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The specific adsorption of alkali ions, Li+, Na+, K+, and Cs+, in electrolyte solutions on Prussian blue (PB) is
investigated by using the three-dimensional (3D) reference interaction site-model (RISM) theory. The
results from 3D-RISM show dramatically different adsorption sites between large ions (K+ and Cs+) and
small ions (Li+ and Na+). The small ions are adsorbed at the channel entrance sites without the water–
ion exchange mechanism. In contrast, the large ions are adsorbed in PB by the water–ion exchange mech-
anism, and the adsorption site of large ions is located at the center of the cage or at the interstitial site.

� 2017 Published by Elsevier B.V.
1. Introduction

Prussian blue (PB) is a famous inorganic dye pigment of dark
blue color, which was the first synthesized pigment. The German
alchemist, Johann Jacob Diesbach, accidentally discovered it in
the early 18th century [1]. PB, also known as ferric hexacyanofer-
rate(II), has a cubic framework and the chemical formula
FeIII4 [FeII(CN)6]3�xH2O. In its crystal, Fe3+ ions form a face-centered
cubic with lattice constant (a) 10.166 Å, and Fe2+ ions are located
at the midpoints of each side of the cube [2–5]. These two kinds of
Fe are linked with cyanide groups in such a way that C atoms coor-
dinate octahedrally with Fe2+, and N atoms with Fe3+ (Fig. 1a). A
defect in the crystal can arise from the vacancy of [FeII(CN)6] and
can create a spherical cavity.[5,6] Fe ions in PB can be replaced by
other bivalent or trivalent transition metal ions, such as Ni, Mn,
Cu, Cd, Zn, and Co, the compounds of which are called PB analogue
(PBA) compounds [7].

In the 200 years since its discovery, PB has been widely used in
many fields of science, such as chemistry, pharmaceutics,
medicine, nanomaterials, and various industrial applications
[8,9]. PB and PBAs have fascinating properties, such as high adsorp-
tion and electrochemical long-cycle life performance, they have
attracted much attention as materials for electrocatalysis, bio sens-
ing, ion sensing, ion storage, and magnetism [9–16]. One of the
most interesting abilities of PB is its excellent adsorption capacity
and high selectivity to the specific alkali ion, especially the radioac-
tive Cs [6]. For this reason, PB has been used as a removal antidote
for poisoning by radioactive Cs and Tl; the usage of PB has been
approved by the U.S. Food and Drug Administration (FDA) as a safe
and effective treatment for internal radioactive contamination
[1,13]. Recently, composites of PB and other nanomaterials, such
as carbon nanotube (CNT) or graphene, have been considered for
development of PB with enhanced properties [9,10].

Experiments show that the ionic selectivity depends on the size
of the ions and that the selectivity sequence is Cs+ > K+ > Na+ > Li+

[17]. On the other hand, Cs+ adsorption rate in PB is extremely
slow; it takes approximately two weeks to complete the adsorp-
tion equilibrium at room temperature. This slow adsorption stems
essentially from the large resistance of PB to intracrystalline diffu-
sion. From the literature review, the intracrystalline diffusion coef-
ficient is approximately at 3.3 � 10–22 m2/s [18]. Moritomo and
Tanaka reported that a change in pH and temperature can also
affect the absorption rate of Cs+ in PB [19]. The adsorption mecha-
nism between PB and cations has been hypothesized as an
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Table 2
Lennard-Jones parameters of solvent species.

Force Field Atoms q (e) r (Å) e (J mol�1)

SPC O �0.82 3.166 650.200
H +0.41 0.400 192.500

OPLS Cl� �1.00 4.416 492.800
Li+ +1.00 2.127 76.479
Na+ +1.00 3.330 11.598
K+ +1.00 4.935 1.372
Cs+ +1.00 6.716 0.339

r (Å)

C
N

g(
r)

(a)

(b)

Fig. 1. (a) Unit lattice of PB (Fe[Fe (CN)6]4�xH2O). Brown spheres represent Fe2+ ions,
and orange stands for Fe3+, gray for C, and blue for N atoms [4]. (b) Electrostatic
Potential Map of Prussian blue in atomic unit. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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ion-exchange process [9,20]. Recently, Ishizaki et al. proposed that
Cs+ ions are adsorbed into PB interstitial sites by simple physical
adsorption [6]. Furthermore, Moritomo and coauthors showed that
the binding positions and alignment of alkali ions depend on the
distortion of the PB lattice [21]. However, the basis for the ion
selectivity and the intercalation mechanism between PB and alkali
ions in equilibrium conditions are still unclear. The understanding
of the ion selectivity in PB can be applied to designing new effec-
tive materials for removal of hazardous radioactive metal from
contaminated water.

In this work, we examine the ion selectivity in PB by
using the statistical mechanics theory of liquids called the
‘three-dimensional (3D) reference interaction site model (RISM).’
Table 1
Lennard-Jones parameters of solute atom.

Atoms r (Å) e (J mol�1)

Fe 2.5943 54.3920
C 3.4309 439.320
N 3.2607 288.696
The theory is based on the site–site Ornstein–Zernike equation
and can be used to determine the distribution of water and ions
in PB. Various thermodynamic properties, such as solvation free
energy or partial molar volume, can be also calculated from the
distribution functions (DFs). The method has been successfully
applied to many problems, such as solvation of biomolecules,
organoclays, or nanoscale materials [22,23]. To understand how
and where ion selectivity occurs, the 3D DFs of electrolyte solu-
tions, LiCl, NaCl, KCl and CsCl, around and inside the PB single lat-
tice were calculated by means of 3D-RISM. We also investigated
the solvation structures around an alkali ion by applying the expli-
cit ions at the most preferable position in PB.
2. Computational method

In 3D-RISM calculation, we considered a subunit of perfect
crystal of PB—i.e., a no-defect crystal—as a solute immersed in
r(Å)

Fig. 2. (a) RDFs between oxygen site of water and all cation species in bulk water (g
(r)) and (b) coordination number (cn) of water around the cations. r denotes the
separation between the cation and solvent water oxygen.
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electrolyte solutions at infinite dilution. The structure of the PB
was taken from X-ray crystallography by Buser et al. The bond
lengths between atoms in Fe2+–C, Fe3+–N, and C–N are 1.923,
2.029, and 1.131 Å, respectively [2]. For clarity, water molecules
that were accompanied by the parent formula in the structure
were removed because we aimed to focus only on the main skele-
ton of PB. To assign the partial charge on the solute sites, the
electrostatic potential (ESP) charges were calculated by the Har-
tree–Fock method using Gaussian 09 Revision B. 01 [24]. The
standard basis set, LANL2DZ, the effective core potential basis
set, was used for the frozen inner core electrons up to the 2p
orbital for all Fe atoms, and the 6-31G(d) basis set was applied
for all C and N atoms [25–28]. The spin configuration of the
mixed valence Fe2+/3+ was omitted because the resultant energy
difference between the high and low spin is not significant [29].
The Lennard-Jones (LJ) parameters of a PB particle were taken
from the unified force field (UFF) [30,31] (see Table 1). For the
solvents, SPC and OPLS parameters were used for water and ions
[32] (Table 2) of aqueous solutions of LiCl, NaCl, KCl and CsCl at
0.1 M. We adopted 0.4 Å and 0.0460 kcal/mol for r and e of the
LJ parameters of H of water, respectively [33,34]. This parameters
Fig. 3. (a) Isosurface plots of 3D-DFs of oxygen of water (gray), Li+ (blue), Na+ (purple), K+

DF of water and implicit ions, Li+, Na+, K+, and Cs+; and (c) illustration of terms of the PB s
interpretation of the references to colour in this figure legend, the reader is referred to
set of solvents give a good agreement of the mean activity coef-
ficient with the experimental results [23]. The temperature and
dielectric constant in the calculations were 298 K and 78.5,
respectively. The solvent–solvent correlation functions of the
electrolyte solutions were obtained by dielectrically consistent
RISM (DRISM) [35,36]. The number of grids in the calculations
was 8192 and the width was 0.02 Å. The PB lattice was placed
into the electrolyte solutions individually, and the 3D-RISM equa-
tion was solved in coupling with the Kovalenko–Hirata closure
equation (KH closure) [37,38]. The condition parameters for 3D-
RISM calculations were performed for 298 K and a dielectric con-
stant of 78.5. The box size in all 3D-RISM calculations was
64 � 64 � 64 Å3 with a spacing of 0.5 Å, which created a
128 � 128 � 128 grid. The potential parameters of explicit ions
are same as the parameters used in implicit ion calculation. The
numerical tolerance for DRISM and 3D-RISM were 1 � 108 and
1 � 106, respectively. For the Gaussian calculation, we employed
SCF = TIGHT option for the iterative SCF calculations. For the
explicit ions calculation, we used water as a solvent for investi-
gating the solvation of ions in PB. Our DRISM and 3D-RISM calcu-
lations were performed by using an in-house software [39].
(green) and Cs+ (red) when g(r) > 3, in and outside of PB; (b) the contour plot of 3D-
ite, where the channel entrance, interstitial site, and contour plane are defined. (For
the web version of this article.)



Fig. 5. (a) Contour plot of 3D-DF of water around PB (white cross-hatch square) and explicit Li+ and Na+ (white circle), (b) RDF of water-explicit Li+ and Na+ at the channel
entrance and at the interstitial site, and (c) illustrate the water configuration of Li+ at channel entrance of PB.

Fig. 4. The wall-eyed stereo view of 3D-DF of Li+ inside the subcube of a unit cell of PB when gx(r) is greater than 2.5. The orange sphere represents the center Fe of the unit
cell.
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3. Results and discussion

3.1. Structure and bulk solutions

The electrostatic potential map of PB was computed by the Har-
tree–Fock method (Fig. 1b). Because of the p-backbonding between
Fe2+ and six cyanide ligands at the center of the unit cell, the octa-
hedral structure of Fe2+(CN)6 at the core-center of the PB produces
a negative electrostatic environment. The negative potential might
be the reason for the selectivity that PB shows for cations over
anions. In contrast, the PB subunit produces a neutral and posi-
tively electrostatic potential on its surface and in the corner of
the unit cell.

To investigate the ion selectivity of PB, we first performed 3D-
RISM to obtain the solvation structure of ions in bulk water for
the comparison of solvation of ions in bulk with those adsorbed
by PB. The radial distribution functions (RDFs) of all cations (oxy-
gen of water) are shown in Fig. 2a. The first maximum positions
of the RDFs corresponding to the first solvation shell were at 2.1,
2.4, 2.9, and 3.3 Å for Li+, Na+, K+, and Cs+ respectively, which are
in good agreement with previous experimental and simulation
results [32,40]. The water coordination number (CN) of an ion
was calculated by integrating the number of water density from
the center of the ion to the first solvation shell,
CN ¼ 4pq
Z b

0
gðrÞr2dr ð1Þ
where q and b are the water density and the radial distance of the
first minimum, respectively. We found that in bulk water, Li+, Na+,
K+, and Cs+ were coordinated by 3.91, 4.39, 5.12, and 6.68 water
molecules, respectively, which fall in the range reported in the liter-
ature [41–43]. It is noted that the first solvation shell and the CN of
the ions are in accordance with the ionic sizes.
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3.2. Water and ions distribution around PB

Fig. 3a illustrate the 3D plots 3D-DF for the oxygen of water, Li+,
Na+, K+, and Cs+ around and inside the PB. The 3D-DF of the solvent
species x, gx(r) > 3 implies that the probability of finding solvent
species x at position r is three times greater than that of bulk
[44]. The contour maps for 3D-DFs of water and ions are given in
Fig. 3b. The position of the contour plane is defined as the plane
passing through the center of the subcube of a unit cell, and paral-
lel to the surface (Fig. 3c). We also define in Fig. 3c the terms ‘chan-
nel entrance’ and ‘interstitial site’ for the following discussion.
Water had the highest distribution peaks at the center of the inter-
stitial sites, and other lower peaks appeared at the front of the
channel entrance (Fig. 3a and b). The number of water molecules
inside the PB lattice was calculated from the RDF of water centered
at the center of the cube (Eq. (1)). We found that there were 7.4
water molecules distributed in the PB lattice, which means that a
water molecule is bound in an interstitial site.

The 3D-DFs of Li+ and Na+ showed similar distribution patterns;
their peaks appeared at an interstitial site and at the channel
Fig. 6. (a) Contour plot of 3D-DF of water around PB (white cross-hatch square) and expl
the front surface, respectively.
entrance (Fig. 3a and b). Furthermore, the highest peaks of these
ions appeared at the channel entrance site, and this indicated that
a small alkali ion, Li+ or Na+, was adsorbed at this position. At an
interstitial site, the distribution peaks were not located at the cen-
ter of the subcube. They were actually aligned on the diagonal
planes (Fig. 4). The distance between the peaks of Li+ and the cen-
tral Fe3+ was closer than that of Na+.

Similar to the distribution of water, the highest peak of 3D-DFs
of K+ and Cs+ was located almost at the center of the subcube, and
another peak appeared at the front of the channel entrance
(Fig. 3b). Moreover, the front channel of the peak position of water,
K+, and Cs+ do not coincide to each other’s. Note that the binding
positions of the smaller and larger ions were located at different
sites. There was no DF peak of small ions at the front channel.
These results indicate the different absorption mechanisms of large
and small ions.

Ions intercalation into PB has been studied by density func-
tional theory (DFT) and X-ray diffraction. The results of these
methods were obtained without solvent environment [45,46]. In
the DFT and experimental studies, the large ions, K+ and Cs+,
icit K+ and Cs+, and (b) RDF of water-explicit K+ and Cs+ at the interstitial site and at
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occupied the center of the interstitial sites, which is in good agree-
ment with our results. For Na+, the DFT study indicated that the ion
is located at the face centers of subcube, which is consistent with
the peak position of Na+ at the entrance channel in our calculation.
Furthermore, the X-ray diffraction results for Na1:32Mn[Fe
(CN)6]0:833�6H2O showed that the ion is located at an off-center
position of the subcube, in the diagonal line between Fe and Mn.
The peak positions of Na+ in the interstitial site in our calculation
were also at an off-center position and close to Fe at the center
of the single unit cell (Fig. 3b). The position of Li+ obtained from
the DFT calculation was located at the site between the center of
the subcube and the face center; however, our results indicated
that the adsorption site of Li+ is at the channel entrance or the face
center of the subcube (Fig. 3a and b).

3.3. Explicit ions and intercalation mechanism

To elucidate the selective ion adsorption mechanism, we per-
formed calculations with the PB and an explicit ion immersed in
pure water. The 3D-DFs of the water molecules were calculated
by placing the ion explicitly at the peak positions of its DF in the
implicit model and examined the solvated structure of the explicit
ion.

3.3.1. Solvated structure of explicit Li+ and Na+

To consider the water coordination of ions placed at the channel
entrance or at an adsorption site, we calculated the 3D-DF of water
in a system of PB with the explicit ion. The contour plot of the 3D-
DF of water in the contour plane that was defined as Fig. 3c is
shown in Fig. 5a. As can be observed, the explicit ions, Li+ and
Na+, are coordinated by water in the interstitial site and at the front
channel entrance. The RDF of water with respect to the explicit ion
was calculated by angular averaging of the 3D-DF (Fig. 5b). The
results show that the explicit ions, Li+ and Na+, were coordinated
by almost two water molecules when the explicit ions were placed
at the entrance channel. The number of water molecules in the PB
cube was 7.3 for Li+ and 7.0 for Na+, whereas the number of water
molecules in the PB cube without an explicit ion was 7.4. This
means that the explicit ion is stabilized by one of the water mole-
cules in the interstitial site and the other one in the front of the
channel entrance (Fig. 5c). The complex of four cyanides and the
ion, Li+ or Na+, is formed with two water molecules. This is similar
to what we found in the case of Li+ and water forming at the bind-
ing site of the selectivity filter of the K channel [44].

For the interstitial site, we placed the ions at the highest peak
position of the 3D-DF for ions and performed the 3D-RISM calcula-
tion to evaluate the solvation structure. The cn of the explicit Li+

and Na+ placed at the interstitial site was 0.94 and 0.53, respec-
tively. The results indicate that the ions in the site were partially
dehydrated with only one water molecule remaining. This result
is similar to the experimental studies of Rassat and Bácskai, who
found that there is no ion and water exchange when the small ions,
Li+ or Na+, are adsorbed and diffuse through the PB [20,47].

3.3.2. Solvated structure of explicit K+ and Cs+

As mentioned above, the adsorption sites of K+ and Cs+ were
quite different from those of the smaller ions, Li+ and Na+. The
adsorption site of the larger ions, K+ and Cs+, were located at the
interstitial site, whereas those of the smaller ions were located at
the channel entrance site. We placed an explicit ion, K+ and Cs+,
at the front channel entrance site, which was the highest distribu-
tion position of the ion, and at the interstitial site, which is the
adsorption site. The results of the 3D-DF and RDF of water around
the explicit ions are shown in Fig. 6. When the explicit ions were
placed at the interstitial site or the adsorption site, there was no
water distribution at that site. This indicated that PB adsorbed
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the fully dehydrated K+ and Cs+. The number of water molecules in
the PB when K+ or Cs+ was adsorbed was 6.4. Then the water mole-
cule at the interstitial site was removed when the adsorption ion
occupied the site, which is consistent with the suggestion from
the experiment with the water–ion exchange. Furthermore, Fig. 6
also shows the partially dehydrated structure of the explicit ions
at the front channel entrance. The number of water molecules
inside the PB that formed a complex with the explicit ion was
7.4 for both K+ and Cs+. Therefore, no water–ion exchange mecha-
nism occurred in this state.
4. Conclusion

We have studied the adsorption of alkali ions on the PB unit cell
using statistical mechanics of liquids called 3D-RISM. The results of
3D-DFs demonstrated that the large (K+ and Cs+) and small (Li+ and
Na+) alkali ions are adsorbed at different sites through different
mechanisms. The channel entrance is a specific binding site for
the small ions, Li+ and Na+. At the adsorption site, two water mole-
cules are bound to the small ion, where one water molecule is at
the interstitial site and the other is at the front channel entrance.
When the small ion penetrates into the PB, the water still stays
inside the PB particle. There is no water–ion exchange during the
adsorption or diffusion of small ions through PB. In contrast,
the adsorbed large ions, K+ and Cs+, are bound to the center of
the interstitial site with a fully dehydrated structure. For a large
ion to adsorb into PB, one of the water molecules at the interstitial
site must be removed. This result reinforces the experimental
suggestion regarding the water–ion exchange mechanism of ion
adsorption in PB.

In the present work, we have proposed the mechanism of the
ion-size dependence on the ion-binding by PB. This mechanism is
probably applicable also to the cage-size dependence on the ion
binding by PB and PBA [39]. Therefore, we expect that the method
used here will be useful for the high efficient ion-binding molecu-
lar design.
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