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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 a,(z) ~m**d?v(z)/dZ%, wherem* is a reduced dipole moment angz) 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 numbgs): 68.10—m, 68.35.Rh, 68.35.Bs, 78.20e

Orientational order at the interfaces between two phases {sendicular to the interface while if,> ¢, E is @ minimum

of importance in determining the physical, rheological, andto; g— 7/2 or 37/2 and the dipole is preferentially oriented
mechanical properties of many different systems. For eXparallel to the interface.

ample, the orientational alignment of a rubbed polymer film"  These electrostatic considerations only providgualita-

on a solid substrate induces orientational order in an adjaceft,e understanding of how dipolar orientational order arises
thick liquid crystal film[1]; such effects are important in flat gt interfaces. In reality, the situation is far more complicated
panel liquid crystal displays. Similarly, the orientational pecause the local volume fractior(z) depends upon the
alignment of amphiphilic molecules at the interface betweenyjsiancez in the vicinity of an interface and, in fact, there is
an oil-rich phase and a water-rich phase in surfactant soluy coupling between the orientational ordes(z) andv(z).

tions produces micellar, hexatic, or lamellar phases undeﬁ( \7(2 6) denotes the local volume fraction of polar mol-
differing conditions of composition and temperat{@¢. Fre- ecules az with orientation#, then this function can be de-

quently the orientational order at an interface occurs within a . :
single monolayer, and therefore it is sufficient to determineconvOIUted intov(z) (the local V(_Jlume fraction _avgrag_ed
the average orientatiod of the molecules relative to the over all gnglese) and. aAnormallzed angular disiribution
surface normal £ direction) within this layer. If, however, @(z,0) via the equationv(z,6)=v(2)a(z,6)/2m where
the thickness of the interfageis much larger than a molecu- Jo@(z,6)sinddé=1[4]. The functiona(z, 6) is conveniently
lar size, for example, near a phase transition point, then the@xpanded in Legendre polynomials
average orientation through the interface may be a gross mis-
representation of the orientational order within the interface
and, in general, this orientational order denotedpywill be
a function ofz through the interface. The positional depen-
dence ofa,(z) has largely been ignored in the interpretation
of most experiments where surface orientational order is ————— ————
present, however, it has been the subject of considerable the .4 1 - do.04
oretical interest for many yeaf8]. ] H— 7
A particularly appropriate example where thedepen- ’
dence ofa,(z) cannot be ignored is at the interfaces of
highly polar solutions. In these solutions, within a distancew 1
~ ¢ of the interface, dipoles in the phase of higliewer) 0.0
static dielectric constant preferentially orient parallpér- 1
pendiculay to the interfacgFig. 1). The physical origins for 0.2
this surface orientational order can be qualitatively under-
stood by considering the electrostatic interaction between ¢
dipole and its image dipole near an interface. The interaction
energy is given by T
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R , (1) FIG. 1. The solid line represents the dipolar order parameter
16 ea(€astens) 73 #(2) [Eq. (4)], while the dotted line represents the orientational
order a,(z) [Eq. (3)] as a function ofz/ ¢ for the critical mixture
) ] ) ) cyclohexane-2-nitroanisole at a reduced temperaturetef0.1.
where m is the dipole moment ands is the bulk static  The interface is situated at=0. In regions of higheflower dipole
dielectric constant in phase The dipole is assumed to be density corresponding to negativpositive values of a,(z) the
situated in phase. For fixedz if e,s<eps E is @ minimum  dipoles are preferentially oriented paraliglerpendicular to the
for =0 or 7 and the dipole is preferentially oriented per- interface. Follz/£|> 1 orientational order is absept,(z)=0].
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where we have neglected higher order terms and also as- Each dipole moment has an optical dielectric ellipsoid

sumed that external fields are absent so that odd terms in Egith principal dielectric constantsef,s,,e5) associated

(2) are zero. In this equation,(z) provides a measure of the with it where, for the dipoles we consider; lies to a rea-

amplitude of the orientational order at positianlf a,(z) sonable approximation along thme direction. These dipoles

=0 then orientational order is absent. A number of theoretare assumed to be situated within a structureless nonpolar

ical calculations [5,6] indicate that a,(z) couples to solvent with optical dielectric constamt. Our surface sen-

d?v(z)/dz? and[dv(z)/dz]? although the predominant con- sitive optical technique of ellipsometry couples to these op-

tribution seems to be provided by the fornjé&i. tical dielectric constants. This technique measures the ellip-
These surface dipolar effects are particularly interesting tdicity [11]

study at the critical liquid/liquid interface of a critical binary _ _

liquid mixture because the thickness of the interface, mea- p=1Im(r,/r9)|o,= pint+ Pcap (6)

sured by the correlation length= &, _t~”, can conveniently

be controlled by varying the reduced temperattire|T  at the Brewster anglég, wherer; is the complex reflection

—T,|/T, relative to the mixture’s critical temperatufg,  amplitude for polarization, which for a liquid interface has

where the universal critical exponent=0.632[8] and &,_ contributions from the intrinsic composition variatigimt)

is a system dependent amplitude. A comparison of the derthrough the interface and from capillary wave fluctuations

sity functional calculations of Frodl and Dietri¢#] with the ~ (cap. The surface orientational ordggg. (3)] gives rise to a

theoretical analysis of Sluckif5] indicates thata,(z) is  local optical anisotropy(z) # &, (z) where these terms rep-

described by the equatid®] resent theangle and compositionaveraged dielectric con-
stants parallel|() and perpendicularl() to the interface. The
D&E_m** d2y(z) connection between the dipole dielectric ellipsoid
ay(z)~ 5 ~thr2y, (3 (e1,e2,83), the angular distribution(z,6), ande|(, )(2) is
Yo dz somewhat complicated and is explained 12,13. The in-

trinsic ellipticity contribution is described by the anisotropic
where the dimensionless dipole moment=m/\o Uy, ¢ pryde eqﬂatio)r/ill 14 Y P

is the average hard sphere diametgrjs the Lennard-Jones

interaction well depth between two dipolé3=0.2402, and — meate, €280
for a critical interface the local order parametgz) is de- Pint=y stf g|(2)+ m—(seﬁr ep) |dz, (7)
a

scribed by the Fisk-Widom interfacial profi[@0]
Wheresi=ni2(i =a,b) are the optical dielectric constants of

Y(2)=V(2) —ve= Yot f(2/2¢), @ the two bulk phases at wavelengthwith i =a representing
, , the incident medium while the capillary wave contribution
where the universal function takes the fornfo]
2 — AJ dK K24 2 K12
f(x)=tanh(x) \lm- 5) Peap=y (Ma—Np)& E[Wu( )2 +2] ¢, (K)|?]
X In[1+(B/K)?], (8)

Here yot? describes the shape of the coexistence curve for
the liquid mixture with critical exponent=0.328[8] andv.  which is a generalization of an earlier redlg] in the pres-
is the dlpolar critical volume fraction. The fUﬂCtIOME(Z) ence of surface anisotropy, Whedzﬁ!(K) is proportiona| to

[Eq. (4)] and a»(2) [Eq. (3)] are shown in Fig. 1 for the the inverse Fourier transform ofs;(z)/dz [9], A=0.11, B
critical liquid mixture cyclohexane+ 2-nitroanisole at are- =15 andK is a surface wave vector.

duced temperature a=0.1. This figure illustrates that the In the absence of any surface anisotroﬂ‘yz)zgl(z)
orientational order is present only in the vicinity of the inter- = ¢(z) in Egs.(7) and(8) and the ellipticity[15]

face[i.e., a,(z)=0 for |z|> &] and negative(positive) val-

ues ofa,(z) indicate a preferential orientation parallpler- ;z C['im+|cap]tﬁw 9)
pendiculay to the interface[4] in agreement with our

previous simple electrostatic considerations. The form ofwvhere theshapeof the interfacial dielectric profile (z) only
a,(2) in Eq. (3) implies that surface orientational order van- enters through theiniversal numbersl;,; and I,, which
ishes proportional té®*2”; according to the simplistic elec- represent, respectively, integrals over the universal function
trostatic considerationgEq. (1)] this is because the dipole/ f(z) [Eq. (5)] or over the inverse Fourier transform of
image dipole interaction weakens &g is approachedd,s  df(z)/dz and all system dependent parameters are contained
—g,~1tP—0 ast—0). In earlier work{9] Eq. (3) was used  within the factorC. Excellent quantitative agreemds] is

to qualitatively account for the ellipsometric data acquiredfound between Eq9) and the experiments of Schmidt and
from the critical interface of a critical ionic solution where it coworkers at the critical interfaces of binary liquid mixtures
is believed that oppositely charged ion pairs form pseudodif16], polymer solutiong17], and pure fluidd18] with no
poles. The purpose of this Rapid Communication is to quanadjustable parameters. In Fig. 2 we show a comparison be-
titatively test Eq.(3) using a more ideal model composed of tween Eq.(9) (solid line) and the critical binary liquid mix-

a critical binary liquid mixture formed from a highly polar ture methanol plus carbon disulphidgriangles where

and a non-polar component where the dipole moment andchethanol has a small reduced dipole momenit~1.0
optical anisotropy of the polar component are known. (Table ) and carbon disulphide is nonpolar. The snmafi
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e S therefores|(z) ~&, (z) and we return to the locally isotropic

- cas€Eq. (9)]. This is precisely the behavior that we observe
X2 for two different nonpolart+ polar critical mixtures, carbon
disulphide + acetonitrile (CA) and cyclohexane
2-nitroanisole(CN) (Fig. 2), where the parameters for the
dipolar components are provided in Table I. These experi-
ments were performed using a thermostat possessing a tem-
perature stability of 1 mK over 4 h and thermal gradients less
than 1 mK/cm where the liquid mixture was contained inside
a horizontal 20 cc annealed pyrex cylinder of length 8 cm.

The ellipticity p deviates fromt?~" behavior only at large
t~0.1. The solid lines in Fig. 2 are a comparison between
experiment and Eq93)—(8) with only the reduced dipole
T — momentm* =m* (expt) treated as an adjustable parameter.
0.01 0.1 . . ; :
t In Table | we comparen® (expt) with estimates of this pa-
rameter from other sources* (est) [20—27. Good agree-

FIG. 2. Plot of the ellipticityp as a function of reduced tem- ment is found betweem* (expt) andm*(est) to within
peraturet for carbon disulphider methanol(CM, triangles, which ~ ~10%. Precise agreement with E) should not be ex-
has been multiplied by a factor of 2 for clarity, carbon disulphide pected because the theoretical calculatigjson which this
+acetonitrile(CA, squarel and cyclohexane 2-nitroanisolgCN,  equation is based assunspherical dipoles with a hard
circles. The solid(open triangles for CM are froni16] (our mea-  sphere diameter af. Of course, most highly polar molecules
surements In this mixture methanol possesses only a small re-will be non-spherical in shape and therefore E).can only
duced dipole moment*~1.0 and the interface is to a good ap- provide an estimate of the actual behavior. Recently the in-
proximation isotropic where the ellipticity~t#~" [Eq. (9)]; the  fluence of the nonspherical shape of dipolar molecules on the
solid line is from the theory if15] in the absence of orientational bulk phase diagram has been studied using density functional
order. For CA and CN the solid lines represent a fit to E85-(8)  theory[19]; these methods have not yet been applied to the
as described in the text. At smalthe surface anisotropy vanishes interfacial properties of such systems. Finally we note that
as expected according to E€®) and the ellipticity returns to the  the behavior observed for the highly polar mixtures in Fig. 2
isotropic case withp~t#~". In this figure ourp data(open sym-  cannot be explained by, for example, a cross-over to mean

0.01

O]

0.001

©
o]
=
=2

bols) possess an error of 5x 10™°. field behavior(far from T); under such circumstance
value for methanol only leads to deviations less theah6% —,—g5 andgwtﬁ—y would level off at very large.

from the isotropic the(zzy represented by EHE) for all t In conclusion, we have found strong evidence for the ex-
<0.15 because of ther*" dependence in Ed3). istence of dipolar surface orientational order at the critical

It is important to note that the shape of the interfacialjiquid/liquid interface of highly polar+ nonpolar critical bi-
profile only entersp through the universal numbels; and  nary liquid mixtures where the amplitude of the surface an-
l.ap in EQ. (9), hence, the ellipticity> will always exhibit a  isotropy at positior is described by Eq( 3). As predicted
t#~" temperature dependence provided the interfacial profiléhe effects of surface anisotropy are only evident for suffi-
is locally isotropic; any deviations from #~* dependence ciently large reduced temperaturgsat sufficiently smallt
can only be produced by the presence of surface anisotrogf€ dipole/image dipole interaction weakens and we return to
with £(2) # &, (2). Additionally according to Eq3) surface  a locally isotropic interface where the ellipticity~t#~"
orientational order will only be apparent for sufficiently large [Eq. (9)]. This phenomenon of dipole/image dipole orienta-
t where a,(z) is nonzero; in the limit—0, a,(z)—0 and tional order is expected to be generally applicable at any

TABLE I. Dipolar parameters.

2-nitroanisole acetonitrile methanol
o(nm)? 0.65 0.45-0.50 0.38-0.46
UpX 107%(J)P 2.68-2.83 3.33-3.71 3.94-4.44
m(D) © 451 3.52 1.61
m* (est)=m/ \/03u0 1.59-1.64 1.65-2.00 0.75-1.08
m* (expt) 1.81 2.23
Principal dielectric constarfts
&1 3.17 2.45 1.99
P 2.64 1.55 1.73
£3 1.73 1.55 1.57
3Referencd 20].
bReferencd 23].
‘Referencd 25].

YReferencd 27].
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liquid/liquid interface even far from a critical point. The sur- tational order may become very complicated if both compo-
face orientational ordew,(z) is expected to couple to nents of the liquid mixture are polar.

d?v(z)/dZ® for molecules of large dipole moment and the
orientational order shouldot be represented by an average
value through the interface. The interpretation of the orien
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