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Chapter 5 

Insertion of metal-decorated (Fe) organic-inorganic cage-like 

polyhedral oligomeric silsesquioxanes between clay platelets 

by Langmuir Schaefer deposition 

 

In this chapter, we demonstrate the preparation of highly ordered hybrid films consisting of a 

surfactant (Dimethyldioctadecylammonium), Fe
3+

-decorated polyhedral oligomeric 

silsesquioxanes (POSS) and montmorillonite clay platelets. The elemental composition of the film 

was confirmed by X-ray photoelectron spectroscopy (XPS); X-ray diffraction (XRD) results 

showed smooth interfaces between the different layers. Moreover, combining the XPS and XRD 

results, a multilayer structure with a DODA-clay-POSS (Fe
3+

) periodically repeating building 

block can be proposed, where the POSS units adopt a staggered arrangement. 
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5.1 Introduction 

Self-assembly provides the opportunity to create multifunctional materials from organic and 

inorganic building blocks.[1] Particularly self-assembly at a surface, which can be exploited to 

build supramolecular architectures, is important in respect to practical applications such as 

medical devices and catalyst support.[2]–[8] For example, POSS modified clay was fabricated to 

support nickel catalyst for polymerization.[8] However, in applications such as surface catalysis 

for ordered structure, thin films are the desirable form. The Langmuir-Schafer (LS) method is a 

versatile method to grow thin films at room temperature and on rigid or flexible substrates; it also 

provides excellent control down to molecular level through simply changing external parameters 

during deposition.[9], [10] Our focus here is to construct new organic-inorganic hybrid materials 

by insertion of metal-decorated (Fe) organic-inorganic polyhedral oligomeric silsesquioxane 

(POSS) between clay platelets by means of a combination of the LS method and self-assembly.  

In recent years, POSS have attracted significant attention due to providing a versatile platform for 

innovative research and diverse applications. Such materials can be used as templates for 

fabricating nanostructured materials such as star polymers,[11], [12]  catalysts,[13], [14] and 

dendrimers.[15] Besides, POSS can be part of ‘self-healing’ high temperature nanocomposites 

used in coatings, which survive in space.[16], [17] The core-shell three-dimensional (3D) cage-

like highly symmetric frameworks constituting POSS can be fabricated through hydrolytic 

condensation reactions of organosilicon monomers RSiOH3.[18] If properly functioned, POSS 

can be bonded with metal ions to form metal substituted silsesquioxanes. 

Montmorillonite clay is a layered mineral, which can be intercalated, swell and serve as host for 

ion exchange. It has therefore been considered for application in various fields such as 

catalysis,[19], [20] synthesis templates,[21], [22] building blocks for composite materials.[23]–

[26] The structure of montmorillonite clay consists of two tetrahedral sheets of silica sandwiching 

a central octahedral sheet of alumina. The thickness of this unit is 0.96 nm. It is negative charged 

since part of the Al
3+

 ions in octahedral sites are substituted by Mg
2+

 and part of Si
4+

 ions in 

tetrahedral sites are substituted by Al
3+

.[27] These negative charged platelets have the tendency 

to absorb positive charged species (and even neutral molecules) on their surface and in the 

interlayer space between platelets.[27]  

https://en.wikipedia.org/wiki/Tetrahedral
https://en.wikipedia.org/wiki/Silica
https://en.wikipedia.org/wiki/Octahedral
https://en.wikipedia.org/wiki/Alumina
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Considerable attention has been paid to combine POSS molecules and clay minerals into a hybrid 

system that could benefit from the properties of both components. For example, Y. Deligiannakis 

et al.[28] embedded amino-functioned POSS in between lattice of clays. The products show 

promise in absorbing heavy metals from water at physiological pH values. Moreover, clay 

intercalated with amino-functioned POSS is essential to develop polymer nanocomposites.[29], 

[30] The challenge addressed in this work was to produce POSS-montmorillonite hybrids in the 

form of films and make them available for wider range of applications such as catalyst support.[8] 

Differently from the bulk synthesis of POSS-intercalated clay,[28] the LS technique allows to 

produce multilayer hybrid thin films with outstanding control over the thickness as well as the 

structures.[27], [31]–[33] Considering these advantages, in this work, we aim at fabricating 

nanostructured thin film where the Fe
3+

-decorated POSS is sandwiched between an organic layer 

(DODA) and clay platelets. 

5.2 Preparation of Langmuir-Schaefer (LS) film  

The clay minerals employed in this  project  was  a  natural  dioctahedral  montmorillonite, 

obtained from Kunimine Industries Co. (Japan), Kunipia F (KUN), with structural formula  

Ca0.11Na0.891(Si7.63 Al0.37 )(Al3.053Mg0.65Fe0.245Ti 0.015 )O20 (OH)4 and a cation exchange capacity 

(CEC) of 1.18 meq/g. Dimethyldioctadecylammonium (DODA) was purchased from Sigma-

Aldrich and used as received. FeCl2.4H2O (99%) was purchased from Merck and used as 

received. To fabricate the hybrid film, firstly a dilute (10 ppm) suspension of negatively charged 

clay nanosheets was prepared and poured into the thermostated Langmuir Blodgett trough kept at 

23 ± 0.5 
o
C; then the cationic surfactant DODA bromide dissolved in chloroform-ethanol (9:1 in 

volume) was spread on the surface of the  clay dispersion with the help of a microsyringe. The 

positively charged DODA attracts the negative charged clay nanosheets to the surface through 

electrostatic force. The surfactant molecules with the attached clay platelets behave like a 2D gas, 

which can be compressed with the help of the movable barriers.[34]–[37] In our experiments we 

allowed for a 30 minutes waiting time for the solvent evaporation before starting compression at 

a rate of 25 cm
2
/min. Gengler et al. studied the Π-a isotherms of DODA monolayers on clay 

dispersions with concentration ranging from 5 to 500 ppm, as shown in figure 5.1.[27] Based on 

these results we chose a clay dispersion with the optimized concentration of 10 ppm to try to 
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avoid the aggregation of DODA and clay nanosheets for our deposition process. For deposition 

we chose the target surface pressure 15 mN/m and kept it constant during the whole deposition 

process. Before deposition the Langmuir film was kept compressed for 30 minutes to stabilize. 

On the other hand, the solution of Fe-decorated POSS was prepared as described in chapter 4. 

The multilayer organic-inorganic hybrid LS films were prepared by alternating the LS deposition 

of a layer of amphiphilic DODA and clay platelets from LB trough with a self-assembly step of 

metal-decorated POSS from the solution numerous times as illustrated in figure 5.2. 

 

 

Figure 5.1  Π-a isotherms of floating monolayers of DODA on pure water and on clay mineral 

dispersions of different concentration (5-500 mg/l).[27] 
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Figure 5.2 Preparation progress and the model of the multilayer of hybrid DODA-clay-POSS. 

5.3 Results and discussion 

5.3.1 Characterization of the deposition of DODA-clay-POSS (Fe) hybrid film 

To investigate the quality of the films deposited by the Langmuir-Schaefer method，we studied 

the time dependence of surface pressure and the total area covered by the Langmuir film during 

the deposition process illustrated in figure 5.2. Successful transfer of the DODA-clay layer can be 

proved by the transfer characteristics plotted in figure 5.3. When the substrate moves into the 

subphase during each horizontal dip, the trough area reduces due to the transfer of the DODA-

clay layer from the subphase surface to the substrate; this process generates a sharp step in the 

curve of area versus time and a sharp downward peak on the curve of pressure versus time in 

figure 5.3. The step height indicates the area that is transferred to the substrate. Given that the 

substrate area is ~2.5 cm
2
, we calculated that the transfer ratio was ~0.9 during the deposition.  
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Figure 5.3 The LS deposition of DODA-clay-POSS (Fe) hybrid films. The black curve 

represents the trough area covered by the Langmuir film; the grey curve denotes the change of 

the surface pressure through the whole deposition. 

5.3.2 XRD Patterns of DODA-clay-POSS (Fe
3+

) hybrid film 

To understand the structure of the hybrid film and to prove the high quality of the layer-by-layer 

deposition, X-ray diffraction studies were carried out. Figure 5.4 shows the specular X-ray 

reflectivity of a 34-layer thick DODA-clay-POSS (Fe
3+

) hybrid film. Diffraction peaks were 

observed at 2θ=2.24
o±0.05

o
, 4.57±0.05

o
 and 6.80±0.05

o
. The smallest distance d of the 

periodic unit perpendicular to the film surface was calculated from the position of diffraction 

peaks by using the Bragg formula. The d value found for the DODA-clay-POSS (Fe
3+

) film was 

39.5 ± 0.5 Å. Additionally an extra peak appeared between d001 and d002 as shown in figure 5.4; 

by collecting data also from an empty wafer substrate (lower curve in Figure 5.4) we confirmed 

that this peak is an artefact introduced by the X-ray diffractometer. 

The thickness of the DODA monolayer can vary from 15 to 25 Å depending on the tilting angle 

that the molecule adopts in the film.[38] The thickness of the clay sheet is 9.6 Å. As to the 

dimensions of the POSS, it has been reported[28], [39] that the POSS layer is 7.1 Å thick when 

the flexible side chains take a horizontal orientation, and 17-17.6 Å when side chains take a 

vertical orientation, as indicated in figure 5.5. We shall discuss the arrangement of the POSS 
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between clay platelets when we discuss the X-ray photoelectron spectroscopy data below. Given 

that we found a d value of about 40 Å, it is highly possible that the smallest repeat unit consists of 

one DODA layer, one clay platelet layer and one Fe-decorated POSS layer. If we consider the 

deposition procedure sketched in figure 5.2, after the horizontal lift from the POSS solution, the 

outer surface of the DODA-clay-POSS (Fe
3+

) layer is positively charged. The DODA monolayer 

on the surface of subphase is terminated by alkyl chains and hence hydrophobic. So when the 

substrate moves to the LB trough again, the positive charged surface layer can interact with 

DODA-clay Langmuir film and transfer, thus giving rise to an X-type structure in the film. A 

similar mechanism of forming multilayer hybrid structures was also described by Y. Umemura et 

al.. [37]  

 

Figure 5.4 X-ray reflectivity patterns of 34-layer-thick hybrid films deposited following the 

preparation route in figure 5.2.  
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Figure 5.5 Models of the arrangement of the POSS units in the DODA-clay-POSS (Fe
3+

) films, 

which explain the X-ray reflectivity results. 

5.3.3 Probing the surface of DODA-clay-POSS (Fe
3+

) by XPS 

To verify whether the multilayer really assembles with an X-type structure as proposed above, we 

performed XPS measurements on the sample prepared following preparation route illustrated in 

figure 5.2. As described in chapter 4, XPS can be directly used to identify the surface elemental 

composition of materials. Therefore, we used this technique to determine the composition of the 

topmost surface of DODA-clay-POSS (Fe
3+

) hybrid films. Figure 5.7 shows XPS spectra of the 

C1s (used as reference), N1s, and Fe2p core level regions collected from DODA-clay-POSS 

(Fe
3+

) hybrid films. It can be clearly seen that the intensities of Fe and N peaks increase in the 

same way with the number of layers. This observation confirms there is no “flip over” of DODA 

layers during the deposition. If the “flip over” of DODA layers was taking place, the intensity of 
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N1s peak, which is mainly due to POSS, should be observed to show alternative change of 

intensities. 

However, an X-type structure in the film does not yet explain the d value of about 40 Å. To 

justify why the POSS units are bound to one another in a staggered fashion - as sketched in 

Figure 5.5- which leads to a thickness of the POSS layer >7.1 Å, we have to inspect the N1s core 

level photoemission spectrum in detail.  As can be seen in figure 5.8, the N1s line of the DODA-

clay-POSS (Fe
3+

) hybrid film was fitted with three components at binding energies of 399.7 eV, 

400.6 eV and 402.1 eV. The peak at 400.6 eV, which accounts for 50.8 % of the total N1s 

spectral intensity, can be assigned to protonated nitrogen, namely (-NH2-)
+
 and NH3

+
;[40] these 

positively charged amino groups are connected to the negatively charged clay sheets. 

 

Figure 5.6 X-ray photoemission survey spectra of the DODA-clay-POSS (Fe
3+

) film. 
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Figure 5.7 X-ray photoemission spectra of 10- to 13-layer-thick DODA-clay-POSS (Fe
3+

) hybrid 

films. 

The peak at 402.1 eV, which accounts for 17.5% of the total N1s spectral intensity, is attributed 

to nitrogen coordinated with Fe
3+

 ions. Additionally there is a third peak at 399.7 eV, accounting 

for 31.7 % of the total N1s spectral intensity, which stems from free amino groups that exist in 

the DODA-clay-POSS (Fe
3+

) hybrid films. These neutral amines can link up to a second 

silsesquioxane and form a staggered layer during film deposition due to the iron coordination. As 

to Fe
3+

 coordination with POSS, It has been verified through extended X-ray absorption fine 

structure (EXAFS) measurements to be shown in the manuscript of Chapter 4. 
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Figure 5.8 X-ray photoemission spectra of the N1s core level region for DODA-clay-POSS (Fe
3+

) 

hybrid films. 

5.4 Conclusions 

The results demonstrate the successful insertion of metal-decorated (Fe
3+

) organic-inorganic 

polyhedral oligomeric silsesquioxanes (POSS) between clay platelets, forming a well-ordered 

hybrid film in a layer-by-layer fashion. The hybrid film deposition was performed by using a 

combination of Langmuir-Schaefer (LS) method with a self-assembly step, with a good control of 

the structure built up during the growth. This approach can serve also for different hybrid films 

where the molecular organization within the system can be manipulated by choosing different 

organic or inorganic species. 
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