DSC of fresh compound 4a under N2 (b) DSC of fresh compound under O2 

Based on the molar ratio of pyridine/permanganate in the compound 4a (CH: MnO4 = 

12: 1 → CH/O = 3), it is evident that only a part of the pyridine ligand can be oxidized by the 

oxygen content from permanganate anion under an inert atmosphere. It results in a 

decomposition heat of -756.940 kJ.mol-1. Under oxidizing atmosphere, the additional source of 

oxygen plays a role in the oxidation of pyridine molecules, and it gives a decomposition heat 

of -895.019 kJ.mol-1. The influence of the sample aging on the decomposition heat was also 

investigated (Figure 11 a-b). 

a)  b)  

Figure 11. DSC of the aged compound 4a under N2 between -150 and 160 °C (a) and under air between -40 and 

170 °C (b).  

Comparison of Figure 10-a and Figure 11-a shows that the initial point of the 

decomposition temperature of the old sample (1 month) in an inert atmosphere is less than that 

of the fresh sample, 101.16 and 105.61 °C, respectively. The decomposition heat of the old 

sample is higher, increasing to -850.351 kJ.mol-1 (a difference between the old and fresh 

samples is -93.422 kJ.mol-1). A second decomposition process was also found at 129.2 oC. 
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Based on the studies on the old sample in the air atmosphere, it is pretty apparent that 

decomposition products have some catalytic properties, as confirmed by the unusual sigmoid 

character of the DSC curve (Figure 12) as well, which can be attributed to the asymmetric 

heating of the crucible from the non-symmetrical ignition profile of the sample. The 

decomposition heat increased from -756.940 kJ.mol-1 (fresh sample) to -1651.231 kJ.mol-1 (old 

sample). It confirms the increased effect of the outer oxygen in the decomposition of old 

samples than in the case of a fresh one and the role of catalytic effect of the intermediates 

formed under storage for a month.  

  

 

Figure 12. DSC curves of fresh (red line) and one-month-old (black line) samples of compound 4a under 

oxidizing atmosphere. 

5.2 4[Agpy2ClO4]·[Agpy4]ClO4 – compound 4b 

The efforts to prepare compound 4b via a combination of Ag2SO4 and aq. solution 

containing pyridine and NaClO4 resulted in a multiphase product containing compound 4b and 

other complexes. Keeping this mixture in a fridge (5.0-8.0 oC) for two weeks, the compound 

4b was formed as white crystals and showed stability over weeks if stored at a dry state in a 

cold closed vessel at + 8.0 oC.   

5.2.1 Structural features of 4[Agpy2ClO4]·[Agpy4]ClO4 - compound 4b 

The structure of compound 4b obtained by the aging of compound 5b (stored in a fridge 

for 10-14 days) and maintained covered in a deep fridge (-20.0 oC) after that - can be seen in 

Figure 13a-b. Compound 4b was isolated as a white crystalline material that quickly 

decomposes when exposed to a bright environment at room temperature. Compound 4b seems 

to be less stable than compound 2b as reported previously1,22; its decomposition starts at ~68.0 

oC.  
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a)  b)  

Figure 13. (a) Structural features and packing (b) of compound 4b 

Based on the single-crystal analysis results at room temperature, this compound shows 

isomorphism with compound 4a described previously (performed at 22.0 oC) and crystallizes 

in the tetragonal crystal system (space group I-4). The unit cell parameters of this compound 

are summarized in Table 8, together with the structure solved previously by Dyason and co-

workers3. Due to the uncertainty of their finds (R%), we performed the structural analysis to 

clarify the missing information. 

Table 8. Cell parameters of compound 4b 

Empirical formula [Ag(C5H5N)2.4]ClO4 [Ag(C5H5N)2.4]ClO4 [3] 

Formula Weight 663.87 - 

Crystal system Tetragonal Tetragonal 

Space group 𝐼4
− 𝐼4

− 

Unit cell dimensions a = 21.95A°; b = 21.95 A°; c = 7.684 A° a = 21.95A°; b = 21.95 A°; c = 7.684 A° 

Z 2 - 
Crystal size (mm) 0.25x0.25x0.20 0.16x0.16x0.20 

Density (g.cm-3) 1.885 1.78 

Temperature (oC) 25.0 22.0 

Volume (Å3) 3702.17 3702 

R factor (%) 3.67 - 

The unit cell volume obtained for compound 4b was 0.85% larger than for compound 

4a. The [Agpy2]ClO4 units form chains along with the c crystallographic axis with a silver-

silver distance of 4.84 Å, which is larger than that distance in compound 2b (2.99 Å)24 and the 

sum of the van der Waals radii of two Ag atoms (3.44 Å)69.  

The packing coefficient (Figure 13-b) was 67.6%, and the pyridine rings rotation was 

found to be  13.4o  to each other3, which is slightly higher than that was found by us in compound 

4a (packing coefficient of 69.6%; pyridine rings are rotated by an angle of 12.03°. The Cα–

H⋯Operchlorate interactions appeared stronger than the permanganate analog, with a Cα⋯O 
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distance of 2.645 Å. The coordination strength of the perchlorate to the silver ion in this 

compound, Ag⋯O–ClO3, was weaker (2.740 Å) than Ag⋯O–MnO3 obtained for the 

permanganate compound (2.601 Å). This feature may contribute to a larger deviation of N–Ag–

N angle (6.26o) from the ideal 180o in the perchlorate compound3. 

The [Agpy)4]
+ ion has a tetrahedral geometry showing the Ag cation in a 4 inversion 

axis. The [Agpy2 - ClO4] chain and the [Agpy4]
+ cations are connected by Cl–O⋯π interactions, 

where the Cl–O⋯Cg(py) distance is 3.599 Å. This value suggests that the interaction between 

the pyridine and perchlorate ion is weaker than the similar one found in the permanganate 

analog compound (3.469 Å).  

There was no polymorphic phase transition found between -150.0 oC and the 

decomposition temperature of compound 4b. 

5.2.2 Vibrational modes of 4[Agpy2ClO4]·[Agpy4]ClO4 -  compound 4b 

The IR wavenumbers and Raman shifts of compound 4b are summarized in Table 9.  

The Raman spectrum of compound 4b is shown in Figure 14. 

The bands of symmetric stretching Cl–O mode (ν1, A1) in the Raman spectrum of 

compound 4 were assigned at 911/928 cm-1, 907/926 cm-1, and 908/927 cm-1 at room 

temperature, -20.0 and -150.0 oC, respectively.  These bands belong to two different types of 

perchlorate anions, partly due to different intensities and because 1 (A1) mode has a singlet 

nature. In the IR spectrum, the ν1(Cl-O) (A1) mode was found only at 944 cm-1 and probably 

belonged to coordinated (distorted) perchlorate ion since the other type is almost free and 

undistorted perchlorate ion does not show this mode due to selection rules70.  

 

Figure 14. Raman spectrum of compound 4b at room temperature 
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The symmetric deformation mode of the Cl–O bond (ν2, E) of two perchlorate ions 

should have appeared as two doublets. The IR spectrum showed only a singlet at 459 cm-1, 

whereas in the Raman spectrum, a band appeared at 460 cm-1. The Raman measurements at 

lower temperatures did split or appear in other bands.   

Since some pyridine modes (ν7 and ν8 in-plane CHwag and ring bendings at 1071 and 

1031 cm-1; ν26 in-plane CHwag at 1068 cm-1) are located in the same spectral range as the main 

perchlorate anion bands, the assignation of each band in this compound is a hard challenge. The 

antisymmetric stretching modes of two perchlorates Cl–O bond (ν3, F2) appeared as a multiplet 

(four and five bands appears from the twice three possible bands in the IR and Raman spectra, 

respectively). The two intensive bands of the IR spectrum, at 1079 and 1064 cm-1, may belong 

to the coordinate perchlorate mode (C1 site), and the less intensive ones, 1122 and 1034 cm-1 

may be the bands that belonged to the non-coordinate perchlorate (S4 site).  

Table 9. IR and Raman wavenumbers of perchlorate ion and cations vibrations in compound 4b 

IR, 25.0 
oC 

Raman bands at 25.0 oC (785 nm) and low-temperature excitations 

(532 nm) Assignation 
25.0 oC - 20.0 oC - 150.0 oC Reference25 

944  911 (w)  907 (w)  908 (w)   
ν1(ClO), νs(A) 

–  928 (m)  926 (m)  927 (m)  

462 (w)  460 (w)  456 (w)  457 (w)   
ν2(ClO), δs(E) 

415 (w)  417 (w)a  412(vw)a  414 (vw)a  

1154 (w)  1157 (w)  1155 (w)  1155 (w)   

ν3(ClO), νas(F2) 

1122 (s)  1121 (vw)  1118 (vw)  1118 (vw)  

1079 (vs)  1099 (vw)  1096 (vw)  1096 (vw)  

1064 (vs)  1073 (vw)  1071 (vw)  1072 (vw)  

1034 (m)  1037 (w)  1035 (w)  1034 (w)  

651 (vw)  651 (w) 649 (w)  649 (w)   

ν4(ClO), δas (F2) 635 (w)  632 (vw)  630 (vw)  631(vw)  

618 (m)  622 (w)  620 (w)  620 (w)  

228 (vw)  –  –  – 245 (IR) νs(AgN), 𝐴𝑔𝑝𝑦2
+ 

164 (w)  172 (vw)  166 (sh)  169 (vw)  166 (IR) νas(AgN), 𝐴𝑔𝑝𝑦2
+ 

136 (vw)  144 (w)  140 (sh)  143 (w) 145 (IR) νas(AgN) 

–  122 (vs)  115 (s)  119 (m) 122 (IR) 
νs (AgN) 

- - - - 88 (Raman) 

 

The antisymmetric deformation bands of the Cl–O bond (ν4, F2) appeared as triplets in 

IR and Raman spectra. The Raman and IR band components at 622 cm-1 and 617 cm-1, 

respectively, probably belong to the A1 component of the split (A1 + E, according to the C3v 

symmetry lowering) F2 mode. The doubly degenerate components at 651 cm-1 in both spectra 

may be related to the monodentate (C3v) coordinated perchlorate, which may be overlapped 

with the ν27 band of the pyridine (B2 in-plane ring bending). The bands appear at 635 cm-1 in 
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IR and 632 cm-1 in the Raman range, which may be a combination of bands of low-frequency 

modes or components belonging to the split E mode (symmetry lowering into Cs). 

The IR band positions of tetrahedrally coordinated [Agpy4]
+ ion differ from that of  

[Agpy2]
+ ion following the variations of the Ag–pyridine bond distance (strength)3 found as 

2.30 Å and 2.15 Å, respectively. The bands in the far-IR spectrum at 268, 164, and 136 cm-1, 

as shown in Table 9 , were assigned to νs mode of [Agpy2]
+; νas mode of [Agpy2]

+ and νas mode 

of AgN in [Agpy4]
+ ions, respectively. The Raman spectrum revealed the antisymmetric AgN 

mode of [Agpy2]
+ cation at 172 cm-1. The symmetric (νs) and antisymmetric (νas) stretching 

modes of [Agpy4]
+were found at 122 cm-1 and 144 cm-1, respectively. 

A pyridine vibrational mode belongs to coordinated pyridine observed at 412 and 419 

cm-1 in the IR, and at 417 cm-1 with two maxima (411 cm-1 and 421 cm-1) in the Raman spectra. 

The IR spectra of compounds 2b and 5b contain bands at 412 cm-1 and 419 cm-1, respectively, 

which suggest that the first band belongs to the two-fold. In contrast, the second one belongs to 

the four-fold coordinated pyridinesilver(I) cation, respectively.  

The diffuse reflection UV-VIS spectrum of compound 4b resulted only in a band system 

of pyridine n-π* and Ag+–pyridine by an electronic charge transfer from metal to ligand 

(MLCT), which results in oxidation of the metal center,1,71,72 since perchlorate ion is UV 

silent73. The band maxima and their assignations are shown in Table 10. 

Table 10. UV spectral data of compound 4b 

Band system Band maxima 

Ag-pyCT 218.9 and 295.2 nm 

Pyridine, 1A1g-1B2u  (π → π*) (Lb) 251.5 nm 

The transitions appeared as complex band systems at 218.9 and 295.2 nm for the CT 

band, and 251.5 nm regarding the component of the pyridine ring (1A1g–
1B2u (π - π*)) transition. 

5.2.3 Thermal decomposition of 4[Agpy2ClO4]·[Agpy4]ClO4 - compound 4b 

The thermal decomposition of compound 4b was performed under inert (argon) and 

oxidizing atmosphere (air) and the results are presented in Figure 15a-b. The first 

decomposition step starts at ~45.0 oC either in the air or inert atmosphere with a release of 

pyridine. The first mass losses found (8.5% in inert and 9.8 % in air atmosphere, respectively) 

are a bit higher than the calculated value for losing 2 molecules of pyridine (7.9%).  The first 

decomposition intermediate made at 85.0 °C with isotherm heating, was proved to be stable and 

was identified by powder XRD as compound 2b.  
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a)  b)  

Figure 15. Thermal decomposition curves of compound 4b under (a) inert (b) air atmospheres 

This intermediate is stable up to 105.0 oC. There are no well-defined decomposition 

steps at higher temperatures due to the complexity of the degradation processes. Some side 

reactions may occur between the perchlorate ion and pyridine ligands between 105.0 oC and 

305.0 oC because the mass loss (42.6%) found is higher than the theoretical value (39.8%) 

related to the loss of 2 mol of pyridine while 10 mol is left back from 1 mol of compound 4b.  

Table 11. IR wavenumbers of intermediate formed from compound 4b at 350.0 oC 

Band / Assignation Wavenumber (cm-1) 

[Ag(NH3)2]+, νas(NH); νs(NH)  3286; 3183 

[Ag(NH3)2]+, δas(NH); δs(NH) 1612; 1241 and 1213  

𝐶𝑙𝑂4
−, νas(ClO); νs(ClO) 1055; 926 

𝐶𝑙𝑂4
−, δas(ClO); δs(ClO) 616; 453 

νas(N–H); νs(N-H) 3363; 3213 

δs(NH) 1600 

δs(NH4
+) 1448 

δas(NH4
+) 1442 

 

This intermediate of compound 4b decomposition consists of mainly AgClO4, which 

decomposes further in two steps and appeared on DTG curves with maxima at 347.0 and 425.0 

oC. The mass of the end product was found to be 30 % of the initial weight, which is somewhat 

less than the theoretical value (36.1 %) and can be related to the easy evaporation of AgCl as 

the expected end product74. The formed AgCl speeds up the decomposition reaction of AgClO4 

with the formation of a eutectic melt (melting point minimum was found at 325.0 oC, which is 

lower than melting points of AgClO4 (476.0 oC) or AgCl (451.0 oC))75. Since AgCl is formed 
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by redox reactions at lower temperatures, the eutectic melt can be formed as soon as AgClO4 is 

obtained in the ligand loss decomposition of compound 4b. The melting process is endothermic, 

however, in the thermal decomposition process firstly AgClO4 decomposes (which is a strong 

exothermic reaction).  Its exothermicity can cover the heat demand of melt formation. 

The end product formed in the thermal decomposition of compound 4b at 450.0 °C for 

30 min under N2 was also studied with IR and PXRD analysis. The formed glass-like material 

could not be recovered directly from the crucible. Therefore, it was dissolved in 25 % aq.  NH3 

solution, then acidification resulted in AgCl identified by PXRD (Figure S1). 

Figure 15-b shows that the decomposition steps under oxidizing atmosphere occurred 

at a lower temperature than in an inert atmosphere (Figure 15-a). The mass losses found were 

also higher in the first decomposition step (9.8% vs.8.5% in an inert atmosphere) and 52.1% in 

the next decomposition step at around 300.0 oC. The enhanced mass loss over the 

decomposition steps of compound 4b under air may be attributed to the more efficiently 

perchlorate decomposition when oxygen is present in the gas stream, which indicates that 

oxygen is involved in some exothermic processes that can provide activation energy (~ 60 kJ 

mol-1)75 to decompose the perchlorate. The amount of the end product is less than the calculated, 

which confirms the assumption that part of AgCl is evaporated along the decomposition 

process74.  

The evolved gas analysis and TG measurements during the decomposition of compound 

4b under an inert atmosphere (Figure 16) showed that the first and second decomposition steps 

resulted in pyridine evolution (low intensities peaks) (m/z = 26 (CN), 36(C3), 39(C2HN), 

50(C2HN), 51(C2H2N), 52(C2H3N) and 79 (C5H5N)) and confirm that the main reaction 

products are the found [Agpy2ClO4] and AgClO4, respectively. The signals m/z = 30 and m/z = 

44 were assigned as NO and CO2, whereas m/z = 17 and m/z = 18 as water redox reaction 

products. The presence of these products confirms that the mass deficiency is the consequence 

of the redox reaction between pyridine and perchlorate, because the only N, C, and H source 

was the pyridine, and O source was the perchlorate in the compound due to the inert atmosphere. 

The intensity of m/z = 28 and parent m/z 44 peaks (CO from CO2 or N2 from N2O) suggests that 

the m/z = 44 belongs to CO2 only and no present N2O
56. 
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Figure 16. TG–MS ion intensities) of the pyridine and its oxidation products (H2O, CO2/N2O, CO and NO) during 

decomposition of compound 4b under Ar 

The fragment signal m/z = 44 found at 321.0 oC could be assigned as CO2 evolved due 

to the decomposition of oxidized carbon residues formed during the pyridine degradation in the 

first and second decomposition steps. Under these conditions, the perchlorate was the only 

oxygen source and the formed AgCl accelerated the decomposition reaction75. The remaining 

AgClO4 content in the solid phase decomposed into AgCl and O2 even below the melting point 

of AgClO4 (485.0 oC). The whole chlorine content of the perchlorate group quantitatively forms 

silver chloride76 and neither elementary silver nor hydrochloric acid could be observed.  

The reaction routes found during the decomposition of compound 4b are summarized 

in Figure 17.  

 

Figure 17. Proposed mechanism for thermal decomposition of compound 4b under Argon. 

 

The differential scanning calorimetric results of compound 4b measured under nitrogen 

(N2) and oxygen (O2) atmospheres as presented in Figure 18.  
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Figure 18. DSC analysis of compound 4b under nitrogen (N2) and oxygen (O2) atmospheres 

Until 200.0 oC, the thermal degradation processes of compound 4b are accompanied by 

endothermic heat effects regarding the loss of pyridine ligands under both atmospheres. The 

first DSC peaks appeared at 87.0 and 91.0 oC, and the reaction heat was found to be 63.011 and 

105.021 kJ mol-1 in N2 and O2, respectively. The following endothermic peaks at 102 and 103 

oC (8.361 and 9.046 kJ mol-1), and at 148.0 and 150.0 oC (108.972 and 97.760 kJ mol-1) in N2 

and O2, respectively. Above 200.0 oC (under N2) a fast oxidation process of pyridine involving 

perchlorate ions is accompanied by high heat release. In an oxygen atmosphere, this 

decomposition seems to be hindered, or to a higher extent of some endothermic processes (e.g. 

AgCl evaporation) compensate for the redox reaction heat. 
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5.3  [Co(NH3)4CO3]2SO4·3H2O (compound 6) 

Compound 6 was obtained by dissolution of basic cobalt carbonate in dilute sulfuric 

acid, with pouring the formed solution into an aq. ammonia-containing ammonium carbonate 

solution. The product was crystallized out as purplish-pink prisms.  

[Co(OH)x(CO3)2-x)] + H2SO4 = CoSO4 + H2O +CO2 (6) 

2CoSO4 + 3(NH4)2CO3  + 4NH4OH = [Co(NH3)4CO3]2SO4.3H2O  +(NH4)2SO4 + H2O 

+ CO2 

(7) 

The composition and purity of compound 6 were checked by elemental analysis, XRD 

and IR spectroscopy, and the presence of the possible isomer [sulfototetraamminecobalt(III)] 

carbonate ([Co(NH3)4SO4]CO3.4H2O) could be disclosed. The powder X-ray diffractogram of 

compound 6 is shown in Figure 19 and is in accordance with the data reported previously 

(JCPDS nos. 22-584 and 24-320).  

 

Figure 19. Powder XRD patterns of compound 6 

 

5.3.1 Structural features of [Co(NH3)4CO3]2SO4·3H2O - compound 6 

The purplish-pink single-crystals of compound 6 were earlier studied by Macikenas et 

al.34 and its crystallographic parameters and structure are shown in Table 12 and Figure 20 a-b 

respectively.  

Table 12. Cell parameters of compound 6 

Empirical formula [Co(NH3)4CO3]2SO4·3H2O  
Formula Weight 524.19 
Crystal system Monoclinic 
Space group P21/c 
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Unit cell dimensions a = 7.455(1)A°; b 10.609(1) A°; c = 23.627(2)A° 
Z 4 

Crystal size (mm) 0.50x0.20x0.10 

Density (g.cm-3) 1.884 

Temperature (oC) 25.0 

Volume (Å3) 1849 

R factor (%) 2.2 

   

a)  

b)  

Figure 20. a) Structural features and b) Packing of compound 6 

5.3.2 Vibrational spectroscopic characterization of [Co(NH3)4CO3]2SO4·3H2O - 

compound 6 

 

Although the infrared spectrum of compound 6 has already been studied31,32,77, the 

overlapping of NH3 and carbonate modes initiated us to do further spectroscopical 

investigations. Therefore, the Raman spectrum of compound 6 and the IR spectrum of the 

perdeuterated (ND3 containing) compound 6 (compound 6-D) were also recorded, and the 

results are presented in Figure 21 and 22, respectively. 

The complex cation ([Co(NH3)4CO3]
+) has an octahedral cis-O2C(=O)CoN4 type 

coordination structure (distortion of carbonate ion symmetry from D3h to C2v), and consist of a 

bidentate kO,kO’-type coordinated carbonate ion, and the remaining four coordination sites are 

filled by ammonia molecules. Three types of bending and stretching modes were found (NCoN, 

NCoO and OCoO) in the octahedral skeleton and can be seen in Table 13, which were in 

accordance with data reported previously32. Since the M-N stretching modes generally appear 
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at higher wavenumbers than the corresponding M-O stretching modes, the expected order of 

wavenumbers are the following:  ν(NCoN) > ν(NCoO) > ν(OCoO).  The symmetry lowering of 

the regular octahedral structure does not leave to distinguish NCoO modes and the NCoN and 

OCoO bands are mixed ones. Fujita et al.78 and Goldsmith et al.32 found the CoO2 moieties (C2v) 

in the cationic part of various carbonato-ligand containing cobalt(III) complexes generally 

results in higher wavenumbers for antisymmetric Co-O stretching modes than for the symmetric 

ones. Thus, the bands observed at 396 cm-1 (IR)/404 cm-1 (Raman) and 335 cm-1 (IR)/318 cm-1 

(Raman) were assigned as the antisymmetric Co-O and symmetric Co-O modes, respectively, 

whereas the bands at 514, 484, 440 and 430 belong to Co-N or Co-N/Co-O mixed modes.  

 

Figure 21. IR spectra of deuterated (blue) and non-deuterated (red) forms of compound 6 

 

Table 13. IR and Raman data of compound 6  

[Co(NH3)4CO3]
+ NH3 

 Wavenumber (cm-1)  Wavenumber (cm-1) 

Band / 

Assignation 

IR Raman 

(785 nm) 

IR32 Band / 

Assignation 

IR IR 
deuterated 

Raman 

(535 nm) 

IR32 IR31 

ν1CoN 514 514 513 ν1, νs(NH) 3289, 

3192 

2318, 2286 3235, 

2286 

- 3290, 

3180 

ν2CoN 430 442 437 ν2, δs(HNH) 1300 1004, 1020 1293 1300 1320, 

1279 

ν3 δ 326 - 304sh ν3, νas(NH) 3425 2453** 3439 - - 

ν6, νas(CoO) 400 404 396 ν4, δas(HNH) 1645* 1162 1628* 1638* 1606* 

ν9CoN 484 473 501 ν5, ρ(NH3) 828 677 793 810 846 

ν10 δ 286 293 293sh       

ν11 δ 204 204 -       

ν12CoN 440 442 437       

ν13 δ - 203 194sh       

ν14, νs(CoO) 336 - 335 

sh 

      

ν15 δ 130 141 140sh       
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Eight different crystallographic positions were assigned for ammonia molecules in the 

structure of compound 6 (Table 13). The symmetric and antisymmetric NH stretching modes 

were strongly overlapped and appeared as broad bands at 3235 (IR), 2286 cm-1 (IR for 

compound 6-D), and 3439 cm-1 (Raman), respectively (Figure 22 a.). The symmetric and the 

antisymmetric HNH bending modes appeared at 1293 and 1628 cm-1 in the Raman spectrum 

but are mixed with as(C-O) and (C=O) modes, respectively. These modes appear at ~1300 

cm-1 and 1645 cm-1 in the IR spectrum, respectively, which shift to 1020/1004 cm-1 (symmetric 

ND2 bending mode) and 1162 cm-1 (antisymmetric ND2 bending mode) on deuteration. The 

rocking mode of ammonia appears at 828 (IR) and 793 cm-1 (Raman), whereas the IR band for 

compound 6-D appears at 677 cm-1.  

a)  b)  

Figure 22.  Raman spectra of compound 6 at 532 nm (a) and 785 nm (b) laser excitation 

The free carbonate ion is planar (D3h) with four internal modes of vibration: symmetric 

stretching (s), symmetric bending (s), antisymmetric stretching (as), and antisymmetric 

bending (as) which could be assigned by IR and Raman measurements. The bands belonging 

to the coordinated carbonate ion are presented in Table 14. Based on the deuteration 

experiments, shifting of the HNH modes of the complex band system lefts back as residual 

components the mixed bands belong to vas(C-O) and (C=O) modes located at 1300/1255 and 

1613 cm-1, respectively. The C=O§ component is expected not to shift due to its insensitiveness 

on deuteration78. 

Table 14. IR and Raman assignations for carbonate ion in compound 6 

Band / Assignation 
Wavenumber (cm-1) 

IR Raman (785 nm) IR77 

ν1, ν(C=O§) 1613* 1629* 1610 

ν2, νs(C-O) 1033sh 1022 1020 

ν3, δs(OCO) 756 758 755 
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ν4, νas(C-O) 1300, 1255 1273, 1253 1280, 

1255 

ν5, δas(OCO§) 675 677 678 

ν6, π (out-of-plane) 853, 828 - 850, 830 

The difference (Δν = 313 cm-1) between the non-coordinated C=O bond mode position 

at 1613 cm-1 and the higher component of the antisymmetric C-O stretching mode (νas(C-O)) 

position at 1300 cm-1 shows the bidentate coordination mode of carbonate ion in compound 6.  

Monodentate coordination of carbonate ion would result in ν(C=O§)  appearing around 1450 and 

1500 cm-1 (instead of ~1600 cm-1). 

The tetrahedral sulfate anion normal modes are the symmetric (ν1 (A1)) and 

antisymmetric (ν3 (F2)) stretching and the symmetric (ν2 (E)) and antisymmetric (ν4 (F2)) 

bending modes, which are summarized in Table 15. 

Table 15. IR and Raman assignations for sulfate anion in compound 6 

Band / Assignation 
Wavenumber (cm-1)   

IR Raman (785 nm) IR77 

ν1, νs (S-O) 971 976 981 

ν2, δs(O-S-O) 483 473 - 

ν3, νas (S-O) 1105, 1058, 1037 1101, 1022* 1118, 

1079 

ν4, δas (O-S-O) 611 617 - 

The symmetric S-O stretching mode (νs) of the sulfate anion was assigned at 971 cm-1 

and 986 cm-1 in the IR and Raman spectra, respectively, being the intensity of the IR band lower 

in the IR than in the Raman spectra, since the symmetric stretching mode is weak in IR and 

fully intensive in Raman spectra. The antisymmetric stretching S-O mode has an opposite 

relation and appears as a strong triplet band in the IR spectra centered at 1105 cm-1 with two 

shoulders at 1058 and 1037 cm-1.  In the Raman spectra appear two small intensity peaks of the 

as(S-O) mode at 1101 and 1022 cm-1. The symmetric deformation mode (OSO) was observed 

at 483 cm-1 in IR and 473 cm-1 in the Raman spectra, whereas the antisymmetric deformation 

mode was assigned at 611 cm-1 and 617 cm-1 in the IR and Raman spectra, respectively. 

The vibrational modes of water molecules (C2v) are symmetric stretching (ν1), 

symmetric deformation (ν2), and antisymmetric stretching vibrations (ν3). The stretching modes 

of crystalline water were assigned in the higher wavenumber side of the spectra appearing 

around 3500 cm-1 as a shoulder. The symmetric bending mode of water is expected to be 

between 1640 to 1600 cm-1. However, in this range, there is a complex band system consisting 

of symmetric OH2 deformation modes, stretching modes of the non-coordinated C=O 

(carbonate ion), and antisymmetric NH deformation mode of the coordinated ammonia. 
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The carbonatotetraammine complexes of cobalt(III) are low-spin complexes with 

d6(𝑡2𝑔
6 ) electron configuration and an electron excitation into the 𝑒𝑔 orbital lead to 𝑡2𝑔

5 𝑒𝑔 

configuration. The low-spin ground state in an octahedral field is 1A1g. Two-spin-allowed to 

singlet (1T1g and 1T2g) and two-spin-forbidden transitions to triplet states (3T1g and 3T2g) are 

possible when the triplet states lie at lower energy than the singlet ones. The UV-VIS spectra 

of compound 6 and its dehydrated form, [Co(NH3)4CO3]2SO4, are presented in Figure 23 a-b 

and the recorded data is summarized in Table 16.  

Table 16. UV spectral data of compound 6 

Band 

system 

Band maxima νmax/cm−1 (nm) 

[Co(NH3)4CO3]2SO4·3H2O 

Band maxima νmax/cm−1 (nm) 

[Co(NH3)4CO3]2SO4 

Band maxima79 

[Co(NH3)4CO3]
+ 

1T1g ←1A1g 18.622 (537) 18.621 (537) 19.280 (519) 
1T2g ←1A1g 26.316 (380) 26.809 (373) 27.200 (368) 
3T1g ← 1A1g 11.990 (834) - 11.840 (845) 
3T2g ← 1A1g 15.314 (653) - 15.800 (633) 

LMCT π-eg 33.333 (300) 33.444 (299) - 

 

The purplish color of compound 6 is related to the strongest spin-allowed transition 

(1T1g ←
1A1g) at 537 nm. The second principal band belongs to the other spin-allowed transition 

(1T2g ←1A1g), whereas the two spin-forbidden transitions (3T1g ← 1A1g and 3T2g ← 1A1g) 

resulted in weak bands. The wavenumbers of these bands are sensitive to distortion of the 

octahedral symmetry79. A CT band at 300 nm was assigned as an Lπ→Co(eg)-type ligand-to-

metal-type (LMCT) electron transfer and confirms that the carbonate ion has more than 50% 

covalency in this complex80.  

a)  b)  

Figure 23. UV spectral data of compound 6 (a) and its dehydrated form (b) 
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5.3.3 Properties of anhydrous [Co(NH3)4CO3]2SO4 – compound 6a 

 

Compound 6a could be obtained by isothermal heating of compound 6 at 100.0 oC. Its 

UV and IR spectra (Figure 23 and Figure 24, respectively) show that the core structure of 

compound 6a is identical to that of the hydrated form (compound 6). The IR spectrum of 

compound 6a is presented in Figure 24.  

 

Figure 24. Infra-red spectra of compound 6 (black) and compound 6a (red)  

The band assignment of the complex cation and sulfate ion was performed based on the 

earlier identified bands of compound 6 (Section 5.3.2). The bands belonging to the 

crystallization water of compound 6 disappeared from the IR spectrum of compound 6a. Several 

bands as in case of compound 6 are overlapped: δs(NH) and ν(C=O) (1650 – 1600 cm-1), ν(C-

O) and νas(S-O) (1074 cm-1); π(CO3) and ρ(NH3) (833 cm-1); (νCoN(O) and δs(S-O) (477 cm-

1).  

The same spin-allowed and CT bands of the complex cation were found in the UV-VIS 

spectrum of compound 6a as in the spectrum of compound 6. The forbidden transitions could 

not be identified. The appearance of the separated CT band around 300 nm in the anhydrous 

state (Figure 23-b) instead of a shoulder observed in the spectra of compound 6 (Figure 23-a) 

confirms that a strong band is in the UV spectrum of compound 6 (~250 nm), which belongs to 

water (e.g. a hydrogen bound species)34. The morphology of the anhydrous compound, 

evaluated by SEM, resulted in a rugged surface with an irregular planar shape and crystallites 

aggregated in several micrometer sizes, as can be seen in Figure 25.  
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Figure 25. SEM image of compound 6b 

5.3.4 Thermal decomposition of [Co(NH3)4CO3]2SO4·3H2O -  compound 6 

The thermal decomposition of compound 6 was studied by Amigó et al. (1971)35 and 

Onodera (1978)36, but some controversies prompt us to perform a detailed thermal analysis of 

compound 6 both under inert and oxidizing atmospheres. The results achieved are shown in 

Figure 26. 

It was found that compound 6 starts to lose its water even at room temperature. The 

dehydration was completed up to 90.0 oC in N2, O2, and air considered, which is close to 100.0 

oC given by Amigo (100.0 °C)29 but much lower than that was given by Onodera (190.0 oC).30  

It was also observed that the first decomposition step occurred in two overlapped curves 

according to DTG results, in which the decomposition peak at 60.0 oC under inert atmosphere, 

is in agreement with the result of Macikenas et al. (T = 59.0 oC)34. The percentage of mass loss 

under an inert (N2 – 9.7%) and oxidant atmosphere (air – 9.0%) was quite lower than the 

theoretical value of 10.3% (three molecules of water). It agrees with a spontaneous water loss 

that can happen even at room temperature during the sample preparation process. 

 

Figure 26. TG-DTG curve of compound 6 in air, O2, and N2 atmospheres 
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The first decomposition step resulted in the formation of compound 6a which is stable 

up to 221.0 oC in N2, O2, and air atmospheres as well. There were no significant differences 

between the decomposition curves in different atmospheres up to 500.0 oC, thus it is possible 

to state that oxygen does not play a key role in the thermal decomposition process of compounds 

6 and 6a. 

Ammonia and carbon dioxide evolution started around 240.0 oC as that was previously 

reported by Amigó et al. and Onodera29,30.  Only Onodera could assign N2 as the oxidation 

product of ammonia. We found 45.6% and 44.7% mass loss in N2 and air, respectively, a bit 

higher than the theoretical value (42.6 %). This slightly excess residual mass could be 

associated with the formation of ammonium sulphate36 which was confirmed with IR data of 

the intermediate formed at 300.0 oC (under inert and oxidative atmospheres with 30 min of 

isothermal heating, respectively). The IR spectrum of the X-ray amorphous phase (Figure 28-

a) is shown in Figure 27-b.  The symmetric and antisymmetric deformations of ammonium ion 

were assigned at 1433 cm-1 and 1632 cm-1, respectively, while the symmetric and antisymmetric 

stretching modes were identified at 3397 cm-1 and 3263 cm-1, respectively. The combination 

(ν1+ ν5), (ν2+ ν4), (ν4+ ν6), and overtone bands (2ν4) were found at 3515 cm-1, 3178 cm-1, 1713 

cm-1, and 2916 cm-1, respectively, which may be related to the hindered rotation of ammonium 

ion due to the strong hydrogen-bonds like in (NH4)2SO4
81,82.  The symmetric and antisymmetric 

S-O stretching bands appeared at 982 cm-1 and 1118, 1063 cm-1, respectively.  The symmetric 

and antisymmetric S-O deformation modes were assigned at 486 cm-1 and 657, 622, 593 cm-1 

respectively. Some small peaks belonging to carbonate ions, which can act as a substitute for 

sulfate in cobalt salts), were observed at 833 cm-1 and 1530 cm-1. It was observed that NH bands 

disappeared after prolonged heating (up to 120 min) in the air.  

a)  b)  
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Figure 27. PXRD (a) and Infra-red (b) analysis of the intermediate formed at 300.0 oC under air and N2  

 The cobalt(III) is not completely reduced in the main decomposition step (~240.0 oC) 

either under inert or oxidizing atmospheres, resulting in cobalt(II, III) containing intermediate. 

The material formed at 300.0 oC is not the expected basic cobalt(II) sulphate, (CoO)2SO4. The 

formula of this intermediate under an inert (N2) atmosphere was determined as 

Co2O1,12+δ(SO4)0.88 (δ=the oxygen surplus due to the presence of 2.8% of Co(III) ion) and 

Co2O1,25+δ(SO4)0.75 (δ=the oxygen surplus due to presence of 5.3% of Co(III) ion under 

oxidizing atmosphere (air). On further heating of the intermediate Co2O1,25+δ(SO4), 0.75 up to 

719.0 oC in air, cobalt(II, III) oxide (Co3O4) was obtained. 

The dehydration and the main decomposition steps are endothermic processes in both 

air and inert atmosphere (Figure 28-a). Nonetheless, a small exothermic peak was observed at 

414.0 oC and 474.0 oC either air or N2, respectively, which is related to the formation of a minor 

intermediate phase preceding the formation of the end products. The differences in the amount 

of the residual ammonium sulphate formed as a by-product may role in alteration in the reaction 

heats were found to be 437.49 kJ mol−1 and 507.18 kJ mol−1 under air and N2, respectively.  To 

identify whether oxygen has a key role in this decomposition process, a TG-DSC curve was 

performed up to 800.0 oC in an O2 gas carrier and is shown in Figure 28-b. 

a)  b)  

 

Figure 28. DSC curves of compound 6 in air and N2 (a) and its thermal decomposition (b) in the presence of 

oxygen 

In an inert atmosphere (Figure 29-a) at 800.0 °C, the end product was identified as a 

mixture of CoO and two allotropes (hcp and fcc) of metallic cobalt in a ratio of 45:35:25 

respectively. An inert high-temperature XRD measurement in the presence of Al2O3 (reference 

material) only CoO as only crystalline phase was observed between 450.0 and 800.0 oC (Figure 



67 
 

29-b). These results confirm that the primary redox reaction product may be Co or CoO, but 

the formation of metallic Co is prevented by the presence of alumina. In the air,  the end product 

was identified as Co3O4, which is in accordance with previous results reported by Amigó et al. 

(1971)35. The exoeffect observed at ~415.0 oC in an oxidizing atmosphere (Figure 28-a) may 

be attributed to the oxidation of nanosize cobalt or cobalt(II) oxide into CoO or Co3O4, 

respectively.  

a)  b)  

Figure 29. High-temperature XRD of the decomposition product of compound 6 in the inert atmosphere measured 

at 450.0, 550.0, and 800.0 °C in the presence of Al2O3 (a) and XRD of the decomposition product heat-treated 

isothermally in an inert atmosphere at 800.0 °C (b) 

The lack of oxygen under inert conditions discloses the direct oxidation processes (from 

the gas carrier) of Co or CoO at 473.0 oC, and due to the exothermic character of the peak, the 

hexagonal-cubic phase transition of cobalt (hcp-fcc) between 450.0–490.0 °C83 cannot be taken 

into consideration. Thus, the reaction observed at 473.0 oC in an inert atmosphere may be 

related to the reaction of nanosize cobalt particles (15 and 250 nm for hcp-Co and fcc-Co, 

respectively) with other components of the system like (CoO)2SO4 or a Co(III) component ( 

oxygens surplus) which might result in a small exothermic effect. 

 

(CoO)2SO4 + Co = 3CoO + SO2 (8) 

2 Co(III) (in oxide phase) + Co=3Co(II)(in oxide phase) (9) 

   

The evolved gas analysis results obtained during the thermal decomposition of 

compound 6 are presented in Figure 30 a-b. Water evolution was found during the dehydration 

and in the main decomposition step as well. The appearance of water during the main 

decomposition step of compound 6a confirms the existence of a redox reaction involving the 

oxidation of ammonia molecules since the only source of hydrogen is ammonia. The water 
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(m/z=18, 17, 16 (H2O
+, HO+ and O+) and ammonia curves (m/z=17, 16, 15, 14 (NH3

+, NH2
+, 

NH+ and N+)) could not be distinguished in the case of m/z=17 and 16. However, the m/z=18 

peaks belong only to water and the m/z=14 or 15 may belong to ammonia (N and NH+) or other 

nitrogen-containing fragments or parent ions like N+ (m/z=14 from NOx compounds) or N2O
2+ 

(m/z=30/2=15). 

Onodera36 reported multistep ammonia losses and the formation of a Co(III)-compound 

as decomposition intermediate at 200.0 oC. The evolution of N2 was identified by GC30. It partly 

differs from our results.  We found a peak at m/z=28 which may be N2 and CO from CO2 

fragmentation as well. Distinguishing CO (m/z=28) and N2 (m/z=28) by the appearance of CO2 

parent ion peak (m/z=44) cannot be used here, because a possible ammonia oxidation product 

(N2O)18 also gives peaks at m/z=44 and 28 (N2
+). The fragmentation of N2O, however, gives a 

chance to distinguish the origin of m/z=44 and 28 with the peak m/z=30 (NO+), which does not 

appear during the fragmentation of CO2 but one of the fragment peaks in the case of N2O.  Thus, 

a comparison of the relative intensities of the parent and their fragment ions for H2O/NH3, 

CO2/CO, and N2O/N2/NO systems helps to estimate the contribution of each fragmentation 

route to the intensities of the observed “mixed” signals.56 

a) 
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b) 

 

Figure 30. TG-MS curves of compound 6 under argon (a) and air (b) atmospheres  

The relative ratios of m/z = 17 and 18 intensities (Figure 30-a) shows that the main 

component of m/z = 17 is ammonia with a smaller contribution of water fragmentation (OH+, 

m/z = 17) (the intensity ratio of m/z = 18 per m/z = 17 is ~4:1).  The presence of N2O (m/z = 

44) as a typical decomposition product of ammonia complexes with oxidizing anions 6–8,18,84 

showed that NO+ is not a fragmentation product from N2O
+ but forms as a direct oxidation 

product of ammonia, as was suggested earlier6–8,18.  

The same peak intensities were identified in the decomposition of compound 6 under 

air (Figure 30-b) as in an inert atmosphere, thus the outer oxygen does not play a key role in 

the decomposition process up to 300.0 oC. 

Summarizing the results of TG, DTG, and TG-MS studies with the IR and the PXRD 

results, the following decomposition processes play a key role in the thermal decomposition of 

compound 6:  

[Co(NH3)4CO3]2SO4·3H2O → [Co(NH3)4CO3]2SO4 + 3H2O (10) 

3[Co(NH3)4CO3]2SO4 → 6CoCO3 + N2 + 3(NH4)2SO4 + 16NH3 (11) 

(CoO)2SO4 → 2CoO + SO3           (inert atmosphere) (12) 

3(CoO)2SO4  → 2Co3O4 + 2SO2 + SO3                (air atmosphere) (14) 

 

The main conclusions about the thermal decomposition reaction of compound 6 (and 

6a) are the following:  

1. The reaction (1) is endothermic, reversible, and proceeds between 40.0 and 60.0 oC; 

2. The reaction (2) (main decomposition step) consists of a redox reaction between the 

ammonia ligand and the cobalt(III) cation both in air and inert atmospheres together with 



70 
 

consecutive ammonia ligand loss. The redox reaction products were identified as basic 

cobalt(II) sulfate, elementary nitrogen, and water. Carbon dioxide and ammonia were 

also identified as ligand loss products with a small amount of ammonium sulfate. The 

SO2 as sulfate reduction product (oxidation of ammonia/ammonium ion into NO) 

fragments could be assigned by SO+  (m/z = 48) from the fragmentation of SO2 parent56. 

The deficiency in sulfate/Co ratio (<1:2) can be attributed to the decomposition of 

ammonium sulfate in the redox reaction with NOx and SO2 formation; 

3. Reaction 3: In an inert atmosphere, the basic cobalt(II) salt decomposes into CoO. Sulfur 

trioxide dissociates into sulfur dioxide and oxygen, of course, according to the 

equilibrium of the SO2+1/2O2=SO3 reaction; 

4. Reaction 4: In the air atmosphere, the basic cobalt(II) salt oxidizes into CoIICo2
IIIO4 

(Co3O4) (reaction 4). Sulfur trioxide dissociates into sulfur dioxide and oxygen, but the 

presence of atmospheric oxygen shifts the equilibrium and decreases the sulfur dioxide 

formation).  

 

5.3.5 Characterization of intermediates:  Co2O1,12+δ(SO4)0.88 (formed under N2) and 

Co2O1,25+δ(SO4)0.75 (formed under air) basic cobalt sulfates 

These intermediates were prepared by isothermal heating (300.0 oC) of compound 6 in 

air and N2, for 150 min and 120 min respectively. The amount of the sulfate ion in both 

intermediates was less than expected based on the stoichiometry of compound 6 - 

[Co(NH3)4CO3]2SO4·3H2O – (SO4:Co = 1:2). The existence of basic cobalt salts 2CoO·CoSO4, 

3CoO·CoSO4, 4CoO·CoSO4 and 5CoO·CoSO4 were reported previously85–87, but our 

intermediates were not reported until now. 

The properties of basic Co-sulphate prepared in an atmospheric atmosphere were 

studied in detail. The characteristic IR bands belong to sulfate ion in Co2O1,25+δ(SO4)0.75 could 

be assigned at νs = 984 cm-1, νas = 1107, 1057 cm-1, δas = 646, 566, 537 cm-1 (sh) and δs = 465 

cm-1. The Co-O mode appeared as a wide band system in the far-IR range at 365 cm-1. The rod-

shaped morphology of this intermediate is presented in Figure 31. Its surface seems to be rather 

smooth with small grain sizes, which form bigger agglomerates. The specific surface area 

analysis resulted in a value of 53 m².g-1. 
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Figure 31. The SEM picture of Co2O1.25+δ (SO4)0.75 

 The photocatalytic activity of Co2O1,25+δ(SO4)0.75 was evaluated in the 

photodecomposition of harmful organic dyes including CR and MO with irradiation of light at 

375 nm wavelength for 240 min. The reactions were conducted at pH below and above the pKa 

value of MO and did not result in any significant photocatalytic action (either the acidic or the 

basic form could be decomposed in the presence of basic Co-sulphate with light). CR, however, 

could be decomposed in a reliable ratio, with 2-fold and 7-fold acceleration of the degradation 

process at pH 3.40 and pH 5.25. It means the alkaline form of CR is more sensitive to UV light 

irradiation (= 375nm) in the presence of Co2O1,25+δ(SO4)0.75  than its acidic form.  The results 

showed adsorption of CR is 30.7 mg dye per gram of catalyst. The apparent rate constant of the 

decomposition process was determined by a pseudo-first-order equation proposed by Lagergren 

(1898)88 from the slope of the graph representation –ln(At/Ao) versus time. The results are 

summarized in Table S1 and Figure 32, respectively. 

 

Figure 32. Photocatalytic activity of Co2O1,25+δ(SO4)0.75 in the degradation of CR 
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5.3.6 Characterization of CoO (under N2) and Co3O4 (under air) prepared from 

compound 6 

Co3O4 prepared at 750.0 oC from compound 6 under air has a low specific surface area 

(6 m².g-1) and did not result in significant photocatalytic activity in the photodegradation of MO 

and CR. The microcrystalline morphology of Co3O4 can be seen in Figure 33. 

  

Figure 33. The SEM picture of Co3O4 crystals made from compound 6a in the air at 750 °C 

 Cobalt(II) oxide (CoO) obtained at 800.0 oC under N2 showed the lowest specific 

surface area (1 m².g-1) among all materials investigated in this study. There was no catalytic 

effect observed in the photodecomposition of the two studied dyes. CoO has large sheet-like 

morphology with some small spherical portions as can be seen in Figure 34. 

  

Figure 34. The SEM picture of CoO formed from compound 6a in an inert atmosphere at 800 °C 
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5.4 [Co(NH3)6](MnO4)3 – compound 7a 

The [hexaamminecobalt(III)]permanganate was formed via a combination of 

[hexaamminecobalt(III)] chloride and NaMnO4 upon cooling as a purplish crystalline mass in 

56 % yield. The powder X-ray diffractogram was in accordance with the results published by 

Baran and Aymonino (1969)37 resulted in a cubic cell shown in Figure 35. 

 

Figure 35. Powder XRD of compound 7a 

 

5.4.1 Structural features of [Co(NH3)6](MnO4)3 - compound 7a 

The purple hexagonal single crystals of compound 7a were grown from the mother 

liquor of its preparation and studied by XRD at room temperature. The crystallographic 

parameters and structure are shown in Table 17 and Figure 36a-b respectively. The structure 

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

be observed. Based on the structure refinements it is suggested I-4 is a space group (Figure 36-

b). The positions and the octahedral shape of the hexaammine-cobalt(III) complex cations are 

quite obvious. Tetrahedral or cubic disordered permanganate anions are found at (n;n;c) or 

(n+1/2;n+1/2;c) coordinates (where n is integer). The positions of the permanganates at 

(n+1/4;n+1/4;c) or (n+3/4;n+3/4;c) coordinates, seem to be modulated and quite uncertain. 

Table 17. Cell parameters of compound 7a 

Empirical formula [Co(NH3)6](MnO4)3 
Formula Weight 517.95 
Crystal system Tetragonal 
Space group I-4 
Unit cell dimensions a = 11.2807(15)A°; b = 11.2807(15) A°; c = 22.6398(15)A° 
Z 8 

Crystal size (mm) 0.36x0.31x0.29 

Density (g.cm-3) 2.388 

Temperature (oC) 25.0 

Volume (Å3) 2881 
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The lattice of compound 7a consists of octahedral oxygens cations and tetrahedral 

anions. There are hydrogen bond interactions between the permanganate and ammonia 

hydrogen, which may be a key role in the explosive nature of compound 7a and the existence 

of the observed quasi-intramolecular solid-phase reactions during the thermal decomposition.  

The refinement of the crystals structure of compound 7a is a hard task because the 

compound probably has incommensurate structural features. It looks like very probable that a 

supercell is in the crystal structure. The cube-like “elementary cell” corners contain cations 

“linked” with one of the anions, whereas two anions are located in the voids made by the rigid 

network of the cations and anions (1:1 ratio). The location of the two “free” permanganate ions, 

however, are probably not the same in the neighboring blocks, which result in a high R factor 

and prevent the final refinement with our tools. The finding of an appropriate software that can 

treat similar incommensurate structures is in progress.  

a)  b)  

Figure 36. a) Structural features and b) Packing of compound 7a 

The analogous perchlorate showed phase transition at Tc1 = 61.5 oC (from phase II → 

I); at Tc2 = -161.5 oC (phase III → II) and Tc3 = -175.5 oC (phase IV → I), obtained via adiabatic 

calorimetry. The transitions found between Tc1 and Tc2 were not connected with a significant 

change of the crystal structure (caused by re-orientational dynamics of NH3), both of them in a 

cubic form41. In our case, however, we could not find any polymorphic phase transition (DSC 

study) found between -150.0 oC and the decomposition temperature of compound 7a.  

5.4.2 Vibrational spectroscopic characterization of [Co(NH3)6](MnO4)3 - compound 7a 

Due to a lack of reliable crystal structure parameters, correlation analysis could not be 

done for this compound. The complex cation [Co(NH3)6]
3+ has full octahedral symmetry (Oh)

89 

with freely rotating ammine groups whereas the permanganate anions have tetrahedral  
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symmetry40. The IR, far-IR, and Raman spectra measured at 735 and 582 nm laser excitation 

are shown in Figure 37a-b and Figure 38a-b. I summarized my own and the available literature 

data about vibrational spectroscopic data of the cation in compound 7a37 and its perchlorate 

analog, compound 7b40 in Table 18.  

Table 18. The IR and Raman spectra of the cationic part of compound 7a and 7b 

Band / Assignation 
Wavenumber (cm-1) 

IR Raman 

(785 nm) 

Raman 

(532 nm) 

IR (7a)37 IR (7b) 40 

δas(NCoN) 315 (w) 349, 303 349, 308  329, 309 (m) 

νs (CoN) - 504 (w) 505 (w) - 494 (s) 

νas (CoN) 487  

(vw) 

489 (w) 481 (w) - 486 (vw) 

ρ (NH3) 810  (s) 842  (vs) 841 (vs) 835 820  (m) 

δs(HNH) 1344  

(vs) 

1322  (vw) - 1334, 1314 

(vs) 

1354 (s) 

δas(HNH) 1621 

(w), 

1731 

- 1677 (s), 

1731 

1610, 1731 1630 (w) 

νs (NH) 3180 
(s) 

- 3119 3150 3268 (s) 

νas (NH) 3265 

(vs) 

- 3357, 3344 3260 3331 (s) 

 

a)  b)  

Figure 37. Far-IR (a) and FT-IR spectra (b) of compound 7a 

 

 The vibrational spectroscopic data of permanganate ion in compound 7a is summarized 

in  

Table 19. As reported previously37, the tetrahedral permanganate ion symmetric/ antisymmetric 

Mn-O stretching and deformation modes appear around  812/ 928 cm-1 and around 348/392 cm-

1,  respectively.  



76 
 

 

 

Table 19. The IR and Raman spectra of the anionic part of compound 7a 

 

The Raman spectra measured at 785 nm and 532 nm laser sources are presented in 

Figure 38. 

a)  b)  

Figure 38. Raman spectra of compound 7a with 785 nm (a) and 532 nm (b) excitation  

 The symmetric stretching mode of permanganate ion (νs (MnO) in the Raman spectrum 

of compound 7a appears as a very intense band at 842 cm-1, whereas in the IR spectrum it 

appears as a weak band at 812 cm-1. The antisymmetric Mn-O mode (νas (Mn-O)) appears as a 

very intense band in the IR spectrum as a doublet at 911 and 892 cm-1, whereas in the Raman 

spectrum it appears as a triplet with low intensity at 928, 919, and 896 cm-1 respectively. 

Similarly, the symmetric deformation mode of permanganate ion (δs (Mn-O)) was stronger in 

the Raman spectrum at 348 cm-1 than in the IR spectrum at 315 cm-1. Regarding the 

antisymmetric deformation mode δas (Mn-O)), that was found to be a less intense band in the 

IR (385 cm-1) than in the Raman spectrum (392 cm-1). 

Band / Assignation 

Wavenumber (cm-1) 

IR Raman 

 (785 nm) 

Raman  

(532 nm) 

IR37 

ν1 (MnO), νs (A) 812 (w) 842 (vs) 843, 841 

(vs) 

897 

ν3 (MnO), νas (F2) 911, 892 

(vs) 

928, 919, 896 

(w) 

 913 

ν4 (MnO), δas (F2) 385 (vw) 392 cm-1 (w)   

ν2 (MnO), δs (E) 315 (w) 348 cm-1 (s)   
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5.4.3 Thermal decomposition features of [Co(NH3)6](MnO4)3 - compound 7a 

The compound 7a is not stable thermally and explodes on heating4,37 or considerable 

pressure38, as reported previously. The thermal decomposition of compound 7a was studied 

previously by Baran and Aymonino 37 and found weak exothermic peaks at 100.0, 107.0 oC, 

and  108.0 oC. The last step was a rapid decomposition process ending at 116.0 °C with an 

explosive-like nature. They did not characterize the decomposition process and products 

further. To study these decomposition processes and the chemical nature of decomposition 

products/intermediates, the thermal decomposition curves registered under both inert 

atmosphere (Ar) and air are presented in Figure 39a-b, respectively. 

a)  b)  

Figure 39. Thermal decomposition curves of compound 7a  under argon (a) and air (b) atmosphere. 

In contrast to the previously reported results about the thermal decomposition of 

compound 7a37, we found only one exothermic peak at  ~108.0 oC (inert atmosphere) and 

~111.0 oC (air) shown in Figure 39-a and b, respectively.  In an inert atmosphere, the DTG data 

show that the main decomposition step (11.25 % mass loss) was followed by two decomposition 

steps at 139.5 oC and 169.9 oC with 3.9% and 3.5% mass losses, respectively. Under air, the 

mass loss of the main decomposition step was only 2.6% and the two next consecutive 

decomposition steps were found at 143.9 oC and 171.7 oC, resulting in mass losses of 2.3% and 

2.3%, respectively. The overall mass loss is less (7.5%) than under an inert atmosphere (19.0%). 

Slight exothermicity was found in the temperature range of the third decomposition step.  

DSC studies were performed both in inert and oxygen atmospheres to clarify the role of 

atmospheric oxygen in the decomposition processes. In an inert atmosphere (Figure 40-a) a 

highly exothermic peak appeared at 106.4 oC with a heat releasing of 386.97 kJ/mol, followed 

by a small peak at 108.1 oC with 27.762 kJ/mol. The lack of endothermic ligand loss peak and 
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the strong exothermic character of the reaction even in the initial stage strongly suggest the 

existence of a quasi-intramolecular solid-phase redox reaction between the ligand (ammonia) 

and the oxidizing anion (permanganate)18. In oxidizing atmosphere (Figure 40-b) a more 

exothermic reaction was found 579.669 kJ/mol which may be attributed to the oxidation of the 

released unreacted ammonia ligands with the outer oxygen source (the oxygen content of three 

permanganate ions is not enough to oxidize six ammonia molecules in compound 7a  even with 

the formation of N2 or H2O either).   

a)  b)  

Figure 40. DSC analysis of compound 7a  under nitrogen (N2) and oxygen (O2) atmospheres 

 In an inert atmosphere, the non-oxidized ammonia can be released as gas and can reduce 

a part of the oxygen content of compound 7a with the formation of gaseous N2, NOx, or H2O 

formation. It results in a mass loss containing the lost ammonia and a lost part of the original 

compound 7a oxygen content.  In the atmospheric oxygen, a part of ammonia was oxidized, 

thus the air-oxidized ammonia cannot reduce the oxygen content of the original compound 7a. 

It can cause a decrease in the observed mass loss.  However, in air, the solid oxidation products 

formed - e.g. Co(III) compounds or ammonium nitrate -  contain oxygen from the air that can 

increase the amount of the residue - decrease the mass loss. To study the abovementioned 

question and determine the chemical nature of the expected oxidation products, evolved gas 

analysis measurements were also performed with the TG-MS method (Figure 41), XRD and IR 

studies were also performed on the solid residues.  

The TG-MS studies unambiguously showed, that both in inert (Figure 41-a) and 

oxidizing (Figure 41-b) atmospheres, water was formed (m/z=18) in the first decomposition 

step as the oxidation product of ammonia. The fragments m/z = 30 and 44 can be related to NO 

and N2O oxidation by-products, respectively.  Since the NO and N2O signals shape are different 

and the peak temperatures do not coincide, NO and N2O are formed in different oxidation 
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processes (if NO was only an N2O fragmentation product, the NO and N2O peaks would 

coincide completely).   

a)  b)  

Figure 41. TG-MS curves of compound 7a  under argon (a) and air (b) atmospheres 

The m/z=17 curves in air and N2 atmosphere have a similar shape as the m/z=18 (water) 

curves. The intensity ratio and shape of m/z=18 and 17 curves show the simultaneous evolution 

of ammonia and water. The intensity of m/z = 17 should be lower than observed to be referred 

to water fragments, thus some other m/z=17 ion source (ammonia molecular ion) is supposed 

to be present. The appearance of a peak at m/z=15 with higher intensity than m/z=30 (m/z=15 

may be NO2+ from double ionization of NO, or NH+ from the fragmentation of NH3) confirms 

that NH3 evolves in the process.  The further water and NOx release at higher temperatures can 

be attributed to the decomposition of intermediates formed in the first step and embedded in the 

oxide (cobalt and manganese) matrix.  

To identify the individual phases in the solid decomposition intermediates and the final 

product, isotherm heat treatments of compound 7a was performed at 110.0, 160.0, and 240.0 

oC or 120.0, 160.0, and 220.0 oC for 5 min in N2 or air, respectively (according to the 

decomposition temperature ranges of compound 7a in the inert and atmospheric oxygen).  The 

intermediates formed were subjected to IR and powder XRD analysis. The final decomposition 

product was heated until 500.0 °C in N2 or air, respectively to study the effect of temperature 

on the crystallinity of the formed cobalt manganese oxides (Figure 42).  
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a)  b)  

Figure 42. Crystallization of the Co-Mn oxides formed in the thermal decomposition of compound 7a  under 

nitrogen (a) and air (b) gas flow and the size of the formed crystallites  

The solid cobalt manganese oxide final products formed as an amorphous material, 

which starts to crystallize around 340.0 °C (average crystallite size was found to be 4.1 nm) in 

N2 and around 465.0 °C (average crystallite size was found to be 6.7 nm) as (Co,Mne)(Co, 

Mn)2O4 spinels (Co: Mn=1:3, Co0.75Mn2.25O4) in air atmosphere.  The crystallite size depends 

on the crystallization temperature, at 500.0 °C these were 23.6 and 18.7 nm, in N2 and air, 

respectively.  The studies on the distribution of CoII and MnII, or CoIII and MnIII (inverse or 

normal spinel) cations in tetrahedral and octahedral sites of spinel formed in the function of 

temperature, and the excess oxygen content (Co0.75Mn2.25O4+x) are in progress).  

The IR analysis of the intermediates (Figure 43 a-d) shows the amount of coordinated 

ammonia is decreased with increasing temperature.  The oxide type metal-oxygen band 

intensities increase with increasing temperature in agreement with the crystalline XRD patterns 

(Figure 42).  

  

a) b) 
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Figure 43. FT-IR and far-IR spectra of the intermediates prepared from compound 7a in different temperatures 

under air (a,b) and nitrogen (c,d) atmospheres 

The intermediate formed at 160.0 oC under N2 atmosphere resulted in N-H bond 

containing product, whereas under air atmosphere at the same temperature the bands belonging 

to N-H bonds are less intensive. It means the oxygen from the air oxidizes the ammonia which 

is left-back in the form of one or more N-H bonds containing the product(s) under an inert 

atmosphere. The IR bands belonging to oxidic metal-oxygen bonds have appeared.  In the IR 

spectra of intermediates formed above 220.0 °C, the intensity of oxidic metal-oxygen modes is 

increased. This intermediate is crystallized with increasing temperature as spinel-like 

crystalline oxide, (Figure 42-a and Figure 43 c-d). It is interesting, that under N2, an unidentified 

intermediate is also formed, which may be a nitrogen-containing (basic nitrate) product, which 

does not form in the air.  Thus, the oxidation of N-H containing intermediate into nitrates may 

be responsible for the smaller mass loss in the air than in the inert atmosphere.  

Detailed characterization of the main decomposition reaction intermediate is a hard 

task due to the explosion-like nature of the decomposition reaction of compound 7a. To control 

the main decomposition process, the decomposition reaction was performed under toluene as 

an inert solvent which could absorb the released reaction heat and gave a possibility to perform 

the reaction in a smoothly and safely way (the reaction heat causes local overheating and 

explosion like decomposition, whereas the absorbing of this reaction heat can control the 

decomposition reaction rate).  Toluene was selected as a solvent because its boiling point (110.0 

°C) is close to the decomposition temperature of compound 7a (108.0 °C) and the evaporation 

process of solvent serves as a high-capacity heat-absorbing element. The reaction was done 

under reflux conditions, to remove the evaporation heat of toluene and recycle the liquid toluene 

into the process. Compound 7a does not dissolve in toluene and does not react with that even 

on heating.  

c) d) 
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The thermal decomposition product formed at 110 °C under toluene in 1 h was an X-

ray amorphous brown material (Figure 44-a) that contains ammonium and nitrate ions 

according to FTIR analysis (Figure 44-d). This material was subjected to aqueous treatment and 

the aq. solution was left to evaporate. The water-soluble white crystalline material left-back 

was identified as NH4NO3
90 and confirmed the existence of the solid-phase redox reaction 

during the thermal decomposition of compound 7a  (Figure 44-c).  

  

  

Figure 44. Amorphous phase formed from compound 7a in toluene at 110 °C in 1 h (a), IR spectra of compound 

7a and its decomposition product formed in toluene under 1 h reflux (b), XRD diffractogram (c), and IR spectrum 

(d) of the water-soluble decomposition product formed from compound 7a in toluene at 110 °C in 1 h  

Based on the composition of a solid phase (1:3 Co: Mn stoichiometry, spinel phase) 

and the presence of NH3, NH4NO3, and H2O as decomposition products, and the lack of oxygen 

evolution (TG-MS results), the main decomposition reaction route in an inert atmosphere can 

be summarized as follows: 

3[Co(NH3)6](MnO4)3 = 4Co0.75Mn2.25O4 + 5NH4NO3 + 5H2O + 8NH3 (14) 

The mass decreasing until 240 °C was found to be <20 and < 10 % in an inert atmosphere and 

air, respectively. The formation of ammonium nitrate plays role in the smaller mass loss of 

a) b) 

c) d) 
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compound 7a in the air than in the inert atmosphere if we suppose that the ammonium nitrate 

formation takes place with the incorporation of oxygen partly/completely from the air instead 

of the oxygen content of compound 7a. Since reaction 14 should give ~ 35.0 % mass decrease, 

it is ambiguous, that other reactions which result in solid products (higher oxides, other nitrates) 

also occur as was detected by IR spectroscopy, especially in the atmospheric oxygen. There are 

minor side reactions, when NO or N2O are also formed, e.g., N2O formation may be attributed 

to the ammonium nitrate decomposition.  

NH4NO3 = N2O + 2H2O (15) 

Similar decomposition reactions of in-situ formed ammonium nitrate catalyzed by the 

simultaneously formed mixed metal-manganese oxides at lower temperatures than the 

decomposition temperature of ammonium nitrate (169.6°C)91 could be found at other metal 

permanganate ammine complexes6,7,92 as well. The presence of nitrate ions (Figure 44-a) at 240 

°C, above the decomposition temperature of ammonium nitrate (169.6 °C), shows that other 

metal (cobalt or manganese) nitrates, probably basic salts are present in the air, which 

contributes to uptake of oxygen from air and decrease the mass loss in air. However, the overall 

mass loss in an inert atmosphere is lower than the theoretical (20.0 % instead of 35.0 %) where 

uptake of oxygen from the air cannot play a role and nitrates could not be found by IR. Thus 

some higher valence oxide/hydroxide phases must be present. This fact and the variability of 

valence states of cobalt and manganese initiated us to study the catalytic characteristics of the 

decomposition products formed from compound 7a at various temperatures.   

5.4.4 Surface characterization of decomposition product and intermediates formed from 

compound 7a under isotherm conditions 

The surface characteristics are important facts in the materials candidate as catalyst 

components. The morphology of the intermediates and end products formed from compound 

7a at 110.0 oC, 440.0 oC, 500.0 oC under nitrogen and at 120.0 oC, 465.0 oC, 500.0 oC under air 

are presented in Figure 45. The specific surface area of these intermediates was also measured 

and the results are summarized in Table 20.  
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Table 20. Specific surface area of intermediates formed from compound 7a at different temperatures under air 

and N2 

T oC (N2) 110.0 160.0 240.0 340.0 360.0 380.0 400.0 440.0 500.0 

SA (m².g-1) 123 105 106 100 78 50 45 25 15 

T oC (air) 120.0 160.0 220.0 320.0 420.0 465.0 500.0 - - 

SA (m².g-1) 12 130 110 105 88 67 35 - - 
SA. Surface Area 

  

  

120oC - air 

440oC – N2 

e) 

110oC – N2 

a) d) 

e) 

465oC - air 440oC – N2 

b) 
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Figure 45. SEM images of intermediates formed from compound 7a at 120.0 oC (a), 465.0 oC (b) and 500.0 oC (c) 

under air; 110.0 oC (d), 440.0 oC (e) and 500.0 oC (f) under nitrogen.  

The surface areas of the formed intermediates decrease as the heat treatment temperature 

increases under a nitrogen atmosphere due to sintering processes. Under air, however, the first 

intermediate (120.0 oC) showed the lowest surface area, and the further heating resulted in 

similar trends as in the inert atmosphere.  The samples prepared under an inert atmosphere 

mostly resulted in lower surface area samples than the samples made in the air.  

The distribution of pores was evaluated for the intermediate formed at 400.0 oC under 

air according to the Barrett, Joyner, and Halenda (BJH) method. The result indicates that most 

of the pores are mesopores and a small amount of micropores are present in the bulk structure. 

Figure 46 presents the results obtained for the distribution of mesopores (a) and micropores (b). 

a)  b)  

Figure 46. Mesopores (a) and micropores (b) distribution of the intermediate formed at 400.0 oC from 

compound 7a under air. 

 

500oC – N2 

f) 

500oC – air 

c) 
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5.4.5 Photocatalytic activity of the thermal decomposition intermediates formed from  

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

The photocatalytic activity of the intermediates formed from compound 7a at various 

temperatures was evaluated in the photodecomposition of CR and MO by irradiation of λ = 375 

nm. The obtained results are summarized in Figure 47 and Table S2. 

a)  b)  

 

Figure 47. a) Photocatalytic activity of decomposition intermediates formed from compound 7a under nitrogen 

(a) air (b) in the degradation of Methyl-Orange and Congo-Red  

The decomposition intermediates formed from compound 7a in N2 and air atmosphere 

were found to be quite active in the decomposition of CR. The intermediate formed at 120.0 oC 

under air showed the maximal decomposition rate of the series made in the air (~70.0 % of 

degradation, with a 7-fold acceleration of the degradation). It was the only intermediate that 

showed significant catalytic activity in the photodegradation of MO (Table S2).  

 

The intermediates formed under N2 at 360.0 and 400.0 oC were proved to be a good 

catalyst in the photodegradation of CR resulting in 11-fold and 9-fold acceleration rates, 

respectively. The degradation of MO was accelerated only twice with the samples made at 240 

and 360 °C, the others did not show remarkable photocatalytic activity. 
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5.5 [Co(NH3)6]Cl2(MnO4) – compound 8a 

The [(hexaamminecobalt(III)] dichloride permanganate (compound 8a) was obtained 

via a combination of compound 7a and [Co(NH3)6]Cl3 upon cooling as dark purplish blocks of 

small crystals strips at 1.0 oC with low (16.4 %)  yield.  

[Co(NH3)6](MnO4)3 + 2 Co(NH3)6Cl3 = 3[Co(NH3)6]Cl2MnO4 (16) 

Compound 8a has not been characterized until now. It is soluble in water at room 

temperature (7.89 g/100 ml of water at 25 °C).  Its powder X-ray diffractogram is shown in 

Figure 49.  

 

Figure 48. Powder XRD pattern of compound 8a 

 

5.5.1 Structural features of [Co(NH3)6]Cl2MnO4 - compound 8a 

Monoclinic single crystals of compound 8a were selected from the crystalline mass in 

equilibrium with the mother liquor. The single-crystal structure of compound 8a was 

determined at room temperature. Compound 8a consists of an octahedral 

hexaamminecobalt(III) cation, a tetrahedral permanganate anion, and two chloride ions, which 

are binding to each other by N-H…O and N-H…Cl hydrogen bonds. The average N…O 

distance is around 2.9 Å (Figure 49-a) whereas in [hexaamminecobalt(III)] permanganate it was 

~3.0 Å. The crystallographic parameters and packing representation are shown in Table 21 and 

Figure 49-b, respectively.  
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a)  b)  

Figure 49. a) Structural features b) Packing and c) P-XRD pattern of compound 8a 

Table 21. Cell parameter of compound 8a 

Empirical formula [Co(NH3)6]Cl2(MnO4) 
Formula Weight 350.96 
Crystal system Monoclinic 
Space group P 21/c 
Unit cell dimensions a = 13.6098(7)A°; b = 7.3658(4)A°; c = 12.3670(6)A° 
Z 4 

Cell angles a = 90;  b = 108.552(8); g = 90  

Crystal size (mm) 0.25x0.25x0.20 

Density (g.cm3) 1.9841 
Temperature (oC) 25.0 

Volume (Å3) 1175.33 

R factor (%) 3.51 

 

There was no found polymorphic phase transition between -150.0 oC and the 

decomposition temperature (~125.0 °C) of compound 8a. 

5.5.2 Vibrational spectroscopic characterization of compound 8a 

The vibrational modes of compound 8a could be predicted through factor group 

analysis. We consider the structure to be composed of Co and Cl ions, NH3 molecules 

coordinated to Co (6 crystallographic types altogether), and MnO4
– anions (one type). The total 

number of internal vibrations for permanganate ions was found to be 36 (Figure 50) while the 

external vibrations are presented in Figure S2 in The Supplementary Information Section. For 

two crystallographic different types of Co atoms, the number of modes is doubled (2x6) as can 

be seen in Figure 51. The Cl atoms are located at positions of trivial symmetry and for two 

crystallographically different types of Cl atoms, the number of modes is also doubled (2x12) – 

represented by Figure 52. The internal modes for NH3 molecules are at the position of trivial 
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symmetry, C1, into six different crystallographic types (6x24=144) (Figure 53) while the 

external modes are summarized in Figure S3. 

 

Figure 50. Internal vibrations of permanganate anions in compound 8a 

 

Figure 51. Group analysis for Co atoms in compound 8a 

 

Figure 52. Group analysis for Cl atoms in compound 8a 
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Figure 53. Internal vibrations of NH3 molecules in compound 8a 

The cationic part of compound 8a  ([Co(NH3)6]
3+) has full octahedral symmetry (Oh)

89,  

the anionic part consists of a tetrahedral permanganate and two isolated chloride anions  (Figure 

49-b). The vibrational modes of the undistorted octahedral cationic part can be seen in Figure 

54a-d, and the data are summarized in Table 22 in comparison with ones of precursor material 

[Co(NH3)6]Cl3
93–95. 

Table 22. The IR and Raman spectra of the cationic part of compound 8a and [Co(NH3)6]Cl3
95-97 

Band / Assignation 

Wavenumber (cm-1)  

Compound 8a [Co(NH3)6]Cl3 

IR Raman 

 (785 nm) 

Raman  

(532 nm) 

IR93 IR94 IR95 

 

ν5, δs(NCoN) - 350 - 357 - - 

ν4, δas(NCoN) 316 (st) 311 - 325 332 (s) 331 

ν3, νs (CoN) 503 (w) 506, 500  - 501 499 (vw) 498 

ν2, νas (CoN) 388 (w) 392 390 (w) 383 - - 

ν1, (CoN) - 461, 455, 445 - 454 476, 449 (vw) - 

ρ (NH3) 813 (s) 843 (vs) 845 (vs) - 830 (s) 831 

δs(HNH) 1340 (vs) 1323 (vw) - - 1330 (vs) 1329 

δas(HNH) 1608 (m) - - - 1610 (m) 1619 

νs (NH) 3174 (vs) - - - - 3160 

νas (NH) 3256 (vs) - 3355 - - 3240 

The normal coordinate analysis of hexaamminecobalt(III) cation core showed90 that the 

Co-N (ν̃3(𝑡1𝑢)) and N-Co-N (ν̃4(𝑡1𝑢)) stretching and deformation are expected at ~501 cm-1 and 

325 cm-1 as weak and strong bands, respectively. The calculated frequencies of Co-N (ν̃1(𝐴1𝑔)) 

and (ν̃2(𝐸𝑒𝑔)) modes are expected to appear at ~454 cm-1 and ~383 cm-1, respectively, whereas 

the N-Co-N (ν̃5(𝑡2𝑔)) and (ν̃6(𝑡2𝑢)) modes are at ~357 cm-1 and ~252 cm-1, respectively93.  

Sacconi and co-workers94 reported the vibrational spectra of some ammine-metal 

complexes, including [Co(NH3)6]Cl3. The HNH deformation modes (s and as) were found 

between 1330-1610 cm-1; NH3 rocking (NH3) at 830 cm-1; stretching modes of v(Co-N) 



 

91 
 

between 499-449 cm-1 and the antisymmetric deformation mode of NCoN (as) at ~332 cm-1. 

Nakamoto95 assigned the N-H stretching modes between 3240-3160 cm-1.  

 

  

  

Figure 54. FTIR (a)  Far-IR (b) Raman spectra ( 785 nm (c) and 543 nm (d) excitation) of compound 8a 

The band positions of the anionic part in compound 8a are assigned in the IR and the 

Raman spectra and compared with the previously published data37 (Table 23). 

Table 23. The IR and Raman spectra of the anionic part of compound 8a 

5.5.3 Thermal decomposition of [Co(NH3)6]Cl2MnO4 - compound 8a 

The compound 8a is not thermally stable and behaves as explosive on heating, therefore 

its thermal studies were studied at a low (2.0 oC.min-1) heating rate until finishing the first 

(main) decomposition step (from room temperature until 150.0 oC). Above this temperature, 

Band / Assignation 

Wavenumber (cm-1) 

IR Raman 

 (785 nm) 

Raman  

(532 nm) 

IR37 

ν1 (MnO), νas (A) 853 (s) 897 (w) - 897 

ν3 (MnO), νs (F2) 893(vs) 927, 924, 921 (w) 922 (w) 913 

ν4 (MnO), δas (F2) 388 (vw) 392 cm-1 (w) 390 (w)  

ν2 (MnO), δs (E)  350 cm-1 (s) 346 (w)  

b) a) 

c) d) 
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the usual heating rate (5.0 oC.min-1) was used.   Figure 55-a and b comprises the TG, DTG, 

DTA curves, and TG, DTG, and selected TG-MS curves of compound 8a under air and Ar, 

respectively. 

a)  b)  

Figure 55. Thermal decomposition curves of compound 8a under air (a) and TG-MS curves recorded in argon 

(b) atmosphere. 

The decomposition starts with an exothermic process at ~128.0 oC and at least three 

intermediate points were found until 300 °C in both inert and air atmosphere. Due to the 

similarity of the thermal decomposition behavior in air and argon, which reflects that oxygen 

from the air has no direct role in the thermal decomposition process of compound 8a, the 

selected TG-MS curves of compound 8a were recorded only under inert conditions. 

The TG-DTG curves recorded in air presented in Figure 55-a show the formation of 

intermediates at 128.6 oC, 146.5 oC, and 187.5 oC (DTG peak temperatures) accompanied by a 

mass loss of 5.34%, 4.00%, and 24.34%, respectively. A decomposition step was observed at ~ 

378.0 oC accompanied by a mass loss of 8.81%. The remaining solid phase consists of cobalt 

manganese oxide in an expected stoichiometric ratio of Co1.5Mn1.5O4 (theor. 66.90%; obs. 

58.52%) which was confirmed with XRD (Figure 57b – 500.0 oC).   

The thermal decomposition process performed in an inert atmosphere (Figure 55-b), 

shows three steps at 116.9 oC, 144.8 oC, and 181.0 oC with a mass loss of 8.17%, 8.51%, and 

36.79% respectively. The last step was observed at ~401.0 oC accompanied by a mass loss of 

41.56%. The residue is the same cobalt manganese oxide as in air (Figure 57a – 500.0 oC). 

Based on the composition of the final oxide decomposition product (Co1.5Mn1.5O4), the 

chloride content must be eliminated as HCl (Cl2 reacts with NH3 with N2 and HCl formation). 

TG-MS study shows the appearance of H2O, and the only hydrogen source of the system is 

ammonia (NH3). TG-MS curves show signals at m/z = 16, 17, 18, and 28. The intensity ratio of 
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m/z= 17 and 18 shows that NH3 and H2O form together56.  It means that NH3, H2O, and N2 (and 

probably HCl) are formed together in the first complex decomposition step (HCl could not be 

detected because that easily reacts with the capillary column of the TG-MS instrument which 

can prevent that’s detection).   

The first decomposition step is surely a redox process because H2O was formed. It is 

unambiguous that a solid-phase quasi-intramolecular redox reaction takes place in which 

ammonium is oxidized into H2O, N2, NO, or N2O. Based on the results found for other metal 

permanganate ammonia complexes, the permanganate ion and coordinated ammonia reaction 

can produce ammonium nitrate, which decomposition can result in N2O (mainly in the 3rd 

decomposition step).  

N2 formation may be attributed to more than one reaction. Ammonium nitrite forms in 

situ can also result in N2 and H2O formation. The reaction of Cl2 with ammonia may also result 

in N2 and HCl, and Cl2 can be formed in the reaction of Co(III) and chloride ion and 

permanganate and chloride ion as well.  

The differential scanning calorimetry analysis was performed under O2 and N2 

atmospheres. The curves suggested a similar behavior of the compound along with the 

decomposition reaction as can be seen in Figure 56. The reaction heat under an oxygen 

atmosphere was lower than that in an inert atmosphere (ΔH = − 107.071 and − 260.819 kJ/mol 

in O2 and N2, respectively) in the first decomposition step while the following peak resulted in 

higher reaction heat under oxygen in comparison to the inert atmosphere (ΔH = −90.302 and − 

64.451 kJ/mol in O2 and N2, respectively). 

a)  b)  

Figure 56. DSC analysis of compound 8a in oxygen (O2) and nitrogen (N2) atmospheres   

In an inert atmosphere, there is a negative oxygen balance, resulting in a small amount 

of evolved NO gas (m/z = 30), which was proven by TG-MS analysis. The low decomposition 
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temperature of compound 8a together with the exothermic character of the reaction suggests 

the presence of a heat-evolving redox process between the reducing ammonia and oxidizing 

permanganate anion.  

To determine the composition of the intermediates formed at different temperatures, 

based on the thermal decomposition curve (Figure 55), the compound was heated isothermally 

at 135.0, 160.0, 250.0, and 500.0 oC under air, and at 115.0, 135.0, 250.0, 390.0 and 500.0 oC 

under nitrogen. Figure 57 presents the crystallization step of compound 8a in the mentioned 

conditions.  

  
Figure 57. Crystallization step of compound 8a under nitrogen (a) and air (b) gas flow 

The results obtained showed that the solid decomposition product keeps its amorphous 

state until < 250.0 oC and resulted in a crystalline phase at 500.0 oC under both inert and 

oxidizing atmospheres. The crystal size of end products at 500.0 °C was  ~ 9 nm. 

The IR analysis of intermediates isolated at different temperatures under air and 

nitrogen atmospheres is presented in Figure 58. The spectra show that ammonia remains in the 

solid phase up to 250.0 oC as can be seen in Figure 58-c in the region of 3400 – 3000 cm-1 while 

in the end product (500.0 oC), these bands were not observed. Under the isothermal heating in 

N2 and air atmosphere were observed that the spinel phase started to be formed above 250.0 oC. 

These results are in agreement if the XRD as shown previously in Figure 57. 

a) b) 



 

95 
 

  

  
Figure 58. FTIR and Far-IR spectra of the intermediates prepared from compound 8a in different temperatures 

under air (a-b) and nitrogen (c-d) atmospheres 

 The stretching vibrations of ammonia could be assigned between 3500 and 3000 cm-1; 

the ammonia deformations were observed from 1750 cm-1 until 1600 cm-1 while the stretching 

and deformation modes of the Metal and Nitrogen (Co-N) bonding were assigned between 615 

to 390 cm-1 and from 320 to 305 cm-1, respectively. The vibrations of each intermediated formed 

under air and nitrogen are summarized in Table 24. 

Table 24. FTIR and Far-IR spectra of the intermediates prepared from compound 8a in different temperatures 

under air and nitrogen atmospheres 

Intermediates 

Wavenumber (cm-1) 

νas (NH) νs (NH) δas (NH) δs (NH) νs (CoN) νas (CoN) δas(NCoN) 

115.0 oC (N2) 3395 3231, 3147, 3045 1612 1402, 1320  481 417 317 

135.0 oC (N2) 3550, 3385 3234, 3138, 3083  1614 1403, 1342 482 420 320 

160.0 oC (N2) 3397 3160, 3045 1602 1402 614, 508 430 - 

250.0 oC (N2) 3488, 3430 3187 1743 1599 607, 491 - 305 

390.0 oC (N2) 3412 - 1601 - 604, 484   

a) b) 

c) d) 
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500.0 oC (N2) - - - - 602, 476 434, 391 309 

135.0 oC (air) - 3155 1613 1323 441 414 320 

160.0 oC (air) - 3148 1742, 1609 1324 508 425 320 

250.0 oC (air) - 3145 1744, 1600 1404, 1322 492 420 318 

500.0 oC (air) - - - - 608, 477 396 312 

 

The thermal decomposition of compound 8a was also performed in a refluxing solvent 

system containing toluene as the heat absorbing media, due to the reason and properties of the 

solvent mentioned in section 5.4.3. Figure 59 presents the XRD analysis of the solid phase after 

1 hour of reacting in toluene (a); the comparison between Infrared Spectra of the former 

compound and after its reflux reaction in toluene (b); the XRD of its soluble part in water after 

reaction in the mentioned conditions (c); and the Infrared of the soluble part together with the 

NIST reference spectra of NH4NO3. 

 

 

  

Figure 59. Heat treatment of compound 8a in toluene (a), IR spectrum of compound 8a and its composition after 

reaction in toluene media (b), XRD diffractogram of soluble part in water (c) IR spectrum of the soluble part and 

the NH4NO3  reference spectrum from the NIST database (d) 

a) b) 

c) d) 
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Some similarities with compound 7a (5.4.3) were observed along this decomposition 

process as well. In Figure 59-a is shown the XRD of the amorphous phase after the reaction in 

toluene for 1 hour. Figure 59-b the IR spectra of compound 8a (blue line) and the IR spectrum 

of the solid phase formed in the decomposition of compound 8a in toluene after 1 hour (red 

line) are shown. The ammonium nitrate was observed in the soluble part as can be seen in Figure 

59-c and Figure 59-d, which indicates the presence of the redox reaction in the solid phase. 

Based on the composition of the solid phase (1:1 Co: Mn stoichiometry, spinel phase 

formation) and the presence of NH3, NH4NO3, and H2O as decomposition products, and the 

lack of oxygen evolution, the main decomposition reaction route can be summarized as follows: 

6[Co(NH3)6]Cl2(MnO4) =  4Co1.5Mn1.5O4 + NH4NO3 + 5H2O + 30NH3 + 4Cl2 + 2N2 

+ 4HCl 

(17) 

The primary products like Cl2 and NH3 may react with each other to form N2, NO, and 

HCl.  In the air, the mass increasing above 450.0 oC might be attributed to reoxidation of 

cobalt(II) compounds and uptake of oxygen from the air.  

5.5.4 Surface characterization of decomposition product and intermediates formed from 

compound 8a under isotherm conditions 

The morphology of spinel-like materials obtained by heating compound 8a up to 500.0 

oC under N2 in an air atmosphere can be seen in Figure 60.  Both products have block-shape 

layered morphology.  

  

Figure 60. SEM images of the end product formed from compound 8a at 500.0 oC under nitrogen (a) and air (b) 

The specific surface area of each intermediate was measured by the BET method and is 

summarized in Table 25.  

a) b) 
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Table 25. Specific surface area of intermediates formed from compound 8a at different temperatures under air 

and N2 

T oC (N2) 115.0 135.0 160.0 250.0 390.0 500.0 

SA (m².g-1) 6 17 16 7 27 8 

T oC (air) 135.0 160.0 250.0 500.0 - - 

SA (m².g-1) 6 4 4 35 - - 
SA. Surface Area 

The specific surface area of the decomposition intermediates formed under N2 does not 

change regularly and resulted in a low surface area (~8 m².g-1) for the end product formed at 

500.0 oC. Under oxidizing atmosphere, the end product obtained at 500.0 oC resulted in the 

highest surface area among the evaluated samples (35 m².g-1). 

5.5.5 Intermediates of [Co(NH3)6]Cl2MnO4 - compound 8a as photocatalysts 

The decomposition products formed at different temperatures under inert and air 

atmosphere conditions did not show significant activity in the decomposition of MO. On the 

other hand, they had a satisfactory outcome in the decomposition of CR as can be seen in Figure 

61.  

a)  b)  

Figure 61. Photocatalysis of decomposition products formed from compound 8a under nitrogen (a) and air (b) in 

the decomposition of MO and CR  

The decomposition intermediates formed in both atmosphere conditions were found to 

be quite active in the decomposition of CR, achieving the maximum decomposition (~75 %) 

with the intermediate formed at 115.0 oC in N2 (54-fold acceleration). The decomposition 

intermediates formed at 250.0 oC, 390.0 oC, and 500.0 oC (under N2) were slightly active for 

CR achieving a decomposition in 23.0, 25.0, and 20.0 % respectively while the intermediate 
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formed at 500.0 oC under air also achieved a decomposition of  20.0%. The apparent 

decomposition rate for each intermediate and blank solution can be seen in Table S3. 
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5.6 [Co(NH3)5Cl](MnO4)2 – compound 9a 

 

The compound 9a was prepared via dissolution of [Co(NH3)5Cl]Cl2 in water and 

reacting with sodium permanganate solution and crystallized out as dark violet needles, with a 

yield of 57%. The material is soluble in water (0.0089 M (3.71 g/L) and 0.0225 M (9.39 g/L) 

at 0 °C and 25 °C), insoluble in apolar organic solvents like chloroform, dichloromethane, and 

benzene, easily soluble in dimethylformamide and decomposes in contact with 

dimethylsulfoxide. It was found as a good precursor to preparing the CoMn2O4 spinel. Their 

structure, spectroscopic properties, thermal decomposition, and photocatalytic activity are 

discussed below. The powder X-ray pattern of compound 9a is shown in Figure 62. 

 

Figure 62. P-XRD pattern of compound 9a 

 

5.6.1 Structural features of [Co(NH3)5Cl](MnO4)2 - compound 9a 

The single-crystal structure of the compound 9a contains complex cations 

[Co(NH3)5Cl]2+ in a distorted octahedral orientation96 (two half complex [Co(NH3)5Cl]2+ 

cations together with a tetrahedral anion (two permanganates) in the asymmetric unit, with weak 

hydrogen bonds of N-H…Cl and N-H…O types with lengths of 3.5 Å and 2.96 Å respectively. 

These values are close to the bond distances of the analog compound 9c.nH2O
43.  

The central cobalt ions of the complex cations, the coordinated chloride anions, and 

some of the ammonia ligands sit on a mirror plane and therefore have half-site occupancy. Thus, 

the hydrogens of this ammonia are disordered over two mirrored positions. The crystallographic 

parameters and packing representation are shown in Table 26 and Figure 63a-b respectively.  
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a) 

 

b) 

 

Figure 63. a) Content of the asymmetric unit and b) Packing of compound 9a 

Table 26. Cell parameters of compound 9a 

Empirical 

formula 

compound 9a compound 9c.nH2O 

Formula Weight 417.4101 g.mol-1 679.95 g.mol-1 

Crystal system Orthorhombic Orthorhombic 

Space group Cmc21 Cmc21 

Unit cell 

dimensions 
a = 14.2753(7)A°; b = 14.2816(6)A°; c = 

12.2342(5)A° 
a = 14.9446(3)A°; b = 14.6562(4)A°; c = 

12.2434(4)A° 
Z 8 8 

Crystal size (mm) 0.25x0.25x0.20  

Density (g.cm-3) 2.216 3.368 

Temperature (oC) 25.0 22.0 

Volume (Å3) 2494.24 2681.58(13) 

R factor (%) 3.67 2.35 

 

There was no polymorphic phase transition found between -150.0 oC and the 

decomposition temperature (~125.0°C) of compound 9a. 

5.6.2 Vibrational spectroscopic characterization of [Co(NH3)5Cl](MnO4)2 - compound 

9a 

The vibrational modes of compound 9a could be predicted through factor group 

analysis. As it is obvious, there are two types of positions only: general (with trivial symmetry, 

1), and special (with symmetry m, corresponding to yz reflections). We consider the structure 

to be composed of Co–Cl groups, NH3 molecules coordinated to Co (7 crystallographic types 

altogether), and MnO4
– anions (two types). This will help us work out the f-g analysis of the 

vibrations in compound 9a and Z = 8. Being the unit cell base centered, the primitive cell 

contains only 4 motifs, meaning Z = 4 for the “spectroscopic cell”. For the permanganate 

anions, this means there are two quartets of anions each at positions of trivial symmetry. The 

internal vibrations of permanganate ion, of NH3 molecules at special symmetry positions Cs 
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and NH3 molecules at positions of trivial symmetry (C1) can be seen in Figure 64 and Figure 

65 a-b, respectively. The internal and external vibrations of Co-Cl groups – molecular 

symmetry C∞v; the external vibrations of MnO4
- and NH3 are presented in Figures S4, S5, S6, 

and S7 respectively, in the Supplementary Information section. 

 

Figure 64. Internal vibrations of MnO4
– anions in compound 9a 

 

 

 

ν1 – symmetric stretch.; ν2 – symmetric bend.; ν3 – antisymmetric stretch; ν4 – antisymmetric bend 

 

 

ν1 – symmetric stretch.; ν2 – symmetric bend.; ν3 – antisymmetric stretch; ν4 – antisymmetric bend 

Figure 65. a) Internal vibrations (four crystallographic types) of NH3 molecules at special symmetry positions 

Cs; b) Internal vibrations (three different crystallographic types) of NH3 molecules at positions of trivial 

symmetry, C1 in compound 9a 

The vibrational modes of the cationic part of compound 9a can be seen in Figure 66 a-

d and the data are summarized in Table 27 in comparison with its precursor material 

[Co(NH3)5Cl]Cl2
97,98. The Co-N and Co-Cl modes were evaluated as skeletal modes, and the 

ammonia vibrations and their deuterated form are also given in Table 28. 

a) 

b) 
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Table 27. The IR and Raman spectra of the cationic part of compound 9a 

Band/Assignation 

Wavenumber (cm-1) 

Compound 9a Deuterated compound 9a [Co(NH3)5Cl]Cl2 

IR, 25.0 
oC  

Raman (785 

nm), -150.0 
oC 

IR, 25.0 
oC 

Raman (785 nm), 

 -150.0 oC  IR97 IR98 

νas (NHN)(DND) 3293 - 2444 - - - 

νs (HNH)(DND) 3270 - 2319 - 3278 3282 

δas(HNH)(DND) 1607 - 1153 - 1620 1593 

δs(HNH)(DND) 1324, 

1294 

1352, 1311 1015 - 1307 1307 

ρ (NH3)(ND3) 829 - 646 - 840 844 

ν(Co-Cl) 278, 272  288, 285 264  265 - - 

νs(CoN4) 458 465 451 456 - - 

ν (Co-N)axial 488 487 483 489 - - 

π (Co-N4) 199 189 185 184 - - 

νas (CoN4) - 443 - 448 - - 

π (Co-N4) - 193sh - 193sh - - 

δ (NCoN) - 327 - 327 - - 

ν (Co-N)axial 505, 

493sh 

496sh 483 505 486 489 

δ (NCoN or 
CoN4 wag) 

320 329 344sh 347   

δ (NCoCl or 

CoN4 rock) 

200 205 199sh 203   

δ (NCoN or 

CoN4 in-plane 

blend) 

259sh 265 264 265   

 

 The νs (N-H) mode consisted of two types of ammonia bounded to the central CoIII-ion 

in the IR spectrum of compound 9a was assigned at 3270 cm-1 in the IR and shifted to 2319 cm-

1 in the spectrum of deuterated compound 9a. The ρ(NH3) rocking mode is the most sensitive 

vibrational mode to detect the presence of hydrogen bonds was found as a mixed band with νs 

(Mn-O), Its position could be clarified through the spectrum of deuterated compound 9a, which 

shows that ρ(NH3) is found at 646 cm-1. Thus, based on the previous calculation of 

ρ(NH3)/ρ(ND3) wavenumber ratio in [Co(NH3)5X]X2 (1.267) compounds94, the real position of 

ρ(NH3) in compound 9a was estimated to be at 818 cm-1. It shows that the strength of hydrogen 

bonds in compound 9a is weaker than in [Co(NH3)5Cl]Cl2 (ρ(NH3) = 849 cm−1) and is between 

those found in [Co(NH3)5Br]Br2 (ρ(NH3) = 830 cm−1) and [Co(NH3)5I]I2 (ρ(NH3) = 810 cm−1)94. 
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a)  b)  

c)  

Figure 66. FTIR (a)  Far-IR (b) and Raman at 25.0 oC (red) and -150.0 oC (black) (c) of compound 9a 

As is shown in Table 27, the IR spectrum resulted in one singlet band at 841 cm-1 and 

352 cm-1, regarding νs(Mn-O) and δs(Mn-O) modes respectively. The high IR intensity of the 

νs(Mn-O) band can be attributed to the occurrence of a vibrational mode of the cation core 

[Co(NH3)5Cl]2+) located around this wavenumber and coinciding with the νs(Mn-O) band. 

Abbas97 and Najar98 found a band around 844 cm−1 to ν(Co-Cl), whereas Sacconi94 reported a 

band around 849 to ρ(NH3) in the IR spectrum of the precursor material [Co(NH3)5Cl]Cl2. Thus, 

most likely, one of these modes coincide with the band of νs(Mn-O) and reflected in the 

appearance of an intensively mixed IR band due to their vibrational resonance. Based on a study 

of the skeletal vibration of this precursor material99–101, which includes the ν(Co-Cl) mode, 

confirms that this vibration is located in the far region; therefore the coincide component may 

be only the ρ(NH3) mode.  

In the Raman spectra measured at low (LT:  – 150.0 oC) and room temperatures (RT – 

25.0 oC), the νs(Mn-O) mode appeared as one and two singlets at RT and LT, respectively.  The 

two bands at 849 and 839 cm-1 in the Raman spectrum at LT, with similar intensities, belong to 
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the two kinds of permanganates ions located in the structure of compound 9a. The lack of 

ρ(NH3) band in the Raman spectrum and its role in the increase in the intensity of the mixed 

νs(Mn-O) + ρ(NH3) IR band were confirmed by comparison of the IR and Raman spectra 

(Figure 67) of the deuterated and non-deuterated compound 9a. The ρ(NH3) component of the 

mixed IR band was shifted to 646 cm-1 (ρ(ND3)) on deuteration, whereas the νs(Mn-O) band 

component of the complex band at 841 cm-1 was remained in the same position in the IR 

spectrum of the deuterated 9a, whereas there was no appearing a new N-D rocking mode in the 

LT – Raman spectrum of the deuterated 9a. The band located around 900 cm-1 in the LT Raman 

spectrum was split into six components, corresponding to the two sets of triplet νas(Mn-O)(F2) 

modes. The δs(Mn-O) mode was double degenerated and two bands were assigned at 381 and 

386/396 cm-1 in the far-IR and LT-Raman spectra respectively. The asymmetric shape of these 

bands in the LT-Raman spectrum confirms that it consist of more than one component. The 

wide band found at RT-Raman measurement is split into two sets of permanganate ion modes 

at the LT-Raman spectrum. The antisymmetric νas(Mn-O) mode was assigned in both the far-

IR and the LT-Raman spectra around 349 (sh) and 346 cm−1. 

a)  b)  

c)  
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Figure 67. FTIR (a)  Far-IR (b) IR and Raman at 25.0 oC (red) and -150.0 oC (black) (c) of deuterated compound 

9a 

The vibrational modes of the cation and anion parts of compound 9a were assigned with 

analysis of the IR and Raman spectra and the data reported in the literature so far, using the 

available data for [Co(NH3)5Cl]Cl2 and  KMnO4 
37,102. 

Table 28. The IR and Raman spectra of the anionic part of compound 9a 

5.6.3 Thermal decomposition of [Co(NH3)5Cl](MnO4)2 - compound 9a 

The thermal decomposition of compound 9a was performed under air and inert 

atmospheres, and no significant differences were observed between the mentioned conditions 

Under air, a small amount of mass was heated at 

1.0 oC.min-1 from room temperature up to 150.0 

oC, and after that, the heating rate considered was 

5.0 oC.min-1. Under an argon atmosphere, the 

analysis was carried out at a heating rate of 2.0 

oC.min-1 from room temperature until 500.0 oC. 

The decomposition process was slightly intensive 

under an oxidizing atmosphere, but the 

characteristic temperatures were quite similar in 

both conditions. Thus, based on PXRD and the 

Co: Mn = 1:2 stoichiometry in the compound 9a, 

the final decomposition product was found to be 

an oxide phase with the formula CoMn2O4 as that 

was expected (Figure 68). 

Figure 68. Powder X-ray diffractogram of the decomposition products of compound 9a at 125.0 oC (a) and 

550.0 oC (b) in 1h under an oxidizing atmosphere 

 The thermal decomposition process for both atmosphere conditions started somewhat 

around 121.0 oC as can be seen in Figure 69a and 69b. The first decomposition step resulted in 

Band / Assignation 
Wavenumber (cm-1)  

IR Raman (785 nm) IR37  Raman102 

ν1 (MnO), νas (A) 829 841  897  842 

ν3 (MnO), νas (F2) 895 903 913  916, 912, 

903 

ν4 (MnO), δas (F2) 379 389   401,397, 

393 

ν2 (MnO), δs (E) 352 346   351 
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a mass loss of around 4.9%, which is slightly above the mass percent for one molecule of NH3 

(4.08%) or one molecule of H2O (4.3%). 

a)  b)  

Figure 69. Thermal decomposition curves of compound 9a under air (a) and argon (b) atmosphere. 

According to the TG-MS study performed in the Ar atmosphere (Figure 69b), the m/z 

= 18 signal identified during the first decomposition step unambiguously confirmed the product 

released is H2O instead of ammonia (m/z = 17, NH3
+). A shoulder ion signal, m/z = 17, was 

also observed which belongs to the HO+ ion fragment of water and not ammonia. Neither N2 

nor NOx formation was observed in this step, which disclosure the release of ammonia and then, 

water may be formed only as a reaction product of a solid-phase quasi-intramolecular redox 

reaction between ammonia (hydrogen source) and other species containing oxygen (most likely 

permanganate) since compound 9a is anhydrous. 

Based on the IR analysis of the thermal decomposition products (Figure 70), it is 

possible to see that at 125.0 oC the permanganate ion is practically completely decomposed 

under both treatment conditions, and no signs of manganate (VI) or manganate (V) ions18 could 

be identified. Thus, the manganese valence in the decomposition phase may only be (II), (III), 

or (IV).  

The first decomposition product culminated in an amorphous phase (Figure 68-a), with 

ammonium and nitrate ions as their constituents, which were confirmed by IR and far-IR 

analysis. A shoulder band at 1680 cm-1 could be assigned to the ammonium ions (δas(N-H)), ν2 

+ ν4 combination band at ~2840 cm−1) while the band at 1370 cm-1 can be addressed to the 

presence of νas(N-O) on it. 
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Figure 70. FTIR and Far-IR spectra of the decomposition intermediates prepared from compound 9a in different 

temperatures under air (a,b) and nitrogen (c,d) atmospheres 

The first thermal decomposition step of compound 9a was studied under refluxing 

toluene. The boiling temperature of toluene (110.0 oC) limits the maximal decomposition 

reaction by absorbing the evolved reaction heat via the evaporation of toluene. The XRD of the 

solid phase formed after one hour showed the presence of an amorphous phase accompanied 

by the formation of ammonium and nitrate ions (Figures 71-a and 71-b). Evaporating the 

aqueous extract of the decomposition residue, NH4NO3, NH4Cl, and [Co(NH3)5Cl]Cl2 could be 

identified (Figure 71-c,d)90, which reinforces that a redox-reaction took place in the solid phase. 

Heating the amorphous phase above 400.0 oC, the solid phase containing CoMn2O4 spinel was 

identified together with the gaseous species of N2, H2O, NH3 (those characteristics of the 

decomposition of NH4NO3). 

a) b) 

c) d) 
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Figure 71. Amorphous phase of compound 9a in toluene (a), Infra-red of compound 9a and its composition after 

reaction in toluene media (b), XRD diffractogram of soluble part in water (c), IR spectrum of the soluble part, 

and the NH4NO3 reference spectrum according to NIST database (d) 

In the literature, several studies showed that ammonium nitrate is formed in solid-phase 

quasi-intramolecular redox reactions involving ammonia as the ligand of divalent metal 

complexes6–8, resulting in solid Mn(III) type spinel compounds following the equation below:  

2NH3 + 2MnO4
- = NH4NO3 + H2O + {Mn2O4}

2- (18) 

 

The residual solid phase can be characterized with a formal {CoClMn2O4+ 3NH3} 

composition. The material, valence, and charge balances for chlorine, nitrogen, hydrogen, and 

oxygen, together with the amount of the evolved water and the lack of ammonia and oxygen 

evolution, resulted in the following reaction in the first decomposition step (at 125.0 oC): 

 

3[Co(NH3)5Cl](MnO4)2 = [Co(NH3)5Cl]Cl2 + 3H2O + 3NH4NO3 + 

{Co2(NH3)4Mn6O12} 

(19) 

a) b) 

c) d) 
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The ammonia molecules that were not oxidized into nitrate or protonated to ammonium 

ions, might be rearranged in the cobalt manganese-containing residual oxide phase.  The typical 

coordination number of CoIII in its ammonia complexes is 6, and CoII forms stable tetraammine 

complexes. Thus, the stoichiometry of Co: NH3 suggested that one cobalt might be expected to 

be divalent and complexed with four ammonia molecules. Furthermore, the composition and 

IR spectrum of the decomposition product (Figure 70) and the possible charges of the 

{Mn6O12}
n- (n may be 4, 5, or 6) units strongly suggest that [Co2(NH3)4Mn6O12] belongs to 

todorokite or a similar type of manganese oxide family103. 

The differential scanning calorimetry studies are shown in Figure 72 a-b. The first 

decomposition step resulted in a highly exothermic peak at 119.5 oC (O2) and 117.8 oC (N2) 

accompanied by a reaction heat of (ΔH = − 475.489 kJ/mol and − 479.953 kJ/mol in O2 and N2, 

respectively).  

a)  b)  

Figure 72. DSC analysis of compound 9a in oxygen (a) and nitrogen (b) atmospheres   

In the second thermal decomposition step, the mass loss was somewhat around 28.6% 

may be attributed to the evolution of ammonia and its oxidized fragments (N2, NO, N2O, NO2). 

Above 300 °C, a slight mass loss of 6.5% was observed and the residual mass at 500 °C was 

57.7%, which was slightly higher than the mass percent for CoMn2O4 spinel (55.77%). 

Based on TG-MS curves, in the second decomposition step the m/z = 44 and 18 (N2O 

and H2O, respectively) appeared simultaneously, which is typical for ammonium nitrate 

decomposition. Further, the fragmentation of N2O can contribute to the formation of NO92, 

which was also detected at this step (m/z = 30) and the peak intensity ratio between them 

(N2O/NO) suggests that NO comes not only from the N2O fragmentation process but from 

another source as well. The formation of N2 and ammonia as gaseous products (m/z = 28 and 

m/z = 17 or m/z = 16, respectively) may be attributed to the decomposition of [Co(NH3)5Cl]Cl2. 
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The thermal decomposition temperature of [Co(NH3)5Cl]Cl2 with N2 and NH3 formation (175 

°C)92 is in accordance with the peak temperature of the second decomposition step (181 °C).  

 

6 [Co(NH3)5Cl]Cl2 = 6CoCl2 + 6NH4Cl + N2 + 22NH3 (20) 

 

The 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. A similar effect was 

observed during the thermal decomposition of [Ag(NH3)2ClO4]
104 when the formation of 

endothermic NO was found in a higher amount in O2 than in inert conditions. Decomposition 

of NH4NO3, [Co(NH3)5Cl]Cl2 and {Co2(NH3)4Mn6O12} are simultaneous processes. The DSC 

analysis of compound 9a suggests that the outer oxygen does not play any role in the first 

decomposition step, thus the permanganate ion provides enough oxygen atoms to start the 

oxidation of the ammonia ligand in compound 9a.  

The third decomposition step in the air atmosphere resulted in a mass loss of 54.95 % 

while in an inert atmosphere, it was found to be 60.35%. In both conditions,  the overall mass 

loss agreed well with the CoMn2O4 formation (theor. 55.77%). Some amount of chlorine (m/z 

= 35, Cl+) and the formation of NO2 (Ar atmosphere) could also be detected, whereas under an 

inert atmosphere nitrogen dioxide was not found, thus NO2 was formed not directly in the 

decomposition reaction but via oxidation of NO or other N-containing species by the oxygen 

from the air. Namely, the only solid end product obtained is the expected CoMn2O4 in a Co: 

Mn = 1:2 stoichiometry. 

To determine the composition of the intermediates formed at different temperatures, 

based on the thermal decomposition curve (Figure 69 a-b), the compound was heated 

isothermally at 125.0 150.0, 300.0, and 550.0 oC under air, and at 125.0, 150.0, 220.0, and 420.0 

oC under nitrogen respectively at the same conditions described previously (section 5.5.3). 

Figure 73 presents the crystallization step of the decomposition product of compound 9a in the 

function of temperature.   
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a) 

 

b) 

 

Figure 73. Crystallization step of the thermal decomposition products of compound 9a under nitrogen (a) and air 

(b) gas flow 

The results obtained showed the solid phase turns into the crystalline form above the 

temperature of  ~ 400.0 oC under air and inert atmosphere either. The crystallite size (Scherrer 

equation) was found below < 2 nm for the solids obtained at 125.0 oC, 150.0 oC (inert and air 

conditions); 220.0 oC (inert), and 300.0 oC (air). At 400.0 oC, the average size was found to be 

16.81 nm, and completely crystalline products were obtained at 420.0 oC (inert) and 550.0 oC 

(air). (Figure 73). The IR bands found for each intermediated formed under air and nitrogen are 

summarized in Table 29. 

 

Table 29. FTIR and Far-IR spectra of the decomposition intermediates prepared from compound 9a in different 

temperatures under air and nitrogen atmospheres 

Intermediates 

Wavenumber (cm-1) 

νas (NH) νs (NH) δas (NH) δs (NH) νs (CoN) νas (CoN) δas(NCoN) 

125.0 oC (air) 3327 3156 1614 1306  518 410 322 

150.0 oC (air) - 3161 1747, 1614 1307 521 420 322 

300.0 oC (air) 3333 - 1621 1372 673, 515 428 317 

550.0 oC (air) - - - - - - - 

125.0 oC (N2) 3140 3041 1614 1404 513 415 315 

150.0 oC (N2) 3544 3183 1614 1415 502 414 320 

220.0 oC (N2) 3551 3333 1615 1417 511 422 317 

420.0 oC (N2) - - - - - - - 

 

The last decomposition reaction was influenced by oxygen, which means that the 

presence of oxygen defects (CoMn2O4+δ) can be expected in the decomposition product. Since 

the oxygen defects may play a role in the desired catalytic activity of Co-Mn oxides, the 
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CoMn2O4 samples prepared in both an inert atmosphere and air were tested as photocatalysts 

in the UV degradation of CR and MO. 

5.6.4 Surface characterization of decomposition product and intermediates formed from 

compound 9a under isotherm conditions 

The morphology of the end product (spinel-like type) obtained at 420.0 oC (N2) and 

550.0 oC (air) were similar with a cubic shape and can be seen in Figure 74.  

  

Figure 74. SEM images of the end product formed from compound 9a at 420.0 oC under nitrogen (a) and at 

550.0 oC under air (b) 

The specific surface area of each intermediate was measured, and the results are 

summarized in Table 25.  

Table 30. Specific surface area of intermediates formed from compound 9a at different temperatures under air 

and N2 

T oC (N2) 125.0 150.0 220.0 420.0 

SA (m².g-1) 130 118 176 32 

T oC (air) 125.0 150.0 300.0 550.0 

SA (m².g-1) 22 23 194 23 
  SA. Surface Area 

The specific surface area of the decomposition intermediates formed under N2 resulted 

in 118-176 m².g-1, whereas the end product obtained at 420.0 °C had a lower value of that (~32 

m².g-1). Under oxidizing atmosphere, the highest value was found for the intermediate formed at 

300.0 oC. On the other hand, the intermediates formed at lower temperature as the final product 

(550.0 °C) showed 22-23 m².g-1 values.   

a) b) 
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5.6.5 Intermediates of [Co(NH3)5Cl](MnO4)2 - compound 9a as photocatalysts 

The first intermediate obtained at 125.0 oC under both atmospheres condition and the 

end products formed at 420.0 oC under nitrogen and at 550.0 oC in air, respectively, were 

considered for checking their potential as photocatalysts in the degradation of organic dyes. 

The findings are summarized in Figure 75 and the apparent decomposition rate for each 

intermediate and blank solution can be seen in Table S4.  

a)  b)  

Figure 75. Photocatalysis of decomposition intermediates formed from compound 9a under nitrogen (a) and air 

(b) for the decomposition of MO and CR  

The samples formed under an inert atmosphere showed activity to accelerate the 

photolytic decomposition process of CR only, the decomposition of MO did not reach a 

significant level. The decomposition curves (Figure 75-a) showed that the end products of 

thermal decomposition have higher photocatalytic activity than that of the first intermediate, 

accelerating the decomposition reaction by 13 times.  

The intermediate obtained at 125.0 oC under air shows significant potential in the 

decomposition of MO (Figure 75-b). According to the linearization curve (pseudo-first-order 

rate), this intermediate has the potential to accelerate the decomposition rate of MO and CR 7 

and 18 times, respectively.  The end product (550.0 oC – air) did not result in significant activity 

to decompose MO whereas accelerates photodecomposition of CR 9 times.  
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6. CONCLUSION 

 

In this work, two compounds with pyridine (reducing ligand) and permanganate / 

perchlorate (oxidizing anion) were synthesized and evaluated. The compounds 

([Agpy4]MnO4)·4[Agpy2MnO4] (compound 4a) and 4[Agpy2ClO4·[Agpy4]ClO4 (compound 

4b) were prepared via dissolution of AgMnO4 or AgClO4 in pyridine solution, respectively. 

Additionally, other four complexes containing cobalt (central metal), ammonia (reducing 

ligand) and sulfate / permanganate (oxidizing anion) were also addressed in this study. The 

[Co(NH3)4CO3]2SO4·3H2O (compound 6) via combination of basic cobalt carbonate in dilute 

sulfuric acid and aq. ammonia-containing ammonium carbonate solution. The other three 

compounds: [Co(NH3)6](MnO4)3 – compound 7a, [Co(NH3)6]Cl2(MnO4) – compound 8a and  

[Co(NH3)5Cl](MnO4)2 – compound 9a, were formed via combination of [Co(NH3)6]Cl3 (with 

different Co-complex : NaMnO4 molar ratio) or [Co(NH3)5Cl]Cl2 with 40% NaMnO4. From the 

structure, spectroscopic and thermo analysis of the above mentioned compounds, some 

interesting features were found and detailed described in this thesis. 

For the synthesis of ([Agpy4]MnO4)·4[Agpy2MnO4] (compound 4a) containing four 

[Agpy2]
+ and one [Agpy4]

+ cations, several unique structural features were found, such as k1O-

coordinated permanganates to the silver cations of dimerized [Agpy2]
+ units, non-coordinating 

ionic MnO4
- and [Agpy4]

+ tetrahedra and also non-linear py–Ag–py moieties; that resulted from 

non-equivalent hydrogen bonds between the α-CH of pyridine rings in the [Agpy2]
+ unit and 

neighboring O atoms of the unprecedented k1O-coordinated permanganates. The presence of 

hydrogen bonds between the oxidizing MnO4
- anions and reducing pyridine ligand acted as a 

reactive center during the thermal decomposition of this compound resulting in a highly 

exothermic and explosive reaction where the pyridine content is partly oxidized into CO2 and 

H2O. The end product consisted of mainly metallic silver and Mn3O4, and CO2 was present as 

an intrusion in the solid phase. 

From the synthesis of 4[Agpy2ClO4·[Agpy4]ClO4 (compound 4b), I could find huge 

similarities with its permanganate analog in terms of structural properties. The thermal 

decomposition of this compound was found to occur quickly in a multistep ligand-loss process 

resulting in the formation of two intermediates – [Agpy2]ClO4 (compound 2b) and AgClO4 – 

and AgCl as the end product. During the first decomposition step, a small amount of pyridine 
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was removed via redox-reaction, perchlorate reduced to AgCl while pyridine was oxidized into 

carbon, carbon dioxide, water, and nitrogen oxide. At higher temperatures (~ 400.0 oC) the 

well-known decomposition of AgClO4 into AgCl and O2 could be confirmed. Through the 

evolved heat analysis it was confirmed the ligand-loss and degradation processes were 

endothermic while the redox reaction, carbon oxidation, and further decomposition of AgClO4 

were exothermic processes.  

The thermal decomposition  of [Co(NH3)4CO3]2SO4·3H2O (compound 6) confirmed 

that it dehydrated product was formed at 100.0 oC keeping the same coordination sphere around. 

By heating further under inert conditions (~ 240.0 oC) the dehydrated form transformed into a 

cobalt(II) compound - Co2O1,14+δ(SO4)0.86 (δ = the oxygen surplus was due to the presence of 

2.8% of Co(III) ion), while the end product (~ 750.0 oC) was a mixture of CoO and two 

allotropes (hcp and fcc) of metallic cobalt. Under air atmosphere, the same route (~240.0 oC) 

resulted in Co2O1.25+δ(SO4)0.75 (δ=the oxygen surplus was due to the presence of 5.3% of Co(III) 

ion) and the end product obtained (~ 793.0 oC) was proved to be Co3O4. The intermediates and 

the respective end product were evaluated as possible candidates for the decomposition of 

harmful organic dyes (e.g. MO and CR) and the most promising candidate was the intermediate 

Co2O1.25+δ(SO4)0.75 for the decomposition of CR, speeding up the process by two times and 

seven times at protonated and deprotonated forms, respectively. 

From the synthesis of [Co(NH3)6](MnO4)3 (compound 7a) – I found out it was highly 

sensible over temperature and due to that, its structural analysis was quite difficult to be solved 

since it started to decompose along with the measurement. The same behavior was observed for 

Raman Analysis at room temperature and for TG analysis. Based on their structural analysis we 

found an octahedral cation [Co(NH3)6]
3+ and tetrahedral anion MnO4

- which crystallizes out in 

a cubic cell. The thermal decomposition of this compound resulted in an abrupt falling in the 

first decomposition step being highly exothermic, leading to the formation of two intermediates, 

one at 139.0 oC and 143.0 oC, and the other at 170.0 oC and 171.0 oC under inert and oxidizing 

atmospheres, respectively. The end product (formed up to 500.0 oC) was found to be the spinel-

like Co0.75Mn2.25O4 at both atmosphere conditions. While checking the crystallization step of 

this compound, the phase isolated at 360.0 oC was the most promising candidate for the 

decomposition of CR, speeding up the reaction by 11 times. 

Based on the structural analysis of [Co(NH3)6]Cl2(MnO4) (compound 8a) -  an 

octahedral cation, tetrahedral anion, and chloride appeared with a stronger bond between the 
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anionic and cationic part than in the previous compound mentioned - compound 7a – and 

crystallized out in a monoclinic crystal system. The thermal decomposition of this compound 

also resulted in a highly exothermic decomposition at the beginning of the process with the 

formation of three intermediates at 128.6 oC, 146.5 oC, and 187.5 oC under air, while in inert 

conditions they were noticed at 116.9 oC, 144.8 oC, and 181.0 oC, respectively. The end product 

was obtained up to 500 oC and could be assigned as Co1.5Mn1.5O4. The intermediates of 

compound 8a obtained in an inert atmosphere at 115.0 oC; 250.0 oC; 390.0 oC and 500.0 oC 

were the most active for the degradation of CR; however, they were without any expressive 

results when applied in MO solution. The sample prepared in an oxidizing atmosphere at 500.0 

oC also resulted in good photocatalytic properties when CR was considered. 

Finally, the structural analysis of the novel [Co(NH3)5Cl](MnO4)2 (compound 9a) – 

resulted in a distorted octahedral orientation of their cationic part together with a tetrahedral 

anion and chloride, this one bonded by relatively weak hydrogen bonds. The compound 

crystallized out in an orthorhombic crystal system. The thermal decomposition of this 

compound resulted in a highly exothermic reaction from 100.0 oC up to 200.0 oC under both 

inert and oxidative atmospheres. From these findings we can state the outer oxygen does not 

play any role in the decomposition reaction in the first step, thus the permanganate ion source 

is enough to provide and start the oxidation of the ammonia ligand in compound 9a to promote 

the complete oxidation. Along the decomposition step, we could notice the formations of three 

main intermediates in the air (121.0, 147.0, and 193.0 oC) and in the case of inert atmosphere, 

only two of them were observed, at 125.0 and 181.0 oC respectively. The end product was 

obtained in temperatures above 400.0 oC under inert conditions and above 515.0 oC in inert 

conditions, respectively. The most active intermediates for the decomposition of (CR) from 

compound 9a were the ones formed in an inert atmosphere at 125.0 oC and 420.0 oC; also, in 

an oxidizing atmosphere at 125.0 oC and 550.0 oC. The only significant result for the 

decomposition of (MO) was through the application of the intermediate formed in an oxidizing 

atmosphere at 125.0 oC. Compound 9a can be considered as a good precursor to form a phase 

of CoMn2O4. 

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 CR and MO under UV-Vis irradiation. The 

most active among them was the intermediate obtained in an inert atmosphere at 115.0 oC from 
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compound 8a – which accelerate up the decomposition rate of CR 54 times above the pH of its 

pKa value of CR. 
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8. SUPPLEMENTARY INFORMATION 

 

 
Figure S 1.  XRD of DI-350 after ammoniacal treatment 

 
Figure S 2.  External vibrations of permanganate anions in compound 8a 
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Figure S 3.  External vibrations of NH3 molecules at positions of trivial symmetry, C1, in compound 8a 

 

 
Figure S 4.  External vibrations of MnO4

- anions in compound 9a 

 
Figure S 5. Internal and external vibrations of CoCl group in molecular symmetry C∞v in compound 9a 

 
Figure S 6. External vibrations (four crystallographic types) of NH3 molecules at special symmetry positions Cs 

in compound 9a 
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Figure S 7. External vibrations (three different crystallographic types) of NH3 molecules at positions of trivial 

symmetry C1 in compound 9a 

 

Table S 1. Photocatalytic activity of Co2O1,25+δ(SO4)0.75 in the degradation of MO and CR 

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

CR, 2.10-5 M, without catalyst 3.40 1.0 0,81 

5.25 1.0 0.98 

CR, 2.10-5 M, with Co2O1,25+δ(SO4)0.75 catalyst 3.40 2.0 0.92 

 5.25 7.0 0.98 

MO, 4.10-5 M, without catalyst 3.20 0.8 0.99 

5.60 0.8 0.99 

MO, 4.10-5 M, with Co2O1,25+δ(SO4)0.75 catalyst 3.20 0.6 0.98 

5.60 0.6 0.85 

 

Table S 2. Photocatalytic parameters for the decomposition of MO and CR with intermediates formed from 

compound 7a at different conditions. 

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

CR, 2.10-5 M, without catalyst 5.7 1.0 0.98 

CR, 2.10-5 M, with compound 7a heated at 110.0 oC in N2 5.7 4.0 0.96 

CR, 2.10-5 M, with compound 7a heated at 120.0 oC in air 5.7 4.2 0.97 

CR, 2.10-5 M, with compound 7a heated at 240.0 oC in N2 5.7 7.0 0.98 

CR, 2.10-5 M, with compound 7a heated at 360.0 oC in N2 5.7 11.0 0.95 

CR, 2.10-5 M, with compound 7a heated at 400.0 oC in N2 5.7 9.0 0.97 

CR, 2.10-5 M, with compound 7a  heated at 420.0 oC in air 5.7 7.0 0.96 

CR, 2.10-5 M, with compound 7a heated at 500.0 oC in N2 5.7 1.1 0.97 

CR, 2.10-5 M, with compound 7a heated at 500.0 oC in air 5.7 1.2 0.99 

MO, 4.10-5 M, without catalyst 5.6 1.0 0.89 

MO, 4.10-5 M, with compound 7a heated at 110.0 oC in N2 5.6 1.0 0.72 

MO, 4.10-5 M, with compound 7a heated at 120.0 oC in air 5.6 7.0 0.98 

MO, 4.10-5 M, with compound 7a heated at 240.0 oC in N2 5.6 2.0 0.91 

MO, 4.10-5 M, with compound 7a heated at 360.0 oC in N2 5.6 2.0 0.96 

MO, 4.10-5 M, with compound 7a heated at 400.0 oC in N2 5.6 0.4 0.95 

MO, 4.10-5 M, with compound 7a heated at 420.0 oC in air 5.6 0.6 0.83 

MO, 4.10-5 M, with compound 7a heated at 500.0 oC in N2 5.6 1.0 0.92 

MO, 4.10-5 M, with compound 7a heated at 500.0 oC in air 5.6 0.9 0.74 

 

Table S 3. Photocatalytic parameters for the decomposition of MO and CR with intermediates formed from 

compound 8a at different conditions. 

Substrate pH Kapp / 10-4. min-1 R2 
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CR, 2.10-5 M, without catalyst 5.7 1.0 0,98 

CR, 2.10-5 M, with compound 8a heated at 115.0 oC in N2 5.7 54.0 0.93 

CR, 2.10-5 M, with compound 8a heated at 250.0 oC in N2 5.7 12.0 0.87 

CR, 2.10-5 M, with compound 8a heated at 390.0 oC in N2 5.7 11.0 0.99 

CR, 2.10-5 M, with compound 8a heated at 500.0 oC in N2 5.7 9.0 0.99 

CR, 2.10-5 M, with compound 8a heated at 500.0 oC in air 5.7 9.0 0.98 

MO, 4.10-5 M, without catalyst 5.6 0.8 0.99 

MO, 4.10-5 M, with compound 8a heated at 500.0 oC in N2 5.6 0.6 0.97 

MO, 4.10-5 M, with compound 8a heated at 500.0 oC in air 5.6 0.6 0.94 

 

Table S 4. Photocatalytic parameters for the decomposition of MO and CR dye with intermediates formed from 

compound 9a at different conditions. 

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

CR, 2.10-5 M, without catalyst 5.7 1.0 0,99 

CR, 2.10-5 M, with compound 9a heated at 125.0 oC in N2 5.7 5.0 0.93 

CR, 2.10-5 M, with compound 9a heated at 125.0 oC in air 5.7 18.0 0.89 

CR, 2.10-5 M, with compound 9a heated at 420.0 oC in N2 5.7 13.0 0.98 

CR, 2.10-5 M, with compound 9a heated at 550.0 oC in air 5.7 9.0 0.96 

MO, 4.10-5 M, without catalyst 5.6 0.8 0.99 

MO, 4.10-5 M, with compound 9a heated at 125.0 oC in N2 5.6 0.7 0.57 

MO, 4.10-5 M, with compound 9a heated at 125.0 oC in air 5.6 7.0 0.17 

MO, 4.10-5 M, with compound 9a heated at 420.0 oC in N2 5.6 0.7 0.57 

MO, 4.10-5 M, with compound 9a heated at 550.0 oC in air 5.6 0.8 0.91 
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