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Surface orientational order at liquid-vapor interfaces induced by dipole–image-dipole interactions

Jae-Hie J. Cho and Bruce M. Law
Condensed Matter Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506-2601

~Received 11 November 2002; published 21 March 2003!

Highly dipolar molecules become orientationally ordered in the vicinity of a surface due to the electrostatic
interaction with their image dipoles. We study this orientational ordera2 at the noncritical liquid-vapor
interface of critical dipolar1nonpolar mixtures using ellipsometry. The dipolar molecules, which are strongly
desorbed from the interface, possess an orientational order which is well described bya2;2t2bD6(z/j),
where t5uT2Tcu/Tc is the reduced temperature relative to the critical temperatureTc , D6 is a universal
function of the distancez and thesurfacecorrelation lengthj5jo1

s t2n, while b50.328 andn50.632 are
standard critical exponents. The dipoles, which are preferentially oriented parallel to the surface, are repelled
by their image dipoles, wherejo1

s .jo1
b ~the bulk correlation length amplitude!.

DOI: 10.1103/PhysRevE.67.031605 PACS number~s!: 68.03.2g, 68.35.Md, 05.70.Np, 68.35.Rh
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I. INTRODUCTION

For AB binary liquid mixtures, if the surface energysA
!sB , then the surface will becompletely saturatedby com-
ponentA and the adsorption is frequently then called stro
adsorption. The local volume fraction of componentA, v(z),
varies with depthz into the liquid, from pureA at the surface
(z50) to its bulk value well into the liquid (z→`) @1#. If,
however, the surface energies of the two components
similar ~weak adsorption! then this variation in composition
must also depend upon the difference in surface ener
(Ds5sA2sB), i.e., v(z,Ds). This is a classic problem in
surface physics or chemistry@2,3#, whose solution has only
recently been solved@4,5#, where surprisingly, the adsorptio
behavior becomes simpler near the critical consolute poin
the liquid mixture, primarily becausev(z,Ds) is now de-
scribed by a universal function ofz andDs.

An additional complication that may occur under app
priate circumstances, is that molecules can become orie
tionally ordered at surfaces@6,7#, where the orientational or
dera2(z) ~defined below! is also a function of depth. In this
publication, we consider dipolar orientational order whi
occurs at the liquid-vapor surface of highly dipolar (D)
1nonpolar~N! critical mixtures in the limit of strong adsorp
tion ~uDsu large!. A qualitative understanding of the dipola
behavior can be obtained by considering a dipole interac
with its image dipole in the vicinity of a surface. For a dipo
in phasea, of dipole momentp at depthz and angleu with
respect to theẑ axis, the interaction energy with its imag
dipole in phasev is given by@8,9#

U51
kp2~«a2«v!~cos2 u11!

16«a~«a1«v!z3 , ~1!

where«a[«a(0) and«v[«v(0) are the static permittivities
in the a and v phases, respectively, andk51/4p«o
.93109 Nm2/C2 in MKS units, where«o is the dielectric
permittivity. Two types of dipolar orientational order can o
cur depending upon whether~A! «a,«v or ~B! «a.«v . For
condition A ~B!, ~i! the dipoles in thea phase, sufficiently
1063-651X/2003/67~3!/031605~12!/$20.00 67 0316
g

re

es

of

-
ta-

g

close to the interface, lie preferentially perpendicular~paral-
lel! to the interface withu50 or p (u5p/2 or 3p/2! in
order to minimize the energy;~ii ! as the energy is negativ
~positive! the dipoles are attracted to~repelled from! the sur-
face in order to further minimize the energy;~iii ! large dipole
momentsp give rise to large orientational ordering effect
and~iv! the orientational order must vanish in the bulk liqu
phase (z→`).

Conditions~i!–~iv! provide a qualitative understanding o
the dipolar behavior due to the long-range electrostatic in
action. Short-range interactions also play an important rol
determining the surface behavior. For a dipolar1nonpolar
critical mixture the surface energies~or surface tensions! de-
termine the short-range behavior. If~a! sD,sN then com-
ponentD is preferentially adsorbed at the surface while f
~b! sD.sN , the converse occurs. Thus, conditionsA andB
when combined with conditions a and b lead to four clas
of behavior. In class Aa both the long- and short-range for
attract the dipole to the surface, where the dipole is orien
preferentially perpendicular to the surface. In class Bb,
long- and short-range forces repel the dipole from the s
face, where the dipole is preferentially oriented parallel
the surface. Finally, in classes Ab and Ba the short- a
long-range interactions oppose each other, where one is
tractive and the other is repulsive.

In a previous paper@10#, we described twoDN critical
mixtures whose one-phase surface orientational order be
ior fell within class Bb. In this publication we expand upo
this earlier work but also consider the more complicated tw
phase region. In order to understand dipole surface orie
tional order, strong critical adsorption in the absence of o
entational order is first described in Sec. II. Various mod
for surface orientational order are considered in Sec. III. E
perimental details are provided in Sec. IV while the expe
mental results are compared with the models from Secs
and III in Sec V. The main results from this paper are su
marized and discussed in Sec. VI. The analysis which c
nects the local volume fraction of the adsorbed compon
v(z), surface orientational ordera2(z), and optical signal is
rather complex. A summary of this optical calculation
therefore provided in the Appendix~Sec. VII!.
©2003 The American Physical Society05-1
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II. UNIVERSAL SCALING FUNCTION FOR STRONG
CRITICAL ADSORPTION

In the absence of orientational ordering effects, the s
face is locally isotropic and the local order parameterm(z) is
defined by@1,3#

m~z!5v~z!2vc ~2!

5M 2tbP6@~z1ze!/j6#, ~3!

where the second line follows from scaling theory for critic
liquid mixtures in the strong critical adsorption limit~which
is valid provided that the surface energy difference betw
the two liquid componentuDsu*6 erg/cm2 for room tem-
perature critical mixtures@11#!. Herevc is the critical volume
fraction,t5uTc2Tu/Tc is the reduced temperature relative
the critical temperatureTc , M 2tb describes the shape of th
coexistence curve, the correlation lengthj65jo6t2n, the
standard critical exponentsb50.328 and n50.632, P6

[P6(x) is a universal surface scaling function, while th
subscript1 ~2! refers to quantities in the one~two!-phase
region. For strong critical adsorption,P6 is well described
by @12#

P6~x!

5 H c6x2b/n1c16x~12b!/n1c26x~22b!/n, x<xo6

P6~`!1P`6e2x1P16e22x1P26e23x, x.xo6,

~4!

whereP1(`)50 andP2(`)51 ensure that the bulk behav
ior at z→` is correct, the fourteen parametersc6 , c16 ,
c26 , P`6 , P16 , P26 , andxo6 are listed in Table I@13#,
the extrapolation length that appears in Eq.~3!

ze.jo6S 12vc

M 2c6
D 2n/b

~5!

limits the volume fraction at the surface (z50) to its satu-
rated value@v(0)51#, while the universal correlation lengt
amplitude@14#

jo1 /jo2[Rj~.1.96!. ~6!

This form for P6 ~i! conforms with theoretical expectation
at small @1# and largex @16#, ~ii ! is continuous atTc ~as
required because the system is second order!, ~iii ! is continu-
ous up to and including the third derivative with respect tox,
and~iv! provides an excellent quantitative description of t

TABLE I. Strong adsorption model parameters.

Phase xo6 c6 c16 c26 P`6 P16 P26

1 1.57 0.792 20.286 0.033 0.826 3.26624.394
2 0.86 1.123 0.148 0.0051 0.65920.515 2.076
03160
r-

l

n

critical adsorption behavior for five nonpolar@11# or weakly
dipolar @15,12# critical binary liquid mixtures. Other forms
for P6 have also been considered@12#; all forms for P6 are
essentially identical when plotted as a function ofx, hence,
Eq. ~4! is sufficient for our purpose. In summary, the loc
volume fractionv(z) for any strongly adsorbing critical mix
ture is completely determined, according to Eqs.~2!–~6!,
once the system dependent parametersvc , Tc , M 2 , and
jo1 are known.

III. SURFACE ORIENTATIONAL ORDER

For critical binary liquid mixtures composed of a nonp
lar and a highly dipolar component, the local volume fracti
of both components will vary with depth~as discussed in the
preceding section!, but additionally, the orientational order o
the dipolar component will also vary with depth because
its interaction with its image dipole when in the vicinity o
an interface@Eq. ~1!#. Hence, one must define a generaliz
volume fractionv(z,u) with dipole orientationu relative to
the ẑ axis, where it is convenient to use the following d
composed@9#:

v~z,u!5 v̄~z!a~z,u!. ~7!

Here v̄(z) is an angle averaged volume fraction overu and
a(z,u) is a dimensionless orientational order parameter t
satisfies the normalization condition

E
0

p

a~z,u!sinu du51. ~8!

We assume that the functionv̄(z) is identical tov(z) for
strong critical adsorption. Following@9#, the angular depen
dence ofa(z,u) can be expressed in terms of Legendr
polynomialsPl(cosu),

a~z,u!5(
0

`

a l~z!Pl~cosu!.
1

2
1a2~z!

~3 cos2 u21!

2
,

~9!

for dipolar molecules in the absence of any external fie
@whence,a l(z)50 for l odd#. The orientational order, at th
liquid-vapor surface, is therefore completely described
the orientational order parametera2(z) which is negative
~positive! when the dipoles are parallel~perpendicular! to the
interface@9# where, in addition, the orientational order mu
vanish in the bulk phase@a2(`)50#. For an isotropic inter-
face,a2(z)50 for all z.

Although the variation in the orientational order of dipol
molecules as a function of depth has been considered ex
sively in numerous theories and computer simulations@9,17–
20#, there have been very few experimental measuremen
this quantity. Normally, the average orientation within
monolayer has been measured@21# without much concern as
to how the orientation varies with depth away from the s
face. There are a few exceptions. The orientation, and
some cases layering, has been considered for liquid crys
5-2
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approaching their isotropic-nematic@22# or isotropic-smectic
@23# phase transition points, however, the surface orien
tional order is driven in this case by a different mechani
than considered here. For dipole–induced-dipole orienta
at surfaces, Teixeiraet al. @24# measured and compared th
change in surface tension for varying dipole volume fract
in binary liquid mixtures with theoretical calculations, whi
Yang et al. @20# compared a variety of experimental me
surements for the orientation of water at the liquid-vap
interface with theoretical calculations. In both of these st
ies, the experiments measured an integral overa2(z) rather
thana2(z) directly.

There are two principal difficulties in measuringa2(z) at
the surfaces of binary liquid mixtures:~i! both a2(z) and
v(z) vary with z, therefore, it is only possible to determin
a2(z) oncev(z) is quantitatively understood and~ii ! neither
a2(z) nor v(z) are measured directly. They can only be i
ferred by considering how these quantities alter the opt
properties of light reflected from a structured surface. Thi
a complicated problem usually involving a numerical so
tion of Maxwell’s equation, while taking into account th
local surface structure.

In prior work @25,26#, the orientational order was consid
ered at thecritical liquid-liquid interface of critical dipolar
1nonpolar binary liquid mixtures, where the system pha
separated into a dipole-rich and a dipole-poor phases. Th
had previously suggested that@17,9#

a2~z!;d2m~z!/dz2 ~10!

;tb12nX~z/j!, ~11!

wherem(z) corresponds to the variation in the local ord
parameter through acritical interface andX(z/j) is a uni-
versal function ofz/j. The form for m(z) is well known
@27#, thus, Eq.~10! could be quantitatively tested. Indee
this equation provided a quantitative description of expe
mental optical data for two highly dipolar1nonpolar critical
mixtures @25,26# with known dipole moment. It also pro
vided qualitative support for the presence of orientatio
order at the critical interface of a critical ionic solution@28#.
The form of a2(z) implies that the dipoles preferentiall
orient parallel~perpendicular! to the interface in the dipole
rich ~dipole-poor! phase, in agreement with both dens
functional calculations@9# and the simple electrostatic con
siderations of Eq.~1!. However, Eq.~10! cannot be predicted
via considerations of Eq.~1!; instead, Eq.~10! arises via
functional minimization of the total free energy with respe
to the orientational order and composition through the in
face @17#.

Could Eq.~10! also describe the orientational order th
occurs at thenoncritical liquid-vapor interface, where now
m(z) represents the local order parameter for strong crit
adsorption@Eqs.~3! and~4!#? Later considerations in Sec.
indicate that Eq.~10! cannot describe the behavior at th
interface and therefore, it is necessary to discuss more
03160
-

n

n

r
-

al
is
-

e
ry

i-

l

t
r-

t

l

n-

eral forms thata2(z) might take. Following analogous the
oretical considerations to@1#, a2(z) is expected to take the
form

a2~z!;tfY6@~z1ze!/j#, ~12!

wheref is a new critical exponent andY6(x) is a universal
surface scaling function with

Y6~x!; H x2f/n, x!1
e2x, x@1. ~13!

The smallx behavior ensures thata2(z) is finite and nonzero
at the critical temperatureTc ~using analogous arguments
Ref. @1#!, while the largex behavior is expected according t
Ref. @16#. A simple algebraic crossover function of the for

a2~x!5co68 tfS 11c68 x

x D f/n

e2x ~14!

should be sufficient to describe Eq.~13! @16# where, for con-
tinuity at Tc , we require that

co18 /co28 5Rj
2f/n. ~15!

Hence, according to Eqs.~14! and~15!, there are five adjust-
able parameters, namely,co28 , c68 , f, andjo1 ~if jo1 dif-
fers from its bulk value—see later! with which to improve
the agreement between theory and experiment. Additiona
the electrostatics consideration of Eq.~1! imply that co18 is
negative for the liquid-vapor surface@i.e., the dipoles are
oriented primarily parallel to the interface on the ‘‘liqui
side’’ of the interface (z.0)].

After tedious calculations adjusting these five paramet
the optimal solution seems to be whenf.2b ~Sec. V!,
which is at variance with the result found at thecritical in-
terface@Eq. ~11!#. If one continues to believe that the loc
orientational ordera2(z) is related to a function of the loca
order parameterm(z), as proposed by theory@29#, then the
resultf.2b suggests that perhaps

a2~z!;@m~z!#2. ~16!

However, one must be careful that all of the conditions
quired for orientational order are fullfilled. Therefore, a
though Eq.~16! could potentially be valid in the one-phas
regime, more care must be taken when considering the t
phase regime. This is because, in the two-phase regime
orientational order vanishes in the bulk,a2(`)50, whereas
the order parameter is finite and nonzero in the b
@P2(`)51#. A form for a2(z) that obeys Eqs.~12!–~16! is

a2~z!5MD@ tbD6~x!#2, ~17!

where
5-3
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D1~x!5P1~x!, D2~x!5c2S 11d2x

x D b/n

e2x, ~18!

c2 is given in Table I, whileMD and d2 are adjustable
constants. The structure ofD2 is very similar to the structure
of P2 , to leading order, except thatD2 approaches 0~rather
than 1! in the bulk. The various forms fora2(x), discussed
in this section, will be compared with experimental data
Sec. V.

IV. EXPERIMENTAL DETAILS

A. Sample preparation and sample parameters

Dipole orientational order is expected to be present
surfaces when the reduced dipole moment@9#

p* 5p/Ad3u0*2, ~19!

whered is the average hard sphere diameter andu0 is the
Lennard-Jones potential well depth. Two highly dipo
1nonpolar critical mixtures are considered in this public
tion. The heavier dipolar component was eith
2-nitroanisole~2N! or 4-nitroanisole~4N!, where both liq-
uids have a large dipole momentp(;5D) with reduced di-
pole momentp* ;2 ~Table III!, while the lighter nonpolar
component was cyclohexane~C!. The 2-nitroanisole and cy
clohexane, with purity of 991%, were purchased from Ald
rich and used without any further purification. Th
4-nitroanisole, of purity 97%, was fractionally distilled t
improve its transparency after purchase from Lancaster.

For both critical mixtures, a 0.5mm teflon Millipore filter
was used to remove any particulates. The sample cell c
sisted of a chemically resistant Pyrex cylinder of diame
;2.3 cm and length;7 cm. This sample cell was glas
etched using a solution consisting of 60% distilled wat
35% HNO3, and 5% HF by volume, rinsed well with doub
distilled deionized water before drying and half filling with
critical mixture. The critical compositionvc was found using
the standard method of determining that volume fraction
which the upper and lower phases had equal volumes a
mK into the two-phase region. This cylindrical sample c
was situated horizontally inside a two-stage oven compo
of an electrically heated inner stage and a water-cooled o
stage, where the temperature difference between stages
kept at approximately 6 K. Thermal gradients along t
sample cell were less than;1 mK/cm, where the therma
stability was;1 mK per day. The critical temperatures fo
the mixtures were measuredin situ by observing the spinoda
ring, which appears during spinoidal decomposition; this
abledTc to be determined within;1 mK. At each tempera-
ture, 4 h elapsed to ensure thermal and diffusive equilibri
~the thermal time constant of the oven is actually only;10
min.! and then ten ellipsometric (r̄, see Sec. IV B! and T
measurements were collected over the succeeding h
Thus, the results presented in this paper are the averag
these ten measurements. The temperature was alway
creased in successive measurements so that gravity as
in the phase separation process. The amplitude of the c
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istence curve,M 2 , was determined by measuring the sep
ration temperature for a number of different noncritic
samples, while the amplitude of the correlation lengthjo1

b

was determined either from a turbidity measurement follo
ing the procedure in Ref.@30# or by studying the critical
liquid-liquid interface using ellipsometry@see Eq.~31!#; the
superscriptb on jo1

b distinguishes it from the ‘‘surface’’ cor-
relation length amplitudejo1

s discussed in Sec. V. The
sample parametersvc , Tc , M 2 , andjo1

b for each mixture
are listed in Table II.

B. Ellipsometry

In the study of surface phenomena, phase modulated
lipsometry has proven to be extremely useful@31,32#. The
construction and operation of our ellipsometer, used in t
study, is similar to the description and operation in Ref.@33#.
A HeNe laser with wavelengthl5632.8 nm is used as th
light source. After appropriate polarization and phase mo
lation, the reflected beam from the liquid-vapor surfa
which passes normally through the sample cell walls, p
vides a measurement of the ellipticity,

r̄[Im~r p /r s!uuB
, ~20!

at the Brewster angle (uB), wherer p andr s are the complex
reflection amplitudes for polarizations parallel~p! and per-
pendicular~s! to the plane of incidence. The Brewster ang
is operationally determined by that angle of incidence wh

Re~r p /r s!uuB
50. ~21!

The experimentalr̄ data, in the one-~circles! and two-phase
~squares! regions at various temperatures, are exhibited
Figs. 1~a! and 1~b! for 2NC and 4NC, respectively, and i
available in Ref.@34# or upon request.

For surface layers that are sufficiently thin, compar
with the wavelength of lightl, namely,j/l!1, which oc-
curs sufficiently far fromTc ~say,t*531023 @35#!, the fol-
lowing modified Drude’s equation provides an accurate
scription of the ellipticity for a locally anisotropic interfac
@36,37#

r̄.
p

l

A«v1« l

«v2« l
E

2`

` F« i~z!1
«v« l

«'~z!
2~«v1« l !Gdz.

~22!

Here«v (« l) represents the optical dielectric constant in t
vapor ~liquid! phase, while« i(z) @«'(z)# describe the local
optical dielectric constant parallel~perpendicular! to the in-

TABLE II. Critical mixture parameters.

Mixtures vc Tc(°C) M 2

jnc

~nm!
jo1

b

~nm!
jo1

s

~nm! MD d2

2NC 0.6658 71.709 0.841 0.12 0.24 0.42215.1 0.5
4NC 0.6274 58.416 0.759 0.14 0.26 0.3526.2 0.5
5-4



n
an
ly

e-

m
o

al

a
e

t-
-
-
r

a

ant

di-

e
d

f

a

a
e

s

ol

SURFACE ORIENTATIONAL ORDER AT LIQUID-VAPOR . . . PHYSICAL REVIEW E 67, 031605 ~2003!
terface at depthz. This Drude’s approximation has only bee
used in the preanalysis of our data. For interfaces of
thickness, the ellipticityr̄ can be determined by numerical
solving Maxwell’s equations~@38–41#! for a given model of
« i(z) and «'(z) as described in the Appendix. The interr
lationship between« i(z) and «'(z) with the local volume
fraction v(z) and local orientational ordera2(z) are dis-
cussed in the following section.

C. Anisotropic optical dielectric constant at the interface

Most molecules which possess a permanent dipole
ment are nonspherical in shape and have an anisotropic
tical polarizability @42# represented by the dipole’s optic
dielectric ellipsoid («1 ,«2 ,«3), where the«1 axis is choosen
to point along the dipole momentp direction, while«2 («3)
is choosen to point in the plane~perpendicular to the plane!
of the benzene ring for the nitroanisole molecule. Near
interface, if the dipole becomes orientationally ordered th
the local dielectric constant at depthz will be anisotropic,
with differing values parallel@« i(z)# and perpendicular
@«'(z)# to the interface. This local optical dielectric aniso
ropy influences the ellipticity of light reflected from this in
terface. We expect« i(z) and«'(z) are related to the dielec
tric ellipsoid («1 ,«2 ,«3), the orientational order paramete
a(z,u) @Eq. ~9!#, and the local dipolar volume fractionv(z)
@Eqs.~2! and ~3!# through the interface.

Before discussing the optical dielectric properties within
dipolar plus nonpolar mixture@i.e., « i(z) and «'(z)], we
first consider the optical dielectric properties of anoriented
dipole, where a superscriptd refers to adipolar property. For
a dipole oriented at angleu to the z axis, the parallel and

FIG. 1. ~a! Comparison of various adsorption or orientation
order models with the highly dipolar critical mixture 2NC in th
one ~circles! and two-phase~squares! regions:r̄P model with jo1

b

50.24 nm~light solid line! or jo1
s 50.42 nm~dashed line! and r̄a

model @Eq. ~17!# with jo1
s and MD5215.1 ~heavy solid line! or

MD515.1 ~dotted line!. For clarity, the two-phase calculation ha
only been shown for the best fit~heavy solid line!. ~b! Similar
comparison for the highly dipolar mixture 4NC, where the symb
and lines have the same meaning as in~a! but with jo1

b

50.26 nm,jo1
s 50.35 nm, andMD526.2.
03160
y

o-
p-

n
n

perpendicular components of the dipole’s dielectric const
are given, respectively, by@26#

«'
d ~u!5

1

AS cos2 u

«1

1
sin2 u

«2
D S cos2 u

«1

1
sin2 u

«3
D

, ~23!

and

« i
d~u!52F1A4 «2«3

S sin2 u

«1
1

cos2 u

«2
D S sin2 u

«1
1

cos2 u

«3
D .

~24!

where 2F1[2F1(1/2,1/2,1;(«32«2)/4A«2«3)('0.98) is a
hypogeometric function. At a particular depthz, the orienta-
tional order parametera(z,u) describes the distribution in
orientations, therefore, the angle-averageddipole dielectric
constants parallel@« i

d(z)# and perpendicular@«'
d (z)# to the

interface can be calculated from

« i~' !
d ~z!5E

0

p

« i~' !
d ~u!a~z,u!sinu du. ~25!

For randomly oriented dipoles, wherea(z,u)5 1
2 the average

optical dielectric constant should correspond to the bulk
electric constant of the dipolar component, namely,

«D5
1

2 E0

p

« i~' !
d ~u!sinu du. ~26!

Thus, from Eqs.~9! and ~26!, Eq. ~25! can be rewritten as

« i~' !
d ~z!5«D1a i~' !a2~z!, ~27!

where the anisotropy

a i~' !5
1

2 E0

p

« i~' !
d ~u!~3 cos2 u21!sinu du. ~28!

Equation~27! is an important simplification that allows on
to calculate thedipoleoptical dielectric constant parallel an
perpendicular to the interfaces@« i(')

d (z)#, for any orienta-
tional order parametera2(z), once«D anda i(') are known.
The optical dielectric ellipsoid («1 ,«2 ,«3), dipolar optical
dielectric constant«D , and optical anisotropya i(') @calcu-
lated from Eqs.~23!, ~24!, and ~28!#, for 2-nitroanisole and
4-nitroanisole, are listed in Table III.

For binary liquid mixtures, the local volume fraction o
the preferrentially adsorbed componentv(z) and of the di-
poles vary with depth. The parallel@« i(z)# and perpendicu-
lar @«'(z)# dielectric constants through the interface for

l

s
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solution can now be calculated using the two-compon
Clausius-Mossotti relation@43#

F@« i~' !~z!#5@12v~z!#F@« i~' !
d ~z!#1v~z!F~«N!,

~29!

whereF(x)5(x21)/(x12) and«N is the optical dielectric
constant of the nonpolar component~i.e., cyclohexane in this
particular paper!. In summary, for a particular model ofv(z)
and a2(z) on the liquid side of the interface (z.0), the
optical dielectric constants through the interface@« i(z) and
«'(z)] can be calculated from Eqs.~27! and~29! using data
from Table III.

On the vapor side of this interface (z,0), dipolar mol-
ecules are absent@a2(z)50# because they are desorbe
from the surface. Hence, to ensure continuity of the opt
dielectric constant atz50 we assume that@35#

«~z!511
@«~0!21#@11e2ze /jnc#

11e2~z1ze!/jnc
, z,0 ~30!

on the vapor side of the interface, where the extrapola
length ze is given in Eq. ~5! and jnc ~;0.13 nm for our
samples! is a noncritical correlation length, which can b
determined from the background ellipticity at large reduc
temperatures.

V. EXPERIMENTAL RESULTS

We are now in a position to compare various theoreti
models for the orientational order parametera2(z) with ex-
perimental ellipticityr̄ data. Equations~29! and ~30! deter-
mine the optical dielectric function from which the ellipticit
r̄ can be calculated using the information in the Appendi

In the absence of orientation order whena2(z)50, the

TABLE III. Liquid parameters.~Superscript numbers represe
the corresponding temperature in °C.!

Parameters 2-Nitroanisole 4-Nitroanisole Cyclohexa

s(erg/cm2)60 41.51 42.40 20.49
«D or «N 2.33970 2.43560 1.94570

«S 34.7170 27.3160 1.94570

d~nm! 0.650 0.667
1021u0(J) 2.686 2.513

p(D) 4.81,a 4.78b 4.75,a 5.22b

p* 1.77,a 1.76b 1.74,a 1.91b

g 1.1 0.8
a i 20.126 20.156
a' 0.256 0.315
«1 3.17c 3.46
«2 2.64 2.58
«3 1.73 1.81

aReference@48#.
bReference@49#.
cReference@26#.
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calculation of the ellipticity~denotedr̄P for strong critical
adsorption! is well defined. For a particular critical mixture
once the system dependent parametersvc , Tc , M 2 , jo1

b

~Table II! and optical dielectric constants~Table III! are
known, the local volume fractionv(z) of the adsorbed com
ponent~cyclohexane! is completely determined by Eqs.~2!–
~6!, where the parameters for theP6 model are listed in
Table I. The local dielectric constant«(z) can then be calcu-
lated from the Clausius-Mossotti equation@Eq. ~29!#, from
which the ellipticityr̄P can be determined. Only the noncrit
cal correlation lengthjnc @Eq. ~30!# is available with which
to improve agreement between these calculations and ex
mental data; however,jnc merely shifts ther̄P curves verti-
cally by a constant amount@35#, for all t, and cannot change
the shape of the curve. The light solid curve in Fig. 1~a!
shows a comparison betweenr̄P and the 2NC experimenta
data in the one-~open circles! and two-phase~open squares!
regions. There are two important differences betweenr̄P and
the r̄ data. Specifically,~i! the peak for ther̄P curve, in the
one-phase region, occurs at smallert than the experimenta
data and~ii ! the r̄P curve possesses a larger amplitudeDr̄
5 r̄peak2 r̄BG , where r̄peak ( r̄BG) is the peak~background!
value. These differences can only be due to the large dip
moment of the 2NC mixture, compared with earlier samp
@12,11#, because the samples are similar in all other respe

In calculatingr̄P it is important to use reliable values fo
the correlation length amplitudejo1

b . We have used turbidity
@30# and a measurement ofr̄ at the critical liquid-liquid
surface@26#, where

r̄ l / l;jo1
b tb2n/Rj ~31!

sufficiently close toTc , to estimatejo1
b . Both methods give

similar values forjo1
b ~Table IV!. In prior work on strong

critical adsorption in nonpolar@11# or weakly dipolar mix-
tures@12#, it was found that ifr̄ was plotted as a function o
j1 ~rather thant! then the peak position always occurred
the same universal position described by@12#

~j1 /l!peak5jo1tpeak
2n /l50.06460.006, ~32!

wheretpeak is the reduced temperature at the peak. Howev
if this equation is used to estimatejo1 , ~which we will
denote byjo1

s with superscripts for surface!, then jo1
s

~Table IV! is anomalously large~by a factor of;50%! com-
pared withjo1

b determined from the turbidity and critica
interface measurement. If Eq.~32! continues to provide a
measure of the ‘‘surface’’ correlation length, then these

TABLE IV. jo1 comparision.

Mixtures

jo1
b ~nm! jo1

s ~nm!

Turbidity Eq. ~31! Eq. ~32! Eq. ~17!

2NC 0.2760.02 0.2460.02 0.4560.03 0.42
4NC 0.2660.02 0.3560.02 0.35
5-6
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sults suggest that the adsorption layer is considerably thi
than what one would expect from bulk critical fluctuation
We return to this point later in this section.

The difference betweenr̄P and the experimentalr̄ data is
suspected to be due to the presence of dipole induced su
orientational order. Various models for the orientational or
a2(z) were discussed in Sec. III. The local parametersv(z)
anda2(z) give rise to local optical dielectric constants pa
allel @« i(z)# and perpendicular@«'(z)# to the interface,
which can be calculated from Eqs.~27! and ~29! on the liq-
uid side of the interface (z.0) using information in Table
III, while on the vapor side of the interface (z,0) the opti-
cal dielectric constant is governed by Eq.~30!. Hence the
ellipticity, which is now denotedr̄a , can be determined from
this optical dielectric function and the information in th
Appendix. The most general expression fora2(z) is given in
Eq. ~14!, where there are five parametersco18 , c68 , f, and
jo1 that one can adjust. In this calculation, in order to g
approximate agreement with the peakr̄ position, it was al-
ways necessary to increasejo1 above its bulk value as sug
gested earlier from considerations of Eq.~32!. In Fig. 2 we
show the best agreement that we could find forr̄a using this
particular form fora2(z). The agreement is only fair as the
are noticeable deviations betweenr̄a and experimental data
This calculation, however, provides a hint as to how o
might proceed. The best fit occurred forf.2b, in marked
disagreement withf5b12n @Eq. ~11!# found for dipole
induced orientational order at the critical liquid-liquid inte
face. If we assume that~i! f52b and~ii ! a2(z) is related to
a function of m(z), then, the most obvious relationship
a2(z);@m(z)#2 @Eq. ~16!# from which we were led to Eqs
~17! and~18!. In this model fora2(z) there are three adjust
able parameters,jo1 , MD , andd2 . The reduced tempera

FIG. 2. Comparison of the 2NCr̄ data~symbols! with the r̄a

model of Eq.~14! with co18 526.0, c18 50.8, c28 50.1, f50.55,
andjo1

s 50.48 nm.
03160
er
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ture tpeak at which ther̄ peak occurs is primarily controlled
by jo1 and only marginally influenced by the value ofMD .
This can be seen by examining Fig. 1~a!. As jo1 increases
from its bulk valuejo1

b 50.24 nm ~light solid line! to the
‘‘surface’’ value jo1

s 50.42 nm~dashed line!, in the absence
of orientational order~i.e., for r̄P , whereMD50), thentpeak

increases. However, forjo1 fixed at it’s surface valuejo1
s ,

the position of tpeak changes only marginally forMD5
115.1 ~dotted line! or MD5215.1 ~heavy solid line! rela-
tive to MD50 ~dashed line!. Another influence of increasing
jo1 is that the amplitude of the ellipticityDr̄ also increases
The parameterMD has a significant impact onDr̄; for MD
.0(,0) the amplitudeDr̄ increases~decreases!—compare
the dotted, heavy solid, and dashed lines in Fig. 1~a!. Finally,
the parameterd2 determines, where the orientational ord
crosses over from power law to exponential behavior in
two-phase regime. The best agreement betweenr̄a and ex-
perimental data for the mixture 2NC was found withjo1

s

50.42 nm,MD5215.1, andd250.5 ~heavy solid line!.
This model fora2(z) also provides a good description fo

the 4NC critical mixture@Fig. 1~b!# with the same value of
d2(50.5) while jo1

s 50.35 nm andMD526.2. Hence, the
results for both 2NC and 4NC imply that the dipoles a
preferentially oriented parallel to the interface (MD,0) and
are repelled from the interface (jo1

s .jo1
b ), in agreement

with the simple electrostatic considerations@Eq. ~1!#. Figure
3 exhibits the variation in orientational ordera2 with x
5z/j for t50.01 and 0.001, wherea2 is very sharply peaked
at the surface, indicating that the dipoles are strongly o
ented parallel to the surface the closer these dipoles ar
x50. However, one must additionally keep in mind that d
poles are desorbed from the surface so that there are fe
and fewer dipoles the closer one is to the surface. In p
work @10# we have shown that the quantityv̂(z)5@1
2v(z)#a2(z)/4p @which incorporates the effects of bot
a2(z) andv(z)] provides a good description of earlier com

FIG. 3. Orientational ordera2 versusx5(z1ze)/j calculated
for 2NC at two reduced temperaturest, for the one- and two-phase
regions.
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puter simulations@18# for the orientation of a highly dipola
pure fluid far from its critical point.

VI. DISCUSSION

In this publication we have used the experimental te
nique of ellipsometry to examine the orientational order t
occurs at the liquid-vapor surface of two highly dipol
1nonpolar critical binary liquid mixtures. For the system
considered, the dipolar component is desorbed from the
face by the short-ranged~surface tension! interactions but
also repelled from the surface by the long-ranged dipo
image-dipole interaction@Eq. ~1!#, where the dipoles in the
vicinity of the surface are oriented preferentially parallel
the interface. More extensive calculations provide confirm
tion of this simple electrostatic picture. In particular, the
cal volume fractionv(z) of the nonpolaradsorbedcompo-
nent is described by Eqs.~2!–~6! while the local
orientational order for dipolar moleculesa(z,u) @Eq. ~9!#
with z dependencea2(z) is described by Eqs.~17! and~18!.
In these equations there are 4 adjustable parametersjo1 ,
MD , d2 , andjnc . Each of these parameters has a differi
influence on the ellipticityr̄. The noncritical correlation
length jnc @Eq. ~30!# merely adds a constant background
r̄, for all reduced temperaturest, and cannot change th
shape of ther̄ curve. The correlation length amplitudejo1

influences both the peak reduced temperaturetpeak ~in the
one-phase region! and the ellipticity amplitudeDr̄; as jo1

increases bothtpeak and Dr̄ increase. For simplicity we as
sume thatjo1 is the same for both the local volume fractio
and the local orientational order. The orientational order a
plitude MD primarily decreases~increases! Dr̄ for negative
~positive! value, relative to the behavior in the absence
orientational order~i.e., MD50); MD has marginal influence
on tpeak. Finally, the orientational order crossover parame
d2 determines where the system crosses over from po
law to exponential behavior with increasing dimensionle
distance z/j in the two-phase region. For the dipola
1nonpolar systems, 2-nitroanisole1cyclohexane~2NC! and
4-nitroanisole1cyclohexane~4NC!, we found that the bes
fit between thea2(z) model and experimental data~Figs. 1~a!
and 1~b! heavy solid line! occurred ford250.5 for both
systems, which implies thata2(z) is described by auniver-
sal surface scaling function as expected from scaling the
Different systems give rise to different surface behav
through the two system dependent parametersjo1 andMD ,
which are expected to be functions of the reduced dip
momentp* . For both 2NC and 4NC, the optimal fit~Fig. 1
and Table II! occurred for~i! jo1[jo1

s , a surface correla-
tion length amplitude wherejo1

s .jo1
b , the mixture’s bulk

value,~i.e., the dipoles are repelled from the interface by
interaction with their image dipoles! and~ii ! an orientational
amplitude MD,0, implying that the dipoles are oriente
preferentially parallel to the interface@44#. These results
agree with the simple electrostatic considerations of Eq.~1!.

The two system dependent parameters,jo1
s (p* ) and

uMD(p* )u, are expected to bemonotonically increasing
functions of the reduced dipole momentp* , where forp*
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50, jo1
s (0)5jo1

b andMD(0)50. Measurements of the gas
eous dipole moment indicate thatp* (2NC)&p* (4NC);2
~Table III!. By contrast, the results in this paper indicate th
p* (2NC).p* (4NC), becausejo1

s and uMDu for 2NC are
significantly larger than the values for 4NC. How can th
be? A likely solution to this dilemma is that in liquids o
liquid mixtures, two or more nitroanisole molecules se
associate and it is this self-associated cluster with an ‘‘eff
tive’’ dipole momentpe* which orients at the liquid-vapo
interface. Nitroanisole, with chemical formula C7H7NO3,
consists of a benzene ring, where the NO2 group is either
adjacent to~for 2N! or diametrically opposite to~for 4N! the
methoxy group -C-CH3. Thus, 2-nitroanisole is likely to
self-associate rather differently compared w
4-nitroanisole, in the liquid phase; which in turn will giv
rise to differing effective dipole moments. The Kirkwoo
structure parameterg provides a measure of the correlatio
and clustering of molecules in the liquid phase. Forg.1
adjacent molecules are uncorrelated, whileg@1 provides
evidence that molecules are correlated. The Kirkwood str
ture parameter can be estimated from@45#

g5
9kBT

4pkNop2

@«S2«#@2«S1«#

«S~«12!2 Ṽ, ~33!

wherekBT is the thermal energy,No is Avogradro’s number,
«S is the static dielectric constant, andṼ is the molar vol-
ume. Surprisinglyg.1 ~Table III!, indicating that the ni-
troanisole molecules are uncorrelated in solution. Hence
this time, we do not have an explanation for why our da
indicates thatpe* (2NC).pe* (4NC). An alternative method
for characterizing thepe* dependence ofjo1

s (pe* ) and
MD(pe* ) ~without having to measurepe* ) is to plot jo1

s /jo1
b

as a function of2MD , wherepe* is a parametric paramete
The point ~1,0! corresponds to a nonpolar mixture. A co
tinuous monotonically increasing curve should pass thro
the points~1,0!, 2NC, and 4NC, as schematically depicted
Fig. 4. Obviously more experimental points are required
accurately define this curve, which we suspect isuniversal
and therefore should provide a strong test of any fut
theory.

These experiments on dipole orientational order at
noncritical liquid-vapor surface, as well as, the earlier e
periments on dipole orientational order at thecritical liquid-
liquid surface, raise an interesting question. Why are
functional forms fora2(z) for the critical @Eq. ~10!# and
noncritical@Eq. ~17!# interfaces so different? One possibilit
is that this is just the way nature is for the critical and no
critical interfaces, after minimization of the surface free e
ergy with respect to the local volume fraction and the lo
orientational order. A more provocative possibility is that E
~10!, applicable for the critical interface, is valid in the lim
of weak dipole–image-dipole interactions@the difference in
the static dielectric constants between the two phasesD«S
→0 asT→Tc], while Eq. ~17!, applicable for the noncritica
interface, is valid in the limit of strong dipole–image-dipo
interactions@D«S is always large#.
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We view this work as just the beginning of an extens
investigation into the physical origins of surface orientatio
order at liquid-vapor or liquid-solid surfaces. As discussed
the introduction, there is a plethora of different classes
surface orientational order that have not been investiga
either experimentally or theoretically. In this paper we ha
only studied the behavior of dipoles at liquid-vapor inte
faces in class Bb where both the short- and long-ran
forces on the dipoles are repulsive. From simple electrost
considerations@Eq. ~1!# one expects differing behavior i
class Aa, where both the short- and long-ranged forces on
dipole are attractive, as well as in classes Ab and Ba wh
the short- and long-ranged forces oppose each other. In
of these classes, the strength of the dipole–image-dipole
teraction for liquid-solid surfaces could be tuned by app
priate selection of the solid dielectric constant relative to
liquid value.
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APPENDIX: ELLIPTICITY CALCULATION

In Sec. IV C, the local volume fractionv(z) and local
orientational ordera2(z) at depthz were related to the loca
dielectric constants parallel@« i(z)# and perpendicular
@«'(z)# to the interface. In this Appendix, we provide a ge

FIG. 4. Plot of 2MD as a function ofjo1
s /jo1

b for nonpolar,
4NC and 2NC mixtures. The direction of increasing effective dip
momentpe* is indicated, the dashed line is a guide to the eye, wh
the two 2NC symbols originate from the twojo1

b values in
Table IV.
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eral description of how to numerically calculate the ellipti
ity r̄ from this dielectric model of the interface. The alg
rithm that we follow is based upon a 434 matrix method for
anisotropic media@40,41,46#, that has been suitably modifie
for our specific purposes. Most previous calculations ha
been applied to describe the properties of elliptically pol
ized light reflected from solid crystalline monolayers~or
multilayers!, which were at a specified, but arbitrary, orie
tation relative to the optical plane of incidence. These cal
lations are complex and possess far greater generality
required when considering reflection from an anisotropicliq-
uid surface. For liquids, withz normal to the liquid-vapor
surface and anxz plane of incidence, molecules are free
rotate in thexy plane. In this case, it is only necessary
consider a locally anisotropic dielectric interface with pri
cipal axes parallel to thexyz axes with a local diagonal di
electric tensor

«~z!5F «x~z! 0 0

0 «y~z! 0

0 0 «z~z!
G , ~A1!

where, in the bulk liquid (z→`) and vapor (z→2`)
phases,«(z) is isotropic and constant. In the absence of a
sources, Maxwell’s equations are

“3E52
]B

]t
, “3H5

]D

]t
, ~A2!

whereH and E denote the magnetic and electric fields, r
spectively. For dielectric media, the electric displacemenD
and magnetic inductionB are given by

D5«o«~z!E, B5moH, ~A3!

where«o andmo are, respectively, the dielectric permittivit
and magnetic permeability in vacuum with speed of lighc
51/A«omo.

For a monochromatic plane wave of frequencyvo , inci-
dent wave vectork i , at incident angleu i to thez axis, Max-
well’s equations can be further simplified to

]C

]z
5 ikoKC, ~A4!

where

C5F A«oEx

A«oEy

AmoHx

AmoHy

G , ~A5!

e
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K53
0 0 0 12S kx

ko
D 2 1

«x

0 0 21 0

0 S kx

ko
D 2

2«y 0 0

«x 0 0 0

4 ~A6!

with ko5vo /c andkx5k i• x̂. Thus, the field vector atZ can
be related to the field vector atz50 via

C~Z!5MC~0!, ~A7!

where the characteristic matrix is

M5expH ikoE
0

Z

KdzJ . ~A8!

For N sufficiently thin layers~!l!, whereK does not vary
-
e
e

-

03160
significantly within each layer, then the characteristic mat
can be expressed as

M5expH ikoS E
0

z1
Kdz1E

z1

z2
Kdz1¯1E

zN21

Z

KdzD J
.S I1 ikoE

0

z1
KdzD

3S I1 ikoE
z1

z2
KdzD¯S I1 ikoE

zN21

Z

KdzD
5m1m2¯mN21mN

5)
j 51

N

mj , ~A9!

where, to leading order, the submatrixmj in the j th layer is
given by
mj53
1 0 0 ikoE S 12a2

1

«z
Ddz

0 1 ikoE ~21!dz 0

0 ikoE ~a22«y!dz 1 0

ikoE «xdz 0 0 1

4 , ~A10!
kly

s of
the symbol *[*zj 21

zj , and Snell’s factor a[(k i• x̂)/ko

5sinui . In the numerical calculation, the matrix multiplica
tion @Eq. ~A9!# forms the most time consuming step. Th
accuracy and efficiency of this calculation can be consid
ably improved by considering a linear dielectric« j5ajz
1bj within the j th layer @39#, where

aj5
« j2« j 21

zj2zj 21
~A11!

and

bj5
« j 21zj2« j zj 21

zj2zj 21
. ~A12!

The integrals withinmj @Eq. ~A10!# can therefore be explic
itly evaluated via

E
zj 21

zj 1

« j
dz.F 1

aj
ln~ajz1bj !G

z5zj 21

z5zj

, ~A13!
r-

E
zj 21

zj
« jdz.Fajz

2

2
1bjzG

z5zj 21

z5zj

, ~A14!

and

E
zj 21

zj
dz.@z#z5zj 21

z5zj . ~A15!

The numerical solution now converges remarkably quic
as a function of the number of layersN. The electricE and
magneticH fields within the isotropic bulk media at 0 andZ,
on either side of the surface, can be reexpressed in term
the incident, reflected, and transmitted electric fieldsEi , Er ,
andEt @47#, respectively, which transforms Eq.~A7! into

F Ex
t

Ey
t

2n cosu tEy
t

nEx
t /cosu t

G5MF ~Ex
i 1Ex

r !

~Ey
i 1Ey

r !

2cosu i~Ey
i 2Ey

r !

~Ex
i 2Ex

r !/cosu i

G , ~A16!
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wheren(5A« l) is the refractive index of the liquid phas
andu t is the angle of transmittance. If the transmitted ele
tric field Et is eliminated from this sequence of equations a
the electric fields are projected onto thep ands polarization
axes usingEx

i 5Ep
i cosui andEx

r 5Ep
r cosui52Ep

r cosui then

FEp
r

Es
r
G5F r p 0

0 r s
GFEp

i

Es
i
G , ~A17!

where

r p5
@M112M41~cosu t!/n#cosu i1@M142M44~cosu t!/n#

@M112M41~cosu t!/n#cosu i2@M142M44~cosu t!/n#
,

~A18!
Sc

n
nd

e
am
on

. E

em
K.

03160
-
d

r s5
@M331M23n cosu t#cosu i2@M321M22n cosu t#

@M331M23n cosu t#cosu i1@M321M22n cosu t#
,

~A19!

and Mi j is the i j th element of the characteristic matrixM
@Eq. ~A8!#. After setting « i(z)5«x(z)5«y(z) and «'(z)
5«z(z), Eqs.~A18! and~A19! can be used to determine th
Brewster angleuB from Re(rp /rs)uuB

50 @Eq. ~21!# and the

ellipticity from r̄5Im(rp /rs)uuB
@Eq. ~20!#. In practice, the

total width of the interface was taken asZ.20j, where«(Z)
differed from the bulk dielectric constant by less than 1029

and the number of layersN52000 ensured thatr̄ was accu-
rate to better than 1% for all reduced temperatures.

For sufficiently thin interfaces compared with the wav
length of lightl, a single layer of the characteristic matrix
sufficient to determiner̄, namely, M.m1 . The modified
Drude equation@Eq. ~22!#, with «x5«y5« i and«z5«' , can
then be derived from this approximation.
.:
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