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ABsIRAcr 

The thermat decomposition reactions were determined for [Co(en),]CI, and 

[Co(en),]Br3 in a dynamic nitrogen gas atmosphere and in z’cIcuo_ Data were obtained 

using thermogravkletry, differential thermal analysis, thermomametic anaIysis, 
reff ectance spectroscopy, infrared spectroscopy, mass spectroscopy, and pyrolytic 
techniques. The dissociation reaction in nitrogen was found to be: 

[Co(en),]X, (s) --, zrans-[Co(en)2X2]X (s) i en (g) 

Zrans-[Co(en),X,]X (s) + CoX, (s) t (NH&CoX, (s) + organic products (g) 

(NH,),CoX, (s) + CoX, (s) + 2NH,X (g) 

CoX, (s) f 3H +- + Co (s) -i- 2HX (g) 

In carno, the first step is: 

[Co(en),]X, (s) + CoX, (s) t (NH&CoX, (s) + en (9) f organic products (s) 

The remainder of the reaction is the same as that in nitrogen. 

The thermal dissociation of [Co(en),JXB type complexes has been studied in a 
preliminary manner by Smith’. Based on data obtained by thermo_gravimeiry (TG), 
differential thermal anaIysis (DTA), thermomagnetic analysis and mass spectroscopy, 
Smith theorized that there was complete disruption of the molecule as it was thermaIIy 
decomposed. No mechanisms couId be proposed, however, which wouId satisfac- 
torily explain ail of the data which were collected. 

Wendlancit et aI.‘* reported the thermogravimetry curves Car [Co(en),jCI,- 
nHzO (rz = 2,3) which were similar to those obtained by Smith except for the evoIution 
of hydrated water. Al1 of the compIexes began to decompose between 200 and 300’C 

*Prese.nted at the 4th Xorth Amcriczn ThermzI Analysis Society Muting, \Vorcester, hfas., 
June 13-15. 1973. 
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with the mass loss continuing with no horizontal mass Ievels, corresponding to stable 
intermediates, until the oxide was obtained at 600°C. 

Horton end WendIandtq studied the thermat decomposition of some cobaIt(III) 
amine polybromides by DTA and TG. The complex, [Co(en),]Br, - Br,, was observed 
to lose a molecule of bromine in two steps. Mass levels which closely corresponded to 
[Co(en)zBrdBr and CoBr, were obtained at elevated temperatures. 

The kinetics of the thermal decomposition of [Co(en)JCl,-3Hz0 in the solid 
state were studied by following the change in cobalt(II1) ion content with time’. The 
dissociation was found to be a first order reaction. The activation enera and fre- 
quency factor were calculated from the first order rate constant using the Arrhenius 
equation. 

Thermogravimetric curves for some bis(ethyIenediamine)cobaIt(III) compIexes 
have been reported by WendIandt6. Both the cis- and trans-isomers are reported to 
begin losing mass at 185’C with the oxide levels being obtained at about 640°C. The 
DTA curves for these complexes were reported by Lobanov et al.‘. 

Fogel and Christian8 studied the therma dissociation of rrans-[Co(en)#&I- 
HCI-6H20. These workers determined the equiiibrium dissociation pressures at 9.7, 
21.6, and 254’C. From these data, the thermodynamic constants were calculated for 
the loss of HCl and water. 

Heating curves for 1,2- and 1,6-[Co(en),XJBr-Brz (X = Cl-, N03-, Br-, or 
C,0,2-) compIexes have been published by Lobanov and KonovaIenkog. It was 
estabbshed that the strength of the Br-Br, bond depends on the stabiiity of the 
[Co(en)tX,]f cation_ The heating curves for the poIybromides, unlike those for the 
bromides, show, in addition to the endothermic effect due to the removai of molecular 
bromine, en exothermic effect due to the decomposition of the cationic complex as a 
result of the oxidizing action of bromine. 

Although most of the thermal parameters of the [Co(en),]X, type comptexes 
have been measured, no mechanisms for the thermai dissociation processes have been 
repcrted which will encompass al1 of the reported data. Therefore, in this study, new 
data were collected and mechanisms were proposed which unify and explain the 
thermaI data which have been obtained through the various techniques- 

EcPERmENrAL PART 

Compoundi 
The [Co(en),]CI, prepared according 

prepared by adding HBr to a of [Co(en),]Cla, atering, 
ethanol, and drying at 1 lO”C_ The zrmrs-[Co(en)zCiJC1 

complexes were by methods which have been previously 
complexes were for halide content by _mvimetric analysis 

nitrate. The cobalt content was determined gravimetrically ignition to 
the oxide, Co,O,. 
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Tbermobahce 
The thermobalance used consisted of a Cahn Model RG E!ectrobaIance con- 

verted to a thermobalance by the addition of a small furnace and sample holder. The 
eIectrica1 outputs from the balance and a Chromel-Alumel thermocoupIe, located in 
the furnace chamber, were recorded on a Sargent-Welch two-pen strip chart recorder 
as a function of time_ The mass curve was recorded as percent mass change using the 
variable span control, as described by Wendlandt * ‘. Sampie masses of 5-10 mg were 
used with heating rates of 5 and 10 ‘C min- I_ All thermal decomposition reactions 
were carried out in a dynamic nitrogen gas atmosphere at a ff ow rate of 50 ml min- I_ 

D TA apparatus 

DTA studies were performed on the complexes using a Dehatherm instrument. 
These DTA runs were made in a dynamic nitrogen atmosphere with a flow rate of 
about 30 ml mm-‘. Sampie sizes were from 5 to IO mg with heating rates of 5-IO’C 
mm-‘. Runs were made with the reference pan empty and with an alumina reference. 
The maximum temperature for any of the runs was 500°C. 

Ihernromagneric analMs 

Simultaneous magnetic-mass change curves were obtained for the complexes by 
the method previousIy described13. However, the measurements were qualitative and 
indicated oniy whether the complex was diamagnetic or paramagnetic. A heating rate 
of 10°C min- ’ was used with a nitrogen fI ow rate of 100 m1 min- ’ _ 

Thermal anaiyzer./mass specrrometer/compurer syslem 

This system, which has previously been described Is, consisted of a MettIer 
vacuum recording thermoanal_yzer interfaced with a Finnigan Model 1015 S/L quadru- 
pole mass spectrometer. The computer system was a specially modified System/l50 
manufactured by System Industries. A heating rate of 6’C min- i was used with a 
mass spectrometer scan rate of 1.2 min- I_ I 

Infrared speclroscopJ 

All infrared spectra were recorded on a Perkin-Elmer Model 457 Infrared 
Spectrophotometer. The compIexes were pressed into KBr peliets and the infrared 
spectrum obtained- The peIIets were then heated to temperatures of 200, 250, 300, 
350,400,450 and 500°C for periods of I5 minutes with the infrared spectrum being 
recorded after each heating. The pellets were repressed after each heating since there 
was some expansion due to evolution of decomposition products_ 

ReJeclance spectroscopy 

The reflectance spectra of the sampIes were determined by use of a Beckman 
Model DK-2A Spectroreflectometer. The reference material was magnesium carbon- 
ate. The general procedure for relkctance measurements was the same as previousiy 
described”. Spectra were obtained for the complexes at room temperature and at 
various stages in the decomposition process 



RESI-ZTS AND DISCUSSIOX 

Tizennograuinzetry 
Thermogmvimetric curves for the [Co(en)JX, and frans-[Co(en),X,]X (X= CI, 

Br) complexes are shown in Fig_ l_ 

Fig. 1. Thcrrnogra~imctric curves for: (A) [Co(er&]Cl3 in a nitrogen atmosphere; (B) [Co(en)$Ix 
in racuo; (C) rranr-[Co(en)lCit]CI in a nitrogen atmosphere; (D) [Co(en),]Br, in nitrogen; (E) 
[Co(en),]Br3 in rucuo; (F) rrG~-[Co(en)ZBrZ)Br b nitrogen. 

The [Co(cn),]Cl, compIex begins to decompose at 245°C in nitrogen and in 

Gaczzo, while the [Co(en),]Br, begins to decompose at 260°C in nitrogen and 250°C 
in racm The first inikction in the TG curves in nitrogen occurs between 15 and 20% 
mass loss for the chloride complex and between 12 and 15% mass loss for the bromide 
compIex. These inflections correspond to the transition, [Co(en),]X, - trans- 

[Co(en)2XJX_ However, this reaction does not give a plateau in the curve since the 
tram-[Co(en)),Xa intermediate is thermally unstable at the temperature at which it 
is formed, as is shown in Fig. 1. It should be noted that the shape of the TG curves 
for the trmts-[Co(en)zXJX complexes is identical to the portion of the [Co(en),]X, TG 
curves beyond the first inflection point. 

The second inflection in the TG curves for the [Co(en),]X, complexes in nitrogen 
occurs at 48% mass Ioss for the chIoride and 35% mass ioss for the bromide- This 
corresponds to the decomposition of the trans-[Co(en),XJX intermediate to an inter- 
mediate having a composition which corresponds to a l/l molar ratio of CoX, to 
NH,X. Evidence presented later indicates that the actual composition of this inter- 
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mediate is CoX2-(N H&CoX, _ The TG curvy for the rrans-[Co(en),X,]X complexes 
have inflection points at 30 and 43% mass loss for the chloride and bromide com- 
pIexes, respectively, which correspond to the formation of the CoX2-(NH&CoX4 
intermediates. 

The CoX2-(NH,)2CoX, intermediates decompose slowly to give CoX,, with 
the evolution of NHJX. This reaction gives shght breaks in the TG curves of the 
[Co(en),w, and rrans-[Co(en),X,]X complexes. Also, if any of these complexes are 
heated isothermally at 270°C for one day, a stabIe mass level is attained which corre- 

sponds to the CoX, compound for that compIex. AI1 of the complexes de :mpose to 
the mass Ievel predicted for cobalt metal at temperatures in excess of 600cC. 

The decomposition of the [Co(en),]X, complexes in cacuo is similar to the 
process in a nitrogen atmosphere except for the first step. In L;acuo_ the complexes 
decompose directly to the CoX2-(NH,)CoX, intermediate which then undergoes 
decomposition as in nitrogen_ There is no evidence to suggest the formation of the 
zrans-[Co(en),X,]X intermediate in the vacuum decomposition of the [Co(en),JXS 
compIexes. 

Thermomugnetic anatjsis 
The reduction of the cobalt(II1) ion to the free cobalt metal in the [Co(en),]X3 

compIexes was studied qualitatively by use of simultaneous magnetic-mass change 
curves. The initiai complexes were diamagnetic, as was expected from the electronic 
structure. As the compIeses bessn to decompose, the mapitude of the diamagnetic 

moment decreased. In the region from 5 to 15% mass loss for the chIoride and 2 to 

10% mass loss for the bromide compound the magnitude of the magnetic moment 
wzzs ne&tibIe. During these intervals, the primary reaction which was occurring was c _ 
the transition of [Co(en),]X3 to trans-[Co(en),X,]X, which has a magnetic moment 
very close to zero. As the decomposition continued, the compounds became para- 
ma_getic as the CoX&NH&CoX, intermediate was formed from the decomposition 

of the trans-[Co(en)zXt]X intermediate. At temperatures above 4CKl “C, the remaining 
residue became increasingiy ferromagnetic due to the presence of cobaIt metal. 

DTA stdies 
The DTA curves for the [Co(en),]X3 complexes are presented in Fig. 2. 
The DTA curves for the chloride and bromide complexes are almost identicai. 

The decomposition of the tris(ethyIene-diamine)cobaIt(III) complexes to the CoX2- 
(NH,),CoX, intermediate gives one Iarge endothermic peak for both the chloride 
and bromide complexes. The Irons-[Co(en),Xz]X intermediates could not be resolved 
as separate peaks in the DTA curve. A second, smaller, endothermic peak occurs in 

_ __ 
both curves immediately folIowing the mrtra1 peak_ This small peak corresponds to 
the decomposition of the CoX2-(NH4),CoX, intermediate with the evolution of 
hW,X. Further decomposition steps could not be adequately resolved. 

The decomposition of the complexes was accompanied by a considerabie 
amount of sampIe expansion. This created a significant change in the therma contact 
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Fig. 2 Differential thermai analysis curwzs forz (A) [Co(enj&& ; (B) [Co(en)JBr3 in a dynamic 
nitzogcn atmosphere at a heating rate of 10% tin-‘- 

between the sampIe and the pan so that no quantitative information could be obtained 
concerning the energy relationships between the mechanism steps. Diluents could not 
be used since this has been shown to produce a significant change in the DTA curves 
of these complexes I 6_ 

P_vrolysis studies 
The [Co(en)JXs complexes were pyrol*yzed at temperatures between 300 and 

350°C. Helium gas, which flowed over the sample, carried the evolved gases into an 
ice-sodium chloride cold trap and then into a standardized acid solution. Analysis of 
the eflluents caught in the cold trap showed that, within experimental error, one mole 
of ammonium halide was evolved per mole of complex. This was the expected result 
from the decomposition of CoX2-(NH&CoX~ intermediate_ Titration with standard 
acid showed that 1.25 moles of ammonia was evolved per mole of complex as a result 
of the fraaentation of the ethylenediamine. Halide analysis of the residue indicated 
that it was cobalt(ll)hal 

Reflectance specrroscop_v 

Reflectance spectra for the [Co(en),)X, and frans_ECo(en),XJX complexes at 
various stages of the decomposition process are shown in Fig. 3. 

Both of the [Co(en)JXs complexes show a maximum absorption at 460 nm 
with rekctance bands at 370 nrn and a broad band between about 500 and 750 run. 
If the complexes are partially decomposed for a few minutes, an absorption band 
begins to appear which is centered at 630 run for the chloride and at 655 nm for the 
bromide complex. These bands are due to the formation of the irmLs-[Co(en),X,]X 
intermediates as is shown by the spectra for these complexes in Fig. 3. The absorption 
bands are shifted to slightly longer wavelengths in the spectra of *he partially decom- 
posed [Co(en),]X, complexes due to the presence of compounds other than the trans- 

; 
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[Co(en),X,]X intermediate. A close match with the spectra of the partially decom- 

posed [Co(en),]XJ compleses can be obtained by throughly mixing a small amount of 

[Co(en),]Xa with the corresponding rrans-[Co(enjzXaX complex. The reflectance 

band between 500 and 550 nm in the spectra of the partially decomposed [Co(en),]X, 

gives the compound a green appearance and indicates the bis(ethyIenediamine)- 

complex has the trans- rather than the c&configuration since the frans-form is green 

and the c&-form is a very dark gray. 

Fig. 3. Refkctnnce spectra for: (A) [Co(en),]C& at room temperrlture; (B) pzrtially decomposed 
Ko(cn)3lCI3 ; (CT) rrcns-[Co(en)JIIZ]Cl at room temperature; (9) mixture of [Co(cn)JCIx and 
rranr-[Co(en)2C13]CI; (E) [Co(en)JBrS at room temperature; (D partially decomposed ICo(enMBr, ; 
(G) rrans-[Co(en)tBrz]Br at room temperature; (H) mixture of [Co(en)JBrS and rranr-[Co(er&BrJBr. 

Further decomposition of the complexes giives an absorption band between 600 

and 750 run. This indicates the presence of a tetrahedral cobalt(I1) complex and 

suggests that the l/1 moIar ratio NH4X to CoX, is actualfy the equimolar mixture of 

CoX, and (NH,),CoCI, as reported by Simmons and Wend!andt”. 

As the complexes decompose, the absorption increases until there is almost 

total absorption over the entire spectral region between 350 and 350 nm. 

Infrared specrroscopj 
The infrared spectra for the chloride and bromide complexes appeared identical 

both before and after decomposition. The infrared spectrum at room temperature and 

after heating the complex to 350°C is presented in Fig. 4. The spectra of the complexes 

after being heated to 35OC show broad strong absorption bands at shghtly over 3 
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and 7 p. This indicates that the intermediate is an ammonium compound and not an 
ammine compIex. 

Fig- 4. Infrared Spectra of [Co(enMX, (X = CI, Br) (A) at room temperature and (ES) after heating to 
35O’C for 15 minutes. 

Afass spectroscopy 
The gas evolution curve for the [Co(en)&13 compIex, as measured by mass 

spectroscopy, is given in Fig. 5, while the curve for the [Co(en),]Br, compIex is given 
in Fig. 6. Both curves show that the gas evolution occurs in two distinct steps below 
3oocC with a broad re$on of _e evolution at higher temperatures. The mass spec- 

trometric measurement of eth_vIenediamine evolution, aIso shown in Figs. 5 and 6, 
shows that essentially all of the ethyIenediamine is evolved in the region under the 
first peak in the gas evolution curve. Since this decomposition is in cacuo, this first 

decomposition step corresponds to the [Co(en),]X3 to CoX2-(NHJtCoX, transition. 
Ammonia, which is a fragmentation product of ethylenediamine, is also evolved in 
this first decomposition step as is shown in the ammonia evolution curves for the 

Fig. 5. Mass spectrometric data of: (A) gas evolution; (B) ethylenediamine evolution; (C) ammonia 
evobtion; and (D) HCi evolution resulting from the thermal decomposition of [Co(en),]Cl, in cucuo. 
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Fig. 6. Mass spectrometric data of: (A) gas evolution; (B) ethylcnediamine evolution; (C) ammclnia 
evoIution; and (D) HBr evolution from the thermal decomposition of [Co(en&]Br3 in racuo. 

complexes. A second peak in the ammonia evolution curve falls into the region under 

the second peak of the gas evoIution cume. This smaller peak results from the decom- 
position of (NH&CoX, with the evoIution of NH4X. The evolved NH$X gives the 

second ammonia peak and first peak in the HX evolution curves which exactly super- 

impose on the ammonia peaks. The relative peak intensities between these product 
evolution curves are meaningless since each curve is separately normalized to 1000/b 

for the most intense peak. The HCI and HBr gas evolution curves, in Figs. 5 and 6, 
respectively, show that evolution of these products occurs over the entire region above 

approximately 400°C. This is due to the decomposition of the CoX, intermediates to 

cobait metaL 
Mass spectra from the intergals under each of the three re@ons of the gas 

evolution curve of the [Co(en),]CI, complex are presented in Fig_ 7. The mass spectrum 

of the gases evolved at ZKO’C, in the region ?f the first decomposition step, is given in 
Fig. 7a, and is identical to the spectrum obtained for ethylenediamine. There are some 

small differences in peak intensities due to the thermai fragmentation of the ethylene- 

diamine but the peak groups are the same. This spectrum also verifies that no chlorine 
or chIoride products are evolved in this first step. 

Fig_ 7. Mass spectrum of gases evolved from [Co(en)JC13 in mcuo (A) at 2SO’C, (B) at 36O’C and 
(C) at 600 “CL 
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The maszz spectrum of the gases evolved at 360°C is given in Fig. 7b. This 

spectrum was taken durin, m the period of the decomposition of the (NH&CoCI, 
intermediate and indicate the evoiution of NH,Cl. The significant feature in this 
spectrum is the peaks at zz!e IS, 36, and 53 due to NH,+, HCl+, and NH4Cli, respec- 
tively. The Peaks at rn: !, 36 and 53 also have a Pf3 peak of the correct intensity to 
indicate a chlorine product. The other peaks are due to organic residues which remain 
in the system, probably trapped in the solid as it melted and decomposed. 

The mass spectrum of the gases evolved at 600°C is given in Fig. 7c. This 
spectrum was made during the time when the CoCI, was decomposing to cobah metaL 
The important peaks in this spectrum occur at m/e 2, 28, and 36, due to hydrogen, 
nitrogen, and HCI, respectively. The HCI was expected but the other products were 
rather unexpected at this elevated temperature_ These products, as well as the other 
peaks, are probably due to organic residues trapped in the system; these trapped 
products are probably the source of the hydrogen in HCI. 

The mass spectra for the [Co(en),]Br, eomp1e.u were similar to those for the 
chIoride except the Peaks were at the rnle values for bromide rather than chlorine. 

The evidence obtained in this study indicates that the mechanism for the thermal 
dissociation of the tris(ethylenediamine)cobaIt(III) chloride and bromide in a nitrogen 
atmosphere is as foiIows: 

[Co(en),lX, (s) --, trots-[Co(en),Xm (s) i en (g) 

zrons-[Co(en),Xn (s) + CoXz (s) + (NH,),CoX, (s) i- organic products (g) 

(NH&Co& (s) --* CoX, (s) +2NH,X (g) 

CoX, (s);2Hf 4 Co (s)t2HX (g) 

1n vaczto, the mechanism is: 

FWenM~3 (9 -+ CoX2 + (NH,),CoX4 (s) +-en (g) + organic products (g) 

(NH&Co& (s) - CoXz (s)i2NH,X (g) 

CoX, (s)+2H’ + Co (s)+2HX (g) 
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