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Structures and Phase
Transitions in Langmuir
Monolayers

David Andelman!
Francoise Brochard?
Charles Knobler?
Francis Rondelez*

12.1 Introduction

Throughout the previous chapters, attention has been focused on the wide
variety of structures and phase behaviors characterizing the self-assembly
of amphiphilic molecules in aqueous solution (Chapters 1 to 8) and in
oil/water mixtures (Chapters 6 to 11). In all cases the organization of am-
phiphilic (surfactant) molecules has involved one or more three-dimensional
aggregates, i.e., globular or cylindrical micelles, vesicles or undulating bi-
layers, and droplets or bicontinuous phases of microemulsions. As a conse-
quence, elastic {(curvature) free energy has played a crucial role in deter-
mining the relative stabilities of competing geometries, and the associated
phase transitions have been naturally compared and contrasted with those
familiar from the usual fluids, liquid crystals, and solids in bulk.

In the present, concluding, chapter we turn to an important class of two-
dimensional (2D) phenomena, in particular those arising in the study of
adsorbed amphiphilic monolayers on a liquid subphase. It has long been
known that many amphiphilic molecules form monomolecular layers at the
interface between water and air. If the amphiphile is only very slightly
soluble in the bulk, it can be treated as a separate surface phase; such an
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FIGURE 12.1. Schematic representation of the microscopic structure of a mono-
layer in different states. The dots represent the hydrophilic head and the wavy
lines the hydrophobic tails of the amphiphiles. (a) Gas: the molecules are widely
separated and the tails are in contact with the water surface; (b) Intermediate
density: the tails are upright but disordered; (c) Condensed state: the tails are
almost entirely in trans conformations and closely packed.

insoluble film is called a Langmuir monolayer. Langmuir monolayers can
be formed when there is the right balance between the solubility of the
hydrophilic head group of the amphiphile and the hydrophobic nature of
its tail. For substances like fatty acids, this balance can be achieved for
chain lengths that fall between 12 and 30 carbons. Insoluble monolayers of
phospholipids and simple esters are also easily formed.

The microscopic nature of a Langmuir monolayer is suggested by the
cartoons shown in Fig. 12.1. The head groups are immersed in the water
surface and the tails remain out of the water. At low density the tails
are likely to be disordered and will have conformations that bring them
in contact with the water surface. (Recall that hydrophobicity does not
imply a repulsive interaction between the tail and the water surface.) If the
monolayer density is increased by compression at constant temperature, the
chains begin to interact and are more likely to be found above the water
surface. As the packing becomes tighter the chains are increasingly in the
trans conformation (see Sec. 1.3.3). At the highest densities the chains and
head groups are completely ordered and the packing is similar to that found
in the three-dimensional solid.

The complex interplay between energetic and entropic factors in mono-
layers is similar to that found in other amphiphilic systems. What is new
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here is the possibility of continuously changing the area per amphiphile,
the constraint brought about by the pinning of the head groups to the
surface and the interaction of both the chains and the head groups with
the subphase. A further complication arises because the amphiphiles are
necessarily dipolar. Thus, when the density is sufficiently high to orient
the chains, the molecular dipoles are aligned and repel each other; if the
chains are tilted with respect to the surface there will be both in-plane and
out-of-plane dipolar interactions.

While the structures of Langmuir monolayers are far from being com-
pletely understood, there have bcen many recent experimental and the-
oretical advances, which are the subject of this chapter. We will begin
(Sec. 12.2.1) with a review of results from what can be called classical
studies, work that is not necessarily old but which has been carried out
with the techniques that were developed by the early workers in the field.
A variety of new experimental methods has led to a revitalization of mono-
layer research; these will be described briefly in Sec. 12.2.2. A critique of the
current experimental situation then follows in Sec. 12.2.3. In Sec. 12.3 we
discuss first (12.3.1) the equilibrium theories of successive fluid-fluid phase
transitions and chain conformational statistics, and then the driving forces
for spatially modulated states in Langmuir monolayers (12.3.2-12.3.3). Dy-
namical features of these systems are treated in Sec. 12.4, followed by a
concluding discussion in 12.5.

12.2 The Experimental Situation

12.2.1 CLASSICAL STUDIES

Langmuir monolayers can be prepared by depositing a small amount of a
solution of an amphiphile in a volatile solvent onto a clean water surface;
the monolayer forms spontaneously as the solvent spreads and evaporates.
The area available to the monolayer is controlled by a barrier that can be
slid across the surface, as shown in Fig. 12.2. Detailed descriptions of the
experimental methods outlined below are found in the books by Gaines [1]
and Adamson [2].

The thermodynamic state of the monolayer can be described by an equa-
tion of state II = [I(a,T) where II is a two-dimensional pressure, T is the
temperature, and a is the area per molecule. The surface pressure is defined
as the difference between «,, the surface tension of pure water and v the
surface tension in the presence of the monolayer (see Chap. 10):

M= -7 (12.1)

In writing [1(a,T) we have assumed that the properties of the subphase
have been held constant. The properties of the monolayer, however, may
be sensitive to the pH or ionic strength of the subphase or to the presence
in the bulk of specific solutes such as divalent ions.
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Barrier Wilhelmy Plate

FIGURE 12.2. Schematic diagram of a Langmuir trough. The trough is typically
constructed of a material such as Teflon that is not wetted by water; the water
surface therefore rises above the edge. Monolayers can be compressed by sliding
the barrier across the surface. The pressure can be determined by measuring the
force on a plate (Wilhelmy plate) that passes through the surface or on a barrier
that separates the monolayer-covered surface from pure water.

The most commoun measurement performed on Langmuir monolayers is
the determination of surface pressure—area isotherms, and much of the in-
formation concerning the phase behavior of monolayers has been deduced
from such studies. The schematic isotherm shown in Fig. 12.3 is typical
of those observed for many pure amphiphiles. As in the case of P - V
isotherms, first-order transitions should be marked by horizontal portions
of the isotherm and second-order transitions by changes in slope. Thus, for
example, the long plateau at low pressure arises from a first-order transition
between a gaseous phase and a fluid phase.

Unfortunately, the interpretation of isotherms is often not so straight-
forward because the slopes in first-order transition regions are rarely truly
horizontal. Further, transitions between condensed phases may be accom-
panied by only very small changes in density so that the isotherms exhibit
kinks rather than plateaus. Phase diagrams have therefore been established
only by combining isotherm studies with measurements of other properties.

The character of a phase can be assessed, for example, from measure-
ments of the surface potential AV, which can be related to p,, the compo-
nent of the dipole moment density of the film perpendicular to the interface,
by the relation _

AV =p./e" (12.2)

where ¢* is the local dielectric constant seen by the dipoles. The observed
potentials can be compared to those predicted for models of the monolayer
in which the charge distribution along the amphiphile is estimated from
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FIGURE 12.3. Schematic [1 — a isotherm. The long plateau corresponds to the
G-LE two-phase region. The short plateau, which corresponds to the LE-LC
two-phase region, is horizontal only in measurements made with extremely pure
materials; it is not observed in all monolayers. The isotherm is simplified; other
more subtle features may also be observed in precise measurements.

its chemical structure and for which a conformation and orientation are
assumed. The interpretation of such data is not without its subtleties, but
useful information can often be obtained without recourse to a model. For
example, temporal variations in the surface potential indicate a first-order
phase transition and the coexistence of domains of different densities within
the monolayer. The Auctuations arise when domains move into or out of
the region beneath the measuring electrode.

Although the location of phase boundaries and the characterization of
the phases by these classical methods have often been ambiguous, there has
been general (but not unanimous) agreement about the existence of at least
four monolayer phases that are associated with easily detectable features
in isotherms: (1) Gas (G); (2) Liquid [usually called liquid ezpanded (LE)};
(3) Solid (S); and (4) Another condensed phase that intrudes between the
LE and S phases and is usually called liquid condensed (LC). However,
other features such as kinks and changes in slope are often observed in
isotherms. If each of these is taken as evidence of a phase transition, many
more phases must exist.

Rather complex phase diagrams, similar to the general [1 — T diagram
shown in Fig. 12.4, were constructed by Stenhagen [3,4] and Lundquist (5,6}
from their detailed [T — a measurements on fatty acids and fatty esters,
respectively. Their proposals were looked upon with skepticism because
of the difficulties in determining subtle features in isotherms, but recent
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FIGURE 12.4. Generalized I1 — T diagram. The diagram is similar to the ones
proposed by Stenhagen [3,4] and is applicable to long-chain fatty acids, esters,
and alcohols. Adapted from Bibo et al [55].

studies by a variety of new methods have shown that many condensed
phases do exist.and that the Stenhagen and Lundquist diagrams are largely
correct — see Section 12.2.3.1 below.

Much of the current research on Langmuir monolayers is directed toward
determining the structures of the phases, understanding the relations be-
tween them and explaining them in terms of the molecular properties of the
amphiphiles. These questions can be addressed only with great difficulty
by the classical methods for studying monolayers, and a variety of new
techniques have therefore been employed. We will give a brief overview of
these methods in the next section; a more detailed discussion can be found
in other reviews[7,8].

12.2.2 NeEw EXPERIMENTAL METHODS
12.2.2.1 Fluorescence microscopy

The textures of Langmuir monolayers can be observed directly with the
technique of fluorescence microscopy [9-11]. The amphiphile is mixed with
a small amount (< 1 mol%) of a fluorescent probe, which is usually itself
an amphiphile to which a chromophore has been chemically bonded. The
monolayer is then prepared in a trough mounted on the stage of an optical
microscope. The fluorescence is excited by illuminating the surface, gener-
ally from above, with light from a mercury arc or laser. The fluorescence
image is then observed through the microscope; it is weak and is therefore
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usually detected with a high-sensitivity television camera and viewed on a
monitor or recorded on videotape for subsequent analysis.

Figure 12.5 shows fluorescence images for monolayers of pentadecanoic
acid at various stages of compression along a 25°C isotherm [12].
Midway through the G-LE plateau region, one sees dark circular bubbles
of the G phase surrounded by the bright LE phase. The contrast between
the phases is caused by the difference in density and also by a quenching of
the fluorescence in the G phase. The proportion of light and dark regions
varies with density according to the “lever rule”; at one phase boundary
the image is completely dark while at the other it is completely bright.

The image remains uniformly bright as the monolayer is compressed
through the LE one-phase region. Dark circular domains of the LC phase
appear at the LE-LC phase boundary; the LC phase appears dark because
the probe is only slightly soluble in it. As the compression proceeds in
this two-phase region, the image becomes increasingly black as LE phase
is converted into LC phase. If the probe concentration is sufficiently low,
one can observe the complete transformation to the LC phase.

In some cases information about the tilt of amphiphile tails can be gained
from fluorescence microscopy [13]. By tilt we mean a preferred orienta-
tion (direction) for the projection of the molecular axes onto the subphase
surface. In such experiments a polarized laser that strikes the monolayer
obliquely is used for excitation. If the electric field of the laser is properly
oriented with respect to the surface normal, there can be a contrast in Au-
orescence between regions of differing tilt. This method has recently been
used to examine domain structures in ester mnonolayers [14].

12.2.2.2 X-ray and neutron reflectometry and scattering

Monolayers have been investigated both by x-ray [15] and neutron [16] scat-
tering. X-ray reflectivity measurements can be performed with conventional
sources, but all of the X-ray diffraction studies have been carried out with
synchrotron sources, which have very high intensity. The ease with which
the neutron scattering cross section can be varied by isotopic substitution
makes experiments with the much lower intensity neutron sources never-
theless attractive {17].

The information that can be obtained from scattering measurements on
monolayers depends on the scattering vector Q, which is fixed by the source
and detector geometry. Reflectance measurements are carried out by keep-
ing Q perpendicular to the surface. In this geometry the variations of the
scattered intensity with wave vector provide information about the density
profile of the monolayer normal to the surface. Such measurements are ana-
lyzed by comparing the experimental scattering with that predicted for slab
inodels in which the monolayer is envisioned as a series of layers of different
thicknesses and scattering density, each slab representing some portion of
the surface (subphase, head, tail). The scattering densities are computed
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FIGURE 12.5. Fluorescence microscope images of a pentadecanoic acid mono-
layer at various stages of compression along a 25°C isotherm. (a) G-LE coexis-
tence at 61 A?/molecule; (b) LE phase at 37 A% /molecule.
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FIGURE 12.5. (c) LE-LC coexistence at 27A%/molecule; (d) LE-LC coexistence
at 24A%/molecule.

from the molecular structures, and the thicknesses are determined by fitting
the data; parameters are also included to account for surface roughness.
In the in-plane geometry, one studies the scattering parallel to the sur-
face plane as a function of the scattering angle. This diffraction pattern is
characteristic of the structure of the monolayer projected onto this plane.
Because the source generally illuminates about 1cm? of the surface, an
area that includes many monolayer domains, the resulting pattern is pow-
der averaged and does not show-thé& isolated peaks characteristic of single
crystals. The spacing of the diffraction planes can be calculated from the
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peak positions and the range of the translational correlations can be ob-
tained from the peak widths. Measurements of the intensity of a Bragg
reflection along a surface normal, “rod scans” [18], allow direct information
to be obtained about chain tilt.

These diffraction experiments are always difficult to perform because of
the small scattered intensities Even with the most powerful synchrotron
sources, they require long-time exposures and care has to be exercised to
maintain the monolayer chemical integrity under the X-ray irradiation and
not to lose molecules by dissolution in the subphase. This explains why such
experiments have generally been confined to the longest fatty acids (with
eighteen carbon atoms or more) or phospholipids and at high surface densi-
ties. One notable exception is the study of fluorinated fatty acids with only
twelve carbon atoms, and over a range of surface densities between 30 and
400A2 per molecule [19]. Advantage is taken of the larger scattering power
of fluorine atoms compared to hydrogen, and of the rod-like conformation
of the CF1 chains.

12.2.2.3 Spectroscopic measurements

The monolayer represents an extremely small part of the entire experimen-
tal system: monolayer + substrate, so the most promising spectroscopic
methods are those which somehow discriminate against bulk phases. One
such technique is based on the nonlinear process of optical second harmonic
generation (SHG). When an intense laser beam interacts with a medium
that is not centrosymmetric, a second harmonic of the laser frequency is
produced. Interfaces between two uniform media lack inversion symmetry
and can therefore be used to generate second harmonics.

If the signal comes mainly from the monolayer, the nonlinear susceptibil-
ity that is responsible for the generation of the second harmonic is propor-
tional to the product of the monolayer surface density and nonlinear po-
larizability averaged over the distribution of molecular orientations [20,21].
In general, the relation between the molecular orientation and the signal is
complex, but with some simplifying assumptions it is possible to determine
the average value of the polar angle between the surface norinal and the
axis of the part of the molecule whose nonlinear susceptibility is involved.
In most cases this SHG-active part is localized in the head group, so one
must be careful about inferring from these analyses the average orientation
of the molecular tails; this point is especially problematic when the chain
is flexible (as at larger areas in the LE phase).

In sum-frequency generation (SFG) spectroscopy {22], another nonlinear
technique that-can provide surface-specific information, light from a laser
operating in the visible region is mixed on the surface with light from a laser
operating in the infrared. When the frequency of the infrared laser inatches
an absorption frequency of the monolayer, there is a resonance enhancement
of the signal. The technique therefore allows the infrared spectrum of the
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monolayer to be investigated. Direct measurement of the infrared spectrum
of monolayers by external reflection infrared spectroscopy has also been
carried out [23].

12.2.2.4 Langmuir-Blodgett films

A monolayer can be transferred to the surface of a solid substrate if the
slide is passed from the water to the air side of an interface covered by
the monolayer. If the solid is now passed back to the water side, a second
layer is transferred. This process can be repeated to build up multilayer
structures on solid supports; such structures are called Langmuir-Blodgett
(LB) films. Much of the research on LB films has focused on the properties
of multilayers, but monolayers have also been examined.

Many experiments that cannot be carried out on Langmuir monolayers
can be performed with relative ease on LB monolayers. For example, the
structures of LB films can be investigated by electron diffraction[24], a
technique that can examine small domains and therefore does not produce
a powder-averaged diffraction pattern. LB films can also be examined by
electron microscopy [25] and by scanning tunneling [26] and atomic force
microscopy [27]. The relevance of such experiments to Langmuir monolayers
depends on the extent to which the properties of the monolayer are altered
in the transfer process. This is not always clear, so comparisons between
Langmuir monolayers and the LB films derived from them must be made
with some caution.

12.2.2.5 Other methods

Several other techniques have been applied in a few instances to monolayer
studies. Relaxation processes in monolayers, for example, can be studied
by flow (1] or oscillating-disk viscometry [28, 29]; more detailed information
on the 2D visco-elastic properties can be obtained by light scattering from
thermally excited surface waves{30]. Ellipsometric measurements, which
can be interpreted in terms of film thickness, have long been employed [1];
the development of modern instrumentation has sparked a renewed in-
terest in such studies [31]. A recent development [32,33] is Brewster-angle
microscopy, which allows imaging of a monolayer without the addition of
fluorescent probes.

2.2.3 THE CURRENT SITUATION

The results of the classical studies — mainly isotherm and surface potential
measurements, but also including investigations of quantities as diverse
as the viscosity and the rates of chemical reactions in a monolayer — can
be combined with those obtained with the newer techniques to provide a
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12.2.3.1 Phase diagrams

Although there are certainly differences in detail, the number and type of
general monolayer phases — G, LE, LC, and S - and their relative locations
on a [T - T diagram appear to be much the same for many phospholipids,
fatty acids, alcohols, and esters. One can envision a generalized phase di-
agram that is displaced in some regular fashion as the nature of the head
groups and tails are altered. There is, for example, a long-established rule
of thumb that the addition of one CH» group to the tail of a fatty acid dis-
places the phase boundaries to higher temperature by 8-10°C. The molec-
ular areas at which phase transitions occur must also depend in a regular
fashion on the cross-sectional area and flexibility of the tails. For exam-
ple, recent experiments on myristic, pentadecanoic, and palmitic acid have
shown that the part of the phase diagrams corresponding to the LE-LC
transition can be exactly superimposed by shifting the temperature scale
by 11.6°C [34]. Condensed phases for amphiphiles such as the phospho-
lipids, that have two chains per head group, can be expected to differ in
detail from those for single-chain molecules because of packing constraints
produced by the mismatch between the chain and head-group areas and
differences in symmetry.

At high areas and low pressures all monolayers exist as gaseous phases.
In many cases, there is a transition to the LE phase on compression; it
is clear from a large variety of experiments - isotherms, surface potential,
fluorescence microscopy, scattering from surface waves - that this transition
is first order. It also appears likely that it ends at a critical point.

Highly precise measurements of G-LE isotherms for pentadecanoic
acid [35] appeared to show the existence of a G-LE critical point at 26.27°C,
but more recent isotherm studies {36] on the same system lead to the conclu-
sion that the critical temperature must be in excess of 40°C. Fluorescence
experiments [12] are in accord with these latter studies but do not explain
why the two very careful isotherm experiments should give such disparate
results. A detailed analysis of the first isotherms had shown that the crit-
ical point had mean-field character rather than the non-classical Ising-like
behavior that might have been expected. The subsequent experiments call
this conclusion into question and the character of the critical point remains
unknown [37].

When the LE phase is compressed, a transition to a more condensed
phase, the LC phase, is often observed. With few exceptions {38,39],
horizontal isotherms are not observed in the LE-LC transition region and
there has therefore been considerable debate about the order of the transi-
tion. Fluorescence measurements clearly show the presence of two phases
throughout the transition region and the changes in the relative amounts of
the phases follow the lever rule, so the first-order character of the transition
is no longer in doubt.
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The LE-LC transition is not found at low temperatures and the point
at whicl it disappears, the LE-LC-G triple point, can be located from
isotherm studies. The triple point can also be determined by fluorescence
microscopy and in recent measurements on pentadecanoic acid [12] there
was excellent agreement between the two methods. At temperatures below
the triple point, there is a direct transition from the G phase to the LC
phase without an intervening LE phase. This is the case, for example, for
isotherms of stearic acid at room temperature, which lack the coexistence
region associated with the LE-LC phase transition.

The existence of transitions between other condensed phases can be in-
ferred from isotherm measurements [3,4,40] and has now been confirmed by
diffraction measurements. X-ray studies of phospholipids (15,41-43], fatty
acids [15,44-47] and a long-chain alcohol [48,49] have shown that there are
a number of condensed monolayer phases. For example, five distinct phases
that correspond to features in isotherms were distinguishable by in-plane
scattering measurements on docosanoic acid. Following the notion estab-
lished by Harkins and Stenhagen [3,4], they can be identified as the S, CS,
LS, L,, and L) phases shown in Fig. 12.4, and will be discussed in Sec.
12.2.3.2 iminediately below.

The fluorescence technique can also provide evidence of such transitions.
When monolayers of methyl esters are formed in the LE-LC two-phase re-
gion at high temperatures, the LC domains are circular. If the monolayer
is then cooled, the domains undergo a transition to a hexagonal shape
at a well-defined temperature{14,50]. The shape transition is reversible
and does not depend on the nature or concentration of the fluorescent
probe. One can associate the domain shape change with a transition be-
tween two LC phases, a high-temperature phase that is isotropic, and a
low-temperature phase that is anisotropic. The transition temperaturcs
correlate well with those of the LS — L} phase transitions deduced from
Lundquist’s isotherms [5).

Similarly, two different patterns have been observed for LC domains of
long-chain fatty acids in the LE-LC two-phase region, depending on tem-
perature [34]. At low temperatures the domains are circular whereas highly
ramified, fractal-like structures are observed at high temperatures. The
shape transition is extremely sharp and occurs within less than 0.1°C, ev-
idence that the LE phase can transform into two different LC phases. The
transition temperatures correlate well with the phase diagram proposed
by Bibo and Peterson [40] on the basis of surface pressure isotherms. It
should be emphasized however that in these cases, the LC domains are
always circular at equilibrium, and the shape transitions are associated
with nonequilibrium morphologies that occur under rapid compression or
changes in temperature. The relaxation rate towards the equilibrium, cir-
cular, domain shape gives information about the monolayer viscosity. It
appears that the viscosity of the high-temperature phase is three orders of
magnitude larger than that of the low-temperature LC phase.
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A transition, presumably LE-S, has also been observed by fluorescence
microscopy in a highly-compressed monolayer of stearic acid, labeled with
NBD (4-nitrobenz-2-oxa-1,3-diazole) which is itself a probe molecule [51].
In this case the solid domains take the form of extremely long and narrow
needles. This peculiar shape has recently becen explained on the basis of
the dipole-dipole interactions associated with the conjugated rings of the
NBD chromophore [52].

12.2.3.2 Structures of monolayer phases

The very low density of the gas phase makes it very difficult to study by
any of the techniques that provide information about microscopic structure.
The low surface pressures at which the gas phase is stable also present prob-
lems for the classical studies, because even very low levels of impurities can
significantly affect the measurements. Isotherms at large areas per molecule
can be fit to equations of state appropriate to a two-dimensional van der
Waals gas. One finds then that the effective compact area per chain is con-
siderably larger than that for a vertical chain, which is consistent with a
structure in which the chains are disordered - both conformationally and
orientationally - to a large extent. Such a structure makes sense on both
‘energetic and entropic grounds.

The classical picture of the LE phase as one in which the chains begin
to be raised off the surface is consistent with that obtained from the more
recent studies. SHG measurements on pentadecanoic acid [18) have been
shown to be sensitive to the orientation of the head group; if the chains are
assumed to be rigid, then the measurements can be interpreted in terms
of change in chain orientation. At 25°C and a molecular area of 45A2, the
polar angle with respect to the surface normal is nearly 90° in the LE phase
(i.e., the chains are on average nearly horizontal) but it falls sharply upon
compression to about 45° at the LE-LC phase boundary (molecular area

of 321&.2). The angle then changes linearly with area, as it would if there
were a mixture of phases with different tilt angles, and reaches 30° at the
end of the transition region. Similar results are found along other isothernis
between 20 and 30°C, and it appears that the 45° angle at the start of the
LE-LC transition is independent of temperature.

Sum-frequency spectra have also been measured [22] in the LE phase of
pentadecanoic acid. A strong CH, asymmetric stretch signal at 2850cm™!
and a broad background in the range 2880 — 2930cm™! that is also at-
tributable to CH, stretches are observed. The intensities of these fea-
tures increase when the monolayer is expanded further. If the chains were
straight, there would be near inversion symmetry along them, and the CH,
modes would not be observed. Thus the presence of the modes and the
increase in intensity is indicative of an increase in gauche conformations in
the tail as the area increases.

Fourier transform infrared spectroscopy (FTIR) studies of the LE phase
in dipalmitoyl phosphatidylcholine (DPPC) {53} also provide information
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about changes in the gauche/trans ratio. For DPPC monolayers at a molec-

ular area of 100;\2, the CHj stretching frequency corresponds to that found
in bulk suspensions; it decreases linearly with decreasing area, and in the
LC phase reaches a value comparable to that in pure bulk DPPC in which
the chains are all trans.

X-ray reflectivity measurements have been performed [15] on dimyristoy!

pliosphatidic acid (DMPA) at an area of 87 + 7A2, which is in the LE
one-phase region. The thickness in the LE phase is markedly less than in
the LC phase. If one takes the chains in the LC phase to be vertical, then
the thickness observed for the LE phase corresponds to a tilt of 50° if the
chains were all trans.

The results of the early diffraction measurements on monolayers were
difficult to correlate because they were performed on several different sub-
stances in different thermodynamic states. Some features of the structures
could be generalized, however. The widths of the diffraction peaks showed
that the positional correlation length in all but one of the phases (called
the compact solid phase) was short, at most 100 lattice spacings. All of
the structures can be seen to arise from an hexagonal packing of the head
groups but may have a lower syminetry because of chain tilt or chain pack-
ing in phases in which the chains do not rotate. The chains are essentially
fully trans in the condensed phase. On the other hand, electron diffraction
experiments [24,25,54] have shown that there can be extremely long-range
lattice orientational order since the diffraction spots are observed not to
rotate in space as the sample is translated over several microns.

Peterson and his coworkers [46,55] have shown that the structures of the
acids, esters, and alcohols can be understood in terms of four order param-
cters that have been used to characterize smectic liquid crystalline phases,
and that each of the condensed monolayer phases can be seen as the 2-D
analog of a known smectic phase [55]. These parameters are (1) Positional
order (PO); (2) Bond or lattice orientational order (BO); (3) Tilt order
(TO), which is the order of the molecular tilt azimuth with respect to
the local orientational order; (4) Herringbone order (HO), which is the
staggered ordering of the planes of the all-trans hydrocarbon chains. A dis-
tinction is made between quasi-long-range order, in which the order decays
according to a power law and short-range order, in which the order falls
off exponentially with distance. The order parameters for each of the smec-
tic phases are shown in Table 12.1, and the correspondence between the
monolayer and smectic phases is also given in Table 12.1.

Detailed isotherm measurements [55] on acid + ester mixtures suggest the
existence of four “LC"” phases, that is four phases that can coexist with the
LE phase. All four of the phases (LS, L2*, L,’, and L,) are hexatic phases in
which there is quasi-long-range orientational order. They differ in their tilt
order: the chains in the LS phase are untilted, so there is no TO; in the L,"*
phase the chains are tilted to
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TABLE 12.1. SMECTIC PHASES AND THEIR PROPOSED RELATION TO
MONOLAYER PHASES. The smectic phases are characterized by four order
parameters: PO (In-plane positional correlations); TO (Molecular tilt azitnuth);
BO (Bond or lattice orientation); and HO (Herringbone order or broken axial
symmetry). The column T-O indicates the direction of the tilt azimuth with
respect to the bond orientation: NN (toward nearest neighbors); NNN (toward
next-nearest neighbors). The corresponding monolayer phases are specified in the
Harkins-Stenhagen nomenclature. There are in addition a gaseous phase and the
CS phase, which is taken to be a true 2-D crystal.

SMECTIC MONOLAYER
TYPE PO TO BO TB HO PHASE
A s s S S LE
BC L S L S
BH S s L S LS
C s L S S

E L S L L S
F S L L NNN S :
G L L L NNN S

H L L L NNN L g
I S L L NN 8 L,
J L L L NN S

K L L L NN L y
L S L L I S !

the locally hexagonal structure; the tilt is towards nearest neighbors (NN)
in the L, phase; and toward a direction intermediate between NN and NNN
in L;". There is no HO because the chains rotate freely and therefore have
effective cylindrical symmetry.

All of these phases have been identified in diffraction studies. Proof of
the existence of tilt order can be seen in the polarized Auorescence mi-
croscopy experiments by Xiu et al [14]. They showed that distinct regions
of uniform tilt appeared in LC domains on cooling out of the LS phase. In
some cases the tilt regions in a domain are organized into “star defects”,
Fig. 12.6, which had been observed in freely suspended films of hexatic
liquid crystals [56). It is evident from the figure that some of these defects
are chiral, even though the ester and the probe are not. This identifies the
phase as L,’, because it is the only intrinsically chiral hexatic (Table 12.1).
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FIGURE 12.6. Regions of uniform tilt in an LC domain of mnethyl eicosanoate at
20°C. The tilt regions are evident only if the exciting radiation is polarized.

12.3 Equilibrium Theories of Monolayers

12.3.1 FrLuiD-FLuID PHASE TRANSITIONS AND CHAIN
STATISTICS

At very low surface densities, when the average area per molecule a is much
larger than the cross sectional area of an isolated chain, a*, an adsorbed
amphiphilic monolayer behaves as a 2D gas. Recall from Chap. 1 — Sec.
1.3.3 in particular — that a* is the projected area of a single chain whose
head is constrained at a planar interface: a* ~ 40A2, say, for a 12-carbon
alkyl tail. For @ > a*, then, a molecule in a monolayer is still free to
“express” its conformational entropy without interference from neighbors.
As discussed above, a clear first-order phase transition from the gas-phase
(G) to a “liquid-expanded” (LE) phase is observed upon compression of the
monolayer. The area per molecule on the gas-phase side of the transition is
typically ag= 300 — 1500A% whereas on the LE side it is on the order of the
cross-sectional area of an isolated chain, i.e., apg ~ a*. The second phase
transition, to the “liquid-condensed” (LC) state, observed upon further
compression of the monolayer, is associated with a change in area from

aLg =~ 30 — 40.13;2 to apc = 22 — 25A2, which is just barely larger than the
cross-sectional area of a fully stretched (all-trans) chain. The main difficulty
in understanding the LE-LC transition is in identifying the structure of
the two phases and the driving force (order parameter) of the transition
between them. Some insight can be gained by considering an analogy with
liquid crystalline systems.
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Rod-like (or disk-like) molecules forming liquid crystalline systems un-
dergo an isotropic-nematic, (I—N) transition in three dimensions without
the need for attractive forces between particles [57]. Here a discontinuous
onset of orientational order (alignment) appears spontaneously upon com-
pression (or cooling, in the case where attractive interactions are also opera-
tive [58]). Based on this analogy one naively expects that the LE—LC tran-
sition will be analogous to the I—N transition in liquid crystals. However, if
the adsorbed molecules are treated as rigid rods that interact through their
excluded volumes, it can be shown {59 that the increase in orientational
order upon compression is continuous. Subsequently, it was shown by Chen
et al [60] that because of the lower symmetry of the monolayer compared
to that of a bulk liquid, a system of rigid, adsorbed rods will not undergo a
first-order fluid-fluid phase transition upon compression unless there are at-
tractive forces acting between the particles. For this latter case they showed
that only a single transition occurs, essentially a gas—liquid condensation
at which there is also (in addition to the jump in density) a discontinuous
change from weak to stronger long-range orientational ordering.

This situation contrasts with the experimental situation described above
in which the amphiphilic monolayer is observed to undergo two, succes-
sive transitions between fluid phases, i.e., G—LE followed by LE—LC. As
discussed in the preceding section, the LC “Auid” appears to be a hexatic
phase, but we shall suppress this fact for the moment. Since amphiphilic
molecules are not rigid rods, the existence of two fluid-fluid transitions can
be related to the chain flexibility {60], i.e., to the conformational degrees of
freedom of the amphiphilic chains. In fact, it is possible for attracting rigid
rods to undergo successive G—LE and LE—LC changes of state, but only
if the particles are adsorbed at the surface with an energy that depends on
orientation so as to favor “lying down” vs. “standing up” [61]. Nevertheless,
a number of mean-field, renormalization group, and computer simulation
studies of Ising- and Potts-like models have been carried out [62,63] in
which the presence of a second phase transition is explicitly attributed to
coupling of chain stretching and grafting density. To amplify this basic idea
we briefly and qualitatively consider the various contributions to the free
energy of the monolayer.

The four major terms in the free energy of the monolayer are:

F = Ftr + Fconl‘ + Fatt + Fhead (123)

The Fy; = =TS, corresponds to the translational entropy of the molecules.
To a first approximation, in the gas phase, Fi; per molecule is

Fie/N =~ — kgTlog(a — a*) (12.4)

where N is the number of molecules in the monolayer and a —a* represents
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the “free area” per chain, giving rise to a lateral pressure

1
N

as in the familiar van der Waals equation. The second term, F,,¢, repre-
sents the conformational free energy of the chain, which involves an en-
ergetic contribution associated with the internal energy of the chain (the
energy of a “gauche” bond is of order kgT) and an entropic term reflecting
the large number §2 of possible chain conformations:

Ny = ——08F:/8a = kgT/(a — a*) (12.5)

Sconf = NkB log Q (12.6)

For an isolated chain (a>a*) of (n+2) C-C bonds, 2 can be estimated sim-
ply from, say, a 3-state rotational-isomer-state model: 0 = 3". Of course
as a decreases (below a*) so does 2, reaching Q = 1 if all chains are in
the all-trans state. Fx denotes the attractive interaction energy between
the chains. (Recall that the repulsive interactions are included in principle
in Fy;). Like Fi; and Feopnp, Fae is also a function of a. In the gas phase,
i.e., when a > a*, it has a van der Waals-like form:

Faww _ Eaut __—const.
N N a

(12.7)

where the constant prefactor is temperature dependent. Finally, the last
contribution to F includes the interaction between the head groups. This
latter term, Fiead, plays a central role in determining the character of the
highly compressed (LC and, even more so, solid) phases. The contribution
of the polar heads is discussed in the following section. Here, in discussing
the GHLE and LE—LC transitions, we assume, as a first approximation,
that Fhead is @ constant, independent of the thermodynamic variables a
and T.

Now recall that in the G—LE transition both coexisting phases corre-
spond to areas per molecule a that are larger than the area of an iso-
lated, single, chain a*. Thus, the conformational degrees of freedom are not
severely perturbed in this transition, t.e., Feoni(G) = Feonf(LE). In other
words, G—LE involves mainly an interplay between F,; and ... Of course
these are the same two terms responsible for ordinary gas-liquid transitions.
Indeed, in our case, we should not expect a different behavior as long as
the conformational degrees of freedom are not affected. (The chains “look
the same” on both sides of the transitions.) Here the chain “blobs” play the
- role of the inflexible molecules in an ordinary G-L transition: the “order
parameter” of the transitions is still the surface density, 1/a.

Once the LE phase is formed and a ~a*, very little translational freedom
is left to the chains, a condition that does not change much as the mono-
layer is further compressed to a < a*. On the other hand this compression
involves important, and opii&sing, changes in F.o4¢ and F,,,. Recall that
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— by definition of a* — as soon as a decreases below a* the chains begin
to feel significant constraints on their conformational degrees of freedom.
Regarding Fion¢, it can be shown (based on simple scaling arguments [64))
that to a first approximation the (dominant) entropy term varies with a
according to Sc.,.,f~1/a2. It can also be argued that as the chains are com-
pressed and thus stretched the average attraction energy between different
chains varies as

Fo = Ea~ — d/a* (12.8)

where £ > 1 and d is a (nearly temperature-independent) constant. The
basic idea here is that chains can attract cach other more strongly (k > 1)
when they are stretched, since a greater number of monomer-monomer
contacts becomnes possible between themn. (An actual estimate of k requires
information on the density profile of the chains, as discussed below.) Ac-
cordingly, it is the interplay between the loss of conformational entropy
and the gain in chain monomer contacts that induces the LE—LC transi-
tion. In this sense, the LE—LC transition is similar to the so-called “liquid
crystalline-gel” transition in bilayers [65] in which the two major contribu-
tions to the free energy are also the chain segment density and the chain
conformational free energy.

In the theory of Shin et al [66], the decomposition described above is
treated systematically via introduction of explicit models for the flexible
chains. In particular, they consider the frce energy of the adsorbed am-
phiphilic monolayer to be a sum of the following contributions: mixing
entropy associated with amphiphilic molecules and solvent (water) in the
surface layer; interaction energy involving chain monomers on the surface,
i.e., adsorption on the surface and attraction to other monomers (both
intra- and inter-chain) which are adsorbed; and interaction energy involv-
ing the chain segments that lie above the water surface. The first contri-
bution is taken to have the Flory—Huggins form [67], and the second to be
described by a random mixing (Bragg-Williams [68]) approximation. For
the third contribution, the interaction between the chain segments that
lie above the surface, three very different models for chain behavior are
considered, referring specifically to the extreme cases of flexible chains and
stiff chains. The key result is that conclusions concerning the nature of
fluid-fluid phase transitions are largely independent of details about the
inter-chain monomer-monomer interactions above the surface or about the
adsorption energy.

Even in the dilute gas phase, part of the hydrocarbon chain is found to be
above the surface, consistent with the demands of conformnational and/or
orientational entropy. The G-LE transition is then seen to be a condensa-
tion of the in-surface portions of the chains, with essentially no change in
the overall chain configuration. The LE-LC transition, on the other hand,
involves a significant increase in the fraction of chain lying above the surface
and — concomitantly — a condensation of the chain segments above the



12. Phase Transitions in Langmuir Monolayers 579

surface. Consistent with this interpretation, it is found that the in-surface
monomer-monomer attraction produces the G-LE transition, but has es-
sentially no effect in the LE-LC region. Conversely, a sufficiently negative
above-surface interaction energy is necessary for the LE-LC transition to
occur, whereas it is largely irrelevant to G-LE.

Cantor and Mcllroy [69] had .earlier found a siinilar set of conclusions,
but from a somewhat different theoretical description. They consider flex-
ible chains attached via their head groups to a planar interface and char-
acterize each chain configuration by the profile of volume it occupies per-
pendicular to this plane. The lateral-excluded-area profile of each confor-
mation is approximated as an average over all pairs of conformations, and
the monolayer entropy is determined by assuming ideal, two-dimensional,
mixing of the chains with “solvent” (air or oil) and with each other. The
amphiphilic chains are also characterized by the position and orientation of
their surface area available for nearest-neighbor contact, for purposes of cal-
culating interaction energies. These latter are reduced to two parameters,
one related to the chain-“solvent” interfacial tension (i.e., either chain/air
or chain/oil) and the other to oil-water interfacial tensions. A modified
cubic lattice model of chain conformations is then used to calculate IT — a
isotherms: for strong enough attractions between monomers it is found that
two, successive, fluid-fluid phase transitions occur, both being characterized
by a critical point. Taking the limit of rigid chains, only a single G—LE
transition appears, consistent with an earlier conclusion [60|. This last point
has been recently verified experimentally [70]. If the monolayer is formed
with perfluorinated fatty acids, which are rigid, only a single G — LC phase
transition is observed at all experimentally accessible temperatures. How-
ever a second, LE — LC phase transition is restored if a flexible spacer of
four methylene units is introduced between the rigid chain and the head
group.

Detailed insight into orientational and conformational structure can be
obtained in principle from computer simulation of amphiphilic monolayers.
Extensive molecular dynamics computations of this kind have been carried
out [71,72]. However, in this work the special structure of the subphase (wa-
ter!) has been neglected and the simulations have been performed in the
small area per molecule limit of the adsorbed monolayer. The methylene
groups of the aliphatic tails interact with each other and with the surface
via a Lennard-Jones potential. Valence bond bending (e.g., deviations from
tetrahedral C~C-C angles) and dihedral torsional (i.e., trans-gauche en-
ergy difference) potentials are used to provide the correct conformational
statistics for the chains. Consistent with the “rod-scan” diffraction mea-
surements, the angle of tilt is found to vary sharply upon change in the
area per molecule but quantitative agreement with experiment is still lack-
ing. e

More importantly, the machine computations do not yet provide any in-
dication of a phase transition between “expanded” and “condensed” state
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of the adsorbed liquid. In order to treat properly the subtle effects as-
sociated with this transformation it will almost certainly be necessary to
confront directly the molecular structure of the water “subphase”. One ex-
pects in particular that the preferred orientations and interactions between
head groups will depend sensitively on the “reconstruction” of water near
its surface. While simulations of the free surface of water have been car-
ried out by several groups [73], no consensus has emerged for describing the
local structure at the interface. Furthermore, the presence of an adsorbed
monolayer of amphiphiles will surely disrupt the surface to a significant de-
gree: much work remains to be done before a microscopic understanding of
this situation can be achieved. In general, because of the delicate interplay
of competing forces involved, one must expect a wide range of different be-
haviors as one looks from one system to the next. For example, some will
show a molecular tilt in the LC phase, whereas others will not; others will
“skip” directly from the LE phase to the high-pressure solid (i.e., without
passing first through the LC phase) at room temperature.

12.3.2 PATTERN FORMATION AND DOMAIN SHAPES

A striking phenomenon observed in monolayers is the formation of pat-
terns, some quite complex, which can be observed directly by fluorescence
microscopy. The patterns-range from foam structures that are seen at low
densities corresponding to the G-LE coexistence region, to fractal struc-
tures, dendrites, hexagonal arrays, and spirals that have been observed at
higher densities. What is the origin of these patterns and what controls
their shapes? Are these patterns equilibrium structures or do they appear
only when a system is driven out of equilibrium, for example either by
temperature or pressure quenches? Can one learn anything about the mi-
croscopic structure of monolayer phases from the study of these patterns?

McConnell, Méhwald and their coworkers [74,75] have made extensive
studies of pattern formation in phospholipid monolayers of DPPC. These
experiments have been interpreted independently by several groups [76-80)
in terms of a model in which the equilibrium shape of an isolated domain is
determined by the comnpetition between electrostatic forces and line tension.
In the condensed phases to which this model is applied, the amphiphiles
have similar orientations and there is a repulsive, long-range, dipole-dipole
interaction.

The free energy of a domain can be written as FF = AL + F, where
A is the line tension, L is the perimeter of the domain, and F,; is the
electrostatic energy resulting from the interaction of the molecular dipoles
of the amphiphiles. Surface potential measurements demonstrate that there
is a marked difference in the dipole density px, between the LE and LC
phases. Miller and M&éhwald [81] have also demonstrated this in elegant
experiments in which individual domains are manipulated by electrodes.
As a result of these opposing contributions, the free energy of a domain
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depends on both its shape and on its size. The model therefore predicts
that transitions between one shape and another can occur at certain critical
sizes, in accord with experiments in which circular donains undergo shape
transitions as they grow (82].

In the expression for the free energy of a domain written above, the line
tension is assumed to be isotropic. The formation of hexagonal LC domains
in methyl esters, spiral structures in DPPC monolayers, chiral patterns in
monolayers prepared from pure DPPC enantiomers and dendrites in chiral
fatty amino acids demonstrate that this is not the case. This anisotropy
can result from in-plane components of the molecular dipole, related either
to chain tilt and/or anisotropy of the head group.

The key parameter in pattern formation is the ratio A/u?. The addition
of the “line-active” agent cholesterol to a monolayer reduces A and leads to
more extended structures. Changes of \ with temperature can also induce
shape transitions. In the binary systen DPPC + cholesterol, there is coex-
istence between two phases, one DPPC-rich, the other cholesterol-rich, that
ends at an upper critical solution temperature [83,84]. As the critical point
is approached from below, the line tension between the phases decreases
and there is a sharp transition from circular to noncircular droplets [84].

Fluorescence micrographs show that large areas in monolayers are often
organized into “superlattices” of regions with different density. These inay
be hexagonal arrays or lamellar structures. Some of these spatial patterns,
such as foams, are clearly nonequilibrium structures because they evolve
with timne, but other patterns do not change during the period of typical
experiments, times of a day or more.

One can take the point of view that these superlattices represent ordered

regions of two distinct phases (e.g., LE and LC, or LE and G) that are
metastable. The slow evolution to larger domains might be attributed to the
lack of gravity as a driving force and the small differences in curvature free
energy between relatively large but different size domains. From another
point of view these superlattices can be taken to be one-phase regions in
which there is a spatially modulated density. Just such an interpretation has
been applied to the patterned phases observed in magnetic bubble domains
and ferrofluids {85-87]. The morphology of superlattices in such iron garnet
films are remarkably similar to those observed in monolayers.

Can one decide between these two pictures: metastable ordered two-phase
regions or modulated one-phase regions? Helm and Mohwald {88} found that
when dilauryl phosphatidylethanolamine (DLPE) was compressed into the
LE-LC coexistence region the shapes of the domains were an equilibrium
property but the size and number of the domains (and hence the superlat-
tice spacing) depended on the nucleation kinetics. Studies (89] on another
phospholipid, dimyristoyl phosphatidyl ethanolamine (DMPE), similarly

what appears to be a hexagonal superlattice, but the characteristic length
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varies continuously and uniformly with compression from one phase bound-
ary to the other.

In contrast to these results, however, it has been [84] found that lamellar
(labyrinth) and hexagonal phases exist in well-defined areas of the DPPC +
cholesterol phase diagram and that it is possible to observe coexistence be-
tween these two modulated phases. Similarly, To et al [90] have observed a
stable stripe pattern in the LE-G coexistence region of D-myristoylalanine,
an enantiomeric fatty amino acid. The stripe spacing is uniquely defined by
the relative amounts of the G and LE phases. The experimental situation
is therefore ambiguous and it is useful, then, to examine theoretically the
nature of possible modulated phases in monolayers.

12.3.3 DirPOLAR AND CHARGED LANGMUIR MONOLAYERS

For neutral amphiphiles, we consider for simplicity only the case where the
average dipole moment points along the perpendicular z-direction, p, =
(¢¢). A non-vanishing in-plane component of the dipole moment stabilizes
elongated structures and has been investigated as well [52,76]. As is shown
below, an in-plane density wave of the dipoles will reduce the overall long-
range repulsive dipolar interaction. Let ¢(p) denote the amphiphile density
at position g in the surface. For an amphiphile density with wavevector ¢,
, $(P) = do + ¢qcos(dp), this energy lowering is given by:

1

AFa = T2 E(E + €

)IQI# 5 (12.9)

€ (eo) is the water (air) dielectric constant as shown in Fig. 12.7. In
Eq. (12.9), the dipoles are assumed to be totally immersed in the water
and the interaction is screened by approximately 2. However, since the
polar moieties lie very close to the air-water interface, the effective dielec-
tric constant, €*, felt by the dipoles is expected to be intermediate between
the bulk water value, £ = 80, and that of vacuum, & = 1. In addition, if
the aliphatic tail of the molecules also contributes to the molecular dipole

AIR £,

2:0 T T T T7 z
S e ekl S
SOLUTION  E£xE,

FIGURE 12.7. A Rat interface at z = 0 separates air (dielectric constant &g) from
an aqueous solution (¢ > £¢). Dipoles are confined to the plane z = —h and the
electrostatic energy is calculated in the limit A — 0
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moment, then some of the dipolar interactions are not screened. The lin-
ear dependence of AFy in (12.9) on the modulation wavevector |g| is a
consequence of the long-range (~ 1/r3) character of the dipolar forces. In
general, an algebraically decaying interaction, Fy ~ 1/r%t9, where d is the
spatial dimension, will have a Fourier component with a |q|? dependence.
For dipoles, d + o = 3, d = 2, hence, 0 = 1.

If the amphiphiles are charged and an clectrolyte is added to the wa-
ter, the electric potential can be obtained from the Poisson-Boltzmann
equation [78). Here, we restrict ourselves to the linearized version of the
Poisson-Boltzmann equation for the electrostatic potential V:

ViV (7) =k?V(f) for z2<0
VIV(F) =0 for 2>0 (12.10)

where x™! is the Debye-Hiickel screening length. We solve the electrostatic

problem (12.10) for a modulation in the surface charge density o(g) =

ego + edycos(q - 5), with the appropriate boundary conditions at z = 0.
The electrostatic energy is then given by

e?p?
2(ex) + £olql)
where in (12.11) x,~! is the effective screening length for the g-mode,
x} = k2 +4?, and we omit the average electrostatic contribution depending
only on ¢o. For concentrated ionic solutions, the Debye-Hiickel screening
length is small: £ >> q. In this case, when (12.11) is expanded in powers
of g/k, equation (12.9) is recovered. The counter ions together with the
surface charges form effective dipoles at the water surface with a dipole

moment e
py = -’;\/1 +eg/e ~ ex”! for e€>> ¢ (12.12)

By changing the ionic strength in the solution, it is possible to reach
x~! ~ 10A, corresponding to strong dipoles. In the opposite limit of dilute
electrolytes, ¢ >> k, the electrostatic interactions are alinost unscreencd
(91} and the interaction is Coulombic ~ 1/r .

As we shall see below, electrostatic interactions tend to stabilize phases
with modulated density. Phase diagrams incorporating the possibility of
modulated phases were calculated within the framework of the mean-field
approximation in two cases: (%) close to a critical point where only the most
dominant g-mode is considered, and (1) at low-temperatures where entropy
is neglected.

Fa= / S(F)V(p,z=0) 5 = (12.11)

12.3.3.1 Landau theory close to a critical point

Close to the critical point, the free energy can be written phenomenologi-
cally [78-79] as a Landau expansion in the order parameter,

W(P) = ¢(p) — b (12.13)
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where ¢, is the amphiphile density at the critical temperature, T.. The
expansion contains only even terms in vy

AFo/kpT = Zd(T — ToWA(5) + 7u(5) (12.14)

where the coefficients, d > 0 and u > 0, can be obtained from an expansion
of the monolayer free-energy of mixing. Note that Ty is the critical point
only in the absence of the dipolar interactions. Since the electrostatic inter-
actions favor spatial modulations, we also have to consider the energy gain
and loss as an in-plane modulation of the two-dimensional concentration
created. The gain will be in the electrostatic energy

Fa/ksT = / WDa(F— 55" dpd?y (12.15)

where g(p) = kpTb®/2mp® and b® = p2ey/|e(e + €0)kpT)-

The energy loss is the interfacial line energy between domains in a 2D
geometry. For small density variations, the line energy is written to lowest
order in a gradient expansion as:

Fi/kpgT = %aﬂ /(w})'—’ d?p (12.16)

with a* being the minimum (compact) area per molecule. In Fourier space,
egs. (12.15) and (12.16) can be expressed as

1
(Fa + F1)/ksT = 5 ;(a‘zqz ~ bla)¥; (12.17)

where ¥(p) = o + 3, ¥qcos(¢ - 7). The dominant g-mode is the one
minimizing the 2 coefficient in (12.17).

17 |* = b3/2a*? (12.18)

Close to a critical point, it is a good approximation [85,92] to consider
only modulations with magnitude ¢* in addition to the homogeneous (g=0)
solutions: ¥(p) = o and ¥(5) = —o for the condensed and dilute phases,
respectively. Two types of spatial modulation of the two-dimensional den-
sity are considered {78,85):

(i) a stripe-like phase, ¥s(f) = ¥ + 1, cosq*z. (See Fig. 12.8.)

(#i) a hexagonal phase, Yy (§) = ¢0+Z?=1 Yy cos(Ei~5i) , with |I:,| =q"
and 3°0_ ki =0. (See Fig. 12.9.)

The phase diagram can be calculated by comparing the homogeneous free
energy Fy with the stripe and hexagonal ones, Fs and Fy, respectively.
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Y

FIGURE 12.8. The stripe phase is shown schematically, where the stripes are
chosen to be in the z direction. Domain walls (which are sharp only at low
temperatures) separate denser liquid (L) from dilute gas (G). Close to the critical
point, the density profile is sinusoidal and given by s in Sec. 12.3.3.1.

Fy = f;-Mg + :1{‘"’3 (12.19)
Fs = Fo+M2X6-1+3M%)+ gM,‘,‘ (12.20)
Fp = Fo+M}(36-3+9MZ +12MoM,) + %S-M: (12.21)
where,
”? =b%/a" | §=4d(T - To)/n"
Mg = (du/n’Ws . M} = (u/n’)¥? (12.22)

In Fig. 12.10, the phase diagram in the reduced temperature, § ~ T — Ty,
— reduced average concentration, My ~ (¢) ~ ¢, plane is shown, whereas
in Fig. 12.11, the same phase diagram is drawn in the chemical potential
# — reduced temperature § plane. The chemical potential is the thermo-
dynamical variable that is coupled to the average concentration My. The
usual coexistence region between liquid and gas regions, MZ = §, is largely
modified. The critical point at §; = 0 (T, = Tj) is renormalized upwards
to 6c =1 (T = Tp +b3/4da*3), and is the termination point of five distinct
phases: gas (G), stripe (S), hexagonal (H), inverted hexagonal (IH), and
liquid (L). The gas and liquid phases are isotropic dilute and dense phases,
respectively. All the transition lines below the critical point (Mg = 0, &)
are first-order. Consequently, there are four regions of two-phase coexis-
tence between the phases. Although the single g-mode expansion is valid
close to a critical point, it cannot be trusted for low temperatures. For
example, this theory predicts a disappearance of the stripe and hexagonal
phases for § less than §., as seen in Figs. 12.10 and 12.11. To overcome this
difficulty we give in the next section a proof of the existence of modulated
phases at low temperatures.

-
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FIGURE 12.9. The hexagonal phase is shown schematically. Denser liquid “bub-
bles” (L) are separated via domain walls from a dilute gas background (G).

Domain walls are sharp only at low temperatures. Close to T, the density profile
is given by ¥y in Sec. 12.3.3.1.

12.3.3.2 Modulated phases at low temperatures

At low temperatures (far from the critical point) it is natural to replace
the Landau expansion by a direct calculation of the modulated phase free
energy. Here we neglect contributions from the entropy of mixing and focus
wholly on the electrostatic energy and line tension effects. We show that
at low temperatures modulated phases are still expected to be stable over
a range of concentrations. For simplicity, only the stripe phase with sharp
domain walls is considered. The stripe phase is formed from a periodic
arrangement of stripes of the dilute phase of size. Dg and of the dense
phase of size Dy. The electrostatic free energy of the stripe phase is

. b3 b3 D si
Fu/ksT = —;lad} +(1 - 2)¢%] - — (61 ~6c)* log (7 s‘“,,") (12.23)
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2.0 T T T T

1.0

VAT

FIGURE 12.10. Phase diagram in the (Mo, ) plane where § ~ T — Ty is the
reduced temperature and My ~ (#) — ¢, is the reduced concentration. The
two isotropic phases, liquid (L) and gas (G), are separated by the hexagonal (H),
stripe (S), and inverted hexagonal (IH) phases. Two-phases coexistence regions

are also indicated. The phase diagram is obtained from Eqs. (12.19) - (12.22)
and is valid only close to T¢.

where £ = Dy /D = Dy /(DL + Dg) is the relative concentration of L
and G, and £ =~ v/a* is a microscopic cutoff. The first term represents the
overall average contribution to the electrostatic energy and is independent
of the periodicity D. The last termn is an exact summation of the intra- and
inter-stripe electrostatic interactions [93]. An additional contribution to the
free energy difference AF between the stripe and the homogeneous phases
with the same concentration comes from the line tension A associated with

every domain wall separating a G domain from an L one. The total free
energy difference is thus

_ kpT?® 2 Dsinrz 2)
aF =220 g1 - g log (37202 ) +

7 (12.24)

The equilibrium periodicity D* of the stripe structure is given by minimiz-
ing (12.24) with respect to D, giving

e

exp 0 (12.25)
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FIGURE 12.11. Phase diagram in the chemical potential u - reduced temperature
4 plane. The phase diagram is symmetric about pu = 0 and is presented only for
i > 0. First-order transition lines separate the isotropic dilute gas (G) from
hexagonal (H) and stripe (S) phases. The phase diagram is obtained from Eqgs.
(12.19) - (12.22) and is valid only close to T.

where
27 A

= ksTH (g1, - bc)? M

The exponential dependence of the periodicity D* on the ratio between
the line tension A and the dipole interaction cocfficient b3(¢; — ¢g)? ~ u?
makes it difficult to give an a priori estimate of D* since neither A nor b
are known accurately from experiments. In principle, b can be changed in
a controlled way by tuning the electrolyte strength for a charged mono-
layer, allowing a check of Eq. (12.25). In addition, it has been found that
cholesterol {74-77, 81-84| reduces the line tension, causing thinning of the
domains in qualitative agreement with the theoretical prediction [78,94] of
Eq. (12.25). Recently, direct measurements of the stripe periodicity with
the surface fraction of G and LE phases in a single-component system and
in the absence of line-active cholesterol [90} have been performed. The re-
sults are consistent with Eq. (12.25).

g 1 (12.26)
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12.4 Dynamical Properties of Amphiphilic
Monolayers

12.4.1 LATERAL DIFFUSION IN MONOLAYERS

Since a monolayer of amphiphilic molecules spread at the water/air sur-
face creates a 2D flat interface, it provides an exainple of a system un-
dergoing a phase separation at zero gravity [95). However, the dynamics
of such a monolayer is not strictly two-dimensional since the motion of
the amphiphilic molecules on the interface induces a backflow in the water
subphase. This backflow, in turn, gives rise to hydrodynamic interactions
between the amphiphilic molecules. Below we discuss the first stages of
phase separation when viscous dissipation and eclectrostatic interactions
are included in the analysis. It is important to note that since the dissipa-
tion takes place mostly in the water subphase due to the backflow effect,
it has a three-dimensional character.

Imagine that we have a monolayer with an average surface concentration
¢ on the surface of a water subphase of thickness h. For simplicity, we
assume that the water thickness h is smaller than the wavelength associated
with concentration fluctuations of the monolayer. In this case, we can use
the lubrication approzimation [96] to describe the flow in the subphase, since
the flow in the water is to a good approximation a local Poiseuille flow. A
local fluctuation of the monolayer concentration, é¢(z), leads to a local
modulation of the surface pressure II(z) and hence, modifies the surface
tension, ¥(z) = v — [I(z) and produces a stress at the free boundary
(water/air interface). For a thin water subphase, the flow is a simple shear
flow as shown in Fig. 12.12a, i.e., the z-component of the velocity increases
with z according to

v(2) = vg(l + -]Z—l) (12.27)

where vg is the velocity of the amphiphiles at the surface z =0, and z = ~h
is the position of the water/solid interface.

At the free surface, the viscous stress must balance the gradient of surface
tension

_ Ovuy v3_67__ oll
Oe: =N g =My T8z~ "z (12:28)

and the surface flow of the amphiphile is

-

Js = ¢pUs = ¢(-VII)= = =DV (12.29)

3|

Equation (12.29) defines the cooperative diffusion coefficient of the am-
phiphiles, D,

h o1l
De=¢—— 12.30
. ¢1’ a¢ ( )

which is concentration dependent.
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FIGURE 12.12. Backflow induced by motion in the monolayer: (a) for a thin
liquid subphase of thickness h on a solid. The flow is a simple shear flow; (b)
for a bulk liquid, the ARow penetrates into the liquid with an exponential decay
characterized by a small penetration length of thickness L.
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The diffusion coefficient is calculated for two regimes:

The first is the very dilute regime corresponding to the gas state of the
monolayer: the surface pressure obeys an ideal gas law, I1 = ¢kpgT and D,
is proportional to ¢ ~ 1/a

D, = ¢£‘;’]1h = (¢¢h) Do (12.31)

where Dy = kgT' /7€ is the molecular diffusion constant and ¢ is a molecular
length. Equation (12.31) describes the cooperative part of the diffusion.
In principle, we should add a termn of order Dy due to the diffusion of
single amphiphilic molecules in the absence of any neighbors. However,
since ¢£h > 1 in all practical cases, D, > Dy, and we neglect the molecular
diffusion term.

We note that (12.31) represents a “hypodiffusive” case [97] since D, van-
ishes in the limit of small surface concentration, ¢ — 0, and the spreading
of amphiphilic molecules at the free surface is described by a nonlinear
diffusion equation

¢

5 = De(®) V70 (12.32)

A sharp edge of the amphiphile concentration profile, ¢(z), is expected [98]
in this hypodiffusive case.

The second regime we consider is when the monolayer is in a liquid state in
which case ¢911/0¢ becomes of order kgT' /2. Equation (12.30) can then
be written as h

D. = Doy (12.33)

The diffusion coefficient D, is extremely large; it is the product of the
molecular diffusion Dy and a factor h/¢, where h is a macroscopic length
and ¢ is a molecular length.

In conclusion, backflow leads to a strong enhancement of the amphiphile
diffusion coefficient for a shallow water subphase. For a bulk water sub-
phase, the saine conclusion holds but the flow penetrates only up to a layer
of thickness L (from the surface), which is frequency dependent [96], as can
be seen on Fig. 12.12b. For a mode of wavevector ¢ and frequency w one

has
L™ = \/q? + wp/q (12.34)

where 7/p_is the kinematic viscosity . For q vectors larger than g, ~ wp/n,
inertial effects are negligible: L=! ~ ¢ and D,(q) is then given by

De(q) = — (12.35)
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12.4.2 DyYNAMICS OF PHASE SEPARATION IN
MONOLAYERS

Now imagine a rapid change in either temperature or surface pressure such
that the monolayer is rapidly quenched from a homogeneous one-phase
region into a two-phase coexistence region or into a one-phase modulated
region. If in the final state the original homogeneous phase is metastable,
the initial stages of the growth dynamics are characterized by a nucleation
process requiring an activation energy to initiate the phase separation.
On the other hand, if the original homogeneous phase is unstable after
the quench, the initial stage of the dynamics is characterized by a fast
amplification of local coucentration fluctuations [99-100]. For the monolayer
geometry this amplification causes a divergence in the so-called longitudinal
Lucassen modes [101-102]. This dynamical process is at the basis of spinodal
decomposition and we will consider it now in the specific case of dipolar
monolayers with electrostatic interactions.

The longitudinal modes of a monolayer on a bulk liquid have been studied
in detail by Lucassen [101]. Contrary to usual liquid - liquid phase separa-
tion where the soft mode is diffusive, they are propagative in the range of
small wavevectors because the inertial component is important. For sim-
plicity, we discuss here [103] only the case of an amphiphilic monolayer cov-
ering a thin liquid subphase. As in the previous section, the hydrodynamics
is treated only within the lubrication approximation which simplifies the
dispersion relation.

When the mounolayer in a homogeneous state is suddenly quenched into
the coexistence region, it behaves as an elastic membrane with
uq = uge'9%e™* being its displacement in the z-direction for a wavevector
g.- The fluctuation of the surface density v, is related to u, by a conser-
vation equation ¥, = —0Ju,/0z. For any concentration fluctuation, there
is an elastic restoring force faastic, which can be calculated from the free
energy density (12.14-16)

(AFo+ Fu+ F)/ksT = -d(T - Tolb*(3) + 7w () +

S -t (1230)
q

where the order parameter 1 and the coefficients d and u were introduced
in Sec. 12.3. The optimal mode that minimizes (12.36) is |§ |* = b%/2a"?
[see Eq. (12.18)] and the critical temperature is renormalized upwards:
T. = To + b%/4da*?. The elastic restoring force fejastic calculated from
(12.36) is

Ou,

53 (12.37)

Jetastic(9) = E(q)

with
E(q)/kpT = d(T — Tp) + a*%¢% - b°|q] (12.38)
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FIGURE 12.13. Elastic modulus E of a polar Langmuir monolayer as a function
of the wavevector ¢ for several temperatures. Due to the repulsive long-range
dipolar interactions, the sign of E is reversed at a finite ¢ = q° corresponding to
the periodicity of the modulated phase, 27 /q".

The membrane is unstable if the elastic restoring force is negative and
E£(q) = 0 defines the spinodal line. The dependence of E(q) on ¢ is shown
in Fig. 12.13 for several temperatures. For T' > T, E is always positive,
i.e., there is no instability, whereas for T = T, the first unstable mode
occurs at ¢ = q*. For T' < T, the range of the unstable modes is ggin <
q* < @max, and for even lower temperatures, T < Ty, the unstable g-modes
start from guin = 0 and terminate at gmax.

For a monolayer covering a thin water layer of thickness h and in the
limit gh <« 1, the lubrication approximation holds and any fluctuation in
the monolayer induces a shear flow in the liquid. The viscous force on the
monolayer is thus simply given by

fvise = %Etl (12.39)

&3

where 7 is the water viscosity.
The balance between feiastic (12.37) and fyisc (12.39) determines the
equation of motion:

d?u, 10y,
= - — 2.
E@ 3= = 15 (12.40)
This leads to a diffusive mode
1. D.¢*7" with D, = Eﬁ (12.41)
TQ . n
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FIGURE 12.14. Relaxation time 14 of the longitudinal mode of a planar Langmuir
monolayer deposited on a thin liquid film. The first instability (77! < 0) occurs
at the same g¢-vector that determines the modulations periodicity.

For £ < 0, D, < 0 and the fluctuations are amplified. If T" < T, the
amplified modes are the ones close to ¢*, and in the range qmin < ¢ < gmax,
as shown in Fig. 12.14. As T decreases, the lower threshold of the instability,
Qin, g0es to zero and the maximal wavevector gax increases. qmax varies
from being equal to ¢* at T, to a large value at low teniperatures, ¢2,,, =
d(To—T)a"2. Note that in this limnit gax is independent of the dipole-dipole
interactions.

The results described above can be extended to the case of a monolayer on
a thick (bulk) water subphase. For a shallow quench to temperatures just
below T, the characteristic time is still given by Eq. (12.41), with h = g7}
and D, = E/qn. For a deep temperature quench below T, T « T, the
modes are propagative and the dipolar interactions are negligible.

12.5 Conclusions and Future Prospects

The growing body of experimental research on monolayers has resolved
many long-standing controversies about the nature of monolayer phases
but at the same time has posed many new questions. The nature of the
transitions G - LE — LC has been clarified by experiments and much
theoretical effort has gone into understanding the sequence of phases as a
dilute monolayer is compressed. But the more recent experiments, which
have confirmed the existence of many condensed phases, have in essence
turned the problem about — how does one understand the sequence of
phases that arise when a close-packed monolayer is expanded?



12. Phase Transitions in Langmuir Monolayers 595

In part, the answer to this question can be found in theories that have
been applied to liquid crystals, but the analogies between monolayers and
smectics are not exact. The water surface and the bifunctional nature of
the amphiphile break the symmetry and lead to new phenomena. In mono-
layers there is an intriguing coupling between microscopic properties —
such as molecular structure, electrostatic interactions, and chirality — and
the mesoscopic and macroscopic scales. The ease with which the density of
a monolayer can be changed allows a multiplicity of phases to be explored
for a single amphiphile and therefore makes it possible to examine in a sys-
tematic way how subtle changes in molecular interactions affect the phase
behavior.

The line tension between monolayer phases is a key parameter in the
theories discussed in this chapter. Measurements of the line tension at the
LE-LC and the LE-G interfaces have very recently been undertaken, but the
results are rather imprecise. Even less well determined is the anisotropy in
the line tension, which manifests itself in the equilibrium shapes of domains

~and the formation of dendrites.

There is much to be learned about dynamic processes in nionolayers.
With the exception of studies of the evolution of monolayer foams, nothing
is known about the kinetics of phase transitions and growth. While there
have been light scattering from surface waves and classical viscometry mea-
surements on monolayer systems, relatively little is known about transport
processes in the films.

The interplay between the polar heads of the monolayer and solutes
in the subphase is beginning to be examined. It is well known, for ex-
ample, that divalent ions can induce profound changes in the molecular
arrangement within the monolayer. Conversely, an ordered monolayer can
be used as a convenient template to induce ordering of a layer of ions or
molecules adsorbed from the subphase. This may lead the way to two-
dimensional crystallization of low-molecular-weight compounds or even of
proteins.

Another challenging future direction is to investigate the effect of mixing
in Langmuir monolayers. For example: monolayers composed of two differ-
ent amphiphiles, two surfactants or, even more generally, mixed inonolayers
of amphiphiles and polymers, or ainphiphiles and proteins. The structure
and phase behavior of the mixed monolayer depend both on the overall
density (which can be controlled by the surface pressure) and the relative
concentration of the two species. As in the case of DPPC + cholesterol,
superstructures and spatial inhomogeneities can be strongly coupled to the
relative composition.

Apart from their academic interest, mixed monolayers may have many
practical applications. It may be possible, for example, to achieve nano-
lithography and further decrease the dimensions of electonic components
by embedding proteins in a Langmuir monolayer and then transferring
the monolayer to a sohd support The proteins can then be removed to
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create holes of few tens of Angstroms in diameter. It may also be possible
to create ultra-thin membranes for use in separation processes by mixing
a polymerizable amphiphile with another non-reactive component. Once
crosslinking has been achieved, the unreacted species can be removed and
one is left with a two-dimensional mono-molecular membrane of controlled
pore size. :

To conclude, Langmuir monolayers are easily accessible and highly versa-
tile two-dimensional systems. They also represent the simplest examples of
self assemblying systems and can be viewed as model systems for biological
cell membranes, vesicles, etc. Much remains to be done, but the activity in
the field of monolayer research remains high and the prognosis for major
advances is excellent.
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