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Phase transition of molecular orientation at the liquid-air interface
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On the basis of the interaction of dipolar molecules with a liquid surface we calculate the thermo-
dynamics of the molecular orientation and related mechanical and electric effects for a monolayer of
molecules on an air-liquid interface. It is shown that compressing the molecular area should lead to a
weak first order phase transition of the molecules from isotropic to polar orientation. Although the
main source of the phase transition may not be the polar interactions, the polar nature of the molecules
offers a nice way of monitoring the phase transition. The anomalous slope of the pressure-area isotherms
is found to be related to the transition. It was shown theoretically that a Maxwell displacement current
with a sharp pulse shape is generated at the onset of the transition.

PACS number(s): 64.70.Md, 68.15.+e, 68.35.Rh, 68.65.+g

The thermodynamics of insoluble molecular mono-

layers at a gas-liquid or liquid-liquid interface is especial-

ly interesting at the meeting point of two- and three-
dimensional systems [1]. In many respects the monolayer
of an amphiphile may be considered as half of a mem-

brane and is the simplest model system that can be dis-

cussed without looking into chemical details [2). On the
other hand the monolayer of a liquid crystal on a water-
air interface can reveal the anchoring properties of the
molecules at the surface, which play an important role in

the working process of the display cells [3]. In the exper-
imental study of these systems various techniques have
been developed. Among these the measurement of
pressure-area isotherms of a Langmuir monolayer is most
often used [4]. Typical pressure-area isotherms can be
written as a two-dimensional van der Waals equation of
state analogous to the three-dimensional one [5],

(II+a/A )( A b)=kT,—

where II is the externally applied lateral pressure, A is

the mean area occupied per molecule, k is Boltzmann's
constant, T is the absolute temperature, and a and b are
constants to account for the attractive intermolecular
forces (van der Waals forces) and for the finite size of
molecules, respectively. By analogy with real gases, Eq.
(1) indicates a traverse from a gaseous state via a fluid to
a solid state by compressing molecular area A. This is
nearly but not exactly fulfilled in the experiments. In the
traverse from a gaseous state via a Quid to a solid state of
the monolayers, some sharp increases in H are often ob-
served in phospholipids and fatty acids [4,6,7] as well as
in liquid crystals [3,8]. Judged from x-ray difFraction
with polarization micrographs [9], electron difFraction
[10], and optical second-harmonic generation [3], the
sharp change in II indicates some ordered phase transi-
tions, especially the monolayer orientation (a liquid crys-
talline structure).

Surprisingly, most theoretical studies on the molecular
orientation of monolayers have considered only the
nematic ordering [11],which is represented as the order

parameter ((3cos 8—1)l2)—:(Pz(cos8)); 8 is the tilt
angle of hydrocarbon chains away from the normal direc-
tion of the monolayer, ( ) denotes a thermodynamics
average, and P2 is the second Legendre polynomial. The
consideration of (P2 ) as an orientational order parame-
ter can take advantage of the results in liquid crystal
theory, such as the Maier-Saupe theory and the
Landau —de Gennes model [12]. However, it gives no de-
tailed information on the polar orientational order, which
is defined as

S= (P, (cos 8) ) = (cos 8), (2)

~here P, is the first Legendre polynomial. In a physical
meaning for molecules with dipoles, the polar ordering
may be of major importance in Langmuir monolayers.
Water-insoluble molecules are terminated by both the hy-
drophilic group and hydrophobic group (usually one or
two long hydrocarbon chains). Due to the amphiphilic
nature of the molecules, a polar alignment must be in-

duced in the monolayer [13]. In the 1980s, Brochard,
Joanny, and Andelman [14] made progress in the polar
properties of monolayers by the surface contact potential
using an order parameter in Landau-Ginzburg theory.
The results can yield only the mean value of the per-
manent dipoles of the amphiphiles, but do not give details
of the molecular orientation, namely for probing (P, ),
(Pz ), and so on. Even for very intuitive thinking one ex-

pects that the tilt angle 0 can be reduced towards zero by
the compression as observed in many experiments [15].
Up to now, however, no theory can take account of the
phenomenon and the associated effects. Therefore, the
following general questions may arise: How can one con-
nect the orientation change of the molecules with their
compression in area, and what kind of interaction force is
responsible for the effect~

As a first step, in this paper we try to provide a primi-
tive answer to these questions. Starting from the interac-
tion model of an amphiphilic molecule with a medium
surface, we calculate the effect of the molecular orienta-
tion and the associated mechanica1 and electric changes
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where eo is the permittivity of free space. From Eq. (3)
and e &e, it is clear that for the molecular area
A & Ao =trl, the dipolar molecules should lie on the in-
terface plane (8=90'). On the other hand, when the area
is compressed to A (nl, the molecule can align in the
range of 0~8~8(A), where 8(A)=arcsin(QA/Ao)
with the orientatianal distribution function

f(cos8) =exp[ —W(8)/kT]/Z, (4)

where Z is the single-particle partition written as
8{A)Z= f exp[ —W(8)/kT]sin8d8 .

Q

The expressions of Eqs. (3}-(5)are what we want to in-
vestigate; they reveal the character of the transformation
from the isotropic phase to the polar one of the mono-
layer. For a complete treatment the dielectric constant
e has to be a function of area A. For the first approxi-
mation in the following, however, we assume it is a con-
stant. A simple calculation of Eq. (4} gives the area
dependence of the polar order parameter as follows:

8( &)S= cos8 cos8 sin8 8

=—+[e" cos28{ A —}e"/ '@"']/2[e"—cos8( A )
2

Xe'/ @"'+x[Ei(x /cos8{ A) )—Ei(x) ) ],
where Ei(x)—:f (e"/x}dx and induced parameter
x =(p /16rreoe~l')[( e e~ )/e~+e ]/kT describes
the re1ative strength of the polar interaction with respect
to kT. The numerical results are depicted in Fig. 1.
From this figure one finds that on compressing A to Ap
the value of S jumps just from zero to near —,'. The latter
can be seen from the limit of S for x ~0, i.e.,

in the thermodynamics of the monolayer.
For simplicity, we now discuss a monolayer on an air-

water interface. The polar interaction for one molecule
on the surface monolayer can be obtained by an intuitive
structure as illustrated in the inset of Fig. 1, where each
molecule occupies a mean area A on the water surface.
The critical area Ao is defined as nl, . in which I is the
partial length of the molecules along their long axis above
the liquid surface. %e assume that the dipoles have ter-
minal charges kq a distance I apart, i.e., the dipole mo-
ment being p =ql, the orientational distribution of the
molecules in the azimuthal plane is random {i.e., C„
symmetry), and the effect of the interaction between the
dipolar molecules is considered by introducing a dielec-
tric constant e for the monolayer. Now the contribu-
tion of the tilt angle to the interaction is only that of the
terminal charge q at a distance d =I cos8 from the inter-
face. However, it is well known that such a charge ex-
periences a farce as if there were an image charge of
strength —q(e e)/—(e +e ) at the same distance d
on the other side ef the interface, i.e., the water, where e
is the dielectric constant of the water. This force corre-
sponds to an interaction energy as

W(8)= (p /1—6neoe I cos8)[(e e—)/e +e ], (3)
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FIG. 1. Theoretical molecular area dependence of the polar order

parameter S={cos8} for a monolayer of dipolar moiecules at a liquid-

air interface. The parameter x is the relative strength of the polar in-

teraction between the molecule and liquid in comparison with kT. The
inset is the geometry of the monolayer at the air-water interface.

The calculation result is shown in Fig. 2. The most
dramatic feature viewed from Figs. 1 and 2 is that, except
for a narrow region near Ao, in which (P2) is negative,
the behavior of (P, ) and (P2) via A is quite similar to
that of (P2 ) via T in nematic liquid crystals [12]. There
seems to be a physical reason for this: If ignoring a and b
in Eq. (1) fixing II, one has to decrease T to compress A.
In other words, the role of the area change is equivalent
to temperature. In Fig. 2, the relative standard deviation
of the polar order parameter S, 5S /S
=+(cos 8)—S /S, is also demonstrated. The big value
of 5S/S at A = A o shows the strong fluctuation near the
transition area that is a common character for the weak
first order phase transition and can be examined in the
experiment (see below}. As a general principle, the strong
fluctuations are not expected for the rigorous first order
phase transitions but only for the continuous phase tran-
sitions. Our present result reveals that the polar ordering
(the case of x%0} is the source of the weak first order
phase transition of the monolayer (see Fig. 1).

To reveal the sects of the polar order phase transition

S(x~0)=
—,
' [1+cos8(A ) ] .

Equation (7) represents the order parameter in the case of
weak or nonpolar molecules, i.e., x =0. The va1ue of S
tends to unity at A /A o =0 and represents the perfect po-
lar phase, i.e., all molecules align with the direction nor-
mal to the monolayer surface. From Fig. 1, a remarkable
property is that the changes of S with A are relatively in-
dependent of x; in other words, the isotropic-polar phase
transition of the monolayer is somewhat universal.

In order to compare with the usual isotropic-nematic
phase transition, we also calculate the nematic order pa-
rameter using Eq. (4), (Pz ) =(3(cos 8) —1)/2, where

2 1 (2S —x)[e"—cos 8(A)e' "' "']
(cos 8) =—Sx+ P

3 e x cos28( A )e x/cose( A)



616 BRIEF REPORTS

0.5 0.5 (f)

in the expedient, we calculate the additional surface-pres-
sure by the thermodynamics function with Eqs. (3)—(5) as

51l=kT(a/aA)lnZ . (9)

It then results in the following simple form:

(S—x /2)tan 8( A)cos8( A )

ex[1—I/coss(A)} o 28( A)
Numerical results of A5II/kT for various A and several
x are shown in Fig. 3. We can obtain a surprising feel for
Fig. 3: A Dirac-function-like pulse should appear in the
II-A isotherms at A = Ao if we think 5II in addition to a
normal one [i.e., given by Eq. (1}]. Because the width of
the pulse is so narrow, the practical observation for the
true shape of 5II seems to be diflicult. From the viscosity
effect, however, the 5II pulse may change to two cases:
one dynamically extended into a broad and dull one, or
one transferred to a sharp slope only. It seems that the
experimental result in a smectic monolayer at the air-
water interface [8] shows the present theoretical predic-
tion of the former case. Of course the peaks appearing in
II-A isotherms (Fig. 1 in Ref. [8]) are caused by the
layer-number transition, but should include the contribu-
tion of the orientation transition. For the latter case it
may have more important significance. In most II-A ex-
periments, a long lasting problem as mentioned in the be-
ginning is that both the isotherms and the isobars are
with a sharp slope in the gas-fluid transition region
[4,6,7]. This is in striking contrast to the behavior of the
two-dimensional van der Waals equation. For example,
in two very recent experiments of a 5CB (4-cyano-4'-5-
alkyl-bipheneyl) [16] and 8CB (4-cyano-4'-8-alkyl-
bipheneyl) [17] monolayer on an air-water interface, the
experimental value of the slope —d II /d A is (4.7
dyn/cm)/[(47-40) A ]=6.7 X 10'~ dyn/cm3, which is
three times that calculated from the van der Waals equa-
tion, i.e., —d II/d A =kT/A =(4. 1 X 10 ' erg)/(44
A )=2.1X10' dyn/cm . In Fig. 3, the experimental
data of II vs A of Ref. [16] is inserted to show such an
anomalous slope in II-A isotherms of 8CB. For this, in
the literature the most popular suggestion is to attribute
this peculiarity to impurities or the electro-static interac-
tion of the dipoles [18], but the additional surface pres-
sure for the latter case is too small (5II —10 dyn/cm) as
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pointed out in Ref. [2]. The present theoretical predic-
tion shown in Fig. 3 is obviously more evident and is the
physical base for causing a slope higher by a factor of 3
than the normal one. The transition in an orientational
order is also consistent with the x-ray and electron
diffraction experiment in the monolayers [9,10]. In the
above calculation the orientation dependence of the steric
interactions [not included in parameter b in Eq. (1}] is
taken into account. Therefore orientational ordering in-
duced by the short range steric interactions is a source of
the anomalous slope in the II-A isotherm. This type of
phase transition for monolayers has been previously stud-
ied in the nonpolar case [19,20]. From Eq. (10) and Fig.
3, indeed, the result for x =0 (nonpolar case) is qualita-
tively the same as that for x+0 (polar case}. The most
important point in the present model and in previous
ones [19,20] is the inclusion of the cutoff 8( A) in Eq. (5).
The cutoS' reflects the existence of the short range repul-
sive forces between molecules and is the most important
source of this orientational phase transition. This is also
reflected in the calculation of (P2 ). Our present result
shown in Fig. 2 is qualitatively the same as the result
shown in Fig. 2 of Ref. [20].

There is more direct evidence for attributing the anom-
alous behavior to the polar ordering transition. As
shown in Figs. 1 and 2, after A & Ao by the compression
the more stable region for S is S & —,'. This means that the
tilt angle 8 should surely be in the region of 8 & 60'. This
is observed in the experiments with many measurement
methods. For example, for the fatty acid monolayer the
tilt angle has been measured beginning with 8=30' and
reducing towards zero by compression [15]. With optical
second-harmonic generation the tilt angle 8 of sodium-
dodecylnapthalene-sulfonate on a water-air interface is
shown to vary from 37' to 30' with increasing surface
pressure [3]. Furthermore, the strong fluctuation near
the critical area as shown in Fig. 2, in fact, has been al-
ready found in the experiment of 8CB [17]. Near the
anomalous slope of the II-A diagram, in region I, as
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FIG. 2. Area dependencies of the relative strength of the fluctuation
of the polar order parameter 5S/S and the "nematic" order parameter

(Pz), where 5S=+(cos e) —S and (Pz)=((3cos 8—I)/2).

FIG. 3. The peak of an additional surface-pressure-area isotherm
5II- A appears at the critical molecular area A o of the polar orientation-

al transition. The inset shows an anomalous slope of II by compressing
an 8CB monolayer f16].
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termed by these authors, both the ellipsometry signal and
the second-harmonic generation intensity measured for
the SCB monolayer on an air-water interface show the
same strong fluctuating behavior, and change into a more
steady state with the continuous compression. Such a
feature is just the case of 5S/S shown in Fig. 2.

Our most promising attempt is to answer the question
of how one can probe-the true property of the polar order
S at the transition region in an experiment. The mechan-
ical method used in the usual cases using balance to mea-
sure II-A isotherms is not suitable. In order to detect the
fast change of S at critical area Ao, an electric measure-
ment is essential. For the past few years, one of the
present authors has been developing an electrical tech-
nique [21] in which the fast orientational change of polar
molecules in monolayers on a water-air interface can be
probed by measuring the Maxwell-displacement current
generated from the change. In the inset of Fig. 4, we
show the schematic experimental setup for this measure-
ment. Two electrodes parallel to the monolayer are
placed above and below the water surface, respectively.
An ampere meter connected to the electrodes can mea-
sure the Maxwell-displacement current I with the
compression of the monolayer as follows [21]:

I=(Bye/d& }[(m/A )—(dm/dA )],
where B is the working area of the electrode,
ye= —(1/A)(dA/dt) is the constant compression ratio,
m is the average vertical component of the dipole mo-
ment of one molecule, and d, is the distance between the
above electrode and the water surface. %ith polar order-
ing S de5ned in Eq. (2), m =Sp, Eq. (11) may be written
as

I=(pByo/d, A )[S—A(dS/dA )] . (12)
In Eq (12}. the term associated with —AdS/d A
represents the fast varying component of the current.
From Eqs. (3)-(5), we have

dS sin8( A )tan8( A }[S—cos8( A ) ](2S—x)
2[ex{1—1/cos&{ A)] cos28( A )]

(13)

Figure 4 shows the numerical result of Eq. (13), which
displays a clear sharp peak appearing at A = Ao. Evi-
dently the experiment in a 5CB monolayer [16] has mea-
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sured such a current peak at A =90 A2. Assuming
A = A&=m.l, one then obtains the estimation of l =5.4
A, which is well located in the range of the Tanford in-
equality [22] l &l,„=(1.54+1.265tt) A=7.9 A for
n =5. Here we assume that the molecular length above
the water surface is the hydrophobic part C5H». The
Tanford estimation speci6es for a saturated hydrocarbon
chain with n carbon atoms and, of course, can be applied
to CSH».

In summary, we have shown theoretica11y how the po-
lar interaction between a dipolar molecule and a medium,
such as water, can be considered to investigate the phase
transition of the orientation for a molecular monolayer at
the medium-air interface. The isotropic-polar transition
appears to be a weak Srst order phase transition and this
reveals the common feature for this type of phase transi-
tion for the monolayer, the anomalous slope of II-A iso-
therms, and a strong fluctuation of the order parameter.
These predictions offer a better understanding of the pro-
cess of the monolayer compression or expansion and the
associated effects. The good agreement with previous
and recent experiments confirms our theoretical proposal.

FIG. 4. Theoretical area dependence of the relative compression ra-
tio of the polar order, —AdS/dA. The compression induces a sharp
pulse of Maxwell-displacement current at A = Ao, which is proportion-
al to the ratio. The inset shows the experimental setup.
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