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ABSTRACT

The thermal dissociation of the complexes, [Co(NH,)¢]X; (X~ =Cl, Br), was
studied in vacuo using the techniques of thermogravimetry, evolved gas analysis and
mass spectrometric analysis. It was found that the reaction stoichiometry was
identical to that previously determined in air but that the type of intermediate com-
pounds formed were different. The dissociation occurred by the reactions:

6[Co(NH,;)6}]X; —> 6trans-[Co(NH;) X, ]X+12NH,
6trans-{fCo(NH;) 4 X,1X —> 3CcX,+3(NH,),CoX,+ N, +16NH,
3(NH,),CoX, —> 3CoX,+6NH_X

3CoX, —> sublimation

INTRODUCTION

The thermal dissociation of the [Co(NH;)¢]X; (X~ =Cl, Br) type complexes
has been of interest since the first investigations of Biltz! in 1913. Clark et al.?
confirmed these basic observations in 1920 and reported the stoichiometry for the
thermal dissociation of [Co{NH,)¢]Cl; as:

Numerous mass-loss studies on these compounds were published in the late 1950°s
and early 1960°s, many of them of a conflicting nature>—S. It was reported, for
example, that the first dissociation step involved the formation of the pentammine-
complexes, [Co(NH)sX]X,*-¢; however, this was never confirmed by Simmons and
Wendlandi®-'°.

The mechanism of the thermal dissociation reaction of [Co(NH;)sICl; was
first elucidated by Tanaka and Nanjo®. They concluded that the reaction was initiated
by electron transfer from either a ligand molecule or an outer sphere ion to the

*To whom correspondence should be addressed.
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central metal cobal(IIT) ion. However, it was not until the work of Simmons and
Wendlandt® in 1966 that the nature of the intermediate compounds was described.
Using magnetic susceptibility and reflectance spectroscopy, as well as thermogravi-
metry, the thermal dissociation reaction was found to take place in three steps:

(a) Electron transfer from a coordinated ammonia to the cobalt(III) ion.
(b) Formation of a CoCl,(INH,),CoCl; mixture.
(c) Dissociation of (NH.),CoCl, to NH,Cl and CoCl,.

These steps can be described by the equations:
6[Co(NH ;)(JCl; —1%°°€, 3CoCl, +3(NH,),CoCl, + N, +28NH,
3(NH,),CoCl, _280°C | ¢NH,Cl+3CoCl,

and the overall reaction is the same as described by Clark et al.2, or:
6[Co(NH;)¢ICl; —> 6CoCl, +6NH,CI+ N, +23NH,

A similar series of reactions!® was used to describe the thermal dissociation of
{Co(NH;)6]Br;.

Since most of the above investigations'' were carried out in air or inert gases
(N., Ar) at ambient atmospheric pressures, it was of interest to study the thermal
dissociation reactions of the [Co(NH;)¢]X; complexes in racuo (2x 10~ ¢ Torr),
using the simultaneous TG-EGA-MSA technique. It was found that the intermediate
compounds obtained were different from those observed at atmospheric pressures in
air.

11

EXPERIMENTAL

Compounds
The [Co(NH3)¢]Cl; and [Co(INH;)¢]Br; compounds were the same as previously
described 2.

Thermal analysis apparatus

The thermobalance-mass spectrometer—computer system consisted of a
Metiler vacuum recording thermobalance interfaced with a Finnigan Model 1015 S/L
quadrupole mass spectrometer. A Model PDP 8/L computer controlled the mass
spectral readout using a System Industries System/150 interface. The operation of the
entire system has been described by Gibson!3. A heating rate of 6°C/min was used
with a mass spectrometer scan rate of 1.2 min~!; sample sizes ranged in mass from
2-3 mg.

RESULTS AND DISCUSSION
Thermogravimetry

Thermogravimetric curves for the [Co(NH,;)s]X; (X~ =Cl, Br) complexes
in vacuo are presented in Fig. 1.
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The decomposition of the [Co(INH,)e}Cl; complex is initiated at about 150°C
in vacuo with the first stable intermediate mass plateau occurring at approximately
14 percent mass-loss. This corresponds to the loss of two moles of ammonia per mole
of complex, with the formation of [Co(NH,),CI,]JCI. Visual observation of the
sample at 175°C revealed that it had changed from the initial orange color to a dark
green. This green colored compound indicates that the intermediate species has the
trans isomeric configuration rather than the cis form, the latter of which is a light
purple color.
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Fig. 1. Thermogravimetric curves for: (A) [Co(NH1)6ICl3 ; and (B) [Co(INH 3)6]Brs, at a pressure of
2x 106 Torr.

The trans-[Co(NH;),CL]Cl intermediate compound begies to lose miass at
approximately 190°C with the loss continuing at a rapid rate until at about 34 percent
mass-loss where a curve inflection point is produced by a change in the decomposition
rate. This inflection point occurs at the mass level predicted for the 1:1 molar ratio
mixture of CoCl, to (NH,),CoCl,, which has been observed in the decomposition of
[Co(NH;)(]Cl; in air®. The residue in the thermobalance was visually observed to
have a purple tint at this point in the decomposition process which also indicates the
presence of (NH,),CoClj.

The formation of (INH,),CoCl, is immediately followed by its dissociation to
CoCl,, with the evolution of NH,Cl. The CoCl, appears in the TG curve as a
horizontal mass level at about 50 percent mass-loss and is stable to slightly over
375°C. Due to the high temperature and low pressures employed, sublimation of the
CoCl, seems to account for the major portion of the mass-loss between 375° and
475°C. There is probably some dissociation (or reduction) of the CoCl, tc give a
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residue of cobalt metal at 96 percent mass-loss but this process is not as important as

in the dissociation of the amine complexes, where it is the pnmarv process!*. This

difference is probably due to a lack of suitable reducing agents remaining in the
system from the dissociation of the I'(‘n(N"H'-\ 1C1. while considerable nroanm matter,

TR SAS So A ASS TAST TESTT I TATERSRSSS TR wesw — TT\* "‘JIDJ""J """""""""""""""""""""
which might reduce the cobalt(II) ion, was shown to be trapped during the disso-
ciarion of I'(“n(pn\ 1Cl1.
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The gaseous products evolved during the thermal decomposition of the
[Co(NH;):JX; (X7 =Cl, Br) complexes were analvzed mass specirometrically io

obtain product gas evolution curves. The gas evolution curves for the [Co(NH3),]Cl;
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Fig. 2. Mass spectrometric measurement of: (a) gas evolution; (b) ammonia evolution; (c) HCl
evolution; and (d) nitrogen evolution resulting from the thermal decomposition of [Co(INH 3)¢[(Cl;
in racuo.
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The total gas evolution curve consists of three narrow peaks followed by a
broad peak. The individual products group at peaks around m/e 17 (Fig. 3). Since this
spectrum falls into the temperature region corresponding to the decomposition of the
[Co(INH,)]Cl; complex to frans-[Co(NH;)Cl1,]JCl, ammonia was expected to be the
primary product. However, this spectrum also confirms that no chlorine products
were evolved at this stage of the dissociation process. The only significant peaks
outside of the ammonia group are at nt/e 28, due to nitrogen, and at mje 1 and 2, due
to H* and H, ™", respectively.
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Fig. 3. Mass spectrum of gases evolved from [Co(NH 3)¢]Cls at 160°C in racuo.

The mass spectrum of gases evolved at 195°C is presented in Fig. 4. This spec-
trum was obtained as the frans-[Co(NH ) Cl,1Cl decomposed to CoCl,:(NH,),CoCl,
with some decomposition of the (NH,),CoCl,. It shows that the primary product
evolved is still ammonia but a small peak at m1/e 36 indicates that some HCI is also
evolved at this temperature. The TG curve obtained simultaneously with the mass
spectrum shows that the (NH,),CoCl, was just beginning to decompose at this
temperature so the HCI peak would be expected to be relatively small.

The mass spectrum obtained at 415°C, as presented in Fig. 5, shows that the
HCI peak is larger than in the previous spectrum but still comparatively small in
relation to the other peaks. Ammonia is still the primary product with considerable
nitrogen also being evolved. Since this spectrum falls into the region in which CoCl,
is disappearing, the small HCI peak confirms that dissociation is a minor process
compared to sublimation. The gaseous CoCl, does not appear in the mass spectra
since the mass is beyond the range of the mass spectrometer. An additional peak
appears in the spectrum at 415°C at m/e 44 for which no explanation can be offered.
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Fig. 4. Mass spectrum of gases evolved from [Co(NH;)6ICl; a: 195°C in racuo.
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Fig. 5. Mass spectrum of gases evolved from [Co(NH5)sICl; at 415°C in racuo.

[Co(NH3)6)Br

The gas evolution curves for [Co(NH;)¢]Br; are presented in Fig. 6. These
curves are similar to those presented in Fig. 2 for the chloride complex since the
modes of decomposition are almost identical for both ccmplexes. The ammonia gas
evolution curve consists of two peaks, the first of which originates at 110°C and
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corresponds to the decomposition of [Co(NH,),]Br; to trans-[Co(NH,).Br.]Br. The
second peak is due to the decomposition of this intermediate to CoBr, and includes
the formation and dissociation of (NH,),CoBr,.

amplilude

Fig. 6. Mass spectrometric measurement of: () gas evolution; (b) ammonia evolution; and (c) HBr
evolution resulting from the thermal decomposition of [Co(NH 3)sIBrs in racuo.

The HBr gas evolution curve consists of a sharp peak originating at about
180°C which is followed by a broad peak between 300° and 500°C. The first ceak is
due to NH,Br formed from the dissociation of the (NH,),CoBr, intermediate. The
second peak results from the dissociation of CoBr,, with the evolution of HBr.
Although the major portion of the CoBr, sublimes, the quantity which dissociates is
greater for the bromide complex than for the chloride complex, as can be seen from
the final mass levels in the TG curves and a comparison of the HX gas evolution
curves.
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Fig. 7. Mass spectrum of gases evolved from [Co(NH 3)¢]Br, at 125°C in vacuo.
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The mass spectrum of gases evolved from the {Co(INH;)¢]Br; complex at 125°C
is presented in Fig. 7. It contains only ammonia, nitrogen, and hydrogen peaks. This
i~ in agreement with the TG data indicating that [Co(INH;)4]Br; decomposes to frans-
[Co(INH;)Br,]Br with the release of ammonia. The mass spectrum at 200°C, as
shown in Fig. 8, contains the same peaks but the HBr peak is beginning to appear at
mfe 80 as (NH,),CoBr, dissociates to CoBr, and NH,Br.
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Fig. 8. Mass spectrum of gases evolved from {[Co(NH3)6]Brs at 200°C in racuo.
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Fig. 9. Mass spectrum of gases evolved from [Co(INH3)s]Br; at 500°C in cacuo.
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The mass spectrum of gases evolved at 500°C, as given in Fig. 9, contains
several new peaks. The small peaks at m/e 32 and 36 are thought to be due to traces of
oxygen and chloride contained in the sample, which are present in concentrations too
small to be detected. The peaks at ni/e 80 and 82 show that there is probably some
dissociation of CoBr, to cobalt metal and HBr. Again. as in the mass spectra of the
chloride complex, there is an unexplained peak at mje 44.

CONCLUSIONS

Although the reaction stoichiometry of the dissociation of [Co(NH;)elX;
(X~ =Cl, Br) complex2s appears tc be the same in racuo as in air, the mode of
decomposition seems to be somewhat different. The TG-EGA-MSA data which has
been presented indicatzs that dissociation in racuo is accomplished according to the
following reactions:

6[Co(NH,)]Xs —> 6trans-[Co(NH,)4X1X + 12NH;
6trans-J[Co(NH,), X,1X —> 3CoX,+3(INH,),CoX,+ N, + 16NH;
3(NH,),CoX, —> 3CoX,+6NH,X

3CoX, —> sublimation
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