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A B S T R A C T

The electron transfer reaction is pivotal in several branches of science, ranging from electrochemistry to catalysis. 
A suitable model system to inspect to the nature of reactants and products during a charge transfer reaction is 
made by a redox couple dissolved in a solvent. A typical example is made by [Fe(CN)6]3-/[Fe(CN)6]4- in water. 
Recently, it has been proposed that the charge transfer process is associated with ion-pairing, where counter ions 
like K+ take part in the coordination. In this work we performed density functional theory calculations in 
conjunction with ab-initio molecular dynamics to provide atomistic insights to the structure of [Fe(CN)6]3- and 
[Fe(CN)6]4- in water, and their interaction with K+. Our results show that [Fe(CN)6]3- and [Fe(CN)6]4- display a 
distinct interaction network with water molecules. The neutrality of K3Fe(CN)6 and K4Fe(CN)6 is retrieved by 
considering a sphere with a radius of about 10 Å, but not more than two K+ are located closer than 6 Å from the 
center of the complex. Our estimates indicate that when [Fe(CN)6]4- is converted to [Fe(CN)6]3-, not only the 
solvent reorganizes, but also K+ is reorganized and moves away from the complex by about 0.6 Å. The results 
may be of help for the fundamental understanding of the nature of this redox couple in water in the presence of 
supporting electrolyte.

1. Introduction

The electron transfer reaction is pivotal in several fields of funda
mental and applied chemistry, ranging from electrochemistry to het
erogeneous catalysis [1–4]. During an electron transfer reaction, a 
reactant is converted to a product via an exchange of electrons in a re
action environment. In real-life applications the reaction environment is 
extremely complex involving nontrivial sources of electrons [5,6]. The 
chemical environment around reactants and products can bear both a 
solvent and a supporting electrolyte, that can be either diluted, modestly 
or strongly concentrated [7–9]. To understand the chemistry behind the 
electron transfer reaction, a suitable model system is made by a redox 
couple immersed in a solvent, in the presence of a supporting electrolyte 
[10]. This model system has been widely used in the past to deepen the 
understanding of chemical processes and validate chemical theories [10,

11].
In recent years, it has been emerging a relevant effect, named ion- 

pairing effect [9], in which the nature of the elements of the redox 
species during the electron transfer process is affected by the amount 
(concentration) of the co-ions that should be spectators, via the forma
tion of ion-pairs [12]. A key example in this respect is made by the [Fe 
(CN)6]3-/[Fe(CN)6]4-. It has been proposed in literature that in water the 
electron transfer reaction is accompanied by the exchange of a K+ in the 
solvation sphere [12,13].

Quantum chemical simulations can be of strong help, allowing to 
access information at the atomistic level on the structure of species in 
solution [14–16]. The state-of-the-art methodology is based on density 
functional theory (DFT). A viable way to account for the dynamic nature 
of water is to work with DFT in conjunction with ab-initio molecular 
dynamics (AIMD) simulations [17–19].
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In this work, we investigated the nature of [Fe(CN)6]4-and [Fe 
(CN)6]3- species and their interactions with water molecules and po
tassium ions. We focused on the nature of the interaction between the 
ions and water by invoking static DFT calculations and AIMD. At this 
aim, initially two static simulations, one for each redox species isolated 
in vacuum, were performed. After this, in order to explore the interac
tion with water, a new set of static simulations were performed at an 
increasing number of water molecules. Moreover, a AIMD simulation 
were performed, in which one form of the redox pair, i.e. [Fe(CN)6]4- or 
[Fe(CN)6]3-, is in presence of water molecules and K+ ions.

2. Computational details

Density Functional Theory (DFT) calculations have been performed 
with the VASP [20–22] code using the Perdew–Burke–Ernzerhof 
parametrization of exchange-correlation functional [23]. Dispersion 
terms have been introduced using the D3 Grimme’s parametrization 
[24]. The choice of the adopted DFT functional is typically critical when 
treating chemical systems and water. It has been demonstrated that 
hybrid functionals containing the exchange and correlation parametri
zation of the PBE version and suitable dispersion schemes allow them to 
treat with acceptable accuracy water [15,25,26]. There are several 
possible solutions for the description of dispersion interactions. Two 
examples are the Vydrov and Van Voorhis scheme [27–29], or Grimme’s 
dispersion scheme [34]. In the present work, we adopted the latter with 
the idea to work in the future with electrode/electrolyte interfaces [30,
31]. Previous works showed that comparable results are obtained in the 
description of the nature of water interfaced with materials by using 
different dispersion schemes [29,30]. We benchmarked the reliability of 
our computational approach against B3LYP [32,33] estimates for static 
calculations of water-complex adducts with increasing number of water 
molecules involved. Geometry optimizations were performed without 
imposing any constraints. The valence electrons have been expanded on 
a set of plane waves with a kinetic energy cutoff of 500eV, whereas the 
core electrons were treated with the projector augmented wave 
approach [37,38].

We created simulation cells containing K3Fe(CN)6 and K4Fe(CN)6. 
We modeled a cubic cell having the lattice parameter equal to 1.970 nm, 
corresponding to a concentration of [Fe(CN)6]4- and [Fe(CN)6]4- equal 
to 0.2 M. This value is higher than the typical one used in experiments, 
as it compromises between computational costs and reliability of 
simulation. We simulate neutral cells and compared the results arising 
from the two different systems, to avoid working with charged cells. We 
added four and three potassium ions for ferro- and ferri-cyanide 
respectively, corresponding to K4Fe(CN)6 and K3Fe(CN)6 in water so
lution. The simulation cell contains 249 water molecules. The number of 
atoms in the working cells are therefore 763 and 764 for K3Fe(CN)6 and 
K4Fe(CN)6 respectively. The Monkhorst− Pack k-point sampling of all 
calculations was reduced to the gamma point because of cell dimensions 
[34].

Ab-initio Molecular dynamics trajectories were propagated at a 
working temperature of 350K and controlled by the Nosé-Hoover ther
mostat [35,36]. The initial structure of each trajectory was generated by 
taking the optimized geometry of the ferro- and ferri-cyanide ions and 
adding a water box with a sufficient number of water molecules to have 
a concentration of the ions close to 0.2 M. The initial distance between 
water molecules and the complex was set equal to 3 Å, a value slightly 
larger than the sum van der Waals radii of N and H (or O) atoms. Tra
jectories were propagated for 15ps, after equilibration of 1ps. The length 
of trajectories in AIMD is critical, as long simulation time is needed to 
correctly sample the configurational space of water [37–39]. Previous 
works showed that about 8–10 ps trajectories allow to provide some 
insights on the nature of material/water interfaces [40–44], and to 
describe the solvation of chemical species [45–47].

3. Results and discussion

3.1. [Fe(CN)6]4- and [Fe(CN)6]3- in aqueous environment

The two ions in vacuum display exactly the same structure with 
nearly the same calculated distances, dFe-C = 1.93 Å, and dFe-N = 3.11 Å. 
Fe is octahedrally coordinated by CN- in both cases, fully occupying the 
three degenerate t2g orbitals in [Fe(CN)6]4-. [Fe(CN)6]3- has one electron 
less leaving a hole in the t2g orbitals [48]. These values compare with 
previous data and hybrid calculations reported in Table S1, further 
justifying the choice of the computational step [48].

We first inspect the interaction between the ions and a single water 
molecule. The molecule can bind both [Fe(CN)6]4- and [Fe(CN)6]3- ions 
either by coordinating a single CN- species or bridging two of them, 
Figs. 1a-1b The latter is more stable by 0.19 eV. The N–H equilibrium 
distance is 1.69 Å and 2.07 Å for axial and bridge configuration 
respectively, compatible with the values of hydrogen bonding. 
increasing the number of water molecules surrounding ferri- and ferro- 
cyanide, we observe that an ordered arrangement is obtained up to six 
ligands, Figs. 1c-1d The bridge configuration becomes systematically 
more favorable, as we increase the number of solvent molecules, 
Figures S1-S2. When we further increase the number of water molecules 
beyond six, they prefer to arrange in a disordered way around the 
complex but remaining in the first coordination shell, rather than 
assuming a more symmetric arrangement in the second coordination 
shell. Interestingly, in all cases, the Fe-C and Fe-N distances are not 
sensitive to the presence of water, as it is always equal to dFe-C = 1.93 Å, 
and dFe-N = 3.11 Å respectively. We benchmarked the performance of 
PBE against B3LYP, finding negligible differences in terms of structure of 
the adducts and energetics, see Table S1 and Figures S3-S4. This simple 
test shows that PBE calculations represent an acceptable trade-off be
tween computational costs and reliability of predictions, especially 
when going towards computationally intensive AIMD calculations, 
described below.

These calculations indicate that the interaction between water and 
[Fe(CN)6]4- and [Fe(CN)6]3- ions requires including dynamics effects of 
the solvent, due to the very large number of possible arrangements of 
water molecules around the complexes, especially when considering a 
large amount of water molecules (Figure S5).

We performed AIMD simulations of K3Fe(CN)6 and K4Fe(CN)6 in 
water. We start the discussion by looking at the Pair Distribution 
Function (PDF) between Fe-C and Fe-N atoms for K3Fe(CN)6 and K4Fe 
(CN)6. The plot shows peaks centered at slightly different distances, 
Fig. 2a. The carbon atoms are about 1.9 Å distant from iron, where dFe-C 
is equal to 1.87 Å and 1.91 Å for [Fe(CN)6]4- and [Fe(CN)6]3- respec
tively, to be compared with the same value calculated without water, 
1.93 Å. The nitrogen atoms are about 3.1 Å far from the center of the 
complex, with dFe-N distances equal to 3.05 Å and 3.07 Å for [Fe(CN)6]4- 

and [Fe(CN)6]3- respectively, to be compared with the same value 
calculated without water, 3.11 Å. Interestingly, the inclusion of dynamic 
effects of water has an impact on the structure of the ions, and causes an 
overall shrinkage of both Fe-C and Fe-N distances, depending on the 
nature of ion, 0.06 Å for [Fe(CN)6]4- and 0.02 Å for [Fe(CN)6]3- when 
looking at Fe-C, and 0.06 Å for [Fe(CN)6]4- and 0.04 Å for [Fe(CN)6]3- 

when considering Fe-N. The same values are nearly unchanged when the 
complex is surrounded by water molecules within the static approach, 
Tables S1-S2. The C–N distances are unaffected, Figure S6, and they are 
always equal to 1.18 Å, both in vacuum and water, for both ferro- and 
ferricyanide ions.

The difference between the two ions is stronger when looking at the 
interaction with water. The analysis of the PDF between the nitrogen 
atoms of the complex and hydrogen atoms of water shows a peak 
compatible with that of hydrogen bonding [49,50], at dN–H = 1.83 Å 
and dN–H = 1.87 Å for [Fe(CN)6]4- and [Fe(CN)6]3- respectively, Fig. 2b

A similar trend is found for C–H interactions, with dC–H = 2.61 Å 
and dC–H = 2.75 Å for [Fe(CN)6]4- and [Fe(CN)6]3- respectively. As a 
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direct consequence, [Fe(CN)6]4- is involved in more hydrogen bonding, 
1.6 ([Fe(CN)6]4-) and 1.1 ([Fe(CN)6]3-), calculated by integrating the 
PDF [51]. A similar trend is found by looking at Fe-O interactions, [Fe 
(CN)6]4- is surrounded by 16 water molecules and [Fe(CN)6]3- by 15 
water molecules at dFe-O = 5.5 Å, in line with a previous seminal work by 
Shao-Horn and co-workers [52]. These results indicate that the two ions 
display different a local coordination with water molecules, in line with 
the different charge of the species.

3.2. Effect of the K+counter ion

Once analyzed the nature of the interaction between the ions and 
water, we look at the role of K+. Each simulation cell is neutral to avoid 
spurious effects due to the simulation of charged cells. Therefore, the 
cell of [Fe(CN)6]4- contains four K+ species, and [Fe(CN)6]3- contains 
three K+ ions. If one starts from initial configurations where all K+ are 

close to the complex (dFe-K ~ 6 Å), interestingly, not all cations are 
intimately interacting with ferro/ferricyanide, as can be clearly evinced 
by looking at Figs. 3a-3b, where it is possible to appreciate two different 
regimes. On one hand, some K+ directly surround the cyanide with a Fe- 
K distance oscillating in the range 5–6 Å, which is compatible with the 
presence of K+ directly bonding N atoms, Fig. 3d. The number of K+

simultaneously in contact with cyanide is always oscillating between 
one and two. Therefore, there is always at least one K+ (for ferri-) and 
two K+ (for ferro-cyanide) distant from the complex, with Fe-K distances 
larger than 8 Å. The neutrality of the system is retrieved when consid
ering a shell with radius about 9–10 Å, in line with the sum of hydro
dynamic radii of K+ (~3 Å) and [Fe(CN)6]4-/[Fe(CN)6]3- (~6–8 Å). The 
calculated averaged coordination number between the ion and K+, 
calculated from the analysis Fe-K PDF (Fig. 3c), is 1.70 ([Fe(CN)6]4-) and 
1.25 ([Fe(CN)6]3-) respectively. When K+ is very far from the cyanide it 
is surrounded by six water molecules forming the well-known [K 

Fig. 1. Interaction of [Fe(CN)6]4- and [Fe(CN)6]3- with one (panel a and b) and six (panel c and d) water molecules. For each panel, water interaction with axial (on 
the left) and bridge (on the right) configuration Is reported. In each panel, the Fe-O distances are reported.

Fig. 2. Panel a is for calculated PDF for the Fe-N (blue) and Fe-C (green) couples in [Fe(CN)6]4- and [Fe(CN)6]3-. Panel b reports the same but focusing on the 
interaction with water (N–H in green and C–H in blue).
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(H2O)]6
+ complex, Fig. 3e.

3.3. Ion pairing

The previous analysis shows that the nature of the interaction be
tween K+ and the Fe2+ and Fe3+ complexes is different. Indeed, on 
average 1.70 ([Fe(CN)6]4-) and 1.25 ([Fe(CN)6]3-) K+ ions are close to 
the complex. This value is always two at most during each step of the 
trajectory with a threshold Fe-K distance of 7 Å, Figs. 3a-3b. The K+ ions 
can be found within 10 Å from the complex, but they are not directly 
interacting with it, and are octahedrally coordinated by water. In other 
words, there is sort of ion-pairing in an inner sphere within 10 Å from 
the complex where K+ is farther from [Fe(CN)6]3- than [Fe(CN)6]4-. This 
can lead to the hypothesis that during electron transfer there is both a 
rearrangement of the solvent around the complex as they have distinct 
interaction networks in water, and of K+, that is expected to move away 
when reducing [Fe(CN)6]4- to [Fe(CN)6]3-, in line with previous results 
by some of us [12,53]. Based on the analysis of AIMD discussed below 
we can estimate that K+ will move away by about 0.6 Å when [Fe 
(CN)6]4- is transformed to [Fe(CN)6]3-.

If one starts from the analysis of the coordination number as a 
function of the Fe-K distance in [Fe(CN)6]4- and [Fe(CN)6]3-, one can 
extract for a specific coordination number, the corresponding Fe-K dis
tances in [Fe(CN)6]4- and [Fe(CN)6]3-. We label these values as dFe-K([Fe 
(CN)6]4-) and dFe-K([Fe(CN)6]3-). Therefore, for each value of the coor
dination number we can associate the quantity Δd = dFe-K([Fe(CN)6]3-) - 
dFe-K([Fe(CN)6]4-). Δd describes on average how different will be the 

distance between Fe and K species for a given coordination number. 
Please note that Δd is always a positive number. If we analyze the value 
of Δd against the coordination number we obtain values in the range 0.6 
Å - 0.8 Å when the Fe-K coordination number changes from the value 
corresponding to that of [Fe(CN)6]4- (1.70) and [Fe(CN)6]3- (1.25) 
respectively, Fig. 4. To corroborate our results, we repeated the analysis 
but looking at the cumulative average of the Fe-K distance rather than 
the Fe-K PDF, finding nearly the same results but with a 0.1 Å shift, 
where Δd assumes values in the range 0.5 Å - 0.7 Å. Therefore, Δd is 
around 0.65 ± 0.10 Å.

4. Conclusions

We investigated the nature of K3Fe(CN)6 and K4Fe(CN)6 in aqueous 
environment by means of quantum chemical density functional theory 
calculations, in conjunction with ab-initio molecular dynamics. We 
started from the analysis of static simulations, showing that the 
arrangement of water molecules is rather anisotropic, and a large 
number of water molecules tends to arrange around the complexes. We 
found that bridging configurations are energetically favourable than 
axial one. When moving to AIMD, accounting for fluxional behaviour of 
water results into slightly different internal changes to bond distances of 
[Fe(CN)6]4- and [Fe(CN)6]3-. Results show that [Fe(CN)6]4- and [Fe 
(CN)6]3- display a different network of interaction with water. Water 
molecules are much closer to the [Fe(CN)6]4- than [Fe(CN)6]3-, as can be 
seen from the number of hydrogen bonds and the number of water 
molecules in a coordination shell of radius r = dFe-O = 5.5 Å. When 

Fig. 3. Instantaneous Fe-K distances along the trajectory of [Fe(CN)6]4- (panel a) and [Fe(CN)6]3- (panel b). In panel c the Fe-K PDF is reported, along with snapshots 
of the possible coordination of the potassium atom: with five water molecules if the complex is present (panel d), with six otherwise (panel e).
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focusing on the nature of the interaction between K+ and the ions, it is 
interesting to observe that not all the cations are in intimate contact with 
either [Fe(CN)6]4- or [Fe(CN)6]3-. The maximum number of K+ directly 
close to the ion is always smaller than two in any case, with an averaged 
value equal to 1.70 and 1.25 for Fe(CN)6]4- and [Fe(CN)6]3- respectively. 
The neutrality of the adduct is found when considering a radius of about 
10 Å There is ion-pairing in the inner sphere containing the complex 
water molecules and a few K+ ions, where the nature of the complex 
makes the difference. In particular, [Fe(CN)6]4- has K+ closer to it than 
[Fe(CN)6]3-. We finally estimated that the inner sphere will change when 
[Fe(CN)6]4- is converted to [Fe(CN)6]3-, where not only is water ex
pected to rearrange, but importantly K+ will move away by about 0.6 Å 
from the complex.

Further work will be dedicated to exploring more diluted solutions, 
by simulating substantially larger simulations cells. This will be possible 
through the development of suitable force fields or machine learning 
potentials. This will also allow us to introduce more complexity in the 
models, such as longer timescales to explore diffusivity and explicit 
electrode/electrolyte interfaces. Moreover, the study will be extended to 
other relevant redox couples [54,55].
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