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Kinetics of Aquation of the Complex Tris[3-(2-pyridyl)-5,6-bis(4-phenyl- 
sulphonato)-I ,2,4-triazine] iron(ii) and its Reactions with Hydroxide, 
Cyanide, and Peroxodisulphate Ions 

By E. Roy Gardner * and Fikry M. Mekhail, School of Chemistry, Leicester Polytechnic, Leicester LEI 9BH 
John Burgess and Jennifer M. Rankin, Department of Chemistry, University of Leicester, Leicester LE1 7RH 

The kinetics of the reactions of the complex tris[3-(2-pyridyl)-5,6-bis(4-phenylsulphonato)-1,2,4-triazine]iron( I t )  
in acid solution, and with hydroxide, cyanide, and peroxodisulphate ions, and hydrogen peroxide, have been 
investigated. The dependence of the observed rate constants on reagent concentration has been established for 
the reactions in acid, and with hydroxide and peroxodisulphate ions, a t  35.0 "C.  For the reaction with cyanide ions, 
the rate law has been established and, from measured rate constants over a range of cyanide-ion concentrations 
and over the temperature range 25.3-44.1 "C, activation parameters both for cyanide-ion attack and for complex 
dissociation have been estimated. The variation of the rate of cyanide-ion attack with solvent composition has 
been determined for ethanol-water mixtures containing up to 30% ethanol. Patterns of reactivity for this complex 
are compared with those previously established for other low-spin iron( 1 1 )  chelate complexes. 

MOST iron@) complexes are high spin, tW4e,2, in configur- 
ation and kinetically labile. A few ligands interact 
sufficiently strongly with this metal centre to force spin 
pairing and give the kinetically inert t296 configuration. 
Such ligands include cyanide ion and a series of aromatic 
nitrogen bases containing the chelating unit (I). Several 
complexes containing such ligands as 2,2'-bipyridine and 
1,lO-phenanthroline and their derivatives, and Schiff 
bases of formula (11) have been intensively studied, with 
kinetic results reported for a variety of reactions including 
aquation and reaction with hydroxide or cyanide ions1 
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Recently the preparation and characterisation of a new 
complex of this type, tris[3-(2-pyridyl)-5,6-bis(kphenyl- 
sulphonato)-1,2,4-triazine]iron(11), containing the ligand 
(111), has been reported.2 We are interested in com- 
paring the kinetic behaviour and reactivity of complexes 
of ligands containing the chelating unit (I). We have 
therefore investigated the kinetics of reaction of the 
complex tris(ppsa)iron( 11) [ppsa = 3-(2-pyridyl)-5,6-bis- 
(4-p hen ylsulp honat 0) - 1,2,4- t riazine] in acid, hydroxide, 
cyanide, and peroxodisulphate solutions, and in this paper 
compare our results with analogous information on 
similar iron(11) complexes, particularly the structurally 
most closely related complex tris(2,2'-bipyridine)iron(11). 

See, for example, ' Inorganic Reaction Mechanisms,' ed. 
J. Burgess, Chem. SOC. Specialist Periodical Report, London, 
1971, vol. 1, p. 176; 1972, vol. 2, p. 168; C. H. Langford and 
V. S. Sastri, ' Reaction Mechanisms in Inorganic Chemistry,' 
ed. M. L. Tobe, M.T.P. Internat. Rev. Sci., vol. 9, Butterworths, 
London, series 1, 1971, p. 252, and references therein. 

RESULTS AND DISCUSSION 

Aquation.-In acid solution the complex [ F e ( p p ~ a ) ~ ] ~ +  
[ppsa = 3- (2-pyridyl) -5,6-bis (4-phen ylsulphonat 0)  -1,2,4- 
triazine] dissociates into aquated iron(11) and protonated 
ligand molecules. The aquation follows first-order 
kinetics up to at least 80% of complete reaction. Rate 
constants for aquation at various concentrations of 
hydrochloric and sulphuric acid, at 35.0 "C and constant 
ionic strength, are reported in Table 1. Aquation rates 

TABLE 1 
First-order rate constants (K) for aquation of the 

tris(ppsa)iron(n) complex in aqueous solution at  35.0 "C 
HCI/M (1 0.01 7 0.033 0-066 0.099 

1 0 4 k p  1-69 1.74 1-92 2.02 

H2s04/M 0.011 0.044 0.077 0.1 10 

1 04k/s-1 1.16 1.27 1.49 1.66 
HC~/M a 0.132 0- 165 0.231 0.333 

104rzp 0.98 1.53 1.78 1.96 
a I = 0 . 3 3 3 ~  (NaCI). 6 I = 0 . 3 3 3 ~  (K,SO,). 

increase with increasing hydrogen-ion concentration, 
though the dependence is not linear. Such behaviour is 
reminiscent of that of the complexes [Fe(bipy),I2+ 
(bipy = 2,2'-bipyridine) or [Fe(5-NH2phen),I2+ (5-NH2- 
phen = 5-amino-1 ,lo-phenanthroline), though not of 
[Fe(phen),I2+ (phen = 1 ,lo-phenanthroline) the rate of 
aquation of which is very nearly pH independent. The 
dependence of the rates of aquation of the complex 
[Fe(bipy),12+ on acid concentration arises from equi- 
librium formation of an intermediate species containing 
a monodentate monoprotonated 2,2'-bipyridine ligand.3 
The dependence of aquation rate on pH for the [Fe(5- 
NH2phen),12+ cation arises differently, from the pH 
dependent protonation of the amino-substituent ,* 

In the present case of the tris(ppsa)iron(n) complex, 
the observed variation of rate with acid concentration 
could arise from either or both these effects. The 
ligand ppsa could be protonated at one of the unco- 
ordinated triazine nitrogen atoms (protonation of a 

L. L. Stookey, Analyt. Chem., 19?0, 42, 779. 
F. Basolo and R. G. Pearson, 

J. Burgess, J .  Cheun. SOC. ( A ) ,  1967, 431. 

Mechanisms of Inorganic 
Reactions,' Wiley, New York, 1967, 2nd edn., pp. 218-219. 
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sulphonato-group is unlikely 4). Alternatively, the flex- 
ible ppsa ligand, like flexible bipy but unlike inflexible 
phen, could permit the intermediacy of monodentate 
protonated ppsa complexes. In fact it is not possible to  
tell from our kinetic results which situation obtains, for 
the facts that plots, both of rate constants against acid 
concentration and of reciprocal rate constants against 
reciprocal hydrogen-ion concentration,3,5 are curved 
could be consistent with either mechanism. However, 
u.v.-visible spectra of solutions of the tris(ppsa)iron(rr) 
complex in water (pH 7) and in IM-HC~ are identical, 
which suggests that equilibrium ligand protonation, as 
for the 5-NH2phen complex, is the less probable explan- 
ation for the pH dependence of aquation rates of the ppsa 
complex. From plots of the aquation rate constant 
against the logarithm of the hydrogen-ion concentration, 
it is possible to estimate that the rate constant for aqua- 
tion in neutral solution at  35.0 "C is 0.8 x s-l, by 
extrapolation from the sulphuric acid results, 1.0 x 
s-l from the hydrochloric acid results. 

For com- 
plexes of the type [FeL3l2+ [L = 2,2'-bipyridine, 1 , l O -  
phenanthroline,6 or a Schiff base of formula (11) 7], a 
method of estimating rate constants for aquation at  zero 
acid concentration and very low ionic strength has been 
found using the reaction with hydrogen peroxide, The 
observed rate law (l), with its zero-order dependence on 

Other Reactions.- With lzydrogepz peroxide. 

-d[FeL,I2+/dt = k[FeL3l2+ (1) 

hydrogen peroxide concentration, corresponds to rate- 
determining dissociation of the complex [FeL,I2+ 
followed by rapid reaction of [FeL,]2+ and L with the 
hydrogen peroxide. We therefore attempted to deter- 
mine rate constants for aquation of the complex tris- 
(ppsa)iron(rr) in a similar manner. Unfortunately, 
whereas the complexes [Fe(bipy),],+ and [Fe(phen),],+ 
are relatively poor catalysts for the decomposition of 
hydrogen peroxide, the tris(ppsa)iron(rr) complex is a 
fairly efficient catalyst. Nonetheless, it was obvious that 
rate law (1) does not apply to the reaction of the tris- 
(ppsa)iron(rr) complex with hydrogen peroxide, for the 
reaction rate increased markedly with increasing initial 
concentration of hydrogen peroxide. This dependence 
of the rate of reaction on hydrogen peroxide concen- 
tration may arise from some reaction of the co-ordinated 
ligand with hydrogen peroxide (see also below). From a 
plot of our approximate initial rates against hydrogen 
peroxide concentration, a rough estimate of k 1: s-l 
for dissociation of the tris(ppsa)iron(rr) complex in 
neutral solution at 35.0 "C can be made, which compares 
satisfactorily with that from the rate constants deter- 
mined in acid media quoted in the previous paragraph. 

The rate law for the reaction of 
the complex [Fe(phen),12+ with hydroxide ion, over the 

With hydroxide ions. 

R. Davies, M. Green, and A. G. Sykes, J.C.S.  Dalton, 1972, 

D. W. Margerum, J .  Arnev. Chem. SOC., 1957, 79, 2728. 
J.  Burgess and R. H. Prince, J .  Chern. SOC., 1965, 6061. 
J. Burgess, J .  Chern. SOC. ( A ) ,  1967, 955. 
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range 0 - 5 ~ ,  is as in equation (2).6 The rate law for the 

--d[Fe(phen),l2+/dt = (k, + k,[OH-] + 

reaction of a variety of iron(r1) complexes containing the 
chelating unit (I) with hydroxide ion in dilute solution is 
as in equation (3).7-9 In both these equations the k, 

-d[FeL3l2+/dt = (k ,  + K,[OH-])[FeL,]2+] (3) 
terms are ascribed to  rate-determining ligand dissociation 
followed by rapid formation and oxidation of iron(r1) 
hydroxide.1° The k, terms correspond to direct nucleo- 
philic attack of hydroxide ion on the iron; the k, and k4 
terms probably reflect both nucleophilic attack by 
hydroxide ion and salt effects. 

Plots of observed first-order rate constants (Table 2) 
for reaction of the tris (ppsa)iron (11) complex with 

k,[OH-I2 + k4[OH-]3)[Fe(phen),]2+ (2) 

TABLE 2 
Average first-order rate constants (K) for the reaction of the 

tris(ppsa)iron( 11) complex with hydroxide ions in 
aqueous solution a t  35-0 "C. I = 0 . 3 3 3 ~  (KNO,, 
NaC1, K,SO,, or NaC10,) 

104izls-1 

[N~OH]/M 
0,017 
0.033 
0.060 
0.067 
0-083 
0.100 
0.133 
0-167 
0.200 
0.233 
0-267 
0.300 

KNO, NaCl II,S04 NaC10; 
4.2 
7.9 9.5 11 2.5 

12.2 
16.2 
18-3 
22 
29 29 30 13 
31 
36 
42 41 42 26 
46 
48 

0.333 50 

hydroxide ion in aqueous solution were somewhat curved. 
This curvature is in the opposite sense for perchlorate as 
added ion to that with chloride, nitrate, or sulphate ion, 
Our results thus indicate a rate equation of type (2), with 
k, of different sign for the perchlorate systems to that of 
the other systems; the precision of our results is in- 
sufficient to  assess a k4 term contribution. We estimate 
an upper limit of 2 x s-l for k, at  35.0 O C ,  so the k ,  
term can be assigned as usual to  rate-determining ligand 
dissociation [rate constant = 1 x 10-4 s-l (see above)]. 
From the rate constants determined in 0*33~-NaOH, we 
estimate k, as 0.015 1 mol-l s-l a t  35.0 "C. For com- 
parison, k ,  values a t  35-0 "C for [Fe(phen),-j2+ derivatives 
range from 0.0021 to 0.38 1 mol-l s-l, with k, = 0.20 1 mo1-l 
s-l for the 3-S03phen and 0.066 1 mol-l s-l for the &so,- 
phen complexes (3-S03phen = 3-sulphonato-1 ,lO-phen- 
anthroline and 5-S03phen = 5-sulphonato-l , 10-phen- 
anthroline) .4 

With cyanide ions. The rate law for the reaction of 
low-spin iron@) complexes with cyanide ion is as in 

9 J. Burgess and R. H. Prince, J .  Chern. Soc., 1965, 4497. 
I* G. Nord and T. Pizzino, Chem. Cornm., 1970, 1633. 
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equation (4).11-14 As in the reaction with hydroxide ions, 

-d[FeLJ2+/dt = (k, + kz[CN-])[FeL,12+ 

the k, term corresponds to rate-determining ligand loss, 
the k, term to nucleophilic attack by cyanide ion on the 
iron. Plots of first-order rate constants for the reaction 
of the tris(ppsa)iron(II) complex with cyanide ion :k 
(Table 3) are linear, so the rate law corresponds to 

(4) 

J.C.S. Dalton 
sulphonato-group results in a considerable decrease in the 
activation enthalpy for dissociation. Hence the observed 
lower activation energy for dissociation of the ppsa 
complex compared with that of the bipy complex may 
be ascribed, at least in part, to  the presence of the 
sulphonato-groups in the former. The lower activation 
entropy for dissociation of the ppsa complex compared 
with that of the bipy complex can also be partly ascribed 

TABLE 3 
First-order rate constants (k) for the reaction of the tris(ppsa)iron(rI) complex with cyanide ions, I = 0 . 3 3 3 ~  (KC1). 

The derived rate constants k ,  and k ,  correspond to those defined by equation (4) of the text 
[KCN]/M 

Solvent r \ 

0.017 0.033 0.066 0.099 0-132 0.165 0.198 0-231 0.264 0.297 0.333 
104k, 104h2 104kis-1 -- "C , * , s-1 1 mol-x s-l 

Temp. 

Water 25.3 0-7 1.1 1-6 
28-4 0.9 1.2 1.8 2.4 2.8 
29-9 1.4 1.6 2.0 2.7 3.3 
34-5 1-9 2-8 3.9 5.4 6.8 
38.8 3-6 5.3 7.9 9.8 11-2 
44.1 7.8 9.8 14.6 18.5 

Ethanol loo/, 35.0 2.2 
20?& 35-0 2.1 
307h 35.0 2.3 

6.0 
6.0 
7.7 

equation (4). From computed k,  and k, values (Table 3), 
activation parameters for both dissociation and cyanide- 
ion attack were derived (Tables 4 and 5). 

TABLE 4 
Activation parameters for dissociation of [FeLd2+ 

complexes in aqueous solution 
AH:  ASS 

L kcal mol-I cal I<-1 mol-1 Ref. 
25-2 f 1.5" 4-6 &- 4 "  This work 

biPY 27.4 $- 16 b 
PPSS 

phen 29.3 + 31 G 
3-SO3phcn 21.4 - 1  4 
5-S03phen 26.2 + 9  4 

ppsa = 3- (2-Pyriclyl)-5, 6-bis(4-phenylsulphanato)- 1,2,4-tri- 
azine, bipy = 2,2'-bipyridine, phen = 1,l O-phenanthroline, 
3-S03phen = 3-sulphonato-l,lO-phenanthroline, and 5-50,- 
phen = 5-sulphonato- 1,1 O-phenanthroline. 

b 1'. Basolo, J. C. Hayes, and 
H. M. Neumann, J. A m w .  Chem. SOC., 1954, '96, 3807. c J. 
Burgess and 13. H. Prince, J. Chem. SOC., 1963, 5752. 

90% Confidence limits. 

The activation enthalpy for dissociation of the tris- 
(ppsa)iron(n) complex is, like those for dissociation of 
similar low-spin iron(r1) complexes, high. This is as 
expected for a tw6 complex, where crystal-field stabilis- 
ation and activation energies are high. The ppsa ligand 
differs from bipy in two ways: its inclusion of a triazine 
ring and its phenylsulphonato-substituents. The likely 
kinetic consequences of the former are impossible to  
assess; reference to the phen series of complexes indicates 
that the presence of the strongly electron-withdrawing 

* Concentrations of free cyanide ion were estimated from 
potassium cyanide concentrations used and the published pKa 
values for hydrogen cyanide over the temperature range of our 
cxperiments. l5 

l1 D. W. Margerum and L. P. Morgenthaler, J. Amer. Chew.  
SOG., 1962, 84, 706. 

2.0 2-6 3.1 3.3 3-5 0.5 9.4 
3.3 3.6 4.4 4-5 4.9 6-4 0.8 14-2 
4.1 4.5 5-2 6-0 6.7 7-1 0.9 18.9 
8.1 8.4 10-5 12.0 12.0 12.5 1.9 34 

15.2 16.3 19.6 23.3 24-6 3.1 66 
25.4 30.1 35.8 42.1 44.1 6.4 119 

9.2 
10.2 
12-9 

13.0 1.0 36 
14-8 0.7 41 
19.3 0.4 53 

to  the influence of the sulphonato-substituents, again by 
comparison with trends in the phen series of complexes. 
Activation parameters for dissociation of the ppsa com- 
plex conform with the general approximately linear 
AH$-ASt correlation for the dissociation of low-spin 
iron(1r) complexes. 

The activation parameters for cyanide-ion attack on 
the tris(ppsa)iron(rI) complex are very similar to those for 

TABLE 5 
Activation parameters for cyanide-ion attack on 

[FeL,Igf complexes in aqueous solution 
AH1 A S  

L kcal mol-1 cal 1C-I mol-1 Ref. 
PPS" 25-2 & 1-2 a + 12 f 4 a This work 
biPY 23-0 & 0.60 $9 f 2 "  14 

Q 90% Confidence limits. 
phen 20 -3 11 

the tris(bipy)iron(Ir) complex; l4 the presence of the 
triazine ring and the sulphonat o-subst ituent s toget her 
do not have much effect on the ease of nucleophilic 
substitution at  the iron(1r) centre. 

The results in Table 3 show that, in ethanol-water 
mixtures, the rate of dissociation (k,) of the ppsa COM- 

plex decreases while the rate constant for cyanide-ion 
attack (k,) increases, as the proportion of ethanol in- 
creases. The latter trend in k,  values is similar to those 
reported earlier for cyanide-ion attack on the complex 
tris(phen)iron(II) l3 and analogous Schiff base complexes 

12 J. Burgess, G. E. Ellis, D. J. Evans, A. Porter, I<. W m c ,  

l3 J. Burgess, Inorg. Claim. Ada ,  1971, 5, 133. 
14  1. Burgess, J.C.S. Dalton, 1972, 1061. 
l5 R. M. Izatt, J. J. Christcnsen, R. T. Pack, and R. Bench, 

and R. D. Wyvill, J .  Chenz. SOC. ( A ) ,  1971, 44. 

Iitorg.  Claena., 1962, 1, 828. 
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of iron@) .I2 Whether dissociation rates for low-spin 
iron( 11) complexes increase or decrease with increasing 
non-aqueous component in aqueous-organic solvents 
depends both on the nature of the organic solvent and on 
ligand substituents. There are very few available 
results for complexes of sulphonato-substituted ligands, 
but we can point out that the trend observed here, of 
decreasing dissociation rate constants with increasing 
proportion of ethanol, is the same as that reported for the 
[Fe(3-S0,phen),12 and [Fe(5-S0,phen)3]2+ complexes in 
water-rich aqueous acetonitrile.16 

We have not been able to isolate the product of the 
reaction between the tris(ppsa)iron(n) complex and cyan- 
ide ion, but the charge-transfer spectrum suggests that it 
is cis-dicyanobis(ppsa)iron(II). The evidence * is based 
on comparisons of molar absorption coefficients, and of 
correlations of frequencies of maximum absorption with 
solvent ET  value^,^^^^^ with those for similar known 
iron (11)-aza-aromat ic ligand-cyano-complexes.1g-21 

First-order rate constants 
for the reaction of the tris(ppsa)iron(Ir) complex with 
peroxodisulphate ions (in excess) are reported in Table 6. 
These results indicate the rate law (5). Again the 

With $eroxodisul+hate ions. 

--d[Complex]/dt = ( k ,  + k,[S,082-]) [Complex] (5) 

kinetic pattern is the same as that previously described 
for, e.g., analogous iron(1r) complexes of phen ligands.22 
The k ,  term corresponds to rate-determining ligand 
dissociation followed by rapid reaction of intermediates 

TABLE G 
Average first-order rate constants (k) for the reaction of 

the tris(ppsa)iron(Ir) complex with potassium peroxo- 
disulphate in aqueous solution at 35.0 OC, I = 0 . 9 9 ~  
(WSO4 1 

[K,S,O,]/M 0.002 0.003 0.007 0.010 0.013 
104k/s-1 1.03 1-09 1-21 1.34 1.32 

104+-1 1-56 1.58 1.66 1-74 1-97 
[K2S208]/n~ 0.01 7 0.020 0.023 0-027 0.033 

with peroxodisulphate ion, and the k ,  term corresponds 
to direct oxidation of the iroii(I1) complex to its iron(rI1) 
analogue. This assignment of mechanism for the k, 
term can be checked by comparing the k, value here 
(1-0 x 10-4 s-1 at 35 "C) with rate constants for dis- 
sociation of the complex in the presence of acid, hydrogen 
peroxide, or cyanide ion (see above); the agreement is 
satisfactory. The second-order rate constant for the 
reaction with peroxodisulphate ion (k, in the rate law 
above) is 0.0029 1 mol-l s-l a t  35 "C. 

* Details of the spectra and v,,,, against ET plots are available 
from the authors. 

J .  Burgess, J .  Chew. Soc. ( A ) ,  1970, 2352. 
1 7  I<. Dimroth, C. Reichardt, T. Siepmann, and F. Bohlmann, 

Annalen, 1963,661,l; C .  Reichardt, Angew. Chem. Internat. Edn., 
1965, 4, 29. 

Is C. Reichardt, ' Losungsniitteleffekte in der organischen 
Chemie,' Verlag Chemie, Weinheim, 1968. 

19 J. Bjerrum, A. W. Adamson, and 0. Bostrup, Acta Chew 
Srand., 1956, 10, 329. 

An outer-sphere mechanism for peroxodisulphate-ion 
oxidation of low-spin iron(r1) complexes seem probable. 
There should then be a linear correlation 23 of logarithms 
of the second-order rate constants with the standard 
redox potentials of the respective iron(r1)-iron(m) com- 
plex couples. In practise this test cannot be applied, 
for the available rate constants have been derived from a 
variety of inconsistent treatments of experimental 
results. Assumptions used include a simple bimolecular 
second-order model, parallel dissociation and oxidation,22 
and ion-pair participation.% We have determined a 
redox potential of +0.88 V for the iron(r1)-iron(rI1)-ppsa 
couple at 4 "C (to minimise aquation) in lni-HClO,, by 
potentiometric titration against cerium(1v) ions. It is 
surprising, from a comparison of this redox potential 
with those reported for analogous bipy and phen couples, 
that the rate of the peroxodisulphate-ion oxidation of the 
tris(ppsa)iron(II) complex is lower than any reported for 
iron@) complexes of bipy or phen ligands. The con- 
siderably slower reaction of the ppsa complex with 
peroxodisulphate ion than with the much weaker 
oxidant hydrogen peroxide strengthens our feeling (see 
above) that the rate-determining step with the latter 
is a reaction of the co-ordinated ligands rather than 
simple iron(11) t o  iron(II1) oxidation. 

CONCLUSIONS 

The reactivity pattern for the tris(ppsa)iron(II) com- 
plex in acid solution, and with hydroxide, cyanide, and 
peroxodisulphate ions is very similar to  that for the 
closely related complex tris(bipy)iron(rr) and indeed for 
similar complexes of (substituted) phen ligands and 
Schiff bases with iron@). There are differences in detail 
and differences between the relative reactivity of the 
various complexes towards dissociation, nudeophilic 
attack, and oxidation, but the outline is the same for all 
[FeL,l2+ complexes studied to date. 

EXPERIMENTAL 

3-(2-Pyridyl)-5,6-bis(4-phenylsulphonato)- 1,2,4-triazine 
(ppsa) (Ferrozine) was obtained froin the Hach Chemical 
Company, Ames, Iowa. Solutions of the tris(ppsa)iron(Ir) 
coniplex were prepared from the ligand ppsa and ammonium 
iron(r1) sulpliate (AnalaR) ; their visible absorption spectra 
were checked against published data.a Solutions of the 
other reagents were prepared from AnalaR grade materials ; 
a trace of the disodium salt of ethylenediaminetetra-acetic 
acid was added to potassium peroxodisulphate solutions to 
sequester any traces of heavy nietal cations. 

Kinetics of reactions were followed spectrophotometrically 
at 562 nm, the wavelength of maximum absorption in the 
visible region of the tris(ppsa)iron(Ir) complex. Reactions 
were carried out in 1 cm cells in the thermostatted cell 
compartment of a Unicam SP 800A recording spectrophoto- 
meter. Rate constants and activation energies, with their 

go J. Burgess and S. F. N. Morton, J . C . S .  Dalton, 1972, 171 2. 
z1 J. Burgess, S$ectrochim. Acta, 1970, MA, 1369, 1957. 
22 !. Burgess and R. H. Prince, J. Chem. SOC. ( A ) ,  1970, 2111. 
Is 5ee, for example, I. Ruff, Quart. Rev., 1968, 22, 199 and 

24 S. Raman and C. H. Brubacker, J .  Inovg. Nuclear Chem., 
references therein. 

1969, 31, 1091. 
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standard errors, were calculated by a least-mean-squares We thank the Royal Society, for the award of a grant-in- 
aid to purchase the spectrophotometer, and J. A. Evans and 
M. Hacker for assistance with computing. 

London, 1971, pp. 38-42. [2/2766 Received, 7th Decentbey, 19731 

using an Elliot 803 or 4130 computer. 

26 E. S. Swinbourne, ' Analysis of Kinetic Data,' Nelson, 

SSC
Bonding Studies from Charge-transfer Absorption and Magnetic CircularDichroism Spectra. Part I1.t The Complex Hexacyanoferrate(ii1) andPentacyanoferrate( HI) Complexes of Clv SymmetryBy Rodney Gale and Anthony J. McCaffery," School of Molecular Sciences, The University of Sussex,Magnetic circular dichroism (m.c.d.) and absorption spectra of the hexacyanoferrate( 111) ion have been measuredin two host lattices at room and liquid-helium temperatures. Previous interpretations of the charge-transfer (c.t.)bands have been confirmed and new assignments of the d-d transitions have been made. With the complexes[Fe(CN),L]"- (L = NH3, HzO, PPh,, SCN-, or N3-) a new band has been detected, the energy of which is verysensitive to the nature of the ligand L. This band is assigned as L -+ Fe charge transfer and band energies followthe pattern previously observed in substituted halogeno-complexes of IrIV; namely, a particular high-energyfilled molecular orbital with PPh3 moves to lower energy with the ligands H 2 0 and NH,. The aquopentacyano-ferrate( 111) complex shows indications of dimer formation in solution.Brighton BN1 9QJRECENT studies 1-3 of charge-transfer (c.t .) transitions inmetal complexes have emphasised the importance of thelow-spin d5 configuration as the fundamental system fordetermining the sequence of filled molecular orbitals.As we have pointed out: the advantages of this con-figuration arise from the simplicity of the spectra.Transitions take place successively into the vacancy inthe tW shell and thus the absorption bands reveal theenergies of the filled bonding orbitals relative to that ofthe metal tZs orbital. Since there is only ever one un-paired electron, there are no electron-repulsion splittingsand, further, differences between the electron-repulsionenergies of the different excited states are minimised,so we can infer the relative energies of the filled bondingorbitals from the energies of the electronic transitions.An essential part of this process is the identificationof the transitions. In this, magnetic circular dichroism(m.c.d.) spectroscopy has proved an invaluable aid.Thus the main c.t. bands of the complexes [IrC1J2-(ref. 1) and [IrBr,I2- (ref. 4) have been unambiguouslyassigned and, using these as a basis, c.t. bands in thecomplexes tralzs-[IrCl,L,] (L = PR,, AsR,, pyridine, orSEt,) have been identified? In this work we report astudy of substituted hexacyanoferrate(II1) complexes,[Fe(CN),L]n- (L = H,O, NH,, PPh,, N3-, or SCN-), and,since this relies heavily on an understanding of the7 Part I, ref. 3.1 G. N. Henning, A. J. McCaffery, P. N. Schatz, and P. J.2 A. J. McCaffery, P. N. Schatz, and T. E. Lester, J . Chem.3 AT. D. Rowe, A. J. McCaffery, R. Gale, and D. N. Copsey,J. R. Dickinson, S. B. Piepho, J. A. Spencer, and P. N.C. S. Naiman, J . Chem. Phys., 1961, 35, 323; 1963,39, 1900.6 J. J. Alexander and H. €3. Gray, J . Amer. Chem. SOC., 1968,Stephens, J . Chem. Phys., 1968, 48, 6656.Phys., 1969, 50, 379.Inovg. Chem., 1972, 11, 3090.Schatz, J . Chem. Phys., 1972, 56, 2668.90, 4260.energy levels of the parent hexacyano-complex wedevote the first part of this paper to a discussion of them.c.d. and absorption spectra of [Fe(CN) J3-. Therehave been a number of attempts to explain the absorp-tion spectra of the hexacyanoferrate(II1) ion 5-' and itsmonosubstituted derivatives.s-10 Here we use our newexperimental information to clarify some of these assign-ments and comment on the bonding patterns in theseries of derivatives.EXPERIMENTALK3[Fe(CN),],2H20 (AnalaR) was used without furtherpurification. It was incorporated into KC1 by slow evap-oration of a solution containing the complex [Fe(CN),I3-(ca. 1%) where i t substitutes for the entity KCl,,-,and the cubic crystals obtained were used withoutfurther treatment. The butylaninionium salt was preparedby the method of Manoharan and Gray.ll For opticalexamination the complex was dissolved in a chloroformsolution of poly(methy1 methacrylate), which was used tomake a thin film. The complex Na,[Fe(CN),H,O],H,O wasmade by the method of Hofman,12 Na,[Fe(CN),PPh3],2H,Ousing Nast and Kruger's method,13 and Na,[Fe(CN),NH,],-2H20 according to the recipe of Kenney et aE.I4 Both theazido- and thiocyanato-complexes were made by the methodof Jasleskis.lOAbsorption spectra were measured on a Cary 14 spectro-meter and the magnetic circular dichroism (m.c.d.) spectra7 G. Basu and R. G. Belford, J . Chem. Phys., 1962, 37, 1933.8 0. B. Baitich, M. Meklati, and M. Achour, Rev. RoumaifzeN. Matsuoka and Y. Shiniura, J . Chem. SOC. Japan, 1963,10 B. Jasleskis, J . Amer. Chem. Soc., 1961, 83, 1082.P. T. Manoharan and H. B. Gray, J . Amer. Chem. SOC.,12 K. A. Hofmann, Annalen, 1900, 1, 312.l3 R. Nast and K. W. Kruger, 2. anorg. Chem., 1965, 341, 189.l4 D. J . Kenney, T. P. Flynn, and J. 33. Gallini, J . Inorg.Chem., 1970, 15, 16.84, 496.1965, 87, 3340.Nuclear Chem., 1961, 20, 75.
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