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Evidence for dipole surface orientational order at critical interfaces
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At the critical interface of dipolar systems theory predicts that the amplitude of the surface orientational
order a2(z);m* 4d2v(z)/dz2, wherem* is a reduced dipole moment andv(z) is the local composition at
positionz within the interface. We find quantitative agreement with these predictions for two different critical
binary liquid mixtures composed of a highly polar and a nonpolar component.

PACS number~s!: 68.10.2m, 68.35.Rh, 68.35.Bs, 78.20.2e
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Orientational order at the interfaces between two phase
of importance in determining the physical, rheological, a
mechanical properties of many different systems. For
ample, the orientational alignment of a rubbed polymer fi
on a solid substrate induces orientational order in an adja
thick liquid crystal film@1#; such effects are important in fla
panel liquid crystal displays. Similarly, the orientation
alignment of amphiphilic molecules at the interface betwe
an oil-rich phase and a water-rich phase in surfactant s
tions produces micellar, hexatic, or lamellar phases un
differing conditions of composition and temperature@2#. Fre-
quently the orientational order at an interface occurs withi
single monolayer, and therefore it is sufficient to determ
the average orientationu of the molecules relative to th
surface normal (z direction! within this layer. If, however,
the thickness of the interfacej is much larger than a molecu
lar size, for example, near a phase transition point, then
average orientation through the interface may be a gross
representation of the orientational order within the interfa
and, in general, this orientational order denoted bya2 will be
a function ofz through the interface. The positional depe
dence ofa2(z) has largely been ignored in the interpretati
of most experiments where surface orientational orde
present, however, it has been the subject of considerable
oretical interest for many years@3#.

A particularly appropriate example where thez depen-
dence ofa2(z) cannot be ignored is at the interfaces
highly polar solutions. In these solutions, within a distan
;j of the interface, dipoles in the phase of higher~lower!
static dielectric constant preferentially orient parallel~per-
pendicular! to the interface~Fig. 1!. The physical origins for
this surface orientational order can be qualitatively und
stood by considering the electrostatic interaction betwee
dipole and its image dipole near an interface. The interac
energy is given by

E52
m2

16

«bs2«as

«as~«as1«bs!

11cos2u

z3
, ~1!

where m is the dipole moment and« is is the bulk static
dielectric constant in phasei. The dipole is assumed to b
situated in phasea. For fixedz if «as,«bs E is a minimum
for u50 or p and the dipole is preferentially oriented pe
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pendicular to the interface while if«as.«bs E is a minimum
for u5p/2 or 3p/2 and the dipole is preferentially oriente
parallel to the interface.

These electrostatic considerations only provide aqualita-
tive understanding of how dipolar orientational order aris
at interfaces. In reality, the situation is far more complica
because the local volume fractionv(z) depends upon the
distancez in the vicinity of an interface and, in fact, there
a coupling between the orientational ordera2(z) andv(z).
If v̂(z,u) denotes the local volume fraction of polar mo
ecules atz with orientationu, then this function can be de
convoluted intov(z) ~the local volume fraction average
over all anglesu) and a normalized angular distributio
a(z,u) via the equationv̂(z,u)5v(z)a(z,u)/2p where
*0

pa(z,u)sinudu51 @4#. The functiona(z,u) is conveniently
expanded in Legendre polynomials

a~z,u!5
1

2
1a2~z!

3 cos2u21

2
, ~2!

FIG. 1. The solid line represents the dipolar order parame
c(z) @Eq. ~4!#, while the dotted line represents the orientation
order a2(z) @Eq. ~3!# as a function ofz/j for the critical mixture
cyclohexane12-nitroanisole at a reduced temperature oft50.1.
The interface is situated atz50. In regions of higher~lower! dipole
density corresponding to negative~positive! values ofa2(z) the
dipoles are preferentially oriented parallel~perpendicular! to the
interface. Foruz/ju@1 orientational order is absent@a2(z)50#.
R1036 ©2000 The American Physical Society
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where we have neglected higher order terms and also
sumed that external fields are absent so that odd terms in
~2! are zero. In this equationa2(z) provides a measure of th
amplitude of the orientational order at positionz. If a2(z)
50 then orientational order is absent. A number of theo
ical calculations @5,6# indicate that a2(z) couples to
d2v(z)/dz2 and@dv(z)/dz#2 although the predominant con
tribution seems to be provided by the former@7#.

These surface dipolar effects are particularly interesting
study at the critical liquid/liquid interface of a critical binar
liquid mixture because the thickness of the interface, m
sured by the correlation lengthj5j02t2n, can conveniently
be controlled by varying the reduced temperaturet5uT
2Tcu/Tc relative to the mixture’s critical temperatureTc
where the universal critical exponentn50.632 @8# and j02

is a system dependent amplitude. A comparison of the d
sity functional calculations of Frodl and Dietrich@4# with the
theoretical analysis of Sluckin@5# indicates thata2(z) is
described by the equation@9#

a2~z!'
Dj02

2 m* 4

c0

d2c~z!

dz2
;tb12n, ~3!

where the dimensionless dipole momentm* 5m/As3u0, s
is the average hard sphere diameter,u0 is the Lennard-Jone
interaction well depth between two dipoles,D50.2402, and
for a critical interface the local order parameterc(z) is de-
scribed by the Fisk-Widom interfacial profile@10#

c~z!5v~z!2vc5c0tb f ~z/2j!, ~4!

where the universal function

f ~x!5tanh~x!A 2

32tanh2~x!
. ~5!

Here c0tb describes the shape of the coexistence curve
the liquid mixture with critical exponentb50.328@8# andvc
is the dipolar critical volume fraction. The functionsc(z)
@Eq. ~4!# and a2(z) @Eq. ~3!# are shown in Fig. 1 for the
critical liquid mixture cyclohexane1 2-nitroanisole at a re-
duced temperature oft50.1. This figure illustrates that th
orientational order is present only in the vicinity of the inte
face @i.e., a2(z)50 for uzu@j] and negative~positive! val-
ues ofa2(z) indicate a preferential orientation parallel~per-
pendicular! to the interface @4# in agreement with our
previous simple electrostatic considerations. The form
a2(z) in Eq. ~3! implies that surface orientational order va
ishes proportional totb12n; according to the simplistic elec
trostatic considerations@Eq. ~1!# this is because the dipole
image dipole interaction weakens asTc is approached («bs
2«as;tb→0 ast→0). In earlier work@9# Eq. ~3! was used
to qualitatively account for the ellipsometric data acquir
from the critical interface of a critical ionic solution where
is believed that oppositely charged ion pairs form pseudo
poles. The purpose of this Rapid Communication is to qu
titatively test Eq.~3! using a more ideal model composed
a critical binary liquid mixture formed from a highly pola
and a non-polar component where the dipole moment
optical anisotropy of the polar component are known.
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Each dipole momentm has an optical dielectric ellipsoid
with principal dielectric constants («1 ,«2 ,«3) associated
with it where, for the dipoles we consider,«1 lies to a rea-
sonable approximation along them direction. These dipoles
are assumed to be situated within a structureless nonp
solvent with optical dielectric constant«s . Our surface sen-
sitive optical technique of ellipsometry couples to these
tical dielectric constants. This technique measures the e
ticity @11#

r̄5Im~r p /r s!uuB
5 r̄ int1 r̄cap ~6!

at the Brewster angleuB , wherer i is the complex reflection
amplitude for polarizationi, which for a liquid interface has
contributions from the intrinsic composition variation~int!
through the interface and from capillary wave fluctuatio
~cap!. The surface orientational order@Eq. ~3!# gives rise to a
local optical anisotropy« i(z)Þ«'(z) where these terms rep
resent theangle and compositionaveraged dielectric con
stants parallel (i) and perpendicular (') to the interface. The
connection between the dipole dielectric ellipso
(«1 ,«2 ,«3), the angular distributiona(z,u), and« i(')(z) is
somewhat complicated and is explained in@12,13#. The in-
trinsic ellipticity contribution is described by the anisotrop
Drude equation@11,14#

r̄ int5
p

l

A«a1«b

«a2«b
E F« i~z!1

«a«b

«'~z!
2~«a1«b!Gdz, ~7!

where« i5ni
2( i 5a,b) are the optical dielectric constants o

the two bulk phases at wavelengthl with i 5a representing
the incident medium while the capillary wave contributio
takes the form@9#

r̄cap5
p

l
~na2nb!jAE dK

2p
@ uf i~K !u212uf'~K !u2#

3 ln@11~B/K !2#, ~8!

which is a generalization of an earlier result@15# in the pres-
ence of surface anisotropy, wheref i(K) is proportional to
the inverse Fourier transform ofd« i(z)/dz @9#, A50.11, B
51.5, andK is a surface wave vector.

In the absence of any surface anisotropy« i(z)5«'(z)
5«(z) in Eqs.~7! and ~8! and the ellipticity@15#

r̄5C@ I int1I cap#t
b2n ~9!

where theshapeof the interfacial dielectric profile«(z) only
enters through theuniversal numbersI int and I cap which
represent, respectively, integrals over the universal func
f (z) @Eq. ~5!# or over the inverse Fourier transform o
d f(z)/dz, and all system dependent parameters are conta
within the factorC. Excellent quantitative agreement@15# is
found between Eq.~9! and the experiments of Schmidt an
coworkers at the critical interfaces of binary liquid mixtur
@16#, polymer solutions@17#, and pure fluids@18# with no
adjustable parameters. In Fig. 2 we show a comparison
tween Eq.~9! ~solid line! and the critical binary liquid mix-
ture methanol plus carbon disulphide~triangles! where
methanol has a small reduced dipole momentm* '1.0
~Table I! and carbon disulphide is nonpolar. The smallm*
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value for methanol only leads to deviations less than;0.6%
from the isotropic theory represented by Eq.~9! for all t
<0.15 because of them* 4 dependence in Eq.~3!.

It is important to note that the shape of the interfac
profile only entersr̄ through the universal numbersI int and
I cap in Eq. ~9!, hence, the ellipticityr̄ will always exhibit a
tb2n temperature dependence provided the interfacial pro
is locally isotropic; any deviations from atb2n dependence
can only be produced by the presence of surface anisot
with « i(z)Þ«'(z). Additionally according to Eq.~3! surface
orientational order will only be apparent for sufficiently larg
t wherea2(z) is nonzero; in the limitt→0, a2(z)→0 and

FIG. 2. Plot of the ellipticityr̄ as a function of reduced tem
peraturet for carbon disulphide1 methanol~CM, triangles!, which
has been multiplied by a factor of 2 for clarity, carbon disulphi
1acetonitrile~CA, squares!, and cyclohexane1 2-nitroanisole~CN,
circles!. The solid~open! triangles for CM are from@16# ~our mea-
surements!. In this mixture methanol possesses only a small
duced dipole momentm* '1.0 and the interface is to a good a

proximation isotropic where the ellipticityr̄;tb2n @Eq. ~9!#; the
solid line is from the theory in@15# in the absence of orientationa
order. For CA and CN the solid lines represent a fit to Eqs.~2!–~8!
as described in the text. At smallt the surface anisotropy vanishe
as expected according to Eq.~3! and the ellipticity returns to the

isotropic case withr̄;tb2n. In this figure ourr̄ data~open sym-
bols! possess an error of;531025.
l

le

py

therefore« i(z)'«'(z) and we return to the locally isotropi
case@Eq. ~9!#. This is precisely the behavior that we obser
for two different nonpolar1 polar critical mixtures, carbon
disulphide 1 acetonitrile ~CA! and cyclohexane1
2-nitroanisole~CN! ~Fig. 2!, where the parameters for th
dipolar components are provided in Table I. These exp
ments were performed using a thermostat possessing a
perature stability of 1 mK over 4 h and thermal gradients l
than 1 mK/cm where the liquid mixture was contained ins
a horizontal 20 cc annealed pyrex cylinder of length 8 c
The ellipticity r̄ deviates fromtb2n behavior only at large
t;0.1. The solid lines in Fig. 2 are a comparison betwe
experiment and Eqs.~3!–~8! with only the reduced dipole
momentm* 5m* (expt) treated as an adjustable parame
In Table I we comparem* (expt) with estimates of this pa
rameter from other sourcesm* (est) @20–27#. Good agree-
ment is found betweenm* (expt) andm* (est) to within
;10%. Precise agreement with Eq.~3! should not be ex-
pected because the theoretical calculations@4# on which this
equation is based assumespherical dipoles with a hard
sphere diameter ofs. Of course, most highly polar molecule
will be non-spherical in shape and therefore Eq.~3! can only
provide an estimate of the actual behavior. Recently the
fluence of the nonspherical shape of dipolar molecules on
bulk phase diagram has been studied using density functi
theory @19#; these methods have not yet been applied to
interfacial properties of such systems. Finally we note t
the behavior observed for the highly polar mixtures in Fig
cannot be explained by, for example, a cross-over to m
field behavior~far from Tc); under such circumstancesb
5n50.5 andr̄;tb2n would level off at very larget.

In conclusion, we have found strong evidence for the
istence of dipolar surface orientational order at the criti
liquid/liquid interface of highly polar1 nonpolar critical bi-
nary liquid mixtures where the amplitude of the surface a
isotropy at positionz is described by Eq.~ 3!. As predicted
the effects of surface anisotropy are only evident for su
ciently large reduced temperaturest; at sufficiently smallt
the dipole/image dipole interaction weakens and we retur
a locally isotropic interface where the ellipticityr̄;tb2n

@Eq. ~9!#. This phenomenon of dipole/image dipole orient
tional order is expected to be generally applicable at a

-

l

4

8

TABLE I. Dipolar parameters.

2-nitroanisole acetonitrile methano

s(nm)a 0.65 0.45–0.50 0.38–0.46
u031021(J)b 2.68–2.83 3.33–3.71 3.94–4.4
m(D) c 4.51 3.52 1.61
m* (est)5m/As3u0 1.59–1.64 1.65–2.00 0.75–1.0
m* (expt) 1.81 2.23
Principal dielectric constantsd

«1 3.17 2.45 1.99
«2 2.64 1.55 1.73
«3 1.73 1.55 1.57

aReference@20#.
bReference@23#.
cReference@25#.
dReference@27#.
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liquid/liquid interface even far from a critical point. The su
face orientational ordera2(z) is expected to couple to
d2v(z)/dz2 for molecules of large dipole moment and th
orientational order shouldnot be represented by an avera
value through the interface. The interpretation of the ori
e
ly

io

e

.

-

tational order may become very complicated if both comp
nents of the liquid mixture are polar.
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