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Stabilization of tilt order by chain flexibility in Langmuir monolayers

F. Schmid
Institut für Physik, Universita¨t Mainz, D55099 Mainz, Germany

~Received 21 August 1996!

Langmuir monolayers are modeled as systems of short chains, which are confined to a planar surface at one
end, but free to move within the plane. The phase behavior is calculated in a mean field approximation, which
combines the self consistent field method with elements of classical density functional theory. It is shown that
phases with tilt order are unstable in systems of stiff chains, but can be stabilized by chain conformational
entropy in systems of sufficiently flexible chains. The chain entropy is also responsible for the appearance of
an additional untilted phase, the liquid expanded phase. The region of stability of the different phases is
discussed, and their microscopic structure is analyzed in some detail.@S1063-651X~97!11405-2#

PACS number~s!: 68.15.1e, 64.75.1g, 68.18.1p, 68.35.Rh
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I. INTRODUCTION

Monolayers of amphiphilic molecules have been stud
for many years for practical and fundamental reasons. Pla
on a solid substrate, they build Langmuir-Blodgett film
which have important technical applications, e.g., in thin fi
technology@1#. Monolayers of lipids on water are of biolog
cal interest, since lipid bilayers—consisting of two weak
coupled monolayers—are essential ingredients of biolog
membranes@2#.

The phase diagram of Langmuir monolayers~monolayers
adsorbed at the air water interface! at low surface coverage i
qualitatively similar for long chain fatty acids, alcohols, a
lipids ~Fig. 1! @3,4#. Its most remarkable feature is the pre
ence of two distinct fluid-fluid coexistence regions at int
mediate temperatures: the familiar ‘‘gas-liquid’’ transition
low surface densities, and an additional transition from
‘‘liquid expanded’’ ~LE! phase to a ‘‘liquid condensed’
state at higher densities. The latter is indeed a transition
tween two fluid states, as shown by the experimental ob
vation that positional correlations in the condensed ph
decay exponentially@5#. It is the monolayer equivalent of th
‘‘main’’ transition in bilayers, which is interesting from a
biological point of view, because it is found at temperatu
often close to the body temperature@41.5 °C in L-a-
dipalmitoye phosphatidylcholine~DPPC!# @6#. At even
higher surface coverage, monolayers can display a rich s
trum of condensed phases, which differ from each othe
positional order, tilt order, and orientational order of t
backbones of the chains@7,8#. In this work, we shall discuss
the condensed phases which can coexist with the expa
phase, i.e. the high temperature untilted phase~LS! and the
low temperature tilted phase~L2 , see Fig. 1!.

The nature of the transition between liquid expanded
condensed phases has been discussed over many years
earlier paper@9#, we presented self consistent field calcu
tions of a ‘‘minimal’’ model for Langmuir monolayers
where the amphiphilic molecules were modeled as semifl
ible chains with one end grafted to a planar surface. We h
shown that two ingredients are needed to bring about co
istence between two liquid states: The chain flexibili
which stabilizes the expanded phase, and the chain an
ropy, which dominates the liquid condensed state. The t
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sition is driven by the interplay between the entropy of ch
disorder and the energy associated with collective ch
alignment. The latter may result from simple packing effec
or from additional~e.g., dipolar! anisotropic interactions be
tween chain segments.

The model hence successfully reproduced the LE and
phases, yet it seemed to fail to display stable phases
collectively tilted chains. Indications of tilt order were on
seen in the unstable regions of two phase coexistence. In
respect, the observed phase behavior was similar to tha
grafted rigid rod systems. Grafted rods with fixed grafti
points may show tilt order in a region of surface covera
@10,11#. However, the surface energy per chain is higher
the tilted region than in the untilted region. When the ro
are given translational degrees of freedom, the tilting tran
tion is therefore replaced by phase separation@12,13#.

According to a common picture, tilt order in Langmu
monolayers results from a mismatch between head group

FIG. 1. Phase diagram of Langmuir monolayers at low surf
coverage~schematic!. The liquid-gas coexistence region is repr
sented in a compressed way relative to the liquid expanded liq
condensed coexistence region. Whether the latter ends in an u
critical, or turns into a second order transition~indicated by the
dashed line! in a multicritical point, has yet to be established~after
Ref. @3#!.
5774 © 1997 The American Physical Society
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55 5775STABILIZATION OF TILT ORDER BY CHAIN . . .
tail segment size. The larger area of the head group c
strains the coverage of the condensed phase, and stab
surface coverage regions with tilt order. This mechanism
doubtless the driving force for tilt order in many cases, bu
is certainly not the only one. For example, it hardly expla
the experimental observation of tilt order in monolayers
triple chain phospholipids@14#. Another potential cause fo
tilt is related to the internal structure of the chains: When
chains are tilted, monomers can ‘‘hook’’ into each other, a
thus pack more effectively. Presumably, this is respons
for the presence of tilt order in Monte Carlo simulations
endgrafted bead-spring chains@15,16#. Tilt order may also be
induced by attractive interactions between the chains and
bare surface@10,17#. However, for hydrophobic@(CH2)n#
chains on a water surface, that seems less likely.

All these tilting mechanisms do not operate in the mi
mal model of Ref.@9#. Therefore one would not expect t
find tilt order there, unless the model is extended in a s
able way. We shall show that the conformational degree
freedom of the chains generate another mechanism for
stabilization of tilted states: As we discussed above, giv
the chains some flexibility brings a phase into existence,
liquid expanded phase. On making the chains more and m
flexible, the condensed phase is also affected: The gai
conformational entropy at lower surface densities comp
sates in part for the loss of surface energy. As a result,
region of stability of the condensed phase is extended. P
vided the chains are sufficiently anisotropic, the coverag
coexistence becomes low enough to support collective ti

The influence of conformational chain disorder on tilt
fatty acid monolayers has received some interest rece
@18,19#. It has been argued that, in tilted phases, an incre
in the number of gauche defects in the chains reduces th
angle at the same area coverage. The present work disc
an antipodal, although related effect: Chain disorder sta
lizes homogeneous tilted phases at molecular areas, w
ordered, straight, chains phase separate into two unt
phases.

The purpose of this work is twofold: to explore the po
sibilities for tilt order within the minimal model, and to es
tablish a complete phase diagram in terms of the varia
stiffness and chain anisotropy. The parameter region
which tilted phases are stable will be determined, as wel
the parameter region in which a liquid expanded and a liq
condensed phase can coexist. Where those two regions
lap, one finds a phase diagram which is very similar to
one sketched in Fig. 1. The paper is organized as follo
The model and the self consistent field method are descr
in Sec. II. A variant of the model@9# is used, which allows,
among other things, for a more detailed study of chain
fects. Section III presents the predictions of the self con
tent field theory first for flexible chains, then for stiff chain
The properties of the different phases are discussed in s
detail ~density profiles, nematic order, chain defects!, and an
overview over the phase behavior is given. The results
summarized in Sec. IV.

II. MODEL

A schematic picture of the model is shown in Fig. 2. T
amphiphilic molecules are modeled as chains containinn
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rodlike tail segments of lengthl 0 and diameterA0 , and one
head segment, which is confined to a planar surface az
50. They are subject to three different types of potential

~i! External potentials, which confine the head segmen
z,0 and the tail segments atz.0.

~ii ! A bending potential, which favors parallel alignme
of adjacent segments.

~iii ! The interactions between segments. Tail segments
anisotropic, have a repulsive hard core, and attract each o
at larger distances. Head segment interactions are isotr
and purely repulsive.

The external potentialshh
ext ~head segments! andht

ext ~tail
segments! are taken to be simply harmonic:

hh
ext~r !

kBT
5 H0,khz2, z,0

z.0 and
ht
ext~r !

kBT
5 H ktz2,0,

z,0
z.0,

~1!

wherekB is the Boltzmann constant andT the temperature.
The choice of the bending potential is guided by the id

that tail segments in the model chain correspond to t
CH2 groups, each in a hydrocarbon chain. A molecule in
all trans conformation is then represented by a complet
stretched model chain with bending anglesu50. A confor-
mation with onegauchekink is represented by a mode
chain, which has one bending angleu5(p/3) or cosu51

2. In
view of these considerations, the bending potential is giv
the form U(u)/(kBT)5uÛ(u), where u is an adjustable
stiffness parameter, and

Û~u!525x134x22400x31480x4 with x512cosu.
~2!

The functionÛ(u) is plotted in Fig. 2. It has a minimum a
cos(u)51

2, and takes the valueU051 there. The relative po-
tential barrierUm /U0'4 has approximately the same heig
as the energy barrier fromtrans to gauchein popular poly-
ethylene models~e.g., by Rigby and Roe@20#!. Moreover,
the thermal average of cos~u! in a free model chain atu
51, ^cos(u)&'0.7, is in rough agreement with the value o

FIG. 2. Schematic picture of the model. The inset shows
functional form of the bending potential.
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5776 55F. SCHMID
tained for polyethylene atkBT5Eg , whereEg is the energy
of agauchedefect@calculated in the rotational isomeric sta
~RIS! scheme@21# #.

The mapping of carbon groups on chain segments sh
not be taken too literally, since the model is so simple co
pared to a real hydrocarbon chain. However, the choice
bending potential with two minima such as Eq.~2! has the
advantage that it allows us to define chain defects and
study defect distributions. Note that the energy ofgauche
defects is of order 300 K, i.e., room temperature, in units
the Boltzmann constantkB . Hence an analysis of their dis
tribution can be instructive, especially in short chains. F
most other purposes, a simple harmonic potential such as
been used in Ref.@9# is entirely sufficient, and yields quali
tatively the same results.

The interactions between segments are introduced
terms of a functionalF@$r̂h(r ,w),r̂ t(r ,w)%# of the center of
mass densities of head (r̂h) and tail (r̂ t) segments with ori-
entationw(uwu51) at positionr . The functional includes
short range repulsive hard core potentials as well as lon
range attractive interaction tails.

In an exact treatment of the above model, one has
perform ensemble averages over all possible configurat
of chains, and the corresponding center of mass densitie
this work, we will resort to a local mean field approximatio
The densitiesr̂h,t(r ,w) are replaced by their ensemble ave
ages, andF is taken to be a functional of average densiti
Single segments interact with others via average fields

hh,t
ind~r ,w!5

dF
dr̂h,t~r ,w!

. ~3!

The effect of local density fluctuations is neglected.
This approximation has a number of important implic

tions. First, correlations between different chains are
glected. The problem therefore reduces to calculating
partition function and the density distribution of a sing
noninteracting chain~random walk! in the inhomogeneous
external fieldshh,t(r ,w)5hh,t

ind1hh,t
ext , which have to be de-

termined self consistently using Eq.~3! ~cf. @22,23#!. Note
that correlations within a chain are still present due to
chain connectivity. Second, the nonintegrable hard core
teractions require special treatment. We will choose a co
mon approach in density functional theories@24,25#, which
is to expand around a reference system of purely repul
segments. Third, the mean field approximation does not c
ture the fact that stiff chains are always anisotropic, eve
the constituting segments are not. Effective anisotropic in
actions result, e.g., from packing effects. Within the me
field approach, they have to be introduced explicitly in ter
of an effective segment anisotropy.

Since the segments are extended objects, the cente
mass densityr̂ corresponds to a segment mass density

rh,t~r ,w!5E dr 8Kh,t~r2r 8,w!r̂h,t~r 8,w!. ~4!

The functionK(r ,w) reflects the shape of a segment w
orientationw. Since the segments are fairly compact, t
orientation dependence of the shape functionK(r ,w) can be
neglected, and it is reasonably well approximated by
simple step function.
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K~r ,w!5 H1/~ l 0A0!,
0

uzu, l 0/2, ~x21y2!,A0 /p
otherwise. ~5!

We shall also need the total density

r~r !5
1

4p E dw@r t~r ,w!1rh~r ,w!#, ~6!

where the integral*dw is performed over the full solid angle
4p. With these definitions, we are able to formulate a co
crete ansatz for the density functionalF. We use a local
density approximation, i.e., the functionalF is given as the
integral over a free energy density function.

1

kBT
F5E dr H f 0@r~r !#1

1

32p2 E E dw dw8

3r t~r ,w!r t~r ,w8!@V~w•w8!2e#J . ~7!

The first term describes a reference system of ident
segments with isotropic hard core interactions. The free
ergy densityf 0@r# is derived from the hypothetical equatio
of state of a dense melt of such ‘‘ideal’’ chain segmen
Being part of a chain, the segments have no translatio
degrees of freedom, and their equation of state has no i
gas contribution. Furthermore, segments are connecte
others at both ends, and therefore they mainly interact wit
a plane perpendicular to themselves. Hence we assume
their equation of state is reasonably well approximated
the equation of state for hard disks@26#, from which the ideal
gas term has been subtracted,

)~r!5rS 1

~12h!2
21D , ~8!

with the reduced pressureP5p/kBT, the densityr, and the
packing fractionh5rA0l 0 . From this one can derive th
free energy density usingd( f 0 /r)/dr5P/r2:

f 0@r#5rH h

12h
2 ln~12h!J . ~9!

The second term in Eq.~7! accounts perturbatively for the
anisotropic and attractive interactions between tail segme
up to the leading order in the densities. The attractive par
the interaction is absorbed in a single parametere. The an-
isotropic part of the interaction is described by an even fu
tion V(x)5V(2x), and can be expanded in Legendre po
nomials,

V~x!5V~2x!5 (
l52,4,...

`
2l11

4p
Pl~x!v l . ~10!

We shall neglect all contributions except for the lowest,v
[2v2 . It should be emphasized again that the anisotro
parameterv cannot necessarily be traced back to an act
anisotropy of single free segments. It is an effective para
eter, which has to be introduced in a mean field theory
order to include effects of the chain anisotropy. Thus it h
to be identified with an effective anisotropyper segment,
rather than with the anisotropyof a segment.
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55 5777STABILIZATION OF TILT ORDER BY CHAIN . . .
We complete the definition of the model by specifying t
parameterskh5kt520/3 l 0

22, e540 l 0
3, andA052.01l 0

2 ~see
@9#!. This choice is motivated as follows: The paramet
kh andkt can be chosen arbitrarily, provided they are lar
enough to ensure the confinement of the heads at the sur
and of the chains above the surface. The strength of
attractive interactione determines the density within a hy
drophobic layer, and affects the jump in the surface cover
at first order transitions. As shown in Ref.@9#, e does not
have much qualitative influence on the phase behav
therefore it is not varied systematically here. In a virial e
pansion,e is given by the integral over the Mayerf function
of the attractive interaction,e5*(exp@2vattr(r )/kBT#
21)dr . The parameterse and the effective chain diamete
A0 were chosen such that they are compatible with the
and potentials of alkane chains, if one maps two (CH2)n
groups on one model segment, with alkane potentials ta
from Ref. @27#.

All calculations were done with chains of tail lengthn
57. Free model parameters, which were systematically
ied, are the stiffness parameteru and the anisotropy param
eter v, hereafter given in units ofl 0

3. We shall comment
briefly on their connection with interaction parameters
other systems, e.g., simulation models. In a simulation,
effective stiffnessu can be estimated from matching the the
mal averagêcosu& for the angleu between adjacent bonds
in a dense melt of free chains, with the average obtained
a random walk of rods with the bending potentialuÛ, Eq.
~2!. The least accessible parameter is the effective anisot
parameterv. As noted earlier, its origin is due mostly t
packing effects. A lower bound can be calculated from
excluded covolume~the second virial coefficient! of two
stretched chains of the persistence length, divided by
number of segments. In the present model, atu;1–2, one
obtainsv;10l 0

3. Such a calculation, however, neglects t
anisotropy in the attractive interaction. Moreover, the s
ment density in the hydrophobic layer is very high~see Fig.
10!, such that higher order virial coefficients come heav
into play. Hence the resulting effective anisotropy will b
s
e
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much higher. In a simulation,v can be determined from th
analysis of orientation correlations between segments
melt of free chains.

The procedure used to solve the problem is similar to
Scheutjens-Fleer method for lattice models of polymers
surfaces@22#. One defines recursively the end segment d
tributions (i<n)

Wi~r ,w!5
1

4p E dw8Wi21~r 8,w8!e@2ht~r ,w!2U~w•w8!#/kBT,

r 85r2
l 0
2

@w1w8#, ~11!

Wi~r ,w!5
1

4p E dw8Wi11~r 8,w8!e@2ht~r8,w!2U~w•w8!#/kBT,

r 85r1
l 0
2

@w1w8#, ~12!

withW0(r ,w)5exp(2hh(r )/kBT) andW̄n(r ,w)51. We con-
sider a homogeneous monolayer ofN chains, which each
occupy an area per moleculeA. Hence we have translationa
invariance on thexy plane, and the single chain partitio
function is given by

Z05
1

4p l 0
E dz dwWi~z,w!W̄i~z,w!, ~13!

which is independent ofi . The center of mass density of th
i th segment can be calculated via

r̂ i~z,w!5
1

Al0

Wi~z,w!W̄i~z,w!

Z0
, ~14!

and the total free energy per chain~with the de Broglie
wavelengthlB!
ar

-
gy
FIG. 3. Free energy per particle vs molecul
area at chain stiffnessu52 and anisotropyv
513.7. The thin line indicates the Maxwell con
struction. The inset shows the Gibbs free ener
per areag/(kBT) vs the chemical potential.
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5778 55F. SCHMID
F

NkBT
52 ln Z02 ln~A/lB

2 !21

1AE dzH S f 0@r#2r
d f0
dr D

2
1

32p2 E dw dw8r t~z,w!

3r t~z,w8!@V~ww8!2e#J . ~15!

The chemical potentialm, i.e., the free energy gain on addin
one chain, is therefore given by

1

kBT

]F

]N
5

m

kBT
52 ln

Z0A
lB
2 . ~16!

In the grand canonical ensemble, this leads to the Gibbs
energy per surface areag,

g

kbT
5
1

A S F

NkBT
2

m

kBT
D . ~17!

FIG. 4. Free energy per particle vs molecular area~a! for u
52 and different values ofv; ~b! for v513.7 and different values
of u. In ~a! different offset values have been subtracted from
free energy. A state with tilt order emerges at high chain stiffnes
high anisotropy~dashed line!.
ee

Unless stated otherwise, the free energy and the chem
potential will be given in units ofkBT and shifted by
ln(lB

2)21 in the following.
In practice, it is useful to expand functions of orientatio

w in spherical harmonics. Moments up tol510 were taken
into account, i.e., 121 functions, a number which proved s
ficient. Thez direction was discretized in steps ofl 0/5. The
mean field equations were solved iteratively, using the L
endre coefficients of the fieldshh,t

ind(r ,w) as iteration vari-
ables. The iteration procedure combines a method propo
by Ng @28# and simple mixing: Let the vectorxn be thenth
guess of the set of iteration variables,fn the fields calculated
from there, anddn5fn2xn the remaining deviation. Follow-
ing Ng, we define the matrixUi j5(dn2dn2 i)•(dn2dn2 j )
and the vectorVj5(dn2dn2 j )•dn , where the dimension o
U andV, i5max5jmax, is arbitrary~2–5 in this work!. We
then invertU, determine the coefficientsAi5Ui j

21Vj , and
calculate xn

A5xn1( iAi(xn2 i2xn) and f n
A5fn1( iAi(fn2 i

2fn). In the iteration procedure suggested by Ng, then
11)th guess ofx is given byxn115f n

A . Unfortunately, this
method does not converge for the present problem. G
results were, however, obtained with the prescriptionxn11

5xn
A1l(f n

A2x n
A), with l ranging between 0.1 and 0.2. A

relative accuracy of 1028 was usually reached within les
than 100 iteration steps. The iteratively obtained solutio
for fixed surface coverage were usually unique, unless m
stable states~e.g., tilted states! existed. In that case, the so
lution with the lowest free energy~15! was selected.

III. RESULTS

A. Stiff chains

Figure 3 shows a free energy curve in a system of re
tively stiff chains (u52, v513.7). On increasing the mo
lecular area, the free energy exhibits two minima and th
rises. As the area tends to infinity, not shown, it diverg
negatively, following the ideal gas term2 ln (A/lB

2). Hence
the Maxwell enveloping function has a negative slope, wh
guarantees the mechanical stability of the system: T

e
r

FIG. 5. Phase diagram in the plane of anisotropyv and molecu-
lar areaA at chain stiffnessu52.
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55 5779STABILIZATION OF TILT ORDER BY CHAIN . . .
spreading pressureP/kBT52]F/]A N21 is always posi-
tive. The pressure in the gas phase is, however, very low
the Maxwell construction the common tangent with a co
isting gas phase is practically horizontal. Figure 3 illustra
the situation where one has two distinct regions of ph
separation, first between a condensed phase~LS! and an ex-
panded phase~LE!, and then between an expanded phase
the gas phase (G). The fact that there is phase separation c
be inferred from the Maxwell construction, which does n
follow the free energy curve in those two regimes, and fr
the observation that the Gibbs free energy~17! is not a
unique function of the chemical potential~Fig. 3, inset!.

If one decreases the chain stiffnessu or the chain anisot-
ropy v, the coexisting expanded and condensed pha

FIG. 6. Free energy per particle vs molecular area at chain s
nessu51 and anisotropyv520.3. Two solutions of the mean fiel
equations are shown, one corresponding to an untilted state~thick
solid line!, and one describing a tilted state~dashed line!. The thin
line indicates the Maxwell construction.

FIG. 7. In-plane alignment of segmentsdi vs molecular area a
u51 andv520.3. The solid line corresponds to the untilted sta
the dashed line to the tilted state. At a fixed grafting density,
tilted state is stable in the coverage region between I and II.
in
-
s
e

d
n
t

es

merge into one at a critical point@Figs. 4~a! and 4~b!#. This
point is difficult to locate from just looking at the free energ
curves, but can be identified via inspection of the Gibbs f
energy as a function of the chemical potential. On increas
u or v, on the other hand, the free energy minimum belon
ing to the condensed phase decreases relative to the
minimum. A triple point is encountered, beyond which t
liquid expanded state is metastable, and the condensed p
coexists with the gas phase. A state with collective
emerges in the unstable surface coverage region. Tilt o
thus occurs in a system of fixed grafted chains, but is
placed by phase separation when the chains are allowe
move.

So far, our results essentially confirm and complete
results reported in Ref.@9#. Systems of relatively stiff chains

f-

,
e

FIG. 8. Nematic order parameterS and biaxialityh vs molecu-
lar area atu51 andv520.3. The solid line shows results for th
untilted state, the dashed line for the tilted state. Also indicated
the locations of the tilting transitions I and II at a fixed graftin
density, and of the coexistence regions between liquid phase
systems of mobile chains.

FIG. 9. Types of tilting transitions~see the text for an explana
tion!.
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FIG. 10. Density profiles of the monolayer i
the directionz perpendicular to the interface, a
u51 andv520.3 in different phases~different
molecular areasA!. Long and short dashed line
show the center-of-mass densities of tail and he
segmentsr̂h,t(z), respectively; the solid line
shows the total segment densityr(z).
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show qualitatively the same behavior as found earlier i
somewhat different model. Hence we shall not discuss
regime in more detail. The phase diagram in the plane
anisotropy vs molecular area at chain stiffnessu52 is
shown in Fig. 5.

B. Flexible chains

The transition between the condensed and expan
phases is governed by the interplay of chain flexibility a
chain anisotropy. In systems of more flexible chains, o
recovers two phase coexistence if the higher conformatio
entropy is compensated for by higher effective segment
isotropy.

Free energy curves for the set of parametersu51 and
v520.3 are shown in Fig. 6. As in Fig. 3, there are tw
successive first order transitions between fluid phases, p
ing from the gas phase (G) via a liquid expanded phase~LE!
to a liquid condensed phase (L2). Contrary to the case o
stiffer chains, however, the coexisting condensed phas
tilted. Upon further compression of the monolayer, an ad
tional continuous transition to an untilted state~LS! takes
place.

The tilt order can be measured in terms of the in-pla
alignment of segments,di5A^wx&

21^wy&
2. The fact that

diÞ0 implies that the symmetry in thexy plane is broken.
Figure 7 demonstrates that the ‘‘tilted state’’ indeed displa
this kind of azimuthal order. In systems of fixed graft
chains, the tilted state is stable in a coverage inter
bounded by a continuous transition at high coverage~marked
I in Figs. 6–8! and by a first order transition to the untilte
state at low coverage~marked II!. When the chains are give
lateral mobility, this second transition disappears in the
existence region of theL2 and LE phases.

Further insight can be gained from an inspection of
nematic order in the system. The relevant quantity here is
traceless ordering matrix@29# S5^3wiwj2d i j &/2. It has the
eigenvalues$S,2(S2h)/2,2(S1h)/2%, with the nematic
order parameterS and the biaxialityh. The nematic order
S is always nonzero, since the chains are always aligne
some extent in the direction perpendicular to the surface
the molecular area increases, it decreases monotonical
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both the tilted and untilted phases, yet it stays higher in
tilted phase. At the first order transition~II !, S jumps from
0.37 in the tilted phase to 0.21 in the untilted phase. T
value ofS in the tilted state is thus comparable to its value
the nematic phase of liquid crystals, right at the transition
the isotropic phase~S50.43 in the Maier-Saupe´ model@29#!.
The in-plane symmetry breaking is reflected by the behav
of the biaxiality, which is nonzero only in the tilted state.

From these results the nature of the tilting transitions
the system can be inferred. The discontinuous low cover
transition~II ! is associated with ordering and/or disorderi
of single segments. It is thus essentially a a nematic-isotropic
transition, analogous to those found in liquid crystals. T
continuous high coverage transition~I!, on the other hand

FIG. 11. Difference between the distribution of bending ang
P(cosu) in the middle ~i.e., between second and third tail se
ments! and at the end of the chains,DPmid(cosu)5Pmid(cosu)
2Pend(cosu). Results are shown for the parametersu51 and v
520.3, and for different states~stable or unstable! at different mo-
lecular areasA. The inset shows the distributionPend of the outer-
most angle, which was identical in all cases.
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FIG. 12. Phase diagram in the plane of anis
ropy v and molecular areaA at chain stiffness
u51. The inset shows a blowup of the regio
where the liquid expanded phase is stable.
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results from in-plane ordering and/or disordering of who
chains. The surface induces an orientation direction; he
the transition is ofXY type@30#. The two types of transitions
are illustrated in Fig. 9.

The structure of the monolayer shall be analyzed in so
more detail. The density profiles in the three phases do
differ remarkably from each other. Examples are shown
Fig. 10. The total segment density is constant throughout
layer, and independent of the surface area per chain or th
order. It is also independent of the chain stiffness and ch
anisotropy, and only determined by the interaction param
e ~not shown!. Compression results in thickening of th
monolayer.
ce
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The distribution of bending anglesu, shown in Fig. 11, is
more interesting. It has by construction two maxima, one
the bending angleu50 and one at cosu50.5. The area un-
der the second maximum gives the concentration of con
mational~gauche! defects in the chains. As demonstrated
the inset, the distribution for the outermost angle, the an
between the last two segments, is always the same up to
molecular areas which were considered. The main gr
shows the deviations from this distribution for the inn
angles. In the expanded phase, chains have more defec
the middle than at the ends, i.e., they are more disorde
there. In the condensed phases, in contrast, the confo
tional order is highest in the middle. This result is in agre
ot-
FIG. 13. Phase diagram in the plane of anis
ropy v and molecular areaA at chain stiffness
u51.5.
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ment with molecular dynamics simulations@31,32# and other
model calculations@33#.

We close this section with the discussion of the ph
diagram at chain stiffnessu51 ~Fig. 12!. At low chain an-
isotropy v, there is only one single untilted liquid phas
which coexists with the gas phase. A tilted phaseL2 emerges
at a tricritical point,v520.1, and separates two untilted liq
uid regions, the expanded~LE! and condensed~LS! phases.
The transition between theL2 and LS states is continuous
lower values of the anisotropyv, and replaced by phas
separation at the tricritical pointv522.7. We note that the
tilting transition in monolayers of chains with fixed homog
neous grafting density remains continuous. The tilt order
rameter vanishes continuously at a critical line, which
however, hidden in the coexistence region if the chains
mobile. Beyond the triple point, where the liquid expand
phase becomes metastable (v520.5), the region of stability
of the tilted phase narrows down and finally disappears
v534.

C. Phase behavior

We have seen that systems of stiff chains exhibit fl
fluid coexistence of two untilted liquid phases, whereas
systems of flexible chains, the liquid expanded phase co
ists with a tilted condensed phase. In an intermediate ra
of stiffness, one can find both. An example is the phase
gram for chains of stiffnessu51.5, shown in Fig. 13. Phas
separation between an expanded phase and an untilted
densed phase sets in at the critical pointv516.8. A tilted
phase emerges atv517.1 in the coexistence region betwe
the expanded and untilted phases. The liquid expanded p
ceases to be stable at the triple pointv517.4. TheL2 and LS
phases are separated by a narrow coexistence region; in

FIG. 14. Projection of the phase diagram in anisotropyv, chain
stiffnessu, and molecular areaA into the (u,v) plane. Short dashed
lines indicate multicritical lines, long dashed line critical lines, a
the solid lines are triple lines, where three phases can coexis
indicated. Shaded areas are parameter regions where tilted p
can be stable. Coexistence of liquid phases is found in the hat
area~expanded phase and one of the condensed phases! and in the
dark shaded area~tilted and untilted condensed phase!. See the text
for a further explanation.
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tems of slightly more flexible chains,u<1.45, the transition
can also be continuous in a window ofv ~see Fig. 14!.

Figure 14 summarizes the phase behavior for chain s
nesses ranging between betweenu51 and 2. It shows a
projection of the three dimensional phase diagram in
(A,u,v) volume into the (u,v) plane. The shaded area de
ignates the region where a tiltedL2 state is stable. The tran
sition from this phase to the untilted LS phase is continuo
in the light shaded area, and first order in the dark sha
region~i.e., the two phases phase separate!. The light shaded
area is thus bounded by two lines of tricritical points. T
liquid expanded~LE! phase is stable in the hatched are
which is bounded by a tricritical or critical line, and a trip
line. At very large chain stiffness,u;3.5, these two lines
merge and disappear~not shown!. Hence we recover the
rigid rod result reported in the literature. Monolayers of rig
rods display neither stable tilted phases nor a liquid
panded phase.

We shall comment on this diagram with a few poin
First, monolayers of chains with fixed anisotropyv,v
.16.4, display tilted phases only if the chains are su
ciently flexible. This substantiates our claim, that tilt order
stabilized by chain flexibility.

Second, the untilted condensed and expanded pha
both fluid, are not fundamentally different from each oth
The possibility of, e.g., hexatic order is ignored within o
approximations. Such ordering has, however, been repo
in the liquid condensed phase of lipid monolayers@5#, and is
presumably present in our model too. If this is indeed
case, the coexistence between the LE phase and the L
L2 phase is expected to end in a multicritical point, and
transition to turn into a continuous transition at lower valu
of u or v.

Third, the role of temperature has to be discussed. Ass
ing that the segment density in the monolayer does
change much in the temperature regime of interest, the t
perature enters mainly via the chain stiffnessu and the chain
anisotropyv. These parameters contain the Boltzmann fac
1/kBT, and may have a complicated temperature depende
in addition. Let us neglect the latter and takeu,v}1/T for

as
ses
ed

FIG. 15. Same as Fig. 14, with different axis variables. See
text for an explanation.
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simplicity. Under this assumption, (vu)21/2 is proportional
to the temperature, and (v/u)1/2 is temperature independen
The second quantity is interesting in its own right, since
can be related to the chain lengthn: In a continuum approxi-
mation, where chains are treated as space curves of le
L, L}n and stiffnessh, h}u with orientational dependen
interactionsV, V}v, it can be shown that only two of thes
parameters are independent, e.g., (u/n) and (vn) @34#.
Hence varying the chain lengthn has the same effect a
varying (v/u)1/2. One can speculate that this remains qua
tatively true for discrete chains.

The different possibilities for temperature depend
phase behavior can be read off from Fig. 15, which redra
the diagram of Fig. 14 in the axis variables (v/u)1/2 and
(vu)1/2. For example, the phase diagrams at (v/u)1/253 and
(v/u)1/254 resemble Figs. 5 and 12, respectively. In t
neighborhood of the fluid-fluid coexistence region, incre
ing the ‘‘chain length’’ variable (v/u)1/2 produces almost the
same effect as decreasing the temperature. This fits to
experimental observation that the addition of two (CH2)
groups to a system has a comparable effect to the reduc
of the temperature by 10–20 °C@35,36#. At (v/u)1/253.4,
the phase behavior of Fig. 13 is recovered, which is sim
to the experimental phase diagram sketched in Fig. 1.

Note that mean field theories generally overestimate tr
sition temperatures. The effect is particularly strong in t
dimensional systems, where the fluctuations even preven
possibility of true long range tilt order@37#, and second orde
tilting transitions are replaced by Kosterlitz-Thouless-ty
transitions. Hence the phase diagrams cannot be expect
be quantitatively correct, and Fig. 15 gives just a qualitat
picture of the phase behavior. This picture could be teste
simulations, by systematic variations of chain length a
chain stiffness.

IV. CONCLUSIONS

We have discussed the interplay of chain anisotropy
conformational entropy in simple model systems for Lan
muir monolayers: systems of short chains, which are c
fined to a planar surface at one end. The phase behavior
function of chain stiffness and effective anisotropic intera
tion was calculated in the mean field approximation.

We found that systems of chains with fixed graftin
points, i.e., fixed homogeneous grafting density, display
order in a density interval. It is bounded by a continuo
transition to an untilted phase at high coverage, and b
discontinuous transition at low coverage. The high cover
transition involves ordering of whole chains and is ofXY
type, and the low coverage transition is caused by orde
of segments and is reminiscent of the nematic-isotropic tr
sition in liquid crystals. Note that, beyond mean field theo
t
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long wavelength fluctuations of the direction of tilt destro
the long range tilt order@37#. However, one can still expec
quasi-long-range order, i.e., correlation functions decay a
braically.

If the chains are free to move in the plane, tilt order
replaced by phase separation in systems of stiff chains
systems of flexible chains, tilted phases remain stable
some extent. The conformational entropy of the chains
bilizes tilt order. In fact, it favors phases at lower surfa
coverage in general, which engenders both tilted phases
an additional untilted phase, the liquid expanded phase.

As a function of the chain stiffness~or, as we have ar-
gued, the chain length!, one can distinguish between fou
different regimes.

~a! Very stiff chains~rigid rod limit!: Only one first order
order transition is found, from the highly diluted gas phase
the untilted liquid condensed phase.

~b! Stiff chains ~or short chains!: An additional untilted
phase appears in a temperature interval. One finds two
cessive fluid fluid transitions from the gas phase, passing
liquid expanded phase, to the liquid condensed phase.

~c! Chains of intermediate stiffness: Tilted phases can
stable. Depending on the temperature, the liquid expan
phase coexists with either a tilted or an untilted conden
phase.

~d! Flexible chains~or long chains!: The liquid expanded
phase coexists with a tilted condensed phase. Upon comp
sion of the monolayer, the tilted phase turns into an until
phase via a continuous or first order transition.

Hence a complex phenomenology is already found in t
simple model, which incorporates only a few aspects of
hydrophobic tails in amphiphilic molecules, and entirely d
regards the structure of the head groups. The different ph
in Langmuir monolayers at low surface coverage are larg
recovered.

We conclude that the essential features of the phase
havior of Langmuir monolayers can already be produced
the alkane tails of the surfactant molecules alone. Never
less, the head groups have an important influence on
phase diagram. For example, it has been mentioned
tilted phases can be stabilized by a mismatch between h
group and tail segment size. This is most likely the domin
tilting mechanism in monolayers of single chain am
phiphiles, e.g., fatty acids. Future investigations will have
explore this factor.
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