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Partially reversible thermal induced oxidation during a 
dehydration process in an H-bonded supramolecular system 

 
Sylvie Ferlay,*[a] Petra Hellwig,*[b] and Mir Wais Hosseini*[a] 
Abstract: The thermal behaviour of a H-bonded molecular network 
A based on [FeII(CN)6]4- anions and organic bisamidium cations 12+ 
was investigated. Heating was found to induce the partial oxidation 
of [FeII(CN)6]4- into [FeIII(CN)6]3-, together with a thermochromic effect 
and also a loss of crystallinity was evidenced from mid and far FT-IR 
spectroscopic data, XRPD and DSC/TGA analysis. Rehydration also 
partially reversed the redox reaction and its colour, and after that, a 
mixture of A with amorphous phases was observed. FT-IR 
spectroscopy revealed that the oxidation of Fe(II) was accompanied 
by deprotonation of the cation.  

Molecular networks involving hexacyanoferrate(II) or (III) 
have been intensively studied. They have been based either in 
hydrogen bonded, halogen bonded or coordination networks. 
The 3D well-known Prussian Blue family (coordination network) 
has been extensively described, together with its inherent 
magnetic,[1],[2],[3],[4] electrode material,[5],[6],[7],[8] porous[9] properties 
and applications in the field of decontamination or molecular 
sieves, for example.[10 ] Among the Prussian Blue analogues 
(PBA) involving hexacyanoferrate, Co/Fe heterometallics exhibit 
many intriguing phenomena including electron and charge 
transfer,[11],[12] together with photomagnetism.[13]  Other 3D MnFe 
systems were reported, displaying also electron transfer 
phenomena.[14] Charge transfer has been evidenced in Prussian 
Blue Analogs (PBA for Co/Fe species), induced by temperature 
or light.[ 15 ],[ 16 ],[ 17 ] In addition, the reversible vapochromic 
behaviour of PBA thin films has also been reported,[ 18 
evidencing the ability of hexacyanometallate, for oxidation or 
reduction.  
 Molecular networks based on halogen bonds involving 
cyanometallate have been scarcely described,[19 contrary to the 
cyanometallate embedded in hydrogen bonded 
networks.[20],[21],[22],[23] 
 The use of hexacyanoferrate(II) or (III) in hydrogen bonded 
networks has been already studied. This involves the use of 
directional ionic hydrogen bonding[24],[25],[26] in combination with 
electrostatic interactions (Charge Assisted H-Bonding, 
CAHB),[ 27 ] which allows the formation of robust molecular 

networks with reliable recognition patterns. Robust molecular H-
bonded networks are candidates for applications in the field of 
proton conduction, sensing, separation or guest 
exchange.[28],[29],[30],[31] Hexacyanoferrate(II) building blocks have 
been assembled with cationic N Hydrogen bond donors 
bisamidinium (example Figure 1 top),[ 32 ] designed for the 
recognition of hydrogen bond acceptors like cyanometallate, 
leading to robust hydrogen bonded networks.[23],[33],[34] Through 
this exploring and rationalised work, we have shown the 
possibility of mastering the connectivity between the chosen 
starting components, as well as the packing of the formed 
entities in the crystalline phase. Some of the reported 
compounds present luminescent properties using [M(CN)2]- 
(M=Ag or Au) anions.[35] Concerning the porous properties, we 
have reported single-crystal-to-single-crystal transformation 
through dehydration process, leading to a series of 12 
isostructral H-bonded compounds using [M(CN)6]3- (M = Fe, Cr 
or Co) anions.[36] Reversible de-solvatation processes have been 
reported frequently for hydrogen bonded networks.[37],[38],[39],[40] 
We also reported the chemical reduction of a parent H-bonded 
networks, involving the presence of [FeIII(CN)6]3-/[FeII(CN)6]4- 
anions and evidencing the intercalation of alkaline cations 
between the anionic H-bonded layers during the reduction 
process.[41] Redox processes in solid-state hydrogen bonded 
molecular networks, however, have been only scarcely studied 
in the solid state.  
 
 In this work, we report on the thermal dehydration and 
rehydration of an hydrogen bonded network (compound A) 
involving [FeII(CN)6]4- anions, revealing thermochromic 
properties associated with the partially reversible oxidation of the 
metallic anionic complexes into [FeIII(CN)6]3- ions. The thermal 
induced dehydration process of A has been studied using 
differential thermal analysis (TGA and DSC) thermal powder X-
Ray diffraction together with FT-IR. A spectroscopic evidence for 
the dehydration-rehydration process of this hydrogen bonded 
system is provided and a preliminarily mechanism is proposed. 

Results and Discussion 

The studied molecular H-Bonded compound is based on the 
association of the [FeII(CN)6]4- anion together with the 
bisamidinium cation 12+ (Figure 1 middle); the resulting network 
is formed through the recognition of the pendant cyano together 
by the organic H bond donors.[42] The structure has been already 
described and the network presents the following formula 12-
[FeII(CN)6] · 8 H2O (compound A, Figure 1 middle); the structure 
consists of a 2D network formed by the interconnection of chains, 
arising from a 1/2 anion/cation stoichiometry (triclinic, P-1, 
a=7.6538(2)Å b=10.9276(3) Å c=13.4639(3) Å, a=	70.260(5)°, b 
=	75.085(5)°, g =	85.502(5)° and V= 1024.16(4) Å3). Eight water 
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molecules (octamers, made from hexagons with two pendant O 
atoms) lying between the planes (see Figure 1 right) through H-
bonding with CºN moieties of the cyanometallate anions with 
O...N distances of in the 2.7616(2)-3.5781(2) Å range and O-O 
distances in the 2.7473(2)-2.8148(2) range, in order to form a 
3D H-bonded network. The shortest N-O distance is attributed to 
one pendant oxygen atom of the water octameric unit in 
interaction with N donor atom from amidinium species. 
In this extended hydrogen bonded compound, the geometry 
around the metallic species is a deformed octahedron, as shown 
by bonds and angles around Fe (see Supporting Information).  
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[C14H20N4]2+ 
 

[FeII(CN)6]4- 

 
 

 

 

 

Figure 1. For 12-[FeII(CN)6] · 8 H2O (A), (top) used building blocks for the 
formation of A, together with their polyhedral representation (middle) 
polyhedral representation of the 2D hydrogen bonded network enhancing the 
recognition mode between the anions and cations (bottom) interconnection 
between the 2D H-bonded planes with octameric clusters of water molecules, 
leading to a 3D H-bonded system. 

 In order to understand the nature of the process 
encountered during dehydration/rehydration process of A, 
several characterization techniques have been used and are 
presented below.  

 
 Thermal behaviour 
 The TGA trace of A between 25-300°C displays a 
decomposition of the compound from 280°C (see Figure S1 in 
Supporting Information).  
 When analysing the TGA traces at a heating rate of 
2°C/mn in the 25-180 °C temperature range, it clearly indicates 
that 7 water molecules are evacuated at ca 100 °C whereas the 
remaining water molecule is released slowly between 100 and 
180°C (see Figure S2 in Supporting Information).  
 
 This is an indication for the interaction energy between the 
network and the 8 water molecules, and it clearly depends on 
the nature of the water molecules. One water molecule, which 
might be attributed to the shortest N…O distance between water 
molecules and N hydrogen bond acceptors (amidinium or CºN), 
presents the strongest affinity with the network, and is released 
at higher temperatures. 
 The dehydration event was also studied by Differential 
Scanning Calorimetry (DSC) at the same heating rate, revealing 
a two-step process during the water release, between 60°C and 
100°C, as suggested by the TGA measurements, together with 
two other non-reversible processes occurring at 140°C and 
170°C approximately (with a heating rate of 2°C/mn), as shown 
in Figure S3 in Supporting Information. 
 
 Dehydration-rehydration and UV analysis  
 The dehydration-hydration process of a polycrystalline 
sample of A was performed, revealing that the orange initial 
colour of A, due to the presence of [FeII(CN)6]4- units, was 
modified while heating: when heating at a rate of 2°C/mn, a 
brown colour appears between 110°C and 160°C, then it turns to 
green from 180°C to 250°C, prior to decomposition. It is 
important to note that when dehydrated, the compound is stable 
in air for several hours.  
 When the heated compounds, exhibiting a brown colour or 
green colour, are exposed to water, they reversibly return to 
their initial orange colour, as seen in the pictures presented in 
Figure 2.  
 Rehydration 

Dehydrated 
at 120°C 

   à    à   

Dehydrated 
at 180°C    à    à  

Figure 2. For A, pictures showing the change of colour during the rehydration 
process for A dehydrated (top) at 120°C (brown starting colour) or (bottom) at 
180°C (green starting colour) 

 



 

 
 
 
 
 

 The observed colours are in accordance with the diffuse 
reflectance spectra displayed in Figure 3. It has been shown that 
the reflectance spectrum of the rehydrated compound (heated at 
180°C (green) and then exposed to water) corresponds to the 
one of the freshly prepared compound A. 
 

 

Figure 3. The UV-vis diffuse reflectance spectra of for 1-[FeII(CN)6]2 · 8 H2O, 
as synthetized at RT (orange), heated at 110°C-150°C (brown) and heated 
above 160°C (green) showing the change of colour during the dehydration 
process 

 Thermal XRPD  
 Thermodiffractograms in the 25-200 °C temperature range 
are shown in Figure 4. The experimental diffractogram of the 
freshly prepared compound A is in accordance with the 
simulated diffractogram, derived from the structure obtained for 
A. The thermodifffractograms clearly evidenced a structural 
phase transition when dehydrating, above 90°C: a new 
crystallographic phase is appearing above this temperature. In 
addition, a broadening of the peaks is observed, linked to a loss 
of the crystallinity of A when heated. This confirmed the single 
crystal collapse, observed during the heating process. 
Unfortunately, due to the bad quality of the observed spectra, 
this phase could not further be identified. 
 Furthermore, after the rehydration of A heated at 200°C, it 
evidently contains the initial phase with slightly different cell 
parameters (triclinic phase, P-1 space group of A), but part of 
the crystallinity is lost, and the amount of amorphous phase 
present in the compound increases.  
Contrary to the behaviour of the parent compound 13-
[FeIII(CN)6]2 · 7 H2O (2D H-bonded network)[36] exhibiting a single 
crystal to single crystal transformation without change of colour, 
in the case of A, the single-crystal-to-single-crystal 
transformation was not possible, due to the loss of crystallinity 
during the heating process. 

 

Figure 4. For microcrystalline A, XRPD thermodiffractograms obtained upon 
increasing the temperature in the RT-200 °C range. Only selected 
representative diffractograms are displayed (simulated from the XRD on single 
crystals,[42] freshly prepared at room temperature, heated at 110°C, at 160°C, 
at 200°C and rehydrated). 

 IR studies  
 The frequency of the CºN stretching band in 
hexacyanoferrate, expected between 2100 and 1980 cm-1, is 
very sensitive to the oxidation state of iron and, in our case, its 
hydrogen bonding environment. The spectral signature of the 
n(Fe-CN) vibrational mode typically, expected between 600 and 
300 cm-1, is also sensitive to the redox state of the metal. 
Figures 5 A and B (a-e) show the IR spectra of polycrystalline A 
and their dehydrated analogues, heated at different 
temperatures, together with the rehydrated compound. At room 
temperature, signals for the n(CºN) vibrational modes of 
[FeII(CN)6]4- are seen at 2041, 2032 and 2111 cm-1 in Figure 5 A, 
a) and in table 1. This is in line with the crystallographic data, 
where the deviation from the perfect octahedron is observed in 
[FeII(CN)6]4- in A,[42] allowing three different vibrational modes. 
This is also in accordance with the signals found in the 
K4[FeII(CN)6] salt, as shown in table 1. 
When heating A, the observed n(CºN) vibrational modes 
become broader and shift to higher wavenumber, revealing a 
weaker binding and a loss of the crystalline structure. A broad 
signal appears at 2108 cm-1 at 140°C, that can be attributed to 
the oxidized [FeIII(CN)6]3- anion as the n(CºN) values depend on 
the formal charge on the metal atom to which the CºN ligands 
are coordinated. This is in accordance with the values found for 
K3[FeIII(CN)6] salt, as shown in table 1. The magnitude of shifting 
related to oxidation for [FeII/III(CN)6]4-/3- can be expected to be 
around 50-100 cm-1 as seen for example for solid 
K3/4[FeII/III(CN)6] (see table 1). The shift is completely reversible 
when re-hydrating the compound. It is important to note, that 
even when A is heated to 200°C, residual non-oxidized 
[FeII(CN)6]4- anion is present. This is independent from the time 
of heating. Whereas A is dehydrated at 200°C and rehydrated 



 

 
 
 
 
 

with H2O, it doesn’t contain any [FeIII(CN)6]3- oxidised species, 
as seen from the IR data. 
 

  
A 

 
B 

Figure 5. For compound A, MIR and FIR absorbance spectra at room 
temperature (a), after heating to 100°C (b), 140°C (c), 160 °C (d), 200°C (e) 
and the sample heated to 200°C after rehydration (f). A shows the spectral 
range specific for the n(CºN) vibrational modes of the oxidized and reduced 
species, B the n(Fe-CN) vibrational mode. 

 
 
 
 

Compound vs Tentative 
assignments43 

n(CºN)/ cm-1 n(Fe-CN) / cm-1 

K4[FeII(CN)6] solid 2040  585/414  

K3[FeIII(CN)6] solid 2118  511/387 

A, freshly prepared (a) 2041/2032/2011 567/429/359 

A Heated at 100°C (b) 2051/2045/2018 429/398/359 

A Heated at 140°C (c) 2031/2018/2108 398 

A Heated at 160 °C(d) 2027 (very broad)/ /2111 398 

A Heated at 200°C (e) 2054 (very broad)/ /2111 398 

A Heated at 200°C and 
rehydrated H2O (f) 

2041/2032/2011 456/729/359 

Table 1: Comparison of n(CºN)/ cm-1 and n(Fe-CN) / cm-1 for A and related 
compounds. 

 
In the spectral region from 600 and 300 cm-1 region, vibrational 
modes from n(Fe-CN) but also from the ligand can be expected. 
for A. Signals at 567, 429 and 359 cm-1 are found at positions 
close to the n(Fe-CN) vibrational modes of solid K4[FeII(CN)6] 
(see table 1 for all positions and assignments), in accordance 
with the data from XRD analysis. After heating A, the signals 
decrease gradually and a broad feature can be seen at 398 cm-1. 
This mode includes contributions of [FeII(CN)6]4- as well as 
contributions of [FeIII(CN)6]3- with weakened ligand interaction, in 
line with the observation made in the MIR. The non-crystalline 
nature of the sample is confirmed below 200 cm-1, where the 
complex signal structure (lattice and collective modes as well as 
contributions from water) is replaced by a broad non specific 
band.[44] 
 From the analysis of the vibrations arising from the Fe-CN 
vibrational modes in FIR and MIR spectral range, a partial 
reduction of Fe can be concluded. At the same time, a lower 
symmetry of the compound, the loss of crystallinity and a loss in 
binding strength are observed. This is in line with the XRPD data 
shown above 
 In order to analyse the reactivity and protonation state of 
the involved organic H-bond donor 12+, the spectra in the MIR 
range between 1800 and 600 cm-1 were studied. This spectral 
range is characteristic for the organic ligand and, by subtracting 
different states, the changes in the molecular structure can be 
highlighted. Difference spectra of the isolated H bond donor 
ligands in the protonated (12+-2Cl-) and deprotonated (1) state 
were subtracted, leading to the difference spectra characteristic 
for the deprotonation reaction. These data were compared to the 
difference spectra obtained by subtracting the spectra of freshly 
prepared A and A heated at 200°C. Both difference spectra are 
shown in Figure 6. Overall, the difference spectra are highly 
comparable, revealing the deprotonation of the ligand during the 
heating process. Smaller differences can be attributed to the 
different number of water molecules present in the 

2120 2100 2080 2060 2040 2020 2000
0,0

0,2

0,4

0,6

21
11

20
45

20
27

20
51

20
31 20

18

21
08

f)

e)

d)

c)

b)

20
41

20
32

Ab
so

rb
an

ce
 / 

a.
u.

Wavenumber / cm-1

20
11

a)
T

600 550 500 450 400 350

0,0

0,1

0,2

0,3

f)

e)

d)

c)

b)

39
8

42
9

35
9

Ab
so

rb
an

ce
 / 

a.
u.

Wavenumber / cm-1

51
4

a)

n(-Fe-CN)



 

 
 
 
 
 

polycrystalline structures, and not to differences in the 
protonation state of the H bond donor in A heated at 200°C. 

 

Figure 6. Infrared difference spectra obtained by subtracting the spectra in the 
middle infrared range between 1800 and 600 cm-1 of (1) and (12+-2Cl-) (a) and 
freshly prepared A (hydrated) to A heated at 200°C(b) 

 
From the observed data, it can be concluded that the H-bond 
donor ligand in A heated at 180°C is deprotonated. 
Unfortunately, the spectral data are not sensitive enough to 
evaluate the degree of protonation (12+ and/or 1+ and/or 1) and 
the ratio between 12+/1+/1, for example. 
 
 Discussion 
 
  The change of colour for A, when heated, 
corresponds to a partial change of the oxidation state of 
[FeII(CN)6]4- converted into [FeIII(CN)6]3-, as shown by the n(CºN) 
vibration of heated compound A. The change in ratio of the 
[FeIII(CN)6]3-/[FeII(CN)6]4- seen in Figure 5A confirms the thermal 
activation of the oxidation. These data are confirmed by EPR 
data for A heated at 180°C, that evidently exhibits the presence 
of [FeIII(CN)6]3-, (Figure S4, Supporting Information). 
 When rehydrated, the compound returns to its initial colour, 
thus evidently containing [FeII(CN)6]4- cations. The presence of 
[FeIII(CN)6]3- in rehydrated A was excluded.  
 In accordance with the XRPD and IR data the thermal 
oxidation can be corroborated with the loss of crystallinity. 
Spectra shown in Figure 5B clearly demonstrate that the 
environment of iron in dehydrated A presents a lower symmetry 
than the one of iron in freshly prepared A. This loss of the 
symmetry evidenced by IR has already been documented.[45] In 
addition, after rehydration the environment is still disturbed, 
which is also confirmed by XRPD measurements. This is in 
accordance with the rather low crystallinity of the rehydrated 

compound, containing the crystalline A phase and some 
amorphous phases.  

Since there are still [FeII(CN)6]4- anions in dehydrated A at 
180°C and that the deprotonation of the dication 12+ was 
observed, one can assume that its formula is the following: (12-

x2+1x+)-([FeII(CN)6]4-1-x)([FeIII(CN)6]3-x) with a x value close, but not 
equal to 1, as shown in Figure 7.  
 

 

Figure 7. Proposed formula during the dehydration and rehydration process 

for A 

When heated from RT to 110°C (at a heating rate of 2°C/mn), A 
changes its formula from 122+-[FeII(CN)6]4- · 8 H2O to 122+-
[FeII(CN)6]4-. 1 H2O, which corresponds to the loss of 7 water 
molecules. With T > 110°C, the thermal oxidation of [FeII(CN)6]4- 
species into [FeIII(CN)6]3- begins, together with the corresponding 
deprotonation of the organic donor species, leading to a formula 
(12-x2+1x+)-([FeII(CN)6]4-1-x)([FeIII(CN)6]3-3-x · y H2O (0<x<1 and 
0<y<1). This process can be followed by DSC, which 
corresponds to the large peak between 120-140°C. For T > 
180°C, the compound is fully dehydrated and the formula can be 
assumed to be (12-x2+1x+)-([FeII(CN)6]4-1-x)([FeIII(CN)6]3-x). In 
addition, after rehydration, the number of water molecules 
present in the rehydrated compound could not be determined 
precisely due to the presence of the amorphous phase. 
 The thermal oxidation/reduction of the [FeII(CN)6]4- species 
involved in the hydrogen bonded was possible since the redox 
potential of [FeIII(CN)6]3-/[FeII(CN)6]4- is thermodynamically 
favourable. This has been reported with soluble species (H4L2) 
[FeII(CN)6]/(H4L2)[FeIII(CN)6]+. [ 46 ] Nethertheless, the thermal 
activation of oxidation has never been reported in Hydrogen 
bonded networks, but the light oxidation of Fe(II) species has 
been documented for coordination networks.[47],[48] 

Conclusions 

 We reported on a hexacyanoferrate based hydrogen 
bonded system that presents some thermochromic effects, 
explained by a thermal induced oxidation: during the heating 
process, a partial conversion of [FeII(CN)6]4- species into 



 

 
 
 
 
 

[FeIII(CN)6]3 was determined by a combination of FT-IR, TGA, 
DSC and XRPD studies. This compound may find application as 
sensor, since the hydrogen bonded compound is robust and the 
dehydrated compound is also stable in air. 
Electrochemical investigations in the solid state together with 
electronic densities calculations concerning the electron transfer 
between the involved species are under current investigation. 
 

Experimental Section 

Experimental Details. All the manipulations and characterization were 
performed in air on freshly prepared samples. The dehydrated 
compounds were stored under Ar atmosphere prior to characterization 
performed in air. 

A (12-[FeII(CN)6] · 8 H2O or [C14H20N4]2[FeII(CN)6] · 8 H2O) has been 
obtained using the already reported procedure.[42] 

IR 

Infrared spectra of the polycrystalline samples have been obtained on a 
Vertex 70 FTIR spectrometer (Bruker, Karlsruhe, Germany).  In the mid 
infrared (MIR; 4000 to 450 cm-1) a KBr beamsplitter and a MCT detector 
have been used. For studies in the far infrared (FIR; 600 to 50 cm-1) the 
system was changed to a Silicon beamsplitter and a FIR-dTGS detector. 
50x128 scans have been averaged at a resolution of 2 cm-1 in the MIR 
and 5x128 scans at a resolution of 4 cm-1 in the FIR. No smoothing or 
other corrections are applied. Experiments have been performed with the 
dried powder on an ATR-FTIR cell (Harrick, USA) equipped with a Si 
crystal, as this system is suitable for both spectral ranges. Data were 
also measured on a Diamond crystal for comparison (data not shown). 
For rehydration, a small amount of water was added and drying allowed 
directly on the ATR crystal in the air.  

Thermogravimetric (TGA) Studies. 

TGA measurements have been performed on polycrystalline samples on 
Pyris 6 TGA Laboratory System (Perkin-Elmer), using a N2 flow of 20 
mL/mn and a heating rate of 2°C/mn.  

DSC Studies. 

DSC measurements have been performed on polycrystalline samples on 
a DSC Jade (Perkin-Elmer), using a N2 flow of 20 mL/mn and a heat rate 
of 10 °C/mn except for the case of crystals containing cobalt for which 
both heating rate of 2°C/ mn were imposed.  

UV 

UV-Vis reflectance was measured on a Perkin-Elmer Lambda 650S 
spectrometer (spectra recorded in the reflection mode, using a 150 mm 
integrating sphere) with a resolution of 2 nm and a scanning rate of 200 
nm min−1. 

Powder diffraction studies (PXRD)  

Diagrams were collected on a Bruker D8 diffractometer using 
monochromatic Cu-Ka radiation with a scanning range between 4 and 
40° using a scan step size of 8°/mn.  

As already demonstrated and currently admitted, for all compounds, 
discrepancies in intensity between the observed and simulated patterns 
are due to preferential orientations of the microcrystalline powders.  

Variable temperature powder diffraction studies were performed under 
static air on the same diffractometer equipped with an Anton Parr HTK16 
high temperature device.  The dehydration-rehydration process has been 
studied in the 20-200-20 °C temperature range with 10°C steps for A. 
The delay between consecutive acquisitions was 40 min.  

EPR 

EPR spectra were recorded with an ESP 300E spectrometer (Bruker) 
operating at the X-band and equipped with a standard TE102 rectangular 
cavity. 
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