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Abstract 

Proton conductivity behavior was studied in a family of hexacyanocobaltates with divalent 

transition metals (II), HCCMs. The HCCMs, with molecular formula M3[Co (CN)6]2∙xH2O 

(where M = Ni, Co, Fe, Mn and Cd), had cubic crystal structures and similar cell parameters. 

The number of water molecules per formula unit (x) present in each HCCMs was determined 

from thermogravimetric analysis data. Differences in conductivity values were evaluated by 

running dielectric impedance experiments. The values of the permittivity and conductivity 

real and imaginary parts were obtained for each material. The actual conductivity part was 

analyzed as a temperature and frequency function. Mobilities, diffusivities, and ion charge 

densities were derived from the electrode polarization model that appropriately fits the loss 

tangent curves. The measurement conditions for all the samples were relative humidity of 

99% and temperature ranging from 25 to 105 °C. The conductivity values obtained for the 

HCCMs varied from 10-4 to 10-2 S cm-1. At low temperatures, proton conductivity values for 

the nickel hexacyanocobaltate (HCCNi) stood out (from 10 -3 and 10-2 S cm-1, at 25 and 45 

°C, respectively), followed by Fe, Cd, Co and Mn. In addition to the results stated above, 

activation energies were determined using the Arrhenius model, where the obtained values 

were below 21.1 kJ/mol. The proton transport activation energies suggest that the transport 

through the HCCM porous framework was achieved by the Grotthus mechanism. The 

diffusivity in the porous framework increased with temperature for all the samples except for 

HCCNi, following the trend DHCCFe > DHCCMn> DHCCCo> DHCCCd. The variability observed 

between the samples could be related to the ion-binding energies (Eb). These results indicate 
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that hexacyanocobaltates can be useful as mixed matrix membrane (MMM) fillers, providing 

excellent conductivity and diffusivity when the medium contains a sufficient amount of ionic 

components depending on the involved transition metal.   

Keywords: Prussian blue analogs, hexacyanocobaltates, conductivity, diffusivity, electrode 

polarization, polarizability and ionic conduction. 

1. Introduction 

Hexacyanocobaltates with divalent transition metals, belong to an interesting family of 

porous coordination polymers that has been the subject matter of studies focused on gas 

separation and storage [1], catalysis [2], molecular magnets [3] and charge-transport [4,5]. 

The series of Prussian blue analogs featured in the present research work is formed by the 

assembling of the hexacyanocobaltate (III) ion, [Co(CN)6]3- and a divalent metal (M), M = 

Ni, Co, Fe, Mn, and Cd, resulting in extended 3D solids with M3[Co(CN)6]2∙xH2O as formula 

unit.  As for the valence of the involved metals, in the resulting coordination polymer, 1/3 of 

the structural positions of the octahedral building block remains vacant, generating a system 

of cavities with diameters of about 0.85 nm that are communicated by cylindrical tunnels 

with diameters of 0.45 nm and related to the N ligand length [6]. On the surface of a given 

cavity, six M metals with an unsaturated coordination sphere are found. In the as-synthesized 

solids, these coordination positions are occupied by water molecules, which stabilize 

additional water molecules through hydrogen bonding interactions until filling the cavity 

volume. These metal centers at the cavity surface behave as Lewis acid sites, which 

determine the proton conduction properties of this series of porous solids [6,7]. In this sense, 

Figure 1 illustrates the porous framework and network of hydrogen bound water molecules. 

Both coordinated and hydrogen bound water molecules can be removed by soft heating 

without disrupting the solid framework. This fact explains the potential application of this 

type of materials for gas separation and storage [1]. This study supports the hypothesis that 

the formed network of zeolitic and coordinated water molecules and the Lewis acid character 

of the metal centers found at the cavity surface are appropriate structural features to make 

possible the proton conduction through the porous framework. Such behavior, would be 

enhanced when within the tunnels weakly bound water molecules were also located. The 

latter is possible if the experiment is carried out under high relative humidity. This type of 
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assisted proton mobility in the interior of coordination polymers was already reported by our 

research group using tetrabutylammonium hydroxide (guest molecules) to favor a 

hydrophilic environment within the cavity of Zeolitic Imidazolate Frameworks analogous to 

ZIF-8 [8]. Similar facilitated proton mobility, i.e., Grotthus mechanism, was described for 

hexacyanochromates with molecular formula MA
II[CrIII(CN)6]2/3·zH2O (where MA = V, Co) 

[5]. In the present research, the study of the hexacyanocobaltate family (HCCMs) is aimed 

at establishing the proton conductivity within isostructural porous materials while showing 

how this behavior is associated with the nature of the electric field exerted by the assembling 

cation, which influences the hydrogen network stability. 

In this contribution, the proton conductivity in the HCCM family is reported without 

including ion pairs in the framework, as reported for ZIF materials. [7] In addition, moderate 

measurement conditions were used: temperatures from 25 to 105 ° C and relative humidity 

of 99%. In this sense, it is worth mentioning that this is the first study on proton conductivity 

in a family of divalent transition metal hexacyanocobaltate materials. Finally, based on the 

electrode polarization (EP) model, mobility, diffusivity and ionic charge density were 

calculated by modifying the analysis represented by a single Debye relaxation performed in 

the work by Klein and co-workers.[9] The modification featured in the present work is 

essentially related to the frequency dependence of complex permittivity, which on this work 

was expressed in terms of a Cole-Cole function. 

 

Figure 1. Framework of the M3[Co(CN)6]2⋅xH2O series for the members that crystallize 

within a Fm-3m space group (random vacancy distribution). Indicated are the coordinated 

and hydrogen bonded water molecules. Neighboring cavities remain communicated by a 

network of sambal tunnels formed by the finite –CN– bond length.  

 

2. Experimental 

2.1. Chemical reagents 

Potassium hexacyanocobaltate (III) (≥97%), iron (II) sulfate heptahydrate, cobalt (II) sulfate 

heptahydrate, nickel (II) sulfate heptahydrate, manganese (II) sulfate heptahydrate and 

cadmium (II) sulfate hydrate were analytical grade purchased from Sigma Aldrich and used 

as received. 
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2.2. Synthesis of metal hexacyanocobaltates 

Divalent transition metal hexacyanocobaltates(III), with formula M3[Co(CN)6]2∙xH2O 

(where M = Ni, Co, Fe, Mn, and Cd), were synthesized at room temperature using the 

procedure described in previously reported works[10]. Briefly: an aqueous solution of 

potassium hexacyanocobaltate (III) (0.01 M) was poured into dissolutions of the sulfates of 

the involved metals. The solutions were stirred magnetically and allowed to stand for a whole 

week. Subsequently, the resulting products were washed and centrifuged. The pasty solids 

were allowed to dry at room temperature until constant weight to obtain a powder. 

2.3. X-Ray Diffraction 

The XRD powder patterns were collected using a D8-ADVANCE diffractometer (Bruker) in 

reflectance Bragg-Brentano geometry employing Ni-filtered and CuKα radiation (λ= 1.54187 

A˚). These patterns were preliminarily evaluated using the DicVol program. [11] From the 

reported structural models, the structure corresponding to these powders was refined using 

the Rietveld method, implemented in the FullProf program. [11] 

2.4. Thermogravimetric analysis 

A thermogravimetric analyzer from TA Instruments (model 2950) was used for registering 

thermogravimetric curves for the materials under study. The analysis temperature interval 

ranged from 25 to 500 °C with a heating rate of 5 °C/min. The experiments were carried out 

under nitrogen atmosphere using a flux of 60 mL/min. Before starting the thermogravimetric 

analysis, all the samples were placed in a saturation chamber at 30 °C for a week. 

2.5. Impedance spectroscopy measurements. 

Impedance spectroscopy measurements were carried out on the HCCM family (HCCNi, 

HCCCo, HCCFe, HCCMn and HCCCd). The collection of data was made in the 25 - 105°C 

temperature interval and within the frequency window of 10-1< f <3x107 Hz at the indicated 

humidity level in order to obtain the conductivity and diffusivity of the ionic charge carriers. 

The experiments were performed with amplitude of 100 mV using a Novocontrol broadband 

dielectric spectrometer (Hundsangen, Germany) integrated with an SR 830 lock-in amplifier 

with an Alpha dielectric interface. Sample montage and other measurement details are 

described in the Supporting Information. 



5 
 

3. Results and Discussion 

3.1. Structural characterization 
According to the results obtained from a Rietveld refinement, the solids under study 

crystallize with a cubic unit cell, in the Fm-3m space group (and Pm3m, only HCCFe), which 

is in total agreement with a previously reported crystallographic characterization.[10,12–14] 

The indexed patterns are available from Figure 1S-a (Supplementary Information). The 

experimental and fitted patterns and their difference, according to the Rietveld refinement, 

are shown from Figure 1S-c to 1S-g for all the samples under study (See supporting 

information). 

3.2. Thermogravimetric analysis 

Figure 2 shows the thermogravimetric curves (bottom) for the HCCNi, HCCCo and HCCFe 

samples with their corresponding derivative (top). In general, the HCCM thermograms show 

similar behavior: overall, a first loss in two steps before 150 °C, related to the evolution of 

both coordinated and zeolitic water molecules and later to the decomposition of the 

cyanometallate lattice at a temperature of c.a. 270 °C. The hydration degree of the samples, 

x (water molecules per formula unit), followed the order: HCCNi =17 H2O > HCCCo = 14 

H2O > HCCCd =13 H2O > HCCMn = 12 H2O > HCCFe =11 H2O, which represents ca. 30% 

of the total sample weight in terms of their formula unit. Water content has been related to 

the polarizing power of the metal center since it determines the attractive force between the 

metal and its coordinated water molecules. In turn, when the coordinated water molecule 

electron cloud is highly polarized, it leads to a stronger hydrogen bonding interaction with 

the zeolitic ones, resulting in the formation of a more stable network of weakly bound water 

molecules within the cavity. This fact explains the dependence of the hydration degree on 

the metal (M).[10]  

Another straight consequence of the metal polarizing power effect becomes evident through 

the temperature at which the water molecules evacuate the porous structure, which is 

associated with the H2O-H2O and H2O-framework binding energies. In Figure 2, the 

derivative curve (d (wt.%) / dT) details the behavior of water molecules inside the solid 

cavities. In the weight loss below 150 ° C, the first step correlates with the removal of zeolitic 

water molecules, and the second one with the evacuation of strongly bound water molecules. 

As it can be seen, at low temperatures (below 90 ° C, approximately), there is a distinctive 
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metal effect for each composition, where the departure of zeolitic water molecules is sensed 

indirectly by means of the slope and ending point. The induced effect of the metal polarizing 

power on the stability of the weakly bound water molecules is clearly distinguished from the 

amount of zeolitic water molecules found within the cavity and the temperature required for 

their removal. In the Supporting Information, Figure 2S displays an amplified view of the 

low temperature region in the TGA and DTG curves. Accordingly, the number of slightly 

bound water molecules is in HCCNi = 7, in HCCFe = 4, in HCCCo = 2, in HCCCd = 2, and 

in HCCMn = 1. Once these molecules left the framework, the evacuation of strongly bound 

molecules started: 11 for Cd, Co and Mn; 10 for Ni and 7 for Fe containing compositions. It 

is noticeable that within this series of compounds, the lowest number of coordinated water 

molecules per formula unit and the highest temperature for zeolitic water elimination 

correspond to iron. Such unique feature within the series could be related to the existence of 

two non-equivalent structural sites for the iron atom in the framework associated with a non-

random vacancy distribution, as assessed by means of Mössbauer spectroscopy [11]. These 

results suggest that for HCCMs there are factors other than free volume and polarizing power 

that play a certain role in the amount of water that each composition holds, making it very 

interesting to determine their conductive behavior. [15] 

 
Figure 2. Thermogram (down) and derivative (upper) of the HCCM samples. 

 

3.3. Impedance spectroscopy 
Impedance spectroscopy measurements were carried out on the porous frameworks of 

divalent transition metal hexacyanocobaltates (III), HCCMs, in the temperatures range 

between 25 to 105ºC, in order to obtain the conductivity and diffusivity of ionic charge 

carriers. Both are the most important parameters to characterize and estimate the ionic 

transport. All the measurements have been done in wet conditions on hydrated samples of 

HCCMs. The experimental data obtained from the powder samples were analyzed in terms 

of the complex dielectric permittivity function, ɛ*(ω,T), and the complex conductivity 

σ*(ω,T) = j ω ɛ0 ɛ *(ω,T), where j is the imaginary unity, ɛ0 is the vacuum permittivity and 

ω the angular frequency of the applied electric field (ω=2πf). From the dielectric 

measurements, the dc-conductivity (σdc) can be obtained using three different procedures: 1) 

from the relationship between the complex dielectric permittivity (ɛ*) and complex 
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conductivity; [16] 2) another method to determine the dc-conductivity is by means of the 

Nyquist diagrams, where the imaginary part is plotted versus the real part of impedance ( -

Z” vs Z’);[17] and 3) the third method to obtain the dc-conductivity is from the Bode 

diagram.[18,19]. In this work, the conductivities (σdc) were obtained from the Bode diagrams 

in the temperature interval ranging from 25 to 105ºC.  

Figure 3 shows the Bode diagram for the real part of the conductivity of the samples: HCCNi, 

HCCCo, HCCFe, HCCMn and HCCCd from a) to e), respectively. Notice that in this plot, 

the phase angle was also plotted to probe that where the phase angle tends to zero, then the 

real part of the conductivity is independent of the frequency as is shown by the plateau. This 

figure reveals that the real part of the conductivity increases with the frequency and tends to 

a constant value when the phase angle, φ, reaches a maximum tending to zero for each 

temperature. The change in dc-conductivity (σdc) of the different HCCMs at different 

temperatures is observed and can be extracted from the plateau in the high frequency range. 

Furthermore, the frequency value where the plateau is reached is shifted to higher frequencies 

by increasing the temperature as a consequence of the thermal activation of proton transport. 

For example, at 25°C and 99% RH, the dc-conductivity values followed the trend: σ HCCNi 

(6.87 x10-3 S cm-1) > σ HCCFe (2.92 x10-3 S cm-1) > σ HCCCo (0.31 x10-3 S cm-1) > σ HCCCd 

(0.1x10-3 S cm-1) > σ HCCMn (0.02 x10-3 S cm-1).  Note that the conductivity values obtained 

at that temperature show a trend that is similar to that displayed by the values of quantity of 

zeolitic water molecules described before in the thermogravimetric analysis. The parallelism 

in both trends points out that the participation of guest molecules (in this case zeolitic water) 

is an important factor in the charge transport in HCCMs. The proton conductivity in HCCMs 

at 25°C is mainly given by hydrogen bridges stemming from zeolitic water molecules that 

build a system of interconnected channels inside the framework. The low activation energies, 

(discussed further) characteristic of the Grotthus mechanism, support this assumption that 

the proton jumps through hydrogen bridges (usually from water molecules). [20–22] 

Another factor that can participate in the charge transport in HCCMs is the coordination 

environment of metal cations. [12,13] Although HCCFe has a crystalline structure that is 

similar to that of its analogs [10], it is the only one in the HCCMs family that crystallizes in 

the Pm3m space group, in which the iron atom can be found in two different coordination 
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environments: Fe(NC)5(H2O) and Fe(NC)2(H2O)4. [12] In Table 1S in the Supporting 

Information, it is worth noting that the dc-conductivity value for HCCFe at room temperature 

is higher than that of its analogs (except for HCCNi, which has the highest number of zeolitic 

guests); and with increasing temperature, the conductivity values for HCCFe increase and 

remain being the highest. Each iron cation in both non-equivalent structural sites can favor 

the transport of protons slightly differently through the lattice.[5] The observed unique 

behavior for Ni was ascribed to the strong Lewis acid character for the Ni(2+) ion.  

Returning to the Bode diagram (Figure 3), for all the HCCMs, the real part of the conductivity 

increases with the temperature, keeping the same trend. Only in the case of HCCNi, the 

conductivity reaches a limit value at 65°C and shows decreased conductivity at higher 

temperatures. Nonetheless, this limit value is exceptionally high: 1.07x10-2 S cm-1, an order 

of magnitude higher than that of its analogs (conductivity in the order of x10-3 S cm-1). Such 

a high conductivity value deserves a detailed analysis.  

Precisely, at 65°C ends the removal of the weakly bound water molecules in HCCNi (Figure 

2) and represents the last temperature point before the hydrogen bridges disappear. From this 

mild thermal energy, higher temperatures seem to be transformed into kinetic energy that 

prevents the stabilization of a water network, i.e. the presence of high relative humidity (99%) 

does not compensate the lack of hydrogen bridges among guest molecules. This observation 

confirms the need of interconnected channels, through the system of the mentioned tunnels 

(Figure 1), to achieve the conductive behavior in HCCMs and also highlights the remarkable 

heterogeneous character on the surface of the HCCNi cavities, [10] which above 65°C lost 

41% of water content (See Figure 1S-b). Presumably, the remaining ten highly polarized 

associated water molecules form a tightly bound cluster with reduced dimension in 

comparison with the cluster formed by the eleven water molecules within HCCCo, HCCCd 

and HCCMn cavities. Table 1S in the Supporting Information summarizes the dc-

conductivity values in the temperature interval ranging from 25 to 105 °C. The deviation 

from the plateau is attributed to the electrode polarization resistance, which results from 

blocking the charge carriers at the electrodes. 

Another particular case is that of the HCCMn bode diagram (see Figure 3-d), where in the 

real-low frequency region (10–1000 Hz) and real part of the conductivity, a second plateau 

was observed, where the phase angle also reached a less pronounced second maximum. It is 
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suggested that the low conductivities associated with the second plateau (4.8 x10-4 and 5.3 

x10-4 S cm-1 at 95 and 105 ° C, respectively) are attributed to the formation of new conduction 

pathways as a consequence of the loss of water molecules in the HCCMn framework. An 

example of the points stated above is reflected in the decrease in the ionic charge density 

from 3 x 1021 to 1.77 x 1021 cm-3 and the charge mobility increase from 3.12 to 9.88 m2 V-1 

s-1 at 95 and 105 ° C, respectively. Table 2S in the Supporting Information presents the values 

of ionic charge density and charge mobility for HCCMs at different temperatures. 

Figure 3-f shows that conductivity in HCCMs follows an Arrhenius behavior, where a linear 

trend can be described by a single slope through the temperature interval. The thermal 

activation energy was obtained from the slope of the straight lines shown in each sample. 

The obtained values displayed the following behavior: Eact (HCCCo) = 20.1±0.9 kJ/mol or 

0.21±0.09 eV > Eact (HCCFe) = 16.5±0.7 kJ/mol or 0.17±0.007 eV > Eact (HCCNi) = 

16.1±1.1 kJ/mol or 0.16±0.01 eV > Eact (HCCMn) = 13.6±0.5 kJ/mol or 0.14±0.005 eV > 

Eact (HCCCd) = 12.8±0.5 kJ/mol or 0.13±0.005 eV, considering the whole temperature 

interval. These low activation energy values are in agreement with the observed excellent ion 

mobility. For example: Xia Wang and co-workers [23] reported superprotonic conduction 

through one-dimensional ordered alkali metal ion chains in a lanthanide-organic framework 

with conductivities in the order of 10-2 S cm-1 (at 90 ° C and 90% RH) and ultra-low activation 

energies of 0.1 eV. 

In the light of these results, porous solids of divalent transition metal hexacyanocobaltates 

with interconnected porous framework may be used as proton conductor materials. 

 

Figure 3. Bode diagrams of the samples: a) HCCNi, b) HCCCo, c) HCCFe, d) HCCMn, e) 

HCCCd and f) Arrhenius plot for the conductivity of the HCCMs shown in plots a, b, c, d 

and e. 

Figure 4 shows the normalized results with respect to the dc-conductivity (σdc) and cut-off 

frequency (fc). A close inspection of this figure shows that a remarkable coincidence plot was 

obtained for each sample throughout the studied temperature interval. However, a 

comparison between the HCCMs allowed to observe that for the HCCCo and HCCFe 

samples, the recorded isotherms superposed rather well over the reference isotherm, showing 

that the master curve extends over roughly ten decades. This indicates that charge transport 
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(protons) is independent of temperature and the assembling cation (Fe or Co) will only affect 

the mobility and ionic charge density concentration, which implies the existence of a single 

charge transport mechanism. HCCNi, HCCMn and HCCCd displayed similar behavior, 

although in such samples, there is a tail indicating that the electrode polarization (EP) has 

strong temperature dependence in these other samples. The EP is completed at the frequency 

where the scaling function is not reached, approximately for 4 decades; from 10-8 to 10-4, 

such dependence starts when the ratio σ/σdc<1. This result has shown that scaling ansatz, [24] 

is perfectly applicable to such systems, suggesting the existence of an identical thermal 

activation of charge transport and electrode polarization. 

 

Figure 4. Scaling conductivity curves through the whole temperature interval for the 
HCCNi, HCCCo, HCCFe, HCCMn and HCCCd samples. 

In the experimental assembly, a sample is sandwiched between two circular metallic gold 

plates with diameter of 10 mm, completely blocking the electrodes. Owing to an EP 

phenomenon, a suitable analysis should be carried out. Although different EP models have 

been established to determine the mobility and ionic concentration of charge carriers using 

impedance spectroscopy measurements, the modified method by Klein and co-workers [9] 

will be followed in this work. It is based on the Coelho model, [25] where the frequency 

dependence of complex permittivity is expressed in terms of a Cole-Cole function as 

*( )
1 ( )

EP

EPj α

εε ω ε
ωτ∞

∆
= +

+
    (1) 

Where EP EPε ε ε∞∆ = − , being EPε  is the dielectric constant when the EP is completely built up 

and ε∞  is the static dielectric constant of the sample. The τEP quantity is the macroscopic EP 

relaxation time, and it is the time that an ion takes to travel from one electrode to the other 

through the sample. The exponent α indicates the cumulative process in the system as a 

consequence of the interactions among charge carriers. If α <<1, the interactions are strong, 

and if α ≤1, the interactions can be considered without influence on the transport process. 

Finally, j is the imaginary unity ( 1−=j ).  

From Eq. (1), the loss tan δ= 𝜀𝜀′′/ 𝜀𝜀′ can be obtained as:  
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( )2

( ) sin
2tan

1 2( ) cos
2

EP

EP
EP M

α

α
α

παωτ
δ

ωτπαωτ

 
 
 =

 + + 
 

    (2) 

with / /EP EPM ε ε ε ε∞ ∞= ∆ ≅ . If α=1, then Eq. (2) is reduced to the Coelho model, where the EP 

behavior is represented by a single Debye relaxation, and the expression given in reference 

[9] for tan δ is recovered:       

( )2
( )tan

1

EP

EP

M

ωτδ
ωτ

=

+

      (3) 

The quantity M is also expressed as M=L/2LD, where L is the sample thickness (i.e. electrode 

separation when the sample is sandwiched to take the measurements), and LD is the Debye 

length defined as 
nq
kTL S

D 2
0εε

= , where k is the Boltzmann constant, T the absolute 

temperature, q is the ion charge and n the mobile charge density. 

Figure 3S shows the tan δ plots as a frequency function for the series of HCCM materials. In 

all the cases, a maximum (tan δMax) can be observed in each curve, which in turn, moves at 

high frequencies as the temperature increases. The values of the cutoff frequency, fc, 

frequency that relates the parameters of tan δMax and frequency with the plateau of the real 

part of the conductivity in the Bode diagrams (Figure 3) are shown in Table 1S. It should be 

mentioned that although the determination of the dc-conductivity from the relationship 

between tan δMax and the plateau of the real part of conductivity is one of the most widely 

used methods, it has certain limitations since it is a graphical method. On the other hand, the 

adjustment of tan δ with models such as Cole-Cole and Debye provide greater certainty in 

obtaining useful parameters for the determination of the dc-conductivity, mobility, diffusion 

coefficients and free charge density, among others. 

Eq. (2) has been used to fit the tan δ experimental data to provide the estimation of the M, 

τEP and α parameters. In Tables 1a and 1b, we shown the values of these parameters, which 

were calculated using the Cole-Cole and Debye models, respectively, for three temperatures 

25, 65 and 105°C, respectively. 
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In Figure 5, the fitting of Tan δ as a function of the frequency for the HCCCo, HCCFe, 
HCCMn and HCCCd materials at 65 ºC can be seen. 

Table 1a. Parameters M, τEP and α of Eq. (2) using the Cole-Cole model for some 
temperatures, from fitting the experimental data of tan δ. 

Sample T=25°C T=65°C T=105°C 
 M τEP x105 

/s 
α M τEP x105 

/s 
α M τEP x105 

/s 
α 

HCCNi 10642 1.94 0.90 11000 2.1 0.90 2500 0.50 0.92 
HCCCo 3800 26.00 0.93 3100 5.5 0.96 2000 1.80 1 
HCCFe 1550 2.50 0.83 1400 1.0 0.81 700 0.90 0.75 
HCCMn 748 12.70 0.82 405 9.5 0.76 165 1.70 0.75 
HCCCd 3600 37.50 0.90 8200 2.6 0.98 13900 0.31 1 

 

Table 1b. Parameters M and τEP for the Debye model, which was obtained from considering 
α=1 in Eq. (6) for some temperatures, from fitting the experimental data for tan δ. 

Sample T=25°C T=65°C T=105°C 
 M τEP x105  

/s 
α M τEP x105 

/s 
α M τEP x105 

/s 
α 

HCCNi 31200 1.80 1 550000 2.00 1 - - 1 
HCCCo 6500 23.00 1 4620 0.93 1 4360 0.38 1 
HCCFe 8000 1.70 1 8200 0.90 1 7500 0.65 1 
HCCMn 3250 9.60 1 410 9.30 1 990 0.90 1 
HCCCd 9100 32.40 1 9300 2.50 1 13900 0.31 1 

 
 
A close inspection of Table 1 shows that the relaxation time τEP and the parameter M depend 

on the temperature. In general, both parameters diminish with temperature increments. 

Therefore, for all the samples and temperatures, the values of the M parameter using the 

Cole-Cole model are lower than those obtained with the Debye model while for τEP, the 

opposite happens. 

 
Figure 5. Tan δ as a function of the frequency at 65 ºC for HCCCo, HCCCd, HCCMn and 

HCCFe. The solid lines indicate the convolution of Eq. (2) at the peak of tan δ at higher 

frequencies. 

The curves shown in Figure 5 display peaks corresponding to the maxima in Tan δ (Eq. (2)) 

and are associated with the plateau of the real part of the conductivity observed in the Bode 
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diagrams displayed in Figure 3. According to such figures, the conduction peaks in Tan δ are 

reached at:       

EP

M
τ

ω
αδ 2
1

tan
max =       (6) 

and their corresponding frequency values are related to the parameters M, τEP and α through 

Eq. (6), where τEP is the relaxation time when the electrode polarization is completely built 

up, and it is associated with the dc-conductivity and permittivity at EP by Eq. (7) [9,26,27]:

       

dc

EP
EP σ

εε
τ 0=        (7) 

The parameters τEP and εEP are related to M trough the expressions ττ MEP =  and SEP Mεε =

, where τ is the dielectric relaxation time and εs is the static permittivity of the material. By 

taking into account Eq. (6), the following equation is obtained:  

     
1

2
EP mM ατ τ=        (8) 

And the total relaxation time of the sample, τ, will be ascribed to τEP and τm through Eq. (9):

      

2

1
2

m m

EP M α

τ ττ
τ

= =       (9) 

3.3.1. Mobility, diffusivity and free charge density 
The ionic charge density and ion mobility were obtained from measurements of Tan 𝛿𝛿. 

Considering that cation and anion have approximately the same mobility, μ, and neglecting 

ion-ion interactions, the conductivity, σdc ,can be expressed in terms of n and μ as[17,27–29]: 

µσ nqdc =       (10) 

where n is the total ion concentration, q is the elementary charge and μ is the ionic mobility. 

Using the equations of EPτ  and EPε  in terms of M together with Eqs. (7-10), the mobility is 

determined as:        
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kTM
qL

EPτ
µ

4

2
=      (11) 

and then, by taking into account the Einstein ratio for ion diffusivity together with Eqs. (6-

11), the diffusion coefficient is calculated as:      

EPM
LD
τ4

2
=       (12) 

Other expressions can be obtained considering Eq.(9). By means of this expression, the 

following are also obtained:        

2

3/24 m

LD
M τ

=       (13) 

and        

2

24
LD
M τ

=       (14) 

Whatever of Eqs. (12-14) allows to determine the ion diffusivity in terms of parameters M, 
EPτ , mτ ,τ and L. 

Finally, the ionic charge density was obtained from conductivity and diffusivity values as: 

     
2Dq

kTn dcσ
=       (15) 

The diffusivity values (D) obtained using Eq. (13) are shown in Figure 6-a as a function of 

the temperature. From this figure, a diffusivity effect similar to the one observed in 

conductivity, except for the HCCNi sample (see Arrhenius plot in Figure 6-a), is appreciated 

independently of the model used to calculate the diffusivities. Notice that the HCCNi sample 

presents a behavior pattern that is opposite to the one displayed by the other samples. In 

general, diffusivity increases with temperature increments, except for the HCCNi sample, 

where a decrease is observed at least at the temperatures between 25 and 35ºC. 

Figure 6. Arrhenius diagram for a) diffusion coefficient and b) charge mobility obtained 
from the Cole-Cole model. 
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A close inspection of the variation of the values represented in the activation plot in Figure 

6-a suggests that excellent ion diffusivity can be obtained with the studied HCCMs. The 

diffusivity rises as the temperature increases for all the samples, except for HCCNi, following 

the trend DHCCFe > D HCCMn> D HCCCo> D HCCCd. The variability observed with temperature 

among the samples could be related to the ion binding energies (Eb). Following Eisemberg, 

[30] the energy necessary to separate contact ion pairs on the samples was calculated using 

Eq. (16):     

𝐸𝐸𝑏𝑏 = −𝑞𝑞2

4𝜋𝜋𝜀𝜀∞𝜀𝜀0𝑟𝑟
      (16) 

where r represents the separation between centers of contact ions. Supposing that the ionic 

radio is compressed between 3 and 4 Å, the binding energy is dependent on static 

permittivity. Table 1S in the Supporting Information shows the theoretical and experimental 

values of the static permittivity, εs, obtained for each sample.  

A close inspection of these values shows that the binding energy will vary with temperature. 

For example, for the HCCCo sample, this value varies from 4.76 to 5.5 kJ/mol (from 25 to 

105ºC, respectively). For HCCCd, the variation was from 9.63 to 10.70 kJ/mol. In the case 

of HCCMn, it results from 10.7 to 7.1 kJ/mol. The values changed from 8.4 to 3.4 kJ/mol for 

HCCFe, and from 9.6 to 14 kJ/mol for the HCCNi sample. From such results, it can be 

concluded that for the HCCCo, HCCCd and HCCNi samples, the binding energies increase 

with temperature increments and the opposite happens with the HCCMn and HCCFe 

samples, respectively. From the calculated values for binding energy, the stabilization energy 

Es can be calculated using the values obtained for the activation energy by means of Es= Ea-

Eb. [9] The values resulting from varying the temperature are in agreement with the ion pair 

binding energy between 15.3 and 14.5 kJ/mol for HCCCo, 3.2-2.1 kJ/mol for HCCCd, 3-6.5 

kJ/mol for HCCMn, 8.1-13.1 kJ/mol for HCCFe and from 6.5 to 2.1 kJ/mol in the case of 

HCCNi. 

The comparison between them reveals that a decrease in the ion binding energies (Eb) and 

stabilization energies (Es) produces a decrease in the diffusion coefficient around one or two 

orders of magnitude depending on the temperature and assembling transition metal in the 

HCCMs. From the diffusivity values calculated from Eq. (13), it can be concluded that the 
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diffusivity of HCCNi is lower than of the other samples. The diffusivity of HCCo is close to 

the one of HCCCd and both are lower than those of HCCFe and HCCMn, respectively. For 

example, at 65ºC, the diffusivities are 5.97×10−6, 2.54x10-6, 8.5×10−7, 7.6×10−7 and 7.3×10−7 

cm2 s-1 for HCCFe, HCCMn, HCCNi, HCCo, and HCCCd, respectively. The ion mobility 

calculated from the electrode polarization model through Eq. (11) is represented in Figure 6-

b. The obtained values follow the same evolution as the diffusivity plotted in Figure 6-a.  

A close inspection of Figure 6-b shows that the mobility of HCCMs increases with 

temperature increments, and is approximately an order of magnitude greater when the sample 

is HCCCo, HCCFe, and HCCMn with respect to HCCCd and HCCNi. In particular, the 

mobility of the HCCNi sample (see inset of figure 6-b) exhibits atypical behavior, compared 

to its analog HCCMs: when the temperature increases from 25 to 65 °C, a slight decrease in 

mobility is observed and subsequently, from 65 to 105 °C a considerable increase in three 

orders of magnitude. Another particular behavior exhibited by the HCCNi is the increase in 

the density of the charge carriers in an order of magnitude, within the range of 25 to 65 °C 

and subsequently, starting at 65 °C, the density of the carriers of charge slightly reduced (see 

Figure 5S). Accordingly, the behavior of charge carrier density and ion mobility in the 

HCCNi sample can be explained in terms of the behavior of the metal cation as Lewis acid 

and its polarizing power. Whereas, on the surface of the lattice cavity HCCMs, six M metals 

are found with an unsaturated coordination sphere, the charge density of the metal centers, 

polarizing a first sphere of water molecules (water molecules coordinated), which in turn 

stabilize the addition water molecules (zeolitic water molecules) through hydrogen bonding 

interactions to fill the cavity volume. [10] Note that, the Ni metal cation (compared to the 

metal cations of Fe, Co, Mn and Cd), have a greater behavior as Lewis acid and a greater 

polarizing power. [10,31] With the increase in temperature from 25 to 65 °C, water molecules 

weakly bound to Ni metal (polarized and captive inside the cavity) begin to vibrate more 

rapidly, resulting in an increase in the density of charge carriers (in addition to this, slightly 

reduces mobility). Subsequently, after 65 °C, after the loss of zeolitic water molecules (see 

TGA analysis in section 3.2), the density of charge carriers reduces, giving way to increased 

mobility as can be seen in the inset of Figure 6-b. The increased mobility at temperatures 

above 65 °C can be explained by the participation of water molecules (coordinated) and metal 
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sites (which function as Lewis acid sites), for the formation of pathways that promote the 

transport of charge through the framework. 

Another possible explanation is the potential barrier that the anion must overcome to move 

from one ion pair to the next. If the amount of anions increases, the distance between 

neighboring ion pairs decreases and their Coulomb potential barrier increasingly overlaps, 

decreasing the energy to produce a jump and after following the hopping mechanism. A 

similar mechanism has been proposed by other researchers to explain the increase in 

conductivity of different polymer salt electrolytes and in PPO/salt systems.[32–34]. 

When the values of the inverse Debye length can be obtained from the peaks of the loss 

tangent, the values of static permittivity, εs, can be estimated. Eq. (17) provides an indirect 

method to calculate these values. This method can be compared with the equation by Anatoly 

Serghei, [35] where the permittivity can be expressed as a function of the fON and fMax values 

found from the curves of double logarithmic plot of σ” versus frequency, as stated by Serghei: 

     2
02 ON

Maxdc
s f

f
πε
σ

ε =      (17) 

where fON is the onset frequency, where the electrode polarization starts to develop and fMAX 

is the frequency, where the full development of electrode polarization has been built. 

Figure 4S shows the curves of double logarithmic plot of σ” versus frequency in the whole 

temperature interval considered for HCCCo, HCCCd, HCCMn and HCCFe, respectively. 

From this figure, for each sample at each temperature, the frequency values of the onset (fON) 

and full development of electrode polarization (fMAX) were established, respectively, which 

allowed the computation of the static permittivity following Eq. (17). The mean values 

obtained following the two procedures are gathered in Table 1S as theoretical ɛs. Also, for 

comparison purposes, the values observed from the experimental plots of ɛ’ versus frequency 

for all the samples were tabulated as experimental ɛs. A comparison between both results 

reveals the excellent agreement between the static permittivity values obtained theoretically 

following Eq. (17) with respect to the experimental ones. A close inspection of these results 

indicates that ɛs decreases when the temperature increases for the HCCCo, HCCCd and 

HCCNi samples. The opposite is observed for the other samples (HCCCFe and HCCMn). 



18 
 

Finally, the comparison between the permittivity of the samples shows that the values 

displayed by HCCCo and HCCFe are higher than those of HCCNi.  

Once calculated the values for the binding energy and stabilization energy Es in previous 

sections, the activation energy for conductive behavior can be analyzed as the  sum of both 

contributions by the relationship of Es + Eb = Ea. In accordance, at each temperature point it 

is possible to ponderate the contribution of the assembling ion (as Eb) and the contribution of 

water network (Es) for the conductive behavior in HCCMs. An example for each composition 

at 25°C and 105° C is illustrated in Figure 6S. 

Figure 7 shows a description of the correspondence between the time/frequency and 

temperature for the conductivity using the scaling ansatz, [24] where log (σ’’/ σ dc) scaling 

with log (f/fc), being fc the frequency marking the onset of the dc-conductivity. This result 

shows that the scaling function is also perfectly applicable to our samples, and the straight-

line displayed between the minimum and the maximum of the plot (i.e. the frequency at 

which the electrode polarization starts and the frequency where the EP has been completely 

built up, having practically the same slope.  

Figure 7. Master curve of the normalized plots with respect to the imaginary part of the 
conductivity of the samples plotted in Figure 4S. 

The experimental measurements obtained for the permittivity (ε’ and ε”) and conductivity 

(σ’ and σ”) collapsed onto a single chart when normalized. All the charts collapsed into one 

if scaled with respect to fc. This suggests an identical thermal activation of charge transport 

and electrode polarization. 

Conclusions 

From the standard chemical precipitation method, transition metal hexacyanocobaltates (III), 

M3[Co(CN)6]2∙xH2O (where M = Ni, Co, Fe, Mn, and Cd), were obtained as powders. Each 

solid reached a different hydration degree under saturation. The thermogravimetric analysis 

showed two steps, in overall, for each composition of HCCMs to evacuate the large amount 

of hydrogen bound guest molecules. In this family of porous materials, the removal of lightly 

bound water molecules starts from very low temperatures (25°C) and achieves total 

dehydration (ca. 30% in weight) at around 140°C.  
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Nonetheless, the behavior of the TG curves differs significantly, which suggests that it does 

not matter if the family has similar structure and pore volume, the water networks flow 

through tracks determined by each specific material, which  is particularly determined by the 

nature of the involved metal.  

Samples of HCCMs were evaluated by means of dielectric impedance spectroscopy and 

conductivity values were determined. The values of the proton conductivity obtained for 

HCCNi and HCCFe (at 99% RH and room temperature) are in the order of 10-3 S cm-1 while 

HCCCo, HCCMn and HCCCd presented values in the order of 10-4 S cm-1. It should be 

mentioned that approximately from 45 and 95 ºC, HCCNi and HCCFe, respectively, 

presented proton conductivities in the order of 10-2 S cm-1. For the studied HCCMs family, 

HCCNi presents the highest conductivity value at 99% RH and 25°C while HCCFe displayed 

the highest conductivity value at 99% RH and 105°C. 

According to the activation energies derived from the proton conductivity (<21.1 kJ / mol), 

the proton conduction processes in the HCCMs occur according to the Grotthuss mechanism. 

The diffusivity in the HCCNi sample is lower than the one for the other samples and at 65ºC, 

the diffusivities are 7.6×10−5, 7.3×10−5, 5.97×10−6, 1.64x10-6 and 4.2×10−8 cm2/s for HCCo, 

HCCCd, HCCFe, HCCMn and HCCNi, respectively. The unique behavior displayed by Ni, 

from the metals herein considered, is related to its stronger acidic character in terms of Lewis 

acids. In each composition and temperature points, the activation energies are the sum of Eb 

and Es, which were clearly distinguished inside the cavities of HCCMs.    

Finally, a comparison between the static permittivity values obtained theoretically following 

the Anatoly Serghei formula, Eq. (17), and the experimental ones, showed that they were in 

excellent agreement. 
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Graphical abstract 

 

 

  
Figure 1. Framework for the M3[Co(CN)6]2⋅xH2O series for the members that crystalize 

within a Fm-3m space group (random vacancy distribution). Indicated are the coordinated 

and hydrogen bonded water molecules. Neighboring cavities remain communicated by a 

network of sambals tunnels formed by the finite –CN– bond length.  
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Figure 2. Thermogram (down) and derivate (upper) of the HCCMs samples. 
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Figure 3. Bode diagrams for the samples: a) HCCNi, b) HCCCo, c) HCCFe, d) HCCMn, e) 

HCCCd and f) Arrhenius plot for the conductivity of the HCCMs showed in plots a, b, c, d 

and e. 
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Figure 4. Scaling curves of conductivity in the whole range of temperatures for the samples 
HCCNi, HCCCo, HCCFe, HCCMn and HCCCd. 
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Figure 5. Tan δ as a function of the frequency at 65 ºC for HCCCo, HCCCd, HCCMn and 

HCCFe. The solid lines indicate the convolution of Eq. (2) in the peak of tan δ at higher 

frequencies. 

Figure 6. Arrhenius diagram to a) diffusion coefficient and b) charge mobility, obtained 
from Cole-Cole model. 
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Figure 7. Master curve of the normalized plots respect to the imaginary part of the 

conductivity for the samples plotted in figure 4S 

 

 

 

 


