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Experimental and simulation studies have shown that the gauche conformational degrees of freedom
of long-chain amphiphile molecules assembled in a dense Langmuir monolayer play an important role in
determining the structures of the several phases that the monolayer supports. Nevertheless, for simplicity
the extant theoretical analyses of the Langmuir monolayer phase diagram ignore gauche molecular
conformations, thereby treating the amphiphile molecules as rigid rods. We propose a description of the
influence of the conformational degrees of freedom of a long-chain amphiphile molecule on the phase
diagram of a Langmuir monolayer. Our analysis extends the Landau-type theory of the Langmuir monolayer
diagram formulated by Kaganer and Loginov (Phys. Rev. E 1995, 51, 2237—2249). The gauche defects are
represented by a secondary order parameter coupled to the Kaganer—Loginov primary order parameters
(the tilt vector of the molecules and the density waves describing herringbone ordering along and normal
to the line of centers between molecules). The effect of the gauche conformations is to modify the coefficients
of the primary order parameters in the free energy expansion and thereby to change the location of the
transition lines in the phase diagram. For transitions that are induced by a change in the surface pressure,
the tilting transitions, we obtain a shift of the transition lines to lower surface pressure. For transitions
that are induced by lowering the temperature, the crystallization transitions, we suggest, given some
restrictions on the magnitude of the coefficients of the coupling terms, that the transition lines shift to
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lower temperature.

I. Introduction

Although Langmuir monolayers of long-chain am-
phiphile molecules supported at the air—water interface
have been studied for the greater part of a century,? it
is only in the last 2 decades that experimental determi-
nations of the molecular packing as a function of surface
coverage have been reported.®~1° These studies, mostly
based on grazing incidence X-ray diffraction experiments,
supplement older studies of the dependence of surface
pressure on area per molecule, and contemporary studies
that exploit Brewster angle microscopy and polarization
fluorescence microscopy of the monolayer as a function of
surface coverage.'~?2 Taken together, the results obtained
reveal aremarkably rich phase diagram in the high surface
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density regime of the Langmuir monolayer. The inter-
pretation of that phase diagram depends on two important
theoretical developments and an assumption concerning
the internal conformation of the amphiphile molecule. The
first theoretical development, the Kosterlitz—Thouless—
Halperin—Nelson—Young (KTHNY) theory of melting in
a two-dimensional system, predicts the existence of a
new and unusual phase between the two-dimensional
liqguid and ordered solid phases, the so-called hexatic
phase.?*=2" The second theoretical development, the
Kaganer—Loginov (KL) description of the overall topology
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of the phase diagram, is based on a Landau theory analysis
of a two-dimensional free energy functional with three-
order parameters.?82° This theory successfully predicts
the observed phase transitions as successive orderings of
the hexatic phase.

One of the order parameters used by Kaganer and
Loginov describes the collective tilt of the amphiphile
molecules. The other two-order parameters describe weak
one-dimensional crystallization involving herringbone
ordering of the all-trans carbon skeletons of the amphiphile
molecules along the line between nearest neighbors and
the normal to it. The important assumption concerning
the internal conformation of the amphiphile molecule is
that it is in the all-trans state. Neither the KTHNY nor
the KL analyses include the contribution of molecular
gauche conformations to the free energy and, hence, ignore
the possible influence of those molecular conformations
on the phase diagram of the monolayer. This paper is
concerned with an extension of the KL theory to include
the effects of molecular gauche conformations on the phase
diagram of the monolayer.

A few more words are appropriate with regard to the
neglect of gauche conformations of the amphiphile mol-
ecules in the KL analysis, because it is sometimes stated
that their analysis implicitly contains the actual density
of those conformations. This point of view is based on the
assertion that the order parameter associated with the
gauche conformations is not singular at the phase transi-
tion point; hence minimization of the free energy with
respect to that order parameter only leads a renormal-
ization of the coefficients in the Landau free energy
expansion that has the effect of generating an uninterest-
ing shift of the phase transition line. The shift of the phase
transition line is said to be uninteresting because the
values of the coefficients in the Landau theory expansion
of the free energy before the renormalization are not
known, and only the renormalized values can be measured.
However, itis afact that some amphiphile molecules have
gauche conformations in some regions of the phase
diagram while others do not; i.e., the identity of the
amphiphile molecule matters. It is also a fact that the
concentration of gauche conformations is not constant
across the phase diagram. Then representation of the
differences between the phase diagrams of different
systems and of the role of internal molecular conformations
on a particular phase diagram requires, at a minimum,
an additional order parameter, for which we select the
gauche conformation concentration. Setting the coef-
ficients of the gauche conformation concentration in the
Landau free energy expansion equal to zero indeed
regenerates the original KL form of that expansion. But
without the gauche conformation order parameter there
can be no discussion of trends in the evolution of the
monolayer structure that occur when gauche confor-
mations are present, e.g., the positions of the phase
transition lines as a function of gauche conformation
concentration.

1. Background Information

An amphiphile molecule consists of two parts, a hydro-
philic headgroup and a hydrophobic hydrocarbon tail
(typically a saturated alkane chain). In the condensed
monolayer phases of these molecules, the hydrophilic
headgroup is in contact with the water surface while the
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Figure 1. Ageneric phase diagram for amphiphilic molecules
at the air/water interface reproduced from ref 29. The F and
F' parameters that define the x-axis are temperature-like
variables and the A parameter that defines the y-axis is a
surface-pressure-like variable. Solid lines represent first-order
phase transitions while dashed lines represent second-order
phase transitions. Reprinted with permission from ref 29.
Copyright 1995 American Physical Society.

hydrophobic hydrocarbon tail points away from the water
surface. In the KL theory, the complex polymorphism of
the phase diagram is a consequence of the coupling
between inter- and intramolecular degrees of freedom of
rigid all-trans amphiphile molecules. However, it is
plausible that the neglected internal conformation degrees
of freedom of the hydrocarbon tail of the amphiphile
molecule will also influence the location of phase bound-
aries.

The many phases in the high-density region of the
Langmuir monolayer phase diagram are conveniently
classified in two groups. In the first group, at high
temperature, are the mesophases. The moleculesin these
phases are arranged in locally hexagonal or distorted
hexagonal (centered rectangular) lattices with quasi-long-
range orientation order and short-range translational
order. In the second group are the crystalline phases
characterized by both long-range orientation and trans-
lational order. The intramolecular degrees of freedom used
to characterize the amphiphile molecules are the tilts of
the long axes, the ordering of the backbone plane (short
axes or herringbone ordering), and the dihedral angle
conformations along the hydrocarbon tail of the molecule.

A large number of experimental studies of Langmuir
monolayer structure have been concerned with fatty acid
molecules. It has been shown that monolayers of these
amphiphiles satisfy a version of corresponding states
behavior. That is, it is possible to superpose the phase
transition lines of monolayers of fatty acids with different
hydrocarbon chain lengths and thereby generate a (uni-
versal) generic phase diagram. This is accomplished by
shifting the temperature axis by about 5 °C for each
additional methylene group in the amphiphile mol-
ecule.®%3! This generic phase diagram is displayed in
Figure 1. The shapes of the unit cells in the different
phases, determined by X-ray diffraction, are also shown
in Figure 1. The CS and S phases are crystalline, while
LS, Ly, Ly", Lon, Lag, and O, are the mesophases. There
are five tilted phases with distinct symmetries. Phases L,
and L," have a collective tilt of the molecules toward one
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of their nearest neighbor (NN) molecules, whereas in L,
and O, the collective tilt is toward the next nearest
neighbor (NNN). Some aspects of the phase diagram
remain unresolved, specifically, the order of the transition
lines and the existence of additional phases at very high
surface pressure.

The KL theory is asymmetry-based description of phase
transitions in a Langmuir monolayer that is set in the
framework of the Landau theory of phase transitions.3233
The treatment is based on a Taylor series expansion of
the free energy in powers of one or more order parameters.
The order parameters form a set of scalar quantities that
represent the structural changes across the transition
lines. Each order parameter is constructed such that on
one side of the transition line it is zero while on the other
side it is nonzero. The behavior of an order parameter
under symmetry transformations that belong to the
symmetry group representing the most symmetric phase
is described by one of the irreducible representations of
that group. This irreducible representation and the
condition that the free energy is invariant and homoge-
neous under the action of any symmetry element deter-
mine the polynomial form of the order parameter.

The starting point in any Landau theory description of
the character of phase transitions is the identification of
the symmetries of the phases under study. The overall
scheme of analysis starts with the least ordered condensed
phase of the monolayer and examines the progressive
increase in ordering as different order parameters assume
nonzero values. It is assumed that the relative positions
of the molecules in the two phases under consideration
differ only slightly. Several phenomenological approaches
based on Landau theory have been formulated to describe
the phase diagram of a Langmuir monolayer.34=38 The
main difference between these approaches is in the
identification of the order parameters that change in the
various transitions. In the KL treatment?®2° the most
symmetric phase is the LS phase; it is assigned to the Cg,
point group. All other phases emerge as a result of
successive ordering of three-order parameters. One-order
parameter governs the collective tilt of the molecules while
the other two describe one-dimensional “weak crystal-
lization"*? involving herringbone ordering of the short axes
of the amphiphile molecule along and normal to the line
between neighboring molecules (the “bond” direction). The
free energy expansion in powers of the order parameters
includes only the lowest order terms that are necessary
to describe the transition. The coefficients of the lowest
order of each order parameter are functions of surface
pressure and temperature. By use of information derived
from the experimental phase diagrams, a collective tilt of
the molecules is induced by lowering the surface-pressure-
like variable (A in Figure 1). Similarly, the herringbone
ordering of the backbone planes of the molecules is induced
by decreasing the values of the temperature-like variables
(F, F"in Figure 1). All other coefficients are considered to
be constant. Their signs and magnitudes are determined
by the requirements that the phase be stable and that the

Langmuir, Vol. 19, No. 14, 2003 5951

observed transition order and structural symmetries be
reproduced. Different combinations of the three-order
parameters generate a phase diagram with eight phases
with different symmetries. The KL treatment considers
the molecules to be rigid rods, with no internal degrees
of freedom. This assumption is valid for the lowest energy
all-trans conformation of the hydrocarbon chain, which is
expected to be the only one present in the low temper-
ature, high-pressure region of the phase diagram. How-
ever, as the area per molecule increases gauche confor-
mations of the hydrocarbon chain are expected to be
populated because of the higher chain entropy thereby
generated.

Quantities associated with conformational degrees of
freedom of the amphiphile molecules assembled in a
monolayer are very difficult to measure. Buontempo and
Rice and Li and Rice showed that it is possible to use the
difference between the frequencies of the antisymmetric
and symmetric stretching modes of CH, in a hydrocarbon
chain, measured via polarized infrared reflection spec-
troscopy, to calculate the concentration of gauche con-
formations. Their studies showed that the isotherms of
Langmuir monolayers of henicosanol, stearyl alcohol, and
tetracosanoic acid reveal a clear trend of continuous
transition from a phase with intramolecular chain disorder
toonewith intramolecular chain order.*°~#2 At high surface
pressure and low temperature, the hydrocarbon chains
are highly ordered (perhaps all-trans), whereas at low
surface pressure and high temperature the hydrocarbon
chains become disordered and contain a nontrivial con-
centration of gauche defects. X-ray diffraction studies of
fluorinated alkyl acid monolayers reveal that they have
different ordered phases than do fully hydrogenated acid
monolayers, presumably as a result of the difference in
chain flexibility.*?

The ability of an amphiphile molecule to support gauche
defects depends on the stiffness of the hydrocarbon chain
and on its length. Gauche defects are classified into three
categories. In the first category are isolated defects which
appear in bonds 2, 3, n — 2, n — 1 (where the headgroup
C; bond is numbered 0); these are called “end gauche
defects”. In the second category are the “kink defects”
formed by a pair of gauche defects separated by a trans
bond. The third category represents isolated defects in
the middle of the chain. Molecular dynamics simulations
show that upon isothermal expansion a Langmuir mono-
layer undergoes two phase transitions.*~46 The first is a
continuous transition from an all-trans state of the
hydrocarbon tails to chains that include a high fraction
of gauche defects with no change in the lattice order. The
second transition is a discontinuous melting transition
from atriangular lattice state to a liquidlike state. A mean
field statistical model of short alcohol monolayers found
that the average number of gauche defects is a function
of the area per molecule saturates.*” The average satura-
tion concentrations of the defects were found to be 1.8/
molecule and 4.2/molecule for the shortest (Cy) and the
longest (Cy6) chains studied. When the area per molecule
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issmall, the “end gauche defects” are most probable. When
the area per molecule increases, isolated defects in the
middle of the chain and/or “kink defects” have the highest
probability of occurrence.*#84° Nonequilibrium experi-
mental and computational studies reveal a strong cor-
relation between the gauche defects and the tilt angle of
the molecules.®® Moreover, the relaxation time of the
internal chain conformation was found to be longer than
that for the tilt transition. Karaborni and Verbist showed
that when the area per molecule is fixed, an increase in
the number of gauche defects results in a lower tilt angle.>!
Thus, the experimental and computational evidence
available suggests that gauche defects should be coupled
to the order parameters that describe the structural
transitions in a Langmuir monolayer.

I11. An Extension of the Kaganer—Loginov
Theory

The major features of the phase diagram of Langmuir
monolayers are explained using the order parameters
introduced by Kaganer and Loginov.? Therefore, extension
of the analysis to include an order parameter that
characterizes the gauche conformational degrees of free-
dom should not influence the possible symmetries of the
various phases. An order parameter of this type is called
“secondary”;3® the original set of order parameters, the
collective tilt and the herringbone ordering along two
orthogonal axes, are termed “primary”. The gauche
conformation order parameter should be nonzero above
some critical temperature (T;) or below some critical
surface pressure (7;). Furthermore, it should be coupled
to transitions described by the primary order parameters.
In this formalism the possible symmetries of the different
phases are determined by the primary order parameters.
However, restrictions on the possible symmetries of the
irreducible representations that are carried by the sec-
ondary order parameter can be imposed depending on the
order of the transitions. Because herringbone ordering is
afirst-order transition, there is no symmetry requirement
imposed on the secondary order parameter. However, for
a continuous transition, such as the tilt transition, a
necessary condition for the gauche conformation order
parameter to acquire a nonzero value above (in terms of
surface pressure) the tilting transition is the possibility
to construct from its components and that of the tilt order
parameter a mixed homogeneous polynomial invariant
under Cg,, that is linear in the gauche order parameter
and of degree equal to or greater than 2 in the tilt order
parameter.®® Therefore, for a second-degree polynomial
(the lowest degree polynomial of the tilt order parameter),
we must decompose the symmetrized square of the E;
irreducible representation (representing the tilt vector).
This processyields either A; or E; symmetry for the gauche
conformation order parameter.

In the rotator phases of the monolayer, the molecular
chains are free to rotate around their long axes; hence
there is no directionality associated with the gauche
defects. Further, we assume that in phases where the
molecules are not free to rotate around their long axes the
directionality of the gauche defects is not correlated with
the symmetry of the phase, as can be inferred from
simulation results that describe coupling between posi-
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tional ordering and gauche defects.*4*¢ Hence, we intro-
duce this order parameter, ¢, as a scalar (A; symmetry)
that is equal to the fraction of gauche conformations of
the long chain molecules

€= INyIN, 1)

where Ng[is the average number of gauche conformations
and Ny is the total number of dihedral angles along the
chain. The part of the free energy depending solely on ¢
is of the form

b
®§=a§+§§2+%§3+... )

Terms of any degree in ¢ are allowed by symmetry to be
present in ®;. Since ¢ = 0 for the all-trans conformation
and = 0 when gauche conformations are present, the
coefficient a = a(T,7) should be positive in the low-
temperature (or high surface pressure) region and negative
in the high-temperature (or low surface pressure) region,
e.g.,a=a(T.—T),with o > 0. For stability it is necessary
that b > 0.

Since any power of ¢ multiplied by any invariant
polynomial of the primary order parameter will be
invariant, the lowest degree coupling terms between the
gauche conformation order parameter and the herringbone
order parameters are products between the linear term
in ¢ and the lowest allowed polynomial of these primary
order parameters. The lowest degree coupling term with
the tilt order parameter is also linear but it is obtained
via a symmetry condition on the coupling to a continuous
transition. Minimization of the coupled free energy
expansion with respect to ¢ gives the equilibrium value
of ¢ as a function of the primary order parameter. With
this relation we can eliminate ¢ in the expression for the
free energy. Therefore, the effect of introducing the gauche
conformation order parameter is to modify the coefficients
of the free energy expansion associated with the primary
order parameters. Of course, the coefficients in the free
energy expansion determine the location of the transition
lines. Thus, the effect of adding the gauche conformation
order parameter coupling is to shift the transition lines
in the phase diagram; the signs and the magnitudes of
the coefficients of the primary and secondary-order
parameters determine the direction of the shift. Itis very
likely that gauche conformations are present on both sides
of the transition line in the high-temperature low surface
pressure region. The exact location of the onset of gauche
defects in the phase diagram depends on molecular
properties such as stiffness (barriers to internal rotation)
and amphiphile chain length.

1. Coupling of the Internal Conformationand Tilt
Order Parameters. The tilting transition is represented
by a 2D order parameter with the E; symmetry of the Cg,
point group. Let 3 be the azimuthal angle of the collective
tilt (in the plane of the monolayer) and let » = sin 6, where
0 is the tilt angle with respect to the normal to the
monolayer. The expansion of the free energy, invariant
with respect to the symmetry group Csg,, is

— 2 4 6 12
®, = A" + Bry" — Dy’ cos(6f) + En“ cos(12f3) + .(..3)

A.The LS <= O, and LS < L,q Transitions. The free
energy expansion that is sufficient to describe this second-
order transition includes only the first two terms in eq 3.
When A > 0, the untilted phase case is obtained when
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n = 0. When A < 0, the nonzero tilt is determined by
Nequi® = —AI2B. The transition line is then A = 0. The
coefficient B is considered to be constant across the
transition line. The condition of thermodynamic stability
then requires that B > 0. The expansion of the free energy
including the coupling to the gauche conformation order
parameter is

_ 2 4 b 2 2
®,.=An"+ By +a§+zé+6§n 4)
from which we find

a+ on?
Cequil = Tn (%)

Elimination of ¢ in the free energy expansion yields

2
S
”vg:gequil B 2b +

2

2 _(5_ 4
n +[B K (6)

A 20

® b

The term —a?/2b changes only the background value of
the free energy, so the new transition line is defined by
A = ad/b. Since both the gauche conformations and the
tiltangle increase as the area per molecule increases, the
coupling between the two-order parameters should con-
tribute a positive term to the free energy. We conclude
that 6 > 0. Since a < 0, the new transition line shifts to
lower surface pressure. The new equilibrium value of the
tilt in the presence of gauche conformations is

2 _ A —adlb

= 7

77§,eqml 2(B _ 52/2b) ( )
However, without information regarding the magnitude
of the primary and secondary coefficients, it is not possible
to determine whether the collective tilt increases or
decreases. Nevertheless, molecular dynamics simulations
indicate that the collective tilt decreases® which requires
that a/A > 6/2B.

B. The O, < L,q Transition. The value of 5 changes
across this transition from g = /6 corresponding to NNN
tilt in the O, phase, to 5 = 0 corresponding to NN tilt in
the L,q phase. Hence, the expansion of the free energy in
powers of the order parameters must include higher degree
terms that depend on

®,5- = Ay” + By* — D° cos(6f) + En*? cos(128) +
ag + g &% + 0&n® cos(6p) (8)

Substitution of Cequit = —(a + 07® cos(6f))/b for { in eq 8
yields

o = An® + By* —

nﬁ,éi:'gequ“

[D - %6]176 cos(6p) + [E - % "

°| 2 cos(12p) (9)

The first-order transition line is described by the change
of the sign of the coefficient of #° cos(6/) from a negative
value in the O, phase to a positive value in the L,q phase.
The transition line is, therefore, given by D = —ad/b. Since
cos(6p3) is negative in the phase with the larger area per
molecule (O,), we take 6 < 0 so that the coupling term
makes a positive contribution to the free energy in that
phase. This means that the amphiphilic molecules with
gauche conformations favor tilt toward their nearest

Langmuir, Vol. 19, No. 14, 2003 5953

neighbors (8 = 0) and the transition line shifts to a higher
temperature relative to that when no gauche conforma-
tions are present (D = 0). In passing we note that the
direction of the D axis is opposite to the direction of the
temperature-like axis shown in Figure 1. In the original
treatment of Kaganer and Loginov, the coefficient of 72
cos(12p3), namely E, is taken to be negative to ensure a
first-order transition. In the present case, this condition,
E < 0, is sufficient to guarantee that the modified
coefficient, E — 0%/4b, is negative and that the transition
is first order.

2.Coupling of the Internal Conformation with the
Herringbone Order Parameters. When the monolayer
has herringbone order, the orientation of the short axis
of a particular amphiphile molecule is directed parallel to
the line of centers (‘bond’) between molecules and or-
thogonal to the orientations of the short axes of its NN
molecules. The transition from a phase with isotropic
orientation of the backbone plane (rotator phase) to a phase
with herringbone order is described by an order parameter
that is analogous to the director of the long axis in a
nematic phase. Furthermore, the center of mass positions
of the molecules along or normal to the bond direction can
be either ordered or disordered. This implies a transla-
tional ordering that can be considered to be a type of
crystallization. A crystalline state is characterized by
periodic spatial variations in the density. In the case under
consideration, the transition to the new ordered state is
assumed to obey the weak-crystallization approximation;3°
i.e., the discontinuity in the density is very small and the
wave vectors of the relevant density variations have equal
lengths. Then the density wave order parameter describing
herringbone order must change sign upon reflection in
the symmetry plane containing the wave vector. The
mesophases S, L)', and L,, have a one-dimensional
crystalline structure. Since long-range one-dimensional
translational correlations are destroyed by thermal fluc-
tuations,3235 these mesophases possess only short-range
translational order. The phases CS and L,"” are two-
dimensional crystals represented by two nonzero 1D
density wave order parameters. Denoting the amplitude
of the crystallization wave responsible for the ordering of
the molecular backbone planes normal to the bond
direction by ¢ and the one that induces the ordering
parallel to the bond direction by v, the expansion of the
free energy in terms of these order parameters takes the
form

— 2 4 6
O, =F¢"—Gg" + Hp” + ... (20)
®, = Fy’ —Gyp*+ Hy® + .. (11)

respectively. The coefficients in eq 10 and eq 11 are taken
to be positive to enforce the observed first-order transi-
tions. On the high-temperature side of the transition, the
minimum of the free energy occurs when ¢ = 0 and y =
0. When a first-order transition occurs, a new phase with
the same free energy per molecule (chemical potential) as
the existing phase emerges. Then even when ¢ = 0 and
y = 0, we must have ®, = 0 and ®, = 0. The values of
the order parameters are obtained, as usual, by minimizing
the free energy. The minimization conditions allow the
construction of a relation between the coefficients that
describes the crystallization transition.

A. The LS< Sand S < CS Transitions. The LS <
S transition is a one-dimensional crystallization of the
short axes of the molecules in the monolayer. The part of
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the free energy expansion that describes this transition
with coupling to the gauche conformation order parameter
is

B, = Fg? — G + Hg® +al +2 &+ 0> (12)

Using the equilibrium value of ¢, namely, Cequi = —(a +
o0@?)/b, the modified free energy expansion becomes
_ ad| » 6 4 6
(I)¢~§=Cequu = [F b Q- — [G + 2b ¢+ Hgp (13)

We note that ¢? changes from ¢? = 0 to ¢? = (G + 6%
2b)/2H across the transition. A first-order transition occurs
when the coefficient of ¢? decreases to (G + 0%/2b)?/4H, so
that the transition line changes to F = (G + 6%/2b)%/4H +
ao/b, whereas it has the form F = G?4H when gauche
conformations of the amphiphile molecules are neglected.
If 6 <0, the transition line is shifted to higher temperature.
If 6 > 0, the transition line is shifted to lower temperature
provided that —a < 0G/4H. The value of ¢? in the S phase
coexisting with the LS phase (i.e., on the transition line)
is larger when gauche conformations are present (in the
rigid rods case ¢? = G/2H). This means that greater
crystalline order is needed so that the free energies of
both phases are equal.

The S< CStransition isa 2D crystallization that occurs
at a lower temperature than the LS < S transition. It can
be described by the order parameter v that is orthogonal
to ¢. The free energy expansion is the same as that in eq
12 with ¢ replaced by y and the coefficients F, G, and H
replaced by F', G', and H', respectively. Hence, the behavior
of the transition line with respect to inclusion of coupling
with gauche conformations is the same as for the LS <
S transition.

B. The S < L, and CS < L,"” Transitions. The free
energy expansion relevant to the analysis of the S < L’
transition is

D, = An? + Bp* + 1927 + J¢*y? cos(2p) +
al+2 2+ otr (14)

Taking g = n/2 for the NNN tilt in the L,’ phase and
minimizing ®,,, we obtain the new second-order transi-
tion line A = (J — I)¢? + ad/b. Since we are considering
a tilting transition described by the order parameter 7,
we take 0 > 0 as before. Then the modified transition line
shifts to lower surface pressure relative to the line A =
(3 — g? that characterizes the transition when gauche
conformations of the amphiphile molecule are neglected.

The CS < L," transition also involves collective tilting
of the amphiphile molecules; it is coupled to both ¢ and
1. The free energy expansion relevant for the description
of this transition is

@ .= Ap*+ Byt + g% + Jg®n? cos(2p) —

IyPr? = Iy cos(2p) + ak + 2 £ + otr? (15)

et

Taking =0 for the NN tilt in the L," phase and applying
the same procedure as for the S < L' transition gives for
the new transition line A = (J + I)¢? — (J3' + I")y? + ad/b.
As in the preceding case, the transition line is shifted to
lower surface pressure relative to the transition line A =
J + De? — (I3 + I"Ny? for the case when gauche
conformations are neglected.

Zangi and Rice

C. The L,y < Ly, Transition. The free energy
expansion relevant to the analysis of the Ly < Ly
transition is

D, = [F — (3" cos(2B) + I'n’ly? — G'p* + H'y® +
al+2 ¢+ oty? (16)

In both phases the collective molecular tilt is toward the

nearest neighbor so f = 0. Solving for the equilibrium

value of ¢ followed by substitution of that value in the
expression for the free energy yields

a , ) . a
q)w,c:;equi,:%WL F—-J+1 );72— (a+5)B]wz_
0% e s

[G op)¥ T HY )

As F' decreases to the value (G' — d2/2b)?/4AH" + (3" + 1')5?
+ (a + d)a/b, a first-order transition occurs in which
changes from 1?2 = 0 to y? = (G' — 9%/2b)/2H'". If there are
no gauche conformations in the molecule, the transition
line is F = G'/4H' + (J' + I')5% Thus, when ¢ < 0 the
transition line shifts to higher temperature if a(a + 90) >
G'0%/4H'. When 6 > 0 and (a + 0) > 0, the transition line
shifts to lower temperature.

1V. Discussion

Table 1 summarizes the effect of the inclusion of gauche
conformations of the amphiphile molecules on the various
transition lines in the phase diagram of a Langmuir
monolayer.

For transitions that are induced by a change in the
surface pressure, the tilting transitions, the transition
lines shift toward lower surface pressure. This is the
direction expected given the results of simulations that
predict a smaller tilt angle for a more flexible amphiphile
molecule.®* The monolayer can respond to a reduction of
the surface pressure either by adopting a nonzero collective
tiltor by the formation of gauche defects. If the amphiphile
molecules support the occurrence of gauche conformations,
then it occurs at the expense of the tilting transition. The
corollary of this statement is that, for given amphiphile
chain length, the tilting transition can be induced by
reduction of the surface pressure below the value required
to induce that transition in rigid molecules. In addition,
the Log = O, transition, which involves a change from NN
to NN tilting and is induced by increasing the temper-
ature, has a transition line that shifts to higher temper-
ature when gauche conformations are present. Following
the same argument as above, the monolayer can respond
to an increase of temperature either by changing the
azimuthal angle from NN to NNN or by the acceptance
of gauche conformations. The appearance of the later is
at the expense of the transition from NN to NNN tilting,
so that a higher temperature is required to trigger the
transition than in the absence of gauche conformations.
For transitions that are induced by lowering the tem-
perature, namely, the crystallization transitions, the
choice of sign of the coupling coefficient between the gauche
conformation order parameter and the herringbone order
parameter is notobvious. Itis likely that the gauche defects
will disturb the ability of the molecule to arrange in an
ordered structure, i.e, 6 > 0. Then the transition lines
shift to lower temperature, given some restrictions on the
magnitude of 6. However, we cannot exclude the possibility
that the higher lateral cross section that the molecules
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Table 1. The Effect of Gauche Conformations of an Amphiphile Molecule on the Transition Lines in the Phase Diagram
of a Langmuir Monolayer

order of coupled order coupling
transition transition parameter coefficient shift of transition line toward
LS < Oy 2 7 0>0 lower surface pressure
LS < Lyg 2 n 0>0 lower surface pressure
Oy < Lag 1 7,0 0<0 higher temperature
LSS 1 @ 0<0 higher temperature
LSS 1 @ 0>0 lower temperature for —a < 6G/4H
S<CS 1 Y 0<0 higher temperature
S<CS 1 P 0>0 lower temperature for —a < 0G'/4H'
Se L, 2 n 0>0 lower surface pressure
CS < Ly" 2 n 0>0 lower surface pressure
Log < Lon 1 Y 0<0 higher temperature for a(a + 0) > G'0%/4H’
Log < Lon 1 P 0>0 lower temperature for (a + ) > 0

have when gauche conformations are present (even
without rotational motion around their long axes) will
favor phases with higher packing efficiency (the crystalline
phases). In this case 6 < 0 and the transition lines shift
to higher temperature. We are unaware of any experi-
mental or computational results that would suggest one
or the other of these two possibilities.

The phase diagram deduced by the Landau theory
analysis appears to provide a satisfactory explanation of
the observed polymorphism of the monolayer. Note,
however, that the success of the theory depends crucially
on the assumption that it is possible to have one-
dimensional ordering of the molecular backbones in the
monolayer, since itis the coupling of that one-dimensional
order with the collective tilt that generates the great
diversity of structures and associated phases. We argue
that the success of the analysis suggests that the three-

dimensional character of the system is important. Specif-
ically, the inclusion of the tilt degree of freedom is a
surrogate for out-of-plane motion by the amphiphile
molecules. There are also characteristic properties of the
mesophases of the monolayer that have the unique
signature of two-dimensional systems (hexatic structure),
soamonolayer is likely an example of a mixed dimensional
system.
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