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Interactions between alkali cations and cyanide-
bridged network in A;Co4[Fe(CN)gls 3 Prussian
blue analogues revealed by far-infrared
spectroscopyf

Maria Dronova,®® Laura Altenschmidt,®®> Amélie Bordage, ()@ Jean-Blaise Brubach,”
Marine Verseils,”° Gregory Balthazar,? Pascale Roy® and Anne Bleuzen (2 *®

A series of Prussian Blue Analogues (PBAs) having the chemical formula A,Co4[Fe(CN)glz3-nH,O (A* =
Na*, Rb*™ and Cs*) was investigated by variable temperature far-infrared spectroscopy. Despite the same
chemical composition of the cyanide-bridged CoFe network, the three compounds are known to exhibit
different switching properties assignable to different interactions between the alkali cations and the
cyanide-bridged CoFe network. Na,CoFe exhibits the thermally activated Co'(High Spin)Fe!" —
Co"(Low Spin)Fe" electron transfer upon cooling, whereas Rb,CoFe and Cs,CoFe are already in the
Co"(Low Spin)Fe" electronic state at room temperature and remain in this electronic state upon cooling.
Our variable temperature far-infrared spectroscopy study shows that the bands corresponding to the
vibrations of the cyanide-bridged CoFe network and to the alkali cations exhibit different thermal
behaviors upon cooling in the three compounds. These differences can be related to different
interactions between the alkali cations and the cyanide-bridged CoFe network. Thus, far Infrared
spectroscopy turns out to be a valuable tool to study these interactions so difficult to experimentally
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Introduction

Thanks to their versatile chemistry and the disorder inherent in
their crystallographic structure, Prussian Blue Analogues
(PBAs) exhibit a wide range of properties (magnetism," electro-
nic switching,” cations intercalation,? redox,”. . ) interesting for
various applications (memory devices,”> sensors,® batteries,”
catalysis,’...). PBAs form a class of coordination polymers of
chemical formula A,M,[M’(CN),],[],,n0H,, where M**”** and
M’>"3* are transition metal ions, A" is a cation belonging most
often to the first group of the periodic table of elements and [
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of chemical formula Cs,Co4[Fe(CN)g](s+x)3-7H20 at 300 K; FIR spectra of Na,CoFe,
Rb,CoFe and Cs,CoFe recorded upon cooling; FIR spectra of Rb,CoFe at 300 K
before cooling and after 1 and 2 cooling/heating cycles; low temperature XANES
spectra of Na,CoFe, Rb,CoFe and Cs,CoFe at the Co and Fe K-edges; MIR spectra
of Na,CoFe, Rb,CoFe and Cs,CoFe over the 3400-3800 cm™" frequency range;
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probe but which nevertheless play a crucial role in the properties of the compounds.

is a M/(CN)s vacancy. Their structure is complex,® but it can
often be described in terms of the cubic structure with a face-
centered lattice.”® The M?"** and M'?"** transition metal ions,
bridged by CN™ anions, form a bimetallic network made of
strong chemical bonds; in the vicinity of the M’(CN), vacancies,
the M**** jons complete their coordination sphere with water
molecules. The A" cations occupy various interstitial sites and
some other zeolitic water molecules fill the remaining cavities.
A scheme of one unit cell of the compounds of chemical
formula A,Co,[Fe(CN)¢];300,nOH,, which are investigated
in the following, is displayed in Fig. 1. The structure of most
PBAs exhibits a certain degree of intrinsic disorder due to the
presence of a variable amount of M'(CN)s vacancies, a variable
amount of interstitial cations in ill-defined sites, and a variable
amount of water molecules (either zeolitic or linked to the
M>*** cation), as well as possible distortion or tilting of the
transition metal ion coordination spheres.'® Except for some
particular compounds generally containing many interstitial
cations and few vacancies,'""> these defects do not exhibit long
range order, so that their local effect on the structure and
consequently on the properties of the compounds is extremely
difficult to assess.

Infrared spectroscopy, sensitive to the vibration of all spe-
cies present in the PBAs, is a possible tool to get valuable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of one unit cell of the A,CoylFe(CN)glz3007nOH, PBAs
(brown balls stand for alkali cations, blue for Co ions, yellow for Fe ions,
light grey for carbon atoms, dark grey for nitrogen atoms, and red for
oxygen atoms). Zeolitic water molecules are omitted for clarity.

information on these defects and their role in the properties.
Nevertheless, the study of PBAs by infrared spectroscopy has
been so far most often restricted to the Middle-Infra-Red (MIR)
range, where the cyanide ion vibration bands give information
on the bridging character of the cyanide ion and the oxidation
states of the transition metal ions."*'® In this MIR range,
dynamical studies were also performed to monitor the
charge transfer in the RbMn[Fe(CN)g] PBA for instance."” ™’
Some studies then extended the investigation of PBA in the Far-
InfraRed (FIR) range, where, in addition to the M-NC and M'-
CN bonds,**?*! the vibrations of the alkali cation is accessible.?
The development of computational capacities also opened the
door towards a theoretical support to assign the experimental
bands in the whole (MIR and FIR) spectrum and so to push
forward our microscopic knowledge of PBAs.>"*? In this work, a
series of three powdered CoFe PBAs of chemical formula
A,Co4[Fe(CN)gl5.300.,nOH, (A" = Cs*, Rb" and Na') was inves-
tigated by variable temperature synchrotron FIR spectroscopy.
They are called Na,CoFe, Rb,CoFe, and Cs,CoFe in the follow-
ing. The stoichiometry of the cyanide-bridged CoFe network is
exactly the same in the three compounds, only the nature of the
alkali cations in the interstitial sites and the amount of zeolitic
water molecules vary from one compound to another. Their
thermal behaviors have already been reported.”*™ Na,CoFe
exhibits the thermally activated Co"(High Spin)Fe™ — Co™
(Low Spin)Fe" electron transfer upon cooling, whereas Rb,CoFe
and Cs,CoFe show no such change and remain in the
Co™(low spin)Fe" electronic state within the whole tempera-
ture range. These different behaviors arise from the different
nature of the alkali cation, which differently interacts with the
cyanide-bridged CoFe network in the three compounds. Never-
theless, direct and unambiguous information on these interac-
tions is still missing. Hence, as a probe of all chemical bonds,
in situ FIR spectroscopy has been used here as an original tool
to investigate these interactions between the alkali cations and
the cyanide-bridged bimetallic network.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Attribution of the bands

The room temperature FIR spectra for the A,CoFe series are
displayed in Fig. 2, where the spectrum of Na,CoFe is also
compared to the one recorded at 14 K.

First of all, one can observe from the spectra at 300 K that
the series can be splitted into two groups: Rb,CoFe and
Cs,CoFe on the one side, with a very similar spectral shape,
and on the other side Na,CoFe, which displays a very different
spectrum at room temperature.

Na,CoFe is known to display a thermally activated electronic
switching previously investigated by SQUID magnetometry*’
and L, ;-edge X-ray absorption spectroscopy.> The results from
these studies show that Na,CoFe is found to be in the Co™(HS)-
Fe'" state at room temperature and in the Co™(LS)Fe" states at
14 K.>*** The same conclusions have been reached by Lejeune
and co-workers®®?® from the FIR spectra of Na,CoFe at the
corresponding temperatures. Thanks to (i) the comparison of
the spectra at 300 K and 14 K, and (ii) the presence of bands
situated at comparable frequencies on the spectra of the
[M(NH;)s]*" and [M(CN)s]” complexes,>”?* the bands in the
200-300 cm™ " and the 400-600 cm™ " regions were attributed to
vibration modes of the cyanide-bridged CoFe network and
associated, respectively, with the Co-NC and Fe-CN bonds.>°
We remind here the main conclusions. At room temperature,
i.e. in the Co"Fe™ state, the band at 220 cm ™" corresponds to
the Co"-NC bonds and the one at 433 cm™* to the Fe'-CN
bonds. Upon cooling, the intensity of these two bands
decreases, with a concomitant increase of two bands at

— 300K |
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Co'"-NC

A" alkali

ion

Na,CoFe

Normalized Absorbance / a.u.
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Cs,CoFe ) ) ) ) )
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Wavenumbers / cm™

Fig. 2 Far-Infrared spectra of the A,CoFe PBAs at 300 K and of Na,CoFe
at 14 K. The spectra were normalized by the NC-Fe band maximum of
their Co"'Fe" state at 14 K.
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270 cm™~ and 542 cm . Since the low temperature state of
Na,CoFe is known to be Co™"Fe", they were respectively attrib-
uted to the Co™-NC and Fe-CN bonds. Comparable bands
were observed on the FIR spectrum of the Mn"Fe™ PBA with
comparable structure and containing four Cs* cations per unit
cell (and no Fe(CN)s vacancy) in ref. 21; based on first-
principles phonon mode calculations, they were assigned to
bending modes of the Mn-NC-Fe linkages. For the sake of
clarity, we will keep associating them with the Co-NC and Fe-
CN bonds, which nevertheless correspond to the main oscilla-
tors involved in each vibration mode.**

The FIR spectra of Rb,CoFe and Cs,CoFe at room tempera-
ture both display very similar spectral shape. They resemble the
one of Na,CoFe at low temperature, which is fully consistent
with their Co™-Fe" ground state.>***>*° The main band around
540 cm ™' is thus associated with the Fe"-CN bonds and the one
around 270 cm ™" with the Co™-NC bonds. The additional band
around 215 cm ™" is attributed to the Co"-NC bonds, in agree-
ment (i) with the spectrum of Na,CoFe at room temperature
and (ii) with the known presence of a small amount of Co** ions
in Rb,CoFe and Cs,CoFe.>>?°

In addition to these main bands, two additional bands can
be observed around 600 cm™ ' and below 100 cm™ .

The band at 600 cm ™" is not unambiguously attributed in the
literature. Bands at similar frequencies have already been reported
in some alkali-containing (Cs*, Na*, K*) zinc ferrocyanides.* Here,
it is observed in the Co™Fe" state (i.e. at 300 K for Rb,CoFe and
Cs,CoFe, and at 14 K for Na,CoFe), but it is nearly absent on the
spectrum of Na,CoFe at room temperature. Thus, it could be
attributed to either a vibration mode of or specific Fe™-CN bonds.
However, bands around this frequency are also observed for Co-O
bonds in Co oxides, in Co oxy-hydroxides and in transition metal
based MOFs.*"** This band could therefore also be related to the
presence of deprotonated Co™-O bonds. The assignment of this
band will be further discussed in the following.

Below 100 cm ™, an additional band is observed, located at
different frequencies for the three PBAs, whatever the tempera-
ture and so the electronic state of the Co and Fe ions (Fig. 2).
We propose to attribute this band to the vibration mode of the
alkali cation (Na*, Rb" or Cs") in interstitial sites of the PBA, in
agreement with the theoretical and experimental study by
Ohkoshi and co-workers of the Cs' vibration mode in the
CSo.oMn[Fe(CN)g]o.03 PBA.>> One can see that the shape of this
contribution varies along the series. On the spectrum of
Cs,CoFe at room temperature, it is comprised of a narrow peak
at 65 cm™ ' and a broad shoulder around 80 cm™". In a series of
CoFe PBAs, containing a decreasing amount of Fe(CN)y vacan-
cies and an increasing amount of Cs" cations (Fig. S1, ESI{), the
broad contribution disappears for the compound containing the
minimum Fe(CN), vacancies, whereas the narrow peak vanishes
for the compound containing more than one Fe(CN)g vacancy
per Cs' ion (the unit cell of Cs,; contains 0.7 Cs* cation and 1.1
Fe(CN), vacancies). Thus, we propose to assign the narrow peak
to the vibration of the Cs" ion in the closed cubic Co,Fe, cavity
(Fig. 3a) and the broad component to its vibration in an open
Co(Co(OH,));Fe; (Fig. 3b) (or (Co(OH,)),(Co(OH,),),Fe,) cavity.
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Fig. 3 Scheme of (a) the closed and (b) the open Co(Co(OH,))sFes

Cavities and the proposed positioning for the bigger alkali cations (Rb*,
Cs*) in each of them.

As the size of the Cs" cation matches the size of the closed cavity,
this ion interacts with several surrounding cyanide bridging ions
and its environment is well-defined, leading to a narrow peak. In
contrast, for an open cavity, a wider range of environments can
accommodate the Cs' ions that are even likely to move from one
to the other, resulting in a broader band. Thus, this suggests that
the width of the contribution reflects the cation-to-cavity volumic
ratio and an explanation for the variable shape of this band can
be proposed along the A,CoFe series. The shape of the spectra of
Rb,CoFe and Cs,CoFe below 100 cm ' is comparable because
the size of the Rb" and the Cs" ion is close. Like for the Cs" ion,
the narrow peak is assignable to Rb" ions in the closed cubic
CogFe, cavities (Fig. 3a) and the broader contribution to Rb" ions
in open Co(Co(OHy,));Fe; (Fig. 3b) (or (Co(OH,)),(Co(OH,),),Fe,)
cavities. In contrast, the Na' ion is significantly smaller than the
two others, so that, whatever the closed or open cavity it is
located in, the cation-to-cavity volumic ratio is always low,
leading to a wider range of possible environments for the Na"
cation whatever the kind of cavity. This wider range of environ-
ments can explain the broadness of the band for the same
amount of Fe(CN), vacancies as in the two other compounds.
At last, it is noticeable that the shape of the alkali cation
vibration band, which we just related to the nature of the alkali
cation and its environment, seems also to be connected to the
electronic state of the compound at room temperature. Thus, the
same broad band is observed on the spectra of Na,CoFe and
Cs, ,CoFe (Fig. 2 and Fig. S1, ESIt), which are both stabilized in
the Co"Fe™ electronic state at 300 K.>>**?* In contrast, a peak,
with a shoulder on the high frequencies side, is observed on
the spectra of Cs,CoFe and Rb,CoFe (Fig. 2), which are both in the
Co™Fe" electronic state at room temperature. In the latters, the
Co™Fe™ electronic state is formed through a redox reaction in
solution during the synthesis of the compounds. The relationship
between the electronic state of the compound and the shape of
the alkali cation vibration band suggests that the presence of big
alkali cations in closed cubic cavities (associated with the narrow
peak on the spectra) plays a key role in the Co"Fe™ — Co™Fe"
redox reaction accompanying the formation of the compound.
The complete list of assigned frequencies is given in Table 1.

Effect of the temperature on the spectra

The spectra of Na,CoFe, Rb,CoFe and Cs,CoFe recorded upon
cooling are shown in Fig. S2 (ESIf). For all compounds the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Frequencies and bands assignment in cm™ at 300 K and 14 K

Na,CoFe Rb,CoFe Cs,CoFe

300 K 14 K 300 K 14 K 300 K 14 K
Co"-NC 219.8 — 221.3 223.9 222.3 220.1
Cco™-NC — 269.5 264.9 270 266.1 271.4
Fe'"-CN 432.7 — — — — —
Fe''-CN — 541.7 536.6 540 536.4 540.5
A" 79.8 92.8 58.3 53.3 64.6 63.6
a - 598.5 593.2 600.7 590.6 599.3

% Possible attribution discussed in the text.

spectra at 300 K and at 14 K are different, but these changes are
fully reversible, as shown on the spectrum of Rb,CoFe at 300 K
before cooling and after two cooling/heating cycles (Fig. S3,
ESIT). The samples can be classified into the same two groups.

The spectral changes for Na,CoFe (Fig. 2) are dominated by
the thermally activated Co"(HS)Fe™ — Co™(LS)Fe" electronic
switching as stated in the above discussion. They reflect an
abrupt electronic switching (Fig. S2, ESIt) in agreement with
magnetic measurements.”® The weak intensity of the Fe"-CN
band (430 cm ™) at low temperature indicates that the Co"(HS)-
Fe'™ — Co™(LS)Fe" electron transfer upon cooling is almost
total. At last, the broad contribution at 80 cm™ " assigned to the
vibration of the Na' cation remains broad upon cooling
(Fig. 4a). This can again be explained by the small size of the
cation and the associated multiple positions of the latter in the
cavities of the bimetallic network. Nevertheless, this contribu-
tion exhibits a significant change after the electron transfer,
especially an upshift of the maximum of the band (+15 cm ™,
i.e. +19%), showing that the electronic state change is accom-
panied with an important change in the vibrational properties
of the Na" cation.

Rb,CoFe and Cs,CoFe are in the Co™(LS)Fe" electronic state
over the whole temperature range. Their spectra are both domi-
nated by thermal effects. The bands assigned to the vibrations of

(a) (®) Fe'-CN

— 300K
[ = 14K

Na,CoFe|

Normalized Absorbance / a.u.

0.05 02

Cs,CoFe|
520 540 560 580 600 620
Wavenumbers / cm™

40 60 80 100 120
Wavenumbers / cm™

Fig. 4 Spectra of the A,CoFe PBAs at 300 K and at 14 K over (a) the 25—
130 cm™* and (b) the 510-530 cm™* spectral ranges. The spectra were
normalized by the NC—Fe band maximum of their Co"'Fe'" state at 14 K.
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the cyanide-bridged CoFe network exhibit a shift towards higher
frequencies upon cooling: Fe"-CN (+3-4 cm™'), Co"™-NC
(+5 em™ ') (Fig. S2 and Table S1, ESIf). These high-frequency
shifts can be assigned to lattice contraction effects usually
observed upon cooling.

A closer look at the bands associated with the Fe"-CN bonds
(~540 cm™ ') and with the alkali cations (~ 60 cm ") highlights
however some differences between Rb,CoFe and Cs,CoFe
(Fig. 4). These bands show considerably larger changes for
Rb,CoFe than for Cs,CoFe upon cooling. The concomitant
change of these two bands suggests coupled effects, reflecting
the same phenomenon. Since these bands are both expected to
be affected by the interactions between the alkali cations and
the cyanide-bridged CoFe bimetallic network, such a correla-
tion likely reflects a change in these interactions. Such inter-
actions (and so their modifications) are rarely detected in PBAs,
except when the amounts of alkali cations and M(CN), vacan-
cies are sufficiently large and small respectively, which allows
for these interactions to spread in a cooperative way over the
whole crystal. In that particular case, powder X-ray diffraction
reveals a distortion of the cyanide-bridged bimetallic network
due to the tilting of the transition metal ions octahedral
coordination polyhedra possibly accompanied by a displace-
ment of the alkali cation off the center of the cubic cavities."
This is reminiscent of structural distortions reported for per-
ovskites, for which the driving force is considered to be the
underbonding of small cations with the surrounding anions in
the cubic cavities.*> Our A,CoFe compounds do not exhibit
such collective distortions. Indeed, they all contain less alkali
cations and more Fe(CN)s vacancies than the compounds
exhibiting collective distortions. Nevertheless, the changes
observed on the two bands associated to the Fe"-CN bonds
and to the alkali cations (Fig. 4) suggest that the changes in the
interactions between the alkali cations and the cyanide-bridged
bimetallic network can be probed by FIR spectroscopy. Due to
the alkali cations dilution and their various envionments in
closed and open cavities, the effects of these interactions
remain localized and probably of lesser magnitude than in
compounds where they spread in a cooperative way. It has also
to be noted that in the Co™Fe™ electronic state, all the chemical
bonds in the Co™-NC-Fe" linkages, including the Co™(LS)-NC
bond, are very covalent and strong, which can hinder/weaken
any distortion of the cyanide-bridged bimetallic network driven
by alkali cation-network interactions. Noteworthy, the peak of
the vibration band of the alkali cation shows a significant shift
to lower frequencies by 5 cm ™" (7%)% upon cooling for the Rb*
cation (Fig. 4a), but almost no shift for the Cs" cation (1%). The
usual thermal effects are fully excluded here, since in such case,
the shift is towards higher frequencies, as observed for the
bands associated to the Fe-CN and Co-NC bonds (see above).

! shift of the Rb* band from 58.3 ecm™* to

53.3 cm ™' is significant and corresponds to a band shift of 7%. For comparison,
the ~40 cm ™" shift of the cyanide band in the Middle InfraRed accompanying the

f It is noteworthy that the 5 cm™

Co"™CNFe" to Co"CNFe™ electron transfer corresponds to a band shift of only
1.7%.

Mater. Adv., 2024, 5, 3794-3801 | 3797
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These different behaviours of the alkali cations vibration band
thus reflect different interactions between the alkali cation and
the surrounding Co,Fe, cage and can be explained by the
different size of the alkali cations. Thus, the larger Cs" cation
fits particularly well the cubic cavities and interacts equally
with all 12 surrounding cyanido ligands over the whole tem-
perature range without either significant structural change of
the surrounding cage or displacement of the alkali cation; the
band associated to its vibrations does almost not change upon
cooling. This is consistent with the very rare observation of
octahedral tilting in Cs*-rich PBAs.'® In contrast, the smaller
Rb" cation accommodates less well to all the cyanido ligands of
the cubic cage. Interaction of the Rb" cation with fewer cyanido
ligands is thus likely to be favored upon cooling, which can
explain the shift of the Rb" vibration band. Such underbonding
of the Rb" cations in the cubic cavity is not surprising, since
octahedral tilting revealing such situations, has already been
reported in Rb*-rich PBAs.’*?*?” Furthermore, the frequency
downshift of the band is consistent with the expected softening
of the cation vibration band associated to the off-centering (or
the early stages of the off-centering) of the alkali cation inside
the closed cubic cavity, as observed in displacive-type ferro-
electrics materials.§***° A scheme illustrating the proposed
positioning of the Rb" and Cs” cations in the closed cubic
cavities is shown in Fig. 5. It is noticeable that such off-
centering of the Rb" cation has been observed in molecular
cubic cage mimicking the octant of CoFe PBAs.*'

The effects of interactions between the alkali cations and the
cyanide-bridged CoFe network are also detectable in the
Fe"—CN bond vibration frequency range on the spectra of
Rb,CoFe and Cs,CoFe (Fig. 4b and Fig. 6). The band assigned
to the Fe"~CN bond is assymetric and can be described as a pair
of bands (a narrow peak and a high frequency broad shoulder).
These two contributions either correspond to two different
vibration modes (stretching and deformation for instance) or
reflect the presence of two different environments for the
Fe''(CN)s entities in the compounds. As the chemical composi-
tion of the cyanide-bridged CoFe network and the oxidation
state of the transition metal ions are exactly the same in both
compounds, the differences between these two contributions
can be assigned to different interactions between the Fe'(CN),
entities and the alkali cations. At room temperature, the shape
of this band is very similar for both Rb,CoFe and Cs,CoFe,
indicating comparable environments of the Fe'(CN)s entities in
both compounds (Fig. 6a). It also suggests comparable

§ Generally, the softening of one mode toward low frequency with temperature is
a well known “soft-mode” behavior particularly studied and identified in ferro-
electric materials. Indeed, based on Laudau theory of phase transitions, Cochran
has demonstrated that if a crystal undergoes a second order phase transition and
if this transition is of the displacive type (the low temperature equilibrium
positions of atoms can be described as a displacement of the atoms from their
high temperature equilibrium positions),?>*° it always exists a phonon whose
frequency goes to zero at the critical temperature, while the other phonons
frequencies remain finite. This theory was confirmed by the observation of very
strong mode softening in ferroelectrics materials,*® where the ferroelectric
transition corresponds to the off-centering of the cation that is inside the oxygen
octahedra cage.

3798 | Mater. Adv,, 2024, 5, 3794-3801
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Fig. 5 Scheme of the proposed positioning of the (a) Cs* and (b) Rb*
cations in the closed cubic cavities.

(a) === Rb,CoFe|
= Cs,CoFe

300 K

Normalized Absorbance / a.u.

(b) == Rb,CoFe
— Cs,CoFe

14 K

Normalized Absorbance / a.u.

500 520 540 560 580 600 620
Wavenumbers / cm™

Fig. 6 Spectra of Rb,CoFe and Cs,CoFe over the 500-620 cm~* range at
(a) 300 K and (b) at 14 K.

interactions between the alkali cations and the Fe"(CN), entities
in both compounds. The shape of the Fe™—CN band on the
spectrum of Cs,CoFe shows very little changes upon cooling
(Fig. 4b), suggesting almost unchanged interactions between the
Cs" cation and the Fe"(CN), entities, in line with the unchanged
vibration band of the Cs" cation. The Cs" cation fits perfectly well
the cubic cage and interacts equally with the surrounding cyanido
ligands whatever the temperature. In contrast, at low temperature,
the relative intensity of the peak and shoulder of the band seems
to be different between the two PBAs, with a significant evolution
for Rb,CoFe with respect to room temperature. The change in the
intensity ratio between the peak and the shoulder upon cooling on
the spectrum of Rb,CoFe suggests different interactions between
the Rb" cation and the Fe'(CN), entities at 300 K and 14 K, in line
with the shift of the vibration band of the Rb" cation and the
proposed reduced coordination number of the latter upon cooling.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Effect of the alkali cation chemical nature on the Fe"-CN band
at low temperature

At 14 K, the oxidation states of the transition metal ions
(Fig. S4, ESIT) and the chemical composition of the cyanide
bridged CoFe network are the same for Cs,CoFe, Rb,CoFe and
Na,CoFe. Nevertheless, the shape of the Fe"-CN band is clearly
different on the spectra of the three compounds (Fig. 7). The
main difference between the three compounds is the chemical
nature of the alkali cation. The different shape of the FIR
spectrum over the 500-550 cm™* frequency range can therefore
be assigned to different interactions between the alkali cations
and the Fe(CN), entities. The relative intensity of the peak and
of the shoulder of the Fe"~CN band as well as that of the band
at 600 cm™ ' seems to vary along the series. Fig. 7 shows the
deconvolution of these bands into three Gaussian components
for the three compounds and their frequency of absorbance
maximum, full-width at half maximum and area under peak are
given in Table S1 (ESIt). The results of the deconvolution show
that the G1 peak displays the strongest variation with the
chemical nature of the alkali cation. Its area under the peak
decreases and the frequency of its absorbance maximum and
linewidth increase as the size of the alkali cation increases from
Na' to Cs'. The G1 peak can be assigned either to Fe(CN),
entities directly interacting with the alkali cations or to a
vibration mode of the Fe(CN); entities affected by the presence

Na,CoFe
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Fig. 7 Spectral deconvolution of (a) Na,CoFe, (b) Rb,CoFe and (c)
Cs,CoFe over the 500-630 cm™* range at 14 K. The open squares
represent the experimental points and the solid lines the Gaussian
fitting curves.
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of the alkali cations. In contrast, the G2 and G3 peaks exihibit
very close absorbance maxima and linewidths for the three
compounds. They can be assigned either to Fe(CN), entities
without significant interaction with the alkali cations or to
vibration modes of the Fe(CN), entities, which are not affected
by the presence of the alkali cations. The assignment of the G3
peak to deprotonated Co™-O bonds can be ruled out. Indeed,
in this case, a change in the stretching vibration bands of the
OH bonds of water molecules coordinated to the Co ions in
the MIR range should have an impact on this band. On the
contrary, the G3 peak is unchanged while the stretching vibra-
tion bands of the OH bonds of water molecules bound to the Co
ions of Cs,CoFe and Rb,CoFe on the one hand and of Na,CoFe
on the other hand are much different (Fig. S5, ESIT).

All these results enable to better understand the interactions
between the alkali cation and the cyanide-bridged CoFe bime-
tallic network, and to emphasize the role of the alkali cation in
the different compounds. In the A,CoFe series of compounds
containing the same number of alkali cations and Fe(CN)g
vacancies, and therefore exhibiting the same Coy[Fe(CN)g];.3
chemical composition of the cyanide-bridged bimetallic net-
work, three different thermal behaviors are indeed observed
depending on the nature and, consequently, on the size of the
alkali cation. As stated above, the evolution of the spectrum of
Cs,CoFe, which is in the Co™Fe™ electronic state whatever the
temperature, is dominated upon cooling by pure thermal
effects. The big Cs" cation fits the PBA’s cavities particularly
well without modification in the Cs'-cyanide-bridged CoFe
network interactions upon cooling (Fig. 4). Rb,CoFe is in the
same electronic state as Cs,CoFe whatever the temperature.
However, despite comparable spectra for the main bands
between Rb,CoFe and Cs,CoFe at 300 K, the spectrum of
Rb,CoFe exhibits more significant changes than that of Cs,CoFe
upon cooling, revealing different alkali cations thermal beha-
viours. These different thermal behaviours are assignable to
their different sizes, resulting in different bondings with the
surrounding anions. Finally, the spectrum evolution of Na,CoFe
upon cooling is dominated by the thermally activated electron
transfer. Nevertheless, the change of the Na' vibration band
reflects an effect of the electron transfer on the interactions
between the alkali cation and the cyanide-bridged CoFe network.

Experimental
Compounds synthesis

The powdered CoFe Prussian Blue Analogues with chemical
formula A,Co4[Fe(CNg)];.5-nH,O (A= Na', Rb" and Cs') were
prepared from a precipitation reaction in aqueous solutions of
potassium ferricyanide(u) and cobalt(u) nitrate salts, by follow-
ing the synthesis conditions as described in ref. 24. These
samples are respectively called Na,CoFe, Rb,CoFe and
Cs,CoFe. Their characterization using elemental analysis,
X-ray diffraction, X-ray absorption spectroscopy and magnetiza-
tion measurements can be found in a separate series of pub-
lications elsewhere.**?>*29*2%3 The chemical composition, the
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structure and the electronic state of the three compounds have
been checked before recording the IR spectra.

Infrared (IR) spectroscopy

The temperature-dependent far-infrared (FIR) spectroscopic
studies were carried out on the beamline AILES at synchrotron
SOLEIL (Gif sur Yvette, France).** Samples were prepared by
dispersing the powders with Nujol oil to form a paste, which
was placed in a liquid absorption cell between two diamond
windows. All the measurements were acquired on a Bruker IFS
125 Fourier transform spectrometer equipped with a 6 pm Si
beam splitter and a 4.2 K liquid-helium-cooled Si bolometer
detector to assess a far-IR spectral window (20 < o <
650 cm ™). Prior to the measurements, the spectrometer was
evacuated down to a 2 x 10> mbar pressure to minimize
absorptions due to residual gases and to limit ice formation on
the sample during the cooling down of the sample. The IR
spectra were recorded upon cooling and heating cycles in the
temperature range from 300 K to 14 K. The temperature on the
sample was maintained using a temperature controller (Lake-
shore model 336) connected to a thermostat, which is in
thermal contact with a copper sample holder. All data were
recorded in transmission mode. The reference spectrum was
measured under the same conditions by using the sample
holder filled with pure Nujol and then substracted from all
the subsequent data acquisition. Each spectrum was subjected
to a linear baseline correction and removal of interference
fringes arising from internal reflection within diamond
windows.*® Lastly, all spectra were normalized to a range
[0, 1] by setting the maximum intensity value (of the Fe"-CN
band at 14 K) at 1. The bands frequency determination where
done by the use of the Origin software.

The uncertainty in bands position (Av) can be approximated
as follows: Av ~ AW/2(S/N), where AW is the bandwidth at half-
maximum and (S/N) represents the signal-to-noise ratio.*® For
the Rb" alkali cation band at 53 cm ™" (at 14 K), the width half-
maximum of 23.0 cm ™! combined with the high signal-to-noise
ratio of approximately 142 achieved using the synchrotron
source, gives an accuracy for the band position better than
0.08 cm™*. The peak maxima of other bands studied in detail,
such as that of Fe-CN at 540 cm ™', are defined with equivalent
precision. Such precision fully validates the observed frequency
shifts of a few wavenumbers.

Conclusions

The use of far-infrared spectroscopy remains scarce in
the investigation of the structure-properties relationships in
Prussian blue analogues. This variable temperature study of
the A,CoFe series demonstrates that FIR spectroscopy, despite
the need of synchrotron radiation to be used, is particularly well-
suited to probe the interactions between the alkali cations in
interstitial sites of Prussian blue analogues and the surrounding
cyanide-bridged bimetallic network. These interactions play a
crucial role in the properties of the PBAs, but they can be
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revealed only in favorable cases where they spread in a coopera-
tive way in the compounds and can then be detected by powder
XRD. Here, thanks to this proof-of-concept study, we show that
FIR spectroscopy bring information in these interactions even
for PBAs with few alkali cations and no cooperative effect. This
paves the way towards a better understanding of the properties
of PBAs where alkali cations play a key role.
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