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ABStRACT 

The temperatures and stoichiometries of reaction of cobalt(H) nitrate, chioride 
and bromide have been established by analysis, infrared, X-ray diffractometry and 

thenno~ravimetric analysis_ Tricobalt tetraoxide and nitrogen dioxide were produced 

together with oxygen and nitrite from the first two reactants, but with nitric oxide 

and bromine from the third reactant. Reaction pathways are suggested. Addition of 

potassium chloride caused a large (150-200”) increase in temperature of maximum 

reaction rate, which was ascribed to the formation of chloro “complexes”_ No 

stabilisation was observed on addition of potassium bromide, though broadening of . 
the weight loss maxima when chloride and bromide were present suaested the forma- 
tion of mixed complexes. 

The study of association between transition metal cations and halide anions in 
molten salt solution, besides providing scope for philosophical argument as to whether 

or not the association has a sufficiently long life for the term “complex” to be us&l, 

is important as a means to understanding the general behaviour of such ions and has 

been pursued for as long as any other aspect of moiten salt chemistry_ 

Such associations are, of course, most manifest in halide melts, but molten 

nitrates have frequently been used for measurements and a considerable list may now 

be tabulated’. In many cases, the measurements have been made on quite dilute 

solutions by electrochemicai, physical or spectroscopic methods. In the case of 
cobalt(H). despite its being a readily avaiiabIe oxidation state, existing knowledge, 
apart from two e.m.f_ studies3* ‘, is largely confined to the very well known spectro- 
scopic measurements of Gruen et a.L5, demonstrating the classic change f%om octa: 
hedral coordination in a pure nitrate melt to tetrahedral when a high ratio of chloride 

to cobalt was present. These measurements were largely confirmed by those of 

Tanaev and Dzhtinsk.ii6* ’ and Volkov and Buryak’. 

Evidence for more concentrated solutions is necessarily missing, as is the 

influence that association may.have on the properties of such solutions. Bearing in 



mind that data is now accumulating on a number of first row transition met&, for 
e.xamp!c titani~m(IV)~, iron(IIi)‘O, and zinc(II)“, which shows that ha!ide ‘kom- 

p!cxcsT* considerably modify the properties of such cations, including their thermal 

stability and Lux-Flood acidity, a thermozavimetric study of coba!t(lI) with both 
chloride and bromide in nitrate melts was undertaken- 

In addition, such studies have defined the therma! stability of pure cobalt(H) 
solutions (i.e. without additional halide) where the presently available information is 

imprecise, bein, n derived incidentally from other studies. For example, in lithium 
nitrate-potzsium titrate, co!xz!t(II) was evidently stable at i60’ for chromate- 
graphic”, solvent extraction’ 3, and solubility studiesI as well as spectroscopic 
measurements at 223’ (ref. 5) and 24Y (ref. 6) but was found to precipitate at 255” 

durino e!ectromi~ration’5_ In sodium nitrate-potassium nitrate, the kinetics of the 

formzon of insoluble tricobalt tetrao.tide have been reportedI from 350” to 400”, 

thus setting an up!xr umpcrxture limit_ 

The melt was prepared as previously described9. Analar (B-D-H.) potassium 
chloride. potassium bromide and coba!t(!I) chloride were al! dried at I ICC for 12 h 
(found: Co, 15.2; Cl, S-4; u!c_ for CoC12: Co, 45.4; C!, 54.6o/O). Cobalt(U) bromide 
(B-D-H_) NZ dried at 250= for I h (found: Co, 27.1; Br, 72.0; ca!c_ for CoBr,: Co, 
26.9; Br, 73-l “i)_ An&r eo!xlt(I!) nitrate htxahydratt UYIS used as received_ 

Chloride and bromide were analysed vo!umetriu!!y by Volhard’s method and 
cobalt _~vimetrica!Iy as cobaIt(!I) sulphate. Infrared spectra of the zgses produced 
from a reaction under vacuum were obtained using a IO cm cell with KBr windows on 
a tinicam SPZC0_ X-Ray diffractometry was carried out on a Philips (Eindhoven) 

instrument using M-filtered CuK, radiation. Thermogavimetic analyses were 
performed on a Stanton TR-I thermobalance with a heating rate of 2”/min in a 10 ml 

silica crucible covered with perforaa porcelain disc to prevent the emission of -Iid 
~Clcs- 

RES!_XXS ASD DLSCL’SSIOX 

Analar eoba!t(iI) nitrate hexahydrate dissolved slowly in lithium nitrak- 
potassium nitrate euteetic at 150” to give a blue solution. When dehydrated under 
vacuum for four hours, the loss of weight was 35.0% [caic. for loss of 6H20 from 
La(NO,)z - 6HzO = 37.1 “/o]_ Th e melt remaining was a clear b!ue with no precipi- 
ta& as would hzvt been obsenred if hydrotysis had occurred. Nujol muUs of the 
solidiflcd melt solution gave no evidence of water by infrared_ On further heating., a 
mizxtwe of nitrogen dioxide and oxysn \yas slowly evolved at 250” confirming the 
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Fig_ I _ Thermogmvimetric analysis of c0baltiII) nitrate in mqlten lithium nitrate-potassium nitrate 
eutectic with additions of potassium chloride. Cunx A.O. 0.159 m Co(NOt)g; curve B, X, 0.116 m 
Co(NO+ and 0.29 m KCI; tune C, 0.0.136 m Co(NOa)t and 203 m KCI; curve D, 4.0.iZOm 
Co(h‘O& and 270 m KCI; a.we E. 4,0.1 IO m Co(NO& and 3.30 m KCL 

inference to be made from the temperatures used by Tanaev and Dzhurinskii6 and 

Bailey and Steger’ ‘_ Reaction proceeded at an increasing rate to 350”, whilst a biack 

precipitate of tricobalt tetraoxide was formed, as shown by analysis (found: Co, 

73-7; talc_ for Co,O,: Co, 73.4%) and confirmed by X-ray diffraction pti” values 

2.88(30), 2_43(1OO), 2-02(u)), l-55(30), I _43(40)_ A.S_T_M. Index 2.860(40), 2.438(10(l), 

2.021(25), l-555(35), 1.429(45)-J 

Thermogravimetric analysis (Fig. I, curve A) showed the rate of _a evolution 

to increase from ZOO”, with a maximum at 34O”, the total loss of 61.5% and the 

products identified corresponding reasonably with the stoichiometry 

3 Co(NO& ---, COLON i 6 NO, + O2 (1) 

(talc weight loss 56.3 %) which would be deduced if the cobalt(H) cation had behaved . 

as a Lux-Flood acid initially forming cobalt(H) oxide, i.e. 

NO, + NO; + 02- (2) 
NO; + NO, + [N20s-j ---+ 2 NO2 + s 0, (3) 
co2+ + 02- --, Cool (4) 

and the cobalt(U) oxide being oxidised by the liberated oxyeen. However, if the 

postulated oxide were to react as it does in a pure melt with production of the equiva- 

lent quantity of nitrite”, i.e. 

3 Co0 -!- NO,‘ --, Co,O, f NO, (5) - 

the overall reaction, becomes 

3 Co(NOsja -i- NO, --+ CO@~ i NO, i 6 NO2 +- 3 Oa 

(mlc weight toss 59.00A) in better conformity with the observed loss. 

(6) 



mucrallIs co:cI Temperame ErperhenraI 
-- - -_- ._-_ -- . _ 
CO(LV&k KCI ratio of maximum ueight kks 
-_- -_-__ -- ___--_-_-_.- 
n;oL m more m rate of wright (%J 

k?ss (“C) 
_._ ----- _ _ __-_-_-__-- - ----- 

3.99 % 10-~ O-159 I :o 330 61.5 
3.59 x IO-’ 0.116 10-O % IO-’ 0.29 125 460 50.7 
3.99 % IV 0.136 59.8 % IO-’ 203 I:15 500 58.9 
399 x 10-d QEO 89-9 x lOor 270 1 :zzi 505 61.5 
3.99 x IO--c 0.110 12&o % IO--’ 3.30 I:30 520 aI2 

When potvsium chloride w-as present in the melt_ a very considerabIe siowing 
down of the re2cGo1~ occurred rhou* The products remained the same. The wfz&ht 

Iosscs (TabZe I) were somewhat variable. pa& because of the dificulty of separating 

the reaction from that ensuing at higher temperatures, i.e. the thermal decomposition 
of the III& but &q were broadly in agreement with equation (6)_ Hoswver, the 
umpcratures of maximum fafc of weight loss (Table I and fig I, cures B-E) 

imcreaKd dramatically by 100-150” depending on the mole ratio of cobalt to chloride. 
Cobalt(U) chloride reacted in the nitrate eutectic to form the +ne products. 

Analysk of the melt aftr heating to XW, showed that no chioride had volatilised 

[mole ratio initial cobalt(U) chloride to chloride remaining in the melt = I I l-97]. 
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TABLE 2 _ 

RlXcTyl?G OF COau-r(It) CHIDRIDE IN MOLl’EN LIRUUM h_TE-I’OTASSIUM M-IRATE EUTECTI CWITH 

ADDlTKSd OF FOTmW CHUbRIDE 

Ucacwus 

CocIr 

mole 

co:ci Temperazure ExperimenZal 

KCI r&o of madmum weigh1 toss 

m nwli? m 
rate o/weight (“b 
loss (“C) 

8.47 x lo-~ 0.42 I:2 380 809 
8.47 x lo-’ 0.367 423 x IV 1.83 I:7 490 81.7 
8.47 x 10-a 0.228 s-7 x lO+ 228 1:12 525 86.4 
8.47 x IO+ 0.277 169-4 x IO-’ 5.52 1522 540 89.9 

&I 360 ko L- 

500 
l 2mBpeztue t-c1 

F& 3. ?humogravimttric analysis of cobah bromide in molten tithiurn nitrzte-potassium 
nitrate cutcctic with additions of potzssium bromide. We A. 0, 0274 m CoBr2; curve B, X, 
0-W ID CoBrt acd I_20 m KBr; CIIIVZ C, ~,0.307 m cOBr= and i22 m KEtr; curve D. A, 0242 m 
CoBrz and 3.63 m KBr; cum E, .@, 0.!34 m CoBr2 2nd 4.02 m KBr. 

The black precipitate was a&n tricobdt tetraoxide r‘s’ values 2.84(30), 2.43(1(X)), 
2.00(25), i.55(40), 1.43(50)]. Th e weight loss of SO-SC/, (Fig. 2, curve A) agreed 
reasonably with a stoichiometry analogous to equation (6), i.e. 

3CoCIZf7NO~~Co,0,fNO~~6N0,~~00, (7) 

(cak. weight loss 83.0%) as did the weight losses obtaiced when additional potassium 



16 

chloride we present (Table 2). Once again, the temperature of maximum rate of 
weight loss inmzsed sharply with the cobalt:chIoride ratio (Fig 2, curves F&D)_ 

When cobaIr bromide was added to the nitrate eutcctic at 200°, the green 
aysstals dissoived again to a blue melt which decomposed only very slowly at this 
tcmpuaturc_ At 250” reaction was more rapid and at XX“ bromide was being evolved 
as weIl as nitrogen dioxide mixed with smaller amounts of nitric oxide_ The black 
precipitate was again shown to be tricobdt tetraoxide (found; Co, 72.4%) r‘d’ 

vaiues 288(70), 2_43(100), 303(40). l-56(45), 1_43(60)]_ Analysis of the bromide 
remaining in the melt also demonstrated the loss of bromine [mole ratio of initial 
cobah bromide to bromide remaining in meIt to liberated bromine = 1:0.99:0.94] 

whik thermogmvimetric analysis (Fig, 3, curve A) showed a total weight loss of 

52_9°A, close to &hat indicated by the equation 

3CoBrr~330,-,Co30~i3Br-~~Br2~~30~~~0 (8) 

(talc. wei@ loss 55.1%) which may be understood as a Lux-Flood acid-base 

reaction analogous to equation (6) foiiowed by oxidtilion of cobaIt(II) oxide, i.e. 

3 CoBr= + 7 NO, 4 co,o, + NO; f6N0, + s-O2 (9) 

(talc_ wei&t loss 493”/,) aaompanied by the already known reactions of the oxida- 

tion of bromide ions by nitrogen dioxide’* 

Br- T NO1 --, NO; f f Br, (W 

oxidation of nitrite with nitrosen dioxide” 

No; - NO, --+ NO, + NO (11) 

and reaction of nittic oxide 

xot~0~-+NO~ (12) 

Since there seems no obvious r-n why precisely half the bromide shouId react via 

TABLE 3 

Co:& 
ratio 

-- 
m mole m 

848X10+ 0274 I:2 330 529 
SAsxlcF OAOO 25-4 x 10-r I.20 1:s 350 535' 
8AsxIo-' 0.307 42_3 x 10-i I22 I:7 

&UrXlO+ 0242 1270x10+ 
ii0 x 10-r 

3.63 1:17 iii 
55.6 __ 
562 

424 x10-r 0.134 4-02 I:32 335 54.0 
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TABLE 4 

REACllOi OF COBALZl-fIS) BROblIDE IN MOLTEN LITHIUM NlTRkTE-fOTAsSIUM NITRATE -c wITli 

ADDITIOX OF POT- CHLORIDE 

Reac1an1s 

Co&t 

mot 

co:Br Tern-perarure Experirnenlai 

KC1 ratio of maximun weighi loss 

m mole m r&e of weipht (%) 
loss f “C_J 

8.48 x 10-a 0.2i4 110 330 529 
8.48 x 104 0.307 25.4 x 10-d 0.81 1:3 420 50.9 
8.48 x IO-’ 0.236 423 x 10-a 1.03 I:5 450 53.2 
8.48 x 10-r 0287 84-7 x 10-J 225 is10 540 53.5 
8.48 x lo-; 0.280 127.0 x lo-’ 3.06 I:15 540 55.1 

: _‘_ .__i_ _---A 

330 400 xx) 666 
temperature ( ‘C 1 

Fig. 4. Thermogtatimc~ric analysis of cobah bromide in molten lithium nitrate-potassium 
nitrate cutectic with additions of potassium chloride. Curve A, 0.0-274 m CoBr2; curve B, X, 
0.307 m CoBrt and 0.81 m KCI; cunrc C. 3.0.234 m CoBrz and 1.03 m KCi; cum? D, A 0287 m 
CoBrt and ZU m KCI; curve E. A, 0.280 m CoBrt and 3.06 m KCI. 

equation (iO), the weight loss may be expected to vary both up and down by approxi- 
mately 3% for each bromide which does not conform to equation (9)_ When additi- 
onal potassium bromide was present in the nitrate melt (Table 3), similar reactiOns 
occurred though it wets noteworthy that the temperature at which the maximum rate 

of wei&t loss cuzurred remained constant (Fig 3, cufves 33-E). In contrast, when 



O_OOE9 I :2 55s 
0_05t% I :2 58a 
0.187 I:1 617 

676 
O_OllS I IO 560 
0_005Ol I:16 590 
0-m l:M 630 

680 

73& 8 14 
122F 5 14 
146&10 14 
(siIouIdcr) 
80 5 

125 5 
gL_Lk) 5 

additional p&a&urn chloride was present (Table 4), a considerab!e increase in the 

temperature of this maximum was observed (Fig. 4, curves A-E). The weight losses 
ob-tined were in close conformity with equation (9)_ 

. 

The in- in temperature of maximum rate of weight loss with the cobalt to 

chloride is evidentiy to be attribu*,ltd to formation of &Ion, complexes of au increased 
stability towards Lux-Hood acid-base reactions as has been previousIy observed with 
transition metal cationsg- ‘I_ P!otting this ratio against temperature (Fig- 5) indicates 

little change beyond the I : IO vak suggesting that at this point complete substitution 
to form the most highiy coordinated compkx on this case tetrachIor0) has occurred- 
The rztio is, of course, much less than the 1: 1213 reported from the spedroscopic 
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studies’ for the highest cobalt to chloride ratio in nitrate (though actually for NH&I 

in LiNO,/NH,NO& However, to a first approximation, conversion of say 90% of 
tie cobalt(H) to the tetrachIoro complex is proportional to the absolute concentration 
of chloride and not to the ratio. In this case complete conversion, i.e. as shown by a 

roughly constant temperature for mnxirnum rate of loss, occurs close to 2 m chloride 

for curves A, B, and C of Fig. 5 compared with 5.7 m in the spectroscopic studies 
using a different melt at a lower temperature. The relatively small differences between 

curves A, B and C follow the same pattern, the constant temperature for maximum 
rate of Ioss being lower with lower cobalt concentrations (i.e. A -E B < C) and 
occurring at lower chloride concentrations_ A similar dependence of chloro complex 

formation on the absolute value of the chloride concentration was also found in the 

course of spectroscopic measurementsa4. A decided red shift of the dd absorption 
band, accompanied by an increasing extinction coefficient and incipient fine structure, 

was obtained as the concentration of cobalt(H) chloride increased (Table 5) and 

which were strikingly similar to the results of Gruen et a!.’ who used more dilute 
cobalt solutions but roughly comparable concentrations of chloride. 

The evidence against effective thermal stabilisation of cobalt(H) by the bromide 

anion, probably because of much lower stability constants for such complexes, is also 

ciearly seen in Fi,. 0 5 (compare curve B with curve D). Also noteworthy is the much 
broader maximum of the weight loss curves, particularly at lower ratios when potassi- 

um chloride stabilised cobalt(H) bromide solutions (Fig. 4) than when only chloride 

or bromide anions were present. This may be understood by envisaging a range of 
chIoro-bromo complexes which would, of course, have a wider spread of thermal 

stabilities, since the presence of some chloride Iigands might we11 increase coordination 

by the usually reluctant bromide (cf. Fig. 3). 
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