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Chapter 1 
An introduction to the hybrid 
Langmuir-Schaefer approach  

1.1   Motivation 
 
This thesis reports on research that was part of a joint effort to generate new 
knowledge on what we believe to be an emerging field, the hybrid Langmuir-
Blodgett (LB)/ Langmuir-Schaefer (LS) approach (HLS), aiming at the study and 
fabrication of complex material for fundamental and applied purposes. Although 
LB deposition has already been studied for about a century and has brought forth 
outstanding advances (leading to a Nobel Prize), the hybrid LB/LS is facing a great 
future as well because it is not only a tool for producing monomolecular thin layers 
with outstanding control but also apt for realizing a plethora of complex three-
dimensional (3D) systems and will for sure contribute to some of tomorrow’s great 
discoveries of new functional materials.  
The various chapters of this thesis demonstrate this potentially great future and are 
intended to give the reader a taste of today’s advances in the field. For that reason, 
each chapter has as a common foundation the use of the HLS method and can be 
read independently, all are focused on the use of this technique for assembling 
various materials, interesting from a purely fundamental point of view or suitable 
for more applied purposes.  
This thesis is like very few oil drops in the hybrid Langmuir-Blodgett-Schaefer sea, 
but, as you will see, oil can influence its surroundings and spread in a more 
extended way than what you may think.  

1.2   The history of the discovery – the timeline 
 
As described by G.G. Robert1, the history of the technique now called Langmuir-
Blodgett deposition, namely the creation and transfer of a monolayer thick film 
formed at an air-water interface, started centuries ago. Indeed the beauty of the 
pattern created by spreading oil on water inspired the Babylonians who used it to 
practice divinity by observing such an event. The earliest technical application of 
floating organic films and their transfer to a substrate, dates from the 12th century 
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and is believed to come from the Japanese art of Sumi Nagashi, were colour dyes 
composed of submicron particles (basically ink) mixed with proteins were spread 
on a water surface followed by the spreading of a gelatin, to create patterns as the 
one depicted in Figure 1. One could transfer the naturally formed drawings by 
lowering a sheet of paper onto the air-water interface (horizontal dipping). 

 
Figure 1 Example of a Sumi Nagashi  

Although his purpose was not the study of a molecular layer, but rather curiosity 
about wave damping phenomena, Benjamin Franklin became the author of the first 
scientific report on surface chemistry2 (1774). As recalled by P. Behroozi et al.3 in 
a recent manuscript, during one of Franklin’s numerous trips across the seas, some 
intriguing wave damping effect (that he thought to be due to leaking oil around 
some ships) inspired him to perform a series of experiments on the calming effect 
of oil on water. When depositing a minute amount of oil on the surface of a very 
large pond, and allowing the wind to spread the substance over the water surface, 
Franklin noticed that the extended oil film had indeed a damping effect on the 
water it covered while the uncovered area remained turbulent under the action of 
the wind. Franklin was definitely more focused on the understanding of this 
damping phenomenon and did not realize that experiment after experiment; he was 
describing the creation of an oil monolayer. Nevertheless his precise descriptions2 
of the experiments where he relates how an oil drop “when put on water it spreads 
instantly many feet around, becoming so thin as to produce prismatic colours, for a 
considerable space, and beyond them so much thinner as to be invisible, except in 
its effect of smoothing the waves at a much greater distance” might definitely have 
inspired his successors. If Franklin had been less distracted by geopolitics and 
inspired to calculate the thickness of the oil volume of ~2 cm3 that he observed 
spreading over ~2000 m2 (as describe in his first paper), he would have found that 
the coating produced on water was ~1 nm thick. Franklin’s paper could have been 
one of history’s great classics - the first measurement of molecular size! In fact, 
although the existence of "ultimate particles" was fairly generally accepted, nobody 
had the slightest idea what size they would turn out to be. Roughly a century later 
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(1890), Lord Rayleigh4 did this calculation in an attempt to measure accurately the 
quantity of olive oil (triolein, see structure in appendix 1) that was needed to cover 
a given surface of clean water. He found that 0.81 mg of olive oil was necessary to 
cover an area of 555 cm2 and calculated the film thickness to be 16 Å. Lord 
Rayleigh did not realize that this value was the length of the triolein molecule 
(C57H104O6) forming a monomolecular layer. At about the same time, Agnes 
Pockels (described as one of the most remarkable woman scientists of all time) 
invented a prototype of what today is known as the LB trough, namely a shallow 
container equipped with movable strips that can be used to sweep the surface clean 
from any impurities prior to an experiment and to compress or relax any oil film 
while maintaining the amount of material constant. She introduced a proper way to 
measure surface tension (while Langmuir, unaware of her work, did all his 
pioneering work measuring lateral pressure –which is an equivalent quantity). 
Amazingly, Pockels originating from Braunschweig, Germany and without a 
formal education, did all her work in her kitchen, apparently inspired by the 
behaviour of oil floating on the top of soup and stew. She had no idea of the value 
of her work until her brother, a professor of physics at the University of Göttingen, 
discovered the work of Lord Rayleigh on oil behaviour on water 4. He showed her 
that paper, and confident about her findings she wrote to Lord Rayleigh who 
immediately recognized the value of her results, published them in Nature 5,6 and 
replicated her apparatus for his own research. In spite of his stated great interest in 
the "determination of molecular magnitudes", Lord Rayleigh appears not to have 
speculated at all about molecular shape, it was Langmuir who introduced the 
modern concept of molecular "conformation" in his brilliant work7 on this topic. 
By not considering molecules as spheres but as asymmetric objects, he reached the 
conclusion that molecules pack with identical orientation at the air-interface. This 
concept of orientation arises from the hydrophilic or hydrophobic nature of the 
employed molecules. His measurement of hydrocarbon chain length and flexibility 
on hydrophobic films had a truly revolutionary impact at a time when the 
understanding of molecular structure was virtually non-existent. While the study of 
the formation and stability of monolayer films was the main purpose of Langmuir’s 
research and the motivation for being awarded the Nobel Prize in 1932, he reported 
as well that the film formed at the air-water interface could be transferred to a 
substrate. However, the study of sequential and controlled transfer of a monolayer 
to a substrate is attributed to Katharine Blodgett who devoted her research to that 
problem. Her first results 8,9 appeared in the Journal of the American Chemical 
Society in 1934 and 1935; this period can be defined as the birth of what is now 
termed the Langmuir-Blodgett (LB) method, Langmuir film being the name 
usually attributed to the monomolecular layer at the air-water interface. The 
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collaboration of Langmuir and Schaefer came later and was focussed mainly on the 
deposition of proteins in the LB fashion. Still later, in 1938, Langmuir and 
Schaefer reported on a new approach where the sample plate was not lowered into 
the trough vertically but in an almost perfectly horizontal fashion. 10 This method, 
now called the Langmuir Schaefer (LS) deposition, led to equally good results for 
the type of films they were trying to form. 
After a long phase of inactivity in the field during the Second World War and the 
post war period (since LB was not considered useful in any way to produce 
weapons), the research interest re-emerged in the 1980’s thanks to some 
publication promoting the use of LB deposited organic films for electronic 
applications. From then on, an active collaboration between physicists, chemists 
and biologists perfected the use and application of LB films to a higher level of 
controllability and over a broader range of molecules.  
 

1.3   Langmuir-Blodgett-Schaefer – the principle 

1.3.1   Monolayer formation  

As we have just discussed, the investigation of the formation of a monolayer at an 
air-water interface was mainly performed by Langmuir starting in 1917, while the 
deposition of such a film was extensively studied by Blodgett (vertical dipping) 
and Schaefer (inventor of the horizontal dipping), who both collaborated with 
Langmuir. Let us here introduce the basic principles behind that method. 
In an oversimplified vision of the world, all compounds may roughly be divided 
into two categories, substances that are water soluble or water insoluble. The 
former are generally polar, i.e. characterized by a non-uniform distribution of 
charge which can be quantified as the dipole moment, µ, defined as q times r, q 
being the charge carried by the partners forming the dipole and r representing the 
distance between them. Molecular polarity is dependent on the difference in 
electronegativity between atoms in the compound and the asymmetry of the 
compound's structure. As a perfect example to illustrate this concept we will use 
the case of water; each of the two hydrogen atoms shares an  
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Figure 2 Origin of the dipole moment in the example of a water molecule. 

electron pair with the oxygen atom (as depicted in figure 2), the geometry of the 
shared electron pairs in the outer shell of the oxygen causes the molecule’s 
V-shape. The strong electron-withdrawing tendency of the oxygen atom results in a 
local negative charge located on the vertex of the V-shaped molecule while the two 
hydrogen atoms bare a local positive charge. Though water molecules are neutral 
overall, this charge separation induces the creation of a permanent dipole. The 
solvent properties of water are associated with the attraction between its electrical 
dipole and the charge of the solute. Symmetrical molecules, where electrons are 
shared equally between two bonding atoms as in benzene ring, C=C or C-C long 
chains, do not possess a dipole moment and are therefore called non-polar. The 
majority of non-polar molecules are water insoluble (hydrophobic) at room 
temperature.  
Most of the monolayer forming substances used by the pioneers of the method, and 
still mostly used today, are composed of two parts: one that is water loving and if 
alone, dissolves in water; the second part has the opposite property. Such 
molecules composed of a hydrophilic and a hydrophobic part are called 
amphiphiles or surface active agents (in short surfactants) The most common 
prototypes of surfactant are the long chain fatty acids. An example of such a  

 
 
Figure 3 Arachidic acid (C20H40O2). 

molecule is arachidic acid C20H40O2, depicted in figure 3. The long carbon-carbon 
chain CH3(CH2)18 constitutes the non-polar (hydrophobic) part and the carboxylic 
acid group (COOH) the asymmetric polar (hydrophilic) head of the surfactant. As 
revealed by Langmuir, these molecules are far from being spheres but highly 
asymmetric in aspect ratio (long length compared to the cross section). The balance 
between the chain length and/or the force of the polar group is what enable those 
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molecules to float and conveys to them the ability to form a monolayer. If the 
hydrocarbonated chain is too long or the polar group too strong, then the molecule 
just dissolves.  
 
Most monolayer forming surfactants are brought onto a subphase surface by first 
dissolving them in a proper solvent (often chloroform). The subphase is defined as 
the substance on which the monolayer is going to be formed. In most of the classic 
LB experiments the subphase is demineralized-deionized water with a 18.5 MΩ 
resistivity. This low ion-content ensures that the surfactant polar head will not be 
hybridized with minerals contained in natural water and therefore leave the 
properties of the monolayer undisturbed. Minute amounts of the solvated surfactant 
are then sprayed onto the subphase. As we have seen in the introduction, in 
Benjamin Franklin’s experiment, 2 ml of olive oil were sufficient to cover 2000 m2 
of water; here a surfactant solvated in 200 µl chloroform at an usual concentration 
of ~0.1 mg ml-1, means that 20 µg of a surfactant are sufficient to cover ~300 cm2 
of the water trough. In practice the operation is achieved by spraying the surfactant 
in mircodroplets onto the surface and allowing the solvent to evaporate. Only then 
the organic molecules may be compressed to form a floating two-dimensional (2D) 
solid.  

1.3.2   Surface tension 

In the following we shall describe the physics of the air water interface, the forces 
involved as well as the simple way to measure them. Water molecules while in the 
liquid state are attracted to each other by electrostatic forces. Even though the 
water molecule as a whole is electrically neutral, the distribution of charge in the 
molecule is not symmetrical (as explained above) and results in a dipole moment. 
This leads to a net attraction between such polar molecules which finds expression 
in the cohesion of water molecules and contributes to viscosity and surface tension 
11. That said, one understands easily that the bulk water liquid state is held through 
the isotropic cohesion between water molecules (see figure 4a) where every single 
molecule of the bulk liquid state is equally and uniformly pulled or pushed in all 
directions of space by its neighbouring H2O molecules. Therefore the net applied 
force acting on each molecule (neglecting gravity for a moment) is zero. But what 
about the interface, i.e. the boundary between the water liquid bulk state and the air 
gas bulk state? This question is what makes surface science in general so 
interesting: surface states by nature are at the boundary of two worlds, representing 
a kind of ‘transition’ between pure bulk and the outside world, and are therefore 
different from the pure bulk (this applies equally to solid-solid or liquid-liquid 
interface of different materials). These ‘transition’ or interface states are very often 
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simply structurally different, but this structural difference frequently leads to 
dramatically altered properties as compared to the pure bulk material. In that 
respect water is no exception, the surface water molecules behave quite differently 
from the bulk. Figure 4 represents drawings that one should imagine embodying 
air-water interfaces where the water molecules are the black dots, the arrows the 
forces acting on them, the grey zone designates the bulk and the lighter zone the 
interface. In a first case (a), the water molecules located at the top, at the boundary 
between air and water, are under the action of lateral and downward cohesion 
forces. This concept holds in a zero gravity environment. 

 
Figure 4 Intuitive representation of the origin of surface tension (a) for a 
liquid inside a container (b) for a liquid in a zero gravity environment. 
(Representation in both case are just before equilibrium).  
 
Because of the net force pulling them inwards, the molecules “do not like” to be on 
the surface, they “want” to be in the bulk where no net force acts, and therefore 
migrate until forming a shape where the number of surface versus bulk atoms is 
minimized, a flat levelled surface in a container (in the presence of gravity) or a 
sphere (in zero gravity). This initial diffusion of molecules from surface to bulk to 
reach the equilibrium state will decrease the mean atomic separation and therefore 
increase the intermolecular forces at the surface. The force acting on any surface is 
called surface tension γ and is measured in N/m (with an equivalent definition; the 
surface tension is regarded as an excess free energy/unit area and measured in 
J/m2). The surface tension is analogous to the vapour pressure, constant at 
equilibrium at a solid-gas interface but changing with temperature. But, unlike the 
vapour pressure which increases with increasing temperature, the surface tension 
decreases when the temperature increases. 
As we just defined, the interaction or cohesion between the water molecules is a 
key aspect to understanding the liquid-gas interface. One can therefore comprehend 
that contamination of the water will alter its surface tension but, more interestingly 
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for us, the presence of a molecular film on a liquid surface will influence its surface 
tension as well.  
As a convention, surface pressure ∏ is defined as the difference between the 
surface tension of pure subphase (for example water) and the same subphase 
covered with molecules (∏=γ0-γ).  
 
One usually measures surface pressure using the Wilhelmy plate. The principle is 
rather simple: a plate, most often made of paper, is partially immersed in water (as 
depicted in figure 5), the force acting on the plate is the sum of three forces: the 
gravity and the surface tension both acting downwards  

 
Figure 5 Wilhelmy plate – Copyright free - Wikipedia commons.  

and the buoyancy of the plate, acting upward. 

BuoyancynGravitatio FPFF −+= .cosθγ  

gmPgmF lp −+= .cosθγ  

where the size of the plate is defined by lp, wp and tp , ρp is the plate density, and P 
the perimeter of the plate. When the plate is immersed to a depth h in a liquid of 
density ρl, the net downward force is given by the following equation: 

( ) hwgtwttwglF lllpppppp ρθγρ −++= cos2  

where γ is the liquid surface tension, θ the contact angle of the liquid on the solid 
plate and g the gravitational constant. We can therefore deduce the surface pressure 
simply by measuring the change of force F acting on a plate with and without a 
molecular film present at the surface. If the plate is completely wetted by the liquid 
θ becomes zero (i.e. cos θ = 1) and the surface pressure is then obtained from the 
following equations:  
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The sensitivity can be increased by using a very thin plate. The force is determined 
by measuring the changes in the mass of the plate, which is directly coupled to a 
sensitive electrobalance. 
  

1.3.3   Controlled packing and deposition  

Now that we know what surfactants are and understand surface tension, it is time to 
put these two notions in use to discover the interface. As briefly mentioned at the 
end of paragraph 1.3.1  , the injection of few microgram of surfactant at the air-
water interface will at first get the molecules to spread all over the available surface 
area. Applying an external force to those floating surfactant molecules will affect 
their positions within the trough (trough being the term commonly use to describe 
the water tank in which LB or LS experiment are performed) and ultimately, if 
compression is sufficient, create a solid film. This compression of the monolayer 
goes through several phase transitions which are two-dimensional analogues to the 
gas, liquid and solid state of matter as sketched in figure 6. The phase diagram of a 
peculiar surfactant can therefore be identified simply by measuring (∏-a) an 
isotherm, in other words by determining the pressure versus area per molecule 
curve at constant temperature.  
In a typical experiment, right after the dispersion of the molecules on the surface 
and the evaporation of the carrier solvent, a so-called 2D gas state (zone A, figure 
6) is formed with relatively large distances between the molecules. After the 
evaporation stage, the barrier can be moved to compress the molecules (while 
pressure and area per molecule* are recorded). The pressure area isotherm, rich of 
information, was extensively used by Langmuir and enabled 

                                                      
* Since we know the total number of molecules and the total area that the 
monolayer occupies, one can calculate the area per molecule (Å2), and as stated 
earlier the surface pressure is the difference between the surface tension of pure 
water and water with the molecule present. 
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Figure 6 Surface pressure versus area isotherm for a long chain organic 
molecule (schematic curve). 
 
him to postulate the existence of different phase conformations and/or phase 
transitions for various types of systems. It is still today the first step in the 
investigation of a new material floating at the air water interface. Books like “The 
Introduction To Ultrathin Organic Films From Langmuir-Blodgett to Self 
assembly” by Abraham Ulman12 (pp 48-237) give a complete description of those 
stages for a variety of systems; here we just give a simple overview.  
The area per molecule in the gas state is large and therefore the floating surfactant 
molecules are strictly speaking barely interacting, indeed, each molecule 
possessing an energy kT (kT/2 per degree of freedom) will just move about and 
collide with other molecules and with the wall of the container like in a perfect 2D 
gas. The pressure of this 2D gas is deduced from the ideal gas law (PV=NkT) 
which becomes PA=NkT, where P is the pressure of the 2D gas, A the total area of 
the container, N the number of molecules and kT the Boltzmann constant times the 
temperature. When doing the math*, one finds that the 2D pressure of the surfactant 
is ~1 mN m-1 for an area per molecule of 4 nm2, which explains the slope of the 
isotherms on going from the fully extended state to the 2D solid state. As the 
barriers keep moving one can observe a first transition from gas to liquid, for 
values of surface area roughly determined by the size of the long axis of the  

                                                      
* PA=NkT can be transformed in Pa=kT where “a” became the area per molecule, 
if kT= 1.38 10−23 J K−1× 300 K~4 10-21 J and taking a=4 nm2 one finds P.(4 10-18m2) 
= 4.10-21 J, therefore P~1 mN.m-1 
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Figure 7 schematic representation of the so-called collapse, increasing the 
applied pressure on the monolayer beyond its solid state create a rupture that 
lead to and overlap and the formation of double or triple-layer or sometimes 
crystallite. 
 
molecules (note that not all surfactants show such a transition). In this phase (zone 
B, figure 6), the molecules are arranged coherently but still loosely packed. Further 
compression leads to the next phase transition, liquid to solid; at this stage the 
molecules are densely packed (zone C, figure 6) and any further compression leads 
to a rapid increase in surface pressure (just like a 3D solid). Applying more 
pressure to the monolayer induces a so-called collapse, which can be visualized as 
a sharp breaking of the solid state. When such a collapse occurs a decrease in 
pressure is observed (dotted line in the scheme of figure 6) and the monolayer 
becomes locally a bi- or trilayer and eventually forms a micocrystallite. This 
collapse process is depicted in figure 7, where the compression of a well-ordered 
compact layer (top left panel) lead to the formation of cracks (left middle and 
bottom panels), and a further increase in the pressure results in a kind of turn over 
of the molecules as schematically depicted in the right part of figure 7.  
The state chosen for the film transfer (deposition) is therefore going to be mostly 
the solid state. This leads us to the last part of this section, namely the discussion of 
the actual deposition process and the result of monolayers transferred from the 
water-air interface onto a solid substrate. Two methods can be used, the first and 
most common is the vertical deposition as demonstrated and developed by Blodgett 
and Langmuir (depicted schematically in figure 8 left). Key aspects of the LB type 
deposition are the formation of the meniscus and the transfer speed. For very low 
transfer speed, dipping up- and/or down-stroke, the crystalline packing and 
orientation of the monolayer film is preserved and transferred to the substrate - if 
the range of surface pressure and substrate are well chosen. As soon as the transfer 
speed is too high, the crystalline structure is either altered or lost and no transfer 
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occurs. This issue was studied by the French Nobel prize winner De Gennes 13. The 
most 

 
Figure 8 Schematic representation of the vertical (Langmuir-Blodgett) and 
horizontal (Langmuir-Schaefer) multilayer films tra nsfer method. 
 
common vertical deposition involves a repeated immersion (downstroke 
movement) and emersion (upstroke movement) of the substrate, and results in the 
multilayer depicted in figure 9 called Y-type; it consists of a sequence of  
surfactant layers with alternating 

 
Figure 9 Y, X and Z-type of multilayer deposition (y-type is centrosymmetric 
while the X and Z are non-centrosymmetric). 
 
hydrophobic-hydrophobic and hydrophilic-hydrophilic interactions (this structure 
gives the most stable films). However, it is also possible to create X and Z type 
films, also shown in figure 9, when depositing respectively by downstroke or 
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upstroke movement only. Such films can be formed with surfactants having a 
weakly hydrophilic head group or a slightly polar terminated alkyl chain. 
 
A second transfer method, the one exclusively used in this thesis, is the horizontal 
lifting method, introduced in 1938 and commonly referred to as Langmuir-
Schaefer (LS) method, which is depicted schematically in the right panel of figure 
8. This process, generally used for very rigid films, consists of approaching the 
rigid substrate at very low speed of typically ~2-4 mm min-1 until contact with the 
monolayer is made (kissing the water) and then lifting it up at even slower speed, 
(~1-2 mm min-1) until the substrate and water are separated. The crystalline order is 
preserved also in this transfer and X-type films can be produced (see figure 8). 

1.3.4   First achievements 

In her first paper, entitled “Monomolecular Films of Fatty Acids On Glass” and 
published in 1934 in the Journal of the American Chemical Society, Katharine 
Blodgett describes with enthusiasm the beauty and the simplicity of fatty acid 
multilayer films with various properties depending on whether the number of 
layers is even or odd. “The nicest experimental procedure is that in which water 
peels completely off the glass as the glass is withdrawn from the water-bath. This 
occurs when molecules of the fatty acid, which are spread on the water surface, 
leave the water and attach themselves to the edges of the glass slide as soon as one 
end of  the slide emerges from the bath” 8. 
Five years later, Vincent Schaefer, while studying films of proteins and their 
conformation in films of type X or Z, depositing in the classical LB fashion, 
realized that another dipping mode was possible and suitable for deposition. Here 
are selected sections of his paper describing his discovery. “We find, however, that 
even at F = 0.4 good A films can be deposited by holding the plate face down in a 
nearly horizontal position and lowering it onto the surface of  the water in a tray 
covered with a monolayer of urease… The film produced by this technique is an A- 
type of film, for it presumably has the same orientation as that deposited on a 
vertical plate during the down-trip into water. We shall describe a film of this kind 
as a lifted film, and denote it by Al.” Here F = 0.4 refers to the surface pressure in 
dynes/cm and A refers to what was later called X-type films.10 

1.4   The rebirth 
Although the application of the Langmuir-Blodgett technique never really stopped 
after its discovery, a clear rise in the research interest for this method appeared in 
the 1980s. However, we shall focus in this section only on the short history of the 
so-called hybrid Langmuir-Blodgett (HLB) method. 



 
1.4  THE REBIRTH -  -20- 

 
1.4.1   Past and present 

The history of what we denote as hybrid Langmuir Blodgett method (HLB) started 
in 1994 with a report from Kotov et al14. In this experiment, pure surfactant was 
replaced by hexadecylammonium- and dioctadecylammonium-ion-exchanged 
hectorites (commonly called organoclay). The butanol benzene (1:1) organoclay 
dispersions as represented in figure 10 (left), were injected and studied on various 
aqueous solutions by means of Π-a isotherm, Brewster Angle Microscopy (BAM) 
and in situ optical reflectivity measurements. 

           
Figure 10 (left) First hybrid Langmuir-Blodgett experiment 14 involving 
organoclay as surface active agent. Surfactant-functionalized clay platelets 
were injected over ultrapure water or electrolyte aqueous solutions. (Right) 
Evolution of the hybrid method, clay solution in the trough hybridized by the 
surfactant at the surface only. 15,16  
 
This first pioneering attempt led to quite poor results in terms of “monolayer” 
properties: the film formed by the injection of the already assembled organoclay on 
the pure water subphase was found to create “whitish patches on the water surface” 
while the injection on electrolyte solution “was not observable by the naked eye”14 
testifying to the creation of a film with a thickness in the nanometer range. This 
first attempt was shortly followed by, among others, Yamagashi et al.15,16. In their 
later experiment16 using a hexa-amineruthenium(III)chloride([Ru(NH3)6]C13) 
intercalated clay template formed by LB for electrochemistry, the authors deduce 
from injected volume vs trough area calculations that the floating material would 
be made of a double layer at most.  
 
Improvement of the true monolayer aspect of those hybrid films arrived later with a 
slightly different approach still in use today. This type of approach was used for 
most of the experiments described in the later chapters (2, 3, 5-7) of this thesis. To 
the best of our knowledge, Yamagashi et al.17,18,19,20 in “Application of the 
Langmuir-Blodgett Technique to Prepare a Clay-Metal Complex Hybrid Film” 
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were the first to introduce the “in trough” hybridization of clay with the metal 
complex [Ru(phen) 2 (dC18bpy)] 2+ as surfactant. This method is depicted in figure 
10 (right), where one can see clay in solution and surfactant hybridizing the 
negatively charged clay at the surface only. Non-functionalized surfactant might 
remain present depending on the clay loading as will be discussed later. For the 
first time Atomic Force Microscopy (AFM) was used to prove the true single layer 
character of the deposited films.  
A year later, in 2001, Umemura and co-workers21 published a thorough 
investigation of the HLB system and identified the hybridization of clays at the air-
water interface as a function of the clay loading in the subphase as the key process 
which determines the quality of the transferred films. In this work the authors 
report an improved and more controlled method (for further reading we refer to this 
seminal work and a later publication from the same authors 22,23 ). It seems to us 
that this dramatic improvement in the result in terms of control and quality is 
mainly due to a new deposition procedure, where the hybrid film is deposited by 
horizontal dipping of the substrate (LS method) and not by vertical dipping (LB 
method), as for all the previously reported results. 

 
Figure 11 proposed models for the morphology of a hybrid clay – surfactant 
film produced by HLB. (a) Unlikely structure, (b) structure proposed by 
Umemura at al. 24: (c) structure proposed by Gengler et al. 25 Chapter 2 (d) 
structure created by an alternative route combining HLB and SA, proposed 
by Umemura et al. 24 and confirmed by Gengler et al. 25 
 
The morphology of the HLB assembled organoclay multilayer transferred to a 
substrate is still today a matter of controversy. This will be part of the focus of the 
second chapter where we discuss the hybridization process in detail. Figure 11A 
depicts a typical X-type HLS film where alternating surfactant and clay layers are 
arranged in a periodic fashion with the clay platelets grafted to the surfactant head 
(in the LB trough clay suspended in the subphase hybridizes with the surfactant). 
Such an X-type structure is possible for surfactants with a weakly hydrophilic head 
group or a slightly polar terminated alkyl chain as described above. In the clay case 
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this kind of film is rather improbable mainly because of the clay’s polarity but also 
because of the weak attachment of the surfactant. Therefore two models of a “more 
probable” film structure were proposed, one by Umemura et al, 24 the other by us a 
few years later and are the focus of chapter 2. In short, Umemura and co-workers 
stated that a structure such as displayed in figure 11B was the most probable. 
Again one can see surfactant and clay chemically bound and arranged in a periodic 
fashion, but here part of the surfactants is “flipped over” and this creates a bond 
between one l clay layer and the next. This flip over is supposed to occur* during 
the LS dipping of the substrate at the trough surface. A fraction of the surfactant 
molecules detaches from the clay, flips over and bonds to the outer surface of the 
substrate being dipped, which consists of clay. We, however, do not agree with this 
model and our new claims are supported by a complete investigation of organoclay 
multilayer films created by LS following two preparation routes detailed in chapter 
2. Our model,25 depicted in figure 11C, has a new type of periodicity, i.e. a 
repeating unit consisting of surfactant-clay-clay-surfactant. This model is explained 
by a turn over of every even layer of organoclay through the water-substrate 
meniscus (one every two dips). Nevertheless, we agree with Umemura et al. that 
the most stable HLS films of organoclay, as depicted in figure 11D, are formed 
from 1L (L = Layer) of surfactant-1L Clay -1L surfactant. These films are built in a 
two step process, the first being the HLS, the second a self-assembly (SA) of 
surfactant (the same type or not). Through SA of the surfactant on the freshly 
deposited, exposed clay layer, which is hydrophilic, transforms into a hydrophobic 
surface. Thereafter LS deposition of organoclay can again be achieved in proper 
condition (high hydrophobicity of “substrate” needed), no flip over is required to 
achieve a proper organoclay-substrate interaction.  
While most publications before 2002 mostly focused on the properties of 
organoclay themselves and their fabrication, the exception being some references 
on their use for electrochemistry15,26, the HLB-HLS field has received more and 
more attention (see discussion in appendix) as a means to produce materials with 
potential for application mainly in the field of optics and magnetism. As such 
applications will be discussed further on in this thesis, here we limit the discussion 
to a review a few milestones in the HLS history regarding functional films.  
Most likely one of the first functional HLS films were those for the modification of 
electrodes for electrochemistry15,26. Later, Umemura et al. 24 probably at the same 
moment as Kawamata, Yamagashi and co-workers27 promoted HLS clay films as 
host surface for Second Harmonic Generation (SHG) structure. Many publications 

                                                      
* The flip over does not occur during the first dip, the substrate surface being 
perfectly hydrophobic.  
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aiming at the same objective followed28,29,30,31,32,33. While Umemura34 focused on 
the SHG properties, we believe that the iron (II) containing clay stack he prepared 
through HLS and SA is the first example of a new era where the hybridization 
happens not only in the LB trough but also by functionalizing the outer surface of 
clay during a second dip. This key publication definitely inspired a part of the work 
reported in this thesis (chapters 3, 5, and 6).  
Among many functional hybrids prepared using the HLS-SA method, we will just 
mention two beautiful examples of Yasushi Umemura who is one of the main 
contributors to this field. Both studies involve switching of magnetic materials.  
The first case, 35,36 concerns a photomagnetic material, that is material which can 
go reversibly from high-spin (HS) to low-spin (LS) state when triggered by the 
proper stimulus, e.g. light, but also temperature, pressure, pH. Prussian blue 
analogues (PBA) AxM(II) y[M(III)(CN) 6]·z H2O,where A is an alkali ion, M(II) a 
bivalent metal ion and M(III) a trivalent metal ion are members of this new family 
of materials but very difficult to prepare as large size crystals or thin films by 
conventional chemical methods. In the publications in question Fe-Co PBA was 
synthesized “in-situ”on a substrate: the PBA building blocks self-assembled at the 
clay surface through cation exchange. The created clay stack then contains PBA 
inserted in a controlled fashion. The studies show that the photon induced charge 
transfer process leading to a switching of the magnetic properties is preserved in 
the HLB systems.35,36 We consider this study another milestone since it proved that 
one could create a functional material inserted between clay platelets without 
altering dramatically its properties. Even more interesting in terms of new 
functionality added to an existing material, is the second representative case chosen 
here, where the HLS-SA using the well know azobenzene (azo) as surfactant is 
applied to construct a stack alternating clay and a non-photoswitchable Prussian 
Blue (PB) molecular magnet37,38. In short, the authors showed that this azo-clay-PB 
stack could be structurally deformed by light exposure39. This deformation derives 
from the photoinduced trans-sis isomerisation of the azo but seems to induce a 
deformation of the PBA host compound as well as creating an increased or 
decreased magnetic interaction.  
For more details on the developments and achievements using the LS method to 
prepare ultrathin hybrid films of clay minerals we refer the reader to the review 
written by the leaders and the initiator of the field. 40 
 
So far we focused on the discoveries related to HLB-HLS films with clay only 
since clay is used in most applications of the hybrid method presented in this 
thesis. To finish this introduction chapter, we now review briefly some of the other 
materials put in use in HLS and discovered in parallel to the clay containing films.  
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He et al.41 reported the deposition of layer double hydroxide (LDH) using the same 
combination of LS deposition and SA as described above . The full approach is 
extremely similar to the clay cases (Hectorite, Saponite or Montmorilonite and very 
recently sepiolite42 fibres). The main difference is the opposite charge - LDH is 
naturally positive while clay platelets are negatively charged, which opens the 
route for new in situ synthesis or SA like in the Umemura case24 but now for anion 
exchange reactions.  
Tachibana et al43,44 reported on LB films prepared using alkylammonium halide or 
an alkylamine spread on a dispersion of MoS2 previously prepared through various 
steps of exfoliation and sonication. 
Last but not least, very recent work by Li et al.45 showed relatively poor results 
(but historically the first) on an attempt to deposit graphene oxide (GO) from an 
aqueous solution in the HLB-clay fashion (GO in the subphase hybridized by a 
surfactant). Those results were quickly followed by those of Cote et al. 46 
presenting a much improved control of the layer packing of pure GO, surprisingly 
without using a surfactant. In both these cases the transfer was done by vertical 
dipping and little or no process or electrical characterizations were performed to 
prove the quality of the produced material. Nearly simultaneously, our own results 
on GO were in press47 which presented a controlled deposition complemented with 
a full electrical characterization of GO and its main sub-product: Graphene. 
Looking back at the history of these latest discoveries, its interesting to notice that 
one of the inventors of the HLB-clay method, Kotov published in 1996 (quite 
simultaneously with his HLB-clay paper) a paper about the layer-by-layer (LBL) 
assembly of graphite oxide48 therefore one would wonder why he actually never 
tried to deposit GO using the HLB method as he did for clay. After contacting him, 
the story got revealed, its seems N. Kotov actually tried (around 1996) to deposit 
GO using HLB an his work was fruitfull, but due to a succession of events the data 
could never be completed, neither published. A true question that remain 
unanswered is why Franklin2 did not calculate the thickness of the oil layer he 
produced on Clapham common’s pond. 

1.4.2   Characterization tools 

Here is a short description of the instrumentation used for the investigation of the 
LB/LS films studied in this thesis. 

1.4.2.1   Determination of Isotherms (in-situ) 

As we have seen in the section about “controlled packing and deposition” the Π - a 
isotherm measured in the LB trough yields crucial information for any material 
under investigation for potential deposition, hybrid or not. This isotherm is 
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established by recording the surface pressure as a function of the area per molecule 
obtained by compressing the investigated material floating at the interface between 
the movable barrier(s) of the LB trough. It bears this name not only because the 
temperature is kept constant while recording this curve, but more importantly 
because surface pressure and area are the free parameters of a 2D phase diagram 
and should be seen as equivalent of pressure and volume in 3D. The isotherm is 
determined by both the compound and by the subphase the latter is floating on.  

1.4.2.2   X-ray diffraction (ex-situ) 
Thin film X-ray diffraction is one of the key methods used in the study of 
Langmuir-Blodgett (LB) or Langmuir-Schaefer (LS) thin films. Its working 
principle is based on the diffraction of light by the network formed by the material 
under investigation. 

 
Figure 13 Schematic representation of the thin film X-ray diffraction principle 

For crystalline/layered materials constructive or destructive interference between 
the radiation reflected from successive crystalline planes (periodic structure) will 
occur. The processes leading to diffraction is represented figure 13, one can see a 
periodic structure formed by a classical LB film and an X-ray radiation beam 
represented by the continuous parallel black arrows with an incidence and reflected 
angle θ. Constructive interference will occur if path difference between the two 
beams is an integer multiple of λ, the X-ray wavelength (commonly 1.54Å). This 
condition is fulfilled if the length of the optical path ABC=n λ. Translated in terms 
of d(001) (interplanar distance) and θ (beam angle to the surface) ABC become 
2dsinθ. Those simple considerations lead to the famous Bragg formula 
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This formula can then be used to retrieve the spacing d(001) from the value of the 
angle where the first peak is observed in a X-ray diffraction experiment.  
For LB/LS films, this d(001)value, which indicates the size of the repeating unit 
perpendicular to the film surface gives valuable information regarding the 
conformation and/or tilting angle of the surfactant within the crystalline thin film. 
In our particular case, XRD was often used to confirm the presence of guest 
species within an organoclay or pure clay stack as well as for conformational 
information. 
 

1.4.2.3   Microscopies (ex-situ) 

In parallel to the diffraction measurements which probe the multilayer structure of 
the grown film, we also studied the morphology of the film surface and, when 
depositing only one layer, measured its height profile to confirm the single layer 
character. For these studies we used various microscopies, namely atomic force  

 
Figure 14 Atomic force microscopy (AFM) working principle.  

microscopy (AFM), scanning tunneling microscopy (STM) and scanning electron 
microscopy (SEM). 
AFM is based on the following principle: a sharp tip (tip radius 5-20 nm) located at 
the apex of a flexible cantilever which is 100-150 µm long, is scanned over the 
sample and its deflection due to interaction with the surface detected. Depending 
on the nature of the tip and sample, the tip experiences van der Waals, capillary, 
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electrosctatic or magnetic forces (or all of them). The infinitesimal deformation of 
the cantilever, proportional to the force(s) acting on the tip, are observed and 
recorded thanks to a laser, mirror (located at the back of the cantilever) and 
detector assembly as depicted if figure 14 and connected to a feedback system 
regulating the z-movement of the tip. 
If the sample is rough, the cantilever bends under the force exerted when it 
encounters an obstacle such as a bump on the surface, and the light reflected off the 
mirror on the backside of the cantilever will be deviated. This deviation, recorded 
through the detector, will induce a reaction of the system (owing to a feedback 
loop) moving the tip up or downward to follow the sample roughness. This 
movement (of the z position) is recorded as a map of the sample topology (z as a 
function of x and y). 
 
A second scanning probe microscopy used in this thesis is STM. STM was 
discovered by Binnig and Rohrer (who received the Nobel price in 1986 as a 
reward for that achievement) half a decade earlier then the AFM. The working  

 
Figure 15 Working principle of the scanning tunneling microscope (STM). 

principle, depicted in figure 15, is based on recording the tunneling current which 
flows from a metallic tip to a conducting surface or vice versa instead of the force 
as measured in AFM. As sketched in figure 15, when the supposedly atomically 
sharp tip scans over the surface, the tunneling current between the tip and sample 
varies because the electron density of states on the surface changes. Like in AFM, a 
feedback system reacts to this variation by raising or lowering the tip to keep the 
tunneling current constant - the STM is then operated in constant current mode. 
Alternatively, if the STM is operated in the constant z mode, the height of the tip is 
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kept constant through the feedback system and the tunneling current recorded to 
draw a map of the electronic density of states. In this thesis we used STM to study 
guest molecules grafted to the surfactant on a single transferred clay layer. 
 
In SEM, which like STM works only on conducting samples, a finely focused high 
energy electron beam is scanned over the sample in vacuum. The energy exchange 
between the electron beam and the sample results in the reflection of high-energy 
electrons by elastic scattering, emission of secondary electrons by inelastic 
scattering and the emission of electromagnetic radiation, each of which can be 
detected by specialized detectors. Since both the reflection and the emission of 
secondary electrons depend on the surface morphology, SEM can produce very 
high-resolution images of a sample surface, revealing details on the nanometer 
scale. Due to the very narrow electron beam, SEM micrographs have a large depth 
of field yielding a characteristic three-dimensional appearance useful for 
understanding the surface structure of a sample. In our studies we employed SEM 
for the study of the morphology of transferred graphene and graphene oxide 
platelets and to do statistics on the size of the transferred sheets.  

1.4.2.4   Spectroscopies (ex-situ) 

In X-ray photoelectron spectroscopy (XPS) monochromatic X-rays are used 
determine which elements are present at a surface surface and in which chemical 
environment they are. As stated by its name, the photoelectrical effect, first 
observed in 1887 by Hertz but explained in 1905 by Einstein (by introducing the 
concept quanta), is at the centre of XPS’ working principle. A quantum of light or 
photon striking the surface will give its energy to an electron of a surface and this 
electron will then have enough energy to leave the material (and named 
photoelectron). By analyzing the kinetic energy of the photoelectrons one 
determines which atoms they came from, how strongly they were bound to the 
nucleus and surrounding. Energy conservation is translated into mathematical 
terms through the equations  
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where is hν the photon energy, Wf the spectrometer work function in case of a 
conducting sample, Eb the binding energy of the photoelectron and Ek its kinetic 
energy. One can see that measuring Ek and knowing the workfunction and the 
photon energy, allows one to determine the binding energy of the electron. The 
binding energy is not only element and core level specific, but also influenced by 
the valence/oxidation and spin states. Though the penetration depth of the 
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impinging X-ray in a given material is large, the escape depth of the photoelectrons 
(possessing an energy in the 0-1.5 keV range for a laboratory source) is limited by 
scattering. The electron mean free path in a solid material for the energy mentioned 
above is of the order of few nm. This explains the surface sensitivity of the method, 
only electrons coming out of surface atoms (few first atomic layers) will escape 
without energy loss (scattering). Photoelectrons emitted from deeper atoms will 
most likely be scattered several times within the solid matrix before eventually 
reaching the surface and is then no longer useful for retrieving the information or 
has simply lost all their energy before doing so. This powerful aspect of the method 
(its surface sensitivity) will be used in chapter 3 to confirm a structural model of an 
HLB organoclay film.  
 

1.4.2.5   Infrared spectroscopy  
Infrared spectroscopy (IR) was also used to confirm or refute the presence of 
species within the films grown using our method. This widespread method exploits 
the fact that molecules absorb specific radiations that are characteristic of their 
vibrational mode and hence structure. The frequencies depend on the shape of the 
molecular potential energy surface, the mass of the atoms, and the associated 
vibronic coupling. For a vibrational mode in a molecule to be "IR active," it must 
be associated with changes in the permanent dipole. 
In practice, IR is performed by recording the transmitted or reflected intensity of a 
beam of infrared light to determine what wavelengths have been absorbed or 
attenuated. Each band of absorbed wavelength testifies to the presence of specific 
bonds assigned to specific molecules within the probed sample.  
In this thesis we used IR spectroscopy to confirm the presence of all desired 
constituents – clay, surfactant and guest molecule – in our HLB organoclay films. 
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Appendix 1 
Structural and statistical 

complementay information  

Structure of triolein 
 
Molecular formula  C57H104O6 
Molar mass  885.432 g/mol 
Density   0.95 g/cm3 
Melting point  5 °C 
Boiling point  554 °C 
 
Structure : 

 
Molecular structure of triolein  

 
 

Langmuir-Blodgett-Schaefer in history  
In an attempt to understand the position of the Langmuir-Blodgett-Schaefer method 
and their hybrid version in today’s scientific landscape, a statistical analysis of 
thousands of articles published in the last century was performed. This statistical 
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research was based on the publication register in the ISI Web data base only. The 
starting assumption was that the number of publications containing various topic 
key words is a reflection of the actual activity of the field. This method obviously 
does not cover all the activity in a given field but can be considered as an index of 
the activity of the field. 
 
The key word Langmuir-Blodgett was compared to several other experimental 
methods like STM, XPS, pump probe and research topics (C60, graphene, 
nanotubes). 

 
Figure A1-1 ISI web statistic by topic Langmuir Blodgett versus other 

techniques. 

At a first glance at the statistics of Langmuir-Blodgett versus other techniques as 
displayed in figure A1-1, reveals a sharp increase in scientific publications on all 
subjects around 1990. This feature common to all graphs displayed hereafter will 
be described later. When compared to other research tools such as XRD or XPS 
counting several thousand papers a year in the last few years, LB is steady with a 
few hundred publications/year, an activity roughly equal to that other well know 
methods like STM or the “pump probe”. The milestone of several methods is the 
attribution of a Nobel prize for the topic, strangely the later events do not really 
seem to affect much the activity of a given field. From this first graph the activity 
in the field of LB emerges as average, but did not explode unlike XPS and XRD 
which became daily tools. However, the next statistic figure A1-2, LB versus other 
research topic shows again interesting features.  
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Fig A1-2 ISI web statistic by topic Langmuir Blodgett versus other fields 

Once more, the traces are dissimilar, topics like Graphene or Nanotubes exploded 
in the last few years and are subject to what appears to be an exponential growth. 
Interestingly, C60 seems to have started exponentially but decays in the same way 
(but with a longer life time) shortly after its start. A first hypothesis to explain this 
behaviour, is to assume C60 has been totally explored and lost all its interest. A 
second hypothesis (however related with the first one) is that C60 by itself has lost 
interest but is still used in derivative compounds such as PCBM, used daily in the 
field of organic electronic. Following that second hypothesis, a material or method 
could then still be of great use but would (in our statistics) appear to have lost its 
interest because no longer described with the original keyword. We questioned 
ourselves whether this is the case for Langmuir-Blodgett, which as one can see  in 
Fig. A1-2 appears to have a slow decrease in interest lately. Is this loss caused by 
the rise of SAM? Or is LB still often used but no longer the topic of the research 
cited in the keywords? Both of these options are viable, it is therefore not clear 
whether LB looses interest due to lack of application and due to the complexity of 
the method as compared to SAM. Nevertheless the next graph gives some hope for 
the field. In figure A1-3, the keyword “Langmuir-Blodgett” is compared to “hybrid 
Langmuir Blodgett”. 
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Figure A1-3 Plot of items published versus year for hybrid Langmuir-Blodgett 
versus Langmuir Blodgett. 
 
As one can see that the counts of articles bearing LB as keyword is still 10 times 
higher then those citing the hybrid derivative method. However, while LB is on a 
slightly decreasing slope since 1995, the hybrid method, born around that time is 
increasing ever since. One can speculate on the future of the method, and ask 
oneself whether one day the hybrid is going to surpass classical LB? It is up to us 
to make that future as bright as possible. 
 

The rise of the internet?  

One striking feature appears on every single graph having a record starting prior to 
1980, such as LB, STM, XRD, XPS. What happened around 1990? What did create 
this sudden rise of activity? Why did the overall research landscape get affected at 
once? Is this rise topic specific? Since all the items we analyzed are somehow 
related to materials science, maybe the rise of the latter caused the other topics to 
rise as well? To understand these tendencies we broadened the research topics we 
examined beyond materials science to actually probe the pure sciences themselves. 
In figure A1-4 a statistics of the record of articles published in physics and 
chemistry over the years is displayed. One can clearly see that the 1990’s rise is 
even more pronounced than in the previous figures. From this behaviour we can 
deduce that the rise in not affecting material science alone but affects all fields of 
physics and chemistry.  
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Figure A1-4 Statistics extracted from the ISI web of science for the record of 
physics and chemistry items published compared to the rise of computer and 
internet users. The internet growth data are from 
(www.internetworldstat.com) computer user data from the International 
Telecommunications Union data goes up to 2005. 
 
A beginning of answer to clarify the origin of this growth appears when comparing 
the rise of the number of publications/year to the rise of internet and PC users. 
Figure A1-4 shows the increasing availability of computer related resources and of 
the internet* clearly affects the increase in yearly published items. This correlation 
can be easily understood, since the rise of the computer made all the processes 
from measurements in the lab to the writing of a manuscript faster. The internet 
gives a faster access to information, speeds up communication and data exchange 
and made peer reviewing an easy and “fast” process. Additionnal factors could 

                                                      
* PC and Internet probably arrived a bit earlier in the academic environment 
compared to normal households users included in the statistics displayed in figure 
A1-4 
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come from an overall population growth, and a growth of the scientific community 
population. 
It is then reasonable to assume that due to the limitations imposed by the capacity 
of humans to elaborate this information, this rise is going to (hopefully) saturate 
soon and reach a stable level of few tenth of thousands of publications per year for 
both the field of physics and chemistry (and most probably other all the academic 
research). 
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Chapter 2 
Highly ordered organo-clay 

nanostructures* 

2.1   Context 
As described in the introduction, this thesis focuses on the study of a hybrid 
Langmuir-Blodgett or Langmuir-Schaefer deposition mechanism and its use for 
material science. This study started by the investigation of a rather basic topic: the 
use of the Langmuir-Schaefer (LS) method as a means to control the structure of 
hybrid organo-clay thin films consisting of montmorillonite and 
dimethyldioctadecylammonium (DODA) cations. We observed a significant 
modification of the compression isotherms as a function of clay mineral 
concentration in the subphase, implying clay interaction with the alkylammonium 
monolayer. For a particular range of clay concentrations, LS hybrid monolayers 
could be readily prepared on a hydrophobic substrate. The structure of hybrid 
multilayers of DODA and clay platelets, prepared by repeated LS deposition, was 
found to be governed by the synthetic route: when the multilayer is fabricated by 
transferring the hybrid Langmuir films from the surface of the clay dispersion, the 
DODA–clay particles were found to “flip over” while passing through the 
meniscus during the even cycles of the deposition, as demonstrated through the 
elemental analysis of the surface by x-ray photoelectron spectroscopy (XPS). In 
our new model for these multilayers, the structural building block consists 
therefore of two interdigited DODA layers and two clay layers held together by 
Na+. Additionally, a minority phase forms, probably differing from the majority 
one in the conformation of the alkylammonium cations; this minority phase can be 
eliminated by annealing. This deposition procedure leads to a less ordered structure 
than an alternative route which combines LS deposition and self assembly (SA) to 
produce a multilayer consisting of two interdigited DODA layers and one clay 
layer: here the hydrophilic surface of the transferred hybrid Langmuir film is 
converted to a hydrophobic surface by dipping into a solution of DODA cations 
before proceeding with the LS deposition of the next layer. 

                                                      
* This chapter is based on Toma LM*, Gengler RYN*, Prinsen EB, Gournis D, and 
Rudolf P, A Langmuir-Schaefer approach for the synthesis of highly ordered 
organoclay thin films, PhysChemChemPhys 12, 38, 12188 (2010). 
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2.2   Motivation 
Smectite clays are layered minerals, consisting of nanometer-sized aluminosilicate 
nanoplatelets, with a unique combination of swelling, intercalation, and ion 
exchange properties that make them valuable nanostructures in diverse fields of 
application such as catalysis,1 templates in organic synthesis,2,3 nano-fillers of 
engineering polymers or building blocks for composite materials.4 Their structure 

 

Scheme 2-1 Montmorillonite clay structure. Black dots are silicon or 
aluminium (in their respective layer), the white dots represent oxygene sites. 
 
consists of two tetrahedral silica layers sandwiching a central octahedral alumina 
sheet (scheme 2-1). The thickness of such an elementary sheet is 0.96 nm. Due to 
the partial substitution of Al3+ by Mg2+ in the octahedral sites and of Si4+ by Al3+ in 
the tetrahedral sites, a negative lattice charge is created, which is compensated by 
exchangeable hydrated cations located in the interlamellar space. The intercalation 
process in these systems is equivalent to ion exchange and, in contrast with 
graphite intercalation compounds, does not necessarily involve charge transfer 
between guest and host species. These materials have the natural ability to absorb 
organic or inorganic cationic guest species (and even neutral molecules) from 
solutions. It is this cation “storage” behaviour that gives unique properties to clay 
minerals. Much attention has been focused on the interaction and organization of 
clay minerals and organic compounds resulting in the formation of the so-called 
“organo-clays”. Due to their unique structure and properties, these organic–
inorganic hybrid materials can be utilized in a wide variety of analytical and 
biological applications5 including adsorbents of organic pollutants in soil, water 
and air, rheological control agents, paints, cosmetics and personal care products, 
refractory varnishes, thixotropic fluids, etc. Moreover, organo-clays are essential to 
develop polymer nanocomposites which constitute one of the most developed areas 
of nanotechnology. A critical challenge in the organic-inorganic hybrid fabrication 
is the preparation of materials where the spatial and orientational arrangement of 
the clay platelets is controlled at the nanoscale and this order is retained at the 
macroscale.6 Towards this aim, this chapter reports on the layer-by-layer assembly 
of montmorillonite nanoplatelets and cationic organic molecules by means of a 
modified Langmuir-Schaefer (LS) technique, where alkylammonium cations are 
used in the ion exchange. We follow up on the work of Umemura et al.7 who 



 
2.2  MOTIVATION -  -40- 

 
employed a monolayer of cationic surfactant floating at the air-water interface as a 
template for adsorbing clay particles dispersed in an aqueous subphase. In fact, 
when amphiphilic organic cations are spread onto a diluted dispersion of negatively 
charged clay platelets, the latter are electrostatically adsorbed onto the bottom face 
of the buoyant cations and will follow the movement of the surfactants when lateral 
pressure is applied to induce packing and ordering in the floating layer. In this way 
a hybrid monolayer can be formed at the air-dispersion interface.8,9,10 This hybrid 
Langmuir film of clay platelets and amphiphilic cations can be deposited on a solid 
hydrophobic surface by horizontal lift (referred to as the LS method). 
In the present work, we shed new light on the preparation of highly ordered 
alkylammonium organo-clay multilayer films, prepared following the two synthetic 
routes schematically presented in Figure 2-1. In the first route the hybrid 
monolayers of the clay platelets and the DODA cations were deposited by LS 
deposition one after another (Fig. 1 (a)), while in the second route after each 
horizontal lift, a surface modification of the clay platelets was performed by 
bringing the surface of the transferred Langmuir film in contact with a DODA-
bearing solution (Fig. 1 (b)). The quality and structure of the films was investigated 
for different clay concentrations in the subphase and the effect of heating the 
samples below the melting point of DODA was also studied.11 Our goal was to 
identify which method gave the better ordered multilayers and to verify, with the 
help of Fourier Transform Infrared (FTIR) and XPS spectroscopies as well as by x-
ray diffraction (XRD), whether the structure of the layers was actually the one 
sketched in Figure 2-1(a). In fact, the conventionally accepted model 12 for LS 
deposition of surfactant molecules foresees a “flip over” of the molecules of the 
second layer (and all successive even ones) while passing through the meniscus, 
because this converts 
 

 

Figure 2-1 Preparation scheme of hybrid multilayers of amphiphilic DODA 
cations and clay platelets prepared by (a) Langmuir Schaefer method (Route 
one), and (b) a modified Langmuir Schaefer approach exploiting self-assembly 
(Route two). 
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the interaction between hydrophilic head of the first layer and hydrophobic tails of 
the second layer into an interaction between hydrophilic heads. This same model 
was applied by Umemura et al.13 to the case of hydrid organo-clay multilayers 
deposited by LS following route 1, assuming that in this case only part of the 
surfactant molecules flip over and suggesting that the films do not contain double 
layers of clay as sketched in Figure 2-1(a) but single layers alternating with single 
layers of surfactants with part of the tails pointing up and part pointing down. 
 

2.3   Method 

2.3.1   Clay mineral. 
The smectite clay used in this work was a natural dioctahedral montmorillonite, 
obtained from Kunimine Industries Co. (Japan), Kunipia F (KUN), with structural 
formula Ca0.11Na0.891(Si7.63Al 0.37)(Al 3.053Mg0.65Fe0.245Ti0.015)O20(OH)4 and cation-
exchange capacity (CEC) 1.18 meq g-1 of clay. The stock dispersion of the clay was 
prepared by stirring 1 g of clay for 12 hours in 1 liter of Millipore ultrapure water. 
The dispersion was diluted to a given concentration with pure water before use as 
subphase. 

2.3.2   Surfactant. 
Dimethyldioctadecylammonium (DODA) bromide of 99+ % purity (Sigma-
Aldrich) was used as received. DODA was 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. For the surface modification, a mixed solvent of ethanol and pure 
water (8:2 in volume) with 0.5 mg ml-3 of DODA was used.  

 

Scheme 2.2 structure of Dimethyldioctadecylammonium (DODA) bromide 
and estimated dimension. 
 

2.3.3   Substrate preparation. 
Calcium fluoride (CaF2) plates, rendered hydrophobic by rubbing with molten 
ferric stearate, were used as substrates for FTIR measurements while hydrophobic 
glass plates, modified with dodecyltrichlorosilane (from ABCR GmbH & Co), 
were employed for Atomic Force Microspcopy (AFM) and mylar of 0.125 mm 
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thickness (from GE Polymershapes HiFi Snij-Unie) for X-Ray Diffraction (XRD) 
measurements.  

2.3.4   Film preparation. 
LS films were prepared on a Nima Technology thermostated 612D LB trough at a 
temperature of 21 ± 0.5°C. The pressure sensor employs a Wilhemly plate (small 
length of chromatography paper) to measure surface pressure (reduction in surface 
tension). Pure water and clay dispersions in Milipore Q-grade water were used as 
subphase. The clay concentration in the dispersion ranged from 5 to 500 mg l-1. A 
microsyringe was utilised to spread the DODA dissolved in chloroform-methanol 
onto the aqueous subphase. After 15 min, the film was compressed at a rate of 30 
cm2 min-1. Films were deposited by horizontal lift onto a hydrophobic surface, at a 
constant surface pressure of 10 mN m-1 (with downward and lifting speeds of 4 and 
2 mm min-1, respectively). The hydrophilic surface of the transferred film was 
rinsed with pure water several times and dried with a flow of N2 gas. A multilayer 
film was fabricated by repeating this procedure (route one, Figure 2-1a). The 
second family of multilayer films was fabricated following route two (see Figure 2-
1b). For each layer, after the LS deposition, the surface of the film was rinsed with 
pure water and dipped into an ethanol-water solution of DODA to induce a change 
in surface property from hydrophilic to hydrophobic, due to the exchange of metal 
cations (Na+) on the outer side of the clay nanoplatelets with alkylammonium 
cations. Finally, the surface was rinsed copiously with pure water and dried with a 
flow of N2 gas. Multilayer films were constructed by repeating this procedure. 

2.3.5   Film characterization. 
AFM images of the films were obtained using a Scientec 5100 equipped with Si n-
type cantilever with a tip radius <10 nm and ~25-75 N/m of force constant. All the 
images were recorded in tapping mode. Data treatment was performed using 
WSXM freeware developed by Nanotec14. The experimental data were fitted using 
a Gaussian distribution. XRD patterns of the films deposited on mylar were 
collected with a Philips PANanlytical X’Pert MRD diffractometer (Bragg-Brentano 
geometry) with a Cu Kα  radiation (λ=1.5418 Ǻ) using an anode voltage of 40 kV 
and a current of 40 mA, a 0.25º divergent slit and a 0.125º anti-scattering slit . The 
patterns were recorded in a 2θ range from 1 to 10°, in steps of 0.01° with a 
counting time of 15 s each. Infrared spectra of the multilayer films on hydrophobic 
CaF2 plates (15 mm x 10 mm x 1 mm) were measured in transmission mode with a 
Bruker IFS 66v/S vacuum FTIR spectrometer operating at 10-2 mbar. The FTIR 
spectrometer was equipped with a liquid nitrogen cooled Mercury Cadmium 
Telluride (MCT, HgCdTe) detector and a KBr beam splitter. Each spectrum was 
the average of 150 scans collected with 2 cm-1 resolution. XPS data were collected 
using a Scienta R4000 spectrometer equipped with a monochromatic Al Kα X-ray 
source (hν = 1486.6 eV); the photoelectron take off angle was 70o; an electron 
flood gun was used to compensate for sample charging; the base pressure during 
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the measurement was 5x10-10 mbar. Mylar was used as substrate. All binding 
energies were shifted to match to the Si 2p core level of montmorillonite clay 
reference15 at 102.9 eV. Data were normalized to the carbon peak area. 

2.4   Results and discussion 

2.4.1   Surface Pressure versus Molecular Area (Π-a) Isotherms 
of Langmuir Films on Clay Dispersions. 
Figure 2-2 shows Π-a isotherms of DODA monolayers on pure water and on 
montmorillonite dispersions for clay concentration in the subphase ranging from 5 
to 500 mg l-1. For each isotherm, the lift-off area was calculated by either 
extrapolating the linear section of the isotherm or, if the isotherm lacks a straight 
section, as in the case of pure water and high clay concentration, from the linear 
section of the derivative of the isotherm10 as illustrated in Figure 2-2 (right panel). 

 

Figure 2-2 . Π-a isotherms of floating monolayers of DODA on pure water and 
on clay mineral dispersions of different concentration (5-500 mg l-1) (left). Π-a 
isotherm of DODA on pure water and its derivative. The lift-off area is 
determined as 90 Å2 by extrapolation of the linear section of the derivative 
(right). 
 
In the absence of clay, the surface pressure of the floating DODA monolayer 
increases smoothly over the entire area range, with a lift-off area of 100 Å2,(which 
correspond to the dimension of the fully extended DODA as depicted in scheme 2-
2), and does not show a clear collapse point. This indicates that the DODA 
monolayer on pure water is in an expanded state, as already described in the 
literature.16  
 
When DODA is spread onto a subphase containing clay nanoplatelets (from 5 to 80 
mg l-1) the overall shape of the Π-a isotherms is altered, showing a steeper increase 
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in surface pressure. The lift-off area increases when rising the clay concentration in 
the subphase, reaches a maximum of ca. 260 Å2 at 100 mg l-1 and then decreases 
for higher clay concentrations (Table 1). In addition, for clay concentrations above 
80 mg l-1, the shape of the isotherm changes again, showing a more gradual 
increase in surface pressure.  
This behaviour indicates that the density of DODA molecules in the Langmuir film 
varies with clay concentration: increasing the amount of clay particles in the 
dispersion, the number of molecules per unit film area first increases reaching a 
maximum for 7 mg l-1 and then gradually decreases to a minimum value at 
100 mg l-1 and increases again for higher clay concentrations (up to a maximum of 
500 mg l-1, which was the highest clay concentration investigated). The increase in 
molecular density at low clay concentration is most likely due to a phase transition 
from an expanded to a condensed surfactant phase which corresponds to a more 
dense packing of the DODA molecules than on pure water. This effect arises from 
the adsorption of the negatively charged clay platelets onto the positively charged 
monolayer. The interaction of the clay platelets with the surfactant compensates 
partly the electrostatic repulsion between DODA head groups, allowing for a 
higher molecular density at a given surface pressure (for clay concentrations lower 
then 10 mg l-1).  
An increased clay concentration augments the probability of interaction at the air-
water interface; therefore the surfactant hybridizes in a less compact fashion as 
compared to low clay concentration. Indeed, at high clay concentrations, the clay 
mineral/surfactant hybridization process occurs at a higher rate (because of a 
higher interaction probability) than the reorganization of the surfactant molecules 
into domains of higher density. On the contrary, at low clay concentrations, the 
surfactant molecules less likely to interact with clay and therefore interact with 
each other to reorganize into more compact domains before (and while) the clay 
platelets adsorb. As a consequence, when the clay concentration in the subphase 
increases, the surfactant density decreases (molecular area increases). An 
additional increase in the clay concentration will generate a second decrease in the 
molecular density, and an alteration in the isotherm shape, which can be attributed 
to the presence of an important amount of clay aggregates in the subphase. This 
picture agrees with the AFM images (figure 2-5) where one can always see a small 
amount of clay aggregates, which however increases with clay concentration. 

2.4.2   Apparent Compressibilities 
We analysed the Langmuir films with regards to the compressibility C’ or the 
elasticity C’-1. The apparent compressibility, C’, is defined in equation 1, where a1 
and a2 correspond to the area per molecule at surface pressures of Π1 and Π2, 
respectively. Π1 and Π2 have been chosen in the relatively straight section of the 
isotherms (10 mN m-1and 15 mN m-1, respectively).  
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The values are reported in Table 1 together with the resulting lift-off areas and 
plotted as a function of clay concentration in Figure 2-3. These data indicate that 
the apparent compressibility of the DODA film is highest in the absence of clay 
nanoplatelets. Addition of clay results in a decrease in the apparent compressibility 
until a minimum value of ~10 m N-1 is reached. This suggests that the monolayer of  

Table 1 Lift-off areas and apparent compressibilities for floating monolayers 
of dimethyloctadecylammonium cations and natural montmorillonite. 

Clay concentration / mg l-1 Lift-off area / Å2 
Apparent compressibility C’ / m N-1 

(error bar ± 1 m N-1) 

0 (pure water) 90 22.9 
1 85 22.8 
5 65 15.8 
7 64 9.1 
10 82 12.4 
15 137 10.5 
20 131 10.9 
30 178 10.6 
40 190 11.6 
60 227 11.6 
80 250 12.0 
100 260 10.8 
200 243 9.6 
500 196 15.2 

DODA on pure water is elastic and the presence of clay particles hardens the film. 
For clay concentrations between 10 and 200 mg l-1 in the subphase, the apparent 
compressibility oscillates around a value of ~11 m N-1, reaching 15 m N-1 for the 
maximal clay concentration of 500 mg l-1. The same trend of film hardening with  

 

Figure 2-3 Apparent compressibility C’ determined from Π-a isotherms of the 
DODA monolayer on clay mineral dispersions of montmorillonite. 



 
2.4  RESULTS AND DISCUSSION-  -46- 

 

the increasing clay concentration was also observed for Langmuir films of 
alkylammonium cations and natural saponite.9 

2.4.3   AFM Observation of Hybrid Monolayers on Glass Plates. 

The hybrid Langmuir films of DODA and the clay platelets formed at the surface 
of the 10 mg l-1 dispersion were transferred onto glass plates at 0  mN m-1 (before 
compression), 10 mN m-1 and 15 mN m-1, and the resulting surface morphology 
was investigated by AFM. As shown in Figure 2-4, clay platelets are easily 
observed in the AFM micrograph, testifying to the formation of a hybrid Langmuir 
film at the air-dispersion interface. When the Langmuir film was not compressed (0 
mN m-1, Figure 2-4a), the clay platelets in the transferred layer appear isolated with 
empty space between them. When the Langmuir film was compressed before lift-
off (10 mN m-1, Figure 2-4b) the clay platelets in the transferred layer contact each 
other, with small voids between them. Upon further compression (15 mN m-1, 
Figure 2-4c) the platelets are closely packed. These micrographs reveal that the 
hybridization of the DODA cations and the clay platelets occurred before the 
compression and that the floating platelets were gathered as the film was 
compressed until they touched each other. An increase in the film roughness is also 
observed when the pressure is increased from 0 mN m-1 (2.0 nm) to 15 mN m-1 (4.1 
nm). As illustrated in Figure 2-5, similar results were obtained for the hybrid 
monolayers transferred from the surface of the dispersions with 40 mg l-l of clay, 
with the difference that for each transferred film (at different surface pressures) the 
amount of clay particles deposited on the glass plates is larger than the 
corresponding samples prepared with 10 mg l-1 clay in dispersion. For example, 
even before the compression (0 mN m-1, Figure 2-5 (a)), the glass substrate is about 
60% covered with isolated clay  

 

Figure 2-4. AFM micrographs for hybrid monolayers of DODA and 
montmorillonite clay particles transferred onto glass plates at the surface 
pressure of (a) 0 10 mN m-1 (before compression), (b) 10 mN m-1 and (c) 15 mN 
m-1. The clay concentration in the dispersion was 10 mg l-1. 
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Figure 2-5 AFM images for hybrid monolayers of DODA and clay particles 
transferred onto glass plates at a surface pressure of (a) 0 and (c) 10 mN m-1. 
Roughness analysis for (b) 0 10 mN m-1 and (d) 10 mN m-1: () experimental; 
(−−−−) best-fit (see text). The clay concentration in the dispersion was 40 mg l-1. 
 
platelets. If one assigns the lowest pixel on the image to height zero, from the 
micrograph, one can calculate the height distribution (Figure 2-5(b)): two peaks 
can clearly be distinguished; the first one mirrors the fact that the substrate (visible 
where not covered by clay platelets) is not flat and the full width at half maximum 
of this peak represents the roughness of the substrate. The second peak stems from 
the clay platelet layer. The spacing between these peaks (3.4 nm) gives a rough 
estimate of the layer thickness. Upon further compression (10 mN m-1, Figure 2- 6 
(c)), the platelets in the transferred layer form a nearly continuous, closely packed 
array and their edges are more difficult to distinguish. Large particles formed by 
two or three stacked clay lamellas are also visible (brighter spots). The height 
analysis (Figure 2- 5 (d)) of the AFM micrograph reveals the presence of 3 
contributions: peak I corresponds to the single clay-DODA hybrid layer height 
(majority), peaks II and III testify to the presence of two and three swollen, 
aggregated clay mineral lamellas (an average thickness per lamella of 2.6 nm). 
From these findings one can conclude that the alkylammonium cations can adsorb 
one single clay mineral lamella or several clay platelets when the clay 
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concentration in the dispersion is increased; this indicates that for these 
concentrations the exfoliation of the clay into single platelets is incomplete.  
 

2.4.4   Infrared Analysis of the Hybrid Films. 

With transmission FTIR spectroscopy we studied the ν(CH) region of the alkyl 
chains and the ν(Si-O) vibrations of the montmorillonite as a function of the 
number of dipping cycles (every 10 cycles) and clay concentration in the subphase 
(10 mg l-1, 60 mg l-1and 200 mg l-1, respectively). The IR spectra of the different LS 
films deposited at 10 mN m-1 on CaF2 are very similar. Figure 2-6 (a) shows the IR 
spectrum of a 20 layer LS film of DODA-clay prepared from a subphase with a 
clay concentration of 10 mg l-1. The peaks at 2915, 2848 and 1466 cm-1 correspond 
to the symmetric and asymmetric stretching or scissoring vibrations of the 
methylene groups of dimethyldioctadecylammonium, while the bands at 1116 and 
1035 cm-1 are assigned to the in-plane and out-of-plane ν(Si-O) vibrations of the  

 

Figure 2-6. (a) Infrared spectrum of a 20-layer hybrid DODA-montmorillonite 
film transferred onto CaF2 plates at a surface pressure of 10 mN m-1 and for a 
clay concentration in the subphase of 10 mg l-1. (b) ν(CH) and (c) ν(Si-O) 
regions for different number of DODA-clay layers (from 10 to 60 layers) (the 
two insets show the relation between the IR intensity and the number of 
layers). 
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montmorillonite clay. As the number of hybrid layers increases, the ν(CH) and 
ν(Si-O) peaks become more intense, as illustrated in Figures 2-6 (b) and (c), 
respectively, and their amplitude grows linearly with the number of layers (insets 
Figure 2-6 (b) and (c)), which indicates that the LS multilayer film of DODA and 
montmorillonite is built in a layer-by-layer fashion. The same IR characteristics 
have been observed for the multilayer films of DODA-montmorillonite transferred 
at a surface pressure of 10 mN m-1 from clay dispersions of 60 and 200 mg l-1, 
respectively. 

2.4.5   XRD Patterns of Hybrid Multilayers. 

XRD measurements were carried out on 40-layer hybrid films prepared from 
different clay concentrations in the subphase according to the two routes described 
previously: route one where the hybrid LS films are deposited one layer after the 
other and route two where each hybrid LS film is deposited after having changed 
the hydrophilicity of the previously transferred monolayer through self-assembly. 
The XRD patterns of the hybrid films prepared following route one for clay 
concentrations in the subphase ranging between 5 to 500 mg l-1 and following route 
two for clay concentrations in the subphase of 5, 10, 15 and 40 mg l-1 are shown in 
figure 2-7 . The XRD pattern of the multilayer prepared following the route one 
from clay dispersion of 5 mg l-1 (figure 2-7 top curve-left panel) shows diffraction 
peaks around 2θ = 2.7°, 4.2° and 6.9°. As observed in figure 2-7 (left), increasing 
the clay concentration in the subphase leads to a decrease in the intensities of the 
peaks  

 

Figure 2-7 XRD patterns for 40-layer hybrid films of DODA-clay platelets 
prepared from different clay dispersions (5-500 mg l-1) by transferring the 
Langmuir films at a surface pressure 10 mN m-1 one layer after the other 
(route one)(left panel). XRD patterns for 40-layer hybrid films of DODA-clay 
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platelets prepared from different clay dispersions (5, 10 15 and 40 mg l-1) by 
depositing the floating films at a surface pressure of 10 mN m-1 after changing 
the surface properties by dipping in DODA solution (route two) (right panel). 
 
around 2.7º and 4.2º until these peaks almost disappear for clay concentration 
higher than 60 mg l-1, while the third peak at 6.9º gradually increases. The peak 
positions, which are also reported in Table 2, show a different behaviour: while the 
position of the third reflection stays strictly constant at 2θ = 6.9º for the whole 
range of clay concentrations, the first peak moves back and forth around 2θ = 2.6º, 
while the second peak shifts toward bigger angles for higher clay concentrations.A 
detailed analysis if this peak including background removal and fitting is to be 
found in appendix 2. If the deposited films have a layered structure, the thickness 
of the periodically repeated unit can be calculated from the position of the first 
diffraction peak. Assuming that this peak corresponds to the (001) reflection, the 
value estimated from the XRD data amounts to ~35 Å. It is highly probable that 
this periodically repeated structure corresponds to a DODA-clay-clay-DODA 
building block and not only to a DODA-clay layer. In fact, after a first lift, the 
outer surface of the transferred hybrid DODA-clay monolayer is the hydrophilic 
clay. The Langmuir film is terminated by alkyl-chains and hence hydrophobic. 
When the substrate is again lowered into the trough for the transfer of the next 
layer, the hydrophilic clay surface of the hybrid film is supposed to interact with 
the hydrophobic alkyl-chains of the Langmuir film, and therefore a hydrophilic-
hydrophobic interaction should hold together the two layers and all other 
consecutively deposited layers, in order to give rise to the X-type structure.17 
However, this kind of film is stable only for non-dipolar molecules. 12 For this 
reason, Umemura et al. 13 postulated, as already briefly mentioned in the 
introduction, that the molecules in the second layer “flip over” to cancel out their 
dipolar moments, affording a more stable Y-type structure. In Figure 2-8 we 
suggest a different, more probable “flip over” mechanism of the hybrid DODA-
clay platelets which could occur when the substrate is lifted up for the second time 
and the newly deposited layer passes through the meniscus formed the water 
surface 18 (further experimental evidence for this model are given below).This 
mechanism repeats in every even cycle of the deposition and indeed affords 
multilayers with DODA-clay-clay-DODA building blocks. Similar mixed-ion 
heterostructured clays hydrophilic inorganic ions (Na+) and lipophilic organic 
cations have been extensively reported in the literature.19,20 The “flip over” of the 
hybrid monolayer during the horizontal lifting may provoke disorder within the 
alkyl chain (mixture of gauche-trans conformation of the alkyl chain) and this 
could be responsible for the second peak at 2θ ~ 4.23°. The second peak can in fact 
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not be the (002) reflection which should be observed at approximately 2θ =5.3°. 
We therefore tentatively attribute the second peak to the (001) reflection of a 
minority phase arising from a different phase conformation of the DODA cations 
within the multilayer films. The multitude of possible conformations of surfactant 
molecules within the interlayer space between clay platelets was already discussed 
in the past 5 and is illustrated in figure 2-11. The third one at 2θ ~ 6.9° arises from 
the presence of the clay platelets that are not intercalated with DODA molecules 
and thus bear Na+ as exchangeable cations, a phase which was already mentioned 
in the discussion of the AFM micrographs above. To gather information on the 
stability of the multilayers prepared following route one, the XRD patterns of the 
layered structures were collected during a heating cycle from room temperature up 
to 60°C (below the melting point of DODA).11 Figure 2-9 shows the XRD patterns 
of a film prepared with a clay concentration in the subphase of 12 mg l-1, heated at 
different temperatures (R.T., 28°C, 40°C, 60°C and after cooling down to 28°C). 
Increasing the temperature up to 60°C, the intensity of the first peak increases 
(position stays steady), while the second peak assigned to the second conformation 
is reduced. The peak corresponding to the (002) reflection appears more clearly 
around 2θ ~ 5° (quantitative analysis for each temperature step in appendix). The 
latter indicates that annealing leads to enhanced film order. Moreover, the intensity 
change of the peak at 2θ ~ 4.23° reinforces our hypothesis that it corresponds to the 
(001) reflection of a minority phase arising from a different phase conformation of 
the DODA cations within the multilayer films. Throughout the experiment the peak 
attributed to the basal clay spacing at 2θ ~ 6.9° remains constant, as one would  
 

 

Figure 2-8 Most probable “flip over” mechanism for the hybrid DODA-clay 
platelets during the even cycles of the LS deposition following route one. 
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Figure 2-9 XRD patterns of 40-layer hybrid films of DODA-clay platelets by 
depositing the floating films at a surface pressure of 10 mN m-1 from a clay 
dispersion of 12 mg l-1: initial (25 °°°°C); during heating at 40°°°°C and 60°°°°C; after 
slow cooling to 28°°°°C. 
 
expect for non-exfoliated clay particles. The lineshape and width remain constant 
over the temperature range.The XRD patterns of the multilayer film prepared from 
a clay dispersion of 5 mg l-1 following route two which combines the LS method 
with self-assembly, show three diffraction peaks around 2θ = 2.4°, 4.6° and 7° 
(Figure 2-7 right). For the film prepared with an increased clay concentration in the 
subphase of 10 mg l-1, no significant change in the position of the first peak occurs, 
while instead for films prepared from clay dispersions with concentrations 
amounting to 15 mg l-1 and 40 mg l-1, a minor displacement towards larger angles is 
observed. As far as the second peak is concerned, its position stays rather constant. 
(see appendix for fit of the data set) 
The intensity of the first two peaks is independent of the clay concentration in the 
subphase. The position (2θ ~ 6.9°) and intensity of the third peak remains constant 
for the first three samples, while for the film prepared from a subphase with a clay 
concentration of 40 mg l-1 the peak is moved to 2θ ~ 7° and its intensity is 
increased (Table 2). For samples prepared from subphases with clay concentrations 
amounting to 5 mg l-1, 10 mg l-1 and 15 mg l-1 the second and the third peak 
correspond, grosso modo, to the (002) and (003) reflections, respectively. 
However, for the sample prepared with a clay concentration of 40 mg l-1 the third 
peak is broader and more intense, pointing again to the increased presence of non-
exfoliated, swelled sodium-clay platelet aggregates (around 12.4 Å). This reflection 
peak is expected to be very close to the (003) reflection of the DODA intercalated 
clay and thus contributes to the enhanced intensity around 2θ=7o. This hypothesis 
is supported by the AFM micrographs discussed above. 
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2.4.6   XPS Spectra; probing the Surface of Hybrid Multilayers. 
To support our model, we additionally performed XPS on samples prepared 
following route 1. Photoelectron spectroscopy is a direct method for identifying the 
surface elemental composition of a material (quantitative analysis). Using a 70° 
take off angle, 95% of the XPS signal is calculated to come from a depth of 
~ 1.8 nm, the remaining 5% comes from deeper in the sample.21 Therefore this 
technique was used to investigate the nature of the topmost surface of hybrid clay 
DODA thin films in order to confirm the “flip over” of the clay layer. Figure 2-10 
shows representative XPS spectra of the C1s (left hand side), as well as Si2p, Si2s 
and Al2p, Al2s (right hand side) core level regions collected from hybrid films 
with odd and even number of layers (from 3 to 7 layers). One clearly sees a large 
variation in the Si and Al peak intensities, which are the signature of the presence 
of clay. This variation is directly correlated with the layer parity: samples with an 
even number of layers display a low amount of silicon and aluminium on the 
topmost surface; on the contrary, samples with an odd number of layers display a 
high quantity of those elements at the surface. This observation confirms clearly 
the “flip over” of the clay-DODA layer like illustrated in figure 2-8, where every 
second will be flipped and therefore carbon (from surfactant) or silicon-aluminium  
(from clay) will dominate the topmost surface for alternate layer numbers. Our 
finding rules out the previously proposed model 13 of flipping of the surfactant only 
since the latter would result in a constant ratio between the Si-Al and C peak 

 

Figure 2-10 . X-ray Photoemission spectra of the carbon (1s) and 
Al(2s,2p),Si(2s,2p) regions for samples covered from 3 to 7 layers. Schematic 
representation of observed effect (XPS surface sensitivity) (left panel). 
Schematic models of layered structures of the hybrid multilayers prepared 
from a clay dispersion at low concentration: (a) a hybrid multilayer prepared 
by route one (b) a hybrid multilayer prepared by route two which involves a 
surface modification step (right panel). 
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Figure 2-11: Ideal film structures A (route 1 ) and B (route 2). Possible 
alternative conformations C-D paraffin type arrangement, E pseudo 
trimolecular layer and F bilayer. REF 
 
 (from clay) will dominate the topmost surface for alternate layer numbers. Our 
finding rules out the previously proposed model 13 of flipping of the surfactant only 
since the latter would result in a constant ratio between the Si-Al and C peak 
intensities, regardless of the layer number (or parity).  

2.5   Conclusion 
Our findings link the structure of the hybrid multilayers of DODA and clay 
platelets to the synthetic route as follows: when the multilayer is fabricated 
following route one, a “flip over” of the hybrid DODA–clay particles during the 
even cycles is observed. This leads to a layered structure with a DODA-clay-clay-
DODA periodically repeating building block; this structure consists of a majority 
and a (more defective) minority phase and thus entails two interlayer spacings 
(Figure 2-10a). If the multilayer is build up following route two, a more ordered 
structure composed of stacked clay nanosheets coated on both sides with DODA 
cations results. Here the charge of the clay platelets is compensated by the 
formation of the hybrid floating monolayer (Langmuir film) and the addition of a 
second DODA layer self-assembled on the bottom surface of the clay particles 
(Figure 2- 10b). Additionally, a minority phase, which probably differs from the 
majority one in the conformation of the alkylammonium cations, forms and can be 
eliminated by annealing. In general route one leads to a less ordered structure than 
route two. 
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Appendix 2 
Complementary X-ray 

diffraction analysis 

Here is given a more detailed analysis of the XRD diffractogram illustrated above. 
The fits were performed on the line after background substratcion. The 
backgraound used, as suggested by Reynolds (1986) for to best fit of clay minerals 
sample was )sin2/(sin)2cos1( 8.02 θθθ+ . For the peak fitting a linear 
combination of Lorentzian and Gaussian lineshape with a 25-75% ratio was used. 

 

Figure A2-1 : XRD patterns for 40-layer hybrid films of DODA-clay platelets 
prepared from different clay dispersions (5-500 mg l-1) by transferring the 
Langmuir films at a surface pressure 10 mN m-1 one layer after the other 
(route one) with fitting after background removal. Corresponding d(00l) 
spacing for the observed components (right).  
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Figure A2-2 XRD patterns for 40-layer hybrid films of DODA-clay platelets 
prepared from different clay dispersions (5, 10 15 and 40 mg l-1) by depositing 
the floating films at a surface pressure of 10 mN m-1 after changing the surface 
properties by dipping in DODA solution (route two). Corresponding d(00l) 
spacing for the observed components (right). 
 
The most obvious information from this more detailed analysis regards the full 
width at half maximum (FWHM) of the 001 peak for the sample prepared 
following route two (A2-2) is smaller pointing to a higher crystallinity (thinner 
peaksSecondly, observing the 001 and 001’peak positions in figure A2-1 left and 
right, an evolution of two phases/ conformations developing as a function of clay 
loading becomes visible. It appears that the d(001) spacing of the first 
conformation varies around a value of 35 Å. While the 001’ position shifts to lower 
values as a function of loading. These observations are not yet perfectly 
understood. 
The figure A2-3 shows XRD patterns of a film prepared with a clay concentration 
in the subphase of 12 mg l-1, heated at different temperatures, the most striking 
feature as discussed in the main text is the decrease of the intensity of the 
001’reflection from the assumed second conformation.  
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Figure A2-3 XRD patterns of 40-layer hybrid films of DODA-clay platelets by 
depositing the floating films at a surface pressure of 10 mN m-1 from a clay 
dispersion of 12 mg l-1: initial (25 °°°°C); during heating at 40°°°°C and 60°°°°C; after 
slow cooling to 28°°°°C. 
 



 
Large scale graphene oxide deposition.  -59- 

 

 

Chapter 3 
Large scale graphene oxide 

deposition* 

3.1   Motivation 
 
Graphene was discovered around five years ago and proved the existence of pure 
two-dimensional systems, thought physically impossible in the past. It appeared 
very quickly that this exceptional material showed many outstanding properties. 
Since electrons and holes in graphene have potential for high carrier mobilities, this 
novel material has become an exciting new playground for physicists1. Properties 
such as half-integer quantum Hall effect at room temperature2,3, spin transport4, 
high elasticity5, electromechanical modulation5, ferromagnetism6, all contribute to 
the fame of graphene. Since the first experiments conducted five years ago on 
micromechanically cleaved graphite (the renowned but low-yield adhesive tape 
method), the growing appeal of graphene’s properties has focused much of the 
research attention towards investigating a reliable method for large-scale 
production7,8,9. Recent advances using chemical vapour deposition and successful 
transfer of the prepared films to arbitrary substrates5 brought impressive results in 
terms of the crystalline quality of the layers and electrical and mechanical 
properties. Notwithstanding these results, truly controllable single or multi-layer 
large-scale deposition is still a pressing issue and a method for depositing high 
quality graphene at variable coverage on an arbitrary surface is not yet available. 
Moreover, for practical applications or simply for fundamental research purposes, 
good adhesion of graphene to the substrate is of great importance. This chapter 
presents the discovery♣ a new method for the deposition of graphene oxide using a 
                                                      
* This chapter is based on the results publish in : Gengler RYN, Veligura A, Enotiadis A, 
Diamanti EK, Gournis D, Józsa C, van Wees BJ and Rudolf P, Large-Yield Preparation of 
High-Electronic-Quality Graphene by a Langmuir-Schaefer Approach. Small. 
2010;6(1):35-39. 
♣ The proper wording should be co-discovery since two research groups investigated, made 
the same breakthrough and published it around the same period of time. Although, we were 
the first to report on electrically viable Graphene from Graphene oxide using this method. 
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rather similar hybrid approach as the one used for clay and described in chapter 2. 
The major similarities between graphene oxide and clay properties, in terms of 
solubility and exfoliation, aspect led to this discovery. 

3.2   Method 
 
We describe in this section the newly developed technique for the controlled 
deposition of single layer graphene on arbitrary substrates. The deposition method 
and post treatment of the sample are summarized in Figure 3-1. It has been known 
for a very long time that graphite can be exfoliated and turned soluble by chemical 
processing as described elsewhere10,11,12. Following Staudenmaier’s method, we 
produced our starting material by oxidizing powdered graphite in order to get 
exfoliated hydrophilic single layer flakes of graphene oxide (GO) (a detailed 
characterization of the produced GO is presented in the complementary 
information paragraph and in appendix ). A water solution (5 ppm) of GO was used 
as a subphase for a Langmuir–Schaefer (LS) deposition.13 The injection of long 
chain molecule octadecylamine (ODA) (Figure 3-1g, and experimental section) at 
the air-water interface triggers the GO hybridization by covalent bonding via the 
amide functionality14 (Figure 3-1b). This process results in the formation of a 
mixed floating layer of ODA-GO. By applying an external pressure to this hybrid 
Langmuir film, through the movable barrier of a Langmuir-Blodgett (LB) 
apparatus, its packing can be modified. Indeed, as in any classical LB experiment, 
the applied pressure pushes the surfactant molecules along the water surface15; the 
grafted graphene oxide sheets will simply follow that movement and therefore be 
packed differently, depending on the surface tension established in the trough. The 
hybrid Langmuir film can be transferred to an arbitrary support (high 
hydrophobicity of the substrate will increase the transfer ratio) by horizontally 
lowering the desired substrate - known as the LS method (described previously in 
chapter 1) - to contact the ODA-GO-water interface (Figure 3-1g). 

3.3   Results and discussion 
 
As this process is aiming for large–scale deposition, it is important to note that the 
substrate size is virtually unlimited since the dimension of the LB trough is the 
only restricting factor. Additionally, the whole deposition process is realized under 
ambient conditions. Once ODA-GO has been transferred to the desired substrate, 
some chemical and thermal treatments are necessary in order to convert the 
deposited graphene oxide to graphene. Lowering the sample in a reducing agent 
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Fig. 3-1 (a) Schematic representation of graphene oxide. (b) Schematic 
representation of Octadecylamine-functionalized graphene oxide. (c) 
Graphene sheet on the substrate after reduction and annealing. (d) 
Photograph of a solution of graphene oxide in water. (e) Low electron energy 
diffraction (LEED) pattern of graphene sheets on the substrate after reduction 
and annealing. (f) The same with indication of the ring structure. (g) 
Schematic representation of the deposition procedure. (h) Optical 
photography of silicon dioxide on a n++-doped silicon wafer with (left) and 
without (right) graphene oxide. (i) X-ray photoelectron spectra of the C1s core 
level region of graphene oxide and reduced graphene oxide (top panel), 
annealed graphene sheet (bottom panel curve(1)), annealed graphene sheet 
after ethylene treatment (bottom panel curve (2)), and HOPG (bottom panel 
red curve). 
 
will eliminate the majority of the functional groups (as seen in X-ray photoelectron 
spectra Figure 3-1i) top panel, discussed below). However, as demonstrated by 
electronic transport measurements after each production step, the chemical 
reduction alone results in poor conductivity, whereas an additional annealing step 
at ~ 700oC for 1h under vacuum results in a partial reconstruction of the graphene 
mesh and consequently causes a drastic increase in mobility. As a further treatment 
step we exposed the graphene sheet (GS) sample to 1x10-6 mbar of ethylene (C2H4) 
while annealing it (~700oC). From the change in electronic transport properties 
(discussed below) it seems that bringing ethylene molecules on the hot graphene 
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surface favours healing of some defects and protection of the remaining ones. The 
mechanical stability of the films and their adhesion to the substrate is of great 
importance if one wants to process GS by lithography or other methods, also at an 
industrial scale. For all experiments, our deposited GO and GS could sustain 
chemical and physical treatments without loss of material.  
The C1s core level region of the X-ray photoelectron spectrum (XPS; SSX-100; 
Surface Science Instruments) acquired on the deposited GO and shown in Figure 3-
1i), gives evidence for the presence of an estimated 30% of oxidized carbon in the 
pre-treated film. In fact, the shoulder on the high binding energy side is attributed 
to carbon in C-O and C=O bonds resulting from the functionalization of graphene. 
After chemical reduction to obtain GS, this shoulder disappears (Figure 3-1i), 
testifying to the expected decrease in oxygen content. However, the width of the 
C1s peak, even if noticeably decreased after reduction, hints that a small amount of 
oxidized carbon could still be present. Annealing at ~700ºC with and without 
ethylene exposure caused the C1s peak to shift towards lower binding energies and 
yielded a significant lowering of its full width at half maximum to reach the values 
of pure HOPG (Figure 3-1i). This suggests that the heat treatment induces a 
reconstruction of the graphene mesh. Contrary to what was claimed previously7, 
XPS can not provide a quantification of the defect level since it allows only 
establishing the relative C content of the surface. Low energy electron diffraction 
(LEED) is a useful tool to ascertain the crystalline quality of the annealed GS on 
Au on Si. The ring structure observed in the diffraction pattern shown in Figure 3-
1e) and f) reveals a large-scale polycrystalline arrangement resulting from the 
presence of many crystalline objects (the graphene flakes) orientated arbitrarily one 
with respect to the other on the substrate surface. While previously published 
diffraction patterns were acquired with a very localized probe, transmission 
electron microscopy (TEM), this one was produced with a 1 mm diameter electron 
beam and hence proves the high crystalline quality of the sample on an 
unprecedented large-scale level. The electron beam has been tilted on purpose to 
enable better visualization of the diffraction pattern.  
Optical photography illustrates the uniformity of the deposited film, as shown in 
panel h of Figure 3-1 which depicts n++-doped silicon wafer substrates terminated 
by a 300 nm SiO2 layer with and without the deposited GO film. Due to white light 
interference between the dielectric layer and the deposited film, one can observe a 
clear contrast between the purple-violet colouration of the SiO2 layer and 
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Fig. 3-2 (a) SEM images of graphene sheets obtained through deposition on 
gold/silicon at various applied surface pressures 0 mN/m, (b) 20 mN/m, (c) 40 
mN/m (scale bar 40µm). (d) Distribution of sizes of graphene sheets deduced 
from the SEM images. 
 
the deposited GO resulting in a green hue16. SEM images (SEM; JSM-7000F; Jeol) 
of the transferred graphene or ODA-GO films on gold substrate look the same and 
exemplify the coverage dependence for various surface pressures (Figure 3-2a,b, 
and c); the broad field of view reveals the incomparable extended uniformity of the 
deposited graphene film. One can clearly observe that low pressure deposition (e.g. 
P = 0 mNm-1 barriers extended, Figure 3-2a) leads to relatively low coverage and 
well isolated graphene sheets. Raising the surface pressure produces a denser 
packing as seen in Figure 3-2b and c. In spite of this coverage enhancement, the 
substrate is still to a very large extent covered by single layers and only very few 
overlaps between sheets are observed. The SEM images show that the size 
distribution of the GS ranges from 2.5 to 150 µm2 with an average value of 30 µm2 
and a most probable value of 10 µm2 (Figure3-2d). A full coverage of the substrate 
like that obtained by Cote et al.17 for pure GO is difficult to obtain using our 
approach due to the presence of the surfactant, indispensable for proper adhesion of 
the GO sheets and their post-treatment to obtain graphene. The subphase 
concentration, e.g. the amount of GO dissolved in water, is one of the key 
parameters for a successful deposition: a concentration lower than 1 ppm leads to 
low coverage even at high surface tension; on the other hand, a significant amount 
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Figure 3-3 .Tapping mode AFM (15x15 µm2) micrographs of graphene sheets: 
(a) single layer graphene sheet after the annealing step, showing several small 
wrinkles; (b) A double layer of graphene sheet after ethylene treatment. The 
arrows point to regions where the top layer is partially peeled off and folded 
back, revealing the single layer below. The bright rectangular dots are 40 nm 
high Ti/Au markers deposited for lithography alignment.  
 
of multiple layers and overlapping graphene sheets is observed for deposition at 
concentrations higher than 10 ppm. Atomic force microscopy (AFM; Nanoscope 
IV, Veeco) images of the single layer flakes show high quality graphene with well-
defined edges and a relatively low amount of surface defects in the form of cracks 
and wrinkles (see example in Figure 3-3a)). The average height of the annealed GS 
flakes was in the range of 0.8-1.2 nm (Figure 3-3a), which corresponds to the 
single layer graphene sheet with oxygen- and hydro-containing groups 8. After 
exposure to ethylene at high temperature, the average height of the flakes was in 
the range of 0.3-0.5 nm, showing the “fingerprint” of a single atomic sheet similar 
to mechanically exfoliated flakes4. This result can be explained assuming that the 
oxygen- and hydro-containing bonds were partially replaced by the ethylene which 
is hydrophobic. The AFM tip interaction with graphene is therefore changed and 
we can speculate that the sheets have become flat. This mechanism was confirmed 
by the behaviour during electrical measurements (see below). A double layer GS 
with a partially peeled-off single layer is shown for comparison (Figure 3-3b); the 
measured double layer height amounts to 0.6 nm.  
For electrical characterization of the obtained graphene, the flakes were deposited 
on n++-doped silicon wafer terminated with a 300 nm thick SiO2 layer. Several 
single layer graphene flakes were contacted by Ti/Au electrodes (4/33 nm thick) in 
the Hall bar geometry (Figure 3-4a), with contact resistances in the 20 to 50 kΩ 
range. The geometry allowed us to perform four-terminal measurements for the 
graphene sheet resistivity determination at different stages of the graphene 
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fabrication as well as for measuring the Hall effect. The silicon wafer served as 
backgate for electrostatic gating to manipulate the charge carrier density and carrier 
type in the graphene, the carrier density being given by the relationship n [m-2] = 
Vg [V] x7.2x1014.  
The resistivity curves measured against the gate voltage (see example in Figure 3-
4b)) after heat treatment and exposure to ethylene at high temperature show the 
typical graphene behaviour with the hole and electron conduction regimes 
separated by a wide region around the charge neutrality point. The resistivity of the 
graphene sheet remain lower than 150 KΩ in the range of carrier densities up to 
6.5 1016 m-2. The charge carrier mobility, µ, can be calculated using the formula 
µ=(neR)-1 where n is the carrier density, e is the electron charge and R is the sheet 
resistivity. However, we have to keep in mind that this formula is applicable only 
in the metallic regime where the carrier density can be considered uniform and the 
presence of electron hole puddles does not play a role18; using it in the vicinity of 
the Dirac neutrality point can be misleading. Due to the very broad resistivity 
curves that are measured in graphene prepared by reducing graphene oxide (ours as 
well as in Ref. 4), applying a gate voltage of up to 80 V proves not to be enough to 
reach the metallic regime. A further increase in the gate voltage led to damage of 
the contacts. To extract the carrier mobility, we can assume that the resistivity 
versus gate voltage curve resembles the typical graphene resistivity behaviour in 
the metallic regime as well (Inset Figure 3-4b) and supporting information), but 
with a scaling factor for both the gate voltage (~20 times) and the resistivity (~25 
times). The comparison with the measurements on mechanically exfoliated 
 

 

Figure 3-4. (a) The measured graphene sheet device with Ti/Au contacts in the 
Hall geometry. (b) Sheet resistivity of the GS versus gate voltage. The inset 
shows typical sheet resistivity of a device fabricated from graphene 
mechanically cleaved from HOPG. Note the difference in the horizontal and 
vertical scales (see also complementary information (3.5)). (c) The extracted 
Hall coefficient versus gate voltage is a linear fit. The inset shows a similar 
dependence determined in a device fabricated from graphene.  
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graphene samples and using this scaling allows us to extract a carrier mobility for 
the studied GS in the range of 4 cm2 V-1 s-1 in the metallic regime, i.e. a factor of 
500 lower than in mechanically exfoliated graphene. 
To verify these conclusions, Hall voltage measurements were performed on the 
same GS devices in an orthogonal magnetic field B of up to 0.88 T, at different 
gate voltages corresponding to a set of charge carrier densities. From these the Hall 
coefficients, Rh, were extracted ( BRIU hh = where Uh is the measured Hall 
voltage and I is the current) and plotted versus gate voltage in Figure 3-4c). Rh 
clearly changes sign around Vg = -5V, indicating the switching from a hole 
conduction regime to an electron conduction one that is a typical bipolar behaviour 
characteristic for graphene. In comparison, better quality graphene with reduced 
resisitivity was reported recently by Vincent C. Tung et al.,19 however, the high n-
doping of the obtained sheets allowed measurements in the electron regime only. 
The observed fluctuations in Figure 3-4c) are caused by the large background 
resistance (~2 kΩ) on top of the measured Hall resistance. The comparison of the 
Rh(Vg) curve with similar measurements on mechanically cleaved graphene (insert 
Figure 3-4(c)) shows again that within the range of -80 to +80V the GS does not 
reach the metallic conductance regime. Comparing the slope of the Rh(Vg) curve to 
the case of the mechanically cleaved graphene (1 Ω/VT versus 400 Ω/VT extracted 
from the graph in the inset of Figure 3-4(c)), we obtain a ratio of 1/400 that is 
consistent with the 20-fold scaling of the gate voltage and a reduced carrier 
mobility. 
To gain insight into how the different preparation steps influence the electronic 
properties, we also measured the GS at all the earlier stages of preparation: directly 
after the GO reduction step, GS showed a sheet resistivity around 3 MΩ, which is 
an order of magnitude lower than the resistivity of chemically reduced graphene 
oxide sheets reported so far8. Annealing at 700oC decreases the sheet resistivity to 
~600 kΩ, a value that is approximately 100 times higher than the one of 
mechanically cleaved graphene (see inset in Figure 3-4(b)) and compares 
favourably to the results obtained by Li X. et al.7 for thermally exfoliated, oxide 
free flakes.  
All samples measured under ambient conditions before and after annealing to 
700oC showed the resistivity peak (the Dirac charge neutrality point) shifted far 
beyond +80 V on the gate voltage scale, which corresponds to a high density of p-
dopants in the GS. The main cause of this doping20 is the presence of water 
molecules adsorbed on the graphene surface and possibly organic contaminants due 
to the lithography steps. Therefore, prior to performing the resistivity 
measurements, we heated the samples for 3h at 250oC and 1.10-6 mbar pressure in 
the measurement setup. This shifted the charge neutrality point for all the devices 
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to the negative gate voltage range (-5 to -20 V), indicative of a small intrinsic n-
doping of graphene sheets. Such n-doping could be introduced by some COOH 
groups still present after the preparation procedure or by impurities on the 
substrate. However, this increased sensitivity of the samples’ resistivity to air 
exposure shows potential for sensing applications. 20  
After ethylene treatment (9 min exposure at ~700oC) the samples stopped showing 
the high p-doping when exposed to air; in fact, the charge neutrality point was 
situated around +20 V. We assume that ethylene passivated (part of) the defects in 
the graphene, therefore reducing the amount of water that can be adsorbed, and 
protected the GS from ambient contamination. Further ethylene exposure (90 min 
at ~700oC) brought the sheet resistivity even lower, reaching 65 kΩ (see 
complementary information Figure 3-9). Using the same analysis we extracted a 
carrier mobility of 12 cm2 V-1 s-1. 
In conclusion, we have developed a straightforward method to deposit uniform 
single layer graphene films on arbitrary substrates without size limitation and under 
ambient conditions. The fast high-yield method allows control of graphene 
coverage by simple adjustment of the applied surface pressure in a Langmuir-
Blodgett trough. The prepared films could sustain all physical and chemical 
treatments associated with the lithography process without any loss of material. 
Additionally, among all reported chemically exfoliated graphite the flakes we 
obtain show one of the lowest resistivities at the Dirac charge neutrality point (~65 
kΩ) and do show switching from a hole conduction regime to an electron 
conduction one. The deposition method illustrated here could also be applied to 
other types of exfoliated graphene / graphite produced without passing through the 
graphite oxidation step.  

3.4   Experimental Section 
Aqueous dispersions of graphite oxide were produced using a modified 
Staudenmaier’s method10 from graphite powder. In a typical synthesis, 10 g of 
powdered graphite (purum, powder ≤ 0.2 mm, Fluka) were added to a mixture of 
400 ml of concentrated sulfuric acid (95-97 wt %) and 200 ml of 65 wt % nitric 
acid while cooling in an ice-water bath. 200 g of potassium chlorate powder 
(purum, > 98.0 %, Fluka) were added to the mixture in small portions while stirring 
and cooling. The reactions were quenched after 18 h by pouring the mixture into 
distilled water and the oxidation product washed until the pH reached 6. The 
subphase for the assembly of films was prepared by dispersion of 1-10 ppm of 
graphene oxide in 1 l of MilliQ water and stirred. The GO-Octadecylamine 
hybridization was achieved by injecting 50-200 µl of a 0.5 mg/ml CHCl3 solution 
of Octadecylamine (Sigma Aldrich, used as received). Depositions were carried out 
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by horizontal lowering of the substrate at a speed of 4 mm min-1 (downstroke) and 
2 mm min-1 (upstroke). The samples were reduced by lowering for 10 min in a 1 
mg/ml MilliQ water solution of NaBH4. Annealing was done in vacuum (base 
pressure of 2 10-10 mbar) at 700oC for 1h. The ethylene treatment was performed in 
vacuum by exposure to 1 10-6 mbar of ethylene gas (Messer Schweiz AG) while 
keeping the substrate at 700oC. X-ray photoelectron spectroscopy data were 
collected using an X-probe Surface Science Instruments SSX-100 equipped with a 
monochromatic Al Kα X-Ray source (hν=1486.6 eV) with a 37° photoelectron 
take-off angle and a spot size of 600 µm. The spectrometer operated at a base 
pressure of 3 10-10 mbar. Evaporated gold films supported on silicon served as 
substrates for these measurements. 

3.5   Complementary information  
Here follows complementary information about the graphene oxide starting 
material that was used for the LS deposition. As well as Raman of as-prepared and 
deposited GO and a comparison of the electrical properties of GO versus 
Micromechanically cleaved Graphene. 

3.5.1   Powder X-ray Diffraction (XRD) 

X-ray powder diffraction (XRD) data were collected on a D8 Advance Bruker  
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Figure 3-5-Powder X-ray diffraction of graphite and graphene oxide 
 
diffractometer by using CuKα (36 kV, 36 mA) radiation and a secondary beam 
graphite monochromator. The patterns were recorded in the 2-theta (2θ) range from 
2º to 60º, in step of 0.02 and counting time 2s per step. The XRD patterns of the 
pristine graphite and graphene oxide are shown in figure 3-5. The pattern of pure 
graphite appears a peak at 26.6º with a basal spacing d(002) = 3.34 Å. On the other 
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hand, the pattern of graphene oxide exhibited a 001 reflection peak 21,22 at 12.0º 
with a basal spacing of d(001) = 7.33 Å. 
 

3.5.2   FTIR Spectroscopy 

An additional tool for the characterisation of graphene oxide is FTIR spectroscopy.  
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Figure 3-7. IR starting material graphene oxide and graphite. 
 
As shown in figure 3-7, graphene oxide exhibits the following characteristic IR 
features: a weak shoulder at 3410 cm-1 attributable to the hydroxyl stretching 
vibrations of the C-OH groups, a weak band at 1620 cm-1 assigned to the C=O 
stretching vibrations of the-COOH groups, a strong band at 1396c m-1 assigned to 
the O-H deformations of the C-OH groups, and a strong band at 1062 cm-1 
attributed to C-O stretching vibrations.14 On the other hand the pure graphite is an 
IR inactive solid and its spectrum does not show these bands. 
 

3.5.3   Raman Spectroscopy 

Raman spectroscopy is a widely used tool for the characterization of carbon 
products. Raman spectra were recorded with a Micro–Raman system RM 1000 
RENISHAW using a laser excitation line at 532 nm (Nd – YAG) in the range of 
1000–2400 cm-1. A power of 1 mW was used with 1 µm focus spot in order to 
avoid photodecomposition of the samples. The Raman spectrum (figure 3-8) of the 
pristine graphite displays the prominent G band at 1580 cm-1 corresponding to the 
first-order scattering of tangential stretching (E2g) mode, while the D band at 
1353 cm-1 is very weak and originates from disorder in the sp2–hybridized carbon 
atoms, characteristic for lattice distortions in the graphene sheets.22 
On the other hand, in the Raman spectrum of graphene oxide the G band is 
broadened and shifted to 1594 cm-1 whereas the D band at 1363 cm-1 is shown with 
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extremely increased intensity and becomes prominent indicating the creation of sp3 
domains due to the extensive oxidation. 22 
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Figure 3-8. Raman spectroscopy of the starting material graphene oxide vs. 
graphite (a). The graphene oxide as deposited by LS and after reduction (b). 
 

3.5.4   Electronic properties; as-prepared vs. mechanically 
exfoliated graphene 
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Figure 3-9 Resistivity versus gate voltage plot for a field effect transistor 
device configuration. The ethylene treated reduce graphene oxide (dotted line) 
is scaled and compared to a pure graphene sheet measurements (continues 
line at the top). 
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Illustration of the scaling factors by overlapping the resistivity measurement of the 
GS exposed to ethylene for 90 min. (line; top and right scales) vs a typical curve 
obtained on mechanically cleaved graphene (black circles; bottom and left scales) 
(figure 3-9). 
 

3.5.5   Optical imaging 

The photograph shown in figure 3-10 demonstrates that our approach can be 
extended to a larger scale, i.e. deposition on a full 3 inch Si wafer. On the right 
hand side one sees the as-received wafer with its SiO2 surface layer, on the left 
hand side the wafer where the SiO2 is covered by 1 layer of GO deposited by 
LS.Due to white light interference between the dielectric layer and the deposited 
film, one can observe a clear contrast between the purple-violet coloration of the 
SiO2 layer and the green hue resulting from the deposited GO. 

 

Figure 3-10 optical photography of a single layer of GO deposited on SiO2 

(left) vs. pure Si O2 (right). 
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Appendix 3 
– the roadmap to high quality 

chemically prepared 
graphene*  

In the course of our study of graphene oxide, its deposition, de-oxidation and use 
for electronics, we faced many questions. The general properties and the best 
methods for the production of this novel material are still unclear. This appendix is 
based on our review article entitled “Roadmap to high quality chemically prepared 
graphene”, intended for the curious reader interested in a broader overview 
regarding chemically prepared graphene oxide and its properties. 
 
In the past few years much interest has focused on graphene, a flat monolayer of 
carbon atoms tightly packed into a two-dimensional (2D) honeycomb lattice. K.S. 
Novoselov and A.K.Geim’s discovery that micromechanical cleavage of bulk 
graphite allows the isolation of graphene, 1 has triggered a tremendous amount of 
scientific interest in this new material, at first mainly for its electronic properties. 
Graphene was immediately seen as the successor of the current silicon-based 
technology since the 2D honeycomb carbon structure features semi-metallic 
behaviour and high carrier motilities, which are ideal for a potential 
implementation as computing element. Therefore, graphene sheets, if processable, 
could be used in classical computer technology, even though examples of use as 
qubit elements or for spintronics potentially extend its use further than purely 
classical transistor-based microprocessors. Alongside with this main research 
stream, pure graphene was found to exhibit outstanding mechanical, 23 thermal, 24 
and optical properties, 25 while graphene derivatives like graphene oxide or other 
types of functionalized graphene display remarkable catalytic, mechanical, sensing 
and electronic properties. 

                                                      
* This appendix is based on the invited review article: “Roadmap to high quality 
chemically prepared graphene” Journal of Physics D: Applied Physics 43, 37, 
p374015. Gengler RYN, Spyrou K and Rudolf P. 
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Although graphene has so far been explored mainly in fundamental research, 
creating or depositing high quality graphene for application purposes has been one 
of the main challenges. Without realizing the future impact of his research, Brodie 
was the first to produce exfoliated graphite (through oxidation).11 The final product 
was not graphene but graphene oxide (noticed by Brodie because of the increased 
mass of the reaction product).11 More then a century later, a drastically different 
method, micromechanical cleavage,1 used to produce isolated graphene sheets, 
sparked new interest in graphene. Since then scientists have used a plethora of 
(more or less successful) methods to produce graphene, among which chemical 
vapour deposition (CVD) is one of the most promising5 in terms of coverage and 
layer quality. In fact, while micromechanical cleavage has been very successful in 
producing samples for fundamental studies, its extremely low yield and lack of 
control in the placement of the sheets, limits future applications. Other methods 
based on the use of SiC as a substrate and as a precursor have excellent potential in 
the pursuit of the best quality synthetic graphene 26,27,28,29,30. An alternative road is 
chemically prepared graphene, which we review in this appendix, focusing on 
properties and quality as a function of the production method (electronic properties, 
transparency, ambipolar behaviour, sheet size and related features such as defect/ 
impurity level and coverage on various substrates). 
Chemical preparation processes of graphene sheets use graphite as starting material 
and delaminate it by various means, namely by chemical functionalization, 
oxidation, or by intercalation. To give a good representation of today’s scientific 
landscape concerning chemical methods for graphene production we divided the 
subject in two subcategories, the preponderant graphene oxide (GO) production as 
a first one and all the other methods (intercalation with N-Methylpyrrolidone 
(NMP), functionalized surfactants, perfluorinated aromatic molecules, etc) as a 
second one.  

Graphene from Graphene Oxide  
The first reports on the production of GO date from 1840 by Schafhaeutl 31 and 
1859 by Brodie 11. In the latter, GO was prepared by treating natural graphite 
(Ceylon) with an oxidation mixture consisting of potassium chlorate and fuming 
nitric acid, for reaction times of 3-4 days with the solution kept at a temperature of 
60oC, until no further change was observed. Interestingly, the author, B.C. Brodie, 
proposed also an alternative method, where the heating was replaced by exposing 
the oxidation mixture flasks to the sunlight and described it as advantageous 
because faster. Staudenmaier 10 proposed a variation to Brodie’s method, where the 
graphite is oxidized in concentrated sulphuric and nitric acids with potassium 
chlorate. Almost a hundred years after Brodie’s first experiments, Hummers and 
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Offeman 12 presented a method where the oxidation of graphite to graphitic oxide is 
accomplished by treating graphite with a water-free mixture of concentrated 
sulphuric acid, sodium nitrate and potassium permanganate. This process requires 
less than 2 h for completion and rather low temperatures (below 45oC). In the 
pursuit of high quality graphene these three methods have been extensively used 
over the past few years. Based on the results obtained with a variety of modern 
analysis techniques such as NMR 32, XPS 9,33,34, TEM 35 and Raman 8 36, the most 
recent model of the structure of GO is the one depicted schematically in Figure A3-
1, where hydroxyl and epoxide groups grafted randomly (for older structural 
models of GO and details of derivation of this model see ref. 37) to the carbon mesh 
alter the sp2-bonded carbon network of pure graphene sheets38. Owing to the 
presence of such hydrophilic polar groups the GO presents swelling and 
intercalation properties very similar to clay.39 In the next four sections, we shall 
review some of the characteristics of this new material.   

 

Figure A3-1 Schematic representation of the structure of Graphene Oxide 
sheets (GO); grafted hydroxyl and epoxide groups disrupt the sp2-bonded 
carbon mesh of pure graphene. Scheme taken from S. Park and R.S. Ruoff. 
Reprinted by permission from Macmillan Publishers Ltd: Nature 
Nanotechnology 38, copyright (2009) 

 

Ambipolar behaviour - the quest for high field effect 
mobility 

While an incredibly high number of publications on graphene have appeared in the 
last 3-4 years, very few actually testify to the truly amazing properties of this 
material. In particular, most of the recent publications concerning the development 
of new synthesis methods for graphene, comprising exfoliation, reduction, 
deposition, etc, omit giving evidence for ambipolar behaviour by recording the 
Dirac curve, as the conductivity, resistivity or drain-source current vs. gate voltage 
measured in a Field Effect Transistor (FET) device configuration is called. 
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Transmission electron microscopy (TEM) or atomic force microscopy (AFM), 
often used to demonstrate the graphene character of newly produced material, are 
very local probes and do not inform on the overall graphene quality. If one wants to 
compare chemically produced material with high quality graphene created by 
micromechanical cleavage, the Dirac curve is the best non local probe. Both 
graphene and graphite display good conductivity; therefore measuring a high flake 
conductivity without gate voltage dependence does not prove a bipolar behaviour. 
To the best of our knowledge the measurements reported by Gómez-Navarro et al. 
8 were the first to actually show the ambipolar character of the deposited 
chemically prepared material, i.e. reduced graphene oxide. The room-temperature 
field-effect mobilities of 2-200 cm2/Vs for holes and 0.5-30 cm2/Vs for electrons 
reported for these reduced GO samples are approximately 2 orders of magnitude 
lower than those of mechanically cleaved graphene1 and definitely lower then the 
200000 cm2 V−1 s−1 field effect mobility of free-standing graphene40 because of the 
defective nature of the reduced layers (see section below). The reader should be 
aware that field effect mobility values depend on channel length and electrode 
material, therefore the cited numbers (here and below) always refer to the devices 
employed in the cited works. As we will discuss further on, extracting mobility 
values from incomplete Dirac curves, like the ones recorded by Gómez-Navarro 
et al.,8 where the metallic regime is not reached, is a non trivial task and gives only 
approximate values. The data, shown in Figure A3-2, collected at various 
temperatures under a low pressure of helium exhibit maximal resistance close to 
zero gate voltage because of this inert atmosphere. Prolonged exposure to ambient 
air (>24 h) resulted in a pronounced shift of the maximum toward positive gate 
voltages, which could be reversed by placing the sample in vacuum. This observed 
shift was attributed to doping by oxygen and/or water absorption, similarly to what 
was observed in the past with for carbon nanotubes (CNTs) 41 and for 
micromechanically cleaved graphene1. Similarly Jung et al.42 43 demonstrated the 
high sensitivity of the GO to water vapour by recording Dirac curves at various 
stages of exposure. As shown in figure A3-2(b), when sweeping the gate voltage 
there is a large hysteresis effect for the maximum of the Dirac curve of the sample 
exposed to air. In analogy with water adsorbed on CNTs 44 this effect has been 
attributed 43 as presumably due to charge trapping resulting from water (and 
various microsolvated contaminants) adsorbed both on the graphene oxide sheet 
and the underlying substrate. Additional treatment in vacuum causes this hysteresis 
to disappear 42 and drastically alters the electrical properties: the FWHM of the 
Dirac curve, which is directly connected to the mobility 1, becomes smaller, while 
the maximum decreases and moves to negative gate voltage, revealing a slight p-
doping (see figure A3-2(b)).  
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Figure A3-2 Resistance as a function of back gate voltage of various graphene 
oxide and reduced graphene oxide monolayers measured in a field effect 
device configuration (Dirac curve) (a) Reprinted with permission from 
C. Gomez-Navarro et al 8 Copyright 2007 American Chemical Society.; (b) 
Reprinted with permission from I. Jung et al.42 Copyright 2008 American 
Chemical Society.; (c) Graph reprinted with permission from R.Y.N. Gengler, 
et al. 45 Copyright 2010 Wiley-VCH; (d) Reprinted with permission from A. B. 
Kaiser et al. 46 Copyright 2009 American Chemical Society. 
 
Similar observations have been reported for differently functionalized GO films33, 

47,45. Particularly interesting are results on GO layers deposited using a LS method 
and measured at various stages of treatment, starting from a chemical reduction 
followed by annealing and exposure of the hot sample to ethylene in UHV (see 
figure A3-2(c)), 45 where it was shown that this last step triggers not only a further 
reconstruction of the graphene oxide to graphene but also protects the reduced GO 
sheets from the environment. In fact, subsequent exposure to air barely affected the 
electronic properties.  
In the quest for best quality chemically prepared graphene, a very recent study by 
Kaiser et al. 46 where the GO flakes were chemically reduced in a hydrogen plasma 
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shows the Dirac curve with the smallest FWHM ever observed for reduced GO in a 
Field Effect Transistor (FET) configuration (figure A3-2(b)) and with a maximum 
at zero gate voltage (measurement performed at 220 K). Even this best Dirac curve 
does not display a clear transition to the pure metallic regime where one should 
observe a flattening of the curve at high positive or negative gate voltage value 
since the resistance becomes independent of the applied gate voltage. The best 
criterion for the quality of reduced GO is the charge carrier mobility µ, given by 
the formula µ=(neR)-1, where n is the carrier density, e is the electron charge and R 
is the sheet resistivity. However, one has to keep in mind that this formula is 
applicable only in the metallic regime where the carrier density can be considered 
uniform and the presence of electron hole puddles does not play a role 18 using it in 
the vicinity of the Dirac neutrality point can be misleading. Due to the very broad 
resistivity curves that are measured in graphene prepared by reducing GO (see 
figure A3-1), the applied gate voltages prove not to be enough to reach the metallic 
regime. To extract the carrier mobility, one can assume that the resistivity vs gate 
voltage curve resembles the typical resistivity behaviour of micromechanically 
cleaved graphene in the metallic regime as well, but with a scaling factor for both 
the gate voltage and the resistivity. As shown in figure A3-2(c) 45 the comparison 
with the measurements on mechanically exfoliated graphene samples and using this 
scaling yields a carrier mobility for the studied reduced GO in the range of 4 cm2 
V-1 s-1 in the metallic regime, i.e. a factor of 500 lower than in mechanically 
exfoliated graphene. For this and from the data presented in Figure A3-2 for other 
reduced GO, it seems quite clear that the transport properties of reduced GO are 
limited by structural defects or imperfections. A structural model that captures the 
essential features of transport through an individual GO sheet at different stages of 
reduction by thermal annealing was proposed by Mattevi et al. 33 and is presented 
by a series of sketches in figure A3-3. First (figure A-3a) sp2 clusters are isolated 
by areas functionalized with oxygen atoms. As the material is progressively 
reduced, hopping and tunneling among the clusters increase (figure A3-3b). Further 
reduction by removal of oxygen leads to greater connectivity among the original 
graphitic domains by formation of new smaller sp2 clusters, but also to an increase 
in structural defects via evolution of CO and/or CO2 species (especially from epoxy 
groups), indicated as pentagons in figure A3-3c and d. Thus, transport in the initial 
stages of reduction occurs via tunneling or hopping among the sp2 clusters. In the 
following section we shall review what is known about the nature of defects 
studied by Scanning Tunneling Microscopy (STM) and High-Resolution 
Transmission Electron Microscopy (HR-TEM) but before we would like to focus 
on how the electronic properties change as a function of the reduction treatment. 
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Figure A3-3 Structural model of graphene oxide at different stages of 
reduction by thermal annealing taken reprinted with permission from C. 
Mattevi et al. 33 Copyright 2009 Wiley-VCH. (a) room temperature; (b) ~100ºC 
(c) ~220ºC; (d) ~500ºC. The dark grey areas represent sp2 carbon clusters and 
the light grey areas represent sp3 carbon bonded to oxygen groups 
(represented by small dots). At ~220ºC, the percolation among the sp2 clusters 
initiates (corresponding to sp2 fraction of ~0.6). 

Figure A3-4.: Conductivity (left panel graph reprinted with permission from 
C. Mattevi et al. 33 Copyright 2009 Wiley-VCH) and transfer characteristics 
(right panel graph reprinted with permission from G. Eda et al. 48 Copyright 
2009 American Chemical Society) vs. gate voltage in field effect devices 
prepared with graphene oxide as a function of reduction treatment.  
 
An example, shown in the right panel of figure A3-4, is the work by Eda et al.48 
who built field effect devices with GO prepared by a modified Hummers and 
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Offeman’s method and then reduced by exposure to saturated vapour of hydrazine 
monohydrate in a loosely sealed Petri dish at 80ºC over a variable length of time. 
Measurements performed at 78 K and RT (figure A3-3 right panel) clearly show 
that the conductivity continuously improves as a function of reduction time. 
Several GO flakes reduced directly in anhydrous hydrazine prior to deposition were 
also studied (named HG-A and HG-B in the figure A3-3 right panel). The devices 
made with the latter were annealed in N2/H2 (90/10) atmosphere at 150ºC for 1 h 
prior to measurements and exhibit an even better conductivity. However, one also 
notes that the ‘V’ shape of the ambipolar graphene transfer characteristics becomes 
less pronounced as the reduction time progresses. In micromechanically cleaved 
graphene, this dip in conductivity is well understood and the minimum corresponds 
to a conductivity ~4e2/h at the charge neutrality point, Vg = VDirac, where e and h are 
the electric charge and Planck constant, respectively. A way to quantify the 
depression of the conductivity dip in reduced GO is to establish the so-called on/off 
ratio, which is the ratio between the current in the ‘supposedly metallic’ regime and 
the current at the neutrality point. In the data plotted in the right panel of figure A3-
3a change in on/off ratio from 103 to 2 is observed. A similar behaviour was 
observed for a three layer GO flake studied by Mattevi et al. 33 as shown in the left 
panel of figure A3-3: as the flake was heated in vacuum to induce reduction 
thermally, the conductivity went from 10-5 to 10 Scm-1 but again the ‘V’ shape of 
the ambipolar graphene transfer characteristics was more pronounced for GO 
reduced at 150oC compared to films reduced at 450oC and the on/off ratio of the 
film annealed at 150oC is 10 and decreased to ~2 with further reduction. GO 
reduced by exposure to hydrazine monohydrate vapour at 80oC also exhibited the 
‘V’ shape, comparable to devices made with the film annealed at 250oC. These 
results demonstrate that while higher temperature or longer exposure time to a 
reducing agent clearly lead to an increased conductivity of the reduced GO sheets, 
a mild reduction (well tuned timing of exposure to the reducing agent or annealing 
to around 150-200oC) seems advantageous in order to preserve the ‘V’ shape of the 
ambipolar graphene transfer characteristics (i.e. a high on/off ratio). Alternatively, 
improvement can be achieved with the use of ethylene and temperature ranging 
from 500-600oC 45. However, from all these measurements by various research 
groups it seems quite clear that the intrinsic properties of graphene are never 
completely recovered.  
To close this section dedicated to electronic properties of graphene another proof of 
the versatility and quality of the chemical approach was given by impressive results 
of X. Li et al. 49 who deposited graphene nanoribbons with a width of ~10 nm from 
a stabilized solution using non covalent polymer functionalization and integrated 
them in field effect transistors to test their low dimensional (quasi 1D) properties. 
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In detail, these nanoribbons were synthesized from commercial expandable 
graphite (a graphite intercalated with sulphuric acid and nitric acid and hence very 
similar to the oxidized graphite even if not named so) through exfoliation by brief 
(60 s) heating to 1000°C in a mixture of 3% hydrogen in argon. The resulting 
exfoliated graphite was dispersed in a 1,2-dichloroethane solution of poly(m-
phenylenevinylene-co- 2,5-dioctoxy-p-phenylenevinylene) (PmPV) by sonication 
to form a homogeneous dispersion. AFM images of the nanoribbons indicate a  

 

Figure A3-5 left panel (a)–(c) Conductance as a function of gate voltage 
measured at different temperatures for FETs made from  mechanically 
cleaved graphene which was lithographically patterned into a ribbon 
structure; Figure reprinted with permission from M. Y. Han et al. 50 (2007). 
Copyright 2007 by the American Physical Society. The width of each 
nanoribbon is indicated in each panel. Right panel: Transfer characteristics 
(current versus gate voltage Ids-Vgs) for FETs built from (d) a 9 nm wide 
chemically produced nanoribbon (thickness ~ 1.5 nm, ~2 layers) with a 
channel length L ~130 nm and (e) Transfer characteristics for a ≈5 nm wide 
nanoribbon (thickness ~1.5 nm, ~2 layers and channel length L ~210 nm) with 
Pd contacts. The inset shows a AFM image of this device. (scale bar is 100 
nm). Figure from X. Li et al. 49 Reprinted with permission from AAAS. 

(a) 

(b) 

(c) 

(e) 

(d) 
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height of 1-1.8 nm which results from not perfect exfoliation yielding a few layers 
graphite and from the non-covalent functionalization with the polymer. In figure 
A3-5 we present the transfer characteristics (Dirac curves) of these nanoribbons 
(right panel) together with those recorded for devices fabricated with mechanically 
cleaved graphene which was lithographically patterned into a ribbon structure. 50 
The left part of Figure A3-5 shows electrical measurements of mechanically 
cleaved etched graphene 50 resulting in a quasi one-dimensional structure with 
narrow width and atomically smooth edges, which exhibits the opening of a band 
gap. For such structure, lateral confinement of charge carriers manifests itself 50 at 
room temperature with the typical V-shaped conductance vs. gate voltage, but 
showing a minimum conductance of the order of 4e2/h (W/L), but, unlike large 
graphene sheets, nanoribbons with width W<100 nm show a decrease in minimum 
conductance of more than one order of magnitude at low temperatures. For 
example, for the nanoribbon with W~24+4 nm (Figure A3-5 (d) left panel), a large 
‘‘gap’’ region appears for 25<Vg<45 V, where the conductance is below detection 
limits. This strong temperature dependence differs strongly from to that of the large 
micromechanically cleaved graphene samples where the minimum conductance 
changes less than 30% in the temperature range 30 mK–300 K 51. The suppression 
of the usual V shape curve characteristics of the graphene and its replacement by a 
clear on/off behaviour around the neutrality point is generated by the opening of 
the band gap. Similar transfer characteristics were also observed for the chemically 
produced graphene nanoribbons (figure A3-5 right panel) for which Li et al. 49 

observed that the room-temperature on-off current switching (Ion /Ioff ) induced by 
the gate voltage increased exponentially with decreasing nanoribbon width. All 
their measurements gave evidence for p-type unipolar graphene nanoribbon FETs 
(it is not explained why the behaviour is unipolar) and electrostatic simulations of 
the gate capacitances gave an estimated hole mobility in the ≤ 10 nm wide ribbons 
of ~100 to 200 cm2 /V s. 
 

Structural integrity of chemically prepared graphene 
As shown in the previous section, reduced graphene oxide (RGO) shows the 
typical ambipolar behaviour expected for graphene but strongly influenced by the 
presence of defects/impurities. The structural integrity of the RGO can be 
investigated by several methods as described hereafter. Low energy electron 
diffraction (LEED) and selected area electron diffraction (SAED) have been the 
methods of choice to reveal local and global high crystallinity of reduced GO and 
exfoliated samples (see last section for the latter) because the cross section for 
interaction with electrons is 105 times higher than with X-rays, electrons can be 
focussed on very small spots and these techniques do not require access to large 
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scale facilities like synchrotron or neutron sources. STM and high resolution HR-
TEM are probably today’s most powerful tools to investigate, locally, the structural 
integrity of a given material. Therefore, we review hereafter some of the most 
relevant studies realized on GO and reduced GO. Figure A3-6(a) shows the STM 
image of a GO sheet deposited onto HOPG after dispersion in water with the help 
of soft sonication 8, The hexagonal lattice of graphene is clearly preserved in some 
parts of the sheet while the regions marked by green contours presumably contain 
functional groups from the oxidation process and appear disordered. The degree of 
oxidation/defect level of this type of sheets was calculated from a range of 
measurements and agrees with spectroscopic data 8. The STM image in figure A3-
6(b) shows similar features for different GO, called functionalized graphene in the 
original report, prepared through rapid heating of GO in solution 36 and subsequent 
deposition on HOPG and is also clearly distinguishable from pristine graphene 
(shown in the insert of figure A3-6(b). Even though figure A3-6(b) does not reveal 
large regions with a honeycomb lattice as seen in figure A3-6 (a), a Fourier 
transform of the image (see insert figure A3-6(b)) shows a clear hexagonal 
structure, signature of a graphitic backbone. The observed separation of pristine 
graphene and disordered regions in these GO sheets agrees with the theoretical 
prediction that these functional groups should arrange in islands and rows 52. GO 
shown in figure A3-6 appears quite rough with a peak to peak distance of about 

 

Figure A3-6 (a) STM image of a graphene oxide monolayer on HOPG. 
Oxidized regions are marked by green contours, Reprinted with permission 
from C. Gomez-Navarro et al. 8 Copyright 2007 American Chemical Society. 
(b) 10 x 10 nm STM image of a different type of oxidized graphene on HOPG, 
Fourier transform of the image shows that the hexagonal order is present 
(inset on the right top), and inset on the left bottom shows an STM image of 
HOPG recorded with identical scan conditions, Reprinted with permission 
from K.N. Kudin et al. 36 Copyright 2008 American Chemical Society. 
 

1.7nm

(a) (b) 
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Figure A3-7 (Left panel) STM image Reprinted from D. Pandey et al. 54 with 
permission from Elsevier and model for –O and –OH attachment by A. 
Buchsteiner et al.53 (Right panel). Reprinted from D. Pandey et al.54 with 
permission from Elsevier. 
 
1 nm, most likely due to the presence of random –O and –OH or defects. However, 
a model for the possible bonding sites of –O and –OH on a graphene layer 53 
reproduced in figure A3-7 (right panel), shows a possible arrangement where top 
and bottom –O and –OH groups are attached to the graphene sheet in a periodic 
fashion. Such a structure has been observed by Pandey et al.54 in STM images of 
GO prepared following the classic Hummers and Offeman’s method as illustrated 
in the left panel of figure A3-7. This is the first atomically resolved image of a  
 

 

Figure A3-8 (Left) STM image from L. Chua et al.55 of Octadecylamine 
functionalized-GO and representative line profile after thermal treatment at 
different temperatures. (a) Pristine, (b) after 10 min 100°C in N2, (c) after 10 
min 300°C in N2, and (d) after 15 min 700°C in N2. Conditions: V tip =2.0 V, i 
tunnel =100 pA, and T=77 K. Image vertical scale: 1.0 nm (bright is high and 
dark is low). Reprint with permission from L. Chua et al., 55 copyright 2008 
American institute of physics. 
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graphene oxide sheet which seems nevertheless to refer to rather small areas since 
the reported STM field of view is only of ~2 nm2.This periodic structure can 
therefore be regarded as a minority phase of GO while  the randomly attached 
functional groups discussed before constitute the majority phase. 
Surface functionalization of GO can be a means to introduce desired chemical 
groups for control of the surface properties and for integration into devices. In this 
context it is not only important to understand the functionalization process itself 
but also to identify how the introduced groups influence the graphene properties. 
As a representative example, 55 STM images GO nanosheets functionalized- with 
octadecylamine are displayed in figure A3-8; the line profile across the sheet edge 
extracted from these images is also shown. The authors argue that by adding the 
van der Waals radius of graphene to twice that of octadecylamine since the 
molecules are grafted on both of sides of the nanosheet, one obtains a total van der 
Waals radius of 1.0-1.2 nm, in agreement with the observed STM image. Note that-
this value also agrees AFM data 45 of octadecylamine-functionalized GO. The 
series of STM imagines on figure A3-8 displays the thickness and morphology 
evolution as a function of the temperature. No changes in morphology/coverage of 
grafted groups are observed for annealing at to 373 K, while annealing beyond this 
temperature results in a progressive diminution of the bright features on top of 
graphene, identified as the grafted groups, as well as a decrease in the average 
thickness. This trend is observed up to a temperature of 973 K where very few 
bright features remain. One can conclude from these observations that the 
octadecylamine functionalities progressively detach from the graphene sheet. 

 

Figure A3-9 Transmission electron micrograph of water soluble functionalized 
GO, Reprinted with permission from Y. Si et al.56 Copyright 2008 American 
Chemical Society. 
 
Additional proof of the graphene-like structure of the graphene oxide and 
functionalized graphene oxide is provided by TEM images and diffraction patterns 
(SAED). Figure A3-9 shows a TEM image of functionalized graphene oxide 
obtained by reducing exfoliated graphite oxide in the presence of poly(sodium-4  
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styrene  sulfonate).56 The large single sheet appears transparent and folded over at 
the edges, with isolated small graphene fragments on its surface, similarly to what 
one observes for micromechanically cleaved graphene.57 Figure A3-10 presents 
instead the TEM images and diffraction pattern of graphene oxidized with benzoyl 
peroxide after reduction.58 Again single sheets with a hexagonal diffraction pattern 
are evident. This is the only GO not produced using Hummers and Offeman’s, 
Brodie’s or Straudemair’s methods and the flakes are significantly smaller than 
what one can obtain using the ‘classical oxidation routes’.  
 

 

Figure A3-10 Transmission electron micrographs of benzoyl peroxide oxidized 
Graphene Oxide. Scale bar 200 nm (left) and 10 nm (right). Reprint with 
permission from J. Shen et al. 58 Copyright 2009 American Chemical Society. 

Going large-scale  
 
While in the previous section we mainly focused on the properties and quality of 
the graphene flakes prepared by various methods, in this section we review which 
approaches can be considered best in terms of “large-scale” production. To this end 
we compared various preparation methods on the basis of different microscopies or 
optical images of the produced material. In this comparison we consider first the 
chemically exfoliated flakes and then how controllably surfaces can be covered 
with single graphene sheets. Figure A3-11 shows one of the first AFM images of 
isolated exfoliated single layer GO, namely a ~ 10 µm2 sheet deposited from a 
colloidal dispersion to a mica substrate and measured to be ~1 nm thick.59 In the 
bottom right panel of figure A3-11, one can see the size distribution of the first 
chemically derivatized graphite oxide exfoliated in organic solvents (also deposited 
on mica).60 These two examples of single layers of pure and chemically 
functionalized GO are among the first where complete exfoliation was achieved 
and have therefore been chosen to illustrate the starting point of a rapid evolution. 
In these pioneering results neither 
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Figure A3-11 (Top) Non-contact mode AFM image of isolated exfoliated single 
layer graphene oxide; from S. Stankovich et al. 59 Reproduced by permission 
of the Royal Society of Chemistry. (Bottom) A non-contact AFM image of 
nanoplatelets deposited on a mica surface from a dispersion of phenyl 
isocyanate-treated GO in DMF  ; Line 1=0.7 µm , line 2 =1.0 µm and CONTIN 
analysis showing the intensity-weighted hydrodynamic diameter distribution 
of phenyl isocyanate-treated GO nanoplatelets exfoliated in DMF. Reprinted 
from S. Stankovich et al.60 with permission from Elsevier. 
 
the coverage nor the number of deposited layers was controlled (see figure A3-11 
top and bottom left). Few years later, still using the same Hummers and Offeman’s 
method to produce the starting GO, new deposition procedures were developed to 
achieve larger flake size, high controllability of the packing and last but not least 
single layer deposition.  
 

 

Figure A3-12 (Top) SEM images of the monolayers of highly covered sample. 
Scale bars represent 100 µm. (bottom) LB assembly of GO single layers. (a-d) 
SEM images showing the collected GO monolayers on a silicon wafer at 
different regions of the isotherm. The packing density was continuously tuned: 
(a) dilute monolayer of isolated flat sheets, (b) monolayer of close-packed GO, 
(c) overpacked monolayer with sheets folded at interconnecting edges, and (d) 
over packed monolayer with folded and partially overlapped sheets 
interlocking with each other. Reprinted with permission from L.J. Cote et al. 
17 Copyright 2009 American Chemical Society.  
 
Two examples of optimal results obtained so far for the deposition of chemically 
prepared graphene are illustrated in figure A3-12 top and bottom represent. Cote et 
al.17 used a LB method first reported Li et al.7 but achieved a drastic improvement 
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in terms of flake size and controlled deposition. Similar control alongside with 
proof of the true graphene quality was reported shortly after by Gengler et al. 45 
(see figure A3-2 and beginning of this chapter). Since one can monitor the surface 
pressure on top of the water in the LB trough, the packing of the graphene oxide 
sheets floating at the air/water interface is controlled very easily. As illustrated by 
the sequence of images (a)-(d) in the bottom panel of figure A3-12, the more or 
less compacted floating layer can be transferred to a variety of substrates by 
vertical or horizontal dipping. One can see an increased coverage; in the first image 
(figure A3-12 bottom) where flakes with lateral dimensions of 4-10 µm are well 
dispersed with a distance of 5-20 µm between them. With increasing surface 
pressure, the packing increases from image (b), where the inter-flake distance is 
1-2 µm to less then 1 µm with some contact between the flakes in image (c), to 
finally the densest case in image (d), where the GO flakes are so compressed that 
they start to overlap at the borders. GO flakes reaching mm sizes for use as thin 
film electrodes when reduced, were reported by Su et al.61 

  

Figure A3-13 (Left) A scheme of the templating process that shows the 
formation of the amino-terminated template on mica-peeled gold, followed by 
immersion in a dispersion of graphite oxide to the reduction of the captured 
GO to form reduced graphite oxide. (Right) (a-d) Friction images of 11-amino 
1-undecanethiol (AUT)-patterned Au following 5 s (a), 30 s (b), 10 min (c), and 
17 h (d) immersion times in GO dispersions, respectively. All images are 10 
µm wide and show the bright (high friction) 11-amino 1-undecanethiol (AUT) 
being covered with the lower friction GO. (e) Plot of the percent coverage and 
average height of the GO films as a function of time. There is a quick 
adsorption period followed by a much longer and slower adsorption. 
Reprinted with permission from Z. Wei et al.62 Copyright 2008 American 
Chemical Society.  
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A last example of deposition we review here is one where selectivity is achieved 
through surface modification, namely a study by Wei et al.62 of GO transferred 
from a colloidal dispersion to a patterned substrate. As summarized by the figure 
A3-13, the authors show that a charged molecular template created using 
microcontact printing can direct the attachment of a single graphene oxide layer. 
The method is based on a few simple steps: first the desired template is printed 
using microcontact printing; the molecule chosen by the authors was 11-amino-1-
undecanethiol. Then the gold substrate printed with the pattern of self-assembled 
molecules is immersed in a GO solution. The authors show that this latter step is 
critical: time, pH and GO concentration influence drastically the quality of the 
deposition. Once this attachment is achieved, the adsorbed layer can be processed 
further – for example with a reduction treatment of GO to obtain graphene. Figure 
A3-13 documents the success of this method, since in the AFM image on the left 
(labelled c) selective adsorption can be clearly distinguished. The images on the 
right of figure A3-13 show instead the influence of the dipping time on the 
coverage of the patterned surface, in fact, a dipping time of 5s (figure A3-13 a) 
produces a coverage of ~50% while immersion for 17h (figure A3-13d) covered 
the patterned surface up to ~90%. A similar templated deposition was reported by 
Li et al. 63 and in principle one can envision other methods for producing the 
template such as dip pen lithography.64  
 

The roadmap to high quality – going oxide? 
 
The scientific landscape has been flooded in the few last years by a huge amount of 
reports on new methods in terms of production, deposition, reduction or exfoliation 
of graphene, supposedly one better then the other. In this last section we draw up a 
condensed summary of the most relevant examples and point out what we believe 
to be the best currently available ways to prepare graphene. Scheme A3-2, our 
roadmap to high quality graphene, displays CVD, mechanical cleavage, Si carbide 
and other methods defined previously but we shall focus our attention on the 
methods using chemically derived graphene. Graphite is on top of this scheme and 
represents today’s reality: all or a huge majority of the chemical approaches are top 
down; in opposition to bottom up approaches so commonly used in material 
science. Bottom up approaches for graphene-like 2D polymers are not the scope of 
this review but we refer the reader to Junji Sakamoto et al.65 
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Scheme A3-2 The roadmap to high quality graphene.  
 
Anyone getting started in graphene production can choose from many different 
routes leading to the goal but requiring/involving a series of procedures that will 
result in the same end material, though of various quality. Starting from graphite, 
one has two options, going through oxidation or avoiding it. The ease and 
relatively high yield of the graphite oxide approach lead a lot of research groups to 
follow that path. The starting point is in this first case the oxidation of graphite 
(any type) by means of potassium chlorate and fuming nitric acid treatment(s) as 
described by Brodie in 185911 or, as proposed by Staudenmaier10, by use of sulfuric 
and nitric acid combined with potassium chlorate or still, as suggested by 
Hummers and Offeman12, using concentrated sulfuric acid, sodium nitrate and 
potassium permanganate as explained in the first section of this review. This last 
method is the most commonly used for the synthesis of graphite oxide and 
accepted as the most efficient. To the best of our knowledge, Shen et al.58 is the 
only report of a recent alternative method where benzoyl peroxide is reacted with 
graphite at moderate temperature and under sonication to produce exfoliated 
graphene oxide sheets. Depending on the application or fundamental study 
graphene/graphene oxide is destined for, a number of processing steps is then 
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needed in order to achieve the desired properties, i.e. in many cases to recover a 
decent conductivity-while still keeping transparency. Other studies report on the 
creation of composite material, which either consists of stacked pure GO, GO 
mixed with a polymer alone or combined with other layered material like clay.66,21 
Some of these composite materials do not require any reduction treatment and use 
graphene oxide as it is, the GO paper discovered by Ruoff et al.67,68 being a famous 
example of such composite film. On the other hand, the overwhelming majority of 
the literature of the past few years concentrates on the reconversion of GO to 
graphene and its deposition for various purposes. Scheme 2 lists the most relevant 
reduction methods. To the best of our knowledge, the flash photoreduction 
discovered by Cote et al.69 is the fastest reduction process ever (10-4s) and involves 
in terms of equipment only a conventional flash of a digital camera. The reduction 
occurs because the very large photon flux induces a thermal deoxygenation. 
Unfortunately, little evidence supports the graphene-like behaviour of the product. 
Nevertheless we believe this approach to be promising. Today’s most efficient 
procedure for the reduction of GO seems to be the H plasma reduction method 
proposed by Kern et al.46, even though it requires more time (5-10 s) and more 
equipment is needed. This statement is supported by the outstanding Dirac curve 
displayed in figure A3-1b.46 The optimized conditions were found to be 5-10 s of 
exposure to a plasma operating at 0.8 mbar of H and 30 W of power. Ranking next 
in terms of proven efficiency come purely thermal treatments or heat treatments in 
vacuum or controlled atmosphere preceded by Hydrazine or NaBH4 reduction 
process (for further reading, we recommend recent theoretical works70,71 which 
present possible models for the hydrazine induced deoxygenation ). Once more, the 
reduction effectiveness is clearly proven by the Dirac curves of devices prepared 
by various groups (14,22,33,42,45,46,72,73,74 see as well figure A3-1). The most suitable 
temperature for annealing is still undefined: some groups report on the damage of 
the ambipolar characteristic after annealing above ~200oC,33 others report on an 
improved ambipolar behaviour for temperatures up to 500-600oC (accompanied by 
ethylene exposure).45 Two additional methods leading to reduced graphene oxide 
are listed in the lower part of the scheme 2. Firstly, solvothermal reduction 
(including hydrothermal reduction) which proceeds in a solvent (water when 
hydrothermal) while applying mild annealing. The trick is to keep single layers 
suspended in the solution after reduction. Zhou et al.75 showed such an example of 
hydrothermal reduction and proved using Raman spectroscopy, XPS and AFM that 
the material was substantially reduced but still single or bilayer. Other examples of 
solvothermal reduction procedures can be found in the literature76,77; Wang et al.78 
reported Dirac curves of a solvothermally reduced material, whereas Fan et al.79 
prepared a graphene dispersion through deoxygenation by simply heating an 
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exfoliated-GO dispersion under strongly alkaline conditions at moderate 
temperatures (50–90oC). Based on these results hydro/solvothermal reduction can 
be considered as a good candidate for reduced GO production if the single layer 
character can be preserved, for example by depositing the layer beforehand.  
An alternative approach reported by Liu et al.80, Ganganahalli et al.81, Zhou et al.82 
and Wang et al.83 (most probably without knowing of each other’s work) is the 
reduction of graphene oxide using electrochemistry. While voltametry seem to 
prove an irreversible transformation of the oxidized material, preventing the single 
layers from aggregating is once more a central issue. Ganganahalli et al.81 is the 
only group actually showing that their electrochemical reduced GO consists of 
single layers. Though electrochemical methods seem promising, a lot of effort is 
still needed to develop procedures for a more complete reduction while conserving 
monolayer characteristics if one actually wants to produce graphene and not very 
thin graphite! 
We finish our review of GO deoxidation with two examples of catalytic reduction. 
The first, reported by Williams et al.,84 describes how graphene oxide suspended in 
ethanol undergoes reduction as it accepts electrons from UV-irradiated TiO2 
dispersions. The second 85 involves the use of SnCl2 in HCL and Urea, the reaction 
that creates SnO2 nanoparticles. The reduced nature of the end product was 
established by XPS in the SnO2 case and qualitatively proven by a colour change in 
the TiO2 dispersions. The effect of such a nanoparticule overlayer on the electrical 
properties is unfortunately not documented.  
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Chapter 4 
Graphite exfoliation and 

deposition using the 
Langmuir Schaefer 

Approach 

4.1   Short introduction 
 
As described in the previous chapter, graphene was discovered half a decade ago 
and proved the existence of a two-dimensional system which becomes stable as a 
result of three-dimensional (3D) corrugation. It appeared very quickly that this 
exceptional material had truly outstanding electronic, mechanical, thermal and 
optical properties. Consequently a broad range of applications appeared as the 
graphene science speedily moved forward. Since then, a lot of effort has been 
devoted not only to the study of graphene but also to its fabrication. Here we report 
on a chemical approach based on the exfoliation of graphene (without oxidation) 
and deposition of the produced material using a Langmuir Schaefer (LS) approach. 
The results presented here are preliminary but meant to be compared with the 
graphene oxide presented in chapter 3 of this thesis. The attention will be focussed 
on successful transfer of unfunctionalized graphene to a substrate at an air-water 
interface as afforded by the LS method. An introduction to the chemistry of 
exfoliation is given hereafter.   
 

4.2   Why exfoliated graphene? 
 
While we discussed in chapter 3 and its appendix mainly the ambipolar behaviour, 
structural properties and the coverage analysis concerning reduced graphene oxide, 
this section is dedicated to the chemical preparation of graphene without oxidation 
(listed in the right part of our roadmap to graphene, scheme A3-2). This study was 
motivated by the need of a reliable chemical method for the creation and deposition 
of pure graphene in order to hopefully increase the quality in term of conductivity 
(i.e. transport). 



 
Graphite exfoliation and deposition using the Langmuir Schaefer Approach. -97- 

 
Recent research efforts showed that a very effective method for the exfoliation of 
graphite is afforded by the use of organic solvents such as N-Methylpyrrolidone 
(NMP), N,N-Dimethylacetamide (DMA), g-butyrolactone (GBL) and 
1,3-dimethyl-2-imidazolidinone (DMEU) and was proposed by Hernandez et al.1 
This exfoliation takes place due to the solvent-graphene interaction energy. In fact, 
this process works for solvents which have an interaction energy with graphene 
that is equal to the graphene-graphene interaction energy2,3,4 resulting in a 
minimal energy cost to overcome the van der Waals forces between the graphene 
sheets. High quality graphene is produced in this way but the very low 
concentration of single layer graphene in the dispersion (0.01 mg ml-1)1 is a 
drawback. Some of the best TEM images using the solvent exfoliation route are 
displayed in figure 4-1 where one can distinguish monolayer graphene with sizes in 
the range of 0.5-1 µm. Among the proposed solvents NMP seems to yield the best 
results since one can clearly see graphene single layers in the corresponding TEM 
images. Fig 4-1h displays a histogram of the number of layers per sheet for the 
exfoliation of graphite in NMP which is peaked between 1 and 4 layers. An 
alternative route, still based on NMP but avoiding the sonication step to afford 
bigger flakes, was proposed by Vallés et al.5 Inspired by carbon nanotube (CNT)  

 

Figure 4-1 Electron microscopy of graphite and graphene. (a) SEM image of 
sieved, pristine graphite (scale bar: 500 mm). (b) SEM image of sediment after 
centrifugation (scale bar: 25 mm). (c–e) Bright-field TEM images of 
monolayer graphene flakes deposited from GBL (c) DMEU (d) and NMP (e), 
respectively, (scale bars: 500 nm). (f, g) Bright-field TEM images of a folded 
graphene sheet and multilayer graphene, both deposited from NMP (scale 
bars: 500 nm). (h) Histogram of the number of visual observations of flakes as 
a function of the number of monolayers per flake for NMP dispersions. 
Images and graph reprinted by permission from Macmillan Publishers Ltd: 
Nature Nanotechnology, Y. Hernandez et al. 1, Copyright 2008. 
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processing technology,6 the authors showed that the exposure of graphite to a 
ternary potassium salt K (THF) x C 24 (THF) tetrahydrofurane, x ) 1-3) in NMP 
leads to stable exfoliation of graphite. As depicted in scheme 4-1, an alkali metal 
graphite intercalation compound is formed, which thanks to its charge, helps the 
exfoliation of graphite in NMP and leads to a stable dispersion of negatively charge 
graphene in NMP mixed with the alkaline salt. 
As expected for this mild exfoliation method, yields drastically improved flake size 
as compared to the results reported in figures 4-1. Very recently Bourlinos et al.7 
presented an approach following the idea of Hernandez et al.1 for the exfoliation of 
graphite with the help of solvents with a surface energy that matches the graphene-
graphene interaction energy2,3,4. Some of the solvents of this approach belong to a 
peculiar class of perfluorinated aromatic molecules8,9 and include 
hexafluorobenzene (C6F6), octafluorotoluene (C6F5CF3), pentafluorobenzonitrile 
(C6F5CN), and pentafluoropyridine (C5F5N). Aside from the aromatic compounds  

 

Scheme 4-1 Representation of the potassium salt K(THF) x C 24 (THF ) 
tetrahydrofurane, x ) 1-3) driven exfoliation of graphite in  NMP. Scheme 
reprinted with permission from C. Vallés et al.5 Copyright 2008 American 
Chemical Society.  

 

 

Figure 4-2 (Top) Colloidal dispersions obtained after liquid-phase exfoliation 
of graphite using the perfluorinated aromatic solvents below. (Bottom) TEM 
images of some pentafluorobenzonitrile-etched thin sheets. The SAED pattern 
is included as inset. Images reprinted with the permission from AB. Bourlinos 
et al. 7 Copyright 2009 Wiley-VCH. 
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Boulinos et al.7. also found that some non-aromatic solvents tested successfully for 
dispersing graphite, namely ethyl acetate, vinyl acetate, methyl chloroacetate, 
2-methoxyethyl ether acetylacetone, and N-tetramethylmethylenediamine, which 
all exhibited remarkable colloidal stabilities and concentrations of 0.2-0.3 mg ml-1. 
Examples of the dispersions and TEM images are presented in figure 4-2. Uniform 
dark dispersions testify to the absence of aggregation, while single to 2-3 layer 
thick graphene with flake size is in the order of few micrometers were observed by 
TEM. 
Lotya et al.10 proposed a liquid phase exfoliation of graphene which does not 
require oxidation or high temperature, avoids expensive solvents and is even, 
according to the author, safe and user friendly. Here graphite was dispersed in 
surfactant-water solutions in a manner similar to surfactant aided CNT 
dispersion.11-15 The dispersed graphitic/graphene flakes are stabilized against re-
aggregation by Coulomb repulsion between the adsorbed surfactant molecules. 
Electrical measurements on such flakes show a conductivity of 35 S/m, a low value 
attributed to the presence of residual surfactant molecules which are difficult to 
remove even after several washing treatments. After annealing at 250oC, as 
expected the conductivity rose to 1500 S/m (the sheet resistance fell from 920 KΩ 
to 22.5 KΩ) while optical measurements demonstrated that the transparency did 
not vary throughout the processing. However, this conductivity value is still far 
from those resulting after the reduction of graphene oxide, which vary from 
7200 S/m 16 to 10000 S/m 17and also significantly lower than the conductivity of 
graphene derived from exfoliation in NMP (6500 S/m).77 Nevertheless, HRTEM 
with atomic resolution reproduced in figure 4-3(a) shows the monolayers to be well 
graphitized and largely defect free. The authors observed large flakes made of 
monolayers and bilayers but also reaggregation of thin layers. Selected area 
electron diffraction images reveal the hexagonal lattice of graphene and from the 
analysis of images like that reproduced in Figure 4-3(b), one can deduce from the 
number of lines at the edge of the flake that it is a three layer graphite sheet 18. The 
relative amount of the multilayer structures is illustrated in the histogram of the 
number of layers per flake for dispersions from original sieved graphite and from 
recycled sediment shown in figure 4-3 (the very large flakes are ignored in this 
histogram); from this histogram one deduces that ~43% of flakes have less then 
5 layers and about ~3% of the flakes were monolayer graphene. While this value is 
considerably smaller than that observed for graphene/solvent dispersions, working 
in aqueous systems has its own advantages. In general, the majority of these few-
layer flakes had lateral dimensions of ~1 µm. Though these results do not compete 
with the top quality of the reduced graphene oxide, we believe that today’s research 
is at the beginning and much more can be expected from such an approach. 
Characterization of the electrical properties would be of great help to learn more 
about the true quality of the prepared material and it is obvious that efforts are still 
needed to conserve larger flake sizes in this kind of approach.  
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Figure 4-3 High-resolution TEM images of surfactant exfoliated graphene 
flakes. (a) A HRTEM image of a section of a graphene monolayer. Inset: Fast 
Fourier transform (equivalent to an electron diffraction pattern) of the image. 
(b) HRTEM image of a section of a trilayer. Inset: Fast Fourier transform of 
the image. (c) HRTEM image of part of a graphene monolayer. Inset: Fast 
Fourier transform of the region enclosed by the white square. The scale bar is 
1 nm. (d) A filtered image of part of the region in the white square. (e) 
Intensity analysis along the left white dashed line shows a hexagon width of 2.4 
Å. (f) Intensity analysis along the right white dashed line shows a C-C bond 
length of 1.44 Å. Reprinted with permission from M. Lotya et al.10  Copyright 
2009 American Chemical Society. Histograms of the number of layers per 
flake for dispersions from original sieved graphite and from recycled 
sediment. (Right) Graphs reprinted with permission from M. Lotya et al. 10 
Copyright 2009 American Chemical Society. 

4.3   Deposition attempt of not-oxidized graphene 
 
As already described in the previous chapter, we developed a technique for the 
controlled deposition of single layer graphene on arbitrary substrates. The 
preparation method very similar to this previous system (i.e. graphene oxide-ODA 
functionalized) is summarized in Scheme 4-2. As we just reviewed in the previous 
paragraph regarding the exfoliation without oxidation, it was demonstrated that 
graphite can be exfoliated and turned soluble through chemical treatment. In 
opposition to the previously demonstrated method (Clay or GO-chapters 2 and 3), 
in the present case ultra pure Millipore 18 MΩ was used as a subphase for the 
Langmuir–Schaefer deposition (while mixing of small amounts of clay or GO were 
used previously). Whereas one would commonly inject long chain molecule at the 
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air-water interface to form a monolayer or trigger an hybridization, we used here 
pure graphene as the surface active agent. As in a common LB experiment the 
solvent was allowed to evaporate and the layer was compressed to a desired 
pressure (= packing of the floating material) prior to deposition (Scheme 4-2). The 
study of the stability of the material floating at air-water interface was performed 
following a procedure very similar to the oneapllied to clay and GO and describe 
hereafter. 
We used as injected material, graphene chemically exfoliated and 
suspended/solubilised in two solvents (2-methoxyethyl ether and pyridine-technical 
data can be found in appendix of this chapter). A significant part of the research 
efforts was dedicated to find out which solvents were suitable for the LS approach 
and having good exfoliation properties as well as to determining the right 
parameters for the stabilization and deposition of such material. 

 

Scheme 4-2 – Representation of the injection of graphene at the air-water 
interface of the LB trough and evaporation of the carrier solvent (A). 
Compression of the floating graphene layer (B)  
 
In the quest to understand the properties of a new surface active agent at the air 
water interface, the first measurements to perform are isotherms where one 
compresses the area between the barriers (while the temperature is kept constant) 
and studies the surface tension behaviour when applying this external stimulus. As 
a reminder, if a material injected between the barriers is not amphiphilic or 
sufficiently hydrophobic, it will not be able to “float” at the air water interface and 
will therefore not create any film. In this case the injected material will simply set 
down at the bottom of the trough and accordingly no change of the surface 
properties of the water will be observed (no change of the surface tension). 
Conversely, any floating material will give rise to a change in surface pressure 
when compressed sufficiently to act on the pressure sensor, or if sprayed on the 
water surface in large quantities. Any rise in pressure is therefore associated with 
the presence of floating material - in our case graphene. 
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4.4   Isotherms of 2-methoxyethyl ether 
 
As mentioned above two solvents were investigated for what concerns their 
suitability for exfoliation and LS deposition. A first set of experiments was 
performed on 2-methoxyethyl ether exfoliated graphene. The material and methods 
were as described by Bourlinos et al.7 the material was actually provided by 
Bourlinos, who also confirmed by TEM measurements that single layer graphene 
was present and stable in the carrier solvent. Our task was then to try to study and 
deposit the exfoliated graphene. 
The graph of figure 4-4 summarizes this effort: it presents isotherms recorded 
during various compression and decompression cycles of 2-methoxyethyl ether 
exfoliated graphene sprayed over the LB interface and equilibrated for 20 min. 
Various injection volumes were considered while the concentration of graphene in 
the solvent was kept constant. It can be observed that even for 100 µl of 2-
methoxyethyl ether containing graphene, a rise in surface tension can be observed, 
and that a larger injection volume leads to an increased surface tension. 
Furthermore changes in the isotherm shape as a function of compression cycle 
(compression-decompression-recompression of the same surface active agent) 
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Figure 4-4 Comparison between the isotherms made with different amounts of 
solution. Compression decompression and recompression for volumes of 
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revealed instability of the formed layer. Since no isotherms of pure 2-methoxyethyl 
ether were performed it was not clear whether this instability came from an 
extremely slow solvent evaporation or was due to the instability of the graphene 
itself (further data clarified this point).  
AFM micrographs of the deposited layer on SiO2 showed a very poor quality with 
extremely low coverage and the protocol proved not easily reproducible. This 
convinced us to investigate a different graphene-solvent system. 

4.5   Pyridine-graphene 
 
The second solvent used was pure pyridine, also chosen for its ability to exfoliate 
graphene as discussed in Bourlinos et al.7 although a full study of this system has 
not been reported yet. Since the chemistry of graphene is still an emerging field, a 
general understanding of the broad range of applicable solvents for the exfoliation 
and their respective yields is still underway. However, theoretical calculations of 
the surface energy of given solvents defined the range of potential candidates7 and 
pyridine is one of them. Experimentally graphene-pyridine (GP) was prepared 
through the exfoliation of graphite in pyridine by a 170 W sonication for 1 h. A 
cartoon of the exfoliation process is depicted in Scheme 4-3, where in (i) one can 
see pyridine molecules (representative for the solvent) and few layer graphite 
(representative of the starting material). As sonication is applied, from ii) to iii), 
pyridine finds its way into the graphite stack and pushes the sheets apart, until 
 

 

Scheme 4-3 Schematic representation of the pyridine induced exfoliation of 
graphene. 
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at the stage iv) the intercalated pyridine has completely de-stacked the graphite into 
no longer interacting, freestanding graphene sheets. This cartoon idealizes the 
process and unfortunately the yield of exfoliation is not 100%. In fact, in order to 
preserve as large sheets of graphene as possible, one needs to compromise between 
long sonication times which push up the yield of completely exfoliated layers but 
produces smaller flake sizes, and short sonication times leading to a higher amount 
of not completely exfoliated multilayers but larger flakes.  
Different starting concentrations of graphite in pyridine were chosen. A photograph 
of the 3 solutions directly after the sonication is shown in figure 4-5(I). The highly 
concentrated solution on the left shows a very dark coloration, and going from left 
to right, the lower the graphite concentration the lighter the solution appears. We 
can conclude from this observation that the graphitic material which was initially in 
powder form has now been at least partially exfoliated and rendered dispersible. 
The extent of the exfoliation cannot be judged for those photographs. In time part 
of the suspended material migrates to the bottom under the action of gravity as 
shown in the Fig 4-5 (II), which presents photograph of the same 3 vials was taken 
5 days after sonication. One can indeed observe a dark precipitate but more 
importantly a greyish supernatant indicating that some exfoliated material stays 
ultimately suspended/in solution. The stability of the material was checked over 
dramatically longer period of time (of several months) and proven stable. Five days 
after sonication, the supernatant was separated from the precipitate by siphoning it 
of the isotherms of the GP was performed in order to ascertain the properties of the 
exfoliated material once sprayed onto the-water surface. A crucial step, which we 
unfortunately omitted in the 2-methoxyethyl ether case, consisted of the study of  
 

 

Figure 4-5 Optical photographs of various synthesis stages of the graphene-
pyridine for different starting concentrations of graphite in pyridine, namely 
0.5 mg/ml, 0.2 mg/ml and 0.05 mg/ml: (I) the dispersions right after 
sonication, (II) after 5 days during which suspended material precipitated to 
the bottom of the vial and (III) after the supernatant was separated from the 
precipitate.  
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the properties of the pure solvent at the air-water interface. They were therefore 
performed for pure pyridine. A summary of the study of the stability measurements 
of pyridene layers is depicted on figure 4-6; the different curves correspond to 
different injected volumes which were allowed to stabilize for 10 min and 
subsequently compressed. One can see that for the smallest volume (150 µl) a 
complete compression did not lead to any rise in surface tension. A first 
compression of the layer formed after injection of 300 µl (named compression 1 in 
the graph) resulted in a short increase in surface pressure while the compression 2, 
corresponding recompression following the cycle of the first compression and 
decompression, shows an even shorter increase (green curve in Figure 4-6). This 
supports the hypothesis that the solvent is soluble/volatile enough to not lead to the 
formation of any stable solid layer at the interface. Whatever the injected volume, a 
relatively short waiting time will result in a complete evaporation/solubilisation, 
although of course a longer evaporation/solubilisation times will be needed for a 
larger volume. Bearing in mind this property of pyridine, the next logic step was to 
inject GP at the air water interface, and to test the surface agent property of the 
mixture now containing pure graphene (supposedly hydrophobic-see definition of 
polarity in the introduction chapter). Figure 4-6 (right) displays the isotherms of 
two volumes of a given concentration of GP (0.5-0.05 mg/ml). One immediately 
notices that the compression leads to a dramatically increased rise of the surface off 
to yield the dispersion displayed in the last photograph (III) of figure 4-5 and used 
for the LS experiment. Similarly to the 2-methoxyethyl ether case, a study pressure 
at the air water interface than that observed for an equivalent volume of pure 
pyridine (figure 4-6): for 200 µl and 300 µl of GP supernatant, the surface 
 

 

Figure 4-6 (Left) Isotherms of pure pyridine collected after 10 min 
stabilization time subsequent to spraying different volumes onto the water 
surface of a LB trough. (Right) Isotherms of Graphene-pyridine collected 
after 10 min stabilization time subsequent to spraying different volumes of the 
supernatant from the exfoliation process onto the water surface of a LB 
trough (for details see text). 
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pressure reaches values of 7 mNm-1 and 14.5 mNm-1, respectively. This difference 
in behaviour clearly testifies to the successful formation of a stable graphene layer 
at the air water interface. To the best of our knowledge those are the first results of 
this kind. Few research groups have achieved a stabilization and deposition of 
graphene oxide but none ever achieved stabilization of unfunctionalized graphene. 
However, as we shall describe below, although the first step of stabilization was 
achieved, realizing a successful well controlled deposition of this graphene layer is 
not a trivial task. 

4.6   Deposition on various substrates 
 
When compressing classical LB films to pressures usually of 10 mN m-1, the 
molecules floating between the barriers form a stable 2D solid film and deposition 
can be performed. Depending on the nature of the film and the structure one wants 
to construct as well as the substrate type, one can consider to deposit following the 
2 modes described in the introduction, namely vertical dipping of the substrate, 
called LB deposition,19 and horizontal dipping called LS deposition.20 For this 

 

Figure 4-7 Tapping mode AFM micrographs of a selected region of graphene-
pyridine deposited on SiO2. The same region is viewed topographically (top 
left) and in phase contrast (top right), corresponding plane corrected (bottom 
left) and flooded (bottom right) images are also shown to emphasis the hills 
created by graphene. 
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study we opted for the latter (like for ODA functionalized graphene oxide 
previously discussed in chapter 3 of this thesis). 
Depositions were performed at various applied surface pressures in order to verify 
the quality of the graphene packing and its controllability. The deposited films 
were characterized by atomic force (AFM) and scanning electron (SEM) 
microscopies. While ODA functionalized graphene oxide (see chapter 3) showed a 
very high coverage due to a high transfer ratio, it is not clear why for the graphene 
exfoliated with pyridine a deposition at the same pressure leads to a very different 
result as shown in Figure 4-7. 
In fact, Figure 4-7 shows the AFM images of one of the most promising results: GP 
deposited at 20 mN/m of surface pressure and assisted with a bubbling effect 
(discussed below). In both the top left and top right panels, which present the 
topography and phase contrast of GP deposited on SiO2, respectively, only isolated 
flakes having lateral sizes that range form 0.5 to 2µm can be identified. The debris 
observable on top and next to the flakes (white spots) might originate either from 
post deposition contamination or leftover material from the deposition process 
itself. Height measurements on these flakes, either by recording step edge profiles 
or by establishing height histograms, reveal a flake thickness of 0.6 nm±0.2 nm 
which is in accordance with the literature for single layer flakes deposited on SiO2 
(REF). The images in the bottom panels of the Figure 4-7 have received some 
further treatment in order to flatten the image (left) or to increase the visual 
contrast between the graphene an the substrate (right).  
Further characterisation with SEM allowed to visualize the sample on a larger 
scale). In figure 4-8 SEM micrographs providing a detailed view of a typical region 
which presents both types of deposited material are reproduced. The right panel is 
an enlarged image of a selected part of the left one (highlighted with a white 
rectangle). These images, in accordance with AFM, show solid like elements (light 
grey) that appear to be single layer graphene. In several locations within the field 
of view, darker contrast is observed, presumingly corresponding to bi- and few 
layer graphite. These very thin layers are always found in the vicinity of tens of 
micron large elements giving a very dark contrast, which we suspect to be also 
graphitic material. Another valuable piece of information comes from the coverage 
of the substrate. While at the surface pressure applied in the LB for the deposition 
(20 mN/m) one would expect a solid like coverage of most of the surface, the SEM 
micrograph reveals that the major part of the surface is uncovered, or covered by 
unresolvable nanometric elements. Even in the selected area of figure 4-8 one finds 
a coverage of around 50% for the bigger elements (>0.5 µm of lateral size) while 
~10% of the area is covered by ~100 nm-sized material.  
Two hypotheses can explain this surprising result: a wide size distribution of single 
layer graphene or a very poor transfer ratio. In the first scenario, one could imagine 
that the prolonged sonication that affords the 0.5-1 µm single layer graphene 
flakes, could also be responsible for the creation of a significant amount of few 
nanometer (1-20 nm) sized debris of graphene surrounded by pyridine (or not). 
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Once injected with the rest of the GP exfoliated material, such debris, which is by 
nature hydrophobic, will float on the air-water interface. This effect would indeed 
affect the surface pressure and truly create a film not visible with the probing 
methods we used. Only STM could prove this hypothesis. Following this line of 
thought, an improved of the deposition yield producing densely packed, reasonably 
sized (>1 um) graphene flakes on the chosen substrate, would require a purification 
which eliminates all undesired small graphene/graphitic material. Such a selection 
could be achieved through centrifugation.  
A second hypothesis, consistent with the AFM and SEM observations, could be 
that the transfer ratio/yield is very low. Although having perfectly hydrophobic 
surface, the floating material (i.e. graphene) could lack of “sticking affinity”, the 
graphene would then be well packed at the air-water interface but would hardly 
attach to any type of substrate. In fact, no surfactants are employed here, while the 
surfactant most of the time acts as a clue binding a material to the substrate. This 
could clearly be seen especially well when processing graphene and graphene 
oxide to make devices as described in Chapter 3 of this thesis, where we noticed 
that loosing graphene obtained from microcleavage was quite common while the 
surfactant coated graphene oxide never detached from the surface. However, a 
careful study of the surface energy of the pyrene covered graphene, SiO2 and 
SAM/gold should be carried out to prove that no surfactants are needed to create an 
interaction between the Langmuir film and the substrate. Exploring the validity of 
one or the other proposed hypotheses is still to be done. We also studied the 
stability of the Langmuir film in time. In an ideal case, once a surface active agent 
is stable at the air-water interface, if well below its boiling point, it should stay at 
the interface for an infinite amount of time. Real life scenarios are slightly different 
of course but most of the commonly used surfactants like the fatty acid-long chain 
molecule C16+, can survive at the air water interface when packed in a liquid or 
solid like state for days. Unlike the extremely stable DODA-clay system discussed 
in chapter 2 (isobar for several 
 

 

Figure 4-8 SEM image of the graphene pyridine. 



 
Graphite exfoliation and deposition using the Langmuir Schaefer Approach. -109- 

 
days) and the less but still reasonable stable ODA-GO system discussed in chapter 
3 of this thesis, the stability of the GP air-water interface is quite poor. When we 
stabilized a very extended area (large amount of molecules at the interface) 
stabilized at a given pressure, the packed system survived only for few hours. We 
believe the stability is connected to the hydrophobic character of the species.  
When a Langmuir film is built up of solely highly amphiphilic surfactants it is 
extremely stable, while the hybrid clay surfactant system is a bit less stable due to 
the clay pulling down the surfactant. The graphene pyridine system on the other 
hand is permanently in the risk of drowning. To counteract this tendency, we tried 
to get as much graphene to the surface as possible by applying a trick proposed by 
Cote et al. very recently.21 The ingenious idea consists of the application of a 
stream of gas bubbled through the water to catch the material in dispersion - Cote 
et al. used gaseous water for that purpose. Random collisions between individual 
bubbles and graphene anchor the latter and drive it towards the surface simply 
through buoyancy. 
Applying this trick to our GP system by bubbling N2 or Ar through the subphase 
for 10-20 min before stabilization, improved the layer quality. In fact, the results of 
this manipulation are the ones displayed in figure 4-8. Unfortunately the 
improvement in the deposition yield could not be verified at larger scale. The 
figure 4-9 shows the tapping mode AFM images of G-pyridine prepared by a 6 min 
sonicating time and deposited (from the supernatant of the GP) at a surface 
pressure of 28 mNm-1. One can observe a medium coverage of the substrate 
surface, topographic profile showed that the flakes are ~4-6nm thick. From those 
observations, one understands the crucial role played by the sonication time, indeed 
more flakes are observed but they are not fully exfoliated. A detailed study of the 
sonication vs population and flake dimension is still to be done.  

  

Figure 4-9 Tapping mode AFM micrographs of a selected regions of few layer 
graphene-pyridine deposited on SiO2. GP sonicated for 6 min. 
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4.7   Conclusion 
 
We showed that the synthesis, but mainly the deposition of single layer not 
oxidized graphene was possible; as for GO the method affords single layer 
graphene on arbitrary substrates without size limitation and under ambient 
conditions. The controllability, coverage and single to multilayer ratio still need to 
be optimized. Efforts should be driven towards a better size/thickness selection of 
the flakes prior to injection. Investigation of the sticking properties of graphene for 
various substrates has still to be done to increase the transfer ratio. 
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Appendix 4 
Description of pyridine and 

2-methoxyethyl ether

 

4.8.1    Pyridine  
Molecular structure : 

 
 
Linear Formula:C5H5N 
Molecular Weight:79.10 
 
bp 115 °C(lit.) 

mp −42 °C(lit.) 

density 0.978 g/mL at 25 °C(lit.) 
©Sigma Aldrich  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

4.8.2   2-methoxyethyl ether 
Molecular Structure: 
 

  
 
 
 
Molecular Formula C6H14O3  
Molecular Weight 134.17 
 
Density  0.937 
Melting point  -64 ºC 
Boiling point  162 ºC 
©http://www.chemblink.com/product
s/111-96-6.ht 
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Chapter 5 
Clays as Template for the 

Synthesis of Highly Ordered 
C60-Aluminosilicate Hybrids 

5.1   Motivation 
 
Much of the research effort concerning the nanoscopic properties of clays focuses 
on mechanical applications such as nano-fillers for polymer reinforcement. To 
broaden the horizon of what is possible by exploiting the richness of clays in 
nanoscience, we explore a new bottom-up approach for the production of hybrid 
materials where clays act as the structure directing interface and reaction media. 
This new method, based on combing self-assembly (SA) processes with the 
Langmuir-Schaefer (LS) technique, uses the clay nanosheets as a template for the 
grafting of C60 in a bi-dimensional array, and allows for perfect layer-by-layer 
growth with control at the molecular level. In contrast to the more common growth 
of C60 arrays through nano-patterning, our approach is performed in atmospheric 
conditions, can be upscaled to cm2 areas and applied to virtually any hydrophobic 
substrate. Here we present a detailed study of this approach by means of 
temperature-dependant X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS), atomic force microscopy (AFM) and scanning tunnelling microscopy 
(STM).  
 

5.2   Introduction 
 
In recent years, low-dimensional assemblies, where order and organization follow 
supramolecular principles, have assumed remarkable importance due to their 
outstanding physical (photophysical, electrical etc) and/or chemical (catalysis, 
molecular separation etc) and/or biological (drug delivery, biosensing etc) 
properties.1 Controlling both the organization of the assemblies and their physical 
and chemical properties through simple external parameters led to the creation of 
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new tailored functional materials.2 Top-down methods based on photolithography 
were largely developed for integrated circuit (IC) manufacturing and are found to 
be practical for inorganic materials and metals but less suitable to control the 
nanostructuring of organic building blocks. An alternative method is the bottom-up 
approach where, by imitating strategies of biological SA, 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. In particular, molecular alignment in a two-dimensional assembly 
can be tuned to modify the physical and chemical properties of the resulting 
material. Thin films grown by deposition in ultra high vacuum (UHV) are a much-
exploited example of this behaviour where the initial monolayer maximizes the van 
der Waals and Coulomb forces to produce flat adsorption, while the subsequent 
deposition often makes molecules stand up.3 However, islanding resulting in both 
two-dimensional (2D) and 3D arrangements is not easily avoidable in this 
fabrication method. 
Here we take an alternative approach based on one of the most common - though 
not widely manipulated - materials, namely layered smectite clay, and aim at 
developing and studying highly ordered 2D assemblies of carbon based 
nanostructured systems such as fullerenes. Natural or synthetic smectite clays are 
layered materials consisting of nanometer-size aluminosilicate platelets which 
present a unique combination of swelling, intercalation and ion exchange 
properties that make them valuable nanostructures in diverse fields.4,5 Their 
structure consists of an octahedral alumina layer fused between two tetrahedral 
silica layers. The 1 nm thick layers are negatively charged and neutrality is 
obtained, for example, by hydrated cations present between adjacent platelets. The 
intercalation process in these systems is equivalent to ion exchange and, unlike 
intercalation compounds of graphite, does not involve necessarily charge transfer 
between the guest and host species. These materials have the natural ability to 
absorb organic or inorganic guest cationic species (and even neutral molecules) 
from solutions. It is this cation “storage” that gives unique properties to clay 
minerals and  is the basis for their use as catalysts,6 templates7,8 in organic 
synthesis or as building blocks for composite materials.9-12 The nature of the 
microenvironment between the aluminosilicate sheets regulates the topology of the 
intercalated molecules and affects possible supramolecular rearrangements or 
reactions, such as SA processes that are not easily controlled in the solution 
phase.10-12  
Fullerenes and their compounds exhibit an extremely rich collection of interesting 
and potentially useful physical properties: they are excellent electron acceptors, can 
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be transformed into synthetic metals, exhibit superconductivity13 at transition 
temperatures only exceeded by those of the cuprates, support ferromagnetism14 
(without the presence of d or f electrons) and display remarkable non-linear optical 
behaviour.15 Considerable efforts have been made to develop C60-based assemblies 
and supramolecular nanostructures,16,17 however, fullerenes spontaneously 
aggregate when deposited on solid surfaces where they are not strongly 
chemisorbed. In spite of this, when fullerene molecules are placed between clay 
layers, the microenvironment of the interlayer space can avoid aggregation of the 
C60 cages and allow the study of 2D structures of these molecules. Recently18,19 we 
described the insertion and subsequent behaviour of a series of water-soluble 
fullerene derivatives into the interlayer space of clay where high density and a high 
degree of ordering were achieved. Fulleropyrrolidine monoadduct and bisadduct 
derivatives, positively charged and soluble in water, were introduced into the clay 
galleries through a simple ion exchange. The experiments, complemented by 
computer simulations, revealed the successful intercalation of fulleropyrrolidine 
derivatives and demonstrated that the hybrid systems produced possess interesting 
optical and electronic properties. 
Over the past decade a new method combining SA and LB assembly has emerged 
and enabled the creation of novel clay hybrids grown layer-by-layer 2,20. Because of 
the spatial arrangement of the clay platelets, such an assembly leads to control at 
the nanoscale and retains order at the macroscale. Although this emerging field of 
clay nanoscience remains largely 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 a cation exchange driven 
SA process or via the integration of functional molecules.2,11,21-27 
In this chapter, we report on the synthesis of highly ordered bi-dimensional arrays 
of C60 sandwiched between clay layers by means of a modified (hybrid) LS 
method. Our film preparation approach involved a bottom-up layer-by-layer 
process that included the formation of a hybrid amphiphilic cation–clay mineral 
Langmuir film hosting C60 molecules within its interlayer space. This assembly of 
the clay stack with its guest molecules is afforded through a succession of charge 
driven functionalization (or self assembly) exploiting the clay’s templating 
properties. 
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5.3   Preparation of hybrid Surfactant Clay Surfactant 
C60 films 

5.3.1   Clay 

 
The clay used for the preparation of the hybrid films was a natural sodium-
saturated montmorillonite Kunipia F (KUN) provided by Kunimine 
Industries Co. (Japan) with the structural formula 
Ca0.11Na0.891(Si7.63Al0.37)(Al3.053Mg0.65Fe0.245Ti0.015)O20(OH)4 and cation-
exchange capacity (CEC) 1.18 meq g-1 of clay. The stock dispersion of the 
clay was prepared by stirring 1 g of clay for 12 hours in 1 liter of Millipore 
ultrapure water. The dispersion was diluted to a given concentration with 
pure water before being used as subphase in the LS deposition. 

5.3.2   Surfactant  
 
Dimethyldioctadecylammonium (DODA) bromide (purity 99+ %, Sigma-Aldrich) 
was used as received. DODA was dissolved in a mixture of HPLC-grade 
chloroform and methanol (9:1 in volume) to prepare a spreading solution of 0.1 mg 
ml-1. For surface modification, a mixture of ethanol and pure water (8:2 in volume) 
with 0.5 mg ml-1 of DODA was used. 
 

5.3.3   Preparation of the hybrid layers 
 
All films were prepared following the deposition cycle depicted in the scheme of 
figure 5-1 by means of a Nima Technology thermostated 612D LB trough at a 
temperature of 21 ± 0.5°C. The pressure sensor employs a Wilhemly plate (small 
length of chromatography paper) to measure surface pressure (reduction in surface 
tension). Pure water and clay dispersions in Millipore Q-grade water were used as 
subphase. A clay concentration in the dispersion of 10 ppm was chosen as the 
optimal value.28 Depending on the requirements of the characterization method, 
samples were deposited either on 150 nm gold film on mica for XPS, AFM and 
STM, or on SiO2 or glass substrates for XRD. First 200-300 µl of CHCl3-C2H5OH 
(9:1)-DODA mixture (0.1 mg ml-1) were injected at the air water interface. After a 
waiting time of 20-30 min to allow for hybridization to occur, the hybrid DODA-
clay layer at the air water interface was compressed at a rate of 30 cm2min-1 until 
the chosen stabilization pressure of 13 mNm-1 was reached. This pressure was  
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Figure 5-1. Schematic representation of the deposition cycle for DODA-clay-
DODA-C60 films. Step 1: deposition of the DODA-clay monolayer onto a 
substrate. Step 2: creation of a SAM of DODA on the DODA-clay layer. Step 
3: grafting of C60 onto the DODA-clay-DODA monolayer. Cycle (steps 1-3) 
can be repeated as many times as needed. 
 
maintained throughout the deposition process. Films were deposited by horizontal 
lift onto one of the above mentioned substrates, with downward and lifting speeds 
of 10 and 2 mm min-1, respectively. Samples were allowed to touch the water (very 
gentle dip of max 0.5 mm 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. To graft C60 to the clay surfaces a linker between 
the two is needed. In this experiment the linker was chosen to be a self-assembled 
monolayer (SAM) of DODA. As displayed in figure 5-1, the freshly deposited 
DODA-clay monolayer was lowered in an ethanol-water (9:1) DODA mixture (1 
mgml-1) to form a DODA-clay-DODA layer. Again, 18 MΩ MilliQ water cleaning 
was applied to remove excess material from the sample surface. During the first 
hybridization, when clay and DODA react through the cation exchange/attachment 
of the DODA molecules at the clay sheet surface within the LB trough and during 
the previously mentioned, chemically identical second hybridization, the sodium is 
substituted by DODA. The X-ray photoemission data discussed below testify to 
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this cation exchange process. The last step of this deposition procedure (see figure 
5-1) was a 2 min lowering of the hybrid layer (DODA-clay-DODA) in a solution of 
0.2 mg.ml-1 C60 (Sigma Aldrich sublimed, 99.9% used as received) in toluene 
(sigma Aldrich 99.5%, used as received), prepared by the mixing and short 
sonication (~1 min). This final step of the cycle was followed by rinsing with 
18 MΩ MilliQ water. To avoid contaminating with water any of the other solutions 
or more importantly, the LB air-water interface, samples were dried under a 
nitrogen flow after every washing step (step 1-3). We observed that omitting to dry 
a water droplet remaining on the substrate caused a disruption of the LB 
stabilization. To go from a single layer to multilayers, one simply repeats the cycle 
as many times as needed. We produced samples of 1 layer for STM and AFM and 
of 50 to 100 layers for XPS and XRD analysis.  

5.3.4   X-Ray Diffraction (XRD) 
 
XRD patterns were collected using a Philips PANanlytical X’Pert MRD 
diffractometer with a Cu Kα ((λ=1.5418Ǻ) radiation source (40kV, 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 0.02º step and counting 
time of 10 s per step for the non-ambient measurements recorded in a temperature 
range of 25º to 320º.  

5.3.5   Atomic force microscopy (AFM) 
 
AFM images of the films were recorded in tapping (non-contact) mode on a 
Scientec 5100 equipped with Si n-type cantilever with a tip radius <10 nm and a 
force constant of ~25-75 N/m. Data treatment was performed using WSXM 
freeware developed by Nanotec 29 

5.3.6   X-ray Photoelectron Spectroscopy (XPS) 
 
Photoemission spectra 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 in a base pressure of 3 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 referenced to the Si2p peak of clay at 102.9 eV 30,31. Spectral 
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analysis included a Shirley background subtraction.32 and peak deconvolution 
using a linear combination of Gaussian and Lorentzian functions with a mixing 
ratio of 0.9 (90% Gaussian) in a least squares curve fitting program (WinSpec) 
developed at the LISE, University of Namur, Belgium. 

5.3.7   Scanning tunneling microscopy (STM) 
 
STM images of the hybrid DODA-clay-DODA and DODA-clay-DDA-C60 layers 
were recorded at room temperature in the constant current mode using a Molecular 
Imaging STM with Pt/Ir mechanically cut tips. Further characterization of the 
DODA-clay-DODA-C60 layers was performed using a UHV He-cooled Omicron 
Multiprobe LT STM working at a base pressure of 5 x 10-11 mbar equipped with a 
Tungsten tip. Data treatment included plane subtraction, smoothing, and 
adjustment of colour scale and brightness to enhance the contrast. 

5.4   Results and discussion  
 

There have been few reports in the literature concerning the layer-by-layer 
fabrication of hybrid clay material,2,11,21-27 while other deposition methods allow  

 

Figure 5-2 Left panel: The black curve corresponds to the trough area 
covered by the hybrid DODA-clay monolayer which can be transferred to a 
substrate, recorded during the deposition of a 19 layer DODA-clay-DODA-C60 
film. The grey curve shows the stable surface pressure (here around 9.5 mN 
m-1). Right panel: Photographs of 40 layer DODA-clay-DODA-C60 and 
DODA-clay-DODA films deposited on mylar. 
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only a poor control of the film growth, our hybrid LS approach is extremely 
flexible and allows for a control of the growth at the molecular level. The 
successful transfer of the hybrid layers can be deduced from the plot of the pressure 
measured at the surface of the subphase in the LB trough versus time. Figure 5-2 
displays the time dependence of the total trough area covered by the hybrid 
monolayer that can be transferred to a substrate. At the beginning of an experiment, 
the trough barriers are extended and the air-water interface is fully covered by a 
stable monolayer. As a function of the time, as the substrate is dipped into the 
subphase, the total trough area reduces due to the transfer of one layer from the air-
water interface to the substrate at each dip. This transfer is visible as a sharp step 
on the curve. If the step height (which gives an area value) is equal to the substrate 
surface area, the transfer ratio is 1 and the surface is 100% covered by the hybrid 
layer, each time it is lowered into the subphase. A transfer ratio different from 
unity indicates an excess (multilayer transfer) or a lack of transfer (incomplete 
coverage). The curve displayed in figure 5-2 is a typical example of such a curve 
recorded during the deposition of a 19 layer thick hybrid DODA-clay-DODA-C60 
film. The transfer ratio was close to 1 throughout the deposition, testifying to a 
successful transfer at each dip. To gain more insight into the integration of C60 
guest within the formed clay template, we compared DODA-clay-DODA with 
DODA-clay-DODA-C60 films using temperature dependent XRD measurements. 
With this technique we can determine the d(00l) basal spacing of the hybrid clay 
structure. Figure 5-3 displays the XRD patterns of 80 layer thick films of DODA- 

 

Figure 5-3. Room temperature XRD patterns of 80 layer thick DODA-
clay-DODA and DODA-clay-DODA-C60 films deposited on glass and 
the corresponding sketches of the expected structures (on the right 
hand side). 
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clay-DODA and DODA-clay-DODA-C60 deposited on glass. A first glance reveals 
some differences between the patterns. The dotted/top line (C60 containing sample) 
is slightly broader and shifted towards low angles compared to the black/bottom 
curve which corresponds to the pure organoclay DODA-clay-DODA sample. 
These observations reveal a slight increase in d spacing for the C60 containing 
sample and an increased disorder due to the presence of C60 in the interlayer space. 
Since the surfactant layers were deposited in steps 1 and 2 (see figure 5-1) in 
exactly the same conditions (concentration and time) for both samples, the density 
of deposited surfactant should be identical. We therefore deduce that C60 is 
accommodated between the double alkyl chains of the surfactant and not on top of 
it, therefore not affecting significantly the organoclay structure. To confirm the 
presence of C60 in the hybrid structure, we annealed both samples to eliminate the 
surfactant molecules. The diffraction patterns shown in figure 5-4 left and right 
panels were recorded during a step by step annealing at the indicated temperatures, 
starting from room temperature up to 320oC. Using the Bragg formula, from these  

 

Figure 5-4 Temperature dependant XRD patterns of 80 layer thick 
DODA-clay-DODA (a) and DODA-clay-DODA-C60 (b) films deposited 
on glass and the corresponding sketches of the expected structure (on 
the right hand side). 
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Figure 5-5 d(001) value extracted from the X-ray diffraction patterns of 
DODA-clay-DODA (stripe) and DODA-clay-DODA-C60 (dot) films recorded 
at different temperatures. Final d(001) spacings are ~16.2 and ~13.8 Å for 
sample with and without C60, respectively. 
 
data one can extract the d spacing plotted in Figure 5-5 as a function of the 
annealing temperature. Starting above 180oC, the melting point of DODA, for both 
the DODA-clay-DODA and the DODA-clay-DODA-C60 film, one can see the d 
spacing shrinking as a function of temperature. However, the most interesting 
feature is the difference in final d-spacing of the two samples: ~13.5 Å and 
~16.5 Å, respectively, for the layers without and with fullerene. This observation is 
a first proof of the successful insertion of C60 between the clay sheets; because it is 
the presence of C60 (bulk C60 decomposes at 900 K33,34) that keeps the clay from 
collapsing to a lower d spacing by creating a pillared clay structure. One can argue 
that the value of the final d spacing of the pure organoclay is ~1-2 Å too thick; we 
assign this mismatch to the inevitable presence of cations inside the clay stack, 
necessary to achieve charge neutrality. The size of coherently diffracting domains 
can be estimated from the peak width using the Scherrer equation. We found 200 Å 
for the as-deposited film and 73 Å after annealing. Converted into layer units, these 
coherence lengths correspond to ~7 layers for the starting material and ~5 layers 
for the annealed one. One can therefore conclude that a slight increase in disorder 
is induced by the melting and de-intercalation of the DODA molecules. detailed 
analysis using background substraction and peak fitting (shown in appendix) lead 
to the same conclusions except for the observation (only after the background 
removal) of the same minor second phase/conformation as observed in the pure 
organoclay system.  
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Figure 5-6 X-ray photoemission spectra of the normalized C1s and Si2p 
core level regions for a 50 layer thick DODA-clay-DODA-C60 film 
deposited on glass, before (+) and after (∆) annealing (350oC); the top 
left panel shows an enlargement of the C 1s shake-up region while on 
the bottom right the structure of the samples is schematically depicted. 
 
XPS is not only a direct method to investigate the chemical composition of the 
surface but also sensitive to the chemical environment of each element. Figure 5-6 
shows a comparison of the C1s photoemission lines of the starting DODA-clay-
DODA-C60 and of the same film after temperature treatment (main photoemission 
line and shake up). What one notices first, is the dramatic intensity difference 
between the as-deposited film and annealed one (both are normalized to Si2p 
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photoemission intensity). The 3 times higher carbon content of the as-deposited 
film surface can be explained by the film structure as sketched in the bottom of the 
figure 5-6: before annealing, the film is expected to be composed of C60 
intercalated among the long aliphatic chains of DODA sandwiched between clay 
platelets as discussed earlier in the XRD section, while after annealing only clay 
and C60 should be present. Since the probing depth of the XPS is limited to the first 
few nm, carbon from the long aliphatic chains of DODA dominates the spectrum 
before annealing, while after annealing, when most of DODA has de-intercalated, 
the structure has shrunk and C60 prevails in the C1s spectrum (see scheme figure 5-
6). The close-up on the high binding energy region next to the C1s peak shown in 
the top right panel of figure 5-6 confirms this picture: before annealing the typical 
C60 shake-up structure 35 is not visible because it is attenuated by DODA, but after 
the heat treatment it is clearly distinguishable testifying to the presence of C60 
within the clay stack.  
The N1s core line is a clear signature for the presence of surfactant molecules. In 
both the survey spectrum and the detailed scan (available in appendix) we find the 
N1s peak for the as-deposited film but not for the annealed film, once more 
supporting the structural model before and after heat treatment as described in the 
XRD section. The observed nitrogen signal arises from cyanide bond (CN*-CN+*) 
of the ammonium head group of the surfactant. The corresponding carbon to 
nitrogen bonds (C*N –C*N+) are probably responsible for the shoulder that 
appears in the high binding energy side of the C1s lines in figure 5-6 at energies of 
~286-288 eV.  
We sometimes also found spectral evidence for a minute amount of sodium, 
presumably due to an incomplete cation exchange reaction on the clay at the steps 
1 and 2 of the deposition (depicted in the scheme of figure 5-1) where Na+ are 
replaced by DODA. Optical photographs of the samples also support the successful 
insertion of C60 between the clay sheets as shown in figure 5-2: the 40 layer 
DODA-clay-DODA-C60 film on the left is darker (brownish) than the 40 layer film 
of DODA-clay-DODA; both were deposited on mylar. This darker colour is due to 
light absorption by C60.

36 Microscopies are extremely useful tools to characterize 
the layer quality in terms of roughness and homogeneity. The AFM height images 
and the corresponding phase contrast images of a 1 layer DODA-clay deposited at 
11 mNm-1 are shown in figure 5-7a and 7b. Roughness analysis made by 
calculating the root mean square (RMS) value of the height on a full image (10 µm 
of lateral size) gave values of around 3.4 nm. Although these results prove the 
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Figure 5-7 AFM images topography (left) and phase contrast (right) of 
one layer of DODA-clay deposited at a surface pressure of 11 mN m-1 on 
glass. 
 
overall good quality of the deposited hybrid clay films, the low resolution of AFM 
in non-contact mode made it difficult to demonstrate that C60 were present on the 
surface. Therefore STM measurements were performed and figure 5-8 displays the 
STM image of one layer of DODA-clay-DODA-C60 deposited on Au. Also at the 
higher magnification achievable by STM, the film is still uniform and C60 
molecules appear to cover the surface evenly but seem to be located at slightly 
different heights (more visible in the LT-STM measurements). This result can be 
interpreted in two ways. In fact, contrary to AFM, STM does not probe the true 
topographic profile but provides a current map of the scanned area, which in turn 
reflects the variations in electron density of states (for z constant, a higher density 
of states increases the probability of tunneling and therefore gives higher current). 
These variations could therefore indicate that some molecules are more distant 
from the tip then others but they could also reflect changes in the C60 density of 
states due to interaction, for example with the surfactant molecules. The 
experimental data can not exclude either of these interpretations; it is also possible 
that both effects occur. To the best of our knowledge, STM study of C60 on an 
organic template (the surfactant self-assembled layer) is still rather unexplored (Li 
et al.37 reported an STM study of C60 within but not on a SAM). Additional 
evidence for C60-surfactant interaction comes from room temperature STM 
measurements performed on the same sample in ambient conditions: on the images 
of figure 5-9 one recognizes the C60 molecules as ball shaped objects with a  
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Figure 5-8 Low temperature-scanning tunneling microscopy images of 
one layer of DODA-clay-DODA-C60 deposited on a gold substrate. 
Images recorded at 5 K, tunneling conditions ~1 V @ 0.5-0.2 nA. 

 
Figure 5-9 Sequence of ambient STM images of one layer of DODA-
clay-DODA-C60 deposited on a gold substrate. The images were 
recorded at 300 K, tunneling conditions 1.1 V @ 150 pA. 

1nm 
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diameter of ~ 6 Å; scanning the same area for a (few minutes) induces dynamical 
processes as one can see by comparing the succession of images in figure 5-9a-k. 
In fact, some C60 remain immobile while others move or even disappear from the 
scanned area. This testifies to the detachment of some C60 molecules from DODA 
induced by molecule-tip interaction. One can also observe that C60 stop moving 
when they aggregate in chains (examples marked by blue and black rectangle), 
probably due to stronger bonding with neighbouring C60 than with the surfactant. It 
is interesting to observe that aggregation of C60 appears to be quite low compared 
to what one would expect 38,39 on unfunctionalized surfaces such as graphite.   

5.5   Conclusion 
 
In conclusion, we described the controlled layer-by-layer deposition of hybrid 
films where C60 is inserted between aluminosilicate layers and surrounded by 
surfactant molecules. The deposition was performed using an organic-inorganic 
hybrid Langmuir-Schaefer approach. Characterization of the nanocomposite films 
by X-ray diffraction, X-ray photoelectron spectroscopy, and scanning probe 
microscopy proved the presence of C60 molecules in the clay stack and showed that 
the two-dimensional layer of C60 is uniform. The reported fabrication route opens 
new perspectives for the design and construction of functional organic/clay hybrid 
materials. 
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Appendix 5 
Complementary X-ray 

spectroscopy data 

A X-ray photoemission spectrum (survey scan) of the sample containing C60 is 
displayed in figure A5-1; one can see the spectroscopic signature of all the 
expected elements: Silicon, Aluminium and Oxygen that originate from the clay, 
Carbon from the surfactant and C60 (one can even identify the presence of the C60 
shake up), and nitrogen from the surfactant. Figure A5-2 shows a close-up on the 
spectral region with the peaks of Si, Al, and Mg testifying to the presence of clay.  

 

Figure A5-1 X-ray photoemission spectra survey scan recorded on an 80 layer 
thick DODA-CLAY-DODA-C 60 film.  
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Figure A5-2 X-ray photoemission spectrum of the low binding energy region 
recorded on an 80 layer thick DODA-CLAY-DODA-C60 film.  
 

The N1s spectra of nitrogen Figure A5-3 were recorded to prove the grafting of the 
surfactant to clay, as mentioned in the previous chapter, the N1s core level line 
shows two contributions at binding energies of 399 eV and 403 eV, which we 
assign to CN* and CN*+, i.e. unprotonated and protonated cyanide bonds, 
respectively. This cyanide fingerprint disappears after annealing testifying to the 
de-intercalation of the surfactant.   

 

Figure A5-3 X-ray photoemission spectra of the N1s core level region of an 80 
layer thick DODA-CLAY-DODA-C 60 film–before (left) and after annealing 
(right). 
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Figure A5-4: Fitted temperature dependant measurement of DDA-Clay-DDA 
(top left), DDA-Clay-DDA-C60 (top right) and the corresponding fitted peak 
positions vs temperature of DDA-Clay-DDA (bottom left), DDA-Clay-DDA-
C60 (bottom righ).  
 
For the detailed analysis of the XRD diffractogram illustrated above, the fit were 
perfored on the line after background substratcion. For the peak fitting a linear 
combination of Lorentzian and Gaussian lineshape with a 25-75% ratio was used. 
The data of DDA-Clay-DDA-C60 have been on purpose fitted with multiple peaks 
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at and after the transition temperature to evidence the occurrence of a broad range 
of d values through and after the transition. The plot of the fitted peaks positions vs 
temperature for the organoclay and organoclay C60 film show the presence of the 
minor phase as observe and describe in chapter 2. It appear as well clearly in the 
pure organoclay case that 001 and 002 reflection shift simultaniously (to lower d) 
above the transition temperature. This same process is less obvious in the DDA-
Clay-DDA-C60 case.  
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Chapter 6 
Insertion of Nickel (II) 

Oxamate in clay template 

6.1   Introduction 
 
The controlled synthesis of inorganic materials with specific morphology is an 
important aspect in the development of new materials in many fields such as 
catalysis, electronics, nanocomposites, etc. The morphosynthesis of these novel 
materials into suitable ordered host systems capable of incorporating molecules 
with interesting physical and chemical properties is a major challenge in current 
materials science and nanotechnology. Our focus here is to use a new approach 
involving templating and self-assembly of nanoscale building blocks to prepare 
novel layered molecular magnet-based materials.1-3 Among the potential magnetic 
guest molecules, transition metal polynuclear coordination compounds have 
attracted much attention since the discovery, in 1993,4,5 of the first single-molecule 
magnet (SMM) with the formula Mn12O12(O2CMe)16(H2O)4 (Mn12), which exhibits 
slow relaxation of the magnetization below a blocking temperature (TB) of 4.0 K. 
Nevertheless, the integration of such materials into actual functional devices will 
require morphosynthesis strategies to achieve spontaneous multilevel organization. 
To this purpose, heterogeneous self-assembly approaches using both inorganic and 
organic materials as support host systems have been used.6 Here we present a 
simple synthetic strategy to prepare new magnetic thin films of preformed 
polynuclear building blocks through the use of single clay platelets as host 
template. As already discussed previously, Montmorillonite clay is a class of 
layered aluminiosilicate minerals with a unique combination of swelling, 
intercalation, and ion exchange properties. Its structure consists of two tetrahedral 
silica layers sandwiching a central octahedral alumina sheet. The 0.96 nm thick 
layers are negatively charged and neutrality is obtained, for example when 
hydrated cations are present in the galleries. With the addition of water, the 
hydration shell around these cations can increase to such an extent that the clay 
aggregates not only swell but disintegrate into elementary clay mineral platelets. 
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This exfoliation that is an important part of our approach to build magnetic thin 
films; using the montmorillonite clay minerals as template in a combined 
Langmuir-Schaefer (LS) and self-assembly (SA) technique.  
 

6.2   Method 
 
As in the previous chapter, the type of montmorillonite we employed was a gift 
from Kuninine industries-Japan with the same formula as mentioned earlier. As 
magnetic guest molecule, we chose the octanuclear nickel(II) oxamate complex 
with the formula {[Ni2(mpba)3][Ni(dpt)(H2O)]6}(ClO4)4 12.5 H2O, where mpba is 
the bridging ligand m-phenylenedioxamate and dpt the terminal ligand 
dipropylenetriamine.7,8 The Ni8 cations have a dimer-of-tetramers structure with a 
double-propeller topology. Importantly, one coordination position of each of the 
six peripheral octahedral metal ions, partially blocked with the dipropylenetriamine 
ligand, is occupied by a labile water molecule that can be readily exchanged by 
anchoring and/or bridging deprotonated silanol groups from the host matrix during 
the ion-exchange process. 
To fabricate our films, we first prepared a diluted dispersion of negatively charged 
single clay nanosheets in water in a Langmuir-Blodgett (LB) trough. Then we 
spread cationic amphiphilic molecules, namely Dimethyldioctadecylam-monium 
(DODA) bromide [CH3(CH2)17]2(CH3)2N

+Br- dissolved in CHCl3-C2H5OH (9:1) 
mixture (0.1 mg ml-1), a non-aqueous volatile solvent, onto this dispersion. In 
contrast to a classical LB experiment, where the surfactant spreads and floats on a 
pure water surface, in our modified method some of the clay sheets in the subphase 
are electrostatically adsorbed onto the floating surfactant monolayer and hybrid 
floating DODA-clay platelet units are formed at the air-dispersion interface. 
Compressing the barriers of the LB trough a hybrid DODA-clay monolayer is 
formed. Figure 1 shows the surface pressure-area (Π-a) isotherm of DODA spread 
onto pure water and onto a Montmorillonite containing subphase (clay 
concentration of 10 ppm). The Π-a curve for the DODA/clay monolayer is steeper 
and shifted towards smaller areas per molecules than the corresponding curve for 
DODA on pure water. This effect can be explained by the adsorption of the 
negatively charged clay platelets on the positively charged surfactant monolayer, 
which partly compensates the electrostatic repulsion between DODA head groups, 
allowing for a higher molecular density at a given surface pressure.9 The molecular 
area of DODA in the presence of 10 ppm clay dispersion was estimate to be 82 
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Å2/molecule by extrapolating to zero pressure linear part of the isotherm where a 
condensed phase is formed.  
 

6.3   Results and discussion 

6.3.1   Isotherms and microscopy 

The LS hybrid DODA/clay films, prepared with a clay concentration of 10 ppm in 
the subphase, were successfully deposited by horizontal lifting at a constant surface 
pressure of 10 mNm-1. The AFM micrograph of one hybrid layer deposited onto 
hydrophobic glass plates shown as insert in figure 6-1, confirms the formation of a 
compact hybrid monolayer at the air-dispersion interface. The transferred film is 
covered on the outside with a clay layer, and some exchangeable cations (Na+) 
remain on the outer clay surface. By dipping this clay-terminated film in a solution 
containing a cationic compound (in our case Ni8), the later will naturally be 
adsorbed on the surface by an ion-exchange reaction and form a 2D cation layer on 
top of the clay surface. As sketched in the scheme in figure 6-2, this deposition 
sequence can be repeated as desired to create multilayered systems. 
 

 

Figure 6-1. Π-a isotherms of DODA on pure water (dotted line) and on 
aqueous subphase of clay (10 ppm, solid line). The inset shows the AFM 
image of the hybrid monolayer DODA/clay transferred onto glass plates 
at the surface pressure of 10 mN m-1. 
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Spectroscopic characterisation. Infrared spectroscopy (IR), X-ray photoelectron 
spectroscopy (XPS), magnetic measurements and X-ray diffraction (XRD) all 
testify to the successful grafting of the Ni8 species. The infrared (IR) spectrum of a 
40 layer thick Ni8-DODA-clay film is shown in figure 6-3. It presents characteristic 
bands at low wavenumber 1800-200 cm-1 corresponding to the ν(CO) and ν(ClO) 
stretching vibrations from the oxamato groups and the perchlorate anions, 
respectively. For pure Ni8 we should see only ν(CO) = 1600 cm–1 and ν(CO) = 
1100 cm–1 hence both Ni8 cations and some residual counterbalancing ClO4– anions 
are present in our films. XPS data were collected on 40 layer thick films of Ni8-
DODA-clay on mylar in order to identify the presence of the Ni8 inside the hybrid 
structure. Figure 6-3 shows a survey spectrum of the synthesised compound, one 
can clearly identify Si, Al, C, N, O, and Ni photoemission line which confirm the 
presence of expected components, the Ni cluster, the surfactant and the clay. A 
detailed scan of Ni2p core level region is displayed in insert of the figure 6-3, and 
found to display the multiplet splitting typical10,11,12 of Ni2+ – as expected for Ni8. 
Furthermore, the investigation of the nitrogen 1s core level spectra led to the same 
conclusion. Comparing three N1s spectra namely those of a clay-DODA multilayer 
film synthesized by LB and self assembly9 without the Ni8 adsorption step, of pure 
Ni8 layer produced by dropcasting and of the Ni8-DODA-clay films, one observes 
that the N1s signal in of latter is a weighted superposition of the former two. This 
confirms the successful integration in the layered clay structure of the Ni8 
compound and its integrity.  

 

Figure 6-2. Schematic the preparation method and model of layered 
structures of the hybrid multilayer prepared from clay dispersion. 
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Figure 6-3. Infrared spectra of hybrid Ni8-DODA-montmorillonite film 
(green line) and hybrid DODA-montmorillonite film ( red line) 
transferred onto CaF2 plates at a surface pressure of 10 mN m-1 and for 
a clay concentration in the subphase of 10 mg l-1 and Ni8(ClO4)4, 
powder (black line). Wide scan by X-ray photoemission spectra of the 
Ni8-DODA-montmorillonite film (red line) and high resolution scan in 
the Ni 2p region (insert) 40-layer film on mylar. 

6.3.2   XRD Patterns of Hybrid Multilayers. 

XRD data for a 40-layer Ni8-clay-DODA film (prepared with a 10 ppm clay 
concentration in the subphase) are shown in Figure 6-4. One can distinguish three 
broad peaks at 2θ ~2.1±0.2, ~4.8±0.2 and ~6.7±0.2. Using the Bragg formula, one  
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Figure 6-4. X-ray diffractogram of Ni8-DODA-montmorillonite 40-layer 
film on mylar. 
can deduce the corresponding d(00l) spacing of ~42±3 Å. This is a much larger 
spacing than what is observed for a pure a clay-DODA multilayer 9, where a clay – 
DODA repeating unit thickness of 25 Å was found. Hence also XRD confirms the 
presence of the guest SMM in the clay stack (42Å-25Å=17Å). 

6.3.3   Magnetic Properties 
The direct current (dc) magnetic properties of a 110-layer Ni8-DODA-clay film in 
the form of the χT versus T plot, χ being the dc magnetic susceptibility (in arbitrary 
units) and T the temperature, are qualitatively similar to those of pure Ni8 complex  
(data not shown). χMT for Ni8-DODA-clay exhibits a characteristic minimum at 
22 K (Tmin = 45 K for pure Ni8 

7) which is typical of two strong 
antiferromagnetically coupled, oxamate-bridged Ni4 propeller units (J = –26.6 cm-1 
for pure Ni8 

7) that are weakly ferromagnetically coupled through the meta-
substituted phenylenediamidate bridges (J’ = +3.1 cm-1 for pure Ni8 

7). Upon 
further cooling, χMT for Ni8-DODA-clay shows a maximum at 7 K (Tmax = 3 K for 
pure Ni8 

7) which is likely due to the zero field splitting (ZFS) of the moderately 
anisotropic S = 4 ground spin state (D = –0.23 cm-1 for pure Ni8 

7) and/or 
antiferromagnetic intermolecular interactions. 
The alternating current (ac) magnetic properties of Ni8-DODA-clay in the form of 
the χ’  and χ’’ versus T plot, χ’  and χ’’ being the in-phase and out-of-phase ac 
magnetic susceptibilities respectively, show no evidence of slow magnetic 
relaxation effects above 2.0 K (data not shown). This situation contrasts that of the 
pure Ni8 complex which shows a slow relaxation of the magnetization below TB = 
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3.0 K that is reminiscent of SMMs. The distinct magnetic properties of Ni8-DODA-
clay suggest that the Ni8 molecules are not isolated but are interacting with each 
other and with their surrounding; this could trigger the loss of the SMM behaviour. 
It is likely that the aggregation of the Ni8 molecules on the surface of the 
tetrahedral silica layers is due to the mediating effect of the deprotonated silanolato 
groups. The intermolecular antiferromagnetic interactions are then propagated by 
the Si–O– acting as bridges between the peripheral high-spin NiII ions of 
neighbouring Ni8 molecules. Along this line, there has been an earlier reported on 
the incorporation and further aggregation of Ni8 molecules in ordered mesoporous 
silica.6 In that case, the silica-mediated surface aggregation of Ni8 molecules leads 
to ferromagnetically coupled oligomeric [NiII

8]n aggregates with higher blocking 
temperatures (TB = 4.5–10.5 K) than those of the crystalline material. In fact, it is 
well-known that the nature of the magnetic coupling in related µ-hydroxo, µ-
alkoxo, and µ-phenoxo nickel(II) complexes depends critically on the Ni–O–Ni 
bridge angle (γ), passing from ferromagnetic to antiferromagnetic when increasing 
the γ value (for γ values close to 90°).13-18 
In summery we have described a new method to incorporate Ni8 SMM in a hybrid 
organic-inorganic nanostructure. The combination of LS deposition with SA allows 
a control the film growth at the molecular level. Spectroscopic, crystallographic 
and magnetic data have proven the successful insertion of the guest cationic 
molecule within the clay template while preserving part of its interesting 
properties. Those results open a new route toward the highly controlled fabrication 
of tailored functional organic-inorganic nano-materials. 
 

6.4   References 
 
(1) Ruben, M.; Lehn, J.; Muller, P. Chemical Society Reviews 2006, 35, 1056-

1067. 
(2) Dawe, L.; Shuvaev, K.; Thompson, L. Inorganic Chemistry 2009, 48, 

3323-3341. 
(3) Gatteschi, D.; Cornia, A.; Mannini, M.; Sessoli, R. Inorganic Chemistry 

2009, 48, 3408-3419. 
(4) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, M. A. Nature 1993, 365, 

141-143. 
(5) Sessoli, R.; Tsai, H. L.; Schake, A. R.; Wang, S.; Vincent, J. B.; Folting, 

K.; Gatteschi, D.; Christou, G.; Hendrickson, D. N. Journal of the 
American Chemical Society 1993, 115, 1804-1816. 

(6) Pardo, E.; Burguete, P.; Ruiz-Garcia, R.; Julve, M.; Beltran, D.; Journaux, 
Y.; Amoros, P.; Lloret, F. Journal Of Materials Chemistry  2006, 16, 
2702-2714. 

(7) Pardo, E.; Morales-Osorio, I.; Julve, M.; Lloret, F.; Cano, J.; Ruiz-Garcia, 



 
Insertion of Nickel (II) Oxamate in clay template   -141- 

 
 

R.; Pasan, J.; Ruiz-Perez, C.; Ottenwaelder, X.; Journaux, Y. Inorganic  
Chemistry 2004, 43, 7594-7596. 

(8) Pardo, E.; Dul, M.; Lescouezec, R.; Chamoreau, L.; Journaux, Y.; Pasan, J.; 
Ruiz-Perez, C.; Julve, M.; Lloret, F.; Ruiz-Garcia, R.; Cano, J. Dalton 
Trans. 2010, 39, 4786-4801. 

(9) Toma, L. M.; Gengler, R. Y. N.; Prinsen, E. B.; Gournis, D.; Rudolf, P. 
Phys. Chem. Chem. Phys. 2010. 

(10) Gupta, R. P.; Sen, S. K. Phys. Rev. B 1974, 10, 71. 
(11) Gupta, R. P.; Sen, S. K. Phys. Rev. B 1975, 12, 15. 
(12) McIntyre, N. S.; Cook, M. G. Analytical Chemistry 1975, 47, 2208-2213. 
(13) Andrew, J. E.; Blake, A. B. J. Chem. Soc., A 1969, 1456-1461. 
(14) Bertrand, J.; Ginsberg, A.; Kaplan, R.; Kirkwood, C.; Martin, R.; 

Sherwood, R. Inorganic Chemistry 1971, 10, 240-246. 
(15) Gladfelter, W. L.; Lynch, M. W.; Schaefer, W. P.; Hendrickson, D. N.; 

Gray, H. B. Inorganic Chemistry 1981, 20, 2390-2397. 
(16) Ballester, L.; Coronado, E.; Gutierrez, A.; Monge, A.; Perpinan, M. F.; 

Pinilla, E.; Rico, T. Inorganic Chemistry 1992, 31, 2053-2056. 
(17) Nanda, K. K.; Thompson, L. K.; Bridson, J. N.; Nag, K. J. Chem. Soc., 

Chem. Commun. 1994, 1337. 
(18) Nanda, K. K.; Das, R.; Thompson, L. K.; Venkatsubramanian, K.; Paul, P.; 

Nag, K. Inorganic Chemistry 1994, 33, 1188-1193. 
 



 
7.1  MOTIVATION   -142- 

 
 

 

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 
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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 



 
Prussian blue analogues of reduced dimensionality   -153- 

 
 

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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Summary 

Low-dimensional assemblies, where order and organization follow supramolecular 
principles, have shown remarkable importance due to their outstanding physical 
(photophysical, electrical) and/or chemical (catalysis, molecular separation) 
properties. An easy method to produce tailored functional materials with excellent 
level of control combines self-assembly and Langmuir-Schaefer deposition. This 
thesis illustrates how this new approach allows the deposition of graphene on a 
variety of substrates with a coverage that can be varied as desired from isolated 
sheets to a densely packed 2D arrangement. In contrast to the currently most 
common preparation protocols which rely on micromechanical cleavage, the yield 
of successful deposition of this approach is 100%, qualifying it as one of today's 
most trustworthy and promising methods.  
The thesis also demonstrates how the same method allows to assemble hybrid 
materials based on single and/or multi-layers of clay platelets as building blocks. In 
this case clay nanosheets, deposited similarly to the graphene, act as 2D template 
for reaction or grafting of a variety of guest species (here C60, Ni8 molecular 
magnets, Prussian Blue analogues). Prefect layer-by-layer growth and control at the 
molecular level allow one to create entirely novel architectures whose final 
structure is encoded in the shape and properties of the clusters or molecules that are 
used. Interesting new properties emerge: for example 2 or 0D Prussian Blue 
analogue structures can be formed, which differently from 3D crystals, show new 
superparamagnetic-spin glass properties with high blocking glass temperature. 
Finally, this thesis demonstrates how the preparation method influences the 
morphology of organoclay assembly. 

Samevatting 

Laagdimensionale samenstellingen, waarin de orde en organisatie supramoleculaire 
principes volgen, hebben laten zien van opmerkelijke belang te zijn vanwege hun 
uitstekende fysische (fotofysische, elektrische) en/of chemische (katalyse, 
moleculaire scheiding) eigenschappen. Een eenvoudige methode voor de 
uitstekend gecontroleerde productie van op maat gemaakte functionele materialen 
combineert zelfassemblage en Langmuir-Schaefer depositie. Dit proefschrift laat 
zien hoe deze nieuwe aanpak de afzetting van grafeen mogelijk maakt op een 
verscheidenheid van substraten met een dekking die als gewenst kan worden 
gevarieerd, van geïsoleerde lagen tot een dicht opeengepakte 2D ordening. In 
tegenstelling tot de momenteel meest gebruikte bereidingsprotocollen, die 
gebaseerd zijn op micromechanische splitsing, is de opbrengst van succesvolle 
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afzetting van deze methode 100%, waardoor deze te kwalificeren is als een van de 
meest betrouwbare en veelbelovende hedendaagse methoden.  
Het proefschrift laat ook zien hoe dezelfde methode het mogelijk maakt hybride 
materialen, gebaseerd op een enkele en/of meerdere lagen van kleiplaatjes als 
bouwstenen, in elkaar te zetten. In dit geval fungeren klei nanosheets, afgezet op 
dezelfde wijze als grafeen, als 2D-sjabloon voor de reactie of het samenbinden van 
een aantal soorten gasten (hier C60, Ni8 moleculaire magneten, Pruisisch Blauw-
analogen). Perfecte laag-voor-laag groei en de controle op moleculair niveau 
maken het mogelijk geheel nieuwe constructies te vormen, waarvan de 
uiteindelijke structuur is vastgelegd in de vorm en eigenschappen van de clusters of 
moleculen die worden gebruikt. Interessante nieuwe eigenschappen komen naar 
voren: er kunnen bijvoorbeeld 2 of 0D Pruisisch Blauw-analoge structuren worden 
gevormd die, anders dan 3D kristallen, nieuwe superparamagnetische-spin glas 
eigenschappen met hoge glastemperatuur-blokkeringtemperature laten zien. Tot 
slot laat dit proefschrift zien hoe de bereidingsmethode invloed heeft op de 
morfologie van organo-klei assemblage. 
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