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Electrochemical oxidation 
of ferricyanide
Mun Hon Cheah * & Petko Chernev 

We report the electrochemical oxidation of ferricyanide,  [FeIII(CN)6]3− and characterised the oxidation 
product by in-situ FTIR and XAS spectroelectrochemistry methods. Oxidation of  [FeIII(CN)6]3− is 
proposed to proceed via a tentative Fe(IV) intermediate that undergoes reduction elimination to give 
cis-[FeIII(CN)4(CH3CN)2]1− as stable product in acetonitrile. Speciation of the oxidation product by DFT 
calculations is underpinned by good agreement to experimental data.

Hexacyano ferrate(III),  [FeIII(CN)6]3−, or ferricyanide is a stable, low spin Fe(III) complex that is well-known for 
its reversible reduction to hexacyano ferrate(II),  [FeII(CN)6]4− or ferrocyanide and for its reaction with aqueous 
Fe(II) to form Prussian Blue complexes. Both  [FeIII(CN)6]3− and  [FeII(CN)6]4− are widely used in fundamental 
studies such as study of metal ligand bonding by  XAS1,2, benchmarks for computational  modelling3–5 or in 
practical applications such as redox buffer in biological  studies6 or thermogalvanic  cells7. From redox chemistry 
perspective, the most wide spread use of ferricyanide or ferricyanide is as single electron acceptor or donor 
respectively due to the well-known  [FeIII/II(CN)6]3−/4− reversible couple. The reduction potential of  [FeIII(CN)6]3− is 
highly tunable and is reported to be dependent on  solvent8–12,  cations7,13 or formation of borane  adducts11 lead-
ing to suggestion that this redox couple can be used as a versatile and tunable redox  mediator11,12. Indeed, when 
transferred from water solvent into acetonitrile, the reduction potential of  [FeIII(CN)6]3− is shifted more negative 
by almost 1  V8–12. Despite this interesting aspect, all redox chemistry of  [FeIII(CN)6]3− reported to date is exclu-
sively focused on it reversible reduction to  [FeII(CN)6]4−. Here we report, to the best of our knowledge, the first 
electrochemical oxidation of  [FeIII(CN)6]3− in non-aqueous solvent, thus extending our knowledge beyond the 
well-known  [FeIII/II(CN)6]3−/4− reversible couple. We characterized the oxidation product of  [FeIII(CN)6]3− by a 
combination of in-situ FTIR and XAS spectroelectrochemistry and use DFT calculations to aid interpretation 
of the spectroscopic data.

Results and discussion
Cyclic voltammetry of a dry acetonitrile solution of [(C4H9)4N]3[FeIII(CN)6] is depicted in Fig. 1. In the cathodic 
direction, a reversible redox couple centered at − 1.397 V (vs.  Fc+/Fc couple) is observed. This redox couple has 
been assigned as the reversible reduction of  [FeIII(CN)6]3− to  [FeII(CN)6]4− based on previous literature  reports8–12. 
We have independently verified this assignment by FTIR spectroelectrochemistry (IR-SEC). Reduction of [(C4H9)
4N]3[FeIII(CN)6] in anhydrous acetonitrile result in depletion of intensity of a band at 2102  cm−1 and concomitant 
intensity increase of a major band at 2022  cm−1 (Fig. 2). Upon re-oxidation, we observed quantitative recov-
ery of the starting material, consistent with the observed reversibility in cyclic voltammetry experiments. The 
observed changes in the νCN frequencies and band intensities are consistent with those observed for the revers-
ible oxidation of  K4[FeII(CN)6] in water, where bands at 2038 and 2115  cm−1 are attributed to  [FeII(CN)6]4− and 
 [FeIII(CN)6]3− respectively (Fig. S3, ESI). Overall, we observed the same trend where reduction of  [FeIII(CN)6]3− to 
 [FeII(CN)6]4− resulted in lowering the νCN frequency by 80  cm−1 in acetonitrile and 77  cm−1 in water. We attribute 
the offset in νCN frequencies of the acetonitrile and water dataset of approximately 13  cm−1 to solvent and counter 
cation  effects14. Additionally, there is a minor shoulder feature at 2042  cm−1 which was attributed to adsorption 
of  [FeII(CN)6]4− to electrode surface in a previous SEC  study15. 

On the anodic scan direction in the cyclic voltammogram, an irreversible oxidation wave is observed at 
0.586 V. Upon reversing the scan direction from anodic to cathodic, three additional reduction peaks at − 0.307 V, 
− 0.524 V and − 1.050 V are observed. These additional peaks are attributed to reduction of daughter products of 
the irreversible oxidation at 0.586 V as they are only observable in the presence of this irreversible oxidation peak. 
Comparison of the peak currents between the reversible  [FeIII/FeII(CN)6]3−/4− couple and irreversible oxidation 
peak at 0.586 V reveals a ratio of 1:2.2, suggesting an apparent, overall two electron oxidation process associated 
with the irreversible oxidation peak. We conducted IR-SEC study on the oxidation process associated with the 
irreversible oxidation peak at 0.586 V. Oxidation of [(C4H9)4N]3  [FeIII(CN)6] result in depletion in intensity of 
the  [FeIII(CN)6]3− νCN band at 2102  cm−1 and formation of a new species (here on in referred to as ox-ferri) with 
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single νCN band at 2124  cm−1 (Fig. 2). The increase in νCN frequency by 22  cm−1 is smaller than the expect shift 
associated with a single electron oxidation of approximately 70–80  cm−1, as evident by the observed shift in νCN 
frequency of the  [FeIII/FeII(CN)6]3−/4− couple.

Oxidation of  [FeIII(CN)6]3− is expected to be metal centered as the HOMO is the metal based  t2g orbital. 
Metal centered, one or two-electron oxidation of  [FeIII(CN)6]3− will result in formation of a Fe(IV) or Fe(V) 
species, which is contradicted by the relatively small increase in νCN frequency of 22  cm−1 observed in IR-SEC 
experiment above. To characterise the Fe oxidation state of ox-ferri in acetonitrile, we conducted Fe K-edge 
XAS-SEC studies on ox-ferri, as well as the reversible  [FeIII/FeII(CN)6]3−/4− couple as reference samples. The Fe 
K-edge position of ox-ferri is at 7125.9 eV, close to that observed for  [FeIII(CN)6]3− (7126.1 eV) while the edge 
for  [FeII(CN)6]4− is at 7125.1 eV (Fig. 3). The Fe K-edge position of ox-ferri, which is slightly lower to that of 
 [FeIII(CN)6]3− is inconsistent with the presence of either Fe(IV) or Fe(V) oxidation state. Instead, it is likely that 
ox-ferri is in the Fe(III) oxidation state.

60

40

20

0

-20

C
ur

re
nt

, µ
A

-1.5 -1.0 -0.5 0.0 0.5 1.0
Potential, V (vs. Fc)

Figure 1.  Cyclic voltammogram of 2 mM [(C4H9)4N]3[FeIII(CN)6] in anhydrous acetonitrile. Scan rate: 
100 mV/s. 3 mm diameter GC working electrode.
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Figure 2.  FTIR spectra of  [FeII(CN)6]4− (blue),  [FeIII(CN)6]3− (red), ox-ferri (green) obtained from IR-SEC 
(thick lines). Thin lines: simulated IR spectra of  [FeII(CN)6]4− (blue),  [FeIII(CN)6]3− (red), cis-[FeIII(CN)4(CH
3CN)2]1− (green) from DFT calculations.
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Based on the observations above, we propose that the irreversible oxidation peak observed at 0.586 V is the 
result of an ECE type reaction:

The first electron transfer step (E) is the metal centered oxidation of  [FeIII(CN)6]3− to a  [FeIV(CN)6]2− inter-
mediate. This intermediate then undergoes a chemical step (C) which we propose as reductive elimination 
reaction to release cyanogen, (CN)2, to form a  [FeII(CN)4]2− intermediate. The  [FeII(CN)4]2− intermediate has an 
oxidation potential that is lower compared to the first E step and is immediately oxidised at the electrode to give 
the final product  [FeIII(CN)4]1−. This second E step with lower oxidation potential is consistent with the pres-
ence of daughter products observed at lower reduction potentials during the reverse scan. This proposed ECE 
reaction can account for the appearance of an apparent single, two-electron oxidation peak that is irreversible 
in the voltammogram while the final product is a Fe(III) species that is consistent with the observed Fe K-edge 
position of ox-ferri. Lending further support to our hypothesis of a reductive elimination reaction forming 
a  [FeIII(CN)4]1− species, there is a more intense pre-edge peak at 7113.9 eV for ox-ferri compared to the pre-
edge peaks observed for  [FeIII(CN)6]3− and  [FeII(CN)6]4− at the Fe K-edge 1s → 3d region (Fig. 3). This increase 
in pre-edge intensity is likely reflecting a change from centrosymmetric environments for  [FeIII(CN)6]3− and 
 [FeII(CN)6]4− to non-centrosymmetric environment for ox-ferri1. This observation appears consistent with our 
proposal of a  [FeIII(CN)4]1− species, assuming such species has  Td symmetry.

However, fitting of the EXAFS of ox-ferri using structural models of  [FeIII(CN)4]1− with either  Td or  D4h 
symmetry resulted in unsatisfactory fits (Fig. S4, ESI). A plausible explanation of the poor EXAFS fits maybe 
due to additional ligand binding to the coordinative unsaturated Fe center of  [FeIII(CN)4]1− to form either 
five or six coordinate species. The additional ligands are likely to be acetonitrile solvent or polymerisation of 
 [FeIII(CN)4]1− to form Prussian Blue like networks. Since the EXAFS of ox-ferri does not show any Fe–Fe interac-
tion at 5 Å (Fig. 4) that is indicative of formation of Prussian  Blue16,17, this suggests that ox-ferri is most likely a 
solvent coordinated  [FeIII(CN)4(CH3CN)x]1−, x = 1 or 2 species. Similar tetracyano  [FeII/III(CN)4(L)2]2−/1− species, 
where L are CO or solvent molecules such as DMSO and pyridine were previously reported with no evidence of 
formation of Prussian Blue like  networks18,19.

To facilitate speciation of ox-ferri, we optimized a series of structures with  [FeIII(CN)4(CH3CN)x]1−, x = 0, 1 
or 2, using DFT calculations and compared the calculated structural and spectroscopic parameters to available 
experimental data. The validity of this approach is underpinned by the good agreement between calculated and 
experimental data using  [FeIII(CN)6]3− and  [FeII(CN)6]4− as reference dataset (ESI). The optimized structures of 
 [FeIII(CN)4(CH3CN)x]1−, x = 0, 1 or 2, species are presented in Fig. S5, ESI.
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Figure 3.  Fe K-edge XAS spectra of  [FeII(CN)6]4− (blue),  [FeIII(CN)6]3− (red) and ox-ferri (green). Inset: Fe 
K-edge 1s → 3d pre-edge region, experimental data are plotted with thick lines. Simulated spectra from TD-DFT 
calculations plotted in thin black lines. For ox-ferri, simulated spectrum of the cis-[FeIII(CN)4(CH3CN)2]1− 
isomer with  C2v symmetry plotted with solid thin line and the trans-isomer with  D4h symmetry plotted with 
thin dashed line.
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First, comparison of the calculated relative energies suggest a stabilization effect due to coordina-
tion of acetonitrile solvents to  [FeIII(CN)4]1− species with binding of a single acetonitrile stabilizing all 
 [FeIII(CN)4(CH3CN)1]1− complexes by approximately 20 kcal/mol on average. Binding of a second acetonitrile 
further stabilizes all  [FeIII(CN)4(CH3CN)2]1− complexes by approximately 13 kcal/mol on average. These values 
are within reported range of binding energies of acetonitrile or the closely related CO to metal  centers20–22 
and are consistent with our proposal of ox-ferri being a solvent coordinated complex. For the lowest energy 
 [FeIII(CN)4(CH3CN)2]1− complexes, two possible isomers (cis-isomer with  C2v symmetry and trans-isomer with 
 D4h symmetry) exist with the cis-isomer being 2.67 kcal/mol lower in energy.

We compare the simulated metal cyanide νCN vibration frequencies and intensities of the various calculated 
structures of  [FeIII(CN)4(CH3CN)x]1−, x = 0, 1 or 2, with experimental values of ox-ferri (Fig. 2 and Fig. S6, ESI). 
The simulated νCN vibration spectra of all isomers of  [FeIII(CN)4(CH3CN)1]1− are a poor match to experimental 
values, with some isomers exhibiting two νCN bands instead. The calculated νCN vibration frequencies of all 
isomers of  [FeIII(CN)4]1− and  [FeIII(CN)4(CH3CN)2]1− can be considered as satisfactory match to the experimental 
value, with the calculated intensities for isomers of  [FeIII(CN)4]1− significantly overestimated compared to those 
of  [FeIII(CN)4(CH3CN)2]1−. Based on these observations, we can rule out all  [FeIII(CN)4(CH3CN)1]1− species as 
candidate for ox-ferri. However, it is not possible to distinguish between structural isomers of  [FeIII(CN)4]1− and 
 [FeIII(CN)4(CH3CN)2]1− as potential candidate for ox-ferri based solely on comparison of νCN vibration 
spectra. We note that there should be in principle four active νCN vibration modes for the cis-isomer of 
 [FeIII(CN)4(CH3CN)2]1− based on vibrational mode analysis and IR selection  rules23. DFT calculation of the 
cis-isomer of  [FeIII(CN)4(CH3CN)2]1−, indeed shows 4 active νCN vibration modes with wavenumbers close to 
each other. However the intensity of the  b1 vibration mode is significantly higher relative to the remaining  2a1, 
 b2 vibration modes, leading to the appearance of a single νCN vibration band in the simulated spectrum. Similar 
experimental observation where only a single observable νCN band for the closely related cis-[FeIII(CN)4(pyrid
ine)2]1− complex (with  C2v symmetry) has been  reported18.

Next we compare structural parameters of calculated structures for  [FeIII(CN)4(CH3CN)x]1−, x = 0, 1 or 2 
to experimental EXAFS data. The approach adopted in this study is to compare simulated EXAFS spectra, 
based on DFT optimized structures, to the experimental EXAFS spectrum of ox-ferri. As mentioned above, all 
structures of  [FeIII(CN)4]1− give a poor match between simulated and experimental EXAFS (Fig. S4, ESI) and 
can be excluded as candidates for ox-ferri. EXAFS simulations of all isomers of  [FeIII(CN)4(CH3CN)1]1− and 
 [FeIII(CN)4(CH3CN)2]1− (Fig. S4, ESI) gives satisfactory match to the experimental spectrum, with simulations 
using isomers of  [FeIII(CN)4(CH3CN)2]1− resulting in slightly lower RMSD. Taking into account the compari-
son of the νCN vibration frequencies above, we can additionally rule out all  [FeIII(CN)4(CH3CN)1]1− species as 
candidates for ox-ferri, thus leaving  [FeIII(CN)4(CH3CN)2]1− species as candidates for ox-ferri. However, the 
simulated EXAFS for both isomers of  [FeIII(CN)4(CH3CN)2]1− are almost indistinguishable and cannot provide 
unambiguous assignment towards identity of ox-ferri.

Finally we compare the TD-DFT calculated peak position and intensities of Fe 1s → 3d transitions for all iso-
mers of  [FeIII(CN)4(CH3CN)x]1−, x = 0, 1 or 2 and compare them to the experimental peaks in the pre-edge region 
of Fe K-edge XANES of ox-ferri. Of all calculated structures, only the cis-isomer of  [FeIII(CN)4(CH3CN)2]1− gives 
a good match between observed and calculated peak position and intensity in the pre-edge region (Fig. 3). The 
calculated peak intensity at 7113.9 eV is predominantly due to electric dipole allowed transition and is approxi-
mately two times larger compared to experiment. This is consistent with a previous report where dipole allowed 
transition intensities are typically overestimated in TD-DFT  calculations4. Furthermore, the good match between 
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Figure 4.  EXAFS  (k3-weighted) of  [FeII(CN)6]4− (blue),  [FeIII(CN)6]3− (red), ox-ferri (green). Data offset for 
clarity. Simulated spectra for DFT-optimized structures plotted in black lines, with the ox-ferri simulation based 
on the cis-[FeIII(CN)4(CH3CN)2]1− isomer with  C2v symmetry. Fit parameters are given in Table S3.
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observed and calculated pre-edge peaks for the cis-isomer of  [FeIII(CN)4(CH3CN)2]1− is fully consistent with the 
observed increase in pre-edge intensity going from  [FeIII(CN)4]3− to ox-ferri as mentioned above. The cis-isomer 
of  [FeIII(CN)4(CH3CN)2]1− has non-centrosymmetric Fe center due to its  C2v symmetry whilst the trans-isomer of 
 [FeIII(CN)4(CH3CN)2]1− retains the centrosymmetric Fe center due to its  D4h symmetry. Taking into account the 
computed relative energy difference as well as the comparison between computed and experimental structural 
and spectroscopic parameters (νCN vibration frequency, EXAFS and XANES pre-edge peaks), we conclude that 
the most plausible candidate of ox-ferri is the cis-isomer of  [FeIII(CN)4(CH3CN)2]1−.

Conclusions
In conclusion, we report electrochemical oxidation reaction of  [FeIII(CN)6]3− in anhydrous acetonitrile and char-
acterised the oxidation product, ox-ferri, by FTIR and XAS spectroelectrochemistry. We propose an ECE oxida-
tion mechanism of  [FeIII(CN)6]3−, implicating a Fe(IV) intermediate followed by reductive elimination of two 
cyanide ligands to form a  [FeIII(CN)4(CH3CN)2]1− species. The speciation of ox-ferri is aided by DFT calculations 
where we show that the calculated structural and spectroscopic parameters of the cis-[FeIII (CN)4(CH3CN)2]1− iso-
mer  (C2v symmetry) gives the best match to available experimental data. This study extends the redox chemistry 
of  [FeIII(CN)6]3− beyond the conventional reversible  [FeIII/II(CN)6]3−/4− couple, this in turn suggests new redox 
reactions may exist in closely related cyanometallates such as Prussian Blue and its analogues.

Methods
Synthesis of [(C4H9)4N]3[FeIII(CN)6]. [(C4H9)4N]3[FeIII(CN)6] was prepared according to literature 
 procedure14.

Cyclic voltammetry. Cyclic voltammetry was carried using an Autolab PGSTAT302N potentiostat with 
Nova 2.1 software. The 3-electrode cell consists of a 3  mm diameter glassy carbon working electrode (ALS 
Japan), a custom Ag/Ag+ pseudo reference electrode isolated from sample solution with a frit and a graphite 
rod counter electrode. The working electrode is polished with 0.05 micron alumina slurry in distilled water, 
sonicated in distilled water and dried by rinsing with dry acetonitrile immediately before use. A 7 mL solution 
of 2 mM [(C4H9)4N]3[FeIII(CN)6] with 200 mM tetrabutylammonium hexafluorophosphate solution in dry ace-
tonitrile is purged with  N2 gas that is bubbled through dry acetonitrile before use. The sample solution is kept 
under  N2 atmosphere blanket throughout the experiment by gentle introduction of  N2 into the headspace of the 
voltammetry cell.

FTIR spectroelectrochemistry. FTIR spectroelectrochemistry (IR-SEC) was carried out using a custom-
built spectroelectrochemical setup described  previously24. The working electrode is a 3 mm diameter glassy car-
bon electrode, Ag wire pseudo reference and Pt counter electrode. The SEC cell was filled with sample solution 
inside a dry glovebox (Vacuum Atmospheres Company). The SEC cell was connected to either (i) a PAR model 
362 potentiostat with a PowerLab 4/20 interface and IR spectra were collected on a Biorad FTS 175C FTIR spec-
trometer with Ge/KBr beamsplitter and MCT detector or (ii) Autolab PGSTAT302N potentiostat and Bruker 
Vertex 70v FTIR spectrometer equipped with Ge/KBr beamsplitter and MCT detector.

XAS spectroelectrochemistry. XAS spectroelectrochemistry (XAS-SEC) was carried out using a pur-
pose-built XAS-SEC cell constructed from PEEK and PTFE (Fig. S1). The working electrode compartment is 
made from PTFE and sandwiched between a PEEK faceplate and counter electrode compartment made from 
PEEK. The working electrode is a 10 × 10 × 3 mm reticulated vitreous carbon (RVC) foam block (Good Fellow 
Cambridge Ltd) housed in the PTFE block. A ‘leak free’ Ag/AgCl reference electrode (eDAQ) is inserted into the 
working electrode compartment, which is separated from the counter electrode compartment by a 0.3 mm thick 
filter paper. The counter compartment houses a 10 × 10 × 10 mm RVC foam block and is filled with dry acetoni-
trile solution of 200 mM tetrabutylammonium hexafluorphosphate. A 12 μm thick Kapton foil is sandwiched 
between the PEEK front faceplate and the PTFE working compartment to form the X-ray window. Sample solu-
tion (5 mM [(C4H9)4N]3[FeIII(CN)6] with 200 mM tetrabutylammonium hexafluorophosphate solution in dry 
acetonitrile) is introduced to the working compartment via a syringe pump and 1/16″ diameter PTFE tubing at 
a flow rate of 10 μL/min.

XAS spectra were collected at the Balder Beamline at MAX IV laboratory, Lund, Sweden. The incoming X-ray 
energy was scanned over the iron K-edge via a Si111 double crystal monochromator. The X-ray beam was defo-
cused to a size of 0.5 mm × 3 mm to avoid radiation damage. The X-ray absorption was measured in fluorescence 
mode using an energy dispersive 7-element Si-drift detector with region of interest set at the iron Kα fluores-
cence. All measurements were done at room temperature. A 10 μm Fe foil (Goodfellow Cambridge Ltd) served 
as calibration standard and was measured several times per day to ensure a stable energy axis. Energy calibration 
was done by assigning the position of the maximum of the first derivative of the Fe foil absorption to 7112 eV.

The EXAFS spectra were simulated using the FEFF 9.0 software, with the following parameters: DEBYE 
300 800, NLEG 6, CRITERIA 12 5, RPATH 4.6, SCF 7.0 1 30 0.05. Fitting was done with in-house software 
(SimXLite). EXAFS was weighted by  k3 and fitted in k-range 2.3–14 Å−1. Coordination numbers were kept fixed 
to the values in the structural models. Debye–Waller parameters were fitted and had one value for first-shell-
only paths and another value for the rest of the paths. To determine which DFT functional gives best results for 
this type of compounds, the  [FeII(CN)6]4− and  [FeIII(CN)6]3− spectra were first fitted allowing the Fe-to-ligand 
distances to change (parameter values in Table S2, fitted spectra in Fig. S9). The distances determined in this way 
were then compared to distances obtained by DFT geometry optimization with different functionals (Table S1). 
The  [FeII(CN)6]4− and  [FeIII(CN)6]3− spectra were then fitted again using the DFT-optimized structures, with 
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no fitting of Fe-to-ligand distances, to ensure the validity of this approach and to determine an optimal value 
for the amplitude reduction factor  S0

2 (parameter values in Table S3, fitted spectra in Fig. 4 in the main text). 
Finally, for  [FeIII(CN)4(CH3CN)x]1−, x = 0, 1 or 2, species, the EXAFS was simulated using geometry optimized 
structures from DFT calculations, with no fitting of Fe to ligand distances (parameter values in Table S3, fitted 
spectra in Fig. S4).

DFT calculations. DFT calculation were performed on the Tetralith cluster, National Supercomputer Cen-
tre using the ORCA 4.2.1 software  package25. All geometry optimization and numerical frequency calculations 
were performed using the TPSS  functional26 and minimally augmented ma-def2-TZVP(-f) basis  set27, with the 
f polarization removed from main group elements. Solvation effects were included using the SMD solvation 
 model28 with parameters for acetonitrile. The resolution of identity approximation (RI-J)29 and AutoAux aux-
iliary basis  set30 was used to reduce computational time. All geometry-optimized structures were confirmed to 
be at local minima with numerical frequency calculations. TD-DFT calculations were performed using TPSS/
ma-def2-TZVP(-f) optimized structures with the ZORA  approximation31, the corresponding ma-ZORA-def2-
TZVP(-f) basis  set32, B3LYP hybrid  functional33 and SMD solvation model.

The selection of the TPSS functional for geometry optimization and numerical frequency calculations in this 
study is based on the good match between experimental and calculated structural parameters and νCN vibration 
frequencies for  [FeII(CN)6]4− and  [FeIII(CN)6]3− (Fig. S8 and Table S1).

The simulated νCN bands are obtained by broadening the calculated νCN vibration frequencies and intensities 
with a Gaussian function with FWHM of 3  cm−1 with no offset in calculated vibration frequencies. The intensity 
of all simulated spectra are scaled based on a factor determined by normalising the simulated and experimental 
intensities of  [FeII(CN)6]4−. For the simulated spectra for Fe 1s → 3d transitions, all calculated peaks are broaden 
by 1.5 eV and peak positions are offset by + 25.5 eV. The peak intensities are scaled by a factor determined by 
normalizing the calculated peak intensity of the 1s → 3d  (eg) transition to the corresponding experimentally 
observed peak at 7114.3 eV for  [FeIII(CN)6]3−.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 14 September 2021; Accepted: 12 November 2021

References
 1. Westre, T. E. et al. A multiplet analysis of Fe K-edge 1s → 3d pre-edge features of iron complexes. J. Am. Chem. Soc. 119, 6297–6314 

(1997).
 2. Hocking, R. K. et al. Fe L-Edge XAS studies of  K4[Fe(CN)6] and  K3[Fe(CN)6]: A direct probe of back-bonding. J. Am. Chem. Soc. 

128, 10442–10451 (2006).
 3. Ross, M. et al. Comprehensive experimental and computational spectroscopic study of hexacyanoferrate complexes in water: From 

infrared to X-ray wavelengths. J. Phys. Chem. B 122, 5075–5086 (2018).
 4. Guo, M., Sørensen, L. K., Delcey, M. G., Pinjari, R. V. & Lundberg, M. Simulations of iron K pre-edge X-ray absorption spectra 

using the restricted active space method. Phys. Chem. Chem. Phys. 18, 3250–3259 (2016).
 5. Rulíšek, L. On the accuracy of calculated reduction potentials of selected group 8 (Fe, Ru, and Os) octahedral complexes. J. Phys. 

Chem. C 117, 168177 (2013).
 6. O’Reilly, J. E. Oxidation-reduction potential of the ferro-ferricyanide system in buffer solutions. Biochim. Biophys. Acta 292, 

509–515 (1973).
 7. Buckingham, M. A. et al. A fundamental study of the thermoelectrochemistry of ferricyanide/ferrocyanide: Cation, concentration, 

ratio, and heterogeneous and homogeneous electrocatalysis effects in thermogalvanic cells. Sustain. Energy Fuels 4, 3388–3399 
(2020).

 8. Gritzner, G., Danksagmüller, K. & Gutmann, V. Outer-sphere coordination effects on the redox behaviour of the Fe(CN)6
3−/

Fe(CN)6
4− couple in non-aqueous solvents. J. Electroanal. Chem. Interfacial Electrochem. 72, 177–185 (1976).

 9. Gutmann, V., Gritzner, G. & Danksagmuller, K. Solvent effects on the redox potential of hexacyanoferrate(III)-hexacyanoferrate(II). 
Inorg. Chim. Acta 17, 81–86 (1976).

 10. Noftle, R. E. & Pletcher, D. An interpretation of the formal potential for the ferricyanide/ferrocyanide couple as a function of 
solvent composition. J. Electroanal. Chem. 293, 273–277 (1990).

 11. McNicholas, B. J., Grubbs, R. H., Winkler, J. R., Gray, H. B. & Despagnet-Ayoub, E. Tuning the formal potential of ferrocyanide 
over a 2.1 V range. Chem. Sci. 10, 3623–3626 (2019).

 12. Mascharak, P. K. Convenient synthesis of tris(tetraethylamnionium) hexacyanoferrate(III) and its use as an oxidant with tunable 
redox potential. Inorg. Chem. 25, 245–2471 (1986).

 13. Peter, L. M., Dürr, W., Bindra, P. & Gerischer, H. The influence of alkali metal cations on the rate of the Fe(CN)6
4−/Fe(CN)6

3− elec-
trode process. J. Electroanal. Chem. Interfacial Electrochem. 71, 31–50 (1976).

 14. Das, B., Carlin, R. & Osteryoung, R. A. The ferro/ferricyanide couple in an aluminum chloride-l-methy1-3-ethylimidazolium 
chloride ambient-temperature molten salt. Inorg. Chem. 28, 421–426 (1989).

 15. Zhang, J., Yin, Q., Cai, S. & Fujishima, A. In situ fourier transform infrared reflection spectroscopic studies of ferricyanide/fer-
rocyanide on graphite electrode. Electroanalysis 5, 517–520 (1993).

 16. Glatzel, P., Jacquamet, L., Bergmann, U., de Groot, F. M. F. & Cramer, S. P. Site-selective EXAFS in mixed-valence compounds 
using high-resolution fluorescence detection: A study of iron in Prussian blue. Inorg. Chem. 41, 3121–3127 (2002).

 17. Buser, H. J., Schwarzenbach, D., Petter, W. & Ludi, A. The crystal structure of Prussian blue:  Fe4[Fe(CN)6]3.xH2O. Inorg. Chem. 16, 
2704–2710 (1977).

 18. Chiarella, G. M., Melgarejo, D. Y. & Koch, S. A. Further study of the reaction of  Fe2+ with  CN-: Synthesis and characterization of 
cis and trans  [FeII, III(CN)4L2]n- complexes. J. Am. Chem. Soc. 128, 1416–1417 (2006).

 19. Jiang, J. & Koch, S. A. Trans-[Fe(CN)4(CO)2]2−, a 21st century [Fe(CN)(CO)] compound. Angew. Chem. Int. Ed. 40, 2629–2631 
(2001).

 20. Ricca, A. & Bauschlicher, C. W. Jr. Successive binding energies of Fe(CO)5+. J. Phys. Chem. 98, 12899–12903 (1994).



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:23058  | https://doi.org/10.1038/s41598-021-02355-3

www.nature.com/scientificreports/

 21. Vitale, G., Valina, A. B., Huang, H., Amunugama, R. & Rodgers, M. T. Solvation of copper ions by acetonitrile: Structures and 
sequential binding energies of  Cu+(CH3CN)x, x = 1–5, from collision-induced dissociation and theoretical studies. J. Phys. Chem. 
A 105, 11351–11364 (2001).

 22. Behjatmanesh-Ardakani, R. DFT-B3LYP and SMD study on the interactions between aza-, diaza-, and triaza-12-crown-4 (An-
12-crown-4, n = 1, 2, 3) with  Na+ in the gas phase and acetonitrile solution. Struct. Chem. 25, 919–929 (2014).

 23. Harris, D. C. & Bertolucci, M. D. Symmetry and Spectroscopy: An Introduction to Vibrational and Electronic Spectroscopy (Dover 
Publications, 1989).

 24. Borg, S. J. & Best, S. P. Spectroelectrochemical cell for the study of interactions between redox-activated species and moderate 
pressures of gaseous substrates. J. Electroanal. Chem. 535, 57–64 (2002).

 25. Neese, F. Software update: The ORCA program system, version 40. WIREs Comput. Mol. Sci. 8, e1327 (2018).
 26. Tao, J., Perdew, J. P., Staroverov, V. N. & Scuseria, G. E. Climbing the density functional ladder: Nonempirical meta-generalized 

gradient approximation designed for molecules and solids. Phys. Rev. Lett. 91, 146401 (2003).
 27. Zheng, J., Xu, X. & Truhlar, D. G. Minimally augmented Karlsruhe basis sets. Theor. Chem. Acc. 128, 295–305 (2011).
 28. Marenich, A. V., Cramer, C. J. & Truhlar, D. G. Universal solvation model based on solute electron density and on a continuum 

model of the solvent defined by the bulk dielectric constant and atomic surface tensions. J. Phys. Chem. B 113, 6378–6396 (2009).
 29. Neese, F. An improvement of the resolution of the identity approximation for the formation of the Coulomb matrix. J. Comput. 

Chem. 24, 1740–1747 (2003).
 30. Stoychev, G. L., Auer, A. A. & Neese, F. Automatic generation of auxiliary basis sets. J. Chem. Theory Comput. 13, 554–562 (2017).
 31. van Wüllen, C. Molecular density functional calculations in the regular relativistic approximation: Method, application to coinage 

metal diatomics, hydrides, fluorides and chlorides, and comparison with first-order relativistic calculations. J. Chem. Phys. 109, 
392–399 (1998).

 32. Pantazis, D. A., Chen, X.-Y., Landis, C. R. & Neese, F. All-electron scalar relativistic basis sets for third-row transition metal atoms. 
J. Chem. Theory Comput. 4, 908–919 (2008).

 33. Stephens, P. J., Devlin, F. J., Chabalowski, C. F. & Frisch, M. J. Ab initio calculation of vibrational absorption and circular dichroism 
spectra using density functional force fields. J. Phys. Chem. 98, 11623–11627 (1994).

Acknowledgements
This work is supported by the Swedish Energy Agency through Grant No. 50529-1. The authors thank the MAX 
IV laboratory for allocation of synchrotron radiation beamtime at the Balder Beamline. DFT calculations were 
performed on resources provided by SNIC through the National Supercomputer Centre at Linköping University 
(Tetralith) under Projects SNIC2020/5-517 and SNIC2021/5-305. The authors thank Mr. Johan Rye-Danjelsen 
for technical assistance and Dr. Stephen Best for loan of FTIR-SEC cell.

Author contributions
M.H.C. designed the work. M.H.C. and P.C. performed the experiments and analysed the data. M.H.C. performed 
DFT calculations. M.H.C. and P.C. wrote the manuscript.

Funding
Open access funding provided by Uppsala University.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 02355-3.

Correspondence and requests for materials should be addressed to M.H.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-02355-3
https://doi.org/10.1038/s41598-021-02355-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Electrochemical oxidation of ferricyanide
	Results and discussion
	Conclusions
	Methods
	Synthesis of [(C4H9)4N]3[FeIII(CN)6]. 
	Cyclic voltammetry. 
	FTIR spectroelectrochemistry. 
	XAS spectroelectrochemistry. 
	DFT calculations. 

	References
	Acknowledgements


