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Preface

Langmuir-Blodgett (LB) films have been the subject of scientific curiosity for
most of the twentieth century. However, interest has grown significantly
since the 1970s — a direct result of the work of Hans Kuhn and colleagues
on energy transfer in multilayer systems. This introduced the idea of
molecular engineering, i.e., using the LB technique to position certain mole-
cular groups at precise distances to others. In this way new thin film materials
could be built up at the molecular level and the relationship between these
artificial structures and the natural world explored.

There are already several books that cover LB and related thin films. So
why another? My own background is in electronics. While I have been
involved in LB film research [ have spent many hours pondering on chemical
formulae, struggling with biological nomenclature and trying to understand
the finer points of thermodynamics. The scope of the subject is continuing
to grow and anyone now starting work in the area must assimilate an
enormous amount of information. My intention therefore has been to provide
a gentle introduction to newcomers with an emphasis on the multidisciplinary
and interdisciplinary nature of the field.

Each chapter addresses a different issue. Chapter 1 describes the various
bulk phases of matter and outlines physical principles that can be used to
mode] these. Monolayer phases are introduced in chapter 2. Much is still to
be learnt about the nature of even the simplest monolayers and I have con-
centrated on experimental aspects rather than theory. The LB process itself
is discussed in some detail in chapter 3. Again, my aim has been to provide
useful practical information. I have also briefly reviewed related thin film
techniques. Materials that can be manipulated at the air/water interface are
described in chapter 4. In chapter 5 the main methods of investigation are
introduced and some important results outlined. Chapter 6 covers the
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electrical behaviour. This is an area that has attracted considerable interest,
not least because of the possibilities of exploiting LB layers in electronic
device structures; | have included a section cutlining such ideas. Finally,
chapter 7 provides an overview of the optical properties of mono- and multi-
layer films.

At the end of each chapter, I have given the key references. These should be
good starting points for the reader wishing to delve deeper. Important subjects
such as crystallography, chemical bonding and the interaction of electro-
magnetic radiation with thin films are dealt with in separate appendices.

I hope that the result is a book readily accessible to both new research
students and more experienced workers.
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Notes for reference

Constants

velocity of light in free space ¢ 2.998 x 108 ms™!
permittivity of free space, ¢, 8.854 x 1072 Fm™!
electronic charge, g 1.602 x 107 C

Planck’s constant, h 6.626 x 107>*] s
Boltzmann's constant, k 1.381 x 1072 JK?
Avogadro’s number, N, 6.022 x 10 kilomole™
universal gas constant, R 8.314 x 10’ J kilomole™ K~

Useful relationships

1 electronvolt (eV) = 1.602 x 107}

for vacuum, energy in eV = 1.240/(wavelength in pm)

1leV = 8066 cm™!

1eV per particle = 23 060 kcal kilomole™ (=23.06 kcal mole™)
1 calorie = 4.186]

at 300K, kT =~ 1/40eV

1 atmosphere = 1.013 x 10° Nm™>
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Frequency Wavelength  Wavenumber Spex_:tral
v A v regions
Hz m cm !
—— 24
10 1fm—T10" ° —+10" Cosmic ray
n
10 A —-u I
1pm10 10 Gamma ray
1 EHz—4-14"®
10 1pmtqg° —+10’ X-ray
1 pH " Ultraviolet
210" i — Lo Visible
lemT10 10 Infra-red
4 Millimetre
1THz 10" 1 mm—57° — 10 wave
Microwave
1 GHzT¢° 1m—+1 410 " Television
FM Radio
1 MHz—+~14* _ AM Radio
10 lkm__loz R s l
Very low
1 kHz—+ 4? frequenc
110 1 Mm—10° 4+ querncy

1 GeV

1 MeV

1 keV—

leVH

1 meV-

LpeV1 10

1 neV—

1 peV—~

[1Hz=3.00x 108 m =4.14 x 10~ eV = 4.80 x 10~'1 K]

1

1

1

1

10°K
Room
10 K

10 mK

10 pK

110 nK



XVviii

SIMPLE FUNCTIONAL GROUPS

Simple functional groups
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The bulk phases of matter

1.1 Gases, liquids and solids

The three most common states, or phases, of matter, gases, liguids and solids
are very familiar (Walton, 1976). Phases that are not so well known are
plasmas and liguid crystals (although these are both found in electrical and
electronic devices in everyday use). All these states are generally distin-
guished by the degree of translational and orientational order of the con-
stituent molecules. On this basis some phases may be further subdivided.
For example, solids, consisting of a rigid arrangement of molecules, can be
crystalline or amorphous. In an amorphous solid (a good example is a
glass), the molecules are fixed in place, but with no pattern in their arrange-
ment. As shown in figure 1.1, the crystalline solid state is characterized by
long-range translational order of the constituent molecules (the molecules
are constrained to occupy specific positions in space) and long-range orienta-
tional order (the molecules orient themselves with respect to each other). The
molecules are, of course, in a constant state of thermal agitation, with a mean
translational kinetic energy of 3kT/2 (k is Boltzmann’s constant, T is
temperature; kT/2 for each component of their velocity). However, this
energy is considerably less than that associated with the chemical bonds in
the material and the motion does not disrupt the highly ordered molecular
arrangement.

In the gaseous state, the intermolecular forces are not strong enough to
hold the molecules together. They are therefore free to diffuse about
randomly, spreading evenly throughout any container they occupy, no
matter how large it is. The average interatomic distance is determined by
the number of molecules and the size of the container. A gas is easily com-
pressed, as it takes comparatively little force to move the molecules closer
together.
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THE BULK PHASES OF MATTER

heat/ heat/ =
pressure/ \ \ pressure/
3 “ — density

Crystalline solid Liquid Gas

Figure 1.1 The three most common bulk phases of matter.

On the microscopic level, the liquid state is generally thought of as a phase
that is somewhere between that of a solid and that of a gas. The molecules in a
liquid neither occupy a specific average position nor remain oriented in a
particular way. They are free to move around and, as in the gaseous state,
this motion is random. The physical properties of both liquids and gases are
isotropic; i.e., they do not depend upon direction (direction-dependent proper-
ties are called anisotropic). Therefore, there is a similarity between liquids and
gases and under certain conditions it is impossible to distinguish between
these two states. When placed in a container, the liquid will fill it to the .
level of a free surface. Liquids flow and change their shape in response to
weak outside forces. The forces holding a liquid together are much less than
those in a solid. Liquids are highly incompressible, a characteristic that is
exploited in hydraulic systems.

Almost all elements and chemical compounds possess a solid, a liquid and a
gaseous phase. The gaseous phase is favoured by high temperatures and low
pressures. A transition from one phase to another can be provoked by a
change in temperature, pressure, density or volume.

1.2 Liquid crystals

The melting of a solid is normally a very sharp transition. As the material is
heated, the order of the system abruptly changes from that of the three-
dimensional order of the solid to the zero order associated with the liquid.
However, it is not uncommon for an organic solid to pass through inter-
mediate phases as it is heated from a solid to a liquid. Perhaps one in every
few hundred organic compounds exhibits such behaviour. Such phases are
known as mesophases. When such a state is formed, the translational.order
of the solid phase may be lost, but the orientational order remains. The result-
ing phase is termed a thermotropic liquid crystal (Collings, 1990). Sometimes
a mesophase may display translational order but no orientational order; this is
termed a plastic crystal. A very wide range of liquid crystal phases is now
known. These are identified by the degree of short range translational order
and by the shape of the molecules.
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Figure 1.2 Arrangement of rod-shaped molecules in a liquid crystalline
phase Each molecule makes an angle of 6 with the director.

The nematzc (from the Greek word for thread) phase is the least ordered
liquid crystal phase and is exploited extensively in eleéctrooptic applications.
This phase has no long-range translational order and only orientational
order. There.is only one nematic phase and, on heating, this will eventually
become an isbtropic liquid. A schematie diagram, showing the arrangement
of rod-shaped molecules in a nematic phase, is given in figure 1.2. The
molecules in the liquid crystal are free to move about in_much _the same
fashion as in a liquid; as thev do so they tend to remain orientated in a certain
direction. The direction of preferred orientation is called the director of the
liquid crystal. Each molecule is oriented at some angle 8 about the director.
The degree of orientational order is given by the order parameter S which
is defined

S=1(3cos* 0 —1) (1.1)

A value of S = 1 indicates perfect orientational order whereas no orientational
order results in S = 0.

Smectic (from the Greek word for soap) phases are usually formed by
thermotropic liquid crystals at lower temperature than the nematic phase.
Besides the orientational order, smectic phases possess one-dimensional
translational ordering into layers. The smectic phases can be further sub-
divided and, at present, twelve different types have been identified. These
are designated Sa, Sg, . . . Sk; there are two smectic Sy phases — the crystal
B and hexatic (for a discussion of this phase, see Tredgold 1994) Sg phases.
Some of these mesophases (crystal B, Sg, Sg, Su and Sj) have very long-
range correlation of position over many layers and are more similar to
crystalline solids.

The S, phase is the least ordered of the thermotropic smectic phases. The
molecules are arranged in disordered layers, each layer having a liquid-like
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Figure 1.3 Different smectic liquid crystalline arrangements of rod-shaped
molecules. Sc is a tilted version of S,.

freedom of motion of its constituent molecules in two dimensions, with the
director perpendicular to the layer planes. By contrast, in the Sc phase the
molecules are tilted from ' this direction by about 35°. This tilt is correlated
between molecules within each layer and from one layer to another. In the
hexatic Sg phase, there is again ordering of orientationally aligned molecules
into layers. The molecules are arranged in an hexagonal array but the trans-
lational order is short-range only. The orientation of the hexagonal net is,
however, maintained over a long range and unlike the ordering of molecular
positions, is correlated between layers. Two tilted variations of the Sg phase
exist in which the tilt direction is constrained to point either towards one
face of the hexagonal lattice (Sg) or towards one apex (S;). The S4, Sc, hexatic
Sg and crystal B arrangements of rod-shaped molecules are contrasted in
figure 1.3 (Lacey, 1994). Further details about these smectic liquid crystal
phases are to be found in the book by Gray and Goodby (1984).

The final distinct type of liquid crystalline mesophase is the cholesteric or
chiral nematic. The molecules in such a phase are arranged in a unique helical
structure in which the director gradually rotates from one plane of molecules
to the next. Such phases can exhibit vivid colour effects that change with tem-
perature (as the pitch of the helix changes) and are exploited as temperature
sensors. These molecules may also form smectic phases.

1.3 Phase changes

The science of thermodynamics allows the properties of the various phases
of matter to be correlated. The state of any thermodynamic system (e.g., a
fixed amount of matter) is specified by values of certain experimentally
variable quantities called state variables or properties. Familiar examples
are the temperature of a system, its pressure and the volume occupied by
it. Those properties that are proportional to the mass of the system are
called extensive; examples are the total volume and total energy of the



