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Abstract Prussian Blue is a paradigmatic mixed valence
material and a parent compound to a broad family of
electronically, optically, and magnetically active materials.
Its exact composition varies greatly depending on the
preparation route, leading to large variations in its electron-
ic properties. The influence of water molecules on the
structural and electronic properties of Prussian Blue were
studied using state-of-the-art first principles calculations.
Water-filled cavities were found to have a profound
influence on the band gap and density of states of this
material while simultaneously leaving many of its proper-
ties largely unchanged. The resulting model of an almost
independent superimposition of dehydrated material and
hydrated sites is briefly discussed.

Keywords Band structure - DFT+U - Hydration -

Prussian Blue

Introduction

Prussian Blue (PB) is a crystalline ionic salt formed from

the reaction of [Fe(H,0)s]>" and [Fe(CN)s]* ions in an
aqueous environment [1]. It is a mixed valence material in
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which Fe" and Fe’* cations coexist at separate face-
centred-cubic (fcc) crystalline frameworks, connected by
cyanide ligands [1, 2]. Its characteristic deep blue colour
arises from the d-electron charge transfer between neigh-
bouring Fe sites of different oxidation states. This charge
transfer is an excitation with a corresponding broad
absorption peak around 1.75 eV [2, 3]. In addition to
differences in oxidation, the Fe centres also exhibit different
spin states, where carbon-coordinated Fe*" and nitrogen-
coordinated Fe*" are in local low-spin and local high-spin
configurations, respectively [1, 2, 4]. Charge neutrality of
the material is assured by either inclusion of an interstitial
cation (usually an alkali metal), or by formation of water-
filled cavities. These two different ways of balancing the
charge in the unit cell lead to two distinct stoichiometries:
M'Fe[Fe(CN)s] and Fes[Fe(CN)gl3nH,O (see Fig. 1),
which are commonly referred to as “soluble” and “insolu-
ble” forms of PB respectively—though not directly related
to their solubility in water.

PB is a remarkable material because of its complicated
nature—in which the structural, electronic, magnetic and
optical properties are very closely related—but also because
of the fact that it is a parent material to a broad family of
PB analogues [1, 5, 6]. The properties of PB can be tailored
by electrochemical interchange of interstitial cations, or by
substitution of Fe by other transition metals [7]. This
freedom in choice of material composition has lead to the
synthesis of a variety of materials with potential electro-
optical device applications [7, 8]. Furthermore, the mag-
netic properties of PB analogues are also affected by the
same changes, and lead to materials with interesting
magnetic properties [9—13]. Additionally, PB is an intrinsic
semiconductor, but its finite temperature bulk conductivity
can be changed by orders of magnitude by changing the
amount of hydration of the sample, or by electrochemical
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Fig. 1 Unit cells of a “soluble”
Prussian Blue (PB), and b “in-
soluble” PB used in calcula-
tions. Atoms at framework cube
corners are Fe ions colour-coded
depending on their crystal envi-
ronment: grey Fe*" in FeCg
octahedra, red (in on-line ver-
sion) Fe*" in FeNg octahedra,
blue Fe*" in FeN,4O, octahedra.
The same colour coding is used
in density of states plots in Fig.
2 (in on-line version)

(a) KFe[Fe(CN)g]

oxidation/reduction [14]. The conductivity of PB is due to
two distinct phenomena: (1) thermally induced conductivity
of a typical semiconductor, and (2) ionic conductivity due
to the open framework form of its crystalline structure. Due
to the interplay between the PB preparation route, the two
conductivity modes, and the susceptibility to electrochem-
ical oxidation and reduction, samples of PB exhibit quite
complex electrochemical behaviour. In this paper, I show
that purely electronic effects of PB hydration are enough to
induce higher (thermally activated) conductivity of PB
samples as compared to dehydrated samples. In a real
experimental set-up, these will be augmented by improved
ionic mobility, and the effects of interplay between
electronic and ionic effects [15, 16].

PB and its analogues have been investigated theoretical-
ly using both cluster [17-19] and fully periodic models
[20-23]; however, until now no fully periodic treatment of
hydrated PB has been presented.

Due to the strongly correlated nature of the electronic
structure of PB and its analogues, the local density
approximation (LDA), and generalized gradient correction
(GGA) functionals within density functional theory (DFT)
have been shown to provide an incorrect description of
their electronic structure [21-23]. Pure DFT approaches
predict a too small band-gap, indicating either a metallic or,
in the most favourable cases, a semiconducting behaviour.
This failure of DFT is more general, and it is commonly
attributed to the self-interaction error inherent to the local
exchange functionals. It is also known to influence calcu-
lations of electronic, magnetic and structural properties of
many other transition metal compounds [24, 25]. One of the
proposed ad hoc corrections to the DFT has been an DFT+U
method, in which the electronic Hamiltonian is augmented
with a Hubbard-like term for on-site electron repulsion

@ Springer

(b) Fe,[Fe(CN)g3-6H,0

energy. This method was first rigorously derived for the case
of LDA [26-28], and later successfully applied to correct
also GGA calculations [23, 29, 30].

In this paper, the two model systems representing
“soluble” and “insoluble” PB are investigated using fully
periodic calculations. The influence of water on the
electronic structure of the material is shown and discussed
in detail. The names “soluble” and “insoluble” PB are used
throughout the text to identify the models; however, the
tables and figures are labelled by their respective stoichio-
metries to avoid confusion (note that in case of “insoluble”
PB, water molecules are omitted from the formula).

Methods

The electronic structure of PB was calculated in a fully
periodic manner using GGA+U methodology. We used the
Dudarev et al. [28] implementation of the approach, in
which the J and U terms of Hubbard Hamiltonian appear
only as the difference of their respective values in a
spherically symmetric way. To this end, the correction is
defined in terms of U,;=U—J parameter, for each transition
metal site. The U values for low-spin Fe*" sites and high-
spin Fe*" sites were set independently to 3.0 eV and 7.0 eV
respectively, which was previously established to be the
optimal choice for describing both the structural and
electronic properties of PB [23]. All calculations were done
using the PW91 exchange-correlation potential [31], and the
Kohn-Sham orbitals were described using planewaves and
PAW formalism [32], as implemented in VASP code
[33, 34]. The total electronic energy was evaluated at a
500 eV kinetic energy cutoff, and with a 4x4 x4 Monkhorst-
Pack set of k-points [35]. Charge and spin densities on each
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atomic site were calculated using a fast implementation of
Bader analysis from fully converged charge and spin
densities [36, 37]. The total magnetic moment per unit cell
was found by a constrained magnetisation search through
possible values, followed by an unconstrained calculation
starting from the lowest energy wavefunction from previous
step (a procedure that was found to be essential for finding
the proper electronic ground state of PB, as detailed in [23]).

The calculation of the electronic structure of “soluble”
PB (KFe[Fe(CN)g]) can, in principle, be done using a
primitive unit cell containing exactly a formula unit
(15 atoms) [23] but, for the sake of comparison, it has
been recalculated in a four times larger cubic cell (depicted
in Fig. la). The “insoluble” PB (Fe4[Fe(CN)s]3) was
constructed by removal of one of the Fe(CN)s* complex
anions together with the K cations followed by introduction
of six water molecules saturating the neighbouring Fe**
octahedra. The unit cell of “insoluble” PB has been fully
optimised with respect to ionic and lattice parameters in the
cubic cell depicted in Fig. 1b. Due to the fact that
the orientation of the water molecules with respect to the
framework exhibits multiple local minima, an exhaustive
search of possible starting orientations was conducted to find
the lowest energy geometry. This was possible because,
locally, each water molecule relaxes by tilting in the direction
of one of the neighbouring cyanide ligands, therefore leading
to four possible orientations for each water molecule. It is
then found that there is a significant energetic penalty for the
water molecules on the opposite walls of the cavity to be
aligned in any way other than having hydrogen atoms in
opposite directions. This leads to only three remaining,
symmetry inequivalent orientations of water molecules, for
which the total energies were calculated.

It should be noted that, in the case of both materials, the
calculated structure represents only a model system of the

real PB crystalline framework. The latter is often disordered,
with non-periodic placement of interstitial cations and/or
water-filled cavities, and with additional water molecules at
interstitial sites. In the idealised models used in this study,
there are three distinct Fe sites with different local geometries:
(1) Fe** low-spin sites with corresponding FeC4 octahedra,
(2) Fe** high-spin sites within FeNg octahedra, and (3) Fe**
high-spin site within FeN4O, paraoctahedra. In the rest of the
paper, the sites are identified by the aforementioned
formulas.

Results
Crystal geometry

The calculated framework geometry of the “insoluble” form
of PB is not much different from that of the “soluble” form
of PB. Upon introduction of water-filled cavities, the
crystalline framework undergoes a slight contraction (about
0.04 A) and distortion from the ideal cubic cell. The
defining angles of the unit cell deviate by less than
0.3° from the ideal right angles, and the @, b and ¢ vectors
differ from each other by about 0.01 A. These small deviations
from the ideal fcc framework are most probably due to the
accuracy of the geometry optimisation convergence, and are
inevitable in calculating such a large system of relatively low
symmetry (note that the deviation of the cell vector lengths is
of the order of 0.1%).

Similarly, the local geometry of FeCs and FeNg sites
does not change significantly between “soluble” and
“insoluble” PB (see Table 1). The most significant
calculated difference is in the Fe—N distance as calculated
for “soluble” PB and Fe—N distance at the water-substituted
FeN,4O, site. This difference is accompanied by significant

Table 1 Calculated lattice constant (¢) and main structural parameters of soluble and insoluble Prussian Blue (PB)

KFe[Fe(CN)e] Fes[Fe(CN)sls Experimental
a 10.26 10.22(+0.01)® 10.11%°, 10.13¢, 10.16%, 10.20°
C-N 1.17 1.18 113"
FeCq Fe-C 1.88 1.89 1.92f 1.94°
FeNg Fe-N 2.07 2.05 2.0372.06°
FeN,O, Fe-N 2.04 2.02°
Fe-O 222 1.95°

All distances in A. The experimental values are giver for reference. Note that in case of experimental measurements the Fe-N distances are not

distinguished between FeNy and FeN,O, octahedra
A
"[4]
°[39]
d
[40]
°[41]
1]

€ Average value and a maximum difference of the distorted axes
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Table 2 Calculated Bader charges and spin densities of soluble and
insoluble Prussian Blue

KFe[Fe(CN)s] Fe4[Fe(CN)g]s
Charge  Spin density =~ Charge  Spin density
FeCq Fe +0.73 0.14 +0.77 0.26
C +1.87 0.02 +1.92 0.02
FeNg Fe +1.95 4.45 +2.05 4.47
N -2.47 0.04 —2.47 0.04
Fe +1.94 441
FCN402 N -2.52 0.05
O -1.94 0.06

electronic changes affecting the iron atom at this site, as
discussed later.

The water molecules filling each cavity are located
uniformly at 2.22 A from the Fe site (Fe—O distance),
which is considerably further away than the cyanide
ligands. This clearly indicates a lower strength of inter-
actions between Fe and water molecules as compared to the
Fe interaction with the cyanide ligand. The optimal
orientation of water molecules is such that the H,O plane
is at 102.7° to the octahedron axis, and the hydrogen atoms
of the molecules at opposite sides of the cavity are pointing
in opposite directions (see Fig. 1b) The oxygen atom is
slightly off-centre with respect to the octahedral axis of the
Fe site. All these structural effects lead to the cavity site
having an inversion symmetry and, in the case of our model
system with ordered cavities, also to C,;, symmetry of the
FeN4O, site. The energy differences between different
arrangements of water molecules (i.e. facing each other,
or pointing in opposite directions) are lower than 0.1 eV,
and one has to conclude that, in finite temperature, the
orientations of the molecules within the cavities will be
randomly distributed.

Charge and spin distribution

Charge and spin density distribution calculated using Bader
charge decomposition method is presented in Table 2. The
table does not contain charges or spin densities for
interstitial potassium cations and hydrogen atoms because
of the negligible valence charge density at the
corresponding sites. Calculated charges in both investigated
forms of PB are in line with their formal Fe2+, Fe*" and
CN  denominations. The total magnetic moment of the
ground state solution per unit cell is in both cases found to
be 20 unpaired electrons, which corresponds to all four Fe®
" sites being in a S,=5/2 high spin state. Small differences
between “soluble” and “insoluble” PB are found mainly at
these high-spin sites. The total atom projected spin density
calculated for the whole high-spin octahedra (FeNg,
FeN,40O,), calculated by adding contributions of the nearest
neighbour ligand atoms, is 4.71+0.02 unpaired electrons
per site in both materials. However, in case of “insoluble”
PB, the spin density is slightly more delocalised to the
ligands resulting in lower calculated spin density on the
Fe’" site itself. The atom projected spin-density in FeCg
octahedra is low in both materials, in agreement with the
diamagnetic nature of Fe*" sites. The spin density at Fe*"
site is not strictly zero, which gives rise to the super-
exchange interactions known to exist in PB analogues
[18, 21].

Electronic structure

As seen in Fig. 2, despite structural similarities described
above, the electronic structure of “insoluble” PB is
remarkably different from its “soluble” counterpart. The
band gap of “insoluble” PB is only 0.6 eV, compared to the
gap of 1.7 eV of the “soluble” form. This water-cavity-
induced change is accompanied by the appearance of

1
Total DOS

I I
Total DOS ——

o= | u f L |
| | b
LAY ;: : E /J\; | :
\
L Le e, i U
1 | | 1 | | 1 | 1 |
—4 273 0 2 4 -4 ] 0 2 4
(a) KFe[Fe(CN),] (b) Fe,[Fe(CN)g]5-6H,0

Fig. 2 Calculated density of states (DOS), and atom projected DOS for a “soluble” and b “insoluble” forms of PB. Fe** to Fe** charge transfer

excitation energies are given in eV for both pictures
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disperse low laying unoccupied bands, instead of the very
narrow bands in “soluble” PB.

The atom projected density of state (DOS) plots reveal
that the FeNg and FeN4O, have very different electronic
properties within the “insoluble” PB. At the same time, the
FeNg and FeCq4 are generally unchanged between different
forms of PB. at the FeN,O;, sites, the d-electrons of the Fe*"
cations do not form a narrow band as in the case of fully
coordinated FeNy sites due to the much lower ligand
strength of the water molecule, as compared to the nitrogen
side of CN . This leads to broader splitting of energies of
unoccupied d-orbitals, and consequently to significant
narrowing of the band gap of the material. Clearly separate,
atom projected, d-bands in Fig. 2 can be identified based on
their relative energies. A closed shell, fully occupied band
formed by t,, orbitals at the FeCg site is located just below
the Fermi level, with the corresponding, strongly antibond-
ing, e, band 4 eV above in both forms of PB. The half
occupied tp, and e, levels of FeNg and FeN4O, sites are
very low in energy, and are located more than 8 eV below
the Fermi level. The unoccupied bands located mainly on
the FeNgy sites show a clear split between t,, (lower in
energy) and e, (higher in energy) levels. The FeNg site of
“insoluble” PB is energetically only slightly different from
its equivalent in “soluble” PB. This difference manifests
itself mainly in a rigid shift of band energies by 0.2 eV. In
“insoluble” PB, the bottom of the unoccupied band
localised on the FeNg site is located 1.9 eV above the
Fermi level within the energy range of dispersed FeN4O,
bands. The equivalent band in “soluble” PB is located at
1.7 eV, and this defines the band gap of the material.

As shown in Fig. 2, the FeNg localised DOS also exhibits
the same narrow two-band nature in both forms of PB.
Therefore, a significant change in band gap between the two
forms of PB is due solely to the electrons localised on
FeN4O, sites. At these sites, the energy levels of Fe*" d-
orbitals are spread in a series of peaks between 0.6 eV and
2.6 eV. These peaks form three separate bands, as both t,,
and e, orbitals undergo splitting due to low symmetry of
FeN,4O, paraoctahedra in “insoluble” PB. Because of this fact,
the “insoluble” form of PB is predicted to have better elec-
tronic conductivity at finite temperatures than its “soluble”
counterpart. At the same time, the main feature of PB—its
deep blue colour, which arises from a wide absorption band
around 1.75 eV—remains unchanged thanks to the accessibil-
ity of the Fe* —Fe®" charge excitation between FeCq and FeNj
sites independently of the exact composition of the material.

Conclusions

In the presented work, it is calculated from first principles
that water-filled cavities existing in the “insoluble” form of

PB induce a drastic change in the electronic structure of this
material. The band gap is lowered by almost threefold, and the
unoccupied bands are much more dispersed than in the case of
a more symmetrical “soluble” PB. This finding is in line with
known experimental data pertaining to the electronic conduc-
tivity of PB at different rates of hydration [14]. The band-gap
lowering is also in line with a previously reported result
obtained from ligand-field theory for a KFe[Co(CN)s] PB
analogue [38]. At the same time, the structural optimisation
and electron density partitioning calculations show that the
structural and electronic properties of sites that are not
directly neighbouring the water-filled cavity remain almost
unchanged between the two forms of PB.

As Fig. 2 clearly shows, the “insoluble” PB can be seen
as a superimposition of the “soluble” PB, with all its
properties mostly unchanged (CT excitation energy, atomic
spin moments and charges), and the hydrated part exhibit-
ing significantly different electronic properties. Starting
from this assertion, one can extrapolate to expect that
properties such as absorption spectra, magnetic couplings
etc. are also equivalent between the two forms of PB, with
the obvious caveat that they are somewhat diluted by the
lowering of the number of available FeCq and FeNy sites.
The water cavities and corresponding paraoctahedral
FeN,4O, sites can be seen as dopants affecting the properties
of PB only indirectly. These results provide a first-
principles theoretical confirmation of the experimentally
known similarities in optical and magnetic properties within
the whole range of PB stoichiometries.
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