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The preparation of a caesium inclusion complex of the molecular cube [{COHI(Me3—tacn)}4{FeH(CN)6}4] }]4’, a
mixed valent molecular Prussian Blue Analogue bearing bridging cyanido ligands, has been achieved by
following a redox-triggered self-assembly process in aqueous solution. The assembly has been shown to be Cs-
preferred as, even in the presence of Na* in solution, no Na-encapsulated have been found in the assembled
product when Cs* is present in the reaction medium. Even so, the tightness of the system produces large amounts

of a void cubic structure whenever not large excesses of Cs* are present. The species is robust, extremely soluble
in aqueous media, pH-stable in the 1-13 range, and redox inactive between —400 and 600 mV. The molecular
species has been characterised by UV-vis, ICP, multinuclear NMR spectroscopy, and electrochemistry. As ex-
pected from previous data reported, the complex in aqueous solution is totally inert to cation exchange, the
leaching of the encapsulated Cs* being hampered by the small size of the cube portal.

1. Introduction

Intensely coloured transition metal mixed valence complexes such
as Prussian Blue have attracted the attention for centuries; the general
use of Prussian Blue as a resistant and fairly innocuous inorganic
colorant cannot be overstated. Molecular Prussian Blue Analogues
(PBAs) have been used academically for the establishment of funda-
mental mixed valent classifications related to electronic coupling be-
tween the metal centres and the symmetry-allowed inner-sphere
optical electron transfer occurring between them [1-8]. Recently, the
use of this type of complexes in the development of photomagnetic
switching materials has also been developed [9-13], and PBAs are
also know to act as hosts for cationic guests, which has led to various
applications [11,14-21]. A very interesting combination of both fea-
tures occurring on molecular cubic structures containing alkali metals,

that are soluble and stable only in some organic solvents, has been
recently been published [22]. The use and applicability of PBAs in
medicinal chemistry has also been recently reviewed [23].

The synthesis of PBAs in a controlled and reproducible manner is
vital for any future application, but most of these species are isolated as
crystalline insoluble polymeric compounds with well-defined structures,
based on XRD data. The alternative preparative procedures involving
predesigned self-assembly aim to avoid such difficulties, a field in which
we have been involved for the study of the self-assembly and reactivity
of polynuclear tridimensional molecular structures for some time
[24-28]. A concerted redox-triggered ligand substitution approach
(Scheme 1) has led to the family of complexes with iron hexacyanido
moieties indicated in Chart 1. In these, cyanido ligands bridge the metal
centres while the remaining coordination sites are occupied by macro-
cyclic tri-, tetra- or pentaamine (N3, N4 or Ns) ligands [29-35]. These
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Co/Fe molecular PBAs have remarkable thermal and pH stability, as
well as reversible oxidation redox reactivity [34,36-39]. The assembly
chemistry shown for these complexes has been successfully applied to
other substitutionally inert metals such as Cr'" or Rh™ [30,40-42].

In this report we further focus on the inclusion properties of the
molecular cubes indicated in Chart 1 (N3 = 1,4,7-trimethyl-1,4,7-tri-
azacyclononane, Mes-tacn) [35,43]. In our previous report we have
indicated that the assembly of the cubic structures occurs ON the
environment of the alkaline cation present in the reaction medium, and
the exchange between different alkali cations is feasible. This process
has been found to be energetically driven by the solvation/de-solvation
of the different cations on exiting/entering (aquation/anation) the cubic
cage. Even so, the XRD-determined and DFT-calculated structures
indicated that, due to the portal size of the structure, caesium cations
cannot be encapsulated by an exchange process from solution; recent
examples have been reported where such a movement through the
portal is possible only if a larger size of the encapsulating cubic structure
occurs [44]. Studies that involve changes in the solvation and number of
water molecules inside the cages have also been reported recently in
view of the robustness of the encapsulation [45].

With these factors in mind, we have now explored the assembly of
the cubic unit, indicated in Chart 1, around a caesium ion, aiming to the
formation of a ‘jailed’ caesium cation in solution by a robust, soluble,
pH- and redox-resistant, and highly coloured molecular mixed-valence
cubic cage.

2. Results and discussion

The caesium salt of the [{CoIH(Me3—tacn)}4{FeH(CN)6}4]4' mixed
valence molecular cube has been prepared using the well-developed
mechanistically directed self-assembly process (see Scheme 1)
described in previous literature reports for the structures indicated in
Chart 1 [29,31-35,39,41,43,46,47]. The preparation of the complex has
been conducted by the reaction of [COIII(MC3—taCH)C13] with
Nay[Fe'l(CN)g] in aqueous 2 M CsCl solution ([Cst] > 100 x [Na*], see
Experimental) at 50 °C overnight. The final self-assembly process from
the {Co"™-NC-Fe''} edge units is clearly evidenced by the absence of
measurable amounts of any {(COIH—NC)Z—FeH} or {CoIH(—NC—FeH)g} spe-
cies in solution, even if large excesses of cobalt or iron building blocks
are used [35,48].

The procedure for the obtention of the {{Cs'} c [{COHI(Meg—
tacn)}4{FeH(CN)6}4] 4y species parallels that used for the reported
preparation of its lithium, sodium or potassium inclusion salts [35].
After Sephadex G-25 chromatographic workup (which produces an
initial very dark band of an undefined polymeric material that accounts
for ca. a 50 % of the starting cobalt material), a well-defined purple band
is obtained that, once taken to dryness, exhibits a 'H NMR spectrum with
the neat signals of the Cz,-symmetric {Co™(Mejs-tacn)} moiety (Fig. 1a).
The 13C NMR spectrum of the same sample is also revealing (Fig. 1b),
showing the presence of the aliphatic carbon signals plus the resonances
in the cyanide region corresponding to the cubic structure. After re-
petitive desalting of the sample on a Sephadex G-25 column, the '33Cs
NMR spectrum of the compound was also measured at ca. zero ionic
strength (Fig. 2a); a definitive signal of encapsulated caesium nuclei was
observed at 59 ppm, apart from that of free Cs™ at 7 ppm. The ICP
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analyses of the sample produced a Fe:Co:Cs ratio of 0.95:1.0:1.0, which
confirms the presence of Cs4[{Co{(Mes-tacn)}4{Fe(CN)g}4] salt in
solution. In order to insure the expected inertness of the encapsulated
cation (given the exchange data available) [43], the compound was
loaded onto a Sephadex DEAE A-25 anion exchange column and thor-
oughly washed with water to eliminate all the free (non-encapsulated)
cations in solution. Elution with 0.15 M NaCl produced a single purple
band that, after being taken to dryness, shows a 1>3Cs NMR signal that
corresponds to the encapsulated caesium at a very high ionic strength
(saturated aqueous NaCl) (Fig. 2b, top) at 41.5 ppm. Addition of a small
amount of CsCl to the solution effectively shows the appearance of a new
signal in the spectrum that corroborates the presence of free caesium
cation in solution (Fig. 2b, bottom).

It is thus clear that the {{Cs"} c [{COHI(Meg—tacn)}4{FeH(CN)6}4]4'}
species is very robust and that on Sephadex DEAE A-25 absorption no
exchange of the caesium ion is observed, even by the flooding sodium
cations, as has been observed to occur for other alkali cations [43]. The
UV-vis spectrum of the complex is collected in Fig. 3a, together with
those of the already described void and potassium-containing cubic
structures; the spectrum shows the intense MMCT (Fe' - co™) band at
ca. 525 nm, plus those associated to the d-d transitions of the {Co™(N)e}
(shoulder at ca. 425) and {FeH(CN)(,} (8320 nm) units [43]. The cyclic
voltammogram of the species has also been recorded in water (Fig. 3b).
The Figure shows the presence of the expected four Fe''/Fe' fully
reversible signals, observed for species with spherical cationic units in-
side the molecular PBA cubic cage, at potentials that are the same within
experimental error than those obtained for encapsulated potassium or
rubidium and void cubic structures.

It should be stated that there the results indicate a clear preferred
assembly of the cubic structure around the Cs™ ions, as its encapsulation
occurs despite the presence in the medium of sodium cations from the
Nay[Fe(CN)g] starting material. In fact, the amount of sodium cations
derived from this salt has been found enough to produce the exclusive
formation of the sodium encapsulated {{Na-OHj}"c [{COIH(Meg—
tacn)}4{FeH(CN)6}4] 4'} species already described [35,43]. Conse-
quently, the same preparative procedure described above was con-
ducted in a 0.25 M CsCl ([Cs™] &~ 5 x [Na™]) aqueous medium. All the
preparative observations and chromatographic behaviour were found
equivalent to those described for the procedure carried out at 2 M CsCl,
except that the amount of undefined polymer exceeded the 60-70 % of
the cobalt starting material. The 3.87 ppm signal, indicative of the
presence of encapsulated {Na-OH,}" units [35,43], was also not
observed in the 'H NMR spectrum of the sample, thus indicating that no
assembly has been conducted on the sodium cations present in solution.
Surprisingly, though, concentration of the solution to a small volume
produced the precipitation of a dark purple solid that was not evident in
the previous preparation procedures in 2 M CsCl solution of the {{Cs™}
c [{COIH(Meg—tacn)}4{FeH(CN)6}4]4'} species. The same sort of behav-
iour has been typically observed in the assembly around Li* cations,
where a void structure had been detected [43]; showing a 4- charge
instead of the 3- resultant from alkali cation encapsulation. Effectively,
on Sephadex DEAE A-25 adsorption, a precipitation of the sample occurs
on elution with a 0.15 M NaCl solution. Repetitive washing of the col-
umn produces a purple solution that, when taken to dryness, and '33Cs
NMR monitored, shows no indication of encapsulated caesium cations.

| \ X ,’h, \ /I/," "|\
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Scheme 1. .



A. Gallen et al.

Furthermore, 'H and '3C NMR spectra show the expected signals of the
Csy cubic structure, but no signal of any encapsulated {Na-OH}" H
NMR signal at 3.87 ppm, see above) was observed. The rather distinct
solubility behaviour, typical for the sodium and lithium salts of the void
structure, has been already described [43].

In view of this data, DFT calculations were conducted to ascertain the
feasibility of void and caesium-containing cubic structures. Both struc-
tures could be successfully computed, inclusion of a caesium cation
within the void cubic species produces only subtle changes in its
computed structural features (Fig. 4, supporting Information). For
instance, upon Cs™ encapsulation the average {(Com)z(-NC-FeH)g} por-
tal width increases from 4.91 to 4.94 A, the average Co-Co distance
increases from 6.99 to 7.10 A, and the average Fe-Fe distance slightly
decreases from 6.90 to 6.86 A. These data indicates that the self-
assembled cage in the presence of Cs™ is not seriously disturbed with
respect to that of the void structure. Nevertheless, energetically, the
encapsulation of the caesium cation into the heterometallic cube is
favoured, by a difference in energy of —25.5 kcal mol~!. The equivalent
energy gain for the smaller alkaline cationic units having a XRD struc-
ture determined, i.e. {Li-OHs}" and {Na-OH,}", has been computed as
12.7 and 16.9 keal mol ™!, respectively, suggesting a preferred encap-
sulation on the surface of the Cs* ion even in the presence of Na™ cat-
ions, as experimentally found. Furthermore, once formed the portal of
the cube does not allow the caesium cation to move in and out of the
structure due to its larger size (181 pm) when compared to lithium (90
pm) and sodium (116 pm), cations that have been found to bleach out of
the cage, probably because their higher solvation energies [43].

Given the large size of the cubic cavity of the structure in Fig. 4a, the
computed stability of this empty void structure has been compared with
those containing water molecules within the cavity. Fig. 5 shows the
cubic structures encapsulating one, two and three water molecules.
While the structure with a single water molecule in the cavity is fav-
oured by 8.8 kcal mol~!, the incorporation of more than one water
molecule produces a dramatic deformation of the structure due to the
strong hydrogen bonding between the guest water molecules, which is
maintained within the cavity. When two water molecules are set within
the cage, the cube shrinks due to the interaction of the outer hydrogen
atoms with the bridging cyanide groups, and the energy increases by
13.8 keal mol ! from the empty structure. If three water molecules are
incorporated (in the shape of a hexagonal trimer ring), the cubic
structure is forced to expand in order to accommodate the guests and the
energy increases by 36.0 kcal mol~. Therefore, despite the size of the
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cavity, the calculations seem to indicate that the void structure is not
empty and only accommodates a single water molecule.

3. Conclusions

As already reported, the redox-triggered assembly reaction of mo-
lecular cubic mixed-valence cyanide bridged Co™'/Fe" anionic com-
pounds [{CoHI(Meg-tacn)}4{FeH(CN)6}4]4' (molecular PBAs) can be
easily achieved. Although the overall process had been proved to
encapsulate and exchange alkaline counter cations present in the reac-
tion medium, the size of caesium does not allow for its entry or exit from
the cubic cage; DFT calculations confirm this fact. The alternative as-
sembly of the cage around the Cs™ cation has been found to be highly
effective and preferred producing a {Cs C [{Co™(Mes-tacn)}4{-
FeH(CN)G}4]4'} cubic species which is extremely inert to caesium leach
to solution, and it is also resistant to wide pH and redox ranges. Inter-
estingly, when the equivalents of Cs™ present in the assembly reaction
are less than 10-fold, the caesium encapsulation process, although still
preferred, is less efficient, and even a void structure is obtained. DFT
calculations confirm that this structure is feasible with a single water
inside, which is held up by strong hydrogen bonds with the bridging
cyanide groups. The assembly of the void or caesium-containing struc-
tures occurs despite the presence of only a 5-fold excess of caesium
cations in the reaction medium with respect to sodium cations, which
indicates that the outer-sphere interaction on assembly of the building
block is preferred with the larger poorly solvated cation.

4. Experimental
4.1. Physical methods

'H and !3C NMR spectra were recorded on a Bruker-400Q spec-
trometer at 25 °C at the Unitat de RMN d’Alt Camp de la Universitat de
Barcelona, '33Cs NMR spectra were recorded on a Bruker-500 instru-
ment. ICP-OES and ICP-MAS was carried out at the Centres Cientifics i
Tecnologics (Universitat de Barcelona) on a Perkin Elmer Optima in-
strument. UV-vis spectra were recorded on HP5483 or Cary50 in-
struments. IR spectra were recorded on a Thermo Scientific Nicolet iS5
FT-IR instrument using an ATR system. Electrochemistry experiments
were carried out at 25 °C and at 100 mV s~ with a BioLogic SP-150
instrument. A glassy carbon working electrode, a Ag/AgCl (saturated
KCl) reference electrode and platinum wire counter electrode were used

N
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Chart 1. .
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Fig. 1. a) 'H NMR spectrum of the Sephadex G-25 purple eluate obtained from the crude preparation mixture of the caesium salt of the [{Co™(Mes-tacn)}4{-
Fe''(CN)6}4]* cubic cage; b) >C NMR spectrum of the same sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

a) b)

f
| I

65 55 45 35 25 15 5 5 48 46 44 42 40 38 36 34 32
ppm ppm

Fig. 2. a) %3Cs NMR spectra of the desalted crude preparation mixture of the {{Cs*} c [{Co™(Mes-tacn)},{Fe"(CN)s}4]*} species. b) 13Cs NMR spectra of the same
compound at ca. 3 M NaCl after solution exchange to Na™ on a Sephadex DEAE A-25 chromatographic column (top) and on addition of an small amount of solid
CsCl (bottom).

a) b) Fig. 3. a) Electronic spectra of the {{Cs'} c
[{Co™(Mes-tacn)}4{Fe'(CN)}4]*} species in water
50004 (black) and its void (red) and potassium (blue) ana-
logues [43]. b) Cyclic voltammogram of the Fe'"/Fe!"
4000 region of the caesium-containing cubic cage; 25 °C,
e 3000 100 mV s !, glassy carbon working electrode, Ag/
© AgCl (saturated KCl) reference electrode, platinum
5 2000+ wire counter electrode, 0.1 M of CsCl as supporting
electrolyte. (For interpretation of the references to
10001 colour in this figure legend, the reader is referred to

0 i i . ; . the web version of this article.)

300 400 500 600 700 800 04 06 08 10 12 14 16

A/nm EN (versus NHE)

a)

Fig. 4. Computed structures for the (a) void and (b) Cs-encapsulated cubic species (Colour code: C = grey, N = blue, Fe, = green, Co = scarlet, Cs = purple, all H
atoms have been omitted for clarity). (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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Fig. 5. Computed cubic structures containing (a) one, (b) two and (c) three water molecules (Colour code: H = white, C = grey, N = blue, O = red, Fe, = green, Co =
scarlet, H atoms of the cubic cage have been omitted for clarity). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

on 5 x 10~* M solutions of the sample and using 0.1 M of CsCl as sup-
porting electrolyte. All potentials are given versus NHE, once corrected
for the reference electrode used.

4.2. Materials

Compound [Co(Mes-tacn)Cl3] was prepared according to literature
methods [48]. Nay[Fe'(CN)e] was recrystallized twice from the
commercially available material before use. All the other commercially
available chemicals were of analytical grade and were used as received.

4.3. Compounds

The preparation and isolation of the caesium salts of the [{CoIH(Me3—
tacn)}4{FeH(CN)6}4] 4 cube have been carried out by the same proced-
ure, that has been already described [35], but using a2 M CsCl or 0.25 M
aqueous solutions as the reaction media with [Na4[FeH(CN)6]] =3 x
[CoHI(Meg-tacn)Clg] =15 mM. The resulting mixture becomes very dark
and, after left stirring overnight at 40-50 °C, is filtered to eliminate any
precipitated solids and loaded onto a Sephadex G-25 size exclusion
chromatographic column (2 x 25 cm) in several aliquots. The retained
dark band is eluted with water; an initial grey-blue dark polymer is
discarded, while the central part of the remaining purple band (account
for ca. 50 % of the initial cobalt complex) is collected; a final trailing off-
yellow band (excess of hexacyanidoferrate(I)) is also discarded. The
procedure was repeated four times. After concentration to a small vol-
ume at 45-50 °C, the remaining solution was left to evaporate to dryness
in the air and the final solid sample was analysed.

For the procedure carried out in 2 M CsCL

ICP-OES: Ratio Fe:Co 1.05 + 0.03; Fe:Cs 1.01 £ 0.01.

H NMR (400 MHz, D50, 298 K): (6/ppm) 2.92 (s br, 36H, CH3),
3.20-3.21 (m, 24H, CH; anti), 3.34-3.36 (m, 24H, CHj syn).

!3C NMR (100.6 MHz, D20, 298 K) (8/ppm): 52.0 (s, CHz), 61.1 (s,
CHy), 169.3 (s, terminal C=N), 182.0 (br s, bridging C=N).

133Cs NMR (65.59 MHz, D0, 298 K) (5/ppm): 7 (Csiy), 59
(Csérncapsulated)

UV-vis (H20) {nm (¢ /M~ em 1)}: 317 (1700), 455 (sh, 3150), 524
(4250).

IR (ATR) (cm™1): 2155 m, 2124 s, 2053 vs V(C=N).

Electrochemistry: Fell/I potentials (mV vs NHE): 821, 970, 1050,
1310. Co'™/1 potentials (mV vs NHE): —400, irreversible.

The free (non-encapsulated) caesium ions of the Cs3{Cs C
[{COHI(Me;;—tacn)}4{FeH(CN)6}4]} characterized salt were exchanged to
sodium by DEAE A-25 Sephadex chromatography. A solution of the
prepared compound (I = 0.05 M) is loaded onto the column, after
through washing with water, a single band is eluted with 0.2 M NacCl.
The eluate is then taken to dryness and the solid obtained analysed by

133¢cs NMR (65.59 MHz, DO, NaClsaturated, 298 K) (5/ppm): 41.5
(Cs:ncapsulatedl

For the procedure carried out in 0.25 M CsCL:

ICP-OES: Ratio Fe:Co 0.95 + 0.03; Fe:Cs 1.01 + 0.01.

'H NMR (400 MHz, D50, 298 K): (5/ppm) 2.92 (s br, 36H, CHg),
3.20-3.21 (m, 24H, CH; anti), 3.34-3.36 (m, 24H, CHy syn).

13C NMR (100.6 MHz, D20, 298 K) (8/ppm): 52.0 (s, CHg), 61.1 (s,
CHy), 169.3 (s, terminal C=N), 182.0 (br s, bridging C=N).

133Cs NMR (65.59 MHz, D20, 298 K) (8/ppm): 10 (Csag).

UV-vis (H,0) {nm (¢ /M~ ecm™1)}: 317 (1700), 455 (sh, 3150), 524
(4250).

IR (ATR) (cm™1): 2155 m, 2124 s, 2053 vs (C=N).

The free caesium ions of the above CS4[{C0HI(Me3-tacn)}4{-
Fe''(CN)g}4] salt were exchanged to sodium by DEAE A-25 Sephadex
chromatography. On through washing with water the retained com-
pound changes to a precipitated sample that is not eluted by 0.5 M NaCl.
Repetitive washing of the column with water finally produces the
elution of most of the compound as a very diffuse purple band. Con-
centration of the solution produces a very dark purple precipitate and a
rather clear solution of brine. Isolation of the dark solid by filtration
produces a solid with the same 'H and 13C NMR spectra than before the
exchange.

4.4. Computational details

All the density functional theory (DFT) calculations have been car-
ried out using with the Gaussian09 (rev. D.01) [49] software. The pure
PBE functional has been employed [50,51] for all the calculations along
with def2svp [52,53] basis set for all the atom types. Ultrafine integra-
tion grids have been used in all calculations to ensure a satisfactory
convergence. In all cases the solvation energies are computed in water
with the (IEF-PCM) continuum dielectric solvation model [54,55] using
the SMD radii and non-electrostatic terms [56]. The dispersion energy
correction terms have been included by using the D3 method of Grimme
[57]. Vibrational analyses have been performed for all the computed
structures to ensure the nature of the stationary points, which have zero
imaginary frequencies.

The DFT optimized structures can be freely accessed through the
ioChem-BD repository: https://doi.org/10.19061/iochem-bd-1-212.
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