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a b s t r a c t

We investigate the performance of four Prussian blue analogues (PBAs) as catalysts for the selective
degradation of ciprofloxacin in water, under both dark and illumination conditions. We show that no
light is actually needed to induce a selective degradation of the molecular target, while light irradiation
spurs the process, without, however, resulting in the commonly reported photolysis-supported breaking
down. We present a systematic characterization of the PBAs aiming at interpreting the catalytic outcomes
in the light of a classic coordination chemistry analysis, empowered by the most recent findings in liter-
ature. We show that varying the transition metal binding the N atom of the cyanide bridge is key to pro-
mote photoinduced charge generation and transfer, which effectively disrupts the molecular target. The
analysis of the materials before and after the irradiation with solar simulated light results in a change of
the lattice parameters, indicating the possibility of a light-induced spin cross-over.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Prussian blue analogues (PBAs) are attracting an increasing
interest within the scientific community engaged in the search
for both effective catalysts and photocatalysts in water oxidation
[1] as well as materials for batteries and chemical capacitors
[2,3]. The characteristics making these systems particularly inter-
esting are related to their atomic structures as well as their ionic
and electronic properties. In coordination chemistry, Prussian blue
(PB) (either in the so-called soluble form KFeIII[FeII(CN)6]�xH2O or
the alternative insoluble FeIII4 [FeII(CN)6]3�xH2O) represents the clas-
sic example of a mixed valence coordination complex, its color orig-
inating from an intervalent charge transfer of an electron from FeII to
FeIII. This oxidation states cross-talk, together with the possibility to
easily synthesize analogues in which one or both iron atoms can be
substituted by other transition metals, has a remarkable potential in
catalysis. However, most literature available on the catalytic perfor-
mance of PBAs focused on their application as agents to promote
water oxidation, while other processes are seldomly considered
(some examples are provided in references [4–7]). In this respect,
PBAs have recently been proved effective photo-Fenton catalysts
for the degradation of Rhodamine B in water [6], bisphenol-A,
methylene blue and humic acid [8]: upon irradiation they are cap-
able of generating reactive oxygen species which are then effective
in oxidizing the molecular pollutants. Little is however still known
about their action as catalysts in dark conditions.

It should be pointed out that the investigation of PBAs is no triv-
ial subject, although the forefather of this class of materials was
studied since early 18th century [9,10], many aspects of metal
complexes, including their structure, photoinduced charge transfer
and other features relevant to functional applications, were inves-
tigated only recently, thanks to the development of specific analyt-
ical techniques, and much still remains to clarify about these
fascinating inorganic compounds.

The PB structure is characterized by metal cations connected
through cyanide ligands acting as bridges between them, present-
ing the general formula AnMy[M’(CN)6]�xH2O, where A is an alkali
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Fig. 1. Features of the basic chemical units in a PBA. The blue and grey arrows
indicate the r donation and p back-donation from the C � N ligand, respectively.
The distance between the iron atom and M is about 5 Å. The catalytic active site is
M. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

S.G. Khasevani, D. Nikjoo, D.O. Ojwang et al. Journal of Catalysis 410 (2022) 307–319
metal, and both M and M’ are transition metals. The relative
amounts of A, M and M’, as well as the number of water molecules
present in the structure, strongly depend on the synthetic history
of the compounds and also on the storage conditions, which ren-
ders it mandatory to perform a careful characterization, case by
case, of the material under investigation.

The basic chemical unit of PBAs (sketched in Fig. 1) consists of
an iron atom coordinated to six cyanide ligands through the carbon
atom, which bridges the other transition metal by the nitrogen
atom.

The coordination sphere of M features instead the general for-
mula MII(NC)x(OH2)6-x. The water molecules acting as ligands can
dissociate and leave space for M to bind other species present in
the surrounding environment, featuring a stronger ligand capabil-
ity (which is possible to think of according to the spectrochemical
series). The possibility of tuning the nature of M, inserting in the
basic PB structure a transition metal with reversible redox capabil-
ity, is the trigger to exploit these materials as catalysts, completed
by the capability of the C � N bridges to shuttle charges between
the transition metals, M and M0, and to the presence of coordinated
water molecules, completing the coordination sphere of M. Indeed,
M is the catalytically active site to which the catalytic molecular
targets binds (via either associative or dissociative mechanism),
and replaces the water molecule(s). From a classical perspective
considering the use of coordination complexes as catalysts, having
a transition metal located at that site, capable of featuring different
stable oxidation states, is the key to spur the desired chemical
transformations of the molecular targets.

In the present investigation, we prepared four PBAs via co-
precipitation, namely iron hexacyanoferrate (abbreviated as
FeHCF), manganese, cobalt, and copper ferricyanides (abbreviated
as MnHCF, CoHCF and CuHCF, respectively) and investigated their
performance as catalysts towards the degradation of ciprofloxacin
(CIP) in water, under both dark and simulated solar light condi-
tions. CIP is chosen as a molecular model for antibiotics belonging
to the fluoroquinolone class, whose presence in surface and ground
waters is a cause of concern in many countries. Their degradation
is a process of great interest and has recently attracted consider-
able attention, especially focusing on photolysis supported by inor-
ganic oxidants and photocatalysts [11–14]. Several investigations
have indeed appeared dealing with attempts to remove them from
water by using different classes of (photo)catalysts, including free
radicals [15] and nanosized semiconducting metal oxides [16–19].
However, very little is reported about the use of coordination com-
plexes to pursue the removal of these organics [20], although PB
and PBAs are acknowledged as activators of CAH bonds in amines
[21].

While all the PBAs show a selective action as catalysts, resulting
in the presence of only one degradation product in the reaction
mixture, we found different behaviors associated to different PBAs,
which were then deeply characterized, aimed at elucidating the
reasons behind the observed differences.

2. Experimental

2.1. Synthesis of Prussian blue (PB) and Prussian blue analogues (PBAs)

Prussian blue (FeIII[FeII(CN)6]3/4�xH2O) was synthesized through
the simultaneous dropwise addition of 100 mL of Fe(NO3)3�9H2O
(0.04 M) and 100 mL of K4Fe(CN)6 (0.02 M) to 25 mL of distilled
water under constant stirring at room temperature. A dark blue
precipitate formed immediately. The resulting precipitates were
centrifuged and dried in a vacuum oven at 60 �C for 12 h. The sto-
ichiometric proportions of the resulting phase can be expressed as:

Fe3þðaqÞ + 3/4[FeII(CN)6 ]4�ðaqÞ FeIII [FeII (CN)6 ]3=4�xH2OðsÞ
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For the preparation of PBAs, XII[FeIII(CN)6]2/3�xH2O (X = Co, Cu,
and Mn); equal volumes, 50 mL of X(NO3)2 (0.08 M) and K3Fe
(CN)6 (0.04 M) solutions were simultaneously mixed in 25 mL of
distilled water under constant stirring at room temperature. The
resulting precipitates were centrifuged and dried in a vacuum oven
at 60 �C for 12 h. The stoichiometric proportions of the resulting
compounds can be expressed as:

X2þðaqÞ + 2/3[FeIII(CN)6 ]3�ðaqÞ XII [FeIII (CN)6]2=3�xH2OðsÞ

All the chemicals were purchased from Sigma-Aldrich and used
without any further purification.

2.2. Thermal analyses

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed using a STA 449C Jupiter
(NETZSCH, Germany) instrument. Each sample (5–10 mg) was
heated from 25 to 500 �C at a rate of 10 �C min�1 under flowing
argon gas.

2.3. X-ray diffraction (XRD) analysis

Powder XRD patterns of the samples were recorded on a PANa-
lytical Empyrean instrument equipped with a PIXcel3D detector
and operated at 40 kV and 45 mA using Cu-Ka radiation. The
obtained results were analyzed using High Score Plus software
(vers.3.0.1). To calculate the cell parameter a, first the interplanar
spacing d was calculated, from Bragg’s law (nk = 2d sinh), consider-
ing n = 1 and k = 1.5406 Å. Then, from Miller indices h, k, l, one

obtains: a ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
. The error on the angle is given by

the experimental spectral resolution (0.026�) and propagated to
obtain the error in the cell parameter a. Results reported in
Table S2 in the Supporting Information are related to 200 peak.
Data were compared with ICSD reference XRD database.

2.4. Fourier transform infrared (FTIR) spectroscopy

An attenuated total reflectance Fourier transform–infrared
(ATR-FTIR) spectroscopic technique was performed using a Bruker
VERTEX 80v FTIR spectrometer (Germany). Each sample was ana-
lyzed in the range 4000–400 cm�1 by averaging 128 scans at a
spectral resolution of 4 cm�1.

2.5. Electron microscopy

Energy-dispersive X-ray spectroscopy (EDX) was carried out in
a scanning electron microscope (JSM-IT300). AZtech Oxford



Table 1
Gradient of the mobile phase used in LC-MS analysis.

Time (min) A% B% Flow rate (lL/min)

0 95 5 250
0.3 95 5 250
1.7 70 30 350
8 0 100 350
10 0 100 350
11 95 5 250
12 95 5 250

Fig. 2. Reaction course plotted as CIP relative concentration C/C0 for the investi-
gated materials under (a) dark and (b) solar simulated light. (c) Reaction course
under solar simulated light without any dark period prior to light ON. Black
markers: FeHCF; blue markers: MnHCF; green markers: CoHCF; red markers:
CuHCF. Markers are experimental points; lines are guide for the eye. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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software was used for the extraction of EDX results from the raw
data. The appropriate amount of the samples was mounted on a
metal plate by a Leit-C conductive carbon (Plano GmbH, Wetzlar,
Germany) prior to insertion into the microscope.

2.6. High performance liquid chromatography

10 lL of the reaction mixture after the catalytic tests were
injected into a Hypersil gold C18 column (2.1 � 50 mm with
1.9 lm particle size) using an auto-injector (Thermo Finnigan).
As the mobile phase, a mixture of water (solvent A) and acetoni-
trile (solvent B), both containing 0.1% (v/v) of formic acid, was
used. The applied gradient for the mobile phase is reported in
Table 1:

A LCQ FLEET ion-trap mass spectrometer (Thermo Finnigan)
was used together with an electrospray ion source in positive ion
mode. Samples were tested as received.

2.7. Mössbauer spectroscopy

Room Temperature (RT) 57Fe Mössbauer spectroscopy was per-
formed on a conventional constant acceleration spectrometer
mounting a Rh matrix 57Co source, nominal strength 1850 MBq.
The absorber was prepared by mixing �70 mg of sample with pet-
roleum jelly. The spectra were fitted to Lorentzian line shapes with
the minimum number of components by using Recoil software
[22]. Hyperfine parameters were obtained by means of standard
least-squares minimization techniques; isomer shift (d), quadru-
pole splitting (D), half linewidth at half maximum (C+), were
expressed in mms�1, the relative area (A) in %. d is quoted relative
to RT a-Fe foil.

2.8. Photocatalytic degradation tests

Catalytic degradation of 10 ppm aqueous solution of ciproflox-
acin (ACROS Co.) was carried out at room temperature under both
dark and irradiation conditions. 10 mg of catalyst were added to
the CIP solution in each experiment.

Light irradiation was performed using a LOT-QD solar simulator
(AM1.5G spectrum at 1 sun intensity, calibrated with a silicon ref-
erence cell). Aliquots of the reaction mixtures were extracted at
specific times and analyzed through spectrophotometry (Agilent
Cary 5000 spectrophotometer), to determine the CIP concentration
by monitoring the evolution of the peak centered at 271 nm.
3. Results and discussion

3.1. Catalytic degradation of ciprofloxacin

Fig. 2 reports the reaction course, plotted as C/C0, of CIP degra-
dation under dark (Fig. 2a), followed by exposure to solar simu-
lated light (Fig. 2b) and under light exposure without any dark
period (Fig. 2c), where C is the molar concentration detected at a
given reaction time and C0 is the initial CIP concentration.

The usual approach in a heterogeneous photocatalytic experi-
ment is to stir the molecular target in the solution with the catalyst
for a certain amount of time (usually 30 min) prior to light irradi-
ation, to ensure the equilibrium between adsorption/desorption of
the molecule on the catalyst surface. However, we decided to
investigate a longer dark period, since the PBAs have the potential
to be active as catalysts without the need of any light, due to their
coordination chemistry nature. Analysis of the reaction course
under dark (Fig. 2a) shows, indeed, that no equilibrium is reached,
even after 150 min. All the analogues degrade CIP in an amount as
high as about 30% in 150 min (except for CoHCF, for which less
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than 10% CIP decrease is detected). The degradation reaction is
then further monitored for 180 min under simulated solar light
(Fig. 2b). During this time FeHCF and CuHCF degrade an additional
40% of the target molecule, whereas MnHCF and CoHCF feature a
significantly better efficiency and remove about 80% of the residual
CIP. Finally, we monitored the degradation of CIP by switching ON
the simulated solar light immediately after the catalyst was added
to the CIP solution in water (Fig. 2c), observing a different behavior
compared to what was recorded in both the previous experiments.
CoHCF shows an excellent performance, degrading around 70% of
the initial CIP concentration in 30 min, while all the other PBAs,
although characterized by different kinetics, can remove only
50% of the target molecule after 3 h.

The observed behavior under dark implies two relevant conse-
quences: i) all the materials are active catalysts under dark condi-
tions (no light is actually needed to initiate the catalytic process)
and ii) when the light is switched ON after the dark period, there
already is some reaction product in the reaction mixture. It is also
notable that, although the materials are active under dark, the illu-
mination undoubtedly spurs the process.

We can thus identify different behaviors depending on the reac-
tion conditions (light OFF, light ON), as well as differences among
the catalysts. However, all the systems reach a steady state after
about 2 h under illumination. These observations are summarized
in Table 2, where we also report the values for the turnover num-
ber (TON) for each catalyst. The TON values indicate we are observ-
ing a catalytic process under all the investigated experimental
conditions.



Table 2
Catalytic performance towards CIP degradation of the investigated materials under dark, upon simulated solar light (after dark period) and under simulated solar light with no
previous dark period. § The turnover number (TON) is calculated as molCIPdegraded

molcatalyst .

Catalyst % Degradation
(150 min
light OFF)

% Degradation
(120 min
light ON)

% Degradation
(120 min
only light)

TON§

dark
TON§

light
TON§

only light

FeHCF 31.7 31.2 36.9 1023 964 939
CoHCF 7.90 80.5 73.3 193 1696 1360
CuHCF 31.6 32.4 39.4 634 444 687
MnHCF 32.3 78.9 32.0 788 1322 605
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The analysis of the semilog plots of the reaction course, dis-
played in Figure S1 in the Supporting Information, shows no obvi-
ous trend. In particular, the behavior of FeHCF under dark seems to
evidence a (pseudo)zero order reaction, while all the PBAs show a
pseudo-first order reaction under dark and a sigmoid trend under
irradiation. We then fitted all the curves with the most appropriate
equations (see Table S1 in the Supporting Information), namely a
line, an exponential, and a sigmoid (logistic function), reported as
Equations 1–3 in the Supporting Information.

A linear trend, suggesting a process following a zero (or pseudo-
zero) reaction, is quite unusual: it would mean the reaction rate
does not depend on the initial concentration of the molecular tar-
get. We then decided to verify this trend by carrying out additional
tests, where the initial CIP concentration was varied (the experi-
mental outcomes are shown in Figure S2 in the Supporting Infor-
mation). The linear trend is confirmed for CIP concentrations
ranging from 10 to 5 ppm. Below this latter concentration (down
to 3 ppm), the reaction course shows a different behavior, which
however is not possible to fit by a single equation, but consists of
two different contributions (linear from 0 min to 60 min). More-
over, an extension in reaction time confirms the linear trend over
5 h (Figure S3 in the Supporting Information).

The sigmoid trend recorded for all the catalysts upon light irra-
diation (following a dark period) indicates that we are observing an
auto-catalytic reaction, like the following:

Aþ Z ! Z þ :::

where A is the molecular target (CIP) and Z is one of the reaction
products.

In auto-catalytic processes, a reaction product appears in the
rate equation for the forward reaction [23], whose order cannot
be determined just by looking at the overall process.

This reaction features a second-order rate equation, leading to
the following integrated equation:

ln
cZ
cA

¼ c0A þ c0Z
� �

kt þ ln
c0Z
c0A

ð1Þ

The solution of Eq. (1) is indeed an expression where the con-
centration is a sigmoid (typically a logistic) function of the time.
This trend, confirmed in all our experiments, is coherent with the
presence of some reaction product in the mixture after the dark
period, which furthermore confirms that all the PBAs are active
as catalysts also under dark. The induction time is similar for
FeHCF, MnHCF, and CoHCF, while it is shorter for CuHCF.

In order to evaluate the actual behaviors of the PBAs as catalysts
under light irradiation, we then carried out further experiments,
for which the solar simulator was switched ON immediately after
the insertion of PBAs in the CIP solution. For these experiments
the initial CIP concentration was set as the initial concentration
of the former light test after the dark period (to avoid possible
ambiguity due to pseudo-first order reactions). The results,
reported in Figure S4 in the Supporting Information, are quite sur-
prising. When the CIP degradation is catalyzed by FeHCF (Figure S4
a and b), a linear trend is observed once again, with half the initial
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CIP amount being consumed after 150 min, with an apparent rate
constant of 0.00413 min�1. MnHCF (Figure S4 c and d) features a
different behavior, that requires two fitting equations accounting
for the whole time during which the CIP degradation is monitored.
This is due to a partial dissolution of MnHCF in the reaction mix-
ture (as inferred by the absorption spectra reported in Figure S5
of the Supporting Information): the reaction is thus catalyzed in
both homogeneous and heterogeneous fashion. We believe that
at the beginning a homogeneous catalysis occurs (MnHCF dissolu-
tion takes place immediately as the light is switched ON), which is
then taken over by the heterogeneous process. This hypothesis is
also supported by the values of the apparent rate constants
retrieved from the fitting: a fast process (0.0640 min�1) is followed
by a slower one (0.00145 min�1), which is coherent with the first
one being supported in a homogeneous (or mixed) way and the
second being mostly heterogeneous.

The catalytic action of CoHCF (in Figure S4 e and f), instead, is
clearly following a single exponential trend and is moreover extre-
mely fast (75% of the initial CIP amount is degraded in 30 min, with
an apparent rate constant as high as 0.05931 min�1, an order of
magnitude higher than that recorded for FeHCF) and much faster
than the same reaction carried out after a dark period. The reaction
neither obeys a (pseudo)-second order law, nor a third-order: its
kinetics is more complex and could not be disclosed.

The reaction catalyzed by CuHCF also features an exponential
trend (Figure S4 g and h), with an apparent rate constant as high
as 0.0123 min�1.

In summary, it is possible to observe the following: (i) all the
materials are photoactivated; (ii) FeHCF, MnHCF, and CuHCF can
degrade about 50% of the initial CIP amount in 3 h; (iii) the reaction
catalyzed by FeHCF follows a pseudo-zero order rate law, while all
the PBAs feature a more complex kinetics (beyond third-order);
(iv) CoHCF shows a particularly high activity towards CIP degrada-
tion, with 70% of the initial amount being degraded during the first
30 min. A summary of the calculated apparent rate constants is
shown in Table 3).

Aiming at understanding and semi-quantifying the observed
different trends, we then analyzed each and every reaction, looking
for rate constants and reaction orders. We moreover analyzed the
reaction mixtures by means of HPLC-MS to identify the products
generated by each material. In spite of the differences observed
for the kinetics, the analysis of the reaction mixtures carried out
by HPLC coupled with mass spectrometry (reported in Figures S6
and S7 in the Supporting Material) only shows one reaction pro-
duct in all cases, whose definitive identification is, however, made
hard by the unavailability of standards (as previously remarked in
literature). When the reaction is carried out under dark with
FeHCF, a compound featuring a parent ion with m/z ratio of 332
is observed. A chemical with the same m/z ratio and a similar frag-
mentation pathways was identified by Salma and collaborators in
2016 [11], who carried out the direct CIP photolysis and retrieved
its chemical formula as C16H17N3O5. The same product is found
when the reaction is supported by light irradiation and the cata-
lysts used are CoHCF and MnHCF. When instead the reaction is cat-



Table 3
Apparent rate constants for CIP degradation under simulated solar light. The fitting
equations used for each material are reported in the Supporting Information
(Equations 1–3).

Sample Apparent rate constant (min�1 � 102) Degradation
after 180 min (%)

FeHCF 0.413 (R2 = 0.974) 46.8
MnHCF 6.40 (R2 = 0.997)1.45

(R2 = 0.964)
49.2

CoHCF 5.93 (R2 = 0.997) 71.4
CuHCF 1.23 (R2 = 0.981) 52.3
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alyzed by FeHCF and CuHCF upon light irradiation, a different reac-
tion product is observed (Figure S6 c and d), which we identified as
the dehydroxylated CIP derivative. These findings show that PBAs
are quite selective catalysts, and that direct CIP photolysis is not
the main path involved in its degradation, contrary to what
observed in all the previous investigations reported in literature.

We attempt herein an interpretation of the catalytic results by
applying the classic analysis of the catalytic action of coordination
complexes. Regardless of the catalytic mechanism, the first step of
the process is to find space for the molecular target to bind with
the metal complex, i.e., the molecule should possess a functional
group able to act as a ligand for the complex. While CIP brings sev-
eral functional groups potentially suitable for this, the carboxylic
function (with or without the hydrogen atom) can fulfill this role
the best, especially for the position (not hindered) it occupies in
the molecular structure, with the additional benefit of the potential
of chelating, thus adding stability to the formed adduct. As men-
tioned, the PBAs can have structural vacancies (that we will ana-
lyze in the following sections) that leave space for water
molecules to coordinate to M (see Fig. 1). This specific site is par-
ticularly suited for catalysis. Indeed, water is a weak ligand, which
can be easily substituted by a more powerful actor.

Aiming at understanding both how the PBAs exert their cat-
alytic action, and why relevant differences are observed, a detailed
materials characterization, before and after the interaction with
CIP is carried out.
3.2. Absorption spectra

The analysis of the absorption spectrum is relevant for under-
standing what happens in terms of charge transfer when the PBAs
are used as photocatalysts. As known, the electronic spectra of PBA
complexes arise from two different processes; internal transitions
of electrons in the incomplete d shell of the metal ion, and the so-
called charge transfers, involving the transfer of an electron from
the metal to the ligand and vice-versa. These latter are usually
broader and found at higher energy than the internal transitions
and often only the edge of the band is observed. However, PBAs
represent a very peculiar case in the big family of metal complexes,
due to the mentioned ability of the C„N ligand in shuttling
electrons.

The absorption spectra in water of all the materials show the
bands expected for the [Fe(CN)6] unit (the spectrum of FeHCF is
reported in Fig. 3 a as the representative of the batch), with very
small differences in energies ascribable to the substitution of the
iron bound to the N atom of the cyanide ligand with another tran-
sition metal (the spectra also reported as a function of wavelength
in Figure S8 in the Supporting Information, to help the Reader in
comparing the adsorption of PBAs with that of CIP). In particular,
it is possible to identify the following spectral features: an asym-
metric band centered around 24 000 cm�1, ascribed to a ligand-
to-metal charge-transfer transition; a more intense signal located
at 33 000 cm�1, surrounded by two shoulders (31 145 and 34
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940 cm�1), which is the octahedral splitting energy DO between
the t2g and the eg d-orbitals of the iron ion due to the ligand-
induced crystal field; [24] an intense band at 38 280 cm�1, which
is the lowest crystal field transition energy t6 ? t5e of the [Fe
(CN)6]4� complex [25,26]. On the other hand, the analysis of the
reflectance spectrum of the samples in their solid form (displayed
in Fig. 3 b) shows the presence of less characteristic bands, cen-
tered around 17 600, 25 380, 35 930 and 41 190 cm�1, respectively.

3.3. Structure, lattice parameters and crystallite sizes

Powder XRD patterns of the materials investigated in the pre-
sent study are shown in Figure S9 in the Supporting Information.
All peaks of PBAs are indexed with a typical face-centered cubic

structure with the space group, Fm 3
�
m [27].

After the catalytic tests, all the materials feature a discrete shift
towards higher angles in their XRD patterns (reported as dotted
lines for 200 and 220 peaks in Fig. 4). This indicates a systematic
decrease in the unit cell size. The shift, although still visible, is very
small for MnHCF.

The unit cell size was calculated for all the samples under inves-
tigation before and after the reaction (upon simulated solar light
irradiation) and the results are shown in Table S2 in the Supporting
Information (the histogram of the unit cell size before and after
light exposure is reported in Figure S10 in the Supporting
Information).

3.4. Chemical composition

The identification of the stoichiometry of PBAs is no trivial mat-
ter, depending on several parameters, including the preparation
methods employed to synthesize them and their storage condi-
tions. In order to determine the actual chemical nature of the PBAs
under investigation, we took advantage of several analytical tech-
niques, aiming at identifying and/or quantifying, i) the ratio
between Fe/M content, ii) the water content (coordinated and zeo-
litic), and iii) the ratio between FeII/FeIII.

EDX analysis is applied to quantify the metals and the nitrogen
contents present in the PBA samples, whose values are given in
Table 4. Compared to the amount of M(NO3)2 used in the syntheses
(twice the concentration of K3[Fe(NO3)6]), EDX results indicate that
the ratio of both Mn and Co to Fe is 1.5, while it is slightly lower for
Cu (1.39). The ratio of Fe to N content (equal to three for a stoichio-
metric compound) provides information about the presence of [Fe
(CN)6] vacancies which is observed for all the materials studied.

The presence of water molecules, which play an important role
in both determining the stoichiometry of these complexes and
their optoelectronic features, was investigated by thermal analyses
(TGA and DSC, reported in Fig. 5). The amount of water in PBAs can
significantly vary, depending for instance on the synthesis, the
presence of alkali metals, the storage, and thus the total water con-
tent is often not clearly quantified [28].

However, in all PBAs, water molecules are classified as of three
different kinds: (i) the so-called zeolitic water (found in the cavi-
ties formed by the M0-CN-M framework), whose ideal number
was reported as eight molecules per unit cell, (ii) coordinated
water (which acts as a ligand to the M transition metal, by replac-
ing the vacant [Fe(CN)6] octahedra), whose ideal number is as well
eight molecules per unit cell and which is deeply involved in deter-
mining the catalytic activity of these materials (see Fig. 1), and (iii)
hydrogen-bound water.

Thermal analyses allow for differentiating between the water
molecules occupying zeolitic site of the crystalline lattice and those
coordinated (which are released from the material at different
temperature ranges), although the release of coordinated water



Fig. 3. Electronic absorption spectrum of FeHCF in (a) water and (b) solid state.

Fig. 4. Evolution of the XRD peaks at 200 and 220 before (solid lines) and after
(dotted lines) the catalytic reactions of PB and its analogues.
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molecules overlaps with the subsequent degradation at tempera-
tures higher than 180 �C. Depending on M, water is released at dif-
ferent temperatures, as shown by thermal analyses reported in
Fig. 5 and the region between 150 and 180 �C is of particular
interest.

TGA analysis (Fig. 5 a) shows a weight loss, consisting of two
contributions identified by DSC (Fig. 5 b), as high as about 20% from
30 to 150 �C for FeHCF and CuHCF (associated to an endothermic
process, as evidenced by DSC analysis, shown in Fig. 5 b), which
continues up to about 180 �C for CoHCF and MnHCF (for which,
however, it is in continuity with the subsequent loss, associated
to an exothermic process, as revealed by the DSC curves).

The total water content is found to vary along the PBA series, as
shown in Table 5, which also reports the average number of coor-
dinated water molecules for each material.

DSC analysis indicates that there are two endothermic pro-
cesses associated with this mass loss, which can be ascribed to
adsorbed water molecules and to coordinated water molecules,
at increasing temperatures, respectively. At higher temperatures,
other processes are observed in the DSC plot, whose interpretation
was attempted in literature [29,30], with different degree of suc-
cess. It is possible to ascribe the loss of (CN)2 and CO2 to the
exothermic processes occurring at 204 �C and 309 �C, respectively,
which correspond to an overall weight loss as high as 37.60%. How-
ever, it should be observed that an attempt of retrieving stoichio-
metric information out of these signals is quite difficult, since the
nitrogen atoms originally belonging to the cyanide groups undergo
oxidation to nitrogen oxides (NO and NO2) at temperatures higher
than 400 �C (not reported in Fig. 5 for clarity purposes) [31]. Based
on these results, coupled with the EDX and XRD data, we could
identify the following nominal formulas for the complexes: K0.5-
Fe4[Fe(CN)6]3�5.3H2O, K0.2Mn3[Fe(CN)6]2�7.3H2O, K0.8Co3[Fe
(CN)6]2�5.5H2O, K0.2Cu3[Fe(CN)6]2�4.9H2O.

3.5. Infrared spectroscopy

Vibrational spectroscopy is acknowledged among the most
powerful analytical techniques applicable to study the PBAs, pro-
viding much information about different sites of these complexes.
Water molecules acting as ligands (substituting a missing C„N



Table 4
EDX elemental analysis of the prepared materials.

Sample K (Wt%) Fe (Wt%) M (Wt%) N (Wt%) M/Fe Fe/N

FeHCF 10.00 40.12 — 14.70 — 2.73
MnHCF 2.36 25.60 39.58 10.34 1.54 2.48
CoHCF 7.93 18.73 29.57 12.67 1.58 1.48
CuHCF 3.21 26.82 41.30 12.12 1.39 2.21

Fig. 5. TGA (a) and DSC (b) analysis of PBAs. Black line: FeHCF green line: CoHCF,
red line: CuHCF, blue line: MnHCF. In DSC analysis, exothermal processes are
directed downwards. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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coordinating M) or hydrogen-bonded exhibit different vibrational
modes, thus their presence can be detected by infrared spec-
troscopy. The C � N stretching vibration m(C�N) is intense and very
characteristic, its position moreover being very sensitive to the
chemical environment. Furthermore, it becomes a doublet when
both FeII and FeIII are present, whose relative amount can be esti-
mated by the analysis of this vibrational mode. FTIR analysis cou-
pled with Mössbauer spectroscopy, provides the picture of status
of iron within the samples. Even more interesting, the possibility
to use FTIR to identify also the presence (and the oxidation state)
of the second transition metal in the case of CoHCF complexes
has been reported [32–34]. In the infrared region the vibrations
Fe-C can be observed, which are also sensitive to the iron oxidation
state, thus adding relevant information about both the strength of
this bond among the PBAs and the possible changes induced by the
interaction with CIP molecules. Even further, infrared spectroscopy
has been proven as a powerful tool for monitoring the electronic
transitions occurring in these complexes, especially due to light
exposure. The m(C�N) vibration is located in the 2200–2100 cm�1

spectral range. Its sensitivity to the surrounding environment is
so extreme that it also includes the oxidation states and the spin
states of the transition metal atoms bridged by this ligand [35].
While this vibrational mode is very rich in information (including
the presence of minority species), the superimposition of several,
usually small, contribution to the narrow m(C�N)spectral range
may hinder this information. However, this issue may be partly
Table 5
Water content as estimated from thermal analyses.

Sample Total water content
(% weight loss)

Zeolitic water
(% weight loss)

FeHCF 9.9 0.86
MnHCF 22.5 0.57
CoHCF 19.2 3.7
CuHCF 16.1 2.0
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overcome by analyzing the M-L vibrational bands. Our instrument
cannot access the far infrared region where the M-N vibrations
occur, but we could analyze the M-C spectral characteristics.

We then performed a careful analysis of the infrared spectra of
the PBAs (the full mid-IR spectra are displayed in Figure S11 in the
Supporting Information), reported in Table 6, and analyzed the
detail of the C � N stretching region (Fig. 6).

Observation of the C � N stretching region and of the Fe-C
vibrational modes before and after the catalytic tests (values are
reported in Table 6) show no change in their positions (within
the adopted instrumental resolution), indicating that the native
chemical nature of the PBAs is untouched. However, the relative
band intensities of the Fe(II) or Fe(III) - (C � N) stretching appears
modified after the catalytic reaction. Indeed the analysis of m(C�N)

allows to quantify the ratio between Fe(II) and Fe(III) in the com-
plexes, before and after CIP degradation, as reported in Table 7
(the full FTIR spectra of PBAs after the catalytic tests are reported
in Figure S12 in the Supporting Information). It is remarkable to
note that the observed presence of Fe(II) in all the PBAs before
the reaction with CIP indicates a natural charge exchange between
the two transition metal species, resulting in mixed valence com-
plexes. This finding is moreover supported by the analysis of the
vibrational modes at lower wavenumbers, pertaining to the
stretching and bending modes of the Fe-C bond in both Fe(II) and
Fe(III), as reported in Table 6.

m(C�N) in the FeHCF compound features a tail towards lower
wavenumbers, which is the consequence of the fast and easy elec-
tron exchange of this mixed valence band compound. This tail is
also partly visible, although very reduced as for its extension, in
the spectra of the other derivatives, a further indication of the
occurrence of charge transfer. The easiness of this electronic pro-
cess is a potential key factor for the applications of these materials
in catalysis.

Among the PBAs, CoHCF has been especially studied due to its
peculiarities (especially related to its magnetism), while little if
nothing has been reported on PBAs featuring a different M. Herein,
we have attempted a detailed analysis of the IR spectra of all the
materials under investigation, before and after the catalytic tests
for CIP degradation, to investigate possible changes induced by
the exposure to the catalytic cycle and to the light. While the pres-
ence of CIP residual adsorbed on the catalytic materials is not
detected, differences in either the position or relative intensities
of the m(C�N) bands are systematically observed.

In the CoHCF, two main peaks are identified, located at 2090.7
and 2160.1 cm�1, which are ascribed to the stretching vibration
of a cyanide ligand bridging Fe(II) and Co(II), and Fe(II) and Co
(III), respectively [34]. In the MnHCF, the corresponding vibrations
Coordinated water
(% weight loss)

Coordinated water molecules per formula unit

9.0 5.3
21.9 7.3
15.5 5.5
12.7 4.9



Table 6
IR correlation for the hexacyanoferrate/ferrite complexes under investigation, before CIP degradation reaction. Coord: coordinated; HB: hydrogen-bonded; sh: shoulder; s: strong;
vs: very strong; w: weak; vw: very weak; br: broad.

Sample m(CN) (FeII) m(CN) (FeIII) d(FeII-C) m(FeII-C) m(FeIII-C) m(H2O)coord m(H2O)HB d (H2O)coord d(H2O)HB

FeHCF Before CIP 2061.7 (s, asym) 2162.0 (vw) 599.8 (s) 513.0 (sh) 495.7 3624.0 (vw) — 1600.8 (w) 1645.2 (w)
After CIP 2050.2 (s, asym) 2162.0 (vw) 599.8 (s) 513.0 (sh) 495.7 3624.0 (vw) — 1600.8 (w) —

MnHCF Before CIP 2069.5 (w) 2150.5 653.8 (sh) 530.41 420.5 3641.3 3407.9 (w) 1608.5 1641.3 (vw)
After CIP 2075.5 (w) 2150.5 632.6 (w) 530.4 420.4 3641.3 3413.9 (br) 1608.5 1649.0

CoHCF Before CIP 2090.7 2160.1 594.0 (vw) 538.1 (vw) 416.6; 424.3 (sh) 3641.3 3381.0 1608.5 —
After CIP 2090.7 2162.0 596.0 540.0 430.1 (s) 3643.3 3407.9 1608.5 1677.9

CuHCF Before CIP 2104.2 2173.6 617.2 (w) 545.8 439.8 (s) 3651.0 3384.8 (br) 1606.6 (w) 1683.7 (vw)
After CIP 2100.3 2173.6 617.2 (w) 543.9 (s) 441.7 (s) 3649.0 (vw) 3384.8 (w, br) 1606.6 1683.7

Fig. 6. Detail of the v(C�N) stretching region. (a) FeHCF, (b) MnHCF, (c) CoHCF, (d) CuHCF. Solid lines: as-prepared samples; dashed lines: samples after the catalytic test.

Table 7
Fe(II)/Fe(III) ratio before and after CIP degradation reaction, as determined by the
analysis of m(CN) vibrations retrieved from FTIR spectra.

Sample FeII/FeIII

Before CIP degradation
FeII/FeIII

After CIP degradation

FeHCF 34.2 173.3
MnHCF 0.0376 0.0351
CoHCF 0.881 0.935
CuHCF 1.18 0.552
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are observed at 2069.5 and 2150.5 cm�1, respectively, and are
attributed to the stretching of the FeII-CN-MnII (high-spin) and
FeIII-CN-MnII (high-spin) [36]. Finally, the CuHCF features these
vibrations at 2104.2 and 2173.6 cm�1, which are respectively
attributed to FeII-CN-CuII and FeIII-CN-CuII. However, a careful
observation of the spectra of the MnHCF evidences the presence
of a small band located in between the two major contributions
associated with the presence of the second transition metal in its
oxidation state + III. Specifically, we detect a signal located at
2110.0 cm�1, which can be ascribed to the presence of Mn in an
oxidation state higher than II. Other small vibrations of the cyanide
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group are visible in the compounds at lower wavenumbers, as pre-
viously reported [36].
3.6. Mössbauer analysis

Mössbauer spectroscopy provides useful information on the
local interactions between the iron nuclei and their chemical envi-
ronments. Excluding FeHCF, whose spectrum shows the typical
features of PB [37], the bimetallic PBAs show spectra characterized
by a broad, slightly asymmetric, intense doublet. Therefore, two
different models were used to fit the spectra. FeHCF (Fig. 7 a)
was fitted by a four components model; a slightly split doublet,
centered at negative velocity values, together with three superim-
posed doublets, centered at �0.38 mm/s. The former doublets
show hyperfine parameters (d: �0.17 mm/s, D: 0.12 mm/s, see
Table S3 in the Supporting Information for details) ascribable to
low spin (LS) Fe(II) according to the literature [37]. The other three
doublets are clearly representative of a high spin (HS, S = 1/2) Fe
(III) in a distorted octahedral environment. The superimposition
of different HS components provides, according to Grandjean
[38], a satisfactory description of the vacancies around the Fe(III)



Fig. 7. Mössbauer spectra of FeHCF at RT (a) before and (b) after the reaction with CIP upon light irradiation. Black dots represent the experimental data, the black lines the
calculated spectrum, blue lines the LS Fe(II) components, while red lines the HS Fe(III) components. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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sites. The spectrum of FeHCF after the reaction with CIP (shown in
Fig. 7 b) does not show any substantial difference with respect to
that of the as-prepared material. It is well fitted using the same
model, and only minor variations of sites population were
observed.

Concerning the bimetallic PBAs, several models were tested to
fit the spectra and the most consistent one included the presence
of a strong doublet together with a weaker and broad doublet
(Fig. 8 a, c and e). Both the components show negative d values
as a consequence of the reduction of the 3d shielding effect on
the s-electron by the p-back bonding effect [39]. These evidences,
typical for ferro/ferricyanides, suggest the presence of Fe(III) and Fe
(II) nuclei in low-spin states (LS, S = 0). The d values (reported in
Table S3 in the Supporting Information) are in agreement with
the literature data for PBAs [40–43]. All the ferric doublets show
a non-null D arising from the distortion in the local octahedral
environment of the iron atoms that generate an asymmetry in
charge distribution. This evidence can be attributed to the presence
of [Fe(CN)6]4� vacancies and the subsequent coordination of water
molecules. Concerning the LS ferrous component, the absence of D
suggests full occupation of the t2g levels, giving rise to a single line
in the Mössbauer spectrum [39]. Also in bimetallic PBAs, the reac-
tion slightly affects the features of their Mössbauer spectra (Fig. 8
b, d and f), allowing the use of the same models to obtain a satis-
factory fit. Isomer shift, quadrupole splitting, and linewidth do not
show significant variations, and only the site populations seems to
be slightly affected.

3.7. Photoinduced charge transfer and spin transition in PBAs

As mentioned, the cyanide ligand is an effective electron shut-
tle, capable of bridging two transition metal ions featuring an
incomplete 3d shell. We showed evidences of the presence of both
Fe(II) and Fe(III) in all the complexes under investigation, whose
relative amount is changed upon light irradiation, which implies
the occurrence of a redox process. On the other hand, we also
showed, through infrared spectroscopy, that M3+ species are pre-
sent (with no need of irradiation). This is of particular interest from
a catalytic point of view since the possibility of exchanging charges
(photogenerated or not), without altering the stability of the mate-
rial, implies the chance of redox reactions with the surrounding
environment. This is true both under dark (as indirectly proved
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by the catalytic ability shown by the PBAs), and even more, upon
light irradiation. The question is then what happens to the elec-
tronic configuration of the metals when subjected to light, and
subsequently what their spin configuration can become. While
the investigation of the details of this aspect is beyond the scope
of the present study, it seems relevant mentioning in this context
some robust hypothesis to explain the catalytic outcomes.

Electrons stabilization through bonds is a key factor in coordi-
nation chemistry and the corresponding spin configuration plays
a fundamental role in the chemistry and physics of metal com-
plexes. Previously, when discussing the absorption spectra of the
PBAs, we referred to the classic view according to which a
homoleptic octahedral complex (of the kind ML6) features the split
of the five d-orbitals into two groups: three orbitals called t2g (non-
bonding) and two orbitals called eg (anti-bonding), as shown in the
middle part of Fig. 9 (for a systematic treatment of this topic the
reader is referred to fundamental studies in the field, reported
for instance in reference [24]). The arrangement of the d-
electrons of the metal ion then depends on several factors, includ-
ing the periodic group and the transitions series, the oxidation
state and the strength of the ligand and its cross-talk with the elec-
tron pairing energy. This arrangement, which eventually determi-
nes the spin state of the complex, is relevant because it as well
determines the allocation of electrons in orbitals with different
bonding character, thus making them more or less available to
be exchanged or even lost. It is also to be mentioned that distor-
tions from this split can occur due to Jahn-Teller effect [44] (repre-
sented in the left part of Fig. 9) and, even more relevant in the
present case, to the substitution of one of the six L by another
ligand, thus resulting in a heteroleptic species (like ML5Y), which
is what we observe in the PBAs due to the presence of coordinated
water molecules (and that is confirmed by the appearance of the
absorption spectra).

Being cyanide a strong field ligand, according to the classic
ligand field theory, we can rather safely assume a low-spin config-
uration for all the metals involved in PBAs. However, this tradi-
tional view (low-spin and high-spin complexes) has been
recently questioned by an important essay by Alvarez and Cirera
[45]. In their article, the authors state that, in spite of the enormous
advances in analytical techniques, the nature of metal complexes
(including their stereochemistry, electronic structure and chemical
properties) is still poorly understood, and we believe that the



Fig. 8. Mössbauer spectra of CoHCF, CuHCF, and MnHCF at RT before (a, c and e, respectively) and after (b, d and f) the reaction with CIP. Black dots are the experimental data,
the black lines the calculated spectrum, blue lines the LS Fe(III) components, while orange lines are the LS Fe(II) components. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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experience of the scientific community with the chemistry and
photophysics of PB derivatives supports this perception.

Even considering all the PBAs under investigation as low spin
complexes, we need to take into account that a change in the metal
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oxidation state leads to an increase in the electron pairing energy,
which can break the low-spin status in favor of a ‘‘higher” spin,
determining a spin cross-over. On the other hand, a very recent
theoretical investigation, confirms the presence of metals in



Fig. 9. Relative energies of d-orbitals in an octahedral field, without and with Jahn-
Teller tetragonal distortion (elongation).
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high-spin configuration [46]. The easiness with which charge
exchange can occur in PBAs, coupled with the most classical exter-
nal stimulus of all, i.e., light excitation, can drastically change the
spin status of the materials, supporting the redox processes
involved in the catalysis.

Indeed, it is not by chance that we observe a leap forward in the
degradation performance of the CoHCF derivative upon light irradi-
ation. Photoinduced charge transfer has been proved in PBAs [47].
The time scale of the process is in the picoseconds, while the life-
time of the photoinduced charges is in the 1–10 ls (depending on
the specific analogue). The transfer is also associated with a spin
transition of M, determining the existence of two sites: FeII-CN-
MIII (low-spin) and FeIII-CN-MII (high-spin) [35]. In our analyses,
we could detect the presence of both sites, together with a post-
illumination increase in the lattice parameters, which was as well
detected in PBAs after the charge transfer-induced spin transition
[35]. The situation is however quite complicated, since the elec-
tronic state of Co-Fe PBAs depends on the amount of [Fe(CN)6]
sites, so that it is hard to predict what that is in each specific case.
Furthermore, different photoswitching pathways have been very
recently demonstrated and explored also in case of a RbMnFe
PBA [48], evidencing the occurrence of spin transition accompa-
nied by a lattice distortion. On the other hand, other investigations
have underlined over time the general character of this intermetal-
lic charge transfer process in compounds where the metals are
cyanide-bridged [49–53].

The mentioned studies strongly support the following hypothe-
ses explaining the differences in catalysis observed in the present
work.

i) The catalytic site M(NC)(OH2) binds the CIP molecules via
either the carboxylic or carbonyl group (resulting in a 5- or
6-membered ring, among the most stable configurations),
probably via a previous ligand dissociation (H2O). This pro-
cess occurs in both dark and light conditions.

ii) In particular, we can hypothesize that FeHCF and CuHCF
binds the carboxylic group, while a chelation occurs through
both functional groups for MnHCF and CoHCF, which can act
through an oxidative addition pathway, possessing all the
required characteristics (the coordinative unsaturation is
provided by the water molecules, which can be favorably
exchanged with a stronger ligand, especially if bidentate,
thanks to an entropy-driven effect), both metals can access
a higher and rather stable oxidation state from Mn to Mn+2

and possess a non-bonding electron pair.

The steps leading to the loss of the hydroxyl group and, in
general, to the rearrangements of molecule fragments to give the
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reaction product, then occur, promoted, under dark, by a metal–
metal charge exchange supported by the CN bridge, where the Fe
(II) can give an electron to M, and under light irradiation by the
excitation of d-electrons belonging to M. This excitation makes
electrons readily available to be transferred to CIP for breaking
bonds, while the catalyst is restored thanks to the internal charge
transfer process, as further proved by the recyclability tests con-
ducted on CoHCF (the results are shown in Figure S13 in the Sup-
porting Information). These tests show indeed that after five runs
CoHCF is still capable of degrading about 70% of the initial amount
of CIP in 3 h, upon solar simulated light.

4. Conclusions

Prussian blue derivatives have a well-deserved fame in the field
of functional materials. This investigation clearly shows their
potential as catalysts for the breaking down of ciprofloxacin at dif-
ferent concentrations and upon different experimental conditions.
Thanks to the capability of the C„N ligands to shuttle charges
between two transition metals, the redox processes needed to cat-
alyze the degradation of molecular targets in solution can effi-
ciently occur and be supported. Our study shows that the main
feature supporting the catalysis is the possibility of the second
transition metal belonging to the derivatives to access different
oxidation states, especially when photoinduced excitation occurs.

Although all the materials were found active as catalysts also
under dark, light irradiation significantly supports their activity,
even changing the reaction mechanisms.

Further investigations are needed to provide definitive proof of
the occurrence of a spin cross-over for all the investigated materi-
als, which are however beyond the scope of the present
investigation.

The present study demonstrates that, to design effective and
selective catalysts, an in-depth knowledge of the materials physi-
cal and chemical characteristics is mandatory, coupled with a
detailed analysis of the catalytic outcomes, to try and unveil the
processes occurring during the transformation of the molecular
targets in solution.
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