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967. Properties of Pentac yanonitros y lferrates. 
By E. F. HOCKINGS and I. BERNAL. 

Electron-spin resonance (e.s.r.) and visible absorption spectra of blue 
solutions obtained by photo-irradiation of solutions of disodium pentacyano- 
nitrosylferrate in NN-dimethylformamide are identical with the spectra 
obtained from an electrolytically reduced solution of disodium penta- 
cyanonitrosylferrate in NN-dimethylformamide. The products of photo- 
irradiation of tetrabutylammonium pentacyanonitrosylferrate in a variety of 
donor solvents yield e.s.r. spectra which are similar to those obtained from 
electrolytically reduced solutions in NN-dimethylformamide. It is concluded 
that irradiated solutions of pentacyanonitrosylferrate in electron-rich solvents 
contain [Fe(CN),N0I3-. Electrolytically and photochemically generated 
samples of labelled [Fe(l3CN),N0I3- were studied, and the hyperfine inter- 
actions are discussed with reference to a particular energy level scheme. The 
small axial 13C hyperfine interaction is interpreted as indicative of a b1(2-y2) 
ground state orbital for the ion [Fe(CN),NOIS-. 

RECENT studies on nitrosyl co-ordination compounds such as K,[Cr(CN),NO] ,l-, bis- 
(NN-dimethyldithiocarbamato) ni trosyliron (11)~.  (this compound will subsequently be 
referred to as FeNO(DTC),), and the [Fe(CN),N0J3- anion have provided a guide for the 
understanding of the electronic energy level scheme prevailing in these substances. In 
particular, Gray, Bernal, and Billig have presented a molecular orbital diagram (Fig. l), 
which is of a general nature and applicable to the class of compounds L,M-NO where L is 
any ligand. This diagram was derived for axial complexes under the assumption that the 
M-NO bond is the dominant interaction in the ligand field. The other five ligands act 
as perturbations, more or less strong, which modify the spacing of the energy levels to 
different degrees, depending on the specific case. This model has been applied to some of 
these compounds. Preliminary results have already been presented for two nitrosyls of 
iron 4 9 6  and the delocalisation of the unpaired electron in certain metal-nitrosyl complexes 
has been discussed. 

The preparation and detailed spectral data on [Fe(CN),N0I3- will be described. 
Hitherto, only a summary has been given of the results obtained on the product of the 
one-electron reduction of the nitroprusside ion [Fe(CN),N0]2- in NN-dimethylformamide. 
The previous work has been extended to include reduced samples of nitroprusside containing 
I3CN ligands. 

The e.s.r. spectrum of material obtained by the method given by Manchot, 
Merry, and Woringer for the preparation of [Fe(CN),N0]3- will be discussed in 
connection with the relation of this material to the anion obtained electrolytically. Also, 

1 Bernal and Harrison, J .  Chem. Phys., 1961, 34, 102. 
Bernal and Harrison, J .  Chem. Phys., 1963, 38, 2581. 

8 Gray and Ballhausen, J .  Chem. Phys., 1962, 36, 1161. 
4 Gray, Bernal, and Billig, J .  Amer.  Chem. Soc., 1962, 84, 3404; Gibson, Nature, 1962, 196, 64. 

Bernal and Gray, to be published. 
Bernal and Hockings, Proc. Chew. Soc., 1962, 361. 
Manchot, Merry, and Woringer, Ber., 1912, 45, 2869. 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   
View Online

http://dx.doi.org/10.1039/JR9640005029


5030 Hockings and Bernnnl: 
e.s.r. and visible absorption data concerning the nature of the species studied by Baudisch 
will be presented. 

Metal M.O. levels Ligond 
orbitals orbi tols 

* (NO,CO,etc.) 

FIG. 1. Energy level scheme for 
L,M-NO complexes. 

L z a  Bonding 

EXPERIMENTAL 
MatwiaZs.-Hydrated crystals of reagent grade sodium nitroprusside, Na,[Fe(CX) ,NO]*ZH,O 

were used without further purification. The crystals were crushed to a fine powder which was 
dissolved in NN-dimethylformamide. The solvent was of a quality suitable for spectroscopic 
purposes. 

In order to examine nitroprusside in a series of solvents in which the sodium salt was in- 
sufficiently soluble, a specimen of tetrabutylammonium nitroprusside was prepared. This was 
obtained by the action of a solution of tetrabutylammonium iodide upon a suspension of silver 
nitroprusside. The product was isolated in the form of brown crystals giving the typical 
reactions of a nitroprusside and soluble in NN-dimethylformamide, acetonitrile, acetylacetone, 
cyclopentanone, pyridine, benzaldehyde, and NN-dimethylaniline. 

The first was 
the electrolytic reduction of sodium [12C]nitroprusside in the presence of potassium [13C]cyanide. 
The reduction will be described subsequently. Sodium nitroprusside in which about 30% of 
the molecules were heavily labelled with [13C]cyanide ligands was used in the second method. 
The starting material for the synthesis of the labelled nitroprusside was potassium 870/, [W]- 
cyanide and this was converted into sodium 87% [13C]ferrocyanide. To the material containing 
13C some [12C]ferrocyanide was added as a carrier so that [WC] : [12C] became 1 : 2, and then the 
mixture was converted into sodium nitroprusside by the action of sodium nitrite in the presence 
of barium chloride and carbon d i ~ x i d e . ~  

The cell consisted of two 
compartments separated by a fritted glass disk of fine porosity and had a mercury cathode. 
The electrolyte solution was 5 x 10-3~1 in Na, [Fe(CN),NO]*2H20 and 5 x 1 0 - 2 ~ ~  in tetra- 
butylammonium iodide, which was used as a supporting electrolyte, in NN-dimethylformamide. 
During electrolysis the colour of the solution changed from very pale pink to blue. The samples 
used for both e.s.r. and optical measurements were taken with a syringe to reduce contact with 
air. 

The electrolytic preparation of paramagnetic species containing 13C was accomplished by 
exposing 2 ml. of an aqueous solution, which was 0.25M in Na,[Fe(CN),NO]*2H20 and 1.5-W 

* Baudisch, Science, 1948, 108, 443. 
9 Palmer, " Experimental Inorganic Chemistry," University Press, Cambridge, 1954, p, 524. 

Two methods were used to prepare paramagnetic species containing 13C. 

Prepayation of Parnnzagnetic Species.-( 1) Electrolytic reduction. 
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in potassium [%]cyanide, to thc light from a 60 w incadescent lamp for a period of 24 hr.,l0 
after which the solution was made up to 50 ml. with IVN-dimethylformamide. The solubility 
of potassium cyanide in NN-dimethylformamide is low and some of the cyanide came out of 
solution. The liquid was reduced at  a mercury cathode and the e.s.r. spectrum was then 
obtained. 

Solutions were irradiated by the output from an induction-coupled 
plasma torch using argon and powered by a 10 kw, 5 Mc./sec. generator. The maximum total 
radiant energy output from a 2 cm. diameter plasma sphere was measured by a thermopile to 
be 1500 w. In the range 4000-3100 -4, the power was 230 w, and between 3100-2400 a 
was 75 w. Solutions were irradiated for approximately 1 minute at  a distance of about 1 cm. 
from the plasma. Specimens were kept a t  room temperature by water cooling and irradiated 
in optical cells or fused silica capillaries for spectral examination. 

Solutions irradiated and then examined for e.s.r. included sodium nitroprusside in NN-  
dimethylformamide and in water, and tetrabutylammonium nitroprusside in acetylacetone, 
cyclopentanone, pyridine, benzaldehyde, p-nitrobenzaldehyde, and NN-dimethylaniline. 

The preparation of Na,[Fe(CK),SO] was described by Manchot, 
Merry, and W~ringer ,~  who used the reaction 

Na,[Fe(CN),NO] + NH, 

. (2) Photo-irradiation. 

(3) Chemical reactiox. 

Na,[Fe(CN),NH,] 3- NO 

in aqueous solution with acetic acid to absorb the liberated ammonia. Nitric oxide was passed 
through a solution that was 10-2L1f in both nTa,[Fe(CN),NH,] and acetic acid and under nitrigen. 
Several colour changes were observed : the solution became brown-red and then blue-green before 
finally depositing a blue precipitate. The brown-red solution was rapidly transferred to a 
specimen tube and examined by e.s.r. In  view of the observed instability of the solution, optical 
measurements were not attempted. 

Spectral A/leaszGreiizents.--0~ticnZ. The optical measurements were made in a Cary model 
14M spectrophotometer over thc frequency range 10,000-33,000 cm.-l, 1 cm. fused silica cells 
being used. 

The e.s.r. measurements were made in a Varian spectrometer with 100 kc./sec. 
modulation. The magnetic field measurements were calibrated by means of a proton-resonance 
gaussmeter coupled to a counter. 

Microwave. 

The modulation amplitude was about 0.32 gauss. 

RESULTS AND DISCWSSION 
The visible absorption spectrum of the blue solution obtained by the electrolytic 

reduction of sodium nitroprusside in NN-dimethylformamide showed an absorption band 
at  16,500 cm,-l (half-height width of 4200 cm.-l), which was estimated, from coulometric 
considerations, to have a molar extinction coefficient, E, of 1500. There was possibly 
another absorption band in the region of 25,000 cm.-l (E -5000), but this was not clearly 
resolved. The spectrum of a photo-irradiated solution of sodium nitroprusside in NN-di- 
methylformamide showed an absorption band a t  the same frequency and of the same 
half-width as that found in the electrolytically reduced material. 

The electrolytically reduced solution of sodium nitroprusside in NN-dimethylformamide 
exhibited strong e.s.r. absorption, as shown in Fig. 2. The three absorption lines 
are of equal intensity and approximately evenly spaced. Details of the spectral results 
are given in the Table. 

The e.s.r. spectrum of the photochemically prepared species in NN-dimethylformamide 
showed the same triplet as that given by the electrolytically reduced solution and was also 
the same in the solvents acetylacetone and pyridine. In  cyclopentanone, the triplet was 
observed to have a strong line superimposed on the low field component. In  water, the 
photo-irradiated solution gave a single broad line of moderate intensity. The aqueous 
solution obtained by the method of Manchot, Merry, and Woringer also showed a single 
broad line, but this was of low intensity and decayed completely within 10 minutes. 

A solution in NN-dimethylformamide, reduced electrolytically in the presence of 
potassium p3C]cyanide gave the e.s.r. spectrum shown in Fig. 3. Photo-irradiation of 

lo Macniarmid and Hall, T .  :4mcv .  C l m i .  SOL-., 1953, 75, 5204. 
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5032 Hockings and Bernal: 
sodium [13C]nitroprusside in NN-dimethylformamide produced a solution having an e.s.r. 
spectrum shown in Fig. 4. The triplet of Fig. 2 has superimposed upon it the hyperfine line 
structure of Fig. 3. The simultaneous appearance of both spectra occurred because the 
specimen contained [12C]nitroprusside and [13C]nitr~pru~~ide. It is seen that both the 

J 
* 15 
Gauss 

I 
FIG. 2. FIG. 3. 

H 
-.L 

FIG. 4. 
FIG. 2. 
FIG. 3. 

FIG. 4. 

The e.s.r. spectrum of [Fe(CN),N0I3- a t  9.492 Gc./sec. 
The e s r .  spectrum of [Fe(13CN),(N0]3- prepared by electrolytic 

The e.s.r. spectrum of [Fe(13CN)5NO]3- prepared by photochemical 
exchange and reduction. 

reduction. 

electrolytic and photochemical methods of preparation of paramagnetic species containing 
[13C] led to spectra in which each line of the original triplet (Fig. 2) is split into five hyper- 
fine lines. 

Spectral figures for reduced nitroprusside. 
Spectral region 

Optical Microwave 
I \ 

A r- r 3 

Method of preparation v (cm.-l) E a(14N) (gauss) g a(13C) (gauss) 
Electrolytic ..................... 16,500 1500 14.9 2.0253 4.6 
Photochemical .................. 16,500 - 14.7-15.0 * 2.0253 4.6 t 

* Depending upon solvent. t In NN-dimethylformamide. 

Nature of the Reduced Species.-The electrolytic reduction of sodium nitroprusside in 
aqueous solution at  a dropping mercury electrode has been shown l1 to proceed in stages, 
of which the first is the addition of a single electron. Sodium nitroprusside can also be 
reduced by hydrogen in the presence of the enzyme hydrogenase,12 to give blue solutions. 
Thus, the blue solutions here prepared both electrolytically and by photo-irradiation 
probably contain the anion [Fe(CN)5N0]3-. This implies that irradiation causes the 
NN-dimethylformamide solvent to donate an electron to the nitroprusside ion. This is 
not improbable, since electron transfer is known 13 to occur when strong electron-acceptors 
are dissolved in NN-dimethylformamide. The visible absorption spectrum can be com- 
pared with that of the dithiocarbamatoiron complex, FeNO(DTC),, as the compounds are 
iso-electronic and have the same effective symmetry. The dithiocarbamate showed an 
absorption band at  17,100 cm.-l (E = 1200). As the nitrosyl group dominates the overall 
ligand field, the optical absorption spectrum should be similar for the two compounds, 

Kolthoff and Toren, J .  Amer. Ckem. Soc., 1983, 75, 1197. 
18 Krasna and Rittenberg. J .  Amer. Chew Soc., 1955, 77, 6296. 
l3 Rieger, Bernal, and Fraenkel, J .  Amer. Chem. Soc., 1961, 85, 3918. 
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and the presence of the axial cyano-group in the reduced anion acts as a perturbation on 
the energy levels observed for the dithiocarbamato-complex. Thus, by analogy, the 
transition observed in the pentacyanonitrosylferrate atJ6,500 cm.-l is assigned as b,( G*) 
e(x*).  

The e.s.r. spectra of the reduced species in NN-dimethylformamide (Fig. 2) indicate that 
the species was paramagnetic with an electronic ground state that was orbitally non- 
degenerate. The three lines arise from interaction of the unpaired electron with the nucleus 
of the nitrogen of the nitrosyl ligand. Similar interactions have been observed in the anion 
pentacyanonitrosylchromate(11) 1 and in FeNO(DTC)24. Since the reduction of nitro- 
prusside is considered to be a single-electron reversible process, there would result a 3d7 
configuration, which in C, symmetry becomes e4b,2b11 with an electronic ground state 2Bl. 
This accords with the observed electron spin resonance. 

The single broad line in the microwave spectrum of the aqueous solutions obtained by the 
action of nitric oxide on [Fe(CN),NHJ3- suggests that the preparative methods used here 
did not give the reduced nitroprusside ion; it is, however, possible that the various relaxation 
mechanisms available to a sample undergoing decomposition may broaden the three 
component lines into a single line spectrum. Photo-irradiated solutions of sodium nitro- 
prusside in water gave a single broad line resonance and contained a blue-green precipitate, 
which was probably Prussian blue. The paramagnetic species was not stable, but its 
lifetime was longer than that of the chemically generated species. The single broad line 
spectrum could be due to a species such as Fe(CN),X(X = OH or H,O), as such a com- 
pound would be iso-electronic with [Cr(CN),N0I3- and would be expected to give electron 
resonance absorption. 

Oxidation Product of the Donor.-Photo-excitation of solutions of nitroprusside is thought 
to lead to simple electron transfer reactions. With NN-dimethylformamide, acetylacetone, 
and pyridine the cation radical forms of the donor molecule are not expected to be stable. 
With aromatic species such as benzaldehyde, 9-nitrobenzaldehyde, or dimethylaniline one 
might expect e.s.r. lines due to their cations, but this was only observed with cyclo- 
pentanone. This ketone has also been observed to give e.s.r. lines when used as a donor to 
organic compounds.14 It is concluded that, for all the other cases, the generated cation 
decomposes or polymerizes to diamagnetic species. 

The only effect that was observed in the e.s.r. upon changing the donor was a slight 
variation in the constant of the nitrogen hyperfine splitting. This effect is probably due to 
a solvent perturbation of the nitrosyl group; such solvent effects upon the hyperfine 
splittings of polarizable substances are well documented for the vanadyl system 15 and 
for organic free radicals.16 

The g-Factor.-The electronic energy levels in the systems FeNO(DTC), and 
[Fe(CN),N0I3- are probably similar, since they both have dominant axial ligand fields 
created by the M-NO interactions. The g-factors should also reflect this similarity, since 
the spin-orbit admixtures of excited states with the ground states would be similar. The 
detailed visible absorption spectrum of FeNO(DTC), permitted the prediction of the 
anisotropic components of the tensor to be 2.04 and 2.02 for the parallel and perpendicular 
directions, respectively. The usual averaging of the two components leads to a calculated 
value of g = 2.027, and this is in agreement with the measured value of 2.025. This 
agreement supports the suggestion that FeNO(DTC), and [Fe(CN),N0I3- have similar level 
schemes. 

Species Containing 13CN.-The crystal structure of sodium nitroprusside was recently 
studied by Manoharan and Hamilton,17 who found that there is a short Fe-N distance of 
1.6 Consequently, and five Fe-C bonds with approximately equal bond lengths of 1-91 A. 

l4 Lagercrantz and Yhland, Acta Chem. Scand., 1962, 16, 1807. 
l6 Bernal and Rieger, Inorg. Chem., 1963, 2, 256. 
l6 Gendell, Freed, and Fraenkel, J. Chem. Phys., 1962, 37, 2832. 
l7 Manoharan and Hamilton, Inorg. Chenz., 1963, 2, 1043. 
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if the five Fe-C bonds are equal in [Fe(CN),N0j3-, the labelled compounds should show 
hyperfine lines from the axial 13CN together with hyperfine lines from the equatorial 13CN 
groups. However, no axial components were observable in any of the experiments, 
whether electrolytic or photochemical. Labelled paramagnetic species gave e.s.r. spectra 
that showed only a series of five hyperfine lines arising from the four equatorial ligands; 
this indicates either that the axial CN ligand leaves the complex upon reduction, or that 
the electron-spin interaction with the axial 13C nucleus is not observed. 

The electrolytic exchange experiments could conceivably produce a mixture of partially 
labelled complexes. If 507; of the ions were mono-substituted and 15% di-substituted 
with 13CN ligands in the equatorial positions, there could arise a spectrum that would 
resemble Fig. 3. For that case, the value of a ( W )  would be 9.2 gauss. However, the 
spectrum of reduced nitroprusside synthesized from K13CN shows that a ( W )  is 4.6 gauss. 

The d.c. polarographic measurements of Kolthoff and Toren l1 indicate that the first 
reduction wave of the nitroprusside ion is a reversible, one-electron process. Although 
loss of the axial CN ligand could take place by means of a relatively slow, secondary process, 
there is no direct evidence for this. 

If no axial CN elimination occurs during the reduction of the nitroprusside ion and the 
five CN ligands are assumed to remain approximately equivalent, the hyperfine splitting 
arising from the axial 13CN is smaller than the line widths of the resolved components. 
From a consideration of line width and resolution, the maximum value for the axial 
hyperfine splitting is 3 gauss. This would suggest that the ordering of the orbital energy 
levels is that shown in Fig. 1. In  particular, the ground state orbital is a metal 3d,24 
orbital rather than 34%.  The latter assumption would lead to an axial hyperfine splitting 
that would be larger than the equatorial splitting, and this is apparently not the case. 

We thank Dr. L. Ekstrom for the photo-irradiation facilities and Drs. H. 13. Gray, E. Billig, 
and S. E. Harrison for helpful discussions of the properties of nitrosyl systems. One of us (I. B.) 
thanks the National Science Foundation for a travel grant to present some of this work at  the 
XIX International Congress of Pure and Applied Chemistry, London, 1963. 
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