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Abstract 

Kinetics of the thermal decomposition of aquo- 
pentacyanoferrate(I1) in aqueous solutions in the 
presence of o-phenanthroline were studied spectro- 
photometrically. The value found for the first order 
thermal rate constant (k,) at 30 “C, I= M (NaCl), 
was (2.12 +- 0.09) X lo4 s-l. AH* = (102 f 2) kJ 
mol-’ and mf = (23 If: 14) J K-’ mol-‘. o-Phenan- 
throline gave place to important quantities of [Fe- 
(CN),(o-phen)]‘- and [Fe(o-phen)s] ‘+ and to smaller 
amounts of [Fe(CN)l(o-phen)Z. The photochemical 
behavior of [Fe(CN),HzO13- was also investigated 
but it was found that W light (365 nm wavelength) 
has no neat influence on it. 

Introduction 

The thermal and photochemical reactions of [Fe- 
(CN)sH20] 3- were investigated in connection with 
the photolysis of [Fe(CN),H20]‘- in aqueous solu- 
tions at slightly acid pH [l, 21. Aquopentacyano- 
ferrate(II1) undergoes successive hydrolytic steps 
giving finally [Fe(H20)6] 2+ and [Fe(CN),] 3- [l-3] . 
This latter ion is produced by the rapid attack of 
cyanide ions on aquopentacyanoferrate(II1) 121. 
Hexacyanoferrate(II1) photolyzes producing [Fe- 
(CN)SH20]3- as one of the reaction products [4,5]. 
The thermal decomposition of aquopentacyano- 
ferrate(I1) has been studied by several authors [6-81 
who proposed the following stoichiometry for the 
reaction 

6[Fe(CN)SHZO]3-= 5 [Fe(CN),]4- + [Fe(H20),12+ 
(1) 
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Intermediates could not be trapped on adding o- 
phenanthroline to the reacting medium and [Fe- 
(CN),14- and [Fe(H20)6]2+ were the only products 
reported for the reaction [8]. 

This work reports a kinetic study of the thermal 
decomposition of aquopentacyanoferrate(I1) in 
aqueous solution at neutral pH. Intermediates 
trapped with o-phenanthroline initially added to the 
reaction mixture were [Fe(CN),(o-phen)12-, [Fe(o- 
phen)3]2+ and in a minor proportion, [Fe(CN)p(o- 
phen)2]. The photochemical behaviour of [Fe(CN),- 
H20J3- was also investigated, and it was found that 
W light has no influence on the thermal reaction 
as expected from the photochemical behaviour of 
substituted pentacyanoferrate(I1) *complexes, [Fe- 
(CN),L13-, which lose ligand L in the first stage 
[9-111. 

Experimental 

Absorbance measurements were performed with 
a Shimadzu W-300 spectrophotometer with a 
temperature control. Spectra were resolved with a 
SAPCOM-IA data processor, and an Apple II Euro- 
plus computer was used to obtain the concentration 
of the components in the reaction medium. The 
electronic spectra were analyzed with the linear 
equations 

-4% = %j,hiCj (2) 

where A% is the absorbance at &, ejj:+, the molar 
absorptivity of species j at &, and cj, Its molar con- 
centration. As a check for the procedure, synthetic 
mixtures of reactant and reaction products were 
analysed and results agreed within 96% with the 
expected values (see Fig. 2 below). 

To identify the reaction products, the compo- 
nents of the reacted media were separated by gel 
filtration with a Sephadex G-25 column prepared 
in the usual way [12]. [Fe(CN)2(o-phen)Z ] was 
previously extracted with CHC13. Characterization 
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of the isolated complexes were performed using vibra- 
tional and electronic spectroscopies [ 131. 

0.77 

All chemicals used were reagent grade. Aqueous 
solutions of [Fe(CN)5H20]3- were freshly prepared 
by aquation of [Fe(CN)5NHs]3- [ 141 which was 
introduced as Na, [Fe(CN),NHs] -3HsO. This salt 
was synthetized by a literature procedure [ 151. 
The solutions were diluted to cu. 0.5-S X lo4 
M. Deoxygenated water was used and a slight amount 
of ascorbic acid was added to help to prevent the 
oxidation of [Fe(CN)5Hs0]3-. Enough NaCl was 
added to have 1 .O M total ionic strength. 

Kinetic studies were done in the thermostated 1 
cm path length optical cell of the spectrophoto- 
meter with solutions initially neutral and in the 
temperature range 20-45 “C (20.1 “C). Results 
reported are averages of not less than three 
determinations. 

0 
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llnml 
To perform the photochemical experiments, a 200 

W Osram HBO high-pressure mercury lamp and a 
conventional optical train with quartz lenses were 
used to illuminate with a parallel light beam the 
reaction cell placed in the Shimadzu cross-illumina- 
tion attachment Model B, modified to fit the optical 
train used. Combined Jena glass-colored filters (UG2 
+ WG3) were employed to isolate the 366 nm 
mercury line. One centimeter optical path length 
square cells polished at the four sides were used for 
irradiations and simultaneous obtainment of the 
absorption spectra. The intensity of the light beam 
was measured using ferrioxalate actinometry [ 16, 
171. 

Fig. 1. Consecutive spectral changes observed in a 5 X lo4 M 

solution of [Fe(CN)613- and 1.8 X 10e5 M in p-nitrosodi- 

methylaniline (RNO) when irradiated with 366 nm wave- 

length light. 

Results and Discussion 

clearly seen. The green complex [Fe(CN),RNO]“- 
[19] was not detected proving the absence of [Fe- 
(CN)sH,O] 3- at short irradiation times. Moreover, 
when the reaction was performed in the presence 
of nitrosobenzene ($NO) instead of RNO, no absorp- 
tion in the 530 nm region (X,, of [Fe(CN)s$NO]‘- 
[4]) was observed but it appeared however at longer 
irradiation times, as shown by the successive spectra 
reproduced in Fig. 2. Thus, it seems probable that 
[Fe(CN),13- is photoreduced to [Fe(CN),14-, which 
further aquates to [Fe(CN),H20]3? 

[Fe(CN)5H20]3- Formation in the Thermal and 
Photochemical Decompositions of [Fe(CNIs Hz OJ ‘- 

It seems probable that the ferricyanide ion produc- 
ed in those reactions performed in aqueous neutral 
or slightly acid solutions [l, 3]] undergoes further 
photochemical reduction and aquation forming 
[Fe(CN),14- and [Fe(CN),H20]2- [4,5]. By further 
reactions, both products could give place to 
[Fe(CN)sH,0]3- [4, 181. As a test, we irradiated 
solutions of [Fe(CN), ] 3- initially neutral, and in the 
spectra obtained at short irradiation periods only 
ferricyanide and ferrocyanide ions were found. We 
proved also the simultaneous formation of OH’ 
radicals (which could be due to the oxidation of OH 
by [Fe(CN),]‘- (cf- [4]) by the bleaching of the 
yellow colour of p-nitrosodimethylaniline @NO) 
(a test which is specific for these radicals [19, 201). 
Figure 1 shows successive absorption spectra of a 
5.0 X 10’ M solution of ferricyanide and 1.8 X lo-’ 
M in RN0 under irradiation. The reduction of absorb- 
ance at 440 nm (the wavelength of the absorption 
maximum of RN0 (e440 = 34200 M-r cm-‘)) is 

o- 
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Fig. 2. Successive spectral changes observed in a 3 X lo4 M 

solution of [Fe(CN)6]3- and lo-’ M in @NO on irradiation. 

Thermal Decomposition of [Fe(Cni’ls H2 0~‘~~ 
This reaction obeys the stoichiometry of eqn. 

(1) [6-83 which is analogous to the stoichiometry 
of the thermal and photochemical decomposition 
reactions of [Fe(CN)sH20]*- in aqueous solutions 
[l-3] . Probably, [Fe(CN),H2013- produces first 
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diaquotetracyanoferrate(I1) according to the equa- 
tion 

[Fe(CN)5H10]3- + Hz0 = [Fe(CN),(H10)2]2- 

+CN (3) 

The intermediate aquates further in successive steps 
giving [Fe(H20)J2+ as the final product. 
[Fe(CN)J4- ions may be formed as result of the 
following reaction 

[Fe(CN)sH,0]3- + CN = [Fe(CN)J4- t Hz0 (4) 

with a rate constant value of (1.5 * 0.2) M’ s-r 
[18]. We were able to trap with o-phenanthroline 
(cf: [S]) some of the intermediate complexes as well 
as Fe2+ formed in the thermal reaction. So, in the 
reaction media [Fe(CN)4(o-phen)]2- appeared and, 
in minor proportions, [Fe(CN)2(o-phen)2], together 
with [Fe(o-phen)3]2+. As [Fe(CN),(o-phen)12- and 
[Fe(CN)2(o-phen)z] are thermally very inert [21, 
22], it seems reasonable to suppose that the produc- 
tion of [Fe(o-phen),]‘+ was mainly due to the reac- 
tion between [Fe(H20),J2’ and o-phenanthroline and 
not to further reactions of [Fe(CN)4(o-phen)]2- 
and [Fe(CN)s(o-phen)z] [3, 211. Figure 3 shows 
successive spectra obtained with a solution of [Fe- 
(CN)sHsO] 3- in the presence of o-phenanthroline, 
at 26 “C. The slight absorbance decrease noted at 
the first stage of the reaction did not appear at 
temperatures above 32 “C. Spectra were analyzed 
considering that only [Fe(CN)sH2013-, [Fe(CN)4- 
(o-phen)12- and [Fe(o-phen),]‘+ were present in 
the reaction mixture in significant amounts. For the 
calculations, ferrocyanide was discarded due to its 
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Fig. 3. Successive spectral changes observed in a solution 
6.1 x 1O-4 M in [Fe(CN)sHsC] 3- and 2 X lo-’ M in o- 
phenanthroline. 
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Fig. 4. (a) Measured spectrum of a 6.0 X 10h4 M and 
2 X lob2 M solution of [Fe(CN)sHaOJ3- and o-phenanthro- 
line, respectively, irradiated during 157 minutes; (b) calcu- 
lated spectrum. 

TABLE 1. Molar Absorptivities at Selected Wavelengths ff; 
the_,Main Species Involved in the Thermal Reaction (M 
cm ) 

Species E440 E410 ES10 

(Fe(CN)SH20]3- 640a 425 100 
[Fe(CN),(o-phen)]‘- 4333 4750b 3226 
[Fe(o-phen)s12+ 7666 8950 lllOOb 

*Ref. 19. bRef. 2. 

low absorbance in the visible region [23], introduc- 
ing practically no error in the analysis of the spectra. 
Absorbances at three wavelengths were required 
therefore for the quantitative analysis of the mix- 
tures. Values of molar absorptivities and wavelengths 
used are given in Table I. Figure 4, curve a, shows the 
spectrum of a solution 6.0 X lo4 M in [Fe(CN)5H2- 
013- and 2 X 10m2 M in o-phenanthroline irradiated 
for 157 min. Curve b reproduces a spectrum synthe- 
tized with the data processor using the concentra- 
tions of the component ions which result from the 
spectral analysis of Fig. 3(a). The difference noted 
between these spectra is due to the absorbance of the 
ligand o-phenanthroline which was not taken into 
account in the calculated spectrum. Figure 5 illus- 
trates how concentrations of reactant and products 
changed with time. Data were taken from Fig. 3. 

Plots of ln[Fe(CN)SH203-] versus time were 
found to be linear, in agreement with first order 
kinetics. Thus, the following rate equation was 
deduced for the primary process of the thermal reac- 
tion 

- d’Fe(c~:H203m1 = JQ [Fe(CN)5H203-] (5) 
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Fig. 5. Concentration changes of reactant and products in 

reaction of Fig. 3. A, [Fe(CN)sH20]3-; B, [Fe(CN)G(o- 

phen)]*-; C, [Fe(o-phen)s]*+. 

where i$ =(2.12 ?0.09)X104 s-l [30 “C, Z= 1 M 

@JaWI is the thermal reaction rate constant. 
Changes in the initial concentrations of [Fe(CN)sH*- 
013- and o-phenanthroline, between 0.5 X lo4 M 
and 6 X lo* M, and 10m3 and 10-i M, respectively, 
did not affect the kinetic behaviour. It is to be noted 
that the formation of [Fe(o-phen)3]z” prevents 
the catalytic action of Fe*+ on the air oxidation of 
[Fe(CN)sH2013-, which in the presence of free Fe*+ 
proceeds even in the dark [24] and could therefore 
interfere with the kinetic measuremens. 

ke values at different temperatures are given in 
Table II. The Eyring plot, which gave a straight line, 
provided the following activation parameter values: 
AH’ = (102 + 2) kJ mol-’ and AS’= (23 f 14) J 
R’ mol-‘. 

From the analysis of the spectra we found that 
about 0.27 mol of [Fe(o-phen),]** and 0.18 mol of 
[Fe(CN),(o-phen)J*- were formed per mole of 
[Fe(CN)sH20]3? Interestingly, the ratio between 
[Fe(o-phen)3]2” and [Fe(CN),(u-phen)] *- concen- 
trations remained constant during the reaction (see 
Fig. 5). It should be noted that the formation of 
[Fe(CN),(o-phen)]*- was not reported previously 

]81. 

TABLE II. Reaction Rate Constants for the Thermal Process References 

T (“0 ke 
x lo4 (s-l) 

1 S. E. Ronco and P. J. Aymonino, Inorg. Chim. Acta, 77, 
L31 (1983). 

16.5 0.30 
20.5 0.49 

26.5 1.23 

32.2 2.32 

39.0 7.43 

42.9 11.34 

TABLE III. Comparison Between Reaction Rate Constants 

T(‘CC) I,, ko ki 
X10’ (einstein min-l)a X104 (s-‘)b X104 (S-l)’ 

25.0 0.89 1 .oo 0.99 

34.4 2.71 3.64 3.27 

39.5 2.72 7.10 7.12 

*hi = 366 nm. bThermal rate constant. ‘Rate constant 

under irradiation. 

[Fe(CN)5Hz iZl]‘- Behavior Under UV Light 
Irradiation practically did not change the rate of 

the thermal reaction as shown by Table III which 
presents values found for the reaction rate constants 
of the dark reaction and of the reaction performed 
under irradiation at different intensities of incident 
light. It has been suggested [9-111 that the initial 
reaction of the visible-near UV photochemical 
decomposition of substituted pentacyanoferrate(I1) 
complexes, [Fe(CN)sL13-, in aqueous solutions, is 
the replacement of L by water as represented by eqn. 

(6) 

[Fe(CN),L13- t Hz0 -% [Fe(CN)sH2013- t L (6) 

The alternative photoreaction leading to the aquo- 
tetracyano-Gferrate(I1) species has been reported to 
be of minor importance or nonexistent when the 
wavelength of light is 366 nm [ 10, 111. To put into 
evidence for aquopentacyanoferrate(I1) such an 
initial photochemical act (loss of water), 0” enrich- 
ed water should be used as solvent. Irradiation with 
366 nm light should then merely induce water ex- 
change between [Fe(CN)sH2013- and the solution 
while the thermal reaction leads to cyanide solvo- 
lysis . 
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