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The thermal decompositions of metal(ll) hexacyanoferrates(ll) (Co, Ni and Zn) were 
studied in air with M~ssbauer, infrared, thermal analysis and magnetic susceptibility 
techniques. Dehydration is almost complete at 200 ~ and decomposition starts at 250 ~ in 
the cases of cobalt and nickel hexacyanoferrates(ll), and at 300 ~ for zinc hexacyano- 
ferrates(ll). Finally, ferrites are formed as decomposition products. 

Wolski and coworkers [1] reported the formation of ferromagnetic materials by 
heating hexacyanoferrates(ll) and hexacyanoferrates(lll) with the nitrates of bivalent 
metals (Ba, Mg, St, Zn, Cd, Pb, Cu, Co and Hi). Chamberlain and coworkers [2] in- 
vestigated the thermal decompositions of hexacyanoferrates(ll) and ferrates(lll) by 
using DTA and DGE. Gallagher [3] studied the formation of rare earth orthoferrites 
by the thermal decomposition of rare earth hexacyanoferrates(lll) or cobalticyanides. 
In our earlier papers, the thermal decompositions of t in(IV) [4a], zirconium(IV) [4b], 
thorium(IV) [4c] and metal(I l l )  (AI, As, Sb and Bi) hexacyanoferrates(lll) have been 
reported. Seifer and coworkers [5 -7 ]  studied the thermal decompositions of hexa- 
cyanoferrates(I I) in an inert atmosphere and reported the formation of Fe3C, C, N, Fe 
and metal cyanide. The aim of the present communication was to observe the effects 
of the metals (cobalt, nickel and zinc) on the thermal decompositions of hexacyano- 
ferrates(ll). As a continuation of our previous work, we now report results on the 
thermal decompositions of M2Fe(CN) 6 �9 xH20 (M = Co, Ni and Zn) obtained with 
M~ssbauer, infrared, thermal analysis and magnetic susceptibility measurements. 

Experimental 

To prepare cobalt hexacyanoferrate(ll), Co 2 Fe(CN) 6 �9 6 H20, a 2 M aqueous solu- 
tion of Co(NO3) 2 �9 6 H20 was added to a 1 M aqueous solution of potassium hexa- 
cyanoferrate(ll), and the mixture was heated on a water-bath for half an hour. The 
precipitate thus formed was filtered off, and washed with water t i l l  free from potas- 
sium ions. The absence of potassium ion was confirmed by flame photometry. The 
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precipitate was dried in an oven. In a similar way, nickel hexacyanoferrate(ll) and 
zinc hexacyanoferrate(ll) were prepared by mixing nickel nitrate or zinc nitrate with 
potassium hexacyanoferrate(I I). 

All these hexacyanoferrates(ll) were heated in air at 100 ~ 150 ~ 200 ~ 250 ~ and 
300 ~ for 3 hours. The samples were heated in an open crucible in a muffle furnace. 
The rate of heating was kept at 10 degree/min. The variation in the final temperatures 
was -+ 5 ~ 

The experimental details of the MSssbauer investigation were reported earlier [4]. 
For the infrared spectrum, 2% of the sample was taken and mixed with KBr and the 
spectrum was recorded on a MOM-2000 spectrophotometer (Hungary) in the range 
4000-700 cm -1 .  Thermal gravimetric studies were performed on a TG fabricated 
by FCI (India) and a DTA-02 Universal (GDR) was used for the investigation. 

Results and discussion 

Infrared spectra of the samples were recorded at room temperature. Cobalt 
hexacyanoferrate(ll) showed a broad band at 3550-3200 cm - 1 ,  a weak band at 
1620 cm -1 due to OH stretching and bending of water molecules, and a strong band 
at 2080 cm -1 due to the cyanide groups. In the case of nickel hexacyanoferrate(ll), 
the infrared bands at 3500-3200 cm -1 and 1620 cm -1  are due to water molecules, 
whereas a strong band at 2070 cm-  1 is due to the cyanide groups. The infrared spec- 
trum of zinc hexacyanoferrate(ll) shows bands at 3500-3200 cm -1 and 1610 cm -1 
due to OH stretching and bending of water, and a strong ba'nd at 2090 cm-  1 due to 
cyanide. The M6ssbauer spectra of all three hexacyanoferrate(ll) display a single 
absorption band, as shown in Fig. la,  b, c. 

The isomer shift values for cobalt, nickel and zinc hexacyanoferrates(ll) are 0.16, 
0.18 and 0.18 mm s - 1 ,  respectively. These values are comparable to those in the 
literature [8]. Goel and Garg [9] have reported that the isomer shift decreases in 
going from potassium to hydrogen hexacyanoferrate(ll), due to the increasing electro- 
negativity of the cation. However, no such relation has been observed for the hexa- 
cyanoferrates(ll) of cobalt(l l), nickel(ll) and zinc(ll). This may be due to the fact 
that there is only a negligible difference between the electronegativities of these 
cations. Zinc hexacyanoferrate(ll) is diamagnetic, due to the complete fil l ing of the 
t2g orbitals of the iron(I I) ion and the d l0  electron configuration of the zinc(I I) ion. 
On the other hand, cobalt and nickel hexacyanoferrates(ll) exhibit paramagnetic 
behaviour, with ~g values of 12.5 X 10 - 6  and 7.1 • 10-6 CGS, respectively. In 
these hexacyanoferrates(ll), the cobalt and nickel are in the high-spin state, due to 
the weak field of the water ligand, and hence show paramagnetic behaviour. The 
magnetic susceptibility values are comparable to those in literature [10-12].  

When heated at 100 ~ for 3 hours in air, none of these hexacyanoferrates(ll) showed 
any change in isomer shift or in the shape of the spectrum. The DTA curves reveal 
an endothermic peak at 100 ~ in all cases, indicating the loss of uncoordinated water 
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Fig. 1 (a) M6ssbauer spectrum of cobalt ferrocyanide at roo m temperature (25~ 
(b) M6ssbauer spectrum of nickel ferrocyanide at room temperature (25~ 
(c) MSssbauer spectrum of zinc ferrocyanide at room temperature (25~ 

molecules. The loss of weight on TG are 0.7, 8 and 1.5% for cobalt( l l ) ,  nickel(tl) and 
zinc(l l )  hexacyanoferrate(ll), respectively, which corresponds to the removal of un- 
coordinated water molecules. There is no significant change in these infrared spectra, 
except that the intensity of the absorption band due to water shows a slight decrease 
as compared with that of the cyanide group. Zinc hexacyanoferrate(ll) remains 
diamagnetic at 100 ~ whereas the paramagnetic characters of cobalt and nickel hexa- 
cyanoferrates(ll) increase, with values of ~g = 13.90 X 10 - 6  and 9.34 X 10 - 6  CGS, 
respectively. The slight increases in ~g may be due to the loss of water molecules, 
which are diamagnetic in nature. From the above observation it can be concluded that 
dehydration starts at 100 ~ . 

The M6ssbauer spectra of the hexacyanoferrates(ll) heated at 150 ~ do not show any 
change in the three cases. Thermogravimetric analysis revealed 5.5, 18.7 and 5.0% 
weight losses for cobalt, nickel and zinc hexacyanoferrate(ll), respectively. These 
weight losses are clue to the loss of coordinated water molecules. In the cases of cobalt 
and zinc hexacyanoferrates(ll), the loss in weight corresponds to the removal of three 
more water molecules. Since two corrdinated water molecules were already lost at 
100 ~ the total loss amounts to five water molecules. Zinc hexacyanoferrate(ll) is still 
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T a b l e  1 MSssbauer parameters of hexacyanoferrate(ll) complexes 

Width at half 
Isomer shift, Percentage 

Complex - 1 maximum, 
mm absorption mms-1  

Colour 

Co2Fe(CN) 6 �9 6 H20 0.16-+0.04 0.40 16 

Ni2Fe(CN) 6 �9 11 H20 0.18-+0.04 0.40 22 

Zn2Fe(CN) 6 - 3 H20 0.18"+0.04 0.37 18 

grey green 

light green 

white 

T a b l e  2 M6ssbauer parameters of heat treated hexacyanoferrate(I I) complexes 

~Complex 
Temperature of treatment 

100 ~ 200 ~ 250 ~ 300 ~ 

1. Co2Fe2(CN) 6 �9 6 H20 

2. Ni2Fe(CN) 6 �9 11 H20 

3. Zn2Fe(CN) 6 - 3 H~O 

(5 0.16-+0.04 0.16+-0.04 0.27-+0.06 
A _ - 0.61 -+ 0 . 0 6  

6 - -- 0.94-+ 0.06 
HI - - 485-+6 

6 0.18-+0.04 0.18-+0.04 0,60-+0.04 
A _ _ 0,72+_0.04 
HI -- - - 

(~ 0.18+-0.04 0.18_+0,04 0,18+-0.04 
A _ - 0,60-+ 0.04 
H I - - 0.42 -+ 0.06 

0.52 -+ 0.06 

501 "+6 

0.52+-0.06 

510+-6 

0.52 +- 0.06 

501 -+6 

~One percent complex 
8 = isomer shift, mm s- 1 ; A = quadrupole splitting, mm s- 1 ; H I = magnetic field, KOe. 

d iamagnet ic  at this temperature,  whereas cobal t  and nickel hexacyanoferrates( l l )  show 

fur ther  increases in the i r  ~g values, to  17.1 X 10 - 6  and 7.9 X 10 - 6  CGS, respectively. 

Samples heated at 200 ~ do not  show any change in the M6ssbauer spectrum. 

The infrared spectra of  the samples of  cobal t  and zinc hexacyanoferrates( l l )  d isplay 

very  weak  bands due to  water  as compared to  the strong band of  the cyanide groups. 

In the case of  nickel hexacyanofer ra te ( l l )  the water  band is absent and there is on ly  

a cyanide band at 2070 cm - 1 .  On TG, the we ight  loss at 200 ~ is 10.5% for  cobal t  

he•  wh ich is due to  the loss o f  three water  molecules. The we ight  

loss fo r  nickel hexacyanofer ra te( l l )  is 34%, which corresponds to  the loss of  ten of  

the eleven water  molecules. On TG, zinc hexacyanofer ra te( l l )  shows a 10% weight  

loss, wh ich amounts to the loss o f  t w o  water  molecules. Zinc hexacyanofer ra te ( l l )  

remains diamagnet ic  at 200 ~ whereas the ~g values for  cobal t  and nickel hexacyano- 

fe r ra te( l l )  are 18.4 and 8.5 X 10 - 6  CGS, respectively, demonstrat ing an increasing 

loss of  d iamagnet ic  water  molecules. 
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On heating at 250 ~ cobalt hexacyanoferrate(ll) was found to decompose com- 
pletely. The M6ssbauer spectrum of the sample is a six-line pattern due to nuclear 
Zeeman hyperfine interactions. The isomer shift is 0.21 mm s-1 and the magnetic 
field 484 KOe, along with a doublet near zero velocity having an isomer shift of 
0.61 mm s -1  and a quadrupole splitting of 0.94 mm s -1 as shown in Fig. 2a. 
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Fig. 2 (a) MSssbauer spectrum of cobalt ferrocyanide heated at 250~ 
(b) M6ssbauer spectrum of cobalt ferrocyanide heated at 300~ 

This doublet along with the six-line pattern points to the formation of cobalt ferrite 
(CoFe211104) of various particle sizes. Ferrite has a spinel structure [13]. There is a 
tremendous increase in magnetic susceptibility (~Jg), which shows the formation of 
ferrite. The infrared spectra did not show any absorption band between 4000 and 
700 cm - 1 ,  thereby indicating complete decomposition of the complex at 250 ~ 
An exothermic peak at 260 ~ on DTA may be due to a phase transformation of the 
ferrite. The weight loss found on TG is 12.5%, which is very small as compared to the 
calculated decomposition reaction. This may be due to the time factor, i.e. in TG 
the sample is heated at this temperature for a short time, whereas the sample was 
heated for 3 hours. Hence, these observations show that at 250 ~ cobalt hexacyano- 
ferrate(ll) decomposes to form cobalt ferrite and cobalt oxide. Nickel hexacyano- 
ferrate(ll) heated at 250 ~ displays a doublet in the M6ssbauer spectrum (Fig. 3a), 
the peaks of the doublet having different intensities. The first peak is the resultant 
of the absorption band due to nickel hexacyanoferrate(ll) and one band of the 
doublet of nickel(l l) ferrite (NillFe211104). The doublet due to NiFe211104 has an 
isomer shift of O.60mm s -1  and a quadrupole splitting of 0.72 mm s -1 .  The 
isomer shift and quadrupole splitting values show that the iron is in oxidation state 
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three, in the high-spin state in a non-cubic symmetry. Kirichok and coworkers [14] 
have reported an isomer shift value of 0.39 mm s -1 (relative to natural iron) for 
NiFe21110 4, which is close to our value. Infrared spectra of the samples show the 
presence of a band at 2080 cm -1 due to cyanide ~roups. ~g values could not be 
measured with our apparatus due to the superparamagnetic character of the products. 
DTA reveals an endothermic peak at 250 ~ which may be due to the loss of water 
molecules. The sample becomes slightly paramagnetic, with ~Jg = 6.29 X 10 - 6  CGS, 
which is due to the loss of water molecules and also possibly to very slight decomposi- 
tion. From the above observation it can be concluded that at 250 ~ zinc hexacyano- 
ferrate(ll) is stable, cobalt hexacyanoferrate(ll) decomposes completely to give 
cobalt ferrite and cobalt o~(ide, while nickel hexacyanoferrate(ll) is partially de- 
composed to nickel(l I) ferrite and nickel oxide. 

In the next stage, the samples were heated at 300 ~ Cobalt hexacyanoferrate(ll) 
at this temperature gave a six-line M6ssbauer spectrum due to magnetic hyperfine 
interactions; the value of the internal magnetic field at the nucleus is 50t KOe 
(Fig. 2b). The absorption band due to hexacyanoferrate(ll) is absent. The internal 
magnetic field of 501 KOe is comparable to the value of 516 KOe reported at room 
temperature [13, 15, 16]. These values are comparable to those for e-Fe203. The 
spectra of the ferrites and e-Fe20 3 are similar in appearance. There is no absorption 
band in the infrared spectrum in the region 4000-700 cm - 1 ,  which confirms the 
complete decomposition of cobalt hexacyanoferrate(ll). The value of ~/g increases 
to 2111 X 10 - 6  CGS, which is due to the highly paramagnetic character of the 
ferrites. Nickel hexacyanoferrate(ll) heated at 300 ~ gave a six-line M6ssbauer spec- 
trum due to magnetic hyperfine interactions. The value of the isomer shift was 
0.52mms -1 and the internal magnetic field 518 KOe (Fig. 3b). Kirichok and 
coworkers [14] have reported an internal magnetic field of 505 KOe for nickel 
ferrite (Ni211FelllO4). In the infrared spectrum there is no absorption band in the 
4000-700 cm-1 region, and the weight loss on TG is 52%, confirming decomposi- 
tion. Hence, from these observations it can be concluded that at 300 ~ nickel ferrite 
is formed. Zinc hexacyanoferrate(ll) heated at 300 ~ gave a six-line M6ssbauer spec- 
trum due to magnetic hyperfine interactions, along with a doublet. The isomer shift 
and quadrupole splitting values of doublet set 0.60 and 0.42 mm s - 1 ,  respectively. 
The value of the internal magnetic field is 510 KOe (Fig. 4). Evans and coworkers [17] 
and Robbins and coworkers [18] have reported an isomer shift of 0.36 mm s -1 and a 
quadrupole splitting of 0.35 mm s-1 (with respect to natural iron), which are in agree- 
ment with our values. Duncan and coworkers [19] observed this type of spectrum 
while studying the solid-state reaction between ZnO and Fe20 3 at high temperature. 
There is no absorption band in the infrared region (4000-700 cm-  1 ), which points to 
the complete decomposition of zinc hexacyanoferrate(ll). The sample is paramagnetic 
(~Jg = 222 X 10 - 6  CGS). The weight loss on TG is 20%, which is less than that calcu- 
lated from the decomposition, due to the different time of decomposition. 

From all these observations it can be concluded that the temperatures of decompo- 
sition of these hexacyanoferrates(ll) are different. At  250 ~ cobalt hexacyanoferrate(ll) 
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Fig. 3 (a) M6ssbauer spectrum of nickel ferrocyanide heated at 250~ 
(b) M6ssbauer spectrum of nickel ferrocyanide heated at 300~ 
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Fig. 4 M6ssbauer spectrum of zinc ferrocyanide heated at 300~ 

decomposed completely, while the nickel salt was partially decomposed and the zinc 
salt was stable. All of them are decomposed at 300 ~ It may be possible that cobalt(l I), 
nickel(ll) and zinc(ll) first form oxides, as they are weakly bonded to the Fe(CN) 4 -  
moiety, while Fe 2+ forms strong bonds with cyanide Iigands. The oxides formed may 
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subsequently act as catalysts to decompose Fe(CN)4-. This is supported by data from 
the earlier investigation of the decomposition of tin hexacyanoferrate(ll) (4a). It was 
observed that at low temperature the outer t in(IV) is converted to oxide, which then 
acts as a catalyst to decompose Fe(CN) 4 - .  

Though the actual mechanism of thermal decomposition of these hexacyano- 
ferrates(ll) may be complex, on the basis of the present studies the following path- 
ways of decomposition may be suggested: 

200 ~ 
1. Co2Fe(CN) 6 ~ 6 H20 > Co2Fe(CN) 6 ~ 3 H20 + 3 H20 

250- 300 ~ 
2 Co2Fe(CN) 6 �9 3 H20 ~ CoFe204 -I- 3/2 Co203 + 6 H20 + 6 (CN) 2 1" 

. 
2OOO 

Ni2(CN) 6 �9 11 H20 -~ Ni2Fe(CN) 6 + 11 H20 

250 ~ 
3 Ni2Fe(CN) 6 ~ Ni2Fe(CN) 6 + 2 Ni203 + Ni2Fe204 + 6 (CN) 2 1" 

300 ~ 
2 Ni 2 Fe(CN) 6 > NiFe20 4 + 3/2 Ni20 3 + 6 (CN) 2 1" 

250 ~ 
3. Zn2Fe(CN) 6 " 3 H20 ~ Zn2Fe(CN) 6 + 3 H20 

300 ~ 
2 Zn2Fe(CN) 6 ) ZnFe204 + 3 ZnO + 6 (CN) 2 1̀  

The weight loss found on TG in the case of cobalt hexacyanoferrate(ll) at 200 ~ is 
12.3%, which is in agreement with the weight loss calculated for the decomposition 
step at 200 ~ i.e. 9.8%, while the weight loss on TG at 300 ~ is 37%, which is lower 
than the weight loss at 300 ~ due to complete decomposition (45%). In the case of 
nickel hexacyanoferrate(ll), the weight loss on TG is 34%, which is slightly higher 
than that calculated for the dehydration step at 200 ~ (37.6%), which may be due to 
slight decomposition. The weight loss at 300 ~ on TG is 52% and that for complete 
decomposition is 54.2%. This is due to heating of the sample for 3 hours. The weight 
loss in the case of zinc hexacyanoferrate(ll) is 10% on TG at 250 ~ while according to 
step 1 (250 ~ 13.6% would be expected for dehydration. For complete decomposition 
the calculated weight loss is 38.9%, which is higher than the 30 percent on TG; this 
shows that the earlier decomposition was completed at 300 ~ on heating for 3 hours. 
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Zusammenfassung -- Die thermische Zersetzung yon Metall(ll)-hexacyanoferraten(I I) (Co, Ni, Zn) 
in Luft wurde unter Anwendung der M6ssbauer- und Infrarotspektroskopie, der thermischen 
Analyse und magnetischer Susceptibilit~tsmessungen untersucht. Bei 200~ ist die Dehydrati- 
sierung nahezu vollst~ndig und ie Zersetzung beginnt im Falle des Kobalt- und Nickel-hexacyano- 
ferrats(ll) bei 250~ w~;hrend die des Zink-hexacyanoferrats(ll) schon bei 300~ einsetzt. AIs 
E ndprodu kt der Zersetzu ng entstehen F errite. 

Pe310Me -- C noMouJ, blO Mecc6ay3pOBCKO~ H HH~paKpacHoR cneKTpOCKOnHH, TepMHqeCKOFO aHa- 
XlH3a VI MeTO/],a MaFHHTHOt4 BOCRpHHMqVlBOCTH 6blgO H3yqeHO TepMHqeCKOe pa3tlo)KeHHe reKca- 
U.HaHO~eppaToB ~,ByXBaneHTHbIX KO6aJ1bTa, HHKenR 14 U, HHKa. ~erH/~,paTalJ, HR nOYlHOCTblO npo- 
TeKaeT npH 200 ~ a npH 250 ~ HaLIHHaeTCR pa3Jlo~KeHHe reKcau, HaHodpeppaToB KO6a~lbTa 14 HHKenR. 
Pa3no~KeHHe >Ke reKcaLtHaHodpeppaTa U.HHKa HaqHHaeTCR npH 300 ~ KOHe4HblMH npo~,yKTaMH 
pa3no~KeHHR RBYIRIOTCR dpeppHTbt. 
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