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Chapter 7 
Prussian blue analogues of 

reduced dimensionality 

7.1   Motivation 
 
Mixed valence polycyanides (Prussian Blue analogues) possess a rich palette of 
properties spanning from room temperature ferromagnetism1-4 to zero thermal 
expansion5 which can be tuned by chemical modifications or the application of 
external stimuli (temperature 6,7, pressure8, light irradiation9,10). While molecule-
based materials can combine physical and chemical properties associated with 
molecular-scale building blocks, their successful integration into real applications 
depends primarily on higher-order properties like crystal size, shape, morphology 
and organization. In this chapter we present a study of a new low dimensional 
system based on Prussian Blue Analogues (PBAs) built up by means of a modified 
Langmuir Schaefer technique where PBA is synthesized from precursors in a self-
limited reaction on a clay minerals surface. We focus on understanding of the 
magnetic properties of the intercalated PBAs in diverse periodic, low dimensional 
arrangements.  

7.2   Introduction 
 
In recent years, low-dimensional assemblies have assumed remarkable importance 
due to their outstanding physical (photophysical, electrical etc), chemical 
(catalysis, molecular separation etc) and biological (drug delivery, biosensing etc) 
properties.11 Controlling both the organization of the assemblies and their physical 
and chemical properties through simple external parameters lead to the creation of 
new tailored functional materials.12 Using a bottom-up approach where, by using 
fundamental interaction to trigger a self-assembly, one can create entirely novel 
molecular building blocks and form supramolecular architectures whose final 
structure is encoded in the shape and properties of the clusters or molecules that are 
used. Of interest for our study is the family of magnetic organometallic 
coumpounds going form the famous single molecule magnets in 0D such as Mn12 
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13,14 to 1D and 2D frameworks single chain magnets 15,16 up to the equally 
interesting broad range of 3D PBAs.17 All these systems can be built in a bottom up 
approach, where the material’s final properties are fine tuned through a well 
thought out choice of elementary building blocks (morphochemistry). 
Here we take an approach based on one of the most common - though not widely 
used - materials, namely layered smectite clay, and use it as template for highly 
ordered low dimensional assemblies of nanostructured systems in thin films form. 
One of the key properties18 of clays essential to our study is the ion exchange 
capacity which relates to the number of cations present at the clay surface for 
charge neutrality and exchangeable with other positively charged species. Unlike 
for intercalation compounds of graphite, this exchange does not involve necessarily 
charge transfer between the guest and host species and affords in situ synthesis of a 
guest compound as suggested by Umemura.18 The aluminosilicate surface regulates 
the topology of the interacting molecules and affects possible supramolecular 
rearrangements or reactions, such as self-assembly processes that are not easily 
controlled in solution.  
Recently a new method combining self-assembly and Langmuir-Schaefer assembly 
has emerged and enabled the creation of a new type of clay hybrids grown layer-
by-layer. Because of the spatial arrangement of the clay platelets, such an assembly 
leads to a control at the nanoscale and an enhance order at the macroscale. Though 
this emerging field of clay nanoscience is still mostly unexplored, several studies 
have demonstrated the successful integration of a variety of guest species within 
the clay thin film structure either synthesized on the clay surfaces through cation 
exchange driven self assembly process or via the integration of as-made functional 
molecules (previous chapters).19-24 
In this work, we report on an approach of “on surface” synthesis to PBA (which 
usually forms a ferromagnetic network in 3D) that yields a nanostructured thin film 
where PBA is sandwiched between clay platelets. This arrangement reduces the 
PBA dimensionality from 3D to 1D or 0D and affords new superparamagnetic-spin 
glass properties at ~65K. 
 

7.3   Experimental Section 
 
Materials. Similarly to the films prepared by modified Langmuir Schaefer 
deposition described in the previous chapters of this thesis, the hybrid films contain 
dimethyldioctadecylammonium (DODA) bromide as amphiphilic cation and 
montmorillonite (Kunipia F) as clay mineral. The air stable PBAs CsNiCr and 
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CsMnCr, which show a high Curie temperature (Tc) when synthesized as 
microcrystals 2-5, were chosen as magnetic material. DODA (Sigma Aldrich) was 
used as received and dissolved in a mixed solvent of HPLC-grade chloroform and 
methanol (9:1 in volume) to prepare a spreading solution of 0.1 mg ml-1. 
The smectite clay mineral used in this work was a sodium-saturated 
montmorillonite Kunipia F acquired from Kunimine Industries Co. (Japan) with the 
mineralogical formula Ca0.11Na0.891(Si7.63Al 0.37)(Al 3.053Mg0.65Fe0.245Ti0.015)O20(OH)4 
calculated from the chemical analysis. The cation-exchange capacity (CEC) of the 
clay was 1.15 mequiv g-1. The thickness of the single clay platelet, estimated from 
the crystal structure is 9.6 Ǻ. A stock dispersion of the clay was prepared by 
stirring for 12 hours 1 g of clay in 1 liter of Millipore ultrapure water (18MΩ) and 
was diluted to a given concentration before used as a subphase in the Langmuir 
Blodgett trough. 
For the “on surface” synthesis of PBA we employed as precursors (a) NiCl2,(b) 
MnCl2,(c) CsCl and (d) K3[Cr(CN)6]. Together (a), (c) and (d) were used to prepare 
CsNi[Cr(CN)6] (shortly written CsNiCr), (b),(c) and (d) to synthesize 
CsMn[Cr(CN)6] (CsMnCr), and (a) (c) and (d) for the fabrication of 
CsNiMn[Cr(CN)6] (in short CsNiMnCr). All those compounds were of the highest 
available purity commercially available (Sigma Aldrich) and used as received. 
For most of the characterization, the films were deposited on mylar, which is a 
plastic and was chosen because non magnetic and easy to use.  
 
Film preparation. As described for Ni8 containing films in the previous chapter of 
this thesis, all films were prepared following the deposition cycle depicted in the 
scheme 7-1 with the help of a thermostated Nima Technology 612D Langmuir 
Blodgett (LB) trough at a temperature of 21 ± 0.5°C. To monitor the surface 
tension in the trough we employed a Wilhelmy plate (small length of 
chromatography paper) whose working principle was explained in chapter 1 of this 
thesis. Pure water and clay dispersions in Millipore Q-grade water were used as 
subphase (as describe above). A clay concentration in the dispersion of 10 ppm was 
chosen as the optimal value (chapter 2).25 To achieve the hybridization of the clay 
platelets, 200-300 µl of DODA-solvent mixture (0.1 mg ml-1) were sprayed at the 
air water interface. After a waiting time of 30 min to allow the clay-surfactant 
fuctionalization to occur (chapter2),25,26,27 the hybrid DODA-clay layer so formed 
was compressed at a rate of 30cm.min-1 until the chosen stabilization pressure of 
14 mNm-1 was reached.  
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Scheme 7-1: Deposition procedure.  
 
This pressure was maintained throughout the deposition process. Films were 
deposited by horizontal dip onto the substrate, with downward and lifting speeds of 
10 and 2 mm min-1, respectively. Each time the substrate was allowed to touch the 
air water interface in a very gentle dip of max 0.5mm below the water level and 
rinsed directly after dipping in 18 MΩ MilliQ water to eliminate possible weakly 
attached cations remaining from the hybridization process. The PBA unit was 
synthsized at the surface of the freshly deposited DODA-clay layer by consecutive 
dipping in the precursor solution M’2+ (M’ being (a) or (b) or both) and 
K3[Cr(CN)6]. To investigate the character of the magnetic species created at the 
clay surface and hence within the thin film stack, we used various sequences where 
the spacing between PBA layers was controlled by depositing 1 to 5 clay layers 
between them as sketched in scheme 7-2.  

 

Scheme 7-2 : Prussian blue analogue- clay sequences   

Clay-DODA 

Prussian-blue 
analogue units 

1-1 Seq 
Type I 1-2 Seq 

Type II 

1-5 Seq 
Type III 



 
7.4  RESULTS AND DISCUSSION  -146- 

 
 

 

Since the clay layers are non-magnetic, increasing the number of clay layers 
between PBA layers aims at isolating the PBA to check whether this alters the 
magnetic properties and thus gain a better understanding of the nature of the 
magnetic material created.  

7.3.1   Instrumentations.  
 
X-Ray Diffraction (XRD)  patterns were collected using a Philips PANanlytical 
X’Pert MRD diffractometer with a Cu Kα ((λ=1.5418 Ǻ) radiation source (40 kV, 
40mA), a 0.25º divergent slit and a 0.125º antiscattering slit. The reflectivity 
patterns were recorded in the 2-Theta (2θ) range from 0.5 to 10º with a 0.01º step 
and a counting time of 10 s per step. 
Atomic force microscopy (AFM) images of the films were recorded in tapping 
(non-contact) mode on a Scientec 5100 equipped with Si n-type cantiliver with a 
tip radius <10 nm and a force constant of ~25-75 N/m. Data treatment was 
performed using the WSXM freeware developed by Nanotec28  
X-ray Photoelectron Spectroscopy data were collected with a SSX-100 (Surface 
Science Instruments) spectrometer equipped with a monochromatic Al Kα X-ray 
source (hν=1486.6 eV) and operating at a base pressure of 3 x 10-10 mbar. The 
energy resolution was set to 1.3 eV and the photoelectron take-off angle was 37°. A 
flood gun providing 0.1 eV kinetic energy electrons in combination with a Mo grid 
placed above the sample were used to compensate for sample charging. All binding 
energies were referred to the Si 2p peak of clay at 102.9 eV.  
 

7.4   Results and Discussion 

7.4.1   X-ray Ray Diffraction  

XRD patterns of hybrid multilayers (type I) were recorded in order to determine 
the d(00l) basal spacing of the hybrid clay PBA structure (measurements on type II 
and III are reported in the appendix). Figure 7-1 (left) displays the XRD patterns of 
a 120 layer thick film of DODA-clay-PBA deposited on mylar, where PBA stands 
for CsNiCR; CsMnCr; CsNiMnCr. For all 3 different compounds one observes 
multiple well defined peaks revealing a clear out of plane order of the film. 
Assuming that the first peak on each curve represents the (001) Bragg peak, we can 
deduce the thickness of the repeated unit from its position. While for a structure  
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Figure 7-1.: left panel: X-ray diffraction patterns for 120-layered hybrid 
DODA-clay-PBA films where the PBA is (■) CsNiCr, (●) CsMnCr and (▼) 
CsNiCr-CsMnCr.Right panel: Model for the structure of a type I DODA-clay-
PBA film where, the Prussian blue units are represented by cubes between the 
clay –surfactant layers. 
 
without PBA, consisting of DODA-Clay-DODA (chapter 2), one finds d(001)= 35-
36 Å, a slightly increased d spacing 37Å results for the PBA containing samples. 
The DODA-clay-PBA structure displays this slightly superior spacing 
notwithstanding the fact that the repeating units contain just one layer of DODA 
per clay layer contrary to the organoclay film without PBA where DODA is grafted 
to both sides of each clay platelet (chapter2)25 We can therefore reasonably assume 
that the structure the one displayed in figure 7-1 (right panel): a single clay sheet 
has a thickness of 9.6Å; assuming that the DODA functionalizing the clay sheet 
amounts to a 15 to 20Å thickness (estimation based on study presented in chapter 
2), the PBA should be responsible for the remaining contribution (= 7 Å-12 Å) to 
the final layer thickness as shown in figure 7-2 (right). From this result one has to 
conclude that the material synthesized on the surface of the clay is of low 
dimensionality (at least along the z axis). The structure of such a hybrid material 
deposited in-situ on the clay surface through cation exchange was proposed by 
Yamamoto et al29-31 to be purely onedimensional. According to these authors PBA 
does not form a 2D crystal, as the one shown in figure 7-2A, but rather chains of 
alternating metal ions linked by cyano bridges (omitted for clarity in the drawing 
figure 7-2). We also exclude the possibility of a 3D-like network as the one shown 
in figure 7-2 C since such a structure would have to be at least 10.5 Å thick and 
probably give rise to high angle reflections, which are not observed in our samples. 
Moreover, if the material is indeed built up as depicted in scheme 7-1, a  
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Figure 7-2.: Models for the structure of low dimensional PBA compounds. 
Blue balls=M, red balls=M’, green balls=unreacted K  
first dip (step 2) brings M’2+ ions (M’=Cs,Ni,Mn) to the clay surface - displayed in 
red in figure 7-2 - while the second dip (step 3) adds the Cr(CN)6 component -
displayed in blue in the scheme figure 7-2 - to complete structure, Since the 
dipping sequence alternates PBA dips with DODA-clay dips (in the LB trough), it 
is therefore unlikely that a 3D cubic structure with alternating M’ and M ion forms 
in such condition,. A structure like the one sketched in figure 7-2 D is equally 
unlikely for the same reasons, except if the primary M’ 2+ cations were mobile on 
the clay surface during the deposition. We therefore suggest that the PBA layer is 
either 1-2D like as suggested by Yamamoto et al29-31 or, and equally likely, 2-3D 
like as displayed in figure 7-2 E. As already pointed out in the past study of similar 
material, getting an insight on the in-plane structure of the material deposited in the 
clay stack is a delicate task. Due to its low dimensionality and a short range order 
in the X-Y axis, getting in plane crystallographic data is extremely difficult. We 
intentionally left the K ions (displayed in green figure 7-2) in the structure because 
we believe that some of these K ions might still be coordinated to the Cr(CN)6 
precursor if there were not enough M’2+ ions to react with. The amount of M’2+ 
ions present on the clay surface is limited by the clay cation exchange capacity 
while the KCr(CN)6 precursor is available in excess in the third step of the 
deposition procedure since few M’2+ ions attached to clay surface are exposed to a 
comparably much larger amount of KM(CN)6 in solution during the reaction. We 
shall come back to this point in the discussion of the spectroscopic data here below.  

A B 

C E D 
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7.4.2   X-ray photoelectron spectroscopy  

XPS was applied in order to confirm the successful insertion of PBA inside the 
clay stack. As displayed in scheme 7-1, the synthetic procedure involves successive 
dipping in the M’(Cl4)- and K3Cr(CN)6 precursor solutions. It is therefore expected 
that M’(Cl4) reacts on the clay surface and exchanges for the Na+ cation naturally 
present there. Cl and Na+, the side products of this reaction should be eliminated in 
the rinsing step and not present in the film. Similarly K3Cr(CN)6 which will react 
with the M’ cation releasing K as side product, which is eliminated by rinsing 
(most of it). The successful synthesis of PBA on the clay surface is confirmed by 
the elemental composition of the films as seen by XPS. In the overview spectrum 
shown in figure 7-3 for the case of CsNiCr, all the expected constituents of the 
films are detected: Al, Si, C, N, O, Cr, Cs, Ni. Detailed scans of the transition metal 
core level regions were recorded and are displayed in the bottom of figure 7-3. In 
addition to the elements mentioned, part of the K atoms from K3Cr(CN)6 are 
present in the film; presumably this residual potassium is due to the limited amount 
of reactant (M’) on the clay surface given by the CEC as discussed  
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Figure 7-3: X-ray photoemission spectra of 120-layered DODA-clay-CsNiCr, wide 
scan (top) and detailed scan of the Ni 2p, Cr2p and Cs3d lines (bottom). 
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above. Cl and Na+, the side products of this reaction should be eliminated in the 
rinsing step and not present in the film. Similarly K3Cr(CN)6 which will react with 
the M’ cation releasing K as side product, which is eliminated by rinsing (most of 
it). The successful synthesis of PBA on the clay surface are confirmed by the 
elemental composition of the films as seen by XPS. As seen in the overview 
spectrum shown in figure 7-3 for the case of CsNiCr, all the expected constituents 
of the films are detected: Al, Si, C, N, O, Cr, Cs, Ni.. Detailed scans of the 
transition metal core level regions were recorded and are displayed in figure 7-3. In 
addition to the elements mentioned,, part the K atoms from K3Cr(CN)6 are present 
in the film; presumably this residual potassium is due to limited amount of reactant 
(M’) on the clay surface given by the CEC as discussed above.  

7.4.3   Magnetic properties of the Hybrid Films. 

Normally the magnetic properties of a material are discussed based on the 
determination of the absolute intensity of magnetization. In the case of our films 
the magnetically active material which is synthesized depends on the interaction 
with the clay and the ion exchange, hence an absolute measurement of the total 
amount of PBA formed within the film structure could not be determined. 
However, data normalized to the sample area are reported in the appendix of this 
chapter. A rough estimate of the PBA in the film gives a maximum value of 24 
attomole of magnetic material per layer, i.e. 3,3 µg of PBA per layer, and one 

 

Figure 7-4: Right panel: Temperature dependence of the magnetization for 
120-layer hybrid films of DODA-clay-PBA: zero field-cooled and field-cooled 
measurements under an external field of 100 G with the sample surface 
aligned perpendicular to the magnetic field. Left panel: Hysteresis loops for 
the same films measured at 2 K. 
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therefore understands why a film thickness of ~100 layers minimum is required for 
good signal to noise ratio in magnetometry. The temperature dependence of the 
magnetization was recorded in field cooled (FC) and zero field cooled (ZFC) 
configuration (not shown) in order to determine the Curie temperature, TC, defined 
by the onset of the magnetization. The measurements of the magnetization vs 
temperature displayed in figure 7-4 were performed in configuration where the 
exciting field is perpendicular to the film plane. At first glance the magnetization 
data seems to reveal the occurrence of a ferromagnetic and ferrimagnetic order in 
the thin film structure with Curie temperatures of 65 K for the CsMnCr, 80 K for 
the CsNiMnCr and 90 K for the CsNiCr. Not considering the absolute intensity, the 
magnetization data of the CsNiCr contain in DODA-clay hybrid films are identical 
to those of a pure 3D bulk sample of CsNiCr.32 The hysteresis loops reported in 
figure 7-4 were measured at 2 K and showed a hysteresis with a coercive field of 
100 G for the CsMnCr containing film and around 150 G for CsNiMnCr and 
CsNiCr containing film. Dynamic magnetic measurements give information 
on how fast the magnetization is building up in magnetic materials. The most 
striking result of our study concerns the magnetic relaxation investigated by AC 
magnetic susceptometry as shown for type I and type II CsNiCr samples in figure 
7-5. The temperature dependence of the susceptibility is seen to depend on the 
frequency of the applied field. Such behaviour has been observed for single 
molecule magnets (SMMs)13,14,33,34 and magnetic nanoparticles (MNPs) 35-37, where 
it was identified as a signature of superparamagnetism, but the same behaviour is 
as well as observable in spin glass systems 38. Those systems have in common that 
they are overall ferromagnetic or ferrimagnetic but composed of small entities for 
which the magnetic ordering competes with thermal disorder. These entities can be 
composed of few atoms as in the SMM case or of up to few thousand atoms as in 
MNPs. Due to magnetic anisotropy, an energy barrier E0 has to be overcome to 
reoriente the particles’ easy axis. The associated relaxation time of the 
magnetization can be defined 38, 35as  

)exp( 0
0 Tk

E

B
r ττ =  (1) 

called the Néel Arrhenius law. During AC measurements of the magnetic 
susceptibility of the material, the maximum observed in the χ’ component (in-
phase) corresponds to the blocking/glass temperature, Tb, at which the relaxation 
time is equal to the timescale of the measurement 35,36,39,14,37, 00 /1 f=τ  , with 

0f being the attempt or exciting frequency of the AC scusceptometer, kB the 
Boltzmann constant and T the absolute temperature. 
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Figure 7-5 AC magnetic susceptibility for various frequencies in the 1-1000Hz 
range for the CsNiCr type I (left) and CsNiCr type II (right) DODA-clay-PBA 
hybrid films.. One can clearly see a shift of the maximum temperature 
towards higher values as the frequency increases.  
 

 

Figure 7-6 Temperature dependence of the magnetization relaxation time the 
CsNiCr type I (left) and CsNiCr type II (right) DOD A-clay-PBA hybrid films 
estimated form the AC-magnetic susceptometry data. The solide red line 
represents the linear fit of the data  
 

If one plots )/1ln( 0f versus T/1  as shown in figure 7-6 for the type I (left panel) 
and II (right panel) CsNiCr-DODA-clay samples, the graphs can be well 
approximated by a purely linear fit, meaning that the behaviour follows the Néel 
Arrhenius law (equation 1). Although the Néel Arrhenius relaxation behaviour is 
observed for our hybrid DODA-clay-PBA films, the fit gives an unphysical value 
well above typical relaxation value of ~10-10s -10-11s for superparamagnets. As 
suggested by Kim et al.35 who got a similar result for MNPs, the reason of this 
physical mismatch could be due to an increased interaction between entities owed 
to a morphological parameter leading to an increased anisotropy energy barrier. We 
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therefore speculate that a too dense PBA layer in clay, or a clay - PBA interaction, 
could be responsible this increased interaction between magnetic entities; the 
sample could then be almost 2D and “a weak” superparamagnetic or a mixed 
superparamagnetic spin glass. The latter hypothesis is supported by reports of 
Talham et al.40,38,41 on similar PBA thin film systems. The authors introduce a ratio 
φ  to distinguish between spin glass and superparamagnet state. This ratio is 
defined by  

)](log[ 0fTT bb ∆∆=φ   (2) 

where bT∆  is the difference between Tb at minimum and maximum measured 
frequency of the in-phase susceptibility, Tb is the temperature maximum in χ’ and 

)(log 0f∆ is the difference between the minimum and maximum measured 
frequency. We calculated the φ  values with equation (1) for our hybrid films based 
on the data displayed in figure 7-5 and found φ =0.022 and φ =0.026 for CsNiCr 
type I and II hybrid films respectively. These values fall between those of a pure 
superparamagnet φ ≈0.3 and of an insulating spin glass φ ≈0.005 (Talham and 
references therein38). However, comparing these values to literature reports led us 
to think the spin glass character might be predominant (but it is unknown whether 
it coexists with a superparamagnetic behaviour on localized domains for example). 
The magnetic behaviour of our hybrid DODA-clay-PBA films is therefore radically 
different from that of the bulk 3D ferromagnetic PBA. Moreover, to the best of our 
knowledge, the obtained glass temperatures for our various structures are 40K 
higher than all previously published values for similar compounds.  

7.5   Conclusions 
 
The use of the modified hybrid clay Langmuir-Schaefer approach combined with 
“on surface” synthesis of oraganometallic compound enabled the synthesis of 
Prussian Blue Analogue structures with reduced the dimensionality. These 
structures are sanwiched between the layers of a nanostructed clay stack and 
created by robotic sequential assembly. Differently from 3D crystals, these 2 or 0D 
PBA structures show new superparamagnetic-spin glass properties with high 
blocking glass temperature of 65 K. 
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