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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 liquid 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 trigslitigf{al order of the constituent molecules (the molecules
E a‘aa;g:}constrained to occupy specific positions in space) and long-range orienta-
tiohal 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
ranslational kinetic energy of 3kT/2 (k is Boltzmann's constant, T is
temperature; kT/2 for each component of their velocdty). However, this
energy is considerably less than that associated with the chemical bonds in
fie material and the motion does not disrupt the highly ordered molecular
arrangement. '
: n the gaseous state, the intermolecular forces are not strong enough to
-~ hold the molecules together. They are therefore free to diffuse about
- tandomly; spreading evenly' throughout any container they occupy, no
¢ . matter how large it is. The average interatomic distance is determined by
N tht?::inumber 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
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THE BULKX PHASES OF MATTER

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 moleculesina_
liquid neither occupy a specific average position nor remain oriented { 1 -
particalar 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

" wisotropic ie., they do not depend upon direction (direction-dependent proper-
ties are called anisotropic). Therefore, there is a similarity betyeen liquids and
- . A . WALER
gases and under certain conditions it is impossible to dlstfingms"h between
these two states. When placed in a container, the liquid will £ll 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, .
5

1.2 Liquid crystals

DY 4 dje
The melting of a solid is normally a very sharp transition. As the matefu. s
heated, the order of the system abruptly changwéé;f‘r;g'rﬁm_that of the three-
dimensional order of the solid to the zero order assdtidted 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 statg is formed, the translational order
of the solid phase may be lost, but the ofientational order remains. The result-
ing phase is termed g thermotropic liquid crystal (Collings, 1990). Sometimes
a mesophase may display translational order but no orientational order; thisis
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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1.2 LIQUID CRYSTALS

Dlrector
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Figure 1.2 Arrangement of rod-shaped molecules in a liquid crystalline
phase. Each molecule makes an angle of 8 with the director. pis

a0 A

[ig d crystal phase and is explmted extenswely in electroopue applications.
' hase has no long-range translational order and only orientational
There js only one nematic phase and, on heating, this will eventually
e an isotropic liquid. A schematic dlagram, showing the arrangement
of: fod-shaped molecules in a nematic phase, is given in figure 1.2. The
ecules in the liquid crystal are free to move about in much the same
fashion as in a liquid; as they do so they tend to remair orientated in a certain
ction. The direction of preferred onentatlon is called the dzrector of the
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Falue of § =1 indicates perfect orientational order whereas no orientational
order results in § = 0.

¥ .§mequ; (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-

‘Q'd1v1ded and, at present, twelve different types have been identified. These
“are deszgnated Sa, S, . . . Sg; there are two smectic Sg phases — the crystal
B and hexatic (for a chscussmn of this phase, see Tredgold 1994) Sg phases.

: Some of these mesophases (crystal B, Sg, Sg, Sy and Sp) 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| d.lsordered layera, each layer having a liquid-like
S .
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Figure 1.3 Different smectic liquid crystalline arrangements of rod-shaped
molecules. S¢ is a tilied 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 S¢ phase the
molecules are tilted from this direction by about 35°. This 4lt is correlated
between molecules within each layer and from one layer to another. In the
hexatic Sg phase, there is again ordering of orientatjonally aligned molecules
into layers. The molecules are arranged in an hexagonil array but the trans-

lational order is short-range only. The orientation of the hexagonal ner is,

however, maintained over a long range and unlike the ordering of molecular
positions, is correlated between layers, Two tilted variations of the Sgp phase
exist in which the tilt direction is constrained to point either towards one
face of the hexagonal lattice {Sg) or towards one apex (S1). The Sy, Sc, hexatic
Sp and crystal B arrangements of rod-shaped molecules are contrasted in
figure 1.3 (Lacey, 1994). Further details about these smectic liguid crystal
phases are to be found in the book by Gray and Goodby (1984).

The final distinet 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.
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-3 Phase changes m e — o

The science of thermodynamics allows the praperties of the various phases

L LA . . ,
of matter to be corfelated. The és%e of any thermodynamic system [e.g., a -

fixed amount of matter) is fgeﬁgiﬁggi by values of certain experimentally

~variable quantities called Et?;_fea 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

g
P I

t

of

# W PRI
Fy s Sy
e,;' it 4

noe - o

4 THE BULK PHASES OF MATTER ' J :

ety

Figur

_system. Prope)
" mass, are calle
- g Jeisfonnd by
. erties ¢ ATy
© remaining ‘p

i
For example, ¢
tank at a const
fixed by the v
by the amount |
P is determine
value. It follov
V, Tand n. T}
may be writte:

where R is th
Ny is Avoga
specific mola:
1.381 X 107%
molecule {i.e.,

Figud,
at differeriie
isotherms. It :
three-dimensi
include data o |
substance tha
figure 1.5; thi
are certain reg




1.3 PHASE CHANGES

increasing
temperatute
T: = T2 <T3

f

Molar volume
Figure 1.4 Pressure versus molar volume isotherms for an ideal gas.

system. Properties such as temperature or density, which are independent of

¢
. . Er Y T, .
mass, are called ; niensive. = 2 1 o Aty few
It is found by experiment that only a certain minimum number of the prop-
. o i A . i ra A
erties of a pre’sibstancé can be ven an dtbitrat’value. The values of the
R RN 1EL A

emaining properties ‘are then determined by the nature of the substance.
For example, suppose that nitrogen gas is allowed to flow into an evacuated
tank at a constant temperature T. The volume V of the gas admitted is then
fixed by the volume of the tank and the number of moles n of gas is fixed

by the amount that is admitted. Once T, V and 1 have been fixed, the pressure

P is determined by the nature of nitrogen and cannot be given any.arbjtrary
value. It follows that there exists a certain relation between the properties P,
V, T and n. This relation is termed an equation of state and, for an ideal gas,

may be written o . , 4
[

where R is the universal gas constant (R = 8,314 10° T kilomole ™ K,
Ny is Avogadro’s number (N, = 6.022 x 10% kilomole™) and v is the
specific molar volume (ie, v= V/n). Boltzmann’s constant, k (k=
1381 x 1072 TK™) may be thought of as the universal gas constant per
molecule (i.e., k =R/Ny). : : .
Figure 1.4 shows a series of pressure versus volume plots for an ideal gas
at different temperatures. The curves are simple hyperbolas and are called
isothérins. It is also convenient to plot the values of P, v and T to form a

three-dimensional graph. For a real substance, such a representation will
include data over the liquid and solid phase :egidr?fé. Such a diagram, for-a
substance that contracts on freezing (e.g., carbon dioxide), is shown in
figure 1.5; this is known as a phase diagram. The figure reveals that there

are certain regions (i.e., certain ranges of the variables P, » and T) in which
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Figure 1.5 Pressure versus molar volume versus temperature plot for a

R ;ubstance that contracts on freezing.
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CE 2} the substance can exist in a single phase only; these are labelled solid,

liguid and gas. In othet regions, labelled ‘solid + gas, solid + liguid and
Lo as e gas+ liquid, two phases can exist snnultaneousiy All three phases exist
P ; along a line lnown as the Jtriple poini ling. At a particular point called the
oo . ritcal poink] the specific molar Voltimes of the liquid and gas become equal
n v and it is no longer possible to distinguish one of these phases from the
W ther
o Equations of state may also be written for both t\he liquid and the solid
regions of the phase diagram shown in figure 1.5. For example, the following
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gaseous reglons
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expression, derived by van der Waals, may apply to both the liquid and
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a and b are constants for any one gas/liquid: the term a/'v arises from the
existence of intermolecular forces and the constant b is proportional to the
volume occupied by the molecules themselves. In the case of a solid, a
simple equation of state might be

AL © o=ltmT4nP | (14)

where |, m and n are empirically determined constants.

Isotherms for a real substance can be obtained by projecting the p—P-T
surface onto the pressure—volume plane. Figure 1.6 is such a construction,
illustrating what occurs as the specific molar volume of a material is reduced,
taking it from the gaseous state to its solid phase. Curves are shown at three
different temperatures. At temperature T,, the first stage of the process
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T, > critical point

constant unti] point c is reached, when all the gas has conderised. Betweer
e pure gas state at b and the pure liquid state at ¢, the ratio of the mass of
gas present (G) to the torg] mass of gas and liquid (G + L) degreases linear!
from one to zero. The proportidn by mass should not be coitizéed with the
.~ proportion by volume. Throughout the change from b to'c, the molar
Vpl_ume of the gas is vy, and that of the liquid is v.. Further reduction. in
ke VOIL:I{n.e of the liquid phase causes the appearance of solid particles at point
: ‘-f,d: Solidification (at constant pressure) is complete at point e at which only
smglg.::Phase solid is present. Curve e — f therefore, represents the com-"
pression of the solid phase. Note that if the corr’ipp?eé:'ﬁéion takes place at a

n . . - '

hzt ;bgerved, the aas?ind liquid phasga% are now inseparable. On the other

ﬁ_‘n ’ _1f‘: the _temﬁéi'&ture is reduced buthidiehtly (ie., to Ty), then the gas

transforms directly into a solid. _, * S e, e A

«-Phase chan h T O A

i ges, such as solidification or vaporization, which take place at
SIANt temperature, are accompanied by heat absorption or -evolution.
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Figure 1.6 Pressure versus molar volume isotherms at three different
temperatures for a bulk material ; :
a— b in the figure) is the isothermal compression of the gas. If the gas is
deal, the P versus v curve will be a simple hyperbola, as shown in figure
4; At point b the gas begins to condense to a liquid. The pressure remainst ' ="', - %

?C}?lpg;"ature above the critical point (i.e, at T; in figure 1.6), the Tt s
Phase change corresponding to the condensation of the gas to the liquidis - = )"
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HIND &M
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H=U+PV Spifa!
e Tnfes

. energy. This is simply the sum of all the potential and kinetic energies in a
system. The above relation shows that the enthalpy associated with any
phase change consists of two distinct parts. For example, when a liquid
vaporizes at its boiling point, energy is required not only to break the
bonds between molecules in the liquid (the U term) but also to ‘push back’
the atmosphere to make room for the vapour (the PV term). The horizontal
(constant pressure) lines on the isotherms in figure 1.6 are associated with
enthalpy changes as the phase transforms from gas to liquid (b —¢) or
from liquid to solid (4 — e). At the critical temperature, the enthalpy for
vaporization becomes zero.

[ PR YE a2 & nd, B

1.4 Thermodynamic equilibrium

When an arbitrary system is left to itself, its properties (P, V, T etc.) will
generally change. However, after a sufficiently long period, the properties
will be invariant with time. This final state will depend on the nature of the
system. For example, a simple mechanical arrangement, such as a ball rolling
down a hill, consistently comes to rest in the state of lowest energy (ie., with
the ball at the bottom of the hill). Any thermodynamic system, left for long
enough, will reach a state of thermodynamic equilibrium. Here, thermo-
dynamic equilibrium is achieved when the free energy is minimized. For

systems at constant volume, this is given by the Helmholtz function F
. . : : y A YA Y

F=U~TS | 72 oy noss (16)
- and for constant pressure changes, the free energy is given by the Gibbs’
function G %
G=H-T5=U+PV~-T5 -4 .5},,;’&“? ;;.ﬂ
o AR

In both the above equations, S is the entropy. Classically this is the heat into,
or out of, the system divided by temperature. For a simple phase change

AH

AS =
288"y
Entropy is also a measure of the disorder of a thermodynamic system. The

specific molar entropy change;(_AS/_v?),jfor vaporization is normally much
greater than that for fusion, confirming the increased disorder produced in
the former phase transformation, :

(1.8)

This heat is commonly known as the latent heat of the transformation.
However, in the strict thermodynamic sense, this is the enthalpy H given by

(15)

where the first term, U, on the right-hand side of the equation is the internal :
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1.5 PHASE RULE 9

(1.6) and (1.7) reveal that free energy can be minimized either
the internal energy or by increasing the entropy term. At low
o internal energy of the molecules makes the greater contribu-
yn to the free energy; and so the solid phase is the favoured state. At higher
t . e the entropy of the system becomes the predominant influence.
e fluid phases are stable at elevated temperatures although
they constitute higher internal energy configurations than the solid phase.

. ‘Many' states of matter that are commonly encountéred are not id'a true
state of thermodynamic equilibrium, Equilibrium may be approached very
slowly {e.g. an amorphous glass will eventually crystallize over a period of
many hundreds of years) or the system may be in a metastable state (e.g.,
a supercooled liquid or vapour), However, as such systems will have directly
measurable properties (P, H, 5 etc.) that are stable during an experiment, it is
appropriate to assume these properties can be related in the same way as for
a true equilibrium state. A discussion on this topic may be found in many
textbooks (e.g., Sears and Salinger, 1975).

. Thermodynamically, phase changes of matter can be divided into first-
order and higher-order transitions. In the former case, the specific molar
Gibbs’ function g (= G/n) is continuous but there is a discontinuity in the

'Equations

téﬁipeﬁ_{ﬁlf_e
As.a vesult, th

' fret derivative of g across the transition. An example of such a change 1s

fhat of melting or evaporation: in these cases the discontinuity in Og/aT is
simply equal to the entropy of transformation (AH/T). For second-order
thermodynamic transitions, both the specific Gibbs” function and ‘its first
derivative are continuous, but the second derivative changes discontinuously.
In such transitions, the enthalpy of transformation is zero and the molar
specific volume does not change. The transition of a liguid to a vapour at
the critical point, ferromagnetic to paramagnetic transitions and the change
of a superconductor from the superconducting state to the normal state in
zero magnetic field are examples of second-order phase transitions. .

1.5 Phase rule
A A

Avery useful tool for predicting equilibrium-phase relationships is the Gibbs’
phase rule (Ferguson and Jones, 1973; Sears and Salinger, 1975). This can be

written - Sbawed TIRNEA
oA AN FANE °“h
F=C~-P+2 AT (19)

where P is the number of phases and;ﬂ-":fts the number of degrees of freedom
the sysiem possesses. The latter quantity is simply the number of state
variables (T, V, P etc.) that can be independently changed. The number of
components (C) can be thought of as the number of ‘pure’ substances in
the system. A formal definition (and precise definitions are extremely
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important in thermodynamics) is that the number of components is the:
* minimum number of molecular species in terms of which the compositions

of all the phasés may be quantitatively expressed (Ferguson and Jones,
1973) Equation {1.9) relates to all macroscopic systems influenced only by
changes in pressure, temperature and concentration.

The application of the phase rule may be illustrated by reference to the iso-
therm at temperature T, in figure 1.6. Here a single pure material (C =1} is
held at a constant temperature. In the gaseous phase region (P= 1), the
pressure or the volume of thé gas may be changed. hese are not independent
quantities as they are related by an equation such as (1.2); if the pressure is
changed, then the volume of the gas will also change, The temperature, of
course, is an additional degree of freedom. Therefore, for the single compo-
nent, single phase system, F = 2, as predicted by equation {1.9). As the gas
is compressed, the liquid state will appear; i.e., P = 2. The phase rule indicates
that the thermodynamic system must lose one of its degrees of freedony’
(F = 1). The temperature has already been fixed; the pressure must therefore
remain constant during the gas to liquid phase transformation. The pressure
(or temperature) can vary again when all the gas has condensed into the liquid
state. A similar argument may be used to explain the constant pressure region
in the liquid to solid phase change in figure 1.6. If a single component system
is held at constant pressure, rather than at a fixed temperature, then the phase
rule may also be used to account for the familiar observation of a constant
temperature during a gas to liquid or liquid to so]id transformation.

If three phases of a single component system are'in equilibrium, then the
system; has no degrees of freedom/ This occurs along the triple point line in
the full phase diagram shown in figure 1.5. At first sight, it might be thought
that such a system has a single degree of freedom (the molar volume) as the
gas/liquid/solid is in equilibrium along a line in this three-dimensional plot.
However, it is only the relative composition of the phases that change
along this line; the specific molar volumes of the three phases are fixed.
The temperature and pressure of the triple point of a pure substance are
uniquely defined and this is often used as a fixed point on a thermodynamic
temperature scale. -

The ideas developed in this chapter have concerned the relationships
between the bulk phases of matter. However, many of the concepts are
quite general and, as will be shown in chapter 2, may be equally well applied
to the states of a monomolecular film.
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2.1 The gas-liquid. interface

Certain organic molecules will orient themselves at the interface between a
gaseous and a liquid phase (or between two liquid phases) to minimize their
free energy. The resulting surface film is one molecule in thickness and is
commonly called a monomolecular layer or simply a monolayer. In the
previous chapter the individual properties of bulk phases were outlined.
The interface region will now be examined.

The boundary between a liquid and a gas (e.g., the air/water interface) marks
a transition between the composition and properties of the two bulk phases. A
surface layer will exist with different properties from those of either bulk phase
(Adamson, 1982; Gaines, 1966). The thickness of this region is very important.
If the molecules are electrically neutral, then the forces between them will be
short-range and the surface layer will be no more than one or two molecular
diameters. In contrast, the Coulombic forces associated with charged species
can extend the transition region over considerable distances.

The microscopic model of a real interface is one of dynamic molecular

* motion as molecules move in and out of it. However, for the interface to be

in equilibrium, as many molecules must diffuse from the bulk of the liquid
to its surface per unit time as leave the surface for the bulk. A molecule at

the surface is surrounded by fewer molecules than one in the bulk liquid-

(see figure 2.1). Therefore, more molecules will diffuse initially from the
surface, increasing the mean atomic separation (and therefore the inter-
molecular forces) between surface molecules. The activation energy for a
surface molecule escaping into the bulk will then increase until it is equal to

12.
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" 4.1 THE GAS-LIQUID INTERFACE

, iéure 2.1 Forces experienced by molecules in the bulk of a liquid and at the
iquid/gas interface.

“for molecules diffusing from the bulk to the surface, and a state of
equilibrium is achieved. The line force acting on the surface molecules is
the surfacé tension y (Walton, 1976).

t thermodynamic equilibrium, the surface tension of a planar interface,

n-be shown to be related to the partial derivatives of the free energy
functions, discussed in chapter 1, with respect to the area A of the surface

(Birdi, 1989), Le., )
- OF 8G
= = ={ == A 2.1
"T ( aA ) Tivvni ( aA ) T,_P,ﬂ-,' " ( )

When describing the thermodynamics of surfaces, it is common practice to
introduce the concept of excess quantities {Birdi, 1989; Gaines, 1966). There-
fore, the thermodymnamic extensive state variables of the two bulléphases (e.g.,
number of moles, internal energy, entropy) are assumed to be constant up to
an imaginary dividing surface and the excess quantities describe the properties
of the surface. For a pure liquid in equilibrium with its saturated vapour at a
planar interface, surface tension is equal to the excess Helmholtz free energy
per unit area, ie., . G

(2.2)

gn.‘k.%'! o ' ) :

where F* refers to the surface excess free energy. There is also an alternative

approach to the thermodynarmics of surfaces in which the surface region is

considered as a separate phase (of small but finite volume) with its own
values of extensive variables (Gaines, 1966). . :
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Figure 2.2 Origin of electric dipole moment, y, in a water molecule.

two phases in equilibrium if the temperature is constant, but changing with

™ changing temperature. Unlike the vapour pressure, however, which increases
with increasing temperature, v decreases with increasing temperature and
becomes zero at the critical point. 7 ‘

The presence of a monomolecular film on a liguid surface will affect the sur-
face tension. In monolayer experiments it is normal to refer to a measurement
of surface pressure. This pressure IT is equal to the reduction of the pure liquid
surface tension by the film, ie, ~ §wte “qus & bng o

K coe WL AT

AT R @({3\%@ ‘-"K'T_[ = o — - \.-» Tes £g (2.3)

. ¥

where 7 is the surface tension of the pure liquid and =y is the surface tension of
the film-covered surface. Monomolecular films have been studied on a variety
of subphase (liquid) surfaces, for example, water, mercury and hydrocarbons.
However, almost all the work on transferred monolayers (i.e., removed from
the subphase surface and deposited onto solid supperts) has concentrated on
aqueous subphases. The discussion will therefore be restricted to this.
Values of IT of the order of mN'm™ are generally encountered in monolayer
studies on a water surface; the maximum value of I is 72.8 mN m™=? at 20 °C,
the surface tension of water.

2.2 Monolayer materials

All compounds may be roughly divided into those that are soluble in water
and those that do not dissolve. The former materials are generally polar,
that is they carry an uneven distribution of charge. Associated with such
molecules is an entity called a dipole moment ,u!} Figure 2.2 illustrates the
case for a molecule of water. Each of the two hydrogen atoms shares an

P
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" Fable 2.1 Dipole moments of various chemical groups.

: Cherical grouﬁ Example Dipole moment, p [Debye]
: el proprancic acid (CoHsCOOH) 1.75
propanol (C;H,OH) . 1.68
e nitropropane (CsHyNO,) 3.66
propylamine (CyHsNH;) 117
cyanoethane (C;HsCN) 402
(CeHe) 0
cis-2-butene 0.33
trans-2-butene 0

electron pair with the oxygen atom. The geometry of the shared electron pairs
in the outer shell of the oxygen causes the molecule to be V-shaped. The
trong electron-withdrawing tendency of the oxygen atom results in a local
negative charge at the apex of the V, and gives the two hydrogen nuclei
local positive charges. Although the water molecule is electrically neutral,
s positive and negative charges are widely separated. If the water molecule
modelled as two equal and opposite charges +Ag separated by a distance
f:7 (constituting a dipole), then the magnitude of the dipole moment is
“given by the product of Ag and r. To be strictly correct, 42 is a vector quantity,
directed from negative to positive charge. The SI units of dipole moment are
. JCm], however most workers use the Debye unit (1D = 3.336 x 107% Cm),/
- the dipole moment of water is 1.85D. The solvent properties of water are
" related to the attraction between its electric dipoles and the charges asso-
- clated with the solute. Dipole moments associated with chemical groups
that are commonly encountered in monolayer work are given in table 2.1.
Symmetrical molecules, such as benzene, possess a zero dipole moment.
These substances do not readily dissolve in water and are termed nonpolar.
- The molecules of most (but certainly not all) monolayer-forming materials
are composed of two parts: one that by itself would mix with water and
another ‘that by itself would not. The soluble part is called hydrophilic
(water-loving) and the insoluble part is termed hydrophobic (water-hating).
These molecules are amphiphiles, the most important types of which are
soaps and phospholipids. Such compounds are also called surfactants. A full
discussion of the range of these compounds is given in chapter 4. However,
at this point, it is appropriate to introduce the simplest substances of this
type. Figure 2.3 shows the structure of a classical monolayer forming
material, n-octadecenoic acid, commonly known as stearic acid -
C17H;5COOH. This is one of a series of long-chain fatty acids, with the
general chemical formula C,H,,, . ;COOH. The n-octadecanoic acid molecule




He L =25 nm

—? ¥

Figure 2.3 Chemical formula for n-octadecanoic acid (stearic acid). The

approximate geometrical shape and dimensions of the molecule are
shown on the right.

is cylindrical in shape, with a length of approximately 2.5nm and a cross-
section of about 0.19 nm?”. It consists of 16 CH, groups forming a long hydro-
carbon chain with a methyl CH; group at one end and a polar carboxylic acid

COCH group at the other. The latter group confers water solubility while

the hydrocarbon chain prevents it. It is the balance between these two
forces that provides the monolayer forming abilities of the n-octadecanoic
acid. If the hydrocarbon chain were too short, or the polar group too
strong, then the material would simply dissolve in the subphase.

2.3 Monolayer stability

Most monolayer materials are applied to the sibphase surface by first
dissolving them in a suitable solvent (e.g., chloroform). When the solvent
has evaporated, the organic molecules may be compressed to form a floating
‘two-dimensional’ solid. The hydrophilic and hydrophobic ends of the
molecules ensure that, during this process, the individual molecules are
aligned in the same way.

When the material is first applied to the surface of water, spreading will
continue until the surface pressure has risen to an equilibrium value. This
equilibrium spreading pressure is defined as that spontaneously generated
when the bulk solid is placed in contact with a water surface (Twahashi et al.,
1985). Again, a comparison may be drawn with the vapour pressure of a
bulk solid. An equilibrium vapour pressure exists for the solid in the
presence of its vapour. If this vapour pressure is exceeded, i.e., the vapour
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'."-""-""b’f.,-'éb-rnés'-supe”satumwd' deposition onto the solid surface will occur. This
" ;hould also be the case for a monolayer, which is expected to form crystals
: ff irs surface pressure is greater than the equilibrium spreading pressure.
: “rhe formation of small droplets or lenses is often observed when excess
monolayer material is spread. However, in many experiments, seemingly
stable surface pressures up to higher values than the equilibrium spreading
Pr'és,'s'ure may be measured. Deposition from such compressed layers may
be compared to nucleation from supercooled or supersaturated bulk states,
7 The solubility of n-octadecanoic acid in water at 20°C is approximately
290 g per 100ml In a typical monolayer experiment, a few tens of pg of
the compound might be spread on the surface of several hundred ml of
water. The resulting compressed monolayer film is stable (if the surface pres-
sure is not too high) over a long period. There is a barrier to dissolution and
- equilibrium may be approached only very slowly. Consequently, a floating
monomolecular film may be in a metastable state rather than in true thermo-

247 Monolayer phases

As the monolayer is compressed on the water surface, it will undergo severa]
phase transformations. These are, almost, analogous to the three-dimensional
gases, liquids and solids described in chapter 1. The phase changes may be
“readily identified by monitoring the surface pressure II as a function of the
area occupied by the film. This is the two-dimensional equivalent of the pres-
. sure versus volume isotherm for a gas/liquid/solid (see figure 1.6). Figure 2.4
. shows such a plot for a hypothetical long chain organic monolayer material
{e.g. a long-chain fatty acid). This diagram is not meant to represent that
“observed for any particular substance, but shows most of the features
observed for long chain compounds (Gaines, 1966). B
-+ In such a plot, it is usual to divide the film area A by the total number of

molecules on the water surface to obtain lt,}l? area per molecule, a, ie.
‘.' : ften eV = ai %AM M:: ———é—m (2 4)
b ‘;m\ (_q’u 5{:# o S C{i‘qz’j gg\TAV

where M is the molecular weig}?tgcpaf the Ir;gnolayer material, C is the concen-

tration of the spreading solution in mass per unit volume, ¢ is the specific
molar concentration of the solution and V is its volume.

In the ‘gaseous’ state (G in figure 2.4), the molecules are far enough apart
on the water surface that they exert little force on one another. As the surface
area of the monolayer is reduced, the hydrocarbon chains will begin to
interact. The ‘liquid’ state that is formed is generally called the expanded
monolayer phase (E). The hydrocarbon chains of the molecules in such a
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film are in a random, rather than a regular orientation, with their polar groups
in contact with the subphase, As the molecitlar area is progressively reduced,
condensed (C) phases may appear. There may be more than one of these and

the emergence of each condensed phase can be accompanied by constant pres-

sure regions of the isotherm, as observed in the cases of a gas condensing to a
liquid and a liquid solidifying (cf. figure 1.6). These regions will be associated
with enthalpy changes in the monolayer. In the conidensed monolayer states,
the molecules are closely packed and are oriented with the hydrocarbon chain
pointing away from the water surface. The area per molecule in such a state
will be similar to the cross-sectional area of the hydrocarbon chain, i.e.,
#20.19 nm? molecule™.

It is found that monolayers can be compressed to pressures considerably
higher than the equilibrium spreading pressure. The surface pressure con-
tinues to increase with decreasing surface area until a point-is reached
where it is not possible to increase the pressure any further and the area of

the film decreases if the pressure is kept constant, or the pressure falls if

the film is held at constant area. This is' referred to as collapse. The forces
acting on a monolayer at this-point are quite high. For example, a surface pres-
sure of 100mN m™ acting on a layer of molecules 2.5 nm high corresponds to
a three-dimensional pressure of about 400 atmospheres. The onset of collapse
depends on many factors, including the rate at which the monolayer is being
compressed and the history of the film. Therefore, to be meaningful, the pres-
sure value should specify the exact conditions for collapse. When collapse

occurs, molecules are forced out of the monolayer, as illustrated in figure 2.5.
Other structures are-also possible for amphiphilic molecules. For example,
if the molecules possess a strong polar head group relative to the nonpolar part
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Fgure 2.5 Stages of collapse of a monolayer, going from the top to the
bottom diagram. ‘

of the molecule, micelles are formed if the concentration of the amphiphilic
material is above a certain value (critical micelle concentration) (Harkins,
1952), In this arrangement, the molecules are arranged in spheres, with the
polar head groups on the outside and the hydrocarbon chains towards the
centre. If the head group of the amphiphilic molecule is not strong compared
with the hydrophobic part, the molecules can form spherical vesicles in which
the double layers form a shell with water both outside and inside. Such
structures are very common in the biological world with long-chain molecules
that possess two hydrocarbon chains for each polar head group (phospho-

lipids). Schematic diagrams of both micelles and vesicles are shown in
figure 2.6. '

2.4.1 Gaseous phase

If the behaviour of gaseous monolayers can be modelled using a two-
dimensional variation of conventional kinetic theory, then the molecules in
the film may be assumed to move about with an average translational kinetic

energy of kT/2 for each degree of freedom. This leads to the following

ideal’ gaseous monolayer equation {cf. equation (1.2) for a perfect three-
dimensional gas)

g=kr . (2.5)




(&) | ®

t Figure 2.6 Cross sections of () a micelle and (b) a vesicle formed by amphi-
philic molecules, '

If IT is measured in [mNm™"] and 4 is in [nm® molecule™], their product
should be 3.97 at 15°C. Therefore, the surface pressure in the gaseous
phase would be expected to be about 1mNm™ at an area per molecule of
4nm” This is consistent with experimental data for various long-chain
molecules (Harkins, 1952). As a gaseous monolayer is compressed on the sub-
phase surface, the expanded (liquid-like) state will normally appear. Usually,
this is accompanied by a constant pressure region in the isotherm, in which

the floating film consists of a mixture of two phases. The phase change is % i

generally thought of as a first-order thermodynamic transition, analogous
to evaporation in three dimensions. Some workers have postulated the
existence of monolayers in which there is a gradual transition between the
gaseous and expanded states (Harkins, 1952; Gaines, 1966). This may be
similar to the compression of a three-dimensional gas above its critical
temperature, as shown in figure 1.6 (isotherm at temperature Ty).

2.4.2 Expanded phase

The nature of the expanded and condensed phases formed on compression of a
gaseous monolayer may be more conveniently discussed by reference to the
pressure versus area isotherms for specific materials. Figure 2.7 shows such
a plot for n-pentadecanoic acid (C;eH,0COOH), measured at 25°C and on a
subphase of 1072 MHC] (Pallas and Pethica, 1985). The expanded phase (E)
is evident at surface pressures below 6 mNm™ (the gaseous phase was not
observed in this experiment). The area per molecule in the expanded mono-
layer is much less than that expected for gaseous monolayers (equation

e 5 Ry e 4
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Figure 2.7 Surface pressure versus area per molecule isotherm for n-
pentadecanoic acid, at 25°C on a subphase of 107> M HCL (Reprinted
with permission from Pallas, N. R. and Pethica, B. A. (1985) Langmuir,
1, 503-13. Copyright 1985 American Chemical Society.}

5), but is still significantly greater than the area associated with the cross-
ction of the cylindrically shaped fatty acid molecule (~0.19 nm?). In the
expanded phase, the area per molecule varies considerably with the surface
ressure and there is no apparent relation between the observed molecular
‘area and the dimensions of the constituent molecules.
; A plateau at a surface pressure of about 7 mN m™tin figure 2.7 indicates the
appearance of a condensed (C) monolayer phase. The constant pressure region
" is characteristic of a first-order thermodynamic transition. There has, however,
been some debate on this point. For example, many isotherms for simple long-
" chain organic compounds do not show (completely) horizontal sections for the
expanded to condensed transition. This has led to speculation that higher-order
transitions may be involved. However, it is probably more likely that constant
II regions are not observed because of the effect of impurities (Pallas and

Pethica, 1985). The finite number of molecules involved in monolayer phase
 transitions (compared .to three-dimensional phase transitions) can also
ol considerably shorten the constant pressure plateau (Birdi, 1989).

The expanded to condensed phase changes observed in simple long-chain
compounds are affected markedly by the length of the hydrocarbon chain
and the temperature. This is illustrated by figure 2.8, which shows the
isotherms for n-pentadecanoic acid and n-hexadecanoic acid (palmitic acid —
C15H3,COOH) measured at 30 °C and on a subphase of 1072 M HCI (Pallas
and Pethica, 1985). Comparison with figure 2.7 reveals that an increase in
temperature has increased the surface pressure of the phase transition. A
decrease in the hydrocarbon chain length produgces a similar result. Both
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t Figure 2.8 Surface pressure versus area per molecule isotherms for u-
pentadecanoic acid and n-hexadecanoic acid, at 30°C on a subphase of
107 M HCL {Reprinted with permission from Pallas, N, R. and Pethica,
B. A. (1985] Langmuir, 1, 509~13. Copyright 1985 American Chemical
Society.) : '

effects may be understood by considering the forces between the molecules in .

the floating monolayer. A decrease in the length of the chain leads to 3
resulting in reduced

decreased van der Waals’ forces between the molecules,
cohesion within the film (with a consequent reduction in the melting point
of the bulk material); in contrast, a decrease in temperature leads to less
thermal motion, tending to condense the film. As a rule, reducing the hydro-
carbon chain length of a long-chain fatty acid by one methylene group is
roughly equivalent to a temperature increase of 5~10K. The isotherms in
figures 2.7 and 2.8 should also be contrasted with those shown in figure 1.6
for a three-dimensional substance. Further reduétions in temperature (or
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increases in chain length) are expected to result eventually in the disappear-
ance of the expanded to condensed phase change as the gaseous monolayer
condenses directly to a solid.

There have been several attempts to develop theoretical models for two-
dimensional phase transitions, such as that from an expanded to a condensed
monolayer state. If it is assumed that van der Waals’ forces between the
hydrocarbon chains are largely responsible for the transitions in long-chain
fatty acids, then the following expression may be written for the internal
energy. of the molecules (Jahnig, 1979; Marcelja, 1974)

U= Emtra + Ed.isp +1la (26)

where Ej.., is the internal energy-of a single chain in a given conformation
and Eggp gives the van der Waals’ interaction of the chain with its neighbours
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Surface pressure, I1 [a.u.]
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igure 2.9 Theoretical surface pressure versus area per molecule isotherms
-for a long-chain molecule at different temperature. (After Marcelja, 1974,
Reproduced with permission from Elsevier Science.) C

s force of attraction results from an electron correlation effect and is also
alled the London force or dispersion force (Tredgold, 1994)). On this basis, a
series of theoretical surface pressure versus area isotherms may be generated
(Marcelja, 1974). As shown in figure 2.9, these curves do show qualitative
agreement with experimental data (figures 2.7 and 2.8). Modelling of
monolayers is further discussed in the book by Ulman (1991). '
The coexistence of both condensed and expanded phases in floating
monolayers may be observed directly by incorporating a small fluorescent
“dye probe into the film. Figure 2.10 gives the results of such an experiment
using a particular phospholipid (Ldsche et al., 1988). The photographs were
taken at the points shown on the pressure versus area curve and reveal the
‘existence of two phases as the monolayer is compressed in the constant
pressure region of the isotherm. Nucdei of the condensed phase- appear
when the plateau in the isotherm is reached (photograph a). These domains
are compact and their mean size increases with increasing surface pressure.
Finally, a hexagonal lattice is formed (photograph g).

An alternative observation method is Brewster angle microscopy (section
7.6). Figure 2.11 shows micrographs of the expanded to condensed phase
transitions observed by this technique for fatty acid and phospholipid
monolayers (Honig and Mgbius, 1992). While the fatty acid (photograph
(a)) shows large circular domains, the phospholipid domains (photograph
(b)) exhibit more complex shapes. Such images may be analysed to
obtain information concerning molecular orientation (Overbeck et al,
19942 & b). - -




Figure 2.10 Fluotescence micrographs of a phospholipid monolayer
(dimyrisiol-phosphatidic acid), doped with a dye, at different points on
the isotherm as indicated opposite. (After Losche et al,, 1988. Reproduced
with permission from Academic Press.)

2.4.3 Condensed phases

As the length of the hydrocarbon chain in a simple long-chain fatty acid is
increased, the expanded state disappears and a direct transition from a gas
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“a:condensed phase takes place. This is illustrated by the isotherm for
i -E':ocosanmc acid (behenic acid — Cp;H3COOH), recorded at a temperature
of 15 °C and on a subphase of 0.01 NHC], shown in figure 2.12 (Stenhagen,
1955). Two low-pressure phases and two high pressure phases may be 1den—
fified by very careful measurement.

he nomenclature used by various workers to describe these phases can be
nfusing (Gaines, 1966). Here, the method adopted by Harkins (1952) is
sed.. The condensed phases include Ly, L) (liquid condensed), LS (super-
Tiquid), § (solid) and CS (close-packed solid). The use of the ternt liquid’
for'some of these monolayer states simply reflects the historical assumptions
that the phases were liguid-like. However, it is now known that all the
condensed-phases have well-defined in-plane structures and exhibit distinct
X-ray diffraction peaks (Dutta, 1990).

. An inspection of the abscissa in figure 2.12 reveals that the area per
molecule of the various condensed monolayer phases is approaching that of
the molecular cross-section, It is therefore reasonable to assume that the
various monolayer states are related to different interactions, and therefore
different arrangements, of the polar groups and hydrocarbon chains. Both
the lower pressure L, and L) phases observed in figure 2.12 are fairly
compressible, These phases have the long axes of the molecules tilted from
the normal to the interface plane: in the L phase, the alkyl chains are tilted
towards the nearest neighbours and the L) state has chains tilted towards
the next nearest neighbours (90° away from the Lz tilt direction) (Shih
et al,, 1992a).




Figure 2.11 Brewster angle micrograph of the expanded to condensed phase
transition in: (a] pentadecanoic acid (surface pressure 5 mNm™ k() a
phospholipid (dimyristoyl-phosphatidylethanolamine) (8 mN m™). Sub-
phase temperature=22°C. The bars on the photographs correspond to
100 pm. (Photographs provided by Dirk Hénig and Daniela Spohn,
Max-Planck-Institut fiir biophysikalische Chemie, Gottingen, Germany.)
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. Figure 2.12 Surface' pressure versus area per molecule isotherm for n-
docosanoic acid, at 15°C on a subphase of 1072 N HCL (After Stenhagen,
1955, Reproduced with permission from Academic Press.)

When a surface pressure of about 25 mN m~ is reached, the floating mono-
Ver becomes comparatively incompressible and the S phase is apperent.
“Further compression leads to the CS state, which eventually collapses with
“'increasing surface pressure. The various transitions between the condensed

‘monolayer phases are often accompanied by a (very) short region of constant

pressure, possibly associated with the enthalpy change of a first order transition.

For the higher pressure phases, the chain axes are normal to the interface plane.

" The LS phase is characterized by a very low viscosity over a certain tem- -

perature range (Harkins, 1952). It has also been called a rotator phase, after

-the corresponding structures in lamellar paraffins (Shih et al., 1992a). This
‘Tnonolayer state is not observed in the isotherm in figure 2.12.

- The precise nature and the molecular arrangement of the various condensed
monolayer phases have been the subject of considerable speculation (Sten-
hagen, 1955; Gaines, 1966). It is now becoming evident that the various
monolayer states are similar to mesophases found in the smectic liquid crys-
tals described in chapter 1 (Peterson, 1992). For example, X-ray diffraction of
floating fatty acid monolayers has revealed that phases L, and L, show the
same unit cell symmetries as the smectic liquid crystalline phases S; and Sg,
respectively (Kenn et al. 1991). Details of these mesophases may be found
in the book by Gray and Goodby (1984). Table 2.1 provides a summary of
the main condensed monolayer phases that have been observed with long-
chain compounds, with some of their characteristics. Transitions L} — LS,
LS—§, §—CS, 15— CS and L, — CS involve discontinuities in density,
as expected in first-order thermodynamic phase changes.

It should be noted that monolayer states other than those listed in table
2.2 may exist. For example, smectic Sy; and Sy phases have been identified
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Table 2.2 Condensed monolayer phases for long-chain organic compounds and their
corresponding smectic liquid crystalline phases. (After Kenn et al., 1991.)

e

Phase Name

Smectic LC phase

Characteristics

L, liquid-condensed
L; liquid-condensed

LS super-liquid

5 solid

Cs close-packed solid

&y
Sp

hexatic Sg

Sg

polycrystalline solid

tilted molecules

tilted molecules, but with
tilt direction at 90° to L,
phase; similar ;
compressibility to Ly
phase,

low viscosity at certain
temperatures; upxight
molecules; less
rompressible than L, and
L; phases; similar
compressibility to § and
CS phases. :
upright moleciles; high
collapse pressure.
upright molecules; high * }
collapse pressure; lower

collapse area than S
phase,

3

“surface pres:
 layers to sok

for n-docosanoic acid (Bibo and Peterson, 1992). A further phase, the
hexatic smectic-L appears when the n-docosancic acid is mixed with ethyl
eicosanoate. This phase is predicted to occur between the smectic S; and Sg
ey )

phases (see section 1.2).

2.4.4 Phase diagrams

If the surface pressure versus area measurements are undertaken at several
temperatures, and the points corresponding to the same phase transitions
are plotted on a pressure versus temperatures diagram, the resulting diagram

Gibbs’ phas:
~ < phases in e
1:"written

will show the range of temperature and pressures over which the various Wh;re ( .
phases exist. Such a phase diagram for n-docosanoic acid is given in figure tcilt € S
2.13. It is now evident whythe LS phase is not observed in the isotherm " fhas.ES mfec
shown in figure 2.12. A vertical line corresponding to 15 °C will pass through € Interiao
the phases Ly, L, S and CS. However, the LS phase will not appear in the L

pressure versus area diagram unless the temperature is increased to about -

25 °C. It should be emphasised that the phase diagram shown in figure 2.13 There are

is probably an oversimplification; a generalized diagram for long-chain fatty
acids is given by Overbeck et al. (1994b).

pressure ar
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et Figure 2.13 Surface pressure VETSUS temperature phase diagram for n-
docosanoic acid. (After Peterson, 1992, Reproduced with permission From
‘Research Studies Press.)

The nature of phase diagrams for monolayer-forming materials has very
important implications for the control of variables such as temperature and
urface pressure In monolayer experiments (and for the transfer of mono-
“Jayers to solid supports). For instance, if a monolayer is controlled so that it
is in a condensed phase that is very close to a phase boundary in the phase
a small change in either temperature or surface pressure may alter
] { the floating layer, affecting the deposition characteristics of the
monoalayer on solid supports. _
¢ The monolayer characteristics of many organic materials may be found in

; the comprehensive handbook edited by I\(Iingotaud et al. (1993).

. 2.4.5 Surface phase rule

" Gibbs' phase rule, introduced in chapter 1, may be extended to monolayer
phases in equilibrium (Birds, 1989; Gaines, 1966). Here the relationship is
written -

F=(CP+C)— (PP +P)+3 . (2.7)

 where C” is the number of components in the bulk, C* is the number confined
to the surface, PP is the number of bulk phases and P* is the number of surface
phases in equilibrium with each other. For a monocomponent meonolayer at
the interface between a pure liquid and a pure gas

ct=2 C=1; P=2 PF=L

There are three degrees of freedom. If the' temperature and external
pressure are fixed {as in most monolayer experiments), then there is only
one independent variable. Consequently, the surface pressure will vary
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with the area of the monolayer. If there are two phases present in the’
monolayer (e.g., expanded and condensed), then there are only two degrees
of freedom. Normally, the external pressure and temperature are already’

fixed. The surface pressure must therefore remain constant during the

phase transformation, as shown in the isotherms in figures 2.7 and 2.8. For-

three surface phases to be in equilibrium simultaneously, there are no
additional degrees of freedom. This is evident from the phase diagram in
figure 2.13, e.g., the areas corresponding to the Ly, Ly and LS phases meet
at a point of defined temperature and surface pressure. The application of
the phase rule to multicomponent systems is discussed in section 2.7.

2.5 Monolayer compressibility and viscosity

An important characteristic of a monolayer phase is its compressibility C. By
analogy with the compressibility for a bulk material, this is defined

' 1/ 0a '
il 29

where n is the number of moles of material. Therefore C may be evaluated

directly from the slope of the surface pressure versus area isotherm. Figure
2.12 shows that the compressibility of the lower pressure L, and L} phases
of n-docosanoic acid is about an order of magnitude greater than that for
the more condensed S and CS phases. For the L, and CS phases, these
values are approximately 8 x 10> mmN and 3 x 10 * mmN~, respec-
tively (Kenn et al, 1991).

A comparison can also be made between the rheological properties of
monolayer films and those of bulk matter. If the monolayer is highly rigid,
it will act in a similar way to a solid when a stress is applied and deform elas-
tically. It may be appropriate to describe this kind of behaviour using a set of
elastic moduli {Gaines, 1966). In contrast, some phases of floating monolayers
may be more similar to liquids and the layer will flow in response to an applied
shear stress. A useful parameter to quantify this behaviour is the coefficient of
surface viscosity ns given by '

(shear stress) = ng x (rgte' of flow) (2.9}

"The shear stress in the monolayer is simply the tangential force per unit

length. The surface viscosity may be independent of shear rate (Newtonian
behaviour}, or may change with the rate of flow (non-Newtonian). Sometimes
complex viscoelastic behaviour can result in surface pressure variations across
the monolayer and consequently to compression rate dependent hysteresis
in a compression—expansion isotherm measurement. In such cases it is
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. _Figure 2.14 Origin of the surface potential AV in a long-chain fatty acid
" molecule at the airfwater interface.

important that the nature of the compression mechanism (e.g., uniaxial, iso-
tropic) and the compression rate are stated with the pressure versus area
curve. There may also be implications for the transfer of the monclayer
onto a solid support; this is discussed further in the next chapter.

6 Electrical effects in monelayers

\

Measurement of the electrical properties of the monolayer/air interface can
also provide some insight into the nature of the various phases and phase
changes. A convenient experimental technique is to monitor the surface.
potential AV. This is the potential difference produced at a point immediately

" above the subphase surface when a floating monolayer is introduced, It arises

“becanse monolayer-forming materials usually possess permanentelectric
dipoles. If the floating film is thought of as an array of dipoles whose effective
dipole moments in the direction perpendicular to the subphase surface are 4,
the surface-potential may be approximated by

VWAl wenn L AV = DL : _

P2 - o ) _ (2.10)
where 7 is the surface density of dipoles (i.e., the number of molecules per
unit area) and ¢ is the permittivity of free space (¢; = 8.854 x 1072 Fm™).
The choice of a relative permittivity of unity in equation (2.10) is arbitrary
and better agreement with experimental data can be obtained by introducing
an effective local permittivity (Oliveira et al, 1992). The overall dipole
moment g, will include contributions from the polar head group of the
molecule (y;), the hydrocarbon chain (uy) (associated with the CHj group
at the end of the molecule) and the surface water molecules (13), as shown
in figure 2.14. For a fully condensed monolayer of n-octadecanoic acid,
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Figure 2.15 Surface potentinl versus area per molecule plot for n-
hexadecanoic acid, at 30°C on a subphase of 107 MHCI. (Reprinted
with permission from Pallas, N. R. and Pethica, B. A. (1885) Langmuir,
1, 509-13. Copyright 1985 American Chemical Society.) '

“The exact fo:
ficating monol
i (Gaines, 19
theory, is show

= 990mD, g, = 330mD and p3 = —65mD (Oliveira et al., 1992), If the :
monolayer becomes ionized (see below), then it is necessary to include th

potential due to the double-layer (see next section). : negatively ct

As a monolayer of n-octadecanoic acid is compressed, the surface potential and negatively
will remain close to zero until the average area per molecule is less than charge neutral
0.4nm? (Oliveira et al., 1992). A rapid increase in AV then occurs until a ‘resulting inay
maximum value of several hundred millivolts is achieved. Large fluctuations :: in the bulk of
in AV can occur for monolayers in a two phase region. These potential g, the diffuse or €
variations reflect the presence of patches of dense and dilute monolayer, }: the real situati
observable by the finite size of the measuring*electrode. An example is |- ° layerormaye
shown in figure 2.15 for n-hexadecanoic acid on 1072M H(I at 30°C (Pallas ! to be solvated
and Pethica, 1985). This curve should be contrasted with the pressure surface only
versus area curve, measured under identical conditions, shown in figure 2.8. + One import

It is also possible to monitor the displacement current generated as the will differ fror

dipoles in the monolayer re-organize during compression (Iwamoto et al,,
1992). The technique is similar to that of thermally stimulated conductivity
(or thermally stimulated depolarization) of a dielectric (Harrop, 1972;

Blythe, 1979). However, in the latter case, the dipole re-orientation is where pH is

k
-
i

caused by a temperature change (see section 6.6.4). . electronic cha

7 Langmuir-
2.6.1 lonized monolayers i deliberately &
The discussion so far has been confined to monolayers of neutral molecules characteristic:
that bear no electrical charge. This would be the situation for a long-chain of the fatty
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. . d‘ a.t‘ a pH of 4 or less. However, on making the subphase more
- fatty. agl ionizatlijon of the polar head groups will occur to form hydrogen
vin the subphase and C?%E%Elstfntom in the film, ie.,

L CHyn41COOH = C;Ha, 1 1CO7 +H" (2.11)

: The PHatWhlch half the molecules of an acid are jonized is known as the pK,4
’ cid. The expected pKg4 for n-octadecanoic acid on a water surface is 5.6

' a
?é;l«:tz and Pethica, 1956). Charges associated with ionized monolayers will be
neutralized by counterions in (or added to) the aqueous subphase. The

! Jistance over which this neutralization or ‘screening’ occurs is related to

the concentration of these ions. The resulting electric potential will modify
‘he measured surface potential. To a first approximation, this will now be
; ty A

gwenby ST

jon

ok
AV =nu, + 'l,bo (2.12)

where 1 represents the maximum potential difference between the surface
tnd the bulk of the subphase. ¢~ .75 ¥"" o e
The exact form of the variation of the potential ¢ with distance beneath the
* floating monolayer is complex; for example, it is likely that 4 will depend on
1i57(Gaines, 1966). A simplified model, based on the classic Gouy—Chapman
theory, is shown in figure 2.16 (Birdi, 1989). It is assumed that the monolayer
is negatively charged at the air/water interface (x = 0 in the figure). Positively
and negatively charged ions in the subphase will then be distributed to achieve
charge neutrality. This distribution will be governed by Boltzmann statistics;
resulting in a variation of ¢ from a maximum value of 4/ at the surface to zero
in the bulk of the subphase. The distance over which ¢ changes is known as
the diffuse or Gouy~Chapman double layer (x = 0 to x = Lin figure 2.16). In
the real situation specific ions may be adsorbed on the polar ends of the mono-
layer or may even penetrate this layer; furthermore ions in solution are likely
to be solvated (surrounded by oriented water moleceles) and can approach the
surface only to a distance about equal to the radius of the solvated ions.  , ,
One important consequence of the above is that the pH of the surface region

will differ from that of thé bulk (Gaines, 1966) pH > ) P
. _ Comip
— _!{"__,l'?_ e el VB

pH: = pHyp + (2.3kT) br_;; J (2.13)

where pH, is the surface pH, pHy is that of the bulk solution, and g is the
electronic charge (1.60 x 107 C). :

Langmuir-Blodgett films of long-chain fatty acids are often prepared by
deliberately adding divalent ions to the subphase to improve the deposition
characteristics of the monolayer film. The floating layer will be a mixture
of the fatty acid and the fatty acid salt. The salt concentration in the

AaD
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Figure 2.16 Top: simple model for the charge distribution at an air/mono-
layerfwater interface, Bottom: variation of potential vy with distance.

monolayer will depend upon the pH. In a subphase containing cadminm
chloride, the following reaction will take place

2C,Hy; :1COOH + CdCL = (C,Hy, 41 CO)7 Ca*F 4+ 2HCL (2,14

The salt formation is favoured by high subphase\pl'_{_: In the specific cese of a |
floating monolayer of n-eicosanoic acid (arachidic acid) on a subphase at room

o AN

ot

temperature containing a cadmium salt in a concentration of 107*M and §-

having 2 pH = 5.7, a monolayer comprising about 50% cadmium eicosenoate

and 50% eicosanoic acid will be formed (Blodgett and Langmuir, 1937).,
Figure 2.17 shows the effect of the incorporation of calcium ions on the

pressure versus area isotherms for n-heneicosanoic acid (Shih et al., 1992b).

The isotherms have been displaced horizontally for clarity. At the lowest
pH (2.1), the isotherm is identical to that observed at the same temperature
without ions in the subphase. The L and L} phases, together with the transi-
tion 1o 2 condensed monolayer state, are evident. However, as the pHis
increased, the structure in the isotherms corresponding to the phase transi-
tions is lost. At the highest pH (10.4), the surface pressure versus area
curve for the salt monolayer is featureless. The general forms of the isotherms
in figure 2.17 are observed for many long-chain fatty acid/salt combinations.
The formation of the salt monolayer appears to convert the floating mono-
layer into 2 more condensed solid as the head groups are drawn doser together
and the tails move closer to the vertical (Shih et al., 1992b). Theoretical studies
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7.7 MIXED MONOLAYERS
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Figure 2.17 Pressure versus area per molecule isotherms, at different pH

values, for monolayers of n-heneicosanoic acid spread on a solution of

0.5mN calcium chloride. The isotherms have been displaced horizontally

for clarity; the abscissa is valid only for the isotherm at pH2.1. (After

Shih et al, 1992b. Reproduced: with permission from the American
+ Institue of Physics.) ’

50 show that the role of ions in fatty acid monolayers is to provide long-
ange attractive forces that cause a two-dimensional lattice to form, even at
low amphiphile concentrations (Modak and Datta, 1994).

“Addition of ions to the subphase can alsa affect the mechanical properties of
e surface monolayer. Traces of triply charged cations in particular {e:g.
e>*, Al*") can give rise to extremely rigid layers (Hann, 1990).

27 Mixed monolayers -

“Interest in molecular electronics and molecular engineering has led to
‘many studies of mixed monolayer systems. Sometimes a fatty acid is
simply ised to ‘stabilize’ a compound that would not form a monolayer
by itself. The resulting layers could be intimate mixtures, as shown in
figure 2.18(a), or a multiphase mixture (figure 2.18(b)). The precise arrange-
ment may usually be identified by studying an appropriate monolayer
property (e.g., collapse pressure or compressibility) over a wide composition
range. If the individual components are immiscible, then the film may be
thought of as consisting of two (or more) separate monolayers. The area
occupied by the film will be the sum of the areas of the separate films,
ie., for a two-component mixture

fp = Xyay + %8y ' (2.15)

where 4y, is the average molecular area in the two-component film, x7 and x»
are the mole fractions of the components, and a; and 4 are the molecular
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Figure 2.18 Different arrangements for the molecules in a two-component
monolayer: (a) complete miscibility; (b) immiscible materials. :
Figure <

areas in the two single component films at the same surface pressure. For an {a) sy -

‘ideal” mixed film, a plot of 4, versus x; should be a straight line. Any

A,
deviation from this relationship provides evidence for miscibility. Similar } |
scaling rules may be used for other properties such as surface potential and
compressibility, yesstire will b

Using the surface phase rule (equation (2.7)) for two components in the.. “whatever the

monolayer ‘ ailibrium ‘;}

— 5 hould therefc

F=5_p \ (2.16) . Very of

If there is only one surface phase (i.e., the two components are completely | yreading pres

miscible), there are four degrees of freedom: temperature, the external the monolayes

pressure, the monolayer surface pressure and the composition of the film. ¥ when collapse
However, if the monolayer components do not mix, two surface phases are

formed and one degree of freedom is removed,

N ist
If the mixed monolayer is compressed until it collapses, an additional bulk 28 Chemis

phase will be formed as monolayer material is squeezed out of the floating Several kinds
layer (ie., P* = 3). Now . -+ “film and one («
: F—4_ps : (217) i of C=C bon.
_ b meristm) 2>
For one surface phase, there are three degrees of freedom, and if external Pt (1988) an.. g

pressure and temperature are constant, the sarface pressure must vary with
the composition. This surface pressure will be the equilibrium spreading

pressure of the mixed film (e, the pressure at which the monolayer is in References

equilibrium with the bulk phase). In the case where the monolayer compo- .~ Adamson, A W.
nents are immiscible there are two surface phases (P* = 2) and only two ¢ Beﬁt:;é }Tf;fsp;:
degrees of freedom. At a fixed temperature and external pressure, the '°  Bibg A M andF

equilibrium spreading pressure will be constant, independent of composition, Thin Solid Film




igure 2.19 Surface pressure versus ares per molecule isotherms for:
{a) compotnd A; (b) compound By (¢c) mixed monolayer of A and B with
*complete miscibility; (d) mized monolayer of A and B with no miscibility.

!

Thé-component of the mixed film that has the lower equilibrium spreading
pr.é‘é"éﬁ'ré will be squeezed out of the monolayer at the same surface pressure,

Yatever the initial composition of the monolayer. A measurement of

quilibrium spreading pressure as a function of monolayer composition
‘showld therefore be a good test for monolayer homogeneity (see, figure
*2.19). Very often the collapse pressure is taken as a guide to the equilibrium

preading pressure. However, the results will require careful interpretation as
the monolayer film may not be in a state of true thermodynamic equilibrium
hen collapse occurs.

e

23 Chemistry in monolayers

Several kinds of chemical interaction can take place between the monolayer
film and oné (or both) of the adjacent bulk phases. These include the oxidation
of C=C bonds, hydrolysis, photochemical reactions (e.g., cis-trans iso-
merism) and polymerization. These subjects have been discussed by Bubeck
(1988) and Gaines (1966). | -~
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