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Critical interface of an ionic Ising mixture
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Ellipsometric measurements at the liquid-liquid interface of a critical ionic Ising mixture yield a decrease in
the ellipticity r̄ as the reduced temperaturet is decreased~for t.0.002! in contrast to atb2n power-law
divergence found for nonionic Ising mixtures. From this surprising result we infer the existence of an aniso-
tropic interface. A model of such an interface is used to calculate theoreticalr̄ data, which capture some of the
characteristics of the experimental results.@S1063-651X~97!08510-3#

PACS number~s!: 68.10.2m, 64.60.Fr, 61.20.Qg, 68.35.Rh
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I. INTRODUCTION

It is widely known that nonionic fluids or fluid mixture
@1# that exhibit second-order phase transitions belong to
Ising universality class and display Ising critical expone
~b50.33,n50.63, andg51.24! that describe the thermody
namic behavior of the fluid as it approaches the critical po
~in agreement with renormalization-group theory!. This
agreement between theory and experiment does not nece
ily hold for ionic fluids or fluid mixtures near second-ord
phase transitions. Systems have been discovered that ex
mean-field critical exponents@2–6# ~b50.5, n50.5, andg
51.0! even very close to the critical temperature (Tc) and
yet other critical ionic systems have been discovered
exhibit Ising behavior close toTc @7–9#. Much of the earlier
work on critical ionic systems has extracted the critical b
havior from systems that exhibit very high critical tempe
tures (;1000 K) where it is difficult to obtain good tempera
ture stability and good temperature resolution@10#.

A clearer experimental picture of the relevant parame
that govern the fluid properties of critical ionic systems
small reduced temperaturest5uT2Tcu/Tc only started to
emerge after Pitzer and co-workers@2–4# and Weinga¨rtner
et al. @11# started examining large organic salts in soluti
where the critical temperatures are around room tempera
Though the details regarding these systems’ behaviors ar
from clear at this time, there appear to be essentially
types of critical ionic mixtures, which have been called Co
lombic mixtures and solvophobic~or hydrophobic! mixtures.
The type of critical behavior exhibited by these mixtures
thought to depend upon the range of the interaction betw
the ions of the dissociated salt. For an attractive interpart
potential characterized byV(r )'2(1/r )p, where r is the
separation distance, the critical exponents begin to de
from Ising values forp,4.97, where the critical exponen
g, n, andh becomep dependent@12#. Below p54.5, g as-
561063-651X/97/56~4!/4441~10!/$10.00
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sumes the classical value of 1, butn and h still remain p
dependent; forp,3 no theoretical predictions exist. For
Coulombic interaction between dissociated salt ionsp51
and hence no definitive theoretical predictions are availa
The presence of a solvent significantly complicates the s
ation. Not only is the ‘‘bare’’ Coulombic interaction
screened by a cloud of counterions around each ion, acc
ing to the Debye-Hu¨ckel theory @13# where the screening
lengthk21;(r/«)1/2, r is the ion density, and« is the static
dielectric constant of the solvent, but also for polar solve
solvation shells can form around each ion@14# where the
solvent molecules in the immediate vicinity of the ion a
orientationally ordered. The solvent medium between ion
now structured; the interaction between ions in such str
tured media is not well understood at this time. Neverthele
a simple model that captures some of the observed exp
mental trends classifies Coulombic mixtures as dissocia
salts in solvents of low static dielectric constant. These m
tures are hypothesized to exhibit mean-field behavior wh
the phase separation is believed to be driven primarily
electrostatic effects. In contrast, solvophobic mixtures
classified as dissociated salts in solvents of high static die
tric constant. These mixtures exhibit normal Ising behav
where the phase separation is driven primarily by solvop
bic effects rather than electrostatic effects. For intermed
values of the solvent static dielectric constant, crossov
from mean-field to Ising behavior have been observed i
number of systems@15–18# as the critical temperature i
approached. There are exceptions to this oversimpli
Coulombic-solvophobic picture where the structure of t
solvent and/or ions appears to play an important role. Le
Sengers, Harvey, and Wiegand@19# provide a concise sum
mary of the current experimental situation.

The presence of minute amounts of impurities can a
complicate the situation. Preliminary results@20# for the sys-
tem triethyl-n-hexylammonium triethyl-n-hexylboride
4441 © 1997 The American Physical Society
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4442 56CRAIG L. CAYLOR et al.
(N2226B2226) in the solvent diphenyl ether@~C6H5!2O# sug-
gest that under certain conditions the gross behavior o
system can be changed from mean field to Ising~or perhaps
vice versa! by the presence of impurities, although no sy
tematic investigation of this effect has yet been attempted
nonionic critical fluids it is well known and has been we
documented@21# that the presence of minute impurities c
change the critical temperature and under certain condit
renormalize the critical exponents@21#. This latter effect,
called Fisher renormalization@22#, does not appear to be th
explanation of the impurity effect observed in this critic
ionic system@20#. Mysterious impurity effects in a nonioni
critical mixture, which cannot be explained by Fisher ren
malization, have been noted by other investigators@23#. For
a variety of theoretical reasons it is believed that all syste
should ultimately exhibit Ising behavior sufficiently close
Tc @24,25#; however, it is not understood why some syste
exhibit mean-field behavior even exceptionally close toTc .

As far as we are aware, the interfacial behavior of criti
ionic systems has never been studied previously either
perimentally or theoretically. In this paper we study the b
havior of the critical liquid-liquid interface of a critical mix
ture of N2226B2226 in the solvent diphenyl ether~henceforth
denoted NBD! using the surface-sensitive technique
Brewster angle ellipsometry. This technique measures
ellipticity r̄5Im(rp /rs)uuB

, wherer p and r s are the reflection

amplitudes in thep and s polarization directions anduB is
the Brewster angle. The variation of the ellipticity with th
reduced temperature (t) provides information about the in
terfacial structure.

Previously it had been found that the system NBD is
Coulombic mixture that exhibits mean-field behavior. T
mean-field behavior has been documented from meas
ments of the coexistence curve by Singh and Pitzer@3,4# and
turbidity by Zhanget al. @6#. More recent turbidity measure
ments by Wiegandet al. @20# on a different sample of NBD
appear to show Ising behavior. Our sample was prepare
Wiegand and Briggs and also exhibits Ising-like bulk beh
ior ~determined via turbidity measurements! in agreement
with @20#. We review the bulk measurements taken on
sample NBD in more detail in Sec. III. Regardless of th
controversy concerning the bulk behavior of NBD, o
sample definitely exhibits Ising behavior in the bulk. W
therefore expect Ising behavior at the critical liquid-liqu
interface.

For non-ionic critical fluids or fluid mixtures~which ex-
hibit Ising behavior in the bulk! it has been well documente
on pure fluids@26#, binary mixtures@27#, and polymer solu-
tions@28# using the technique of ellipsometry thatr̄;tb2n at
the critical interface;r̄ divergesas one approachesTc . This
divergence isindependentof the specific form assumed fo
the interfacial profile and just originates from the therm
behavior of the two bulk coexisting phases (c5c0tb) and
the bulk correlation length (j5j0t2n).

Surprisingly we find that for our critical ionic Ising mix
ture r̄ exhibits a minimum at a reduced temperature ot
;0.002. The only explanation that seems capable of expl
ing this unusual temperature dependence ofr̄ is the presence
of additional orientational order at the critical interfac
which is absent in the adjacent bulk liquid phases.
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In these systems there is a prevalence of neutral ion p
in solution @29#, each with a large effective dipole momen
An appropriate analog for an ionic mixture composed of n
tral ion pairs would therefore appear to be a dipolar fluid. W
have therefore compared our experimental results of the c
cal interfacial behavior of our Ising ionic mixture with th
theoretical results of Frodl and Dietrich@30#, who predict
additional orientational order at the critical interface of dip
lar fluids.

This paper is set up as follows. Details concerning
sample preparation of our mixture are provided in Sec. II.
Sec. III we review the experimental results obtained thus
for the bulk properties of the system NBD. In Sec. IV w
describe the contributions to the ellipticityr̄ for both a lo-
cally isotropic interface and a locally anisotropic interfac
while in Sec. V the experimental data for the critical inte
face of NBD are presented. The Frodl-Dietrich model of t
orientational order that occurs at the critical dipolar flu
interface is described in Sec. VI together with both a simp
analytic model that incorporates all of the essential featu
of the Frodl-Dietrich calculation and an example of the mo
el’s results for the ellipticity. Finally, we discuss the expe
mental results in light of our model calculations in Sec. V

II. SAMPLE PREPARATION

Wiegandet al. @20# prepared a large number of sampl
of NBD, including our sample, in order to measure vario
properties of this system. N2226B2226 was synthesized by
Strem Chem with a reported purity of better than 98%.
unreacted components were present; the major remaining
purity was hexane used for washing the salt. A better-th
average 991% batch of diphenyl ether was purchased fro
Aldrich Chemical Company and degassed by a repea
freeze-pump-thaw cycle before use. N2226B2226 decomposes
in the presence of air; therefore, all samples were prepare
a dry box flushed with 99.9995% dry argon gas to prev
contamination of the salt. The critical concentration was
termined to bexc54.960.1 mole % of salt. For this compo
sition the two coexisting phases had equal volumes 5
below the phase separation temperature.

The sample cell for examining the critical liquid-liqui
interface was made from a well-annealed Pyrex cylinder w
approximate length and diameter of 7.5 and 2.5 cm, resp
tively. The interior of the cell was cleaned with a glass etc
ing solution for 60 s~5 vol % HF, 35 vol % HNO3, and 60
vol % H2O @31#!, rinsed well in distilled deionized water
and dried at a high temperature before it was filled with
critical solution. After repeated freeze-pump-thaw cycles
cell was backfilled with high-purity dry argon gas befo
tipping off. The backfilling with argon gas, to slightly les
than 1 atm, minimized any strain birefringence due to pr
sure differentials across the glass. At no time did the solut
come into contact with air or water vapor. When used in
ellipsometer the sample cell had its long axis horizontal;
critical liquid-liquid interface is situated in the middle of th
sample cell in this geometry. The critical temperature w
initially 36.345 °C, but drifted down by 0.335 °C over a p
riod of 6 months.
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56 4443CRITICAL INTERFACE OF AN IONIC ISING MIXTURE
III. BULK CRITICAL IONIC PROPERTIES OF NBD

The bulk critical properties of critical ionic systems ha
been extensively reviewed elsewhere@10,19,32,33#. In this
section we summarize the bulk properties of NBD, which
the system of interest in this paper.

The coexistence curve of a binary liquid mixture can
described in simple scaling by an equation of the form

c5uv2vcu5c0tb, ~1!

wherec is the order parameter,c0 is a nonuniversal ampli-
tude,v is a composition~e.g., volume fraction!, andvc is the
critical composition. In practice, however, it is often nece
sary to account for various corrections to simple scali
This is often done in a Wegner expansion

c5c0tb~11c1tD1c2t2D1••• !, ~2!

whereD is usually set to 0.5 and terms beyondc1 are rarely
needed.

Singh and Pitzer measured the coexistence curve for N
@3#. Their measurements, which approached to within
proximately one degree of the critical temperature, were w
described by a coexistence curve with a mean fieldb50.5.
A later set of measurements@4# approached closer toTc and
an exponent ofb50.476 was reported in the case of simp
scaling. When the data were fitted to Eq.~2! with b fixed at
either its Ising~b50.326 was used! or classical value, both
values ofb were found to be consistent with the measu
ments, though with an anomalously large value ofc1 for the
Ising case. The mean-field behavior for the system NBD
been confirmed by Zhanget al. @6# from turbidity measure-
ments where a value ofg51.01 was obtained; the effects o
correction terms to simple scaling were not considered.

It was expected that our sample of NBD would sho
mean-field behavior in the bulk, as was previously found
this system. However, turbidity measurements by Wieg
et al. @20# on other samples prepared under identical con
tions have supported Ising exponents forn andg. For a beam
with incident intensityI 0 and transmitted intensityI , the
turbidity t is given by

t52
1

d
ln~ I /I 0!, ~3!

whered is the sample path length. Turbidity measureme
allow experimental access to the critical exponentsn andg
because for the critical part of the turbiditytc ,

tc' f ~a!t2g, ~4!

wherea5(2pj/l)2;t22n and the Ornstein-Zernike correc
tion factor f (a) is given by

f ~a!5~2a212a11!a23 ln~112a!22~11a!a22.
~5!

In the analysisn5g/2 is assumed. This relationship is exa
for mean-field critical exponents and approximately corr
for Ising critical exponents. Additionally, there is a noncri
cal background contribution to the turbiditytback, which can
be significant.
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Turbidity measurements by Wiegandet al. @20# were
made on different critical samples of N2226B2226 in diphenyl
ether. The resulting data exhibited Ising-like behavior w
n;0.62; however, a full analysis is still in progress. Th
Ising-like behavior is quite at odds with the classical res
reported earlier by Zhanget al. @6#. Wiegand et al. @20#
therefore carefully re-examined the original turbidity data
Zhanget al.and reconfirmed that these data indeed exhibi
mean-field behavior; however, they noted that unpublish
results of Zhang on a small 1-cm-long cell~which was not
ideal for measuring turbidity accurately because of its sh
length! exhibited large drifts in the turbidity in the first 2
months after loading where the turbidity increased by a f
tor of ;3 over this period of time. The original Zhanget al.
turbidity measurements@6# were collected in the first 3
weeks after loading; unfortunately this sample could not
re-examined due to its premature breakage and therefore
not known whether or not this cell exhibited similar tim
dependent drifts.

Our cell was prepared by Wiegandet al.and therefore we
expected it to exhibit Ising behavior. In Fig. 1 we compa
turbidity measurements on our sample cell with the meas
ments of Wiegandet al. @20# and Zhanget al. @6#. We indeed
find very good agreement with the measurements of W
gandet al. We do not understand why these samples h
shown such markedly different bulk behavior compared
that found by previous studies.

It is not known what role impurities play in this contro
versy, namely, whether a minute amount of some impu
could convert a mean-field mixture to an Ising mixture
vice versa. For the system NBD Singh and Pitzer@3# have
noted that 1.2 wt. % of water increasedTc by 40 °C, while
1% of methylene chloride decreasedTc by 20 °C. No appre-
ciable change in the shape of the coexistence curve was
ticed.

FIG. 1. Turbidity measurements on NBD. Open squares rep
sent mean-field measurements from Zhanget al. @6#, open dia-
monds are the Ising measurements from Wiegandet al. @20#, and
closed circles depict measurements from our sample, demonstr
that our system exhibits Ising exponents in the bulk.
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IV. SURFACE CONTRIBUTIONS TO THE ELLIPTICITY

The interface between the two liquid phases of a pha
separated binary liquid mixture has a thickness that diver
as the correlation length. For an Ising system the intrin
order parameter profilec(z) varies between the bulk value
of the upper and lower phases according to the well-kno
Fisk-Widom profile@34#

c~z!5v~z!2vc5 1
2 ~vb2va! f ~z/2j!, ~6!

where

f ~Y!5tanh~Y!A 2

32tanh2~Y!
, ~7!

vb (a) is the bulk concentration of salt in the lower~upper!
phase described by Eq.~1!, andz is the distance measure
perpendicular to the interface from the plane defined
v(z)5vc . We have chosen thez axis so thatz is negative in
the upper salt-richa phase and positive in the lower salt-po
b phase. For horizontal length scales greater than the
correlation length the interface is roughened by the prese
of thermally generated capillary waves@35#.

Phase-modulated ellipsometry@36# is a particularly effec-
tive and convenient method for probing surface structure
has been used for many years to probe the interfacial st
ture in a large variety of systems@37#. For the intrinsic pro-
file, in the absence of any surface fluctuations, the coeffic
of ellipticity r̄5Im(rp /rs)uuB

measured at the Brewster angl

where Re(rp /rs)50, is expressed to first order in interfaci
thickness by the Drude equation@38#

r̄ int5
p

l

A«a1«b

«a2«b
E @«~z!2«a#@«~z!2«b#

«~z!
dz, ~8!

which holds for thin profiles~compared to the optical wave
lengthl5633 nm! and isotropic media, where«a and«b are
the optical dielectric constants of the two bulk phases. H
«(z) is the dielectric profile through the interface, which c
be calculated from Eq.~6! using the Clausius-Mossotti rela
tion applied to mixtures@39#

F„«~z!…5v~z!F~«a!1@12v~z!#F~«b!, ~9a!

wherev(z) is taken as the volume fraction and

F~x!5
x21

x12
, ~9b!

assuming that there is no volume change on mixing. Mar
and Toigo @40# have shown that in the Drude region th
intrinsic and capillary wave contributions tor̄ are additive

r̄5 r̄ int1 r̄cw . ~10!

Kuzmin and Romanov@41# determined an expression, a
curate to first order inD«5«a2«b , for the capillary wave
component for alocally isotropic interface

r̄cw5&
p

l
jDnhR , ~11!
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where Dn5na2nb is the refractive index difference be
tween the two bulk phases. In this equation

hR5
3

32pR E
2`

` dk

2p
uw~k!u2ln@11~2a0 /k!2#, ~12!

R50.128,a050.748, andw~k! is the inverse Fourier trans
form of the derivative off (Y) @Eq. ~7!#, given by

w~k!5E
2`

`

dY
d f~Y!

dY
exp~2 ikY!. ~13!

Equations~11! and~12! are expected to be valid at the crit
cal interface whereD«;tb→0 ast→0, but these equation
may not be very accurate at a noncritical liquid-vapor int
face whereD« is large. Equations~8! and~12! are valid only
for locally isotropic interfaces where« i(z)5«'(z)5«(z)
and« i(z),«'(z) are, respectively, the variations in the op
cal dielectric constants parallel and perpendicular to the
terface. For locally anisotropic surface layers where« i(z)
Þ«'(z), r̄ int and hR , given in Eqs.~8! and ~12!, must be
replaced by@36,42#

r̄ int5
p

l

A«a1«b

«a2«b
E « i~z!1

«a«b

«'~z!
2~«a1«b!dz ~14!

and @43#

hR5
1

32pR E
2`

` dk

2p
@ uf i~k!u212uw'~k!u2#

3 ln@11~2a0 /k!2#. ~15!

The functionsw i(k) andw'(k) are the analogs ofw~k! @Eq.
~13!# parallel and perpendicular to the interface.

V. EXPERIMENTAL RESULTS

For nonionic critical binary liquid mixtures~which are
known to exhibit Ising behavior in the bulk! one can readily
show@26–28,41# that Eqs.~8! and~11! for the critical inter-
face reduce to

r̄5 r̄ int1 r̄cw;tb2n. ~16!

This result holds for any locally isotropic dielectric profi
«(z)5«c1D«X(z/j), independently of the precise form o
the universal surface scaling functionX(z/j). Schmidt and
co-workers have made the most detailed experimental s
of the critical interface for ordinary binary liquid mixture
and found excellent agreement with the expectedtb2n diver-
gence for binary liquid mixtures@27#, polymer solutions
@28#, and pure fluids@26#. In fact, quantitative agreement i
found between all the experimental systems and the theo
ical results given in Eqs.~6!–~13! with no adjustable param
eters@41#.

In order to test the accuracy of our experimental setup
few ellipsometric measurements were taken on the liqu
liquid interface of a critical sample of carbon disulfide a
methanol. In Fig. 2 the results of these measurements~open
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56 4445CRITICAL INTERFACE OF AN IONIC ISING MIXTURE
squares! are compared with Schmidt’s data~solid diamonds!
for the same system@27#, and agreement with Schmidt’s da
is noted.

For the critical ionic mixture NBD the sample was heat
well above the critical temperature into the one-phase reg
before each measurement and shaken well to ensure tha
sample was homogeneous before quenching the sample
the two-phase region. This procedure precluded the sys
from remaining in a metastable two-phase state, which m
happen if a temperature quench were made from one t
phase state to another two-phase state. After phase sepa
had occurred, the Brewster angle was found andr̄ was moni-
tored continuously until it stabilized. The sample tempe
ture was monitored at both ends of the sample cell. We w
careful to keep the temperature gradient across the sa
cell to less than 2 mK/cm. The temperature of the sam
was taken as the average of the two end-point temperat
and was stable within62 mK. Data taken on the sample o
NBD were very unstable, with the value ofr̄ fluctuating
dramatically at times. Singh and Pitzer@4# had previously
noted that it takes this system a very long time to ph
separate, perhaps because of the very small difference
density between the two phases and the high viscosity. W
r̄ had stabilized into the neighborhood of a particular va
for more than 24 h, we took that value as the actual va
with suitably large error bars of6131023.

The data collected as a function of reduced tempera
for NBD are shown in Fig. 2~open circles!. The ellipticity r̄
for NBD obviously does not exhibit atb2n temperature de-
pendence. In fact, a decrease inr̄ is found for decreasingt
far from Tc (t.0.002), rather than a divergence as obser
in all other Ising mixtures studied to date. This decrea
crosses over to a divergence for smallert (t,0.002) with
approximatetb2n behavior in this region. The fact thatr̄

FIG. 2. Schmidt’s ellipsometric measurements on the criti
interface of CS21CH3OH @27# are shown as filled diamonds. Th
open squares are our measurements for CS21CH3OH, in excellent
agreement with those of Schmidt. Our measurements on the sy
NBD are shown as open circles with error bars of6131023. The
solid lines possess a slope of20.3 corresponding tor̄;tb2n

;t20.3, which is valid for locally isotropic surfaces where« i(z)
5«'(z).
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does not scale withtb2n far from Tc implies that the inter-
face is not locally isotropic. The equations that describe
locally anisotropic interface@Eqs. ~14! and ~15!# do not au-
tomatically lead to the prediction thatr̄;tb2n, except in the
isotropic limit. In the next section we consider a model th
qualitatively explains the observed behavior forr̄.

VI. SURFACE ORIENTATIONAL ORDER

The existence of an anisotropic interface can be rea
explained for an ionic system. It is known that many of t
ions in solution pair up to form neutral dipoles@29#; this
pairing is an essential ingredient in the modified Deby
Hückel-Bjerrrum theory of Fisher and Levin@44#, which cal-
culated the critical temperature and critical concentration
the restricted primitive model. Furthermore, calculations
Frodl and Dietrich~FD! @30# provide strong evidence fo
orientational ordering of dipolar molecules near the critic
interface of a phase-separated dipolar fluid. Our model
culations suggest that for strong dipoles with moderately
isotropic refractive index ellipsoids, this orientational orde
ing alters significantly the temperature dependence ofr̄.

Each dipole in the solution has a refractive index ten
that can be represented by an ellipsoid with semimajor a
n1 , n2 , andn3 , where we choose then1 axis to point in the
same direction as the dipole moment andn25n3 because
N2226B2226 is a prolate spheroid. Then the parallel (« i

d) and
perpendicular («'

d ) components of a dipole’s dielectric con
stant are given as a function of the dipole’s orientationu
relative to thez axis of the sample by

«'
d ~u!5

«1«2

«2cos2u1«1sin2u
, ~17!

« i
d~u!5«2A «1

«1cos2u1«2sin2u
, ~18!

where« j5nj
2, j 51,2. Throughout the remainder of this p

per a superscriptd refers to a property of the dipole. Fo
randomly oriented dipoles, integrating« i

d(u) and«'
d (u) over

u yields the expected result« i
d5«'

d 5 «̄d.
However, orientational ordering of the dipoles introduc

a weighting factor that causes« i
d and«'

d to be different. FD
@30# composed a model of the liquid-vapor interface for
Stockmayer fluid of dipole momentm in which the number
densityn̂ of particles with an orientationu relative to thez
axis is given by

n̂~z,u!5n~z!a~z,u! ~19!

where n is the total number density anda determines the
angular distribution. The dependence ofa on u is expressed
in terms of Legendre polynomials

a~z,u!5
1

2
1

3 cos2u21

2
a2~z!1••• . ~20!

Preferential orientation is then expressed solely by the
rametera2(z).

From their simulation data, FD obtained the result tha
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a2~z!;m* 4tb12nY~z/j!, ~21a!

where

m* 5
m

As3u0

~21b!

is the reduced dipole moment,s is an average hard-sphe
diameter for the dipole,u0 is the Lennard-Jones interactio
well depth, and the functionY(z/j) scales with the correla
tion length. The numerical techniques used by FD to gen
ate the functional form ofa2(z) were impractical for our
use, so following a suggestion of Sluckin@45#, which is cor-
rect in the limit m→0, we have assumed the following a
satz in all our calculations:

a2~z,t !'
Dj02

2 m* 4

c0

d2c~z!

dz2 , ~22!

where c(z) is the Fisk-Widom order parameter profi
through the critical interface@Eq. ~6!#. This form for a2 re-
covers all of the essential features determined in@30#. The
width of our ansatz fora2 scales withj, it has qualitatively
the correct shape as a function of the distancez through the
interface, and it recovers the expectedtb12n temperature de-
pendence. The parameterD is a dimensionless constan
whose value was chosen to obtain the correct absolute m
nitude for a2 at the peak value. Form* 51.5 at a reduced
temperature oft50.01, FD @30# obtained a peak value o
a2(max)52.3431024; for agreement at the peak we requi
thatD50.2402. FD’s calculations assume the mean-field
sult for the profile through the interface,c(z)'tanh(z/2j).
In Fig. 3, for m* 51.5 andt50.01, we compare our ansa
for the mean-field profile~dotted line! with the calculated
profile of FD ~open circles! @30#. The agreement between th

FIG. 3. Comparison of our model fora2 @Eq. ~22!# with the
numerical calculations of Frodl and Dietrich@30#. The mean-field
result for our model is shown as a dotted line, while the result
the Fisk-Widom profile is shown as a solid line. Open circles r
resent data from Fig. 9 in Ref.@30#.
r-

g-

-

two models is quite remarkable. Our ansatz for the Fi
Widom profile is also shown~solid line!; we have assumed
that D remains unchanged for this profile. We note that c
culations by different groups@46#, using differing theoretical
methods at the liquid-vapor interface~far from Tc!, produced
forms for a2(z) that qualitatively agree with the features
@30#, but differ quantitatively in the precise shape ofa2 . We
therefore believe that the ansatz in Eq.~22! is a sufficiently
accurate representation of the essential features of the t
retical models. The presence of orientational order at
liquid-vapor surface far from any critical points has al
been well documented experimentally in many different s
tems@47#.

From Eqs.~17!, ~18!, ~20!, and~22! the angle-averagedz
variation of the dipole’s dielectric constant parallel@« i

d(z)#
and perpendicular@«'

d (z)# to the interface can be calculate
from

« j
d~z!5E

0

p

« j
d~u!a~z,u!sinu du, j 5i ,'. ~23!

The parallel @« i(z)# and perpendicular@«'(z)# dielectric
constant through the interface for the saltsolution can be
calculated from a Clausius-Mossotti relation

F„« j~z!…5v~z!F„« j
d~z!…1@12v~z!#F~«s!, j 5i ,',

~24!

where « j
d(z) is obtained from Eq.~23!, «S ('2.5) is the

solvent optical dielectric constant,v(z) is the local volume
fraction of dipoles obtained from Eq.~6! if the volume frac-
tion difference is taken as the order parameter, andF(x) is
given in Eq.~9b!. In Eq. ~6! vb2va is determined from the
bulk coexistence curve@Eq. ~1!# where for NBD the critical
volume fraction of N2226B2226 is taken to bevc50.135 @3#,
while c0 ('0.261) was estimated from the coexisten
curve measurements in@4# assuming an Ising exponent o
b50.328. The correlation length amplitude in the two-pha
region,j02 , has been assumed to be 8.0 Å@20#.

The solution dielectric profiles« i(z) and«'(z) @Eq. ~24!#
are used to determiner̄ int andhR for an anisotropic surface
layer @Eqs. ~14! and ~15!# from which the total ellipticityr̄
can be calculated from Eqs.~10! and~11! @48#. The values of
«1 and«2 used in Eqs.~17! and ~18! are not known for the
dipoles formed in solution; however, the average value

«̄d5 1
2 E

0

p

«'
d ~u!sinu du;1.9 ~25!

can be determined from the critical value of the refract
index @4# using the Clausius-Mossotti relationship. We ha
therefore considered the behavior ofr̄ as a function of«1
where the appropriate value of«2 is calculated from Eq.
~25!.

The reduced dipole momentm* @Eq. ~21b!# is not well
known for N2226B2226 dissolved in diphenyl ether principally
because the separation distanceL between the ions that en
ters the dipole momentm5qL is not well known. The mini-
mum reasonable separation is set by the ionic radius of
nitrogen and boron ions N11 and B21, which can be esti-
mated from@49# to give Lmin'1.75 Å, while the maximum
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56 4447CRITICAL INTERFACE OF AN IONIC ISING MIXTURE
separation will certainly be less than the effective diame
of the ion in solution,Lmax,7 Å @32#. From these upper an
lower bounds forL we find that 8.4 D,m,34 D and there-
fore 5000 D4,m4,106 D4. The depth of the interaction
well u0 between two neutral dipoles can be estimated
comparing the attractive potential of FD@30#, 4u0(s/r )6,
with the corresponding expression for the total van
Waals interaction that decays proportionally tor 26 @50#.
There is a large variation in the valuem* 4 can assume. We
have therefore treated it as an adjustable parameter in
calculation in order to see how its variation influencesr̄.

A representative sample of the numerical calculations
shown in Fig. 4 for a fixed value ofm* 56.39. The solid line
represents the result in the absence of any surface aniso
(a250) wherer̄5 r̄ int1 r̄cw @Eqs.~10!, ~11!, ~14!, and~15!#
diverges proportionally totb2n. The symbols are for an an
isotropic surface where the open squares are for«151.5
,«252.148, while the open diamonds are for«152.3.«2
51.732. We note first thatr̄ approaches the isotropic resu
as t→0, as is expected because in this limita2→0. For «1
.«2 , r̄ decreases below the isotropic case and can bec
negative for sufficiently larget. For this type of interfacer̄
is a monotonically increasing function with decreasingt. For
«1,«2 , r̄ increases above the isotropic case and can exh
a minimum inr̄ at a particular reduced temperature. Incre
ing the difference between«1 and «2 , i.e., making the di-
electric ellipsoid more anisotropic, causesr̄ to diverge more
sharply away from the isotropic case as might be expec
Also increasing the magnitude ofm* similarly causesr̄ to
diverge more sharply away from the isotropic case beca
the larger reduced dipole moment causes stronger alignm
of the dipoles at the interface.

The divergence ofr̄ from the isotropic case is dominate
by the behavior of the intrinsic profile contributions@Eq.
~14!#. In order to highlight the variation of the capillary wav

FIG. 4. Calculations of the variation in the ellipticity for a
anisotropic critical interface. For a reduced dipole moment ofm*
56.39, open squares are the results for«151.5,«252.148, while
open diamonds are the results for«152.3.«251.732. The solid
line depicts the isotropic result.
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contributions, which are hidden in Fig. 4, we present t
results ofhR @Eq. ~15!# in Fig. 5, where the symbols are fo
the same values ofm* , «1 , and«2 as in Fig. 4. Ast→0, we
regain the expected result thathR is a constant. However
Kuzmin and Romanov@41# obtain the valuehR50.77,
whereas our calculations result in a somewhat lower valu
hR50.655 for the isotropic limit. The explanation for th
discrepancy is the different choices of order parameter m
in the two calculations. Kuzmin and Romanov assume t
the local dielectric constant difference«(z)2«c varies
through the interface as the Fisk-Widom profile. Our calc
lations assume that the local volume fraction differen
v(z)2vc follows the Fisk-Widom profile. Essentially
Kuzmin and Romanov choose«(z)2«c as the local order
parameter, while the anisotropic nature of«(z) in our calcu-
lations renders that choice impossible for our use@51#.

VII. CONCLUSION

In this paper we have examined the critical liquid-liqu
interface of the organic salt N2226B2226 in the solvent diphe-
nyl ether~NBD! using the experimental technique of Brew
ster angle ellipsometry, which measures the ellipticityr̄ of
the interface. Our critical mixture exhibited Ising exponen
in the bulk and therefore we expected to observe Ising
havior at the interface wherer̄ diverges proportionally to
tb2n with decreasingt. Surprisingly, we found that the el
lipticity initially decreased with decreasingt and then began
to diverge fort below ;231023; r̄ apparently exhibits a
minimum at aroundt;231023.

It is rather well known that in these critical ionic sa
solutions ions readily form neutral ion pairs with large effe
tive dipole moments. We have therefore modeled this sys
as a critical dipolar fluid; for such a fluid Frodl and Dietric
@30# predict that the critical interface will exhibit additiona

FIG. 5. Calculated values ofhR for an anisotropic critical inter-
face, from which the capillary wave contribution to the elliptici
can be determined. For a reduced dipole moment ofm* 56.39, we
depict the results for«151.5,«252.148 ~open squares! and for
«152.3.«251.732~open diamonds!. The isotropic case results in
a constant valuehR50.655.
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4448 56CRAIG L. CAYLOR et al.
orientational order that will be absent in the bulk. We ha
used an appropriate analytic model@Eq. ~22!# that incorpo-
rates all the essential features of the Frodl-Dietrich calcu
tions to estimate the effect of orientational order on the
lipticity of a critical interface. Qualitative agreement betwe
this model and experiment would be obtained provided«1
,«2 ; both the model and the experiment exhibit a minimu
in r̄ at similar reduced temperatures and exhibit a;tb2n

divergence at still smaller reduced temperatures. The m
calculations for this system~Fig. 4! are a factor of;3 larger
than the experimental measurements~Fig. 2!. This discrep-
ancy could be caused by the values we have assumed
either the amplitude of the coexistence curvec0 or the am-
plitude of the correlation lengthj02 @52#.

It is difficult to obtain even qualitative estimates of«1 and
«2 required in the calculation. Although the dielectric anis
ropy can be calculated for very simple molecules@53#, the
calculation becomes progressively more difficult for larg
molecules@54#. The calculation of the dielectric anisotrop
appears to be particularly difficult for this case because
polarizability of ions can only be calculated for simple io
@55#, and this polarizability is undoubtedly influenced by t
interionic separationL, which is an unknown quantity fo
this system. An experimental measurement of«1 and«2 for
neutral ionic dipoles also appears to be difficult. Typica
for nondissociated molecules,«1 , «2 , and«3 are determined
from the average refractive index, a Kerr constant meas
ment, and a depolarized light scattering measurement w
the latter two measurements are conducted either in the
eous phase or in a nonpolar solvent in the limit of infin
dilution for the polar solute of interest@56,57#. A Kerr con-
stant measurement@57#, which requires high electric fields
is problematic for ionic solutions because of the presenc
ions, while a depolarized light scattering measurement
only determine («12«2)2 @56# and the sign of«12«2 is not
accessible. Also in the limit of infinite dilution, neutral ion
dipoles become less common, while free ions in solut
become more prevalent@29#.

Most molecules have«1.«2 @53#, namely, the optical
dielectric constant is larger along the dipole axis compare
perpendicular to the dipole axis. It is therefore a little u
usual that we require that«2.«1 in order that we obtain
qualitative agreement with our experimental results. A p
sible explanation for this requirement is that the electron lo
pairs on the oxygen of the diphenyl ether interact with
dissociated ions of N2226B2226 causing orientational align
ment of the diphenyl ether molecules in the immediate vic
ity of the ions and it is the neutral ion pairs plus the s
rounding solvation shell of diphenyl ether molecules that
aligning at the interface. A method for testing such a hypo
esis would be examining the critical liquid-liquid interface
N2226B2226 in a nonpolar solvent; for such a system o
would expect that«1.«2 and therefore ther̄ curve should
follow the trend indicated by the open diamonds in Fig.
Schröer @58# has suggested alternative explanations for«2
.«1 for neutral ion pairs, such as those formed
N2226B2226 in solution, where the molecular orientation of th
two hexyl chains relative to the effective dipole mome
maybe important. A molecularly based experimental stu
would be required to distinguish between these various p
sibilities.
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For critical ionic mixtures, one should not expect prec
quantitative agreement between the model of Frodl and
etrich @30# and experimental results. This is because the p
portion of free ions to neutral ion pairs in solution ma
change as a function of reduced temperature. Also no
count has been taken of larger neutral and singly char
clusters that are expected to be present@29#. ~In our calcula-
tion we have assumed that all ions occur as neutral
pairs.! The model used by Frodl and Dietrich also devia
somewhat from reality~although we expect it to captur
many of the essential physical features! because the mode
assumes spherically shaped molecules of diameters, that
possess a large dipole momentm. Real molecules with large
dipole moments usually are very asymmetric in shape.

A further limitation of this study is that we have assum
that the two bulk phases only differ in the concentration
NB molecules present, as described by the coexistence c
@Eq. ~1!#. It is not known whether or not the molecular co
figuration of the NB molecules is identical in the two phas

We are currently using the theoretical model developed
this paper to calculate the magnitude of the surface ani
ropy effect onr̄ in normal dipolar systems where«1 , «2 ,
and m are known. Schmidt and co-workers@26–28# never
observed any anisotropy effects in their studies of nonio
critical fluids; however, the systems that they studied ty
cally had small dipole moments (m,2 D) and an insuffi-
ciently large anisotropy in the refractive index ellipsoid
produce noticeable effects onr̄.

An additional limitation of FD’s model is that it is strictly
valid only for small m* . For large m* other density-
functional methods are available@59#. Kuzmin and Romanov
@43# have qualitatively considered this regime of largem* ;
their results suggest thatr̄ can be considered to be the su
of two terms

r̄5 r̄ ~Is!1 r̄ ~Es! ~26!

where the universal Ising-like termr̄ (Is);tb2n dominates
close toTc , while the nonuniversal electrostatic termr̄ (Es)

;tb dominates far fromTc . The electrostatic term is non
universal because the particular form it assumes is depen
upon the form of the interaction. Such a competition betwe
two terms, with varying reduced temperature dependen
can also qualitatively explain the experimental data@43#.
Further theoretical work is required to unify these theoreti
results at small and largem* before a complete theoretica
picture can emerge.
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