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covalently linked to six C-bonded cyanide bridges. The low spin

ABSTRACT: Acidity of water molecules coordinated to state is very stable. On the contrary, the coordination sphere of
Co ions in CoFe Prussian blue analogues (PBA) has been the Co ions is described as [CO(NC)y(OHZ)(é_y)]. It contains
used to reversibly activate the Co''Fe' < Co'Fe! coordinated water molecules making these metallic sites
electron transfer. The study of the structure and the accessible to acid—base reactions.'® This allows to tune the
electronic structure shows that the process implies an redox properties of the Co site. The alkali-cation free CoFe
original PCET reaction between a solid-state porous PBA has the chemical formula Co,[Fe(CN)4],-[],5-18H,0,
coordination polymer and hydroxide ions in solution. The where [] stands for the [Fe(CN),] vacancies. It can be
PCET reaction spreads throughout the solid network reformulated (Co(OH,),),[Fe(CN)g],,[1;5-10H,O to high-
thanks to a long-range H" and Rb" transport within the light the coordinated molecules on the cobalt if one ignores
pore channels of PBA taking advantage of the hydrogen- minority species presenting one- or three-coordinated water
bonding network of zeolitic water molecules acting as molecules. It is made of Co(HS) and Fe(LS) ions linked by

proton wires. cyanide and does not exhibit any switching properties at

ambient pressure.8 In order to reach the Co™(LS)-Fe''(LS)
state, one has to increase the reducing power of the Co ion (ie.,

he interaction between protons and electrons plays a decrease its redox potential). We show in the present

central role in chemistry and in biology as proton-coupled contribution that this can be achieved through a local PCET
electron transfer (PCET) reactions are involved in many reaction accompanied by a long-distance proton and alkali-
chemical and natural processes.’ The PCET reactions also cation transport within the pores of the inorganic network. The
constitute a key point in contemporary challenges such as reversibility of the reaction is checked, and the way the reaction
energy conversion.” They have been intensively studied in propagates throughout the solid is investigated.
solutions, proteins, and electrochemistry.3 Most of the studies Insoluble alkali cation free CoFe PBA is called compound 1
aim at a better understanding of the mechanisms that underlie in the following. It was immersed in a concentrated rubidium
the efficiency of PCET reactions and most of them focus on nitrate aqueous solution, and increasing volumes of a
solutions. In this work instead, we report an original PCET tetrapropylammoniumhydroxide (TPAOH) aqueous solution
reaction in a system composed of a solid-state porous were added. The precise amount of reactants is given in Table
coordination polymer (a Prussian blue analogue, PBA) S1. Up to a TPAOH/Co mole ratio threshold (TPAOH/Co
immersed in an aqueous solution. The acid—base reaction mole ratio <0.6), the pH of the solution remained unchanged,
results in the magnetic switching of the solid network between showing that the added hydroxide ions are consumed by acid—
a ferrimagnetic state and a paramagnetic state. base reaction with the solid. By increasing the TPAOH/Co

Some three-dimensional coordination polymers undergo a mole ratio above 0.6, the pH of the solution rapidly increased

reversible electron transfer under external strain.*”* Thus, in and then reached a maximum. The corresponding powder
some CoFe Prussian blue analogues (CoFe PBA in the (TPAOH/Co = 3.5) was recovered after S min of vigorous
following) presenting the well-known face-centered cubic (fcc) Stirring. It is called compound 2 in the following. The chemical
structure'®> made of Co-NC-Fe linkages, the switch between the composition of 1 and 2 deduced from elemental analyses
Co™(LS; low spin)-NC-Fe"(LS) and the Co"(HS; high spin)- (Table S2) are as follows: (Co(OH,),),[Fe(CN);],,-10H,0
NC-Fe'(LS) states can be activated by light,”® temper- for 1° and Rb,5(Co(OH)(OH,)),5(Co(OH,),), 5[Fe-
ature,'®"” or pressure.'®'® The switching properties depend, (CN)g)2710.5H,0 for 2. We identify in the formula of 2 the
among other parameters, on the relative energy levels of the cobalt sites where some of the water coordinated molecules
Co"™Fe' and Co'Fe' states, which are related to the relative have lost a proton to become hydroxo ligands. The same Co:Fe
position of the redox potentials of the Co™/Co" and Fe''/Fe"
redox couples.zo In CoFe PBAs, chemical modification of the Received: March 6, 2014
Fe ion coordination sphere is not feasible since iron is strongly Published: April 14, 2014
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stoichiometry in both compounds indicates that the acid—base
reaction did not significantly modify the bimetallic cyano-
bridged network. The elemental analyses data are fairly well
reproduced by considering the hydroxylation of 2.5 water
molecules accompanied by the insertion of 2.5 Rb* cations per
cell to ensure electroneutrality of the solid. In other words, 2.5
protons of water molecules bound to the Co sites of the
inorganic polymer have been consumed by acid—base reaction
with TPAOH, while the negative charge borne by the inorganic
network is compensated by the insertion of 2.5 Rb* cations
within the PBA porous channels (Scheme 1), i.e., in the octants

Scheme 1. Acid—Base Reaction between the Solid Inorganic
Network and Hydroxide Solution Accompanied by the
Insertion of Rb* Cations within the Porous Channels of PBA

H*+ OH- — H,0
Rb*

of the PBA conventional cell. The structural and electronic
modifications of the CoFe cyanide bimetallic network
accompanying the acid—base reaction were studied by X-ray
diffraction (XRD), X-ray absorption spectroscopy (XAS), and
magnetometry in compounds 1 and 2.

The XRD patterns, the magnetization curves and the XAS
spectra at the Co K-edge of compounds 1 and 2 are shown in
Figure la—c. The XRD pattern of compound 1 is the signature
of the well-known fcc structure of alkali-cation free PBAs
(Figure 1a)" with a cell parameter value (10.30 + 0.05 A)
typical of CoFe PBAs mainly composed of Co"(HS) ions with
long Co to ligand bonds.® Compound 1 presents a long-range
ferrimagnetic ordering below the Curie temperature T = 16 K
(Figure 1b).% The absorption maximum at 7725 eV at the Co
K-edge on the spectrum of compound 1 (Figure lc) is the
signature of divalent Co"(HS) in CoFe PBAs.*'7*'~** The
XRD pattern of 2 shows the same peaks than 1: the long-range
fcc structure is not changed by the acid—base reaction. The
strong decrease in intensity of the 200 and the 420 diffraction
lines from compound 1 to 2 reflects an increase of electronic
density at the center of the octants, which is the usual position
of interstitial Rb* metal ion in PBAs."” This reveals the location
of the Rb" ions inserted within the PBA pore channels during
the acid—base reaction. At last, the shift of the peaks indicates a
cell parameter contraction from compound 1 (10.30 = 0.05 A)
to compound 2 (10.00 + 0.05 A). Such an important
contraction is observed in CoFe PBAs when Co'(HS) ions
with long Co to ligand bonds (2.08 A) are transformed into
Co™(LS) ions with short Co to ligand bonds (1.96 A).® The
spectacular magnetization decrease from compound 1 to 2
(Figure 1b) is in agreement with the local transformation of
paramagnetic Co'l(HS)Fe™(LS) (S=1) pairs into diamagnetic
Co™(LS)Ee(LS) (S = 0) ones and with the associated
transformation of a long-ran%e ordered ferrimagnetic phase to a
paramagnetic one below T¢.” The oxidation states of the metal
ions were confirmed by XAS. At the Fe K-edge (Figure S3), the
shift of the absorption maximum (1s — 4p transition) by 1 eV
toward low energy after addition of base is the signature of a
decrease of the oxidation state of most of the Fe ions from Fe'!
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Figure 1. (a) Powder XRD patterns, (b) temperature dependence of
the molar magnetic susceptibility, and (c) Co K-edge X-ray Absorption
Near Edge Structure spectra for compounds 1 and 2. The arrow in the
inset points at the shoulder (see text).

to Fe!' demonstrated in other contexts in CoFe PBAs.®'721723

It is confirmed by infrared spectroscopy (Figure S4).'7*7%¢
The Co K-edge spectrum of 2 (Figure 1c) shows a broader 1s
— 4p absorption band than compound 1. The maximum
situated at 7725 eV indicates that compound 2 contains
Co"(HS) ions embedded in the same environment as in
compound 1 (Co"(NC),(OH,),). Given the stoichiometry, a
Co"(HS) contribution is indeed expected in compound 2 since
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it only contains 2.7 CoFe pairs per cell possibly involved in the
Co"Fe™ — Co™Fe" charge transfer. A significant shoulder at
higher energy (around 7727 eV) is the signature of another Co
species assignable to Co™(LS) ions. The Co"(HS) to Co™(LS)
transformation is confirmed by the significant shift of the first
extended X-ray absorption fine structure oscillation toward
higher energy consistent with the Co to ligand bond shortening
accompanying the Co"(HS) — Co™(LS) transformation.
The fraction of Co™Fe" pairs in compound 2 can be
estimated from the linear fit of the inverse molar magnetic
susceptibility (1/y,) versus T over the 100—300 K temperature
range (Figure S5).'* Given the error bars, the presence of 2.3
(£0.2) Co™Fe" diamagnetic pairs per cell in 2 is in line with
the reduction of the main part of the Fe ions and fairly well
corresponds to the 2.5 hydroxylated Co species per cell
Compound 2 can then be depicted as mainly composed of
hydroxylated HO-Co™(NC)Fe" linkages and non-deproto-
nated H,0-Co" species. These observations allow to reach two
important conclusions (i) on the PCET mechanism and (ii) on
the magnetism. First conclusion, the acid—base reaction and the
Co"Fe" — Co'Fe" electron transfer are coupled, the Co"—
OH, sites acting at the same time both as proton donor toward
OH" proton acceptors provided by the TPAOH solution and
as electron donor toward Fe'™ electron acceptor sites of the
coordination polymer. The fact that only the Co species
implied in the electron transfer are hydroxylated suggests a
concerted proton—electron transfer (CPET) rather than a
stepwise proton—electron transfer (PET) mechanism: hydrox-
ide ions in the pore channels attack the H atoms of the weakly
acidic water molecules bound to the Co' ions, which reinforces
the H,O to Co" ¢ donation and lowers the Co™/Co" redox
potential enough to trigger the Co"Fe" — Co''Fe" electron
transfer. The Co™ to Co'" oxidation enhances the acidity of the
water molecules bound to the Co ions implied in the electron
transfer and makes easier the deprotonation reaction. It is
worth noticing that PCET reactions involving the [Co'-
OH]**/[Co™OH,]*" couple are scarce.”” A scheme of the
chemical equation of the CPET reaction is proposed in Scheme
2. Second conclusion, the magnetism of 2 can be described by

Scheme 2. Schematic Chemical Equation of the PCET
Reaction
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paramagnetic Co' ions, isolated in a diamagnetic Co''Fe"
matrix, providing a paramagnetic phase in the whole temper-
ature range.

In order to check if the process could be reversed, 2 was
immersed in a concentrated nitric acid aqueous solution (Table
S1). The collected precipitate is called compound 3 in the
following. The chemical formula (Table S6), XRD pattern
(Figure S7), XAS spectra (Figure S8), and magnetization curve
(Figure S9) of 3 are very close to those of compound 1
indicative that the system is almost coming back to the initial
point.

To explore more precisely the transformation of the system
from 1 to 2 and then from 2 to 3, we prepared intermediate
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compounds by adding, first, increasing volumes of TPAOH
solution (from 1 to 2) and then increasing volumes of HNO,
solution (from 2 to 3) (Table S1). XRD patterns of the
intermediates are shown in Figure 2a, and the corresponding
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Figure 2. (a) Powder XRD pattern and (b) scheme of the proposed
distribution of phases in the particles when going (bottom-up) from 1
to 2 by increasing the amount of TPAOH base, in the presence of an
excess of Rb" and then when going from 2 to 3 by increasing the
amount of nitric acid, in absence of Rb*. Light gray: phase 1,
Co,[Fe(CN)],,-18H,0; dark gray, phase 2 Rb,Co,[Fe-
(CN)¢l,7(OH),5-16H,0; mean gray, single phased Rb,Co,[Fe-
(CN)¢),,(OH),-nH,0; light gray, phase 3, Rb,;Co,[Fe(CN)4], s
24H,0. Dark gray + light gray, coexistence of two phases, x-2 (shell)
and (1 — x)-1 (core).

magnetization curves are shown in Figures S9 and S10. For
increasing volumes of base, two peaks appear for each
reflection, situated at the same angle than the corresponding
peak of 1 and 2, respectively. The intermediate compounds
appear therefore composed of two phases; one close to
compound 1 with a large cell parameter mainly composed of
Co"(HS) and Fe'™ ions and the other close to compound 2
with a shorter cell parameter containing Co™(LS) and Fe" ions.
As the amount of base increases, the intensity of the peaks at
higher angles increases, while the intensity of the ones at lower
angles decreases. On the contrary, for increasing amount of acid
from compound 2 to compound 3, only one diffraction peak
for each reflection appears, and the peaks are progressively
shifted toward lower angles. Only one phase is present; with a
continuously increasing cell parameter. Such a behavior is
explained by the slow migration of the bulky Rb* cations within
the solid. High proton conductivity has already been evidenced
in comparable compounds and explained by a Grotthus
mechanism mediated by the 3D hydrogen-bonding network
of zeolitic water molecules filling the porous channels,*® but the
diffusion of bulky hydrated Rb* cations constitutes a limiting
step. For increasing amount of base from compound 1 to
compound 2, the external shell of the particles undergoes the
PCET reaction and is mainly composed of Co™ and Fe" ions,
whereas the core still mainly contains Co™ and Fe'" ions, in line
with the splitting into two of the diffraction lines. The front
propagation of the reaction, limited by the Rb* cations
migration, moves from the surface to the core of the particles
with increasing amount of base, in line with the relative
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intensities of the two peaks. For increasing amount of acid from
compound 2 to compound 3, the reverse PCET reaction is
accompanied by the slow and progressive migration of the Rb*
ions at the same speed throughout the whole solid, in line with
a progressive and homogeneous reverse PCET over the whole
sample and the uniform and continuous cell expansion.

In conclusion, we show here an original PCET reaction
implying a solid-state porous coordination polymer and
hydroxide ions in solution. The PCET reaction involves an
electron transfer within the polymer network resulting in a
reversible switch of the magnetic properties and a proton
transfer between accessible coordination sites of the polymer
and water confined within its nanoporosity. The PCET reaction
spreads throughout the solid network thanks to a long-distance
H" and Rb" transport within the porous channels of PBA taking
advantage of the hydrogen-bonding network of zeolitic water
molecules acting as proton wires. The slow migration of Rb*
ions ensures the electroneutrality of the solid, governs the
migration of the charged species, and therefore controls the
PCET reactions. Hence, the pH of the surrounding medium
controls the PCET reaction, the local switch between
paramagnetic Co'Fe'™ pairs and diamagnetic Co™Fe" ones
and finally the long-range magnetic order below T¢.

To our knowledge, this is the first example of PCET
reactions in a porous coordination polymer with such
spectacular changes in the magnetism. The evidence of such
a phenomenon offers new perspectives for the study of PCET
reactions and long-distance transport of cations in confined
media. This also opens a new strategy for the direct coupling of
porous properties and magnetic switching.”®
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