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Abstract 
 
 
 
A novel type of water-soluble anionic cubic cages K4[{CoIII(Me3-Tacn)}4{FeII(CN)6}4] and 

Na4[{CoIII(Me3-Tacn)}4{FeII(CN)6}4] were prepared by means of a mechanistically designed self-

assembly process between [Co(Me3-Tacn)Cl3] and M4[FeII(CN)6] for M = Na or K, respectively; 

consisting on a rate limiting outer-sphere redox step followed by a fast substitution/inner-sphere 

redox reaction sequence. These compounds show a remarkable stability in aqueous solution at 

different pH ranges, displaying neat protonation processes and a reversible oxidation with 

peroxodisulfate to its neutral {FeIII
4CoIII

4} form. Furthermore, the cages behave as a robust and 

water-soluble molecular PrussianBlueAnalog capable of encapsulating {Na-OH2}+ pairs and K+ 

cations in aqueous solution, where the cubic structure of the complex is preserved. The 

substitution of the {Na-OH2}+ pairs by K+ is easily accomplished, and the electrochemical 

properties of the sodium and potassium salts of the new cages have been found dramatically 

dependent on the encapsulated units. 
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Mixed-valence complexes derived from hexacyanidometallate units (Prussian Blue Analogues, 

PBAs), are compounds with an AyMA[MB(CN)6]xꞏnH2O chemical composition. A being an 

alkaline cation and MA and MB a transition metal (Fe, Co, Ni, among others).1,2 Prussian Blue 

derivatives have been widely studied due to their magnetic, charge storage and electrochromic 

properties,3-8 and recently they have met new successes as sensors for cation recognition. Metal-

cyanido frameworks have proven useful as ion-exchange materials, incorporating NH4
+ and 

alkali metal cations within its lattice.4,8-10 A high selectivity for Cs+ has been observed. attributed 

to the excellent size-fitting into the structure cavity. 

Examples of molecular PBA systems operating in solution are extremely scarce; the lack of 

robustness of these species in solution is associated to the substitutional lability of the metal 

ions involved. In fact, only a few examples of molecular metal-cyanido cages (cationic o 

neutral), capable of mimicking the cation-exchange behaviour observed for Prussian Blue 

Analogues in solid state, have been prepared.11-14 Particularly, although Fe/Co,15,16 Ru/Co,17 and 

Rh/Co cubic cages,18 have interesting results in K+ and Cs+ exchange processes, its use is 

hampered by its stability, limited to organic solvents. Thus, it is not surprising that the 

preparation of anionic, inert, water-soluble, and discrete mixed-valence compounds, capable of 

resisting non-mild solution conditions, represents a challenging goal. A recent perspective 

appeared that puts clearly in focus all these preparation, solubility and stability issues.19 

In this line, some time ago, we succeeded in the preparation of discrete and very robust, 

cyanido-bridged FeII/CoIII complexes in a fast and straightforward manner. This mechanistically 

designed process involves a classical rate limiting outer-sphere redox rapidly followed by a 

substitution/inner-sphere redox reaction sequence.20-28 The methodology allowed us the 

synthesis of aqueous and oxidation persistent (pH 1-12; S2O8
2 cyanido-bridged complexes.  

Despite that functionalisation of these species in different environments has been explored, its 

rather “closed” unreactive structures did not allow for its incorporation to supporting 

systems.29,30 We consequently moved to the use of CoIII synthons bearing tetradentated amine 

macrocycles and two substitutionally active positions that could act as building blocks for our 

redox assisted self-assembly reactions while leaving an empty coordination position for 

functionalisation. However, the use of the standard preparation protocol generated a discrete 

square {FeII
2CoIII

2}2- cyanido-bridged complex after chromatography work-up.31,32 No 

significant amounts of the possible CoIII/(FeII)2 or (CoIII)2/FeII species were detected, and the 

actuation of a complex self-assembly reaction in aqueous medium applies.22 
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Hence, our interest moved to the application of the above-mentioned redox-directed assembly to 

complexes of higher nuclearity and geometrical complexity, in order to produce robust water 

soluble discrete PBAs. Here, we present the use of the C3v {CoIII(Me3-Tacn)}3+ (Me3-Tacn = 

1,4,7-trimethyl-1,4,7-triazacyclononane) building-block for this purpose. The system allowed us 

to obtain a PBA box due to the availability of three facial, substitutionally active, cobalt 

coordination sites (Scheme 1a). 

 

a)      b) 

 

 

 

 
 
 
 
Scheme 1.- Self-assembly of the {FeII

4CoIII
4} system (a) and its DFT-calculated structure (b). 

The overnight reaction of an aqueous solution of the sodium or potassium salts of [FeII(CN)6]4- 

with [CoIII(Me-Tacn)Cl3] at pH 8 and 60 ºC produces a very dark solution that is loaded onto a 

Sephadex G25 column. An ill-defined initial dark grey band is eluted on washing with water; a 

neat purple band follows; its purification (see SI) yields solids for the salts of both alkaline 

cations. 

The 1H NMR spectra in D2O show a very simple pattern in agreement with the formation of 

discrete high symmetrical (C3v) species containing the {CoIII(Me-Tacn)} moiety. The ICP 

analyses (Fe:Co ratio 1:1) of the samples, in combination with their 13C NMR spectra (only two 

CN signals of similar intensity are observed) confirm the formation of a {FeII
4CoIII

4}4- cyanido-

bridged cubic cages for both salts. Although, we have not been able to isolate a crystal suitable 

for XRD analyses, Spartan33 has been used to optimise de structure proposed (Scheme 1b), 

which effectively shows a symmetrical cubic structure. Inspection of the 1H and 13C NMR 

(either in D2O or Methanol-d4 solution) signals of the sodium and potassium salts  reveals slight 

differences in the chemical shifts (Figure 1a).  
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Figure 1.- a) 1H and 13C (cyanide zone) NMR D2O spectra of the sodium and potassium salts of the {FeII
4CoIII

4}4- 
cube. b) DOSY NMR spectrum of the sodium salt of the {FeII

4CoIII
4}4- cube. 

The species assembled using Na4[Fe(CN)6] shows an additional unexpected signal at 3.87 ppm 

in D2O (4.00 ppm in Methanol-d4) integrating two protons (Figure 1a, circled) and with no 

correlation with any carbon atom, as indicated by HSQC. A DOSY experiment shows an 

identical value of the diffusion coefficient for all signals (Figure 1b), which strongly suggests 

that the signal can be assigned to an encapsulated water molecule within the sodium 

{FeII
4CoIII

4}4- cage. Interestingly, the chemical shift of the protons ascribed to the encapsulated 

water indicates a lower acidity than that of the free solvent, which is also related with the lack of 

deuterium scramble. Although the encapsulation of water molecules,14 and the existence of {Na-

OH2
+} encapsulated pairs have been confirmed by X-ray analysis in different solid PBAs,8,10 to 

the best of our knowledge, this is the first time where the confinement effect of a water 

molecule is detected in aqueous solution. 

Furthermore, the HRMS-ESI spectrometry peaks correspond to {FeII
4CoIII

4}4- cubic cages 

associated with at least a {Na-OH2}+ cationic pair or a sodium or potassium cation (when 

potassium salts were used); no void cubes are detected (see SI, Figure S2 and S3). Accordingly, 

the IR spectra (Figure S4) show a slightly different H-O-H bending signal at ca. 1740 cm-1.  

The 13C NMR spectrum of an equimolar mixture of the sodium and potassium cubes only shows 

the signals of the potassium species (Figure S5), which is relevant in view of the ion-exchange 

reactivity of other PBAs.10,17,18 Similarly, the 1H  NMR experiment shows the progressive 

disappearance of the resonance at 3.87 ppm (Figure S6). After 4 hours at room temperature, the 

complete release of the encapsulated water, exclusive of the sodium cage, is observed. The same 

results are obtained when an excess of KCl is added to an aqueous solution of the sodium cage. 

No reverse potassium to sodium ion-exchange was observed on adding an excess of NaClO4 to 

the potassium cube. Despite that some PBAs possess unique Cs+ selectivity,10,15,17,18  our cube 
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shows a clear preference for K+. No spectroscopic changes have been observed upon addition of 

caesium salts to any of the cages, a feature that could be attributed to the relatively small size of 

the {Fe2Co2} faces of the cube (see SI). 

The sodium to potassium exchange process was time-resolved by UV-Vis (Figure 2a). Results 

indicate that the process is not in equilibrium even when a large excess of Na+ is present (Figure 

2b triangles, no intercept), and that the limiting value obtained under flooding [NaClO4] = 1.0 M 

conditions corresponds to the rate constants determined at very low, uncontrolled, ionic strength 

(Figure 2b, circles). 

a)      b)  

  

   

  

 

Figure 2.- a) Electronic spectra of the prepared {FeII
4CoIII

4}4- cubic cages in water. b) [KCl]-dependence at 25 ºC in 
aqueous solution of the sodium-to-potassium cation exchange of the sodium cube; circles correspond to non-flooded 
ionic strength reaction conditions and triangles to I = 1.0 M (NaClO4). 

The robustness shown by the new cages in aqueous medium (expected from the extremely inert 

LS t2g
6 Oh configurations), prompted us to carry out a series of solution studies of processes that 

involve pH and redox activity; Figure 3a collects the UV-Vis spectrum of the sodium salt in 

water at different acidities. The energy and intensity of the bands in water or alkaline medium 

corresponds to the presence of [FeII(CN)6]4– (320 nm) and {Co(N)6}3+ (340 nm and 475 nm) 

chromophores,34 overlapped with an intense new band at 525 nm (4710 M–1cm–1) associated 

with a MMCT band between CoIII and FeII centres.22,35,36 Its nature was confirmed by a 

bathochromic shift on decreasing the polarity of the solvent (Figure S7).37 Acidification of the 

sample leads to an increase of the energy of the band, due to the protonation of the terminal 

nitrile units attached to the iron centres, which decreases their negative charge.31,38,39 Slight 

differences remain between the electronic spectra of the sodium and potassium salts of the 

{FeII
4CoIII

4}4- cage on acidification, indicating the permanence in the protonated box of either 

{Na-OH2
+} or K+. The reversible acid-base titration of an aqueous solution of the sodium cube 

by UV-Vis spectroscopy was also conducted;25 results indicated the presence of three pKa 

values (2.3, 1.8, 0.93) in the acidity range up to 1.0 M HClO4, in line with those determined for 

the same family of complexes.23,31 The spectral changes (Figure S8) agree well with those in 
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Figure 3a. Solutions had to be kept at the 10 mM level to insure solubility of the protonated 

species, and data corresponding to the K+ shows a larger error due to this fact; only two pKa 

values (2.2 and 1.2) could be determined. 

a)       b)  

 

 

   

  

Figure 3.- a) Acidity-dependent electronic spectra of the sodium salt of the {FeII
4CoIII

4}4- cage. b) Spectral changes 
obtained addition of a large amount (103 fold) of sodium peroxodisulfate to an aqueous solution of the same cage 
(left) and further addition of NaOH solution (right). 

As a whole, the extreme robustness of the new cube in acidities between 0.5 M NaOH and 1.0 

M HClO4 is established. Surprisingly, comparing with complexes of the same family,20,22,31,38 

addition of small amounts of Na2S2O8 to the sample does not produce the depletion of the 

MMCT band. Only if ratios larger than 1:500 are used, depletion of this MMCT band occurs, 

with the expected increase in the intensity at 420-440 nm due to the [FeIII(CN)6]3-chromophore 

(Figure 3b). Repetitive column chromatography of these oxidised samples produces the 

reappearance of the reduced cubic species. The same effect is observed after addition of NaOH 

to the final solution obtained after oxidation (Figure 3b); clearly, the well-established water 

oxidation process by the new {FeII
4CoIII

4}4- is operative and competitive at low peroxodisulfate 

concentrations even at neutral pH.32,40 

The CV characterisation of the samples was conducted in 0.1 M aqueous KCl or NaClO4 

(depending on the cage); two blocks of waves are observed, one at negative and one at positive 

potentials. At negative potential (corresponding to the four CoIII/II couples) two irreversible non-

resolved signals are observed (Figure S9), while at positive potential (attributed to the FeIII/II 

couples)22,24,31 the CV is much more defined. For the potassium salts, the CV consists of a set of 

four fully reversible signals in the expected range of potential values (Figure 4a). Surprisingly, 

the CV of the sodium salt is much more complex (Figure 4b), showing high degree of 

irreversibility (see Figure S10). 
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Figure 4.- CV of the FeIII/FeII signals of the potassium (a) and sodium (b) salts of the {FeII
4CoIII

4}4- cage. 

It is clear that the presence of a {Na-OH2}+ pair,8,10 strongly interacting when compared with a 

simple spherical K+, within the {FeII
4CoIII

4}4- cubic box, produces important electronic 

distribution changes in the assembly. This can be observed in the 13C NMR spectrum (Figure 

1a), where the in-cage cyanido carbon shifts show significant differences. The MMCT band in 

the electronic spectrum (Figure 3a), related with the degree of coupling between iron and cobalt 

centres in the {FeII
4CoIII

4}4- cage for these Class II mixed-valence compounds,37 is also 

revealing. 36,41-43 

In conclusion, the mechanistically driven self-assembly of simpler {FeII
1,2CoIII

1,2}2- mixed 

valence complexes has been applied to the formation of a new {FeII
4CoIII

4}4- anionic cage. The 

compound shows a remarkable pH stability in aqueous solution, and can be reversibly oxidised 

with peroxodisulfate to its neutral {FeIII
4CoIII

4} form, which produces H2O2 reverting to the 

original reduced compound in a sort of catalytic process. The cage behaves as a molecular, 

robust, and water soluble PBA, which encapsulates {Na-OH2}+ pairs and K+ cations, the latter 

with a clear preference. The electrochemical properties of its sodium and potassium salts have 

been found dramatically dependent on the encapsulated units. The new compound prepared 

represents, to the best of our knowledge, the prime of the proposed models for Prussian Blues, 

given its anionic character that enables mimicking encapsulation processes by electrostatics and 

not only by hydrophilic-hydrophobic interactions. 

Supporting Information Available: Experimental procedures for the preparation and 

characterisation of the compounds. MS, IR, NMR and UV-Vis spectral data, Spartan-DFT 

optimised structures and cyclic voltammograms or the new complexes prepared. 
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