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1. SUMMARY

The oxidation of Fe!' in the newly prepared and characterised mixed-valence complex
[{Co"(MesTACN)}{(u-NC)s{Fe(CN)e}s]* has been studied as a function of pH and the
concentration of the oxidizing agent. The oxidation reaction has been carried out with
peroxodisulfate and consists of a fourth-step process with the participation of solvent-assisted
outer-sphere complexes, as a result of the establishment of hydrogen bonds that involve the
oxo groups of the oxidant (peroxodisulfate), the water molecule of the reaction medium and the
terminal cyanido ligands of the octametallic cube. The reduction reaction, by hydroxide ions, of
the fully oxidized [{Co"(MesTACN)}s{(u-NC)s{Fe'"(CN)e}4], takes place producing hydrogen
peroxide from water even at neutral or slightly acidic pH. The kinetic parameters for the
oxidation reaction have been determined and are indicative of above mentioned outer-sphere
precursor formation. While for the oxidation of the initial mixed-valence {Co"/Fe}s* and partially
oxidized {Co's/Fe'sFel}> complexes, the outer-sphere precursor formation equilibrium
constants, Kos, are large enough for the observation of limiting kinetics in their oxidation
reaction rate-determining steps, for the oxidation of the intermediate {Co's/Fe'2Fe'l2}2 and
{Co"y/Fe'Fells; complexes the buildup of outer-sphere precursor complexes with
peroxodisulfate has not been detected.

Keywords: Cobalt / Iron / Mixed-valence complexes / Redox processes.
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2. RESuMm

L'oxidacié per un mecanisme d'esfera externa de Fe' al nou complex de valéncia mixta
preparat i caracteritzat [{Co!(MesTACN)}{(u-NC)s{Fe'(CN)s}s]* ha estat estudiada com a
funcié del pH i de la concentracié de I'agent oxidant. La reacci6 d’oxidacié s'ha dut a terme amb
peroxodisulfat i consisteix en un procés de quatre etapes amb la participacié de complexos
d'esfera externa assistits per el dissolvent, com a resultat de I'establiment de enllagos
d’hidrogen que impliquen els grups oxo de l'oxidant (peroxodisulfat), les molécules d’aigua del
medi de reacci6 i els lligands terminals del cianur del cub octametal-lic. La reaccié de reduccid,
mitjangant ions hidroxid, del complex totalment oxidat [{Co!(MesTACN)}4{(j-NC)3{Fe!l(CN)s}4],
té lloc produint perdxid d’hidrogen a partir de I'aigua fins i tot a pH neutre o lleugerament acid.
S'han determinat els parametres cinétics per a la reaccio d’oxidacié i sén indicatius de la
formacié dels precursors d'esfera externa mencionats anteriorment. Mentre que per als
complexos de valéncia-mixta inicial {Co'/Fe}s* i parcialment oxidat {Co'ls/FelsFel}3, les
constants d’equilibri de formacié del precursor d'esfera externa, Kos, s6n prou grans com per
observar la cinetica limitant en les seves etapes determinants de la velocitat de la reaccio
d'oxidacio, en els complexos intermedis {Co'ls/FelaFell}2- i {Colls/FellFells} la formacié de
complexos precursors d’esfera externa amb peroxodisulfat no s’ha detectat.

Paraules clau: Cobalt / Ferro / Complexos de valéncia mixta / Processos redox.



Queral Beltran, Aina




Preparation of a mixed-valence Co(lll)-Fe(ll) cubic complex and kinetic study of its redox reactivity with peroxodisulfate. 7

3. INTRODUCTION

For some years now, the formation of cyanido-bridged mixed-valence complexes and their
redox reactivity has been studied.l"-"3l There is an increasing interest in these complexes, at
least in part, due to their particular structural, charge transfer, redox, and spectroscopic
properties.[!l

Mixed-valence complexes, particularly those that involve cyanido-bridged structures, have
been studied mainly due to their great interest because of their properties derived from the
presence of a metal-to-metal charge-transfer electronic transition (MMCT).['14%8 These
properties are of relevance to magnetic,l'% optical and catalytic activity, and use as possible
electrochromic materials.I'®! Possible applications of electrochromic materials include “smart
windows” or displays, which are able to modulate light transmittance electronically, solar energy
conversion, data storage and sensors.l’] For this reason, they continue to attract considerable
attention.

These mixed-valence complexes have an important characteristic, all of them have been
observed to have intense colours arise from these MMCT transitions, where an electron is
transferred, for example, from a Fe'l to a Co'" centre. The MMCT transition would not be
possible in the oxidized (Co'-Fell) or reduced (Co'-Fe!)) states, resulting in loss of this intense
colouration. Thus, they have potential use on electrochromic materials.

In order to provide a better understanding of the electronic properties of these species, the
redox processes that involve the disappearance and appearance of these charge-transfer
bands, in the UV-Vis or near-IR zone of the electromagnetic spectrum, have been studied for a
lot of metal and ligands combinations.[6]

Several outer-sphere redox reactions of macrocyclic complexes of Co'l with [Fe(CN)eJ*
have been studied. There, the importance of the reorganization of the solvent in the process has
been shown to be crucial for differences in the derived thermal activation parameters. In
addition, the existence of a strong outer-sphere complexation, before the rate-determining of
electron-transfer, has been found to be a dominant factor.[4.9.17.18]
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From these studies, the formation of discrete mixed-valence complexes of Coll/Fel,
produced by an inner-sphere redox process from the reduced macrocyclic complexes of Co
and the corresponding ligand [Fe(CN)e]* has been proposed (Scheme 1). More studies on
these compounds have led to the complete characterization of a series of Fe!CNCo!' mixed-
valence complexes with different macrocycles and geometries around the Co' centre.[6-8l

Outer-sphere Inner-sphere
NC CN Redox CN Redox
= NC.. | wCN
NC—Fe"—CN -
S\ NC™ | ~~CN
NC CN CN

Scheme 1: General mechanism of the formation of cyanido-bridged mixed-valence of Co'! and Fe!l.['!]

Self-assembly of macrocyclic metal complexes is a powerful method for the construction of
well-defined architectures. In the last years, different dimers of Fe(ll) with cyanido ligands and
Co(lll) with pentaamine macrocyclic ligands have been prepared and studied (Figure 1). Then,
in order to increase the nuclearity, tri- and tetranuclear complexes have been synthesized and
their redox processes have been studied.[349.11-13,17.18]

— 2= —

[{cis-V-L13Co"(u-NC)}Fe'(CN)s]~  [{trans-(I/lll)-L14c00C0" (U-NC)}Fe(CN)s]2~  [{trans-llI-L,5Co" (u-NC)}Fe"(CN)s]
—_- — —+

HoN
H F ol i

N,,,‘M‘N/H

H ~Y°<

N LN

\/i\/ H
e

NC.. Ly NC D

NC™ 1 Wi
CN

[{trans-IlI-L145Co"(u-NC)}Fe"(CN)s]" [{trans,-IlI-L15Co”'(u-NC)}Fe''(_CN)g(bipy)]+

Figure 1: Examples of cyanido-bridged mixed-valence dimers previously prepared.[?!
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Recently, the preparation of a diamagnetic cyanido-bridged [{Co"{(Me)2(u-ET)cyclen}}2{(u-
NC)2Fe'(CN)a}2] square complexi18l (Figure 2) via the above-mentioned mechanistically
designed, self-assembly reaction has been reported. This process involves the expected rate-
limiting outer-sphere redox reaction, followed by a fast substitution/inner-sphere redox reaction
similar to that indicated in Scheme 1.

Figure 2: Cyanido-bridged Square complex [{Co"{(Me)2(u-ET)cyclen}}2{(u-NC)2Fe!(CN)a}2]2-.

This fact opens up the possibility of synthesizing higher nuclearity cyanido-bridged mixed-
valence complexes {Co'/Fe}s with “cubic” shapel®! by the correct choice of the encapsulating
ligand attached to the cobalt centre. For example [{Co(MesTACN)}{(u-NC)sFe!l(CN)e}s]* that
is illustrated in Figure 3.

— _ 4

NN Nﬂ

| NC SFell—Cc=N-C U‘N
N .C”"1 CN_N"
[

N ek iy
Co™"-N Fe"CN
7l N{g’%

CN

Figure 3: [{Co"(MesTACN)}4{(-NC)sFe'(CN)s}s]* (Cube)
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4. OBJECTIVES

The aim of this work is to prepare a cyanido-bridged mixed-valence complex with cubic
shape [{Co'(Me3sTACN)}4{(u-NC)3{Fe'(CN)s}a]*- (Cube).

Characterise these compounds by: Nuclear Magnetic Resonance 'H-NMR and *C-NMR,
Ultraviolet-Visible spectroscopy (UV-Vis), Infrared spectroscopy (IR), Mass spectroscopy (MS)
and Inductively Coupled Plasma (ICP). Make a comparison of the product obtained if sodium or
potassium salts are used as a reactive.

Prepare and characterise the fully oxidized Cube [{Co!(MesTACN)}4{(u-NC)3{Fe!'(CN)s}4].

Carry out a series of kinetic studies for the oxidation reaction of the [{Co"(MesTACN)}«{(u-
NC)s{Fe"(CN)s}s]* complexes with peroxodisulfate and study the effect of pH in this reaction.

Determine the chemical behaviour of reactions by UV-Vis spectroscopy, analyse the
dependence of the pseudo-first-order reaction rate constants with the concentration of
peroxodisulfate to determine the rate constant of the reaction steps, and interpret the kinetic
parameters obtained in order to understand the reaction mechanism.



12
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5. EXPERIMENTAL

5.1. MATERIALS AND METHODS

Nas[Fe(CN)e] was recrystallized following the procedure previously established in the
laboratory. All other reactants were obtained commercially from different companies and were
used without further purification.

5.2. SYNTHESIS OF [{Co"(ME3TACN)}4{(1-NC)3{FE"(CN)s}s]* (CUBE)

5.2.1. Synthesis of [Co!(MesTACN)(NO2)3]

[Co"(MesTACN)(NOz2)s]!*! was obtained from the reaction of 2.9 g (42 mmol) of NaNO: and
3.6 g (12 mmol) of Co(NO3)2:6H20 in 20 cm3 of a 1.0 M aqueous solution of acetic acid and
sodium acetate. Then, a solution of 1.5 g (9 mmol) of MesTACNI'®.20 (1,4,7-Trimethyl-1,4,7-
triazacyclononane, stabilized in NaHCOs) in 16 ¢cm? of water was added slowly and fumes of
NO2 were observed. The solution was stirred for two hours and, after this time, a dark brown
solid had precipitated. It was washed with 10-20 cm3 of water, ethanol and acetone and was
taken to dryness.

1.5 g of [Co!l(MesTACN)(NOz)s] of a mixture of nitro (NO2) and nitrite (ONO) were obtained
with a yield of 46%.

N02 Brown solid. IR[2'-23] (KBr): 1429, 1382, 1306 (NO2), 822 (ONO) cm".

5.2.2. Synthesis of [Co'(MesTACN)Cl;]

[Co(MesTACN)Cls]") was obtained from the reaction of 1.5 g (4.1 mmol) of
[Co"(MesTACN)(NO2)s] (previously prepared) in 50 cm3 of HCI 1.0 M (dark orange solution)



14 Queral Beltran, Aina

after heating at 80 °C for about an hour. During the reaction, orange fumes (NOz) evolved and
the solution became dark blue. The final solution was taken to dryness in a rotary evaporator
and a dark blue/green solid was obtained. This solid was washed several times with 10-20 cm?
of ethanol and acetone and left to air-dry. The mother liquor had a turquoise colour and the
product was a dark blue solid.

1 g of [Co"(MesTACN)Cls] were obtained with a yield of 74%.

.l Dark blue solid. IR1-231 (KBr): 2998, 2934 (-C-H), 1573, 1542, 1500 (C-N) cm-".

N. | .Cl
[N(Cf)‘m
TN

5.2.3. Synthesis of Nas[{Co"(MesTACN)}4{(4-NC)sFe'(CN)e}4] (Na-Cube)

[Co"(MesTACN)Cls] (0.24 g, 0.7 mmol) was dissolved in 100 cm? of water and pH was
adjusted to 8-9 while the colour of the solution changes from dark blue to purple due to CI- to
OH- substitution. Then, 1.1 g (2.2 mmol) of Nas[Fe(CN)e]-10H20 dissolved in 30 cm?3 of water,
was slowly added. The solution became almost immediately dark blue/green and was left to
react at 60 °C for 18 h, checking that pH was maintained during the first hours.

The final purple solution contained some brown precipitate that was filtered and discarded;
the filtrate was taken to dryness in a rotary evaporator obtaining a purple solid.

This solid was dissolved in the minimum quantity of water and was chromatographed with a
Sephadex G-25M Column (mass exclusion chromatography). Three fractions were obtained:
the first one was brown/black with a broad band in UV-Vis between 400-600 nm (discarded as a
polymer), the second was a purple well-defined band and contains most of our product, and the
last one was characterised as free hexacyanidoferrate(ll).

For further purification, the purple fraction was diluted to 500 cm3 and was chromatographed
with a Sephadex DEAE (anionic exchange). On the top of the column remained the rest of the
inorganic polymers and the desired product was eluted with aqueous 0.2 M NaClOs. Any
remaining hexacyanidoferrate was finally eluted with 0.4 M NaClO4. The excess of sodium
perchlorate was removed by concentrating our final solution and passing it through the
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Sephadex G-25M column several times. Finally, the solution was taken to dryness and a purple

solid was obtained.

4Na’_

- Purple solid. IR*-23 (KBr): 2059, 2127, 2152 (C=N) cm'. 'H

NMR (D20, 400 MHz): 6 3.87 (s, 2H, encapsulated H20),
3.41-3.29 (m, 24H, CHH), 3.16-3.04 (m, 24H, CHH), 2.91 (s,
36H, CHs) ppm. BC NMR (D20, 101 MHz): & 182.01
(CNbridging), 169.36 (CNterminar), 60.92 (CHz), 51.83 (CHs) ppm.
UV-Vis (¢ /M-'cm-"): 525 (4710) [MMCT], 457 (sh, 3820) [d-d
origin], 324 (2740) [LMCT] nm. LC-MS-TOF (ESI): m/z calc.
for [CeoHs4CosFesNss]* 442.18, [M+Na]* 597.23, [M+Na+H>
896.35, [M+Na+H+H20]> 905.36, [M+Naz]> 907.34,
[M+NaztH20> 916.35; found 597.08, 896.12, 904.11,
907.11, 916.10. ICP: [Co]:[Fe] = 1:1.

5.2.4. Synthesis of Ki[{Co"(MesTACN)}s{(p-NC)sFe'(CN)s}s] (K-Cube)

The K-Cube was prepared following the same procedure as described for the Na-Cube

using the corresponding potassium salts.

4Kt
CN SN
en NN
NC—Fe''-C=N_,Co"'N_

v v P
.C

| CN _N"|

|
\A@I“N RN
NZCol-N=gFe ' CN L

I
T

Purple solid. IR2*-23 (KBr): 2066, 2129, 2154 (C=N) cm*. 'H
NMR (D20, 400 MHz): & 3.37-3.35 (m, 24H, CHH), 3.14-3.12
(m, 24H, CHH), 2.93 (s, 36H, CHs) ppm. 13C NMR (D20, 101
MHZ)Z 0 181.0 (CNbridgmg), 169.1 (CNterminal), 61.1 (CHZ), 52.0
(CHs) ppm. UV-Vis (¢ /M-'cm-): 518 (4740) [MMCT], 455 (sh,
3950) [d-d], 317 (2600) [LMCT] nm. LC-MS-TOF (ESI): m/z
calc. for [CooHseNssCosFea] 442.18 [M+K]> 602.57 [M+2K]2
923.35; found 602.40, 923.09. ICP: [Col:[Fe] = 1:1.

5.3. PREPARATION OF FuLLY oxIDIZED CUBE [{CO"(ME3TACN)}4{(p-

NC)s{FE"(CN)c}4]

A solution of 0.1 g (54 pmol) of Na-Cube in 40 cm3 of water (purple colour) and a 60 cm3

solution of 15 g (0.063 mol) of NazS20s were mixed and left to react at room temperature

overnight.

The final solution turned yellow and had some finely suspended precipitate which was

filtered and discarded with two Whatman N°2 paper filters. The yellow solution was taken to

dryness (UV-Vis: 439 nm). And the pale-yellow solid obtained, corresponding to our product,
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was filtered with N°4 filter crucible. Adding some drops of water to the solid produced intense
yellow mother liquor while the precipitate became white, corresponding to most of the oxidant
added. The mother liquor was taken to dryness with a rotary evaporator and an off-yellow solid
was obtained. This process was repeated two more times to eliminate as much as possible the
excess of oxidant from the oxidized sample.

The crude solid was dissolved in 10 cm? of water and chromatographed with a Sephadex G-
25M (size exchange) chromatography column. Initially, a very good separation of three bands
was observed: the first was purple, corresponding to reduced Cube that was not reacted, the
second was green, that corresponded to an inorganic polymer, and the third was yellow
corresponding to the desired product, the fully oxidized Cube. Water was passed and, on elution
through the column, the green and yellow bands became purple.

Three purple fractions and a yellower one were obtained, but after 2h, the first fraction and
the second were still purple while the third had obtained a mixed colour of purple and yellow,
and the fourth had turned completely yellow. The fourth band was assumed as the fully oxidised
product and its characterization was carried out.

R Yellow solid. UV-Vis: 440 nm [LMCT]. ICP: [Co][Fe] = 1:1
LGN _ 1 Ny LC-MS-TOF (ESI): m/z calc. for [CeoHssCosFesNsg+Na+H20]*
NN 1809.7; found 1809.1

| J

N NGZN-  G.CN Paramagnetic.
| iy o\ 1Y, -
i N-ZCoji"N=C_ CN
N N CT
(|:~~C/ N I N7 CN
NC— —C=N-Co'N—
- /
No@! |
(6 ¢ /W

5.4. KINETICS OF THE OXIDATION OF CUBE

5.4.1. Preparation of Buffers/?4

Borax buffer [pH = 8.2, | = 1.0 M (NaClO4)] was prepared by dissolving 8.09 g (0.04 mol)
NazB4O7 and 54.66 g (0.38 mol) of NaClOs-H20 in 420 cm? of distilled water. The pH was
adjusted to 8.2 with NaOH 0.1 M and HCIO4 1.0 M.

HCIO4 [ = 1.0 M (NaClO4)] was used as a buffer by excess for the kinetics at pH 0-1. A 1.0
M solution (pH approx. 0) was prepared by diluting 19.5 cm? of a 2.5424 M standard solution.
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Another one 0.5 M (pH approx. 0.3) was prepared by dissolving 0.76 g (5.4 mmol) of
NaClO4-H20 in 5 cm3 of the previously prepared 1.0 M solution and adding water to 10 cm?. A
0.1 M solution of HCIO4 (pH approx. 1) was also prepared following the same procedure, with
1.27 g (9.0 mmol) of NaClO4-H20 and 1 cm? of the 1.0 M solution.

5.4.2. Preparation of stock solutions of the reactants

A stock solution 1.2 mM of Na-Cube and another one 10 mM of K-Cube were prepared, the
concentrations were determined approximately by the extinction coefficient observed in UV-Vis.

Stock solutions of the oxidizing agent were prepared, for the kinetic study at pH 8.2 by
dissolving necessary amounts of Na2S20s in the borax buffer to a final concentration of 0.075 M
and 0.5 M, and other solutions 1.0 M, 2.0M and 2.3M of Na2S20s in water were prepared for the
study at acidic pH.

5.4.3. Oxidation reaction

The kinetic runs at high pH were conducted under pseudo-first-order conditions by mixing
0.06 cm3 of the stock solution of the corresponding Cube (final concentration of Na-Cube in the
cell = 28.8 uM) with an excess of stock solutions of Na2S20s to obtain concentrations of S20s%
between 0.048M and 0.4M. Finally, the total volume of the cell was adjusted to 2.5 cm? adding
the necessary volumes of the Borax buffer.

The kinetic studies at low pHs were made by mixing 0.03 cm3 of the stock solution of Na-
Cube (final concentration = 17.7 uM) with the calculated amounts of stock solutions of Na2S20s
to obtain concentrations of [S20s]? between 2.5 mM and 30 mM. The total volume of the cell
was adjusted to 2.0 cm?3 adding the necessary volumes of the corresponding solution of HCIO4
for each pH studied.

All kinetic runs were carried out under pseudo-first-order conditions and the kinetic time-
resolved profiles for the reactions were obtained by an Agilent G1103A UV-Vis
spectrophotometer or a Varian Cary 50 Bio UV-Vis spectrophotometer, both connected to a
Julabo F25 thermostatic bath. Data were collected by measuring absorption from 300 to 800 nm
at 25°C at different time ranges and intervals.

Data obtained of the observed rate constants koss(s'") from the 3D kinetic spectrum
(Absorbance-Wavelength-Time), studied under first-order concentrations conditions, was
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treated with Specfit32 software.l? This program allow the time-resolved data to be fitted under
pseudo-first-order conditions to a (A>B kobst, B>C kovsz, C>D kovss, DDE kovsa) or, if
necessary, a (A>B kovst, B>C kobsz, C2>D kobss) models, depending on which better fitted
Absorbance-Time traces of the UV-Vis spectrums recorded, thus producing an observed rate-
constants for each experiment.

Three or four observed rate-constants (kobs) were obtained in each concentration of oxidant
(All values are collected in Appendix 1). Then, the dependence of these values of kobs With
different concentration of oxidant was conducted with OriginPro 8 software to fit to the proper
equation and to obtain the Kos and koxof each rate step.
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6. RESULTS AND DISCUSSION

6.1. SYNTHESIS OF CUBE

The Cube was prepared following the procedure described in the experimental part. By this
method used, the Cube prepared with sodium salts always has impurities of sodium perchlorate
which are difficult to eliminate if not passed many times by a Sephadex G-25M chromatography
column. In the case of the Cube prepared with potassium salts, this problem is presented with
salts of potassium chloride that should be eliminated by the same method or taking advantage
of the fact that the Cube is soluble in methanol and the KCl is not. It could be dissolved in
methanol in order to remove most of the KCI from the product.

The two Cubes prepared were expected to be equal, but when they were characterized, it
was observed that in their "H-NMR and '3C-NMR the signals do not appear in the same place.
In the H-NMR, in both cases, there was a singlet that integrated the protons of MesTACN
methyls and two doublets of doublets corresponding to CH2 of MesTACN where the H were
chemically equivalent but not magnetically equivalent. In addition, the Cube prepared with
sodium salts showed an extra signal that integrated two H’s and did not correspond to the
geometry of the Cube. No other unexpected signals were observed in the 13C-NMR, so it was
thought that the Na-Cube encapsulates a water molecule in its structure.

In the mass spectrum, the observed peaks in MS at 905.36 and 916.35 m/z confirmed that
an H20 molecule was encapsulated into the Na-Cube while the Cube prepared with potassium
salts, K-Cube, had no peaks in its Mass spectroscopy that indicate this phenomenon. This fact
could be explained because of a different self-assembly mechanism depending on the cation
size of the salts used as reactive.

6.2. PREPARATION OF OXIDIZED CUBE

First oxidation of the sodium Cube at neutral pH was performed with an excess of 1200 fold
more peroxodisulfate than Cube. It was seen that, when passing through the column, when the
remains of peroxodisulfate in the sample were eliminated, the oxidized Cube was reduced
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again. It was observed that under not very acidic conditions or with a low excess of the oxidizing
agent, the oxidized Cube could not be obtained because, in an aqueous medium, it reverts to
the original Co'l/Fe! reduced form of the complex.

In a second oxidation, the fully oxidized Cube only could be obtained impure with an excess
of peroxodisulfate. In any other case, it has been confirmed that it returns to the completely
reduced form if the pH is not acidic or if there is no excess of the oxidant.

6.3. MODELLING THE TIME-RESOLVED SPECTRAL CHANGES

This type of mixed-valence complexes presents a wide range of colour changes based on
the oxidation states of the metal. In this case, two types of transitions were identified as being
responsible of colour: MMCT between Fe!' and Co' in the reduced Cube (purple), and LMCT
between CN- ligand and Fe'l' in the oxidized Cube (yellow).

The oxidation of the Cube by peroxodisulfate was studied under the conditions mentioned in
the experimental section.

Other buffers were tried, like HEPES?24 [pH 7 / = 1.0 M (NaClOs)], but were not used
because NazS20s, used as the oxidant, oxidizes the buffer and the solution of oxidizing agent
turns yellow. As the study was to be carried out by measuring absorbance in the UV-Vis zone,
oxidizing solutions used should not absorb in this wavelength range.

The processes were studied with S20s? as oxidant and were found to produce well-behaved
first-order absorbance vs time traces in the acidic pH range. When the pH value was increased
(borax conditions), the spectral changes became more erratic; no reliable values of kobs could be
obtained. Under these conditions, the redox reactions were observed to revert with time to the
original Co'/Fe!' reduced form of the complex, which implied that all the oxidizing agent had
been consumed in a catalytic process and the reduction reaction had taken place. This
(reverse) reduction reaction became also dominant when the concentration of peroxodisulfate
was low because the reduction reaction takes place in an aqueous medium.

For this reason, the reactions with low peroxodisulfate concentrations seemed to be so
slow, and a very large excess (1000-2000 times more than Cube) was needed in order to force
the oxidation of the Cube and overcome this regression in the reaction.
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Figure 4. UV-Vis spectral changes obtained for the oxidation reaction of Na-Cube with an excess of 1700
fold S20s2. Borax buffer. (T =25 °C, pH =8.2, /= 1.0 M (NaClOx),
[Na-Cube] = 2.88 x 105 M, [S20%] = 4.8 x 102 M).
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Figure 5. UV-Vis spectral changes obtained for the oxidation reaction of K-Cube with an excess of 1700
fold S20s%. Borax buffer. (T = 25 °C, pH = 8.2, I = 1.0 M (NaClOa),
[K-Cube] = 2.39 x 104 M, [S208%] = 4.0 x 10" M).

As seen in Figures 4 and 5, the K-Cube gets to its fully oxidized form faster than Na-Cube
with peroxodisulfate at pH 8.2. The reaction with an excess of 1700 fold peroxodisulfate than
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Cube at 440 nm, the K-Cube ceased to evolve in 48000 s (approx. 13 h) and the Na-Cube
needed at least 62000 s (approx. 17h) to stop changing in the same conditions.

In all conditions studied, different pH and different concentration of peroxodisulfate, it was
observed an increase in the absorbance around 440 nm, which corresponds to the appearance
of the oxidized Cube (LMCT, ligand-to-metal charge transition between CN and Fel), and a
decrease of the broad maximum around 540 nm, which corresponds to the waste of the fully
reduced Cube (MMCT Fe'l to Co'll).
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Figure 6. UV-Vis spectral changes obtained for the oxidation reaction of Na-Cube with an excess of 1700
fold S20s2. HCIO4 buffer. (T = 25 °C, pH = 0.3, /= 1.0 M (NaClO4),
[Na-Cube] = 1.77 x 105 M, [S208%] = 3.0 x 102 M).

As said previously, when the oxidizing agent was consumed, takes place the reduction
reaction with the OH- of the medium producing H202, but a decrease in the absorbance at 440
nm (disappearance of oxidized Cube) or an increase at 540 nm (formation of reduced Cube)
was not observed. This could be explained because of a catalytic process, the high excess of
oxidant in the cell quickly oxidize again the reduced Cube. It could be confirmed because, as
seen in Figure 6, the oxidation reaction at acidic pH was “faster” (approx. 1.5h) than in higher
pH, and all results obtained for the different concentrations of peroxodisulfate were clearer. It
makes sense because, at acidic pH, the oxidation reaction could overcome the reduction
reaction because there is less concentration of hydroxide ions in the solution.
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6.4. STUDY AND INTERPRETATION OF THE EFFECT OF PH AND CONCENTRATION OF
[S204]*

Reactions were followed by UV-vis spectroscopy in the full 300-800 nm range. Observed
rate constants were derived from the absorbance vs time traces at wavelengths where a
maximum increase (approx. 440 nm) or decrease (approx. 540 nm) of absorbance was
observed. In all cases, pseudo-first-order conditions were maintained, and the complex
concentration was kept at (17-29) x 106 M.

In the course of this oxidation study, the process has been found to behave in a reversible
way at high pH values, indicating that the oxidized form of the complex [{Co!(MesTACN)}{(u-
NC)s{Fe"(CN)s}4] is an oxidant of water producing hydrogen peroxide. Due to this, the study has
only been carried out at acidic pH.
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3x10% 5x10° ——
3x1074 < 4x10™;
TS -2 v v (7]
©2x10 1 "53x10°
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5x10°] 4 1x107
HCIO4 01M ' ' ' : HC|O4'O.1 M
0 5 10 15 20 25 30 0 5 10 15 20 25
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-3 -
1x1077 . Heio, 1.0m 1x10°1 . Heio, 10M
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Figure 7. Plot of the values of the pseudo-first-order rate constants, a) Kobs1, b) kobs2, C) Kobs3, d) Kobs4,
vs. [S208%] for the oxidation of Na-Cube at different [HCIO4]
(A purple 1.0 M, e green 0.5 M, ¥ orange 0.1 M).

In order to determine the mechanism of the oxidation reaction, the kinetics trend of the
observed pseudo-first-order rate constants obtained with Specfit32 software, as indicated in the
experimental part, was treated with OriginPro8 software (Figure 7). Depending on the curvature
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on the plots generated by this program, kos rate constants could show a typical limiting
behaviour for outer-sphere redox processes, and be represented by Equation 1a, where the
formation of the precursor outer-sphere complex (Kos) was dominant. Or, if not, the observed
rate constant showed a linear dependence with the peroxodisulfate concentration and its
tendency was described by Equation 1b.

_ KoskeIS2051

= ROTEL ) k= KogkaS,05
1+Kos[82052;-] ) obs 0S ox[ 2 8]

a) obs

Equation 1. Rate law for the outer-sphere oxidation process.

Observing Figure 7, while kost and kobs2 produced a rate law such as that indicated in
Equation 1a, kobs3 and kobss produced another rate law such as that indicated in Equation 1b.
These results indicate that for the oxidation of {Co!l/Fe'}* to {Colla/FelsFell}>- (kobs1) and this to
{Colls/FellFella}2- (kobs2), a limiting outer-sphere precursor formation was observed, where the
formation of the precursor outer-sphere complex (Kos) was dominant. And for the reaction of
{Coly/FellzFellz}2- to {Coa/FellFells} (konss) and from this one to fully oxidized Cube, {Co'l/Fe'l}4
(kobsa), these outer-sphere complex and its equilibrium constant were not relevant.

In Table 1, are detailed all outer-sphere complex equilibrium constants and oxidation rate
constants obtained from the fitting of kobs shown in Figure 7.

[HCIO4] Kos1 Kox1 Kos2 kox2 Kos3 X koxs  Kosa X Koxs
m Is1 (x 1073) /s1 Is (x103) /st (x103) /st (x 107%) /s
1 300 + 100 27+2 160+60 6.2+08 2+1 202

0.5 200 £ 100 233 120+40 46+06 14 £1 99+0.7
0.1 140+ 20 402 700£300 53%0.3 392 37+1

(a) kobst and kovs2 were fitted following Equation 1a.
(b) konss and kobss were fitted following Equation 1b.

Table 1. Kinetic parameters for the reaction steps observed in the oxidation of the Na-Cube with S20s? at

different concentration of HCIOa.

For the third and fourth reaction, the slope of the linear dependence of the kos values
corresponds to Kos X kox as indicated in Equation 1b and could not be obtained separately.
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6.5. REDOX MECHANISM

6.5.1. Oxidation reaction

According to the reactivity observed for the compounds with lower nuclearity previously
prepared,l'7.18] and the results obtained in the kinetic study, an outer-sphere mechanism to the
oxidation of [{Co"(MesTACN)}a{(u-NC)s{Fe'(CN)s}a]* ({Col/Fels*, Cube) with peroxodisulfate
was proposed as described in Scheme 2. Where the reactions 3a and 4a were found to be an
equilibrium not significantly shifted to the outer-sphere precursor formation, the values of Koss
and Koss were not relevant.

KOS1 Al I 4- 2-
{Co"IFe",* + 8,05% <—=  {{Co/Fe'}4"S:05"} (1a)
kox1
{{Co"IFe"y*;8;08) —>  {Co'yFelsre P+ 80,7 +80,”  (1b)
| KOSZ Al Il 3- 2-
{Co"IFe"sFe Ve + 8,047 <—=  {{Co/Fe’sFe}";8,05%} (2a)
kon
{CoFe'yFe!y>:8,04%) —>  {CoyFeyre* + 80,7 +S0,”  (2b)
' Koss el a2
{CofFel,Fe )% + S,08% <= {{Co/Feale 2}";S:04"} (3a)
kox3 )
{{(f‘«,;”/Fe”z 2}2';82032'} —> {Co “4/':ell it 8042- +S8047 (3b)
Koss
coliFe'resy +8,08 ====  {{Co"IFe"Fe5};5;,08"} (4a)
ko><4
{{Co"IFe'Fe"'35:8,08%} —>  {CoIFe"l + SO + S04 (4)
fast
{CoIFe",* + 50, — {Co"yFe"sFe ¥ + 50,Z (1fast)
fast
{Co"IFe"sFe"}® + S0, —_— {Co"yFe"yFe % + SO,Z (2fast)
fast
{Ca"IFe",Fe )% + 80,7 — {Co"yFe'Fe 3y + 80,% (3fast)
fast
{Co"fFel'Fe!l3) + S0, E—— {Co"IFey, + 80,% (4fast)

Scheme 2. Outer-sphere oxidation mechanism of Cube with peroxodisulfate.
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6.5.2. Reduction reaction

As seen in the mechanism of the reduction reaction of Square complex,['® and according to
the changes observed during the preparation of the oxidized Cube, the mechanism to reduce
fully oxidized Cube with OH-was proposed to be similar as described in Scheme 3. This could
explain why the fully oxidized Cube was difficult to obtain in an aqueous medium without an
excess of peroxodisulfate.

kred1
{CoiFe!™y, + OH- — {Co"/FellFe!s} + OH- (5)
. kredz
{Co''yFelFe!'s} + OH S {CoFelyFe >+ OH (6
kred3
{Co'"yfFel'yFe!'y} + OH- {CoIFe"Fe Y +oH ()
‘ kred4
{Co'lfFelyFe Y + OH- — {Co"/Fe",* + OH ()
fast
20H —i H,0, )

Scheme 3. Reduction mechanism of fully oxidized Cube with OH-.
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7. CONCLUSIONS

Two new compounds of cyanido-bridged mixed-valence with cubic shape,
[{Co"(MesTACN)}{(u-NC)s{Fe(CN)e}s]*, have been synthesized and characterized. One
prepared with sodium salts (Na-Cube) that seems to encapsulate an H2O in its structure, while
the other, prepared with potassium salts (K-Cube), do not have this H20 encapsulated.

The fully oxidized form of the Cube has been obtained from the oxidation of the reduced Na-
Cube with peroxodisulfate. Even at slightly acidic conditions, it has been observed that, without
a presence of an excess of the oxidant, the oxidized Cube revert to the original form, oxidizing
the water in the medium and producing H202 in a catalytic process.

The kinetic study of the four-step oxidation reaction of the [{Co"(MesTACN)}4{(u-
NC)s{Fe'(CN)s}s]* Cubes, by peroxodisulfate in different pH solutions at 25 °C, have been
conducted under pseudo-first-order conditions and a mechanism of the oxidation reaction of the
Cube have been described as two first step that requires the existence of an equilibrium
process prior to the rate-determining step, and two last steps where this equilibrium was not
relevant.
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APPENDIX 1: KINETIC DATA

pH [S2082] M kobs1 Is!  kKobs2 IS Kobs3 IS Kobsa IS
8.20@ 48x10% 29x102 26x10% 16x10* 45x10%
(Borax 0.1 M) 53x103  31x102 12x102 17x104 44x10°
I=1M(NaClO4) 58x10° 2.8x102 32x10% 21x104 51x105
63x10° 25x102 32x10% 1.7x10% 3.3x10°
68x103 42x102 65x10% 22x104 34x10°
73x10%  3.0x102 85x10% 1.8x10* 3.9x10%
80x10° 3.6x102 11x10% 25x10% 2.0x10°%
1M1x102  24x102 23x10% 20x104 29x10%
14x102 33x102 38x10% 43x104 7.9x10°%
17x102  27x102 53x10% 15x10% 1.4x10°%
20x102  26x102 45x10% 33x10* 1.2x10%
22x102 27x102 53x10° 45x104 15x10*

25x102 28x102 6.7x10° 3.1x104

30x102 2.8x102 4.1x10° 3.3x104

3B5x102  24x102 15x10° 3.9x104

40x102 27x102 32x10° 45x104

8.2 48x10° 1.1x10" 28x10°
(Borax 0.1 M) 58x10% 72x102 19x10% 13x104 1.1x10%
I=1M(NaClO4) 63x10° 89x102 7.8x10* 87x105 9.2x108
68x103 50x102 3.0x103 12x104 13x10°
80x10° 4.2x102 1.8x10° 11x10% 3.7x10°
11x102  29x102 1.6x10°%

17x102  24x102 15x10% 17x10% 4.8x10°%
20x102  47x102 14x10% 26x10* 1.6x10°
22x102  96x102 35x10% 21x10* 7.5x10°F
25x102  9.0x102 24x10° 51x10% 4.9x10°%
30x102  13x10" 1.8x103 94x10° 7.8x10°
40x102 9.8x102 14x10% 15x10* 59x10°
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pH [S2082] M kobs1 Is!  Kows2 /S kowsa IS Kobsa IS™
aprox. 0 (© 25x10%  08x102 24x10°%
(HCIO4 1.0 M) 50x10°% 18x102 21x10% 07x104 0.6x10*
I=1.0M (NaClO4) 7.5x103 3.7x10°3
10x10% 22x102 34x10% 21x10* 15x104
15x10%  21x102 4.0x10% 27x10* 24x104
20x103 22x102 49x10% 40x104 3.8x10*
25x10%  21x102 50x10% 6.1x10% 57x104
30x10°%  25x10?
aprox. 0.3 © 25x10° 07x102 1.2x10°
(HCI04 0.5 M) 50x10° 15x102 21x10% 02x104 0.1x10*
I=1.0M(NaClO4) 7.5x10% 1.1x102 21x103
10x10% 1.7x102 24x10% 15x10* 9.7x10
15x10% 16x102 25x10% 1.9x10* 1.7x10
20x103 20x102 35x103% 22x104 2.1x10*
25x10°%  1.7x102 36x10° 42x104 222x10*
30x103%  23x10?
aprox. 1 () 25x10°% 3.7x10°
(HCIO4 0.1 M) 50x103 43x10% 22x104 2.0x10*
I=1.0M (NaClO4) 7.5x103 42x10% 3.9x10*
10x10% 23x102 4.1x10% 3.7x10*
15x10% 26x102 48x10% 63x10¢ 52x104
20x10% 3.0x102 49x10% 69x10* 6.8x104
25x10% 3.0x102 57x10% 9.7x10* 9.5x104
30x10°%  32x10?

(a) [Na-Cube] = 28.8uM
(b) [K-Cube] = 239uM
(c) Na-Cube] = 17.7uM






