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Coupling between a first-order gas-liquid phase transition and a second-order orientational
transition in Langmuir monolayers
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The Ginzburg-Landau theory is developed to investigate coupling between a gas-liquid first-order phase
transition (FOPT) and an orientational second-order phase transit®@PT) in Langmuir monolayers. It is
found that the coupled SOPT and FOPT takes place simultaneously if the uncoupled FOPT occurs prior to the
SOPT with compression, and that in the opposite case, the coupling makes the FOPT take place at a lower
pressure, but still behind the SOPT. Gas-liquid phase separation always leads to a decrease in the averaged
order parameter of the orientational phase transition, which is qualitatively consistent with experimental data.
[S1063-651%99)08411-1
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[. INTRODUCTION The other is the orientational phase transition of the rodlike
molecules. An applied lateral pressure compressing molecu-

Coupled phase transitions have drawn a considerabliar area can lead to a FOPT from a gaseous state to a liquid
amount of attention, in particular the coupling between astate. This compression can also result in a SOPT of molecu-
first-order phase transitiofffOPT) and a second-order phase lar orientation from an isotropic phase into a polar phase
transition (SOPT). Such a coupling exists widely in many with preferential alignmeni4,5].
phase transitions accompanied with phase separation tenden-These phase transitions in the Langmuir monolayer have
cies. For example, in oxygen-doped,Cu0O,, ,, a low con- been studied for a long time by measurements of surface
centration of holes as well as excess interstitial oxygen atomgressure-area isothermi§]. By using a Maxwell displace-
may drive a macroscopic phase separation into a metalliment current-measured techniqud, Iwamotoet al. [8] re-
superconducting hole-ricte&0.055) and an insulating anti- cently observed the positional and orientational phase transi-
ferromagnetic hole-poorz&0.012) phase$l]. The FOPT tions in Langmuir films of liquid-crystal 4-cyano-4'-5-alkyl-
with the phase separation is evidently coupled with thebiphenyl (5CB), 7CB, 8CB, and 10CB. Theoretical
SOPT, such as the superconducting phase transition in thelculationd 4] of considering the orientational phase transi-
hole-rich region or the magnetic phase transition in the holetion alone predicted that, as soon as the SOPT occurs, its
poor region. Manganese oxides are another example. Botbolar order parameter increases rapidly with decreasing the
experimental measurements and theoretical calculations haweolecular area. The increasing rate predicted is found much
revealed a rich phase diagram in which there exist variougreater than that observed by experimd8is This disparity
magnetic, orbital, and charge orders. The phase separationay stem from the fact that the coupled effects of the gas-
tendency not only leads to a charge inhomogeneity, but alsliquid phase transition on the orientational phase transition
affects greatly competitions between ferromagnetism, antiwas not taken into account there.

ferromagnetism, and paramagneti$g. As a result, it is Recently, we developed a Ginzburg-Landau theory to
highly desirable to understand fully coupled effects betweerstudy the coupling between a FOPT and a SOPT and ob-
a FOPT and a SOPT. tained a qualitative agreement between theory and experi-

A Langmuir monolayer{3], which is composed of in- ment[5]. In that theory, however, there was an artificial as-
soluble rodlike polymer molecules at an air-water interfacesumption that the uncoupled FOPT and SOPT take place at
provides an ideal and simple model system for studying théhe same pressure. Besides, in that calculation, the prefactor
coupled effects between a FOPT and a SOPT. In a monasf the free-energy density for the FOPT was assumed to be
layer of polar molecules there are two kinds of phase transimuch greater than that of the SOPT term as well as the
tions. One is two-dimentional gas-liquid or liquid-solid tran- coupling term, i.e., only unilateral influence of the FOPT on
sition, which is determined by the spatial distribution of the SOPT was considered. In this paper, we consider two
hydrophilic heads of the molecules on the air-water interfacedifferent cases in which the uncoupled FOPT occurs prior to

and behind the uncoupled SOPT, respectively. They are un-
doubtedly the most general and reasonable starting points.
*Electronic address: dyxing@netra.nju.edu.cn Besides, the prefactors of the free-energy densities for the
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FOPT, SOTP, and their coupling are assumed to have thiéon of the water surface. Unlike in Reff5] where Pg= P,
same order of magnitude, so that the two phase transitionsas assumed, in this work we will study the most general
can affect each other. It is found that the coupling may makeases ofP>P, and Ps<P,,.

the two phase transitions take place simultaneously if the The next step is to model the coupling between the FOPT
uncoupled FOPT occurs prior to the uncoupled SOPT wittand SOPT. The simplest coupling complying with symmetry
compression. In the opposite case, the coupling will makeequirements gives the following free-energy density

the FOPT take place at a lower pressure, even still behind the

SOPT. In both cases, the gas-liquid phase separation always fed {C(¥)}{S(X)}]1=f,gC(x)S*(x), ©)
leads to a decrease in the averaged order parameter of th%

orientational phase transition. The theoretical result in thdV\€reg1s the coupling constant. In the liquid phase where

former case is qualitatively consistent with experimentaIC(X):. —1, high molecular density and steric repulsive in-
data teractions among molecul¢4] make the rodlike molecules

tilt up along the normal direction of the monolayer, yielding
S(x)>0, while in the gaseous phase wheZéx)=0, the
Il. MODEL steric repulsive interactions can be neglected for low molecu-
We first consider the gas-liquid phase transition on alar: density so tha¥{x)=0. In order to describe this physical
Langmuir monolayer. Such a FOPT can be described by enomenong must be taken posmye S0 that the cqupled
ree-energy is lower for the collocation @(x)=—1 with

position-dependent  order  parameter: C(X)~[A(X) - . i : .
—Agl/Ag, whereA(x) is the area occupied by a molecule at Se(;)“; 1. Bvidently, a negativg would yield an unphysical

x and Ay is the averaged area of the gas molecules in thé We employ the Langevin equations to calculate equilib-
gas-liquid coexistence. Theibbg free-energy density for rium distributions ofC and S. As C is assumed to be con-

the FOPT is given by5,9] served andsto be nonconserved, the Langevin equations for
C andSare given by[5,9,10
JC oF({C}{S}
N 2 e
at bV o6C '

1 2 1 2
F{C()}]=5 ko[ VE(X) ]+ fy) 7C(X) + 7 C(%)

4

+£C3(x)+ EC“(x) (1)
2 4 ' 9S__ SFUCH{S)

A M s ©
Heref, and«, are positive constant= (P —Pg)/Py with
Py the pressure of the two-phase coexistence. The gradieiihere F=J(fJJ{C)}]+TL{S(xX)}]
term provides a positive energy at interfaces between gas andf _[{C(x)},{S(x)}])dx is the total free energy. Consider a
liquid phases, and so it is unfavorable to a phase separatiotwo-dimensional lattice of 550 with periodic boundary
In the absence of the gradient term, the free endéggyiven  conditions. We solve numerically Eqgt) and(5) by using a
in Eq. (1) exhibits two minima atC=0 andC=—1 at» finite-difference scheme in both time and space, and simulate
=0, respectively, corresponding to the gaseous phase amgpatial equilibrium distributions of the two order parameters
liquid phase. In this case, as soon as the gas-molecule areadsand S. The liquid nucleus is assumed to form first at the
decreased té\y by compression, the liquid nucleus would center of the lattice. It has been checked that the choice of
begin to form inside the gaseous phaseylis nonzero, the the initial condition does not affect the present numerical
locations of the minima are shifted and there is no longeresults.
degeneracy in the free energy. FpK0(P<Py), the free

energy forC>0(A>A,) is lower and so only the gaseous lll. CASE OF Py<Pg
phase is stable, while fory>0(P>P,), only the liquid ] ) ) ]
phase is stable. We first discuss the case where in the absence of coupling

Second, we consider the orientational phase transition dfetween the two phase transitions, the FOPT occurs prior to
the rodlike molecules on the Langmuir monolayer. The locafh® SOPT with compressing molecular area. In reality, the
coarse-grained order parameter is given $(K)=cosé, cpypled effects play an important rol_e in the two phase tran-
whereg is the tilt angle of the rodlike dipolar moleculesyat ~ Sitions. In the total free-energy density, the prefactor of term
away from the normal direction of the monolayer. The free-S (X) can be written as
energy density of this SOPT alone is expressed as [0 =gC(xX)+ 6, ®)

_ 1 2 2 where we have replaced by §— » with 6= (Ps—Pg)/Py,
fl{SO0H= 2 Kl VSO +1[rS*00 + BS'(0)]. () introduced to indicate til.qe difference betweensthe ?)hasoe tran-
sition points of FOPT and SOPT. In a pure gaseous state,
Heref,,x,, andp are also positive constants, ang=(Ps  C(x)=0 and sor.=rs. As soon as the gas-liquid phase
—P)/P,, wherePg is the pressure at the SOPT point. For transition occurs ay=0, C(x) at the liquid nucleus changes
P<Pg (rs>0), all the molecules lie on the water surface sofrom 0 to —1, where there will be a reverse in sign if
that the polar order parameter always equals zero.Hror providedd<g. As a result, as long as the difference between
>Pg, (rg<0), we haveS=.—r 2B, indicating that the PgandP, is not big, the coupling between FOPT and SOPT
molecular orientation has a component in the normal direcwill make the two phase transitions take place simulta-
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T T T T T Since C(x) is negative in the liquid region, a bigggror a
smaller § yields a larger value 0§, resulting in a larger
. slope of the(S) versus(A) line.

It is also shown in Fig. 1 that the common phase-
transition point of the FOPT and SOPT is always Aat
slightly lower thanA,. It arises from the existence of the
gradient term that provides a positive interfacial energy and
T so is unfavorable to the spatial phase separation AAs
decreased td\y, the liquid nucleus cannot form until a de-
crease in energy due to gas-liquid phase separation exceeds
an increase of the interfacial energy. As a result, the gas-

. . liquid transition is shifted down t& <A, at which the area
0% 6 07 08 05 10 14 fraction of the liquid phase will have a small uncontinuous
<A>/A, jump. However, this effect is size dependent, decreasing with
increasing the size of the system. In the thermodynamic

FIG. 1. (S) as a function of A)/A, for several values of and  limit, where the system size goes to infinity, the interfacial
Co: (@ g=0 and =0, (b) g=1 and §=0.25, (c) g=1 and$ effect can be neglected and the shift in the phase transition
=0.5;(d) g=0.5 and6=0.25. vanishes. On the other hand, the coupled free energy given in

Eq. (3) is favorable to the formation of the liquid nucleus,
neously. This conclusion is consistent with the real physicabecause it can provide a negative free energyG¢x)=
process. In the liquid phase, the molecular density is high—1. Thus, a larger value af will lead to a bigger right-shift
and strong steric repulsive interactions among molecules abf the phase-transition point. On the other hand, as soon as
ways lead taS(x)>0 [4]. As a result, as soon as the FOPT the liquid nucleus is formed;(x)=—1 at it gives rise to a
occurs due to compression, finite orientational order paramfinite S, according to Eq(9). It follows from Eq.(7) that the
eters appear, the coupling making the orientational phasgmp in (S) at the phase-transition point comes from a sud-
transition take place in advance. den appearance of nonzeBp andy. The greatelg and the

Figure 1 shows calculated results for the spatial averaggsss, the greate, becomes(S) exhibiting a bigger jump.
of S(x) as a function of the averaged molecular area fora|| the arguments above are suitable to the casé<ofj and
several differents and g. Here we takef;=2f,=20, k;  consistent with the calculated results shown in Fig. 13 i$
=k,=5, andA=D=1. Sincef, and f, are taken of the |arger tharg|C(x)| in the liquid region, according to E¢9),
same order of magnitude, the FOPT and SOPT have effecty is still equal to zero after the gas-liquid phase transition
on each other. Owing to the coupliigonzerog), (S) ex-  has taken place. In this cadg, is always equal to zero and

hibits approximately linear dependence(@), as shown by  the coupling has little effect on the orientational phase tran-
the lower three curves in Fig. 1. They are quite differentsition.

from the upmost curve fofS) versus(A). The latter corre-
sponds to an orientational phase transition taking place inde-
pendently ath=Ay, with g=0 ands=0 taken. The differ-
ence between them can be understood by the following We now discuss the opposite case in which the uncoupled
argument. After the gas-liquid phase transition occurs, th&OPT occurs prior to the FOP®=(P;— Py)/P, still indi-
orientational order paramete® in the liquid phase an&, cates the distance between two uncoupled phase transition
in the gaseous phase remain unchanged. S8yee0, the  points, but6<0 due toPs<P,. In the total free energy, the
increase ofS) depends mainly on the increase of the arearenormalized prefactor dE(x) is given by

fraction of the liquid phase with compression, i.e.,

04

03

<S>

0.2

01

IV. CASE OF Py>Pg

P
(S=yS+(1-y)S, (7 ﬂ'(X)=7l+agSZ(X)=P—O—[l—agsz(x)], (10

wherey is the area fraction of the liquid phase and governed

by the usual lever rule. On the other hand, the averaged ardiperea=1,/f,. Atthe SOPT point wher®=Ps<P, and
per molecule is given by S=0, 7 is always negative and the gas-liquid phase tran-

stion is not able to take place. By decreasing the molecular
(A)=yA+(1-y)Aq, 8 area by compressio,in the uniform gaseous state increases
gradually. AsSis increased to a critical value,’ can change
where A, is the molecular area of the liquid phase in theits sign from negative to positive and so the gas-liquid phase
gas-liquid coexistence. Combining E@4%) and(8), one gets  transition occurs atP=Py(1—agS?). In this case, the
linear dependence ¢6) on(A). In reality, the mean area of FOPT point shifts belowP, but aboveP.
the gaseous molecules is rather large compared with that of Figure 2 shows the calculated result {@) as a function
the liquid molecules A;>A)) and S;=0, so that(A)  of (A) for differentg and 3, wheref;=f,=20 («=1) and
=S(1-(A)/Ay). Replacing s in Eq.(2) by rg givenin Eq.  the other constant parameters are the same as in Fig. 1. For

(6), we have ease of comparison, the upmost curve is plotted correspond-
ing to the uncoupled SOPT gf=0. It is found that as soon
S(x)= 7-9C(x)—4 9 8 the FOPT takes plac€S) first exhibits a small drop and
2B ' then increases linearly with the decrease/A&j. From Eg.
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FIG. 2.(S) as a function of A}/ A, (A being the molecular area - '50_0 10.0 200 300 40.0 50.0
corresponding td, where the SOPT occurfor several values of X(Y=25)
g and é: (@ g=0, (b) g=1 and 6=-0.5, (c) g=2 and 6= FIG. 3. Evolution ofC(x) andS(x) with the growth of a liquid
—0.5. nucleus inside the gaseous phase, wigerd andé=—0.5. This is

. . a cross section & =25 of a 50< 50 grid with (A)/A, taken to be
(10) as well as Fig. 2, one finds that the coupled effect of they go, 0.77, 0.73, and 0.70, respectively. The horizontal lines denote
SOPT on the FOPT is governed by the coupling strengthyniform S andC just before the FOPT oceurs.
The largerag, the earlier the FOPT takes place. The linear .
dependence afS) on(A) can be understood by Eqg) and  The present result can be understood by analogy witfPthe
(8) as well as the same argument as in the cag®,efP. It ~V phase diagram in a three-dimensional gas-liquid phase
arises from the fact that bot}s) and(A) are proportional to ~ transition, where the lower the pressure, the wider the gas-
y. During the gas-liquid phase transition process, the ordel#quid coexistent region, having a larger molecular volume of
parameters, andS, remain unchanged, as shown in Fig. 3. 92s and a smaller mole volume of liquid. We wish to point
Analogous to the jump iKS) in Fig. 1, the drop in(S) in out that in the pre;ent case there are orlentatl_onal order pa-
Fig. 2 is also related to the presence of the gradient terms ifRMetersS, andSy in the liquid and gaseous regions, respec-
the free energy. A positive interfacial energy makes the crititively, both of them having finite values{(>S,>0). Such a
cal pressure, at which the real FOPT takes place, higher thadhase separation differs from that in the casePgi P,
Po(1—gS?). As soon as the FOPT occurs, there is a suddeM/here there is only nonzer§ in the liquid region ands,
increase iny, resulting in a sudden increase Ay and a =0 in the gaseous region.
sudden decrease ;. At this very moment, the change of
() is given by V. SUMMARY
In summary, as an example of coupled gas-liquid and
orientational phase transitions, we have studied the coupled
whereAS; is the difference between the orientational ordereffects between a FOPT and a SOPT. Itis shown that if the

parameters in the gaseous region after the gas-liquid phagéDPT occurs prior to the SOPT with compression, a_s_trong
transition takes place and in a pure gaseous state. It is fourfg'©U9h couplingg> 5) can make the two phase transitions
from Fig. 3 that the former is smaller than the latter, and s®CcUr @t the same time. In the opposite case of the SOPT
AS, is negative. Even thoug — S,>AS, shown in Fig. 3, ocli:_urlng: prior to Ithe FOPT, thrtlaé comIJDpImF? shllftsi)thr(]a FOPT to
a very smallAy may yield a negativé(S) or a drop in(S). taking place at a lower pressured>P>Py). In both cases,
Another feature shown in Fig. 3 is th&<—1 in the the coupling always results in a decrease of the averaged

liquid region andC,>0 in the gaseous region. It is quite orientaional .order parameter. The present th.eory .has been
H lcompared with experimental results for the orientational or-

different from an uncoupled gas-liquid phase transition a . : o
der parameter in a Langmuir monolayer, a qualitative agree-

P=P,, whereC;=—1 andCy=0. In reality,C;<—1 indi- . . .
cates that the molecular density in the liquid region is greate?;er:st between them being obtained in the cas@.f P and

than that ofC,=—1 andCy>0 indicates that the molecular 9
density in the gaseous region is less than th& pf 0. This

is because the coupling of the orientational phase transition
shifts the FOPT to a lower pressuRy(1—gS?), at which This work was supported by the National Natural Science
the mean area of the gas molecules must be largerAjan  Foundation of China.

A(S)=Ay(S—Sy +ASy, (11)
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