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ABSTRACT

The chemical oxidation of a hydrogen bonded network, formed upon combination of a hydrogen
bond donor dication (1?*, a dicationic bis-amidinium organic moieties bearing four propyl chains)
with [FelI(CN),]3>-4- anions has been studied using vibrational spectroscopies. The post synthetic
oxidation of the microcrystalline powder of X,1,-[Fe!'(CN)], (X = Na, K and Cs) by S,0,* into
1,-[Fe'(CN)¢], appeared to be partial for X = K+ and Cs* and total for Na,1,-[Fe'{(CN)],. It
corresponds to a two-step process involving a second order reaction. The reaction time appears to
be dependent on the nature of the alkali cation and is faster for X = Nat*. The integrity of the

hydrogen bonded network, after oxidation, was also confirmed by XRPD. The flexible nature of



the hydrogen bonded network allows alkali cation motions within the network during the oxidation
process. In addition, the investigation of the electrochemical behavior evidenced an amorphous

deposition on a gold electrode immersed into a solution containing (1?+ and [Fe[(CN),]3-) after

100 cycles. This is the first evidence of an electrochemical ion intercalation for a molecular

hydrogen bonded network.

Introduction

Electrochemical energy storage materials exhibiting high energy density and good cycling
stability have attracted significant attention because of an increasing demand in the field of
consumer electronics, or, for example, electric vehicles.!? Within these lines, molecular
compounds are studied with growing interest including highly ordered and robust molecular
compounds such as coordination polymers3> or hydrogen bonded networks.®7:8 In the latter case,
their high degree of flexibility allows the fine tuning of their properties.

These extended periodic materials, able to store ions or to conduct protons, are thus of crucial
interest for the development of new materials for energy storage and batteries. Compounds such
as oxides, sulfides and polyanionic intercalated compounds,'® were studied in order to enhance
the performance of lithium-ion or sodium-ion batteries (LIBs or SIBs).!! Coordination polymers
have been exploited in recent years for energy storage materials such as lithium ion batteries,
though they present an intrinsic low electronic conductivity.'?13.14.15 For example, cyano bridged
coordination polymers, Prussian Blue analogs (involving cyanometallates), with intercalated alkali
and alkaline earth cations, have been reported as a new class of anode materials for ion

batteries.!6:17:18.19



Another application involving the use of molecular compounds for energy storage are polymer
electrolyte membrane fuel cells (PEMFCs). These systems require proton-conducting pathways,
such as hydrogen-bonded assemblies, to establish proton transport. In order to increase the
transport of ions in materials dedicated to energy storage, several approaches have been reported
like, the use of ionic liquid membranes?® or hydrogels,?! for example. Highly ordered materials,
however, have been scarcely considered for such applications. MOFs and related materials are
promising candidates for membranes in PEMFCs.!21522 Dealing with H-bonded networks, they
are mainly based on anionic recognition centers bearing chemical groups such as sulfonates,
phosphonates, carboxylates that, under certain conditions, can take part in proton conduction.

For this reason, we intend to explore the redox and electrochemical properties of crystalline
hydrogen bonded networks involving cyanometallates. This type of solid-state electrochemical
reactions involving ion intercalation, are interesting when they are not confined to the surface of
the compounds but express bulk behavior. The electrochemical behavior of microparticles of
bimetallic octacyanometallates has been reported.”?> In addition, the use of bimetallic
hexacyanoferrate,?* octacyanotungstate?> or octacyanomolybdate?® bridged coordination
polymers, with a Li intercalator, have been used as working electrode in an electrochemical
experiment.

Using hydrogen bonded networks for the formation of electrochemically driven materials is of
interest, however, it has not been reported so far. There are some examples involving coordination
complexes.?’ In this work, we have used a network based on [FeI(CN)]3>-4- species, chosen for
their electrochemical properties and the nanopatterned structures they may offer. The use of
hexacyanoferrate(Il) or (II) in hydrogen bonded networks has been already documented. The

formation of robust networks based on the recognition between cations and anions, through charge



assisted hydrogen bonds (CAHB),?8 leads to H-bonded networks that may be candidates of choice
for applications in the field of proton conduction, sensing, separation or guest exchange.??-303132
Hexacyanoferrate(Il) building blocks have been assembled with cationic bisamidinium (12+,
Figure 1) N Hydrogen bond donors?*3 designed for the recognition of hydrogen bond acceptors like

cyanometallate, leading to robust hydrogen bonded networks.34-3536.37

In this work, we have studied the post-synthetic chemical oxidation of a highly flexible
organized hydrogen bonded networks for the preparation of both crystals and films, that may be
electrochemically driven in the solid state, for the intercalation/release of alkali cations. For this
purpose, the 2D networks X,1,-[Fe!'(CN)], (where X = Na, K or Cs, and 1%+ is tris(2,2'-Benzene-
1 4-diylbis(5,5-di-n-propyl-3 4,5 ,6-tetrahydropyrimidin-1-ium), were prepared and their oxidation
was studied using in-situ IR/Raman investigations. The redox process was also studied by cyclic

voltammetry experiments.

Experimental Section

Synthesis of compounds and crystals

The synthesis, complete characterization and solid-state structures of X,1,-[Fell(CN)(], (X =K,
Na or Cs CCDC refcode: PURMAR, PURLOE and PURLIY respectively)? and 1;-[Fe'(CN)],*®
(CCDC ref codes: PEQNAB) have been reported before. For the presented work, all compounds
have been synthetized using the already reported procedure, and used as single crystals; their purity
has been checked using IR measurements (figure S1, Supporting Information), XRPD (figure S2,

Supporting Information) and also elemental analysis as shown in SI.



All experiments have been performed in air and at RT on freshly prepared single crystals or

polycrystalline samples.

Instrumentation
Infrared Spectroscopy
Infrared spectra were obtained with a Vertex 70 FTIR spectrometer (Bruker, Karlsruhe,
Germany) equipped with a ZnSe/Si ATR crystal from Harrick, USA. A KBr beamsplitter and a
MCT detector were used. For each spectrum, 256 scans at a resolution of 4 cm! were recorded. A
baseline correction was applied with OPUS software provided by Bruker.
Raman Spectroscopy
Raman spectra were measured with a Raman Renishaw Invia microscope operating at 514 nm.
Each spectrum was acquired with 10 s irradiation time and 10% of the maximum laser power (25
mW).
SEM microscopy
The SEM images were recorded using a FEI Quanta 250 FEG microscope in high vacuum, with a
spot size of 3 nm and acceleration voltage of 20 kV.
Electrochemical measurements
Cyclic voltammetry experiments were carried out at room temperature (20 + 2 °C) in a standard
three-electrode cell connected to a Princeton Applied Research VERSASTAT 4 potentiostat. An
AgCl / Ag 3M NaCl was used as reference electrode and a platinum wire as counter electrode.

Working electrodes were either a 3 mm diameter gold disk or a Si/Au substrate.



Chemical Oxidation conditions for IR measurements

About 5 mg of a polycrystalline sample of X,1,-[Fell(CN),], (X = Na, K and Cs) were deposited

on a Si-coated ZnSe ATR crystal and equilibrated with the solvent mixture (10% Water/90%

Methanol). An oxidant (K,S,0Oy) solution (8.3 10 molL-") was then pumped through at a constant

flow rate of 0.2 mLmin-!. Spectra were recorded every 2 or 3 minutes.

Chemical Oxidation conditions for Raman measurements

2 mg of polycrystalline sample were immersed in 10 ml of the solvent mixture (10% Water/90%
Methanol) containing 14 eq of K,S,0,. The laser of the Raman microscope was focused on a
crystal of Spumx2pumx1pm approximate size. Spectra were recorded every 15 minutes.

Electrode-Modification Method: adsorption of crystals

Na,1,-[Fe'(CN)4], or 1;-[Fe"(CN),], was transferred to the surface of a Si/Au substrate by
immersion into a 1/1 H,0/MeOH mixture containing either (Na,[Fe!'(CN)] + 1-2Cl in 2/3 ratio)

or into a 1/1 H,0/MeOH mixture of (K;[Fe'(CN),] + 1-2Cl in 2/3 ratio) respectively.

Results and discussion

A preliminarily study evidenced, for these systems, the formation of hydrogen bonded networks
when combining the hydrogen bond donor cation 1%+ (tris(2,2'-Benzene-1,4-diylbis(5,5-di-n-
propyl-3.4,5,6-tetrahydropyrimidin-1-ium, figure 1) with the K, Fel(CN),, leading to the
formation of a neutral hydrogen bonded network of formula 1,-[Fe''(CN)]3® presenting a honey-
comb like structure where each cation is surrounded by two [Fe'l(CN)]*- anions and each anion
is surrounded by two 1?* cations. The combination of X, Fel(CN), with 1%+, leads to a series of

similar honeycomb-like compounds of formula X,1,-[Fel'(CN).], (X = Na, K, Rb or Cs) (figure



1).3% This series is isostructural with 1,-[Fe'(CN)],. Within this family, the compound presenting
the closest metrics to 1;-[Fel'(CN),], is Cs,1;-[Fell(CN),] and for this reason, we showed that it

was possible to obtained the mixed valence system of composition ((Cs,1;-[Fe"CN)],), s3-(15-

[FeHI(CN)e] 2)0.15)) 39

A

12+
} + [Co6HaaNg 1> +

*

[Fe'(CN)g]*

[Fe"'(CN)g]*

Figure 1. Formation of the hydrogen bonded networks 1,-[Fel'(CN)], and X,1;-[Fel'(CN),], (X

=Na, K, Rb or Cs), and representation of the release/intercalation of alkali cations during the redox

process.



Having in hands an isostructural series based on either [Fel''(CN)]*- or [Fe!l(CN).]* anions, the
post synthetic chemical reduction of 1;-[Fel'(CN),], into K,1,-[Fe!'l(CN),], with hydrazine in
partial aqueous solution has already been reported, as shown in figure 1.40 The reaction follows the
equation (1):

2 13-[Fe™(CN)gly) + NyHy ) + 4 K+ 2 2 Ko 15-[Fe(CN)gly, + 4H + Ny, (1)

These results were confirmed by X ray diffraction on powder, combined with IR studies. The
chemical reduction was followed by a color change of the microcrystalline powder, as shown in
figure 1.

Due to the robustness of the 1,-[Fe''(CN),], and X,1;-[Fell(CN)], hydrogen bonded networks,
the oxidation of X,1;-[Fe!l(CN)], (X = Na, K and Cs) was explored. This is a heterogenous
oxidation process with oxidizing agents in solution and the hydrogen bonded network in the solid-
state. Due to the oxidation potential of [Fell'(CN)]3-/[Fell(CN)]*, different oxidizing agents have

been tested and the best results have been obtained for peroxodisulfate S,04%".

Chemical oxidation
In this system, the chemical oxidation follows equation (2), S,04?- has been chosen due to its
redox potential and its chemical inertness. The reaction is followed by an increase of the
concentrations of X* and SO, in the solution.

X,153-[Fe'(CN)gly) + 52057 (o) 2 13- [FEM(CN)gly ) + 2 SO, () + 2X (2)

(aq
The microcrystalline powder of X,1,-[Fe''(CN),], (X =Na, K and Cs) was immersed in a solvent
mixture (10% Water/90% Methanol) under dynamic condition of exposition to the oxidizing agent

(see experimental part), and oxidation was monitored in situ by FT-IR at RT for X,1,-[Fe'l(CN)],

(Na, K and Cs), for a total exposure time of 15000, 16500 and 61200 s respectively. The oxidation



was followed by examining the C=N stretching band of hexacyanoferrate, expected to occure
between 2100 and 1980 cm-!. This band is sensitive to the oxidation state of iron and the symmetry
of the ligands #!424344 For K,Fe!'(CN), and X,1,-[Fe!'(CN),],, the vibrations are located in the
2060 and 2000 cm! window, also depending on the deformations encountered by the octahedral
environment of Fe(Il) (see Table 1). For K Fe'(CN), and 1,-[Fe(CN).], and at room
temperature, the v(C=N) vibrational modes are located in the 2080 and 2130 cm! spectral range,
as shown by the values provided in table 1. This highest frequency reflects the population decrease

of the antibonding highest occupied orbital of the C=N- ligand.

Compound v (C=N)/ cm!
Na,[Fell(CN)] 2019, 2048, 2066

K, [Fel'(CN)] 2040

Cs,[Fel'(CN),] 2040 (2115w)

K, [Fe'(CN),] 2118

1,-[Fe(CN),], 2108,2122
Na,1;-[Fe''(CN)], 2013,2031, 2052
K,1,-[Fe'(CN),], 2017, 2037, 2054
Cs,1,-[Fell(CN)(] , 2030,2049 (2108w, 2122w)

Table 1: Comparison of v(C=N)/ cm' for 1,-[Fe'(CN),], and X,1;-[Fe!l(CN)], (X = Na, K and

Cs) and corresponding starting compounds.

Figures 2 a displays the variation of absorbance of v(C=N) vibration during the dynamic
oxidation process for Na,1,-[Fel'(CN),],. For X,1,-[Fe'(CN),], (X = K and Cs), the spectra are
presented in figures S3 a and b, in supporting information. For the three compounds, the in situ

oxidation process was accompanied by a disappearance of the low wavenumber bands and



appearance of bands at high wavenumbers, reflecting the oxidation of X,1;-[Fel'(CN).], (X = Na,

K and Cs) into 1,-[Fe'(CN)],.

‘ Nay15- [Fe'CN)gl, =
. — t=180s
=_ —— t=360s "
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§ t=23600s =-
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Figure 2: Kinetic study of the oxidation of Na,1,-[Fell(CN),], into 1;-[Fel(CN)], by S,04*
followed at RT by IR spectroscopy in the 2000-2200 cm'! window (a) and plot of 1/A = f(t) where

A is the area of the peaks of Na,1;-[Fel'(CN),], located between 2000 and 2060 cm! (b).

For the three compounds X,1,-[Fell(CN)], (X = Na, K and Cs), one can note a broadening of
the peaks attributed to the appearance of the [Felll(CN)]3 species, presenting a high degree of
disorder, as compared to the shape of the corresponding peaks for the freshly prepared 1;-
[Fel'(CN)], (see figure S1, Supporting Information). This is a consequence of the release of X*

alkali cations during the oxidation process, as shown in figure 1 and equation (2), which causes a

disorder in the structure.
In order to estimate the amount of X, 1;-[Fell(CN),], converted into 1;-[Fe"'(CN),],, the variation

of the area of the peaks attributed to X,1,-[Fe!'{(CN),], in the 2060-2000 cm! range was analyzed

10



as shown in table 2. Na,1;-[Fe!'(CN),], exhibits the shortest reaction time with a complete

conversion of Na,1;-[Fel(CN),], into 1,-[Fe(CN)],.

Compound Na,1;-[Fe'(CN)], | K,15-[Fe'(CN)], | Cs,1;-[Fe'(CN)],
Duration f | 16500 15000 61200

oxidation, s

Amqunt of oxidized 100% 75, 50%

species

Table 2: Amount of oxidized species for the oxidation of X,1,-[Fe''(CN).], (X = Na, K and Cs)

into 1,-[Fe(CN)], by S,04% followed at RT by IR spectroscopy for the 2000-2200 cm™! window.

A partial oxidation for Cs,1;-[Fe!'(CN),], and K,1,-[Fe!'{(CN)], is observed (see figures S3 a
and b), whereas it is nearly complete for Na,1,-[Fe!'(CN)],. The IR spectrum of Cs,1,-[Fe!'l(CN),],

is presented in figure S1 (see Supporting Information) and it exhibits a small amount of oxidized

species 1,-[Fell(CN).],, as suggested by the presence of oxidized species in the starting salt

Cs,[Fel(CN),]

A preliminarily kinetic study was performed for the oxidation of Na,1;-[Fe''(CN)], into 15-
[Fe'(CN),],. The representation of InA or 1/A =1(t) (A = area of peaks related to X,1;-[Fel'(CN),],

in the 2060 and 2000 cm'! window), was operated and the best results were obtained with the
representation of 1/A, as seen in figure 2 b. The kinetics of conversion is coherent, in a first step,

with a second order reaction.
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The chemical oxidation of Na,1,-[Fel'(CN)(], by S,04> was also followed in situ by Raman

spectroscopy. The spectra were recorded for a single crystal presenting the following size

Sumx2pumx1pm and under static conditions of exposure to a solvent mixture (10% Water/90%

Methanol) containing the oxidizing agent (see experimental section).

There are 3 stretching (C=N) vibrational modes observed in the Raman spectra of Na,1,-

[Fel(CN)¢], at 2039 cm!, 2053 cm! and 2086 cm!, and also 3 for 1,-[Fe'(CN)],, observed at

2112 em!, 2128 em! and 2136 cm! respectively (figure S4, Supporting Information).*! During

the oxidation process, the decrease of the C=N vibrational modes of Na,1,-[Fel'{(CN),], are

observed with a complete disappearance at t = 7200 s, which is shorter than what was observed

for the IR study, as shown in figure 3a. This can be explained by the fact that the laser light used

in Raman allows to study the oxidation of one micrometric-sized crystal only, whereas in IR the

oxidation of a collection of crystals with various sizes is observed.

112 cm-1

2128 cm-1

» 2136 cm™1

§5 g |
=] e Nh,,,./\J”/\\,JJ“\_JiﬁEE“
:S | «,.~v/\«/J\\—~’f\a~Sﬁ§EL
é AP AN s
v v
2000 2050 2160 2150 2200

Raman Shift / cm-1

a

1/A, A. U.

0

2000

4000
Time, s

b
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8000

Figure 3: (a) Kinetic study of the oxidation of Na,1,-[Fe!'(CN)], into 1;-[Fe"'(CN)], by S,04*

followed at RT by Raman spectroscopy for the 2000-2200 cm! window and (b) plot of the 1/A =
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f(t) where A is the area of the peaks located between 2030 and 2100 cm'!, attributed to [Fe''(CN)]*

species.

Similarly to the IR studies, the representation of 1/A = f(t) (A = area of peaks related to Na,1,-
[Fel'(CN),], in the 2030 and 2100 cm'! window, as shown in figure 3b shows, in a first step, a
linear tendency, which is consistent with a second order reaction for Na,1,-[Fell(CN)],, as also
observed by the IR study. The two steps process can be respectively assigned to the oxidation of
the surface of the exposed crystal, which is relatively fast, then followed by cascade reactions
corresponding to the oxidation of the bulk, which also leads to a release of the Na* cations in the
solution.

The complete oxidation of Na,1,-[Fe!'(CN)], into 1,-[Fe'(CN),], was also followed by XRPD
measurements before and after the oxidation, and the integrity of the hydrogen bonded network
was demonstrated after the oxidation process, as shown from the data provided in figure S5

(Supporting Information).

Electrochemical behavior

The oxidation and reduction of the hydrogen bonded network was also investigated by

electrochemical means. [Fell(CN).]* is often used as a model redox mediator in electron transfer
processes due to its ideal reversible behavior with anodic and cathodic peak separations (AE))
close to 60 mV, as shown by the CV behavior of a H,O/MeOH solution of K;[Fel'(CN).] (see
figure 4a). The CV curves for a H,O/MeOH solution of the mixture (1-2Cl + K;[Fe'(CN),])
displayed a broadening of the [Fell(CN)]3-/[Fell(CN),]* signal after several scans (see figure 4b).

AE increased to 230mV and the cathodic and cathodic peak currents decreased. No significant

13



shift of the [Fe'(CN)]*-/[Fell(CN)]* redox potential, however, was observed. After 15 cycles,
the electrode was immersed into a fresh H,O/MeOH solution and the signal persisted suggesting
that a probable deposition of the hydrogen bonded network had occurred on the surface as a thin
film on the electrode. SEM images of a gold substrate immersed in a solution of (1-2Cl +
K, [Fe'(CN)]) in H,0O/MeOH after 100 Voltammetric cycles (see figure S6 in Supporting
Information) confirmed the presence of a deposit on the gold surface. We noted, however, that the
deposit looked more amorphous than crystalline, but its morphology and compositions were not
further investigated. The incubation time of the gold substrate was either too short to observe the

formation of crystals on the gold surface or the application of a potential perturbed their formation.

a
1,5 4]
1,0
2 -
< 0,5 <
= £ 0
= =
0,0 =
g g
3 3
0,54 24
1,0
-4 4
15 T T T T T T T 1 T T T T T T T 1
-0,6 0.4 0,2 0,0 0,2 04 0,6 08 1,0 -0,6 0,4 0,2 0,0 0,2 04 0,6 08 1,0
Potential / V vs AgCl/Ag Potential / V vs AgCl/Ag
a b

Figure 4: Successive cyclic voltammograms of K;[Fe'l(CN)] (a) and (1-2CI + K,[Fe(CN),])

(b) in H,O/MeOH (9/1) solvent mixture. Scan rate 0.1 V.s1.

Interestingly, after 2h immersion of the gold substrates into either a solution of (1-2Cl+

Na,[Fe'(CN)(]) or (1-Cl, + K;[Fe(CN)(]) in H,O/MeOH, SEM images clearly showed the

14



presence of microcrystals on the gold surface (figure 5). With Na,[Fe''(CN),]) (a), crystals with
hexagonal shape can be observed, which is typical of Na,1,-[Fe'l(CN),],.>* With the iron(III) salt,
the crystals exhibit a different shape, with the presence of holes inside, as already observed for 15-
[Fe(CN)¢l,.*” The size of the microcrystals is relatively homogeneous and they both present an

hexagonal prismatic shape, with a “diameter” in the range of 2-5 pm.

a b

Figure 5: SEM SEM micrograph images of Na,1,-[Fe!'(CN),], (a) and 15-[Fe"'(CN)q], (b) crystals

immobilized at the surface of a gold electrode after immersion process.

The electrochemical behavior of both gold substrates is shown in figure S7 in Supporting
Information. Again, the voltammograms reveal large anodic and cathodic signals and a continuous
decrease of the signal intensity upon scanning. In both cases, the cathodic signal completely
disappears after a few cycles, which suggests that the electrochemical reduction of the H-bonded
network is not so easy than its oxidation. The intercalation of the cations (here Na*) into the

crystalline structure upon reduction is thus more difficult than its release during oxidation.

15



Conclusion

The chemical oxidation, in the solid state, of a molecular hydrogen bonded network, based on
dicationic bisamidinium 17+ and [Fe''(CN)(]* by S,04%> was evidenced using in situ spectroscopic
techniques. Depending on the nature of the alkali cation used, different kinetic behaviors were
observed. The Na,1;-[Fe!l(CN).], network exhibited a complete oxidation within 120 min, in a

two-steps process, as shown by FT-IR and Raman spectroscopies. The voltamperometric behavior

of (1-Cl,+ Na,[Fel(CN),]) or (1-Cl, + K;[Fell(CN),]) solutions demonstrated the formation of an

amorphous compound deposited on the surface of the electrode. These results account for the
potential applications of such hydrogen bonded networks as new molecular materials for

electrochemical ion intercalation.

ASSOCIATED CONTENT

Supporting Information. Elemental analysis for the used crystalline compounds, FT-IR spectrum
of Cs,1;-[Fe!'(CN)],, Raman spectra of Na,1,-[Fell(CN),], and 1,-[Fe'(CN)],, XRPD diagram
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