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ABSTRACT 

The thermal decomposition reactions were determined for [Co(en),](N0J3 

and [Co(en),](HSOJ, in a dynamic nitrogen gas atmosphere and in racuo, where 
en represents ethylenediamine. Data were obtained using thelmogravimetry, DTA, 
thermomagnetic anaiysis, and mass spectrometry. The dissociation reactions in 
nitrogen were found to be as follows: 

[Co(en),](NO,),(,, + Co(NO,),,,, +NH,NO,,,, f-en,,, i organic products(,, 
Co(NO,),(,, 3 CO,O,~~,+ Co,,, -6 N20t+) -!- Nzcpj -!- nitrogen oxides,,, 

and 

IW431(HS04L~s~ -+ Co(en)(HS04Lt,, + sulfur oxides i organic products,,, 

Co(en)(HSOJzls, + CoWSO&,, + en,,, 
Co(HSO,),,,, + CoSO,,,, i H1O,,, + H$,,, $-sulfur oxides,,, 
CoSO,,,, ---, CO~O~(~, + suIfur oxides,,, . 

In t’cIcIIo, the dissociation process for [Co(en),](NO,), is the same as in nitrogen. 
Aiso, the decomposition of [Co(en),](HSO& is the same except for the first step 
which is: 

[Co(en),](HSO,),,,, --, Co(HSO&,, + entgj + sulfur oxides(,, + organic products(,, 

AIthough the physical properties of many cobaIt(III) amine compkxes and the 
various substitution and oxidation-reduction reactions involving these complexes 
have been studied in great detail. the thermal behavior of many of these complexes 
generally remains unknown or onIy vaguely understood_ One important class of 
complexes which fall into this latter category is the tris(ethyIenediatine) cobait(IIi) 
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complexes. Smith’ studied the thermal dissociation of these compleses in a preIi- 
minary manner but much of the data which was coliected was ambiguous or tontra- 
dictory so that no decomposition mechanisms could be proposed. However, improved 
thermoanalytical methods have LrcentIy led to the determination of the thermal 
decomposition mechrrnism for the [Co(cn)JC13 and [Co(en),]Br, compIeses2- It was 

shown that these compIeses decompose in four reaction steps with rrans-[Co(en),X,]X, 
(NHJZCoXt and CoXl as intermediates and cobalt metal as the final product- 

In this study-, the thermal decomposition of [Co(en),](NO,), and [Co(enJ 
(HSO& was investigated by thermogravimetry, DTA, thermomagnetic anaiysis, and 
mass spectrometry. Analysis of the data produced decomposition mechanisms for 
tlhese compIeses which are substantiaIIy different from the mechanisms for the 
chloride and bromide compleses. 

ESFERIlriESTAL PART 

The starting material for both [Co(en),](hrO,), and [Co(en)J(HSO& was 

[Co(en),]C13 which was prepared according to the method of Work3_ The [Co(en),]- 
(NO,), complex was prepared by addin, e concentrated nitric acid to an ice-cold 

solution of [Co(en),]C1,y precipitating the crystals with ethanol, filtering, and drying 
at 110°C. The [Co(en),](HSO& was prepared according to the method of IMeyer 
and GrohIer4 The cobalt content of the compIexes was determined _~vimetricaIIy 

by ignition to the oxide, Co,O,. 

3hemrobalance 

The thermobalance used in this study has been previously described’. Sample 
masses of 5 mg or Iess and heating rates betu-een I “C min-’ and 5°C min-* were used 
for the thermaI decomposition of [Co(en),](NO,), to prevent the complex from 
dccomposin,o espIosiveIy with the Ioss of sampIe from the balance pan. SampIe 
masses of 5 to IO mg were used with heating rates of 5 and IO’C min-’ for the 

[Co(en),](HSO& complex. AI1 therma decomposition reactions were performed 
in a dynamic nitrogen gas atmosphere at a flow rate of 50 ml min-‘. 

DTA studies were @armed on the complexes using a Deltatherm instrument. 

These DTA runs were made in a dynamic nitrogen atmosphere with a flow rate of 
about 30 ml min- I_ Sample sizes were 5 rn= or iess for the nitrate comp1e.u and 5 to 
10 mg for the bisulfate comptex with heating rates of 5 and 10°C min-‘_ Runs were 

made with the reference pan empty and with an afumina reference. The maximum 
temperature for any of the runs was 500°C. 

Themionza-gnelic anaIysis 
Simultaneous magnetic-mass chanse curves were obtained for the complexes 
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by the method previously described ‘_ However, the measurements were qualitative 
and indica?ed only whether the complex was diamagnetic or paramagnetic- -4 heating 
rate of 1O’C min-’ was used with a nitrogen fiow rate of 100 ml min-‘. 

Thermui andyzer/mass specCrometer~comprtter sysrem 

This system has been previously described6_ A heating rate of 6°C min- 1 was 
used with a mass spectrometer scan rate of 1.2 min-‘_ 

RESULTS ASD DISCUSSION 

Thermogrur:ime f ry 

The thermogravimetric curves for the [Co(en)3](N0,), and [Co(en),](HSOJs 
complexes in a dynamic nitrogen atmosphere and in cacuo are presented in Fig- I - 
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Fig_ 1. Themogravimetric curves for (A) [Co(cn)3](N03)3 in a dynamic nitrogen atmosphere. 
(B) [Co(en),](X05), in rucuo, (C) [CO(~~)~J(HSOJ~ in a dynamic nitrogen atmosphere, (G) [Co(en)si 
fHSOr)~ in racuu. 

Decomposition of the [Co(en),](NO,), complex begins at 260% in a nitrogen 

atmosphere and at 175 ‘C in racuo. The TG curves in nitrogen and in L‘QCUO bear a 
close resembIance to each other with re>.pect to their shape which indicates that the 

decomposition process is probably similar for both sets of conditions_ In both cases, 
the decomposition rate accelerates to an expIosion which produces a 60% mass loss. 
This mass loss corresponds to the decomposition of [Co(en),](NO,), to Co(NO&- 



212 

The residue continues to lose mass. totaiing 2 to 3%, at a slow rate until about 400°C 
(in nitrogen) where the rate increases. Mass spectrometric data presented in a Jater 
section indicates that the slow mass Ioss is due to the Ioss of organic residues and 
NH,N03 which was trapped in the Co(NO,jz after the initia1 decomposition. The 
increase in the decomposition rate at 400°C is due to the dissociation of Co(NO& 
to a mixture which is predominately Co,O$ but also contains small amounts of 
cobaIt metaI_ The ratio of these two products varies slightly with each run but the 
amount of cobaIt metal was always significantly higher in L’QCUO than in nitrogen. 

The [Co(en),](HSOJ, complex begins decomposing at 210°C in a nitrogen 
atmosphere and at 165’C in z-acuo. In nitrc,gen, the complex sustains a rapid loss of 
approximately 40% in the first decomposition step. This corresponds to the forma- 
tion of an intermediae having the composition, Co(en)(HSO&. which is analogous 
to the Co(NH3),C12 complex reported as an intermediate in the thermal decomposi- 

tion of [Co(NH,),]CI, by 1Vendlandt and Smith’. However, since this intermediate 
is not thermaIIy stable at the temperature at which it is formed, decomposition 

continues with the loss of ethylenediamine to sIightIy over 50% mass 10s~. corres- 
ponding to the formation of Co(HSO,),_ In raczzo, ttt Co(HSO,), intermediate is 
formed directIy from the [Co(en),](HSO& complex in one expIosive step. Since the 
Co(HS3,), is formed at a much lower temperature in z-acuo than in nitrogen, a 
horizontal mass level. indicating a stable compound, appears at 53% mass Ioss in the 
vacuum TG curve of the complex whiIe onIy an inflection point appears in the TG 

curve of the comp!es in nitrogen. 
A stabfe intermediate appears in both the nitrogen and vacuum TG curves of 

[Co(en),](HSO,), at approximateIy 73% mass Ioss which is the mass Ievei predicted 

for CoSO,. This intermediate is aIso obtained if the compIex is heated isothermally 
at 3OO’C for a day. At higher temperatures (6OO’C in nitrogen; 45O’C in z-acuo). 
the CoSOl decomposes to a stabIe residue at 85% mass loss in nitrogen and about 

93% mass Ioss in z-acuo. The mass level in nitrogen corresponds to that predicted for 
Co,O,. In z-azxo, there could be either some decomposition to cobaIt metal or 

sublimation of CoSO, or both to account for the Iarger mass 10s~. 

D T. srudies 
The DTA ccrves for [Co(en),](NO,)J and [Co(en),](HSO,), in a dynamic 

nitrogen atmosphere are presented in Fig. 2. 

The decomposition of the [Co(en),](NO,j, complex begins with the absorp- 

tion of therma ecer_9y. as shown by the initial small endothermic peak in the DTA 
curve. After the decomposition is initiated, the reaction quickly becomes self-sustain- 

ing by a large exothe>mic reaction as the [Co(en),](NO,), decomposes to Co(NO,), - 

TIC process occurs expIosiveIy and appears as a large exothermic peak in the DTA 
curve_ No additional DTA peaks could be resolved since most of the sampIe was 

ejected from the pan by the force of the explosion and that which remained was very 

IooseIy packed which created poor thermal contact between the sample and the 

container. 
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Fig. 2. DTA curves for (A) [Co(en)J0*;0& and (B) [CoCenj3JCHSOd3 in a dynamic nitrogen 
atmosphere at heating rates of 5 and IO’C min-‘, respectively. 

The DTA curve for [Co(en),](HSO,), shows a small endothermic peak begin- 

ning at 210°C which coincides with the initiation of the decomposition process. -4s 

the reaction progresses, the decomposition ra:e increases rapidly to an expiosion 
which appears as a small exothermic peak just beIow 3OO’C in the DTA curve. The 

region covered by these first two peaks corresponds to the decomposition of [Co(en),]- 

(HSO,), to Cc(en)(HSO,), _ 

The narrow endothermic peak at about 300°C in the DTA curveof[Co(en),)- 

(HSOJJ was observed to be due to the melting of the Co(en)(HSO,), intermediate. 
Comparison of the DTA curve with DTG and gas evolution curr-es verified that this 
peak resuked from a phase transition rather than a decomposition process. Decompo- 

sition of the Co(en)(HSO,), intermediate to Co(HSO& produces the Iarge endotherm 
between 300 and 360X This is folIowed by two small endothermic peaks between 

270 and 450°C which are due to the decomposition of Co(HSO,), to CoSO,. This 
process appears as a single peak in both the DTG and gas evolution curves. lf the 
Co(HSO,), + CoSO, transition is actually a two step process as indicated by the 
DTA curve, the exact nature of this reaction cannot be determined at this time. 

TIIennomagneric analysis 

Both the nitrate and bisulfate complexes were observed to be diamagnetic at 

room temperature as was expected from the electronic structure of these compounds. 
The [Co(en),](NO,), complex became paramagnetic following the initial 
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explosive mass 10s~ at 26@‘C with the formation of Co(XO,j,. At about 4OO”C, the 

residue became ferromagnetic which indicates the presence of some cobalt metal in 

addition to the Co,O, which was the primary product. 

The fCo(enj,](HSO,), complex remained diamagnetic during the initial slow 

mass loss between 210 and 3OO’C. However, the residue remaining after the complex 

esploded, Co(enj(HSO,)-,. was found to be paramaenetic. The sample remained 

panmagnetic until the anaIysis was terminated at 5OWC 

Mass specrronrffric studies 

The gss evoIution detection (GED) curve for the thermal decomposition of 

[Co(en)j](XO,), in racm, as determined by mass spectroscop)-, is presented in Fis. 3. 
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Fis_ S (left). Ic¶zss spcctrometriz mcasnremcnt of (Aj total gas evolution, (B) cthylcnediaminc evo- 
Icrion. znd (C) zmmonh evolution from [Co(cnj,] (X03)3 during the thermal decomposition in racuu. 

Fig_ 4 (right)_ hias spa~rurn of gases evoked from [Co(en),](NO,) at 41O’C during thermal de- 
CC~mposiCon in racuo. 

This curve shows two distinct peaks between 100 and 200°C followed by a broad 

re@on of za evoIution to over ?OO”C_ The two sharp peaks are due to the initial 
decomposition step in which [Co(en),f(NO,,, 1 decomposes to CO(NO,)~. AI1 of the 

ethylenediamine and most of the ammonia formed by ethyIenediamine frqmenta- 

tion is evolved in this step as is shown by the gas evolution curves presented in Fig. 3. 

The broad re_rion of sas evoiution between 200 and 600°C is due to the release of 

trapped residues and to the decomposition of the CO(NO,)~. The third smaI1 peak in 

the ammonia evoIution curve falIs into this region ind is due to the release of NH,N03 
w-hich was trapped in the residue during the initial decomposition step. 

The mass spectrum of gases evoIved from the [Co(en),](NO& complex at 

410°C in came is shown in Fig 4. This spectrum shows that very littIe of the organic 

residues remains in the system. The peaks which appear are due primarily to the 

decomposition of Co(N03jt and are therefore expected to be products formed from 

the nitrate ion_ The base peak occurs at nz;le = 25 and is probably due to nitrogen gas. 
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The second most intense peak is at m/e = 18 which could be either water or the 
ammonium ion. The peak of medium intensity at nz/e =44 is due to N,O and the 
weaker peaks at m/e = 30 and 32 are due to NO and 02, respectively_ The mass 
spectra of gases evolved at higher temperatures are similar to the spectrum in Fig. 4 

except that the peaks due to trapped organic impurities are much weaker. 
The mass spectrometric measurement of gas evolution from the [Co(en),]- 

(HSO& complex as it undergoes thermal decomposition is given in Fig. 5. This 
curve shows that the gas evolution occurs in four regions Examination of the mass 
spectra of gases evolved in the interval between 175 and 175 ‘C showed that the first 
small peak at about I50 “C in the gas evoIutic _ .tiirve is due to the release of water 
adsorbed by the sample during storage and handling. The large peak between 200 and 
300°C results from the decomposition of the [Co(en),](HSO& complex to the 
Co(HSO& intermediate. The peak at about 350°C is due to the decomposition of 
Co(HSO,), to CoSO, and the region from 350 to 600°C represents the dissociation 
and possibly the sublimation of CoSO,. 

Temperature, “C 

Fig 5 (kft)_ Mass spcctrometric measurement of (A) total gas evolution, @) ethylenediamjnt evolu- 
tion, and (Cl) sulfur dioxide evolution during the thermal decbmposition of [Co(en)J(HSOJ3 in GCXUU. 
Fig. 6 (right). Mass spectrum of gases evoived from [Co(en)J(HSO.& at 475’C during thermal dz- 
composition in wcuo. 

Ethylenediamine and sulfur dioxide evolution curves, aIso presented in Fig. 5, 
show that both of these producrs are evoIved in the tist decomposition step. The 
ethyIenediamine curve shows that the major portion of this product is relased during 
the first dissociation process but that traces remain in the system to tern_peratures in 
excess of 500°C. This trapped ethyIenediamine accounts for many of the peaks in 
the mass spectra of gases evolved at high temperatures. The suIfur dioxide evoIution 
curve shows that this product was evoIved in every step cf the decomposition process. 
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The f&t peak in this curve is due to sulfur dioxide formed in the decomposition of 

[Wen),] (HSOJ, - Co(HSO& - The second peak results from the Co(HSO,), - 
CoSO, transition while the final peak corresponds to the dissociation of the CoSO+ 

The mass spectrum of _-es evolved from [Co(en),](HSO,), at 475°C is 
presented in Fi g_ 6. This spectrum contains the expected suIfur-oxygen gases from the 
decomposition of CoSO, as well as a few peaks from the organic resiciues remaining 
in the system. Some of the products which can be identified are SO= at m/e = 64, 
SO at m[e = 48, CS, at m/e = 76 and S at m/e = 32. These products appear in the 
spectra at both higher and lower temperatures_ A peak at m/e = 80 appeared in some 
of the spectra at lower temperatures and was due to SO,. 

coscLusloxs 

Analysis of the data obtained in this study indicates that the mechanisms for 
the thermal dissociation of the tris(ethyIenediamine) cobaIt(II1) nitrate and bisulfate 
compiexes in a dynamic nitrogen atmosphere are as foliows: 

ICo(e&l cr\rW, - Co(NW2 + NH,NO, fen + organic products 
Co(NO,), - co,o,-+ Co i N20 -i- Nz +-various nitrogen oxides 

and 

PW31WW3 - Co(en) (HSO,), + sulfur oxides + organic products 
Co(en)(HSO,), - Co(HSO& -?-en 
Co(HSO,), - CoSO* f Hz0 f H,S f sulfur oxides 
CoSO, - Co30j + suIfur oxides. 

In c~~cuo, the mechanisms are the same as in nitrogen except for the first reaction step 
in the decomposition of the bisuKate complex which is: 

[Co(enM (HSOJ, - Co(HSO& +-en + sulfur oxides i organic products 
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