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Ellipsometric measurements at the liquid-liquid interface of a critical ionic Ising mixture yield a decrease in
the ellipticity p as the reduced temperaturds decreasedfor t>0.002 in contrast to a”~” 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 theorptitath, which capture some of the
characteristics of the experimental resul81063-651X97)08510-3

PACS numbe(s): 68.10-—m, 64.60.Fr, 61.20.Qg, 68.35.Rh

[. INTRODUCTION sumes the classical value of 1, butand % still remain p
dependent; fop<3 no theoretical predictions exist. For a
goulombic interaction between dissociated salt igris1

and hence no definitive theoretical predictions are available.
“The presence of a solvent significantly complicates the situ-
tation. Not only is the “bare” Coulombic interaction
screened by a cloud of counterions around each ion, accord-

It is widely known that nonionic fluids or fluid mixtures
[1] that exhibit second-order phase transitions belong to th
Ising universality class and display Ising critical exponent:
(8=0.33,r=0.63, andy=1.24) that describe the thermody-
namic behavior of the fluid as it approaches the critical poin

e T s (0 th Debye kel ey 1] whre e sceening
ag A y.and exp Rhgthx 1~ (ple) Y2, pis the ion density, and is the static
lly hold for lonic fluids or fluid mixtures near Second'order.djelectric constant of the solvent, but also for polar solvents
phase transitions. Systems have been discovered that eXh'gﬁlvation shells can form around each ifi¥] where the
mean-field critical exponen{2—6] (8=0.5, v=0.5, andy  g|yent molecules in the immediate vicinity of the ion are
=1.0) even very close to the critical temperatufBX and  grientationally ordered. The solvent medium between ions is
yet other critical ionic systems have been discovered thaiow structured; the interaction between ions in such struc-
exhibit Ising behavior close t®. [7—9]. Much of the earlier  tured media is not well understood at this time. Nevertheless,
work on critical ionic systems has extracted the critical be-a simple model that captures some of the observed experi-
havior from systems that exhibit very high critical tempera-mental trends classifies Coulombic mixtures as dissociated
tures (~1000 K) where it is difficult to obtain good tempera- salts in solvents of low static dielectric constant. These mix-
ture stability and good temperature resolutjdg)]. tures are hypothesized to exhibit mean-field behavior where
A clearer experimental picture of the relevant parametershe phase separation is believed to be driven primarily by
that govern the fluid properties of critical ionic systems atelectrostatic effects. In contrast, solvophobic mixtures are
small reduced temperaturdés-|T—T¢|/T. only started to classified as dissociated salts in solvents of high static dielec-
emerge after Pitzer and co-workdiza—4] and Weinganer  tric constant. These mixtures exhibit normal Ising behavior
et al. [11] started examining large organic salts in solutionwhere the phase separation is driven primarily by solvopho-
where the critical temperatures are around room temperaturbic effects rather than electrostatic effects. For intermediate
Though the details regarding these systems’ behaviors are faalues of the solvent static dielectric constant, crossovers
from clear at this time, there appear to be essentially twdrom mean-field to Ising behavior have been observed in a
types of critical ionic mixtures, which have been called Cou-number of system$15-1§ as the critical temperature is
lombic mixtures and solvophobior hydrophobi¢ mixtures.  approached. There are exceptions to this oversimplified
The type of critical behavior exhibited by these mixtures isCoulombic-solvophobic picture where the structure of the
thought to depend upon the range of the interaction betweesolvent and/or ions appears to play an important role. Levelt
the ions of the dissociated salt. For an attractive interparticl&engers, Harvey, and WiegafitQ] provide a concise sum-
potential characterized by(r)~—(1/r)P, wherer is the  mary of the current experimental situation.
separation distance, the critical exponents begin to depart The presence of minute amounts of impurities can also
from Ising values folp<4.97, where the critical exponents complicate the situation. Preliminary resyl®9] for the sys-
v, v, and » becomep dependenfl2]. Below p=4.5, yas- tem triethyln-hexylammonium triethyh-hexylboride
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(No2odBo229 in the solvent diphenyl ethgr(CgHs),0] sug- In these systems there is a prevalence of neutral ion pairs
gest that under certain conditions the gross behavior of & solution[29], each with a large effective dipole moment.
system can be changed from mean field to ISimgperhaps An appropriate analog for an ionic mixture composed of neu-
vice versa by the presence of impurities, although no sys-tral ion pairs would therefore appear to be a dipolar fluid. We
tematic investigation of this effect has yet been attempted. Ifiave therefore compared our experimental results of the criti-
nonionic critical fluids it is well known and has been well cal interfacial behavior of our Ising ionic mixture with the
documented21] that the presence of minute impurities can theoretical results of Frodl and Dietridi30], who predict
change the critical temperature and under certain conditiongdditional orientational order at the critical interface of dipo-
renormalize the critical exponenf@1]. This latter effect, lar fluids.
called Fisher renormalizatidr22], does not appear to be the ~ This paper is set up as follows. Details concerning the
explanation of the impurity effect observed in this critical Sample preparation of our mixture are provided in Sec. II. In
ionic system{20]. Mysterious impurity effects in a nonionic Sec. Il we review the experimental results obtained thus far
critical mixture, which cannot be explained by Fisher renor-for the bulk properties of the system NBD. In Sec. IV we
malization, have been noted by other investigaf@8]. For ~ describe the contributions to the ellipticigy for both a lo-
a variety of theoretical reasons it is believed that all systemsally isotropic interface and a locally anisotropic interface,
should ultimately exhibit Ising behavior sufficiently close to while in Sec. V the experimental data for the critical inter-
T. [24,25; however, it is not understood why some systemsface of NBD are presented. The Frodl-Dietrich model of the
exhibit mean-field behavior even exceptionally closd to orientational order that occurs at the critical dipolar fluid
As far as we are aware, the interfacial behavior of criticalinterface is described in Sec. VI together with both a simpler
ionic systems has never been studied previously either ex@nalytic model that incorporates all of the essential features
perimentally or theoretically. In this paper we study the be-of the Frodl-Dietrich calculation and an example of the mod-
havior of the critical liquid-liquid interface of a critical mix- €l's results for the ellipticity. Finally, we discuss the experi-
ture of Noo,dB2206 i the solvent diphenyl ethehenceforth  mental results in light of our model calculations in Sec. VILI.
denoted NBD using the surface-sensitive technique of
Brewster angle ellipsometry. This technique measures the
ellipticity p= Im(rp/rs)|aB, wherer , andr are the reflection II. SAMPLE PREPARATION
amplitudes in theg ands polarization directions andg is
the Brewster angle. The variation of the ellipticity with the

reduced temperatura)( provides information about the in- of NBD,' mcludln.g our sample, in order to measure various
terfacial structure. properties of this system. Moo Was synthesized by

Previously it had been found that the system NBD is a>rém Chem with a reported purity of better than 98%. No
Coulombic mixture that exhibits mean-field behavior. TheUnreacted components were present; the major remaining im-
mean-field behavior has been documented from measururity was hexane used for washing the salt. A better-than-
ments of the coexistence curve by Singh and Pii3efl and  average 99 % batch of diphenyl! ether was purchased from
turbidity by Zhanget al.[6]. More recent turbidity measure- Aldrich. Chemical Company and degassed by a repeated
ments by Wiegandt al. [20] on a different sample of NBD freeze-pump-thaw cycle before use;NB,,s decomposes
appear to show Ising behavior. Our sample was prepared bip the presence of air; therefore, all samples were prepared in
Wiegand and Briggs and also exhibits Ising-like bulk behav-a dry box flushed with 99.9995% dry argon gas to prevent
ior (determined via turbidity measuremenis agreement contamination of the salt. The critical concentration was de-
with [20]. We review the bulk measurements taken on thetermined to be<;=4.9+0.1 mole % of salt. For this compo-
sample NBD in more detail in Sec. Ill. Regardless of thissition the two coexisting phases had equal volumes 5 mK
controversy concerning the bulk behavior of NBD, ourbelow the phase separation temperature.
sample definitely exhibits Ising behavior in the bulk. We The sample cell for examining the critical liquid-liquid
therefore expect Ising behavior at the critical liquid-liquid interface was made from a well-annealed Pyrex cylinder with
interface. approximate length and diameter of 7.5 and 2.5 cm, respec-

For non-ionic critical fluids or fluid mixturegwhich ex- tively. The interior of the cell was cleaned with a glass etch-
hibit Ising behavior in the bulkit has been well documented ing solution for 60 S5 vol % HF, 35 vol % HNQ, and 60
on pure fluidg26], binary mixtureg27], and polymer solu- vol % H,O [31]), rinsed well in distilled deionized water,
tions[28] using the technique of ellipsometry that-t*~*at  and dried at a high temperature before it was filled with the
the critical interfacep divergesas one approachds . This  critical solution. After repeated freeze-pump-thaw cycles the
divergence isndependendf the specific form assumed for cell was backfilled with high-purity dry argon gas before
the interfacial profile and just originates from the thermaltipping off. The backfilling with argon gas, to slightly less
behavior of the two bulk coexisting phases= ,t?) and  than 1 atm, minimized any strain birefringence due to pres-
the bulk correlation lengthgd=&pt™ 7). sure differentials across the glass. At no time did the solution

Surprisingly we find that for our critical ionic Ising mix- come into contact with air or water vapor. When used in the
ture p exhibits a minimum at a reduced temperaturet of ellipsometer the sample cell had its long axis horizontal; the
~0.002. The only explanation that seems capable of explaireritical liquid-liquid interface is situated in the middle of the
ing this unusual temperature dependence fthe presence sample cell in this geometry. The critical temperature was
of additional orientational order at the critical interface, initially 36.345 °C, but drifted down by 0.335 °C over a pe-
which is absent in the adjacent bulk liquid phases. riod of 6 months.

Wiegandet al. [20] prepared a large number of samples



Ill. BULK CRITICAL IONIC PROPERTIES OF NBD

The bulk critical properties of critical ionic systems have
been extensively reviewed elsewh¢e,19,32,33 In this

section we summarize the bulk properties of NBD, which is

the system of interest in this paper.

The coexistence curve of a binary liquid mixture can be

described in simple scaling by an equation of the form
()

where s is the order parametet, is a honuniversal ampli-
tude,v is a compositior(e.g., volume fractiop andv. is the

=v—vc|=iot?,

critical composition. In practice, however, it is often neces-
sary to account for various corrections to simple scaling.

This is often done in a Wegner expansion
Y=ot (L+ Yytd + gt + ), (2)

whereA is usually set to 0.5 and terms beyou¢ are rarely
needed.
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FIG. 1. Turbidity measurements on NBD. Open squares repre-

Singh and Pitzer measured the coexistence curve for NBBent mean-field measurements from Zhaeteal. [6], open dia-
[3]. Their measurements, which approached to within apmonds are the Ising measurements from Wiegenell. [20], and
proximately one degree of the critical temperature, were welflosed circles depict measurements from our sample, demonstrating

described by a coexistence curve with a mean fi&id0.5.

A later set of measurement4] approached closer {6, and

an exponent 0f3=0.476 was reported in the case of simple
scaling. When the data were fitted to Eg) with B fixed at
either its Ising(8=0.326 was usedor classical value, both

values of 8 were found to be consistent with the measure-

ments, though with an anomalously large valuejgffor the

that our system exhibits Ising exponents in the bulk.

Turbidity measurements by Wiegaret al. [20] were
made on different critical samples of, NB,,,¢in diphenyl
ether. The resulting data exhibited Ising-like behavior with
v~0.62; however, a full analysis is still in progress. This
Ising-like behavior is quite at odds with the classical result

Ising case. The mean-field behavior for the system NBD ha?eported earlier by Zhangt al. [6]. Wiegand et al. [20]

been confirmed by Zhanet al. [6] from turbidity measure-
ments where a value of=1.01 was obtained; the effects of
correction terms to simple scaling were not considered.

It was expected that our sample of NBD would show

mean-field behavior in the bulk, as was previously found fo
this system. However, turbidity measurements by Wiegan
et al. [20] on other samples prepared under identical condi
tions have supported Ising exponents f@ndy. For a beam
with incident intensityl, and transmitted intensity, the
turbidity 7is given by

1
r=—4In(1/l,), 3)

r.

¢

therefore carefully re-examined the original turbidity data of
Zhanget al. and reconfirmed that these data indeed exhibited
mean-field behavior; however, they noted that unpublished
results of Zhang on a small 1-cm-long célvhich was not
eal for measuring turbidity accurately because of its short
ngth exhibited large drifts in the turbidity in the first 2
months after loading where the turbidity increased by a fac-
tor of ~3 over this period of time. The original Zharg al.
turbidity measurement§6] were collected in the first 3
weeks after loading; unfortunately this sample could not be
re-examined due to its premature breakage and therefore it is
not known whether or not this cell exhibited similar time-
dependent drifts.

whered is the sample path length. Turbidity measurements Our cell was prepared by Wiegaed al. and therefore we

allow experimental access to the critical exponentnd y
because for the critical part of the turbidity,
T~f(a)t™7,

(4)

wherea= (2w&/\)?~1t~2" and the Ornstein-Zernike correc-
tion factorf(«) is given by

f(a)=(2a?+2a+1)a 3 In(1+2a)—2(1+a)a 2.
(5

In the analysisy= /2 is assumed. This relationship is exact

expected it to exhibit Ising behavior. In Fig. 1 we compare
turbidity measurements on our sample cell with the measure-
ments of Wieganet al.[20] and Zhanget al.[6]. We indeed
find very good agreement with the measurements of Wie-
gandet al. We do not understand why these samples have
shown such markedly different bulk behavior compared to
that found by previous studies.

It is not known what role impurities play in this contro-
versy, namely, whether a minute amount of some impurity
could convert a mean-field mixture to an Ising mixture or
vice versa. For the system NBD Singh and PitZ&f have

for mean-field critical exponents and approximately correchoted that 1.2 wt. % of water increas&d by 40 °C, while

for Ising critical exponents. Additionally, there is a noncriti-
cal background contribution to the turbidity,e, Which can
be significant.

1% of methylene chloride decreasg&gdby 20 °C. No appre-
ciable change in the shape of the coexistence curve was no-
ticed.
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IV. SURFACE CONTRIBUTIONS TO THE ELLIPTICITY where An=n,—n,, is the refractive index difference be-

The interface between the two liquid phases of a phasetyveen the two bulk phases. In this equation

separated binary liquid mixture has a thickness that diverges
as the correlation length. For an Ising system the intrinsic
order parameter profilé(z) varies between the bulk values

of the upper and lower phases according to the well-known
Fisk-Widom profile[34] R=0.128,a,=0.748, andg(x) is the inverse Fourier trans-
form of the derivative off (Y) [Eq. (7)], given by

3 * dK 2 2
g | e |eUAN1+ (287, (12

— o0

W(2)=v(2)~ve=73(vp—va)f(2/26), (6)
= df(Y) .
where e(k)= fﬁ dY —y— exA(—ikY). 13
f(Y)=tanH'Y) /#h’-' (7) Equations(11) and(12) are expected to be valid at the criti-
3—tanfr(Y) cal interface wherd s ~t?—0 ast— 0, but these equations

may not be very accurate at a noncritical liquid-vapor inter-

Up (a) IS the bulk concentration of salt in the lowasppe) face where\e is lar : :
) . . ge. Equation§8) and(12) are valid only
phase described by E¢l), andz is the distance measured for locally isotropic interfaces where,(2)=¢, (2)=¢(2)

perpendicular to the interface from the plane defined by . L k .

- : . A ande|(z),e, (z) are, respectively, the variations in the opti-
v(2)=v.. We have chosen theaxis so thar is negative in | dielectri lel and dicul he i
the upper salt-ricla phase and positive in the lower salt-poor cal dielectric constants paraliel and perpendicular to the in-

i erface. For locally anisotropic surface layers whejéz)
b phase. For horizontal length scales greater than the bul — ; ;
- ; . €,(2), pin and 7r, given in Egs.(8) and (12), must be
correlation length the interface is roughened by the presence - oq by 36,47
of thermally generated capillary wavg35s]. P '
Phase-modulated ellipsome{i36] is a particularly effec- JorFen

tive and convenient method for probing surface structure and - - _7 V&a™ b
has been used for many years to probe the interfacial struc-
ture in a large variety of systeni87]. For the intrinsic pro-
file, in the absence of any surface fluctuations, the coefficierand[43]
of ellipticity p= Im(rp/rs)|,,B measured at the Brewster angle,

€3€p
f g(2)+ m—(sa-F ep)dz (14

pint_)\ sa_sb

where Rei,/r)=0, is expressed to first order in interfacial _ fw d_" 2 2
thickness I[JJy the Drude equati§8s] "R™327R ) _., 27 (1" +2le. (0)]]
_ meatey [ [e(2)—e lle(2)—&p] XIn[1+(2aq/x)?]. (15
P | dz, (®
N ea—&p e(2)

The functionsp(x) and¢, («) are the analogs af(x) [Eq.

which holds for thin profilescompared to the optical wave- (13] parallel and perpendicular to the interface.
length\ =633 nm and isotropic media, where, ande,, are

the optical dielectric constants of the two bulk phases. Here V. EXPERIMENTAL RESULTS

£(2) is the dielectric profile through the interface, which can
be calculated from Eq6) using the Clausius-Mossaotti rela-
tion applied to mixture$39]

For nonionic critical binary liquid mixturegwhich are
known to exhibit Ising behavior in the bullone can readily
show[26—-28,4] that Egs.(8) and(11) for the critical inter-

F(e(2)=v(2)F(e) +[1-0(2)]F(s), (9@  facereduceto
whereuv(z) is taken as the volume fraction and P=Pint+ pen~tF " (16)
o x—1 This result holds for any locally isotropic dielectric profile
F(x)= X+2' (9b) e(2)=¢e.+AeX(2/€), independently of the precise form of

the universal surface scaling functiof(z/¢). Schmidt and
assuming that there is no volume change on mixing. Marvirco-workers have made the most detailed experimental study
and Toigo[40] have shown that in the Drude region the of the critical interface for ordinary binary liquid mixtures
intrinsic and capillary wave contributions foare additive ~ and found excellent agreement with the expe¢ted diver-
- gence for binary liquid mixture$27], polymer solutions
P=Pintt Pew- (100 [28], and pure fluidg26]. In fact, quantitative agreement is
found between all the experimental systems and the theoret-

Kuzmin and Romano{41] determined an expression, ac- ical results given in Eqg6)—(13) with no adjustable param-
curate to first order ide=¢,—ey, for the capillary wave eters[41].

component for docally isotropicinterface In order to test the accuracy of our experimental setup, a
few ellipsometric measurements were taken on the liquid-
— _ 57 liquid interface of a critical sample of carbon disulfide and
Pow=V2 A £ANTR, (1) methanol. In Fig. 2 the results of these measurem@msn
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does not scale with®~” far from T, implies that the inter-
face isnot locally isotropic. The equations that describe a
locally anisotropic interfacgEgs. (14) and (15)] do not au-
tomatically lead to the prediction that-t#~”, except in the
isotropic limit. In the next section we consider a model that
qualitatively explains the observed behavior for

+O4

103p VI. SURFACE ORIENTATIONAL ORDER
The existence of an anisotropic interface can be readily
explained for an ionic system. It is known that many of the
ions in solution pair up to form neutral dipol¢&9]; this
pairing is an essential ingredient in the modified Debye-
Huckel-Bjerrrum theory of Fisher and Levj@4], which cal-
culated the critical temperature and critical concentration for
0.0001 0.001 0.01 0.1 the restricted primitive model. Furthermore, calculations by
t Frodl and Dietrich(FD) [30] provide strong evidence for
orientational ordering of dipolar molecules near the critical
. . . _ interface of a phase-separated dipolar fluid. Our model cal-
_ FIG. 2. Schmidt's ellipsometric measure_ments. on the criticalcylations suggest that for strong dip0|e5 with moderate|y an-
interface of C$+CH,;OH [27] are shown as filled diamonds. The jsotropic refractive index ellipsoids, this orientational order-
open squares are our measurements fof4d34;,0H, in excellent  jhq alters significantly the temperature dependence. of
agreement with those of Schmidt. Our measurements on the system 5. dipole in the solution has a refractive index tensor
; ; -3
NBl_lj ?re shown as openlmrcle;vowgh error barsi(;pix 107° ;f‘f that can be represented by an ellipsoid with semimajor axes
solid lines possess a slope e10.3 corresponding tp~t ni, n,, andng, where we choose the; axis to point in the
~t~"*, which is valid for locally isotropic surfaces wheeg(z) . . .
-~ same direction as the dipole moment amg=n; because
=z,(2). . ;
N,2»B2206 IS @ prolate spheroid. Then the paralleﬁI and
squaresare compared with Schmidt's datsolid diamonds ~ Perpendicular £;) components of a dipole’s dielectric con-

for the same systefi27], and agreement with Schmidt’s data stant are given as a function of the dipole’s orientation
is noted. relative to thez axis of the sample by

For the critical ionic mixture NBD the sample was heated

well above the critical temperature into the one-phase region £9(0)= €182 1n
before each measurement and shaken well to ensure that the L £,C08 0+ &SirF o’

sample was homogeneous before quenching the sample into

the two-phase region. This procedure precluded the system § \/ 1

from remaining in a metastable two-phase state, which might g (0)=¢, 210201 2,570 (18

happen if a temperature quench were made from one two-

phase state to another two-phase state. After phase separatio 5 . . .

had occurred, the Brewster angle was found ameas moni- wﬂereaJ-:nj, J=1,2. Throughout the remainder of this pa-

tored continuously until it stabilized. The sample temperalPe @ Superscripd refers to a property of thedd|pole. For

ture was monitored at both ends of the sample cell. We werE2ndomly oriented dipoles, mtegdratg]@(a) ande  (6) over

careful to keep the temperature gradient across the sampfbyields the expected resulf'=¢{ =27,

cell to less than 2 mK/cm. The temperature of the sample However, orientational ordering of the dipoles introduces

was taken as the average of the two end-point temperaturésweighting factor that cause§ ande¢ to be different. FD

and was stable within-2 mK. Data taken on the sample of [30] composed a model of the liquid-vapor interface for a

NBD were very unstable, with the value of fluctuating  Stockmayer fluid of dipole momemh in which the number

dramatically at times. Singh and Pitzgt] had previously —densityn of particles with an orientatiod relative to thez

noted that it takes this system a very long time to phas@xis is given by

separate, perhaps because of the very small differences in R

density between the two phases and the high viscosity. When n(z,6)=n(z)a(z,0) (19

p had stabilized into the neighborhood of a particular value

for more than 24 h, we took that value as the actual valu&vheren is the total number density and determines the

with suitably large error bars of 1x 107 3. angular distribution. The dependenceabn 6 is expressed
The data collected as a function of reduced temperatur® terms of Legendre polynomials

for NBD are shown in Fig. Zopen circles The ellipticity p

for NBD obviously does not exhibit #~* temperature de- (2.6)= 1+ 3codh-1

pendence. In fact, a decreasepins found for decreasing Ao 2 2

far from T (t>0.002), rather than a divergence as observed

in all other Ising mixtures studied to date. This decreasd’referential orientation is then expressed solely by the pa-

crosses over to a divergence for smalleft<0.002) with  rametera,(z).

approximatet?~” behavior in this region. The fact that From their simulation data, FD obtained the result that

ay)(z)+--- . (20
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3 two models is quite remarkable. Our ansatz for the Fisk-
Widom profile is also showigsolid line); we have assumed
thatD remains unchanged for this profile. We note that cal-
culations by different group!6], using differing theoretical
methods at the liquid-vapor interfafar from T.), produced
forms for a,(2) that qualitatively agree with the features in
[30], but differ quantitatively in the precise shapeaf. We
therefore believe that the ansatz in E82) is a sufficiently
accurate representation of the essential features of the theo-
retical models. The presence of orientational order at the
liquid-vapor surface far from any critical points has also
been well documented experimentally in many different sys-

10* o,

§ tems[47].
% g From Egs.(17), (18), (20), and(22) the angle-averaged
£ t=0.01 variation of the dipole’s dielectric constant paralﬂeﬁ(z)]
3 . . and perpendiculdre? (2)] to the interface can be calculated
5 25 0 2.5 5 from
‘ x=z/§

s?(z)zfﬂs?(a)a(z,ﬁ)sinad0, =l (23
0

FIG. 3. Comparison of our model fak, [Eq. (22)] with the

numerical calculations of Frodl and Dietri¢B0]. The mean-field The parallel[,(z)] and perpendiculafe, (z)] dielectric
result for our model is shown as a dotted line, while the result forconstant through the interface for the ssdtlution can be
the Fisk-Widom profile is shown as a solid line. Open circles rep-cg|culated from a Clausius-Mossotti relation

resent data from Fig. 9 in Ref30].

F(ei(2)=v(2)F(e(2)+[1-v(2)]F(es), j=I.L,

ay(2)~m*4PT2rY(z/¢), (219 (24)

where where s?(z) is obtained from Eq(23), e5 (~2.5) is the
solvent optical dielectric constani(z) is the local volume

L, M 21 fraction of dipoles obtained from Eg) if the volume frac-

m™ = \/gzu_o (21D tion difference is taken as the order parameter, Bfx) is

given in Eqg.(9b). In Eq. (6) v,—v, is determined from the
is the reduced dipole moment; is an average hard-sphere bulk coexistence curviEqg. (1)] where for NBD the critical
diameter for the dipoley, is the Lennard-Jones interaction volume fraction of N,,dB22.6 is taken to bev=0.135[3],
well depth, and the functiol(z/¢) scales with the correla- while ¢, (~0.261) was estimated from the coexistence
tion length. The numerical techniques used by FD to genercurve measurements i®] assuming an Ising exponent of
ate the functional form ofr,(z) were impractical for our B=0.328. The correlation length amplitude in the two-phase
use, so following a suggestion of SlucKi5], which is cor-  region, &,_, has been assumed to be 8. 2.
rect in the limitm— 0, we have assumed the following an-  The solution dielectric profiles(z) ande, (z) [Eq. (24)]

satz in all our calculations: are used to determing,,, and 7 for an anisotropic surface
layer [Egs. (14) and (15)] from which the total ellipticityp

Dgé,m*“ d?y(z2) can be calculated from Eqg&L0) and(11) [48]. The values of

ay(z,t)~ o d2 (22) €, ande, used in Eqs(17) and(18) are not known for the

dipoles formed in solution; however, the average value
where (z) is the Fisk-Widom order parameter profile
through the critical interfacgEq. (6)]. This form for a, re- —_1 (7 d .
cover% all of the essential fegtures determine@Sm].zThe € _Ejo 2.(0)sing dg~1.9 (25)
width of our ansatz fow, scales with¢, it has qualitatively
the correct shape as a function of the distand¢lBrough the can be determined from the critical value of the refractive
interface, and it recovers the expectéd?” temperature de- index [4] using the Clausius-Mossotti relationship. We have
pendence. The paramet& is a dimensionless constant therefore considered the behavior @fas a function ofe,
whose value was chosen to obtain the correct absolute magthere the appropriate value ef, is calculated from Eg.
nitude for a, at the peak value. Fan*=1.5 at a reduced (25).
temperature ot=0.01, FD[30] obtained a peak value of The reduced dipole momem* [Eq. (21b)] is not well
a,(max)=2.34x 10" 4; for agreement at the peak we require known for Nyy,dB2226 dissolved in diphenyl ether principally
thatD =0.2402. FD’s calculations assume the mean-field rebecause the separation distaicketween the ions that en-
sult for the profile through the interfacé(z) ~tanh@2¢). ters the dipole momemh=qgL is not well known. The mini-
In Fig. 3, form*=1.5 andt=0.01, we compare our ansatz mum reasonable separation is set by the ionic radius of the
for the mean-field profilgdotted ling with the calculated nitrogen and boron ions N and B %, which can be esti-
profile of FD (open circles[30]. The agreement between the mated from[49] to give L ,,~1.75 A, while the maximum
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FIG. 4. Calculations of the variation in the ellipticity for an  FIG. 5. Calculated values ofx for an anisotropic critical inter-
anisotropic critical interface. For a reduced dipole momentnsf face, from which the capillary wave contribution to the ellipticity
=6.39, open squares are the resultsdor 1.5<&,=2.148, while ~ €an be determined. For a reduced dipole momemhdf-6.39, we

open diamonds are the results fof=2.3>¢,=1.732. The solid depict the results foe,=1.5<¢,=2.148 (open squargsand for
line depicts the isotropic result. €1=2.3>¢,=1.732(open diamonds The isotropic case results in

a constant valueyg=0.655.

separation will certainly be less than the effective diametebontributions, which are hidden in Fig. 4, we present the
of the ion in solutionL ,,,,<7 A [32]. From these upper and regults of [Eq. (15)] in Fig. 5, where the symbols are for
lower bounds folL we find that 8.4 BXm< 34 D and there- the same values oh*, €1, ands2 asin F|g 4. A2—0, we
fore 5000 D<m*<10° D" The depth of the interaction regain the expected result thaf, is a constant. However,
well up between two neutral dipoles can be estimated bykuzmin and Romano\41] obtain the valueyr=0.77,
comparing the attractive potential of F[30], 4ug(a/r)®,  whereas our calculations result in a somewhat lower value of
with the corresponding expression for the total van dery,,=0.655 for the isotropic limit. The explanation for this
Waals interaction that decays proportionally t0® [50].  discrepancy is the different choices of order parameter made
There is a large variation in the value** can assume. We in the two calculations. Kuzmin and Romanov assume that
have therefore treated it as an adjustable parameter in ogie local dielectric constant difference(z)—¢. varies
calculation in order to see how its variation influenges through the interface as the Fisk-Widom profile. Our calcu-
A representative sample of the numerical calculations igations assume that the local volume fraction difference
shown in Fig. 4 for a fixed value oh* =6.39. The solid line  (z)—v,. follows the Fisk-Widom profile. Essentially,
represents the result in the absence of any surface anisotropy;zmin and Romanov choos&(z) — &, as the local order
(a2=0) wherep=piy+ pey [EQs.(10), (1), (14), and(15)]  parameter, while the anisotropic naturesgg) in our calcu-

diverges proportionally t6”~”. The symbols are for an an- |ations renders that choice impossible for our [58.
isotropic surface where the open squares aresfor 1.5

<e,=2.148, while the open diamonds are fof=2.3>¢,
=1.732. We note first thas approaches the isotropic result
ast—0, as is expected because in this limif—0. Fore, In this paper we have examined the critical liquid-liquid
>¢,, p decreases below the isotropic case and can beconieterface of the organic salt dbdB,.,6in the solvent diphe-
negative for sufficiently large.  For this type of interface  nyl ether(NBD) using the experimental technique of Brew-
is a monotonically increasing function with decreasingor  ster angle ellipsometry, which measures the elliptigityf
g1<e,, p increases above the isotropic case and can exhibthe interface. Our critical mixture exhibited Ising exponents
a minimum inp at a particular reduced temperature. Increasin the bulk and therefore we expected to observe Ising be-
ing the difference between; and e,, i.e., making the di- havior at the interface wherp diverges proportionally to
electric ellipsoid more anisotropic, caugeso diverge more  t#~” with decreasing. Surprisingly, we found that the el-
sharply away from the isotropic case as might be expectedipticity initially decreased with decreasirigand then began
Also increasing the magnitude of* similarly causesp to  to diverge fort below ~2x10"3; p apparently exhibits a
diverge more sharply away from the isotropic case becaussinimum at around~2x 10 3.
the larger reduced dipole moment causes stronger alignment It is rather well known that in these critical ionic salt
of the dipoles at the interface. solutions ions readily form neutral ion pairs with large effec-
The divergence op from the isotropic case is dominated tive dipole moments. We have therefore modeled this system
by the behavior of the intrinsic profile contributiofEg. as a critical dipolar fluid; for such a fluid Frodl and Dietrich
(14)]. In order to highlight the variation of the capillary wave [30] predict that the critical interface will exhibit additional

VIl. CONCLUSION
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orientational order that will be absent in the bulk. We have For critical ionic mixtures, one should not expect precise
used an appropriate analytic modg&lq. (22)] that incorpo-  quantitative agreement between the model of Frodl and Di-
rates all the essential features of the Frodl-Dietrich calculaetrich[30] and experimental results. This is because the pro-
tions to estimate the effect of orientational order on the elportion of free ions to neutral ion pairs in solution may
lipticity of a critical interface. Qualitative agreement betweenchange as a function of reduced temperature. Also no ac-
this model and experiment would be obtained providged count has been taken of larger neutral and singly charged
<&,; both the model and the experiment exhibit a minimumclusters that are expected to be pregedi. (In our calcula-

in p at similar reduced temperatures and exhibit-&~*  tion we have assumed that all ions occur as neutral ion
divergence at still smaller reduced temperatures. The mod#@irs) The model used by Frodl and Dietrich also deviates
calculations for this systertfig. 4) are a factor of~3 larger ~Somewhat from realityalthough we expect it to capture
than the experimental measureme(fay. 2). This discrep- Many of the essential physical featuré®cause the model
ancy could be caused by the values we have assumed fggsumes spherically shaped molecules of diametethat
either the amplitude of the coexistence cugigor the am-  Possess a large dipole moment Real molecules with large
plitude of the correlation length,_ [52]. dipole moments usually are very asymmetric in shape.

Itis difficult to obtain even qualitative estimatessf and A further limitation of this study is that we have assumed
&, required in the calculation. Although the dielectric anisot-that the two bulk phases only differ in the concentration of
ropy can be calculated for very simple molecul&§], the ~NB moIecuI.es present, as described by the coexistence curve
calculation becomes progressively more difficult for largerlEd- (1)]. It is not known whether or not the molecular con-
molecules[54]. The calculation of the dielectric anisotropy figuration of the NB molecules is identical in the two phases.
appears to be particularly difficult for this case because the We are currently using the theoretical model developed in
polarizability of ions can only be calculated for simple ions this paper to calculate the magnitude of the surface anisot-
[55], and this polarizability is undoubtedly influenced by the ropy effect onp in normal dipolar systems whees,, &,,
interionic separatior., which is an unknown quantity for andm are known. Schmidt and co-workef86—28 never
this system. An experimental measurement pfands, for ~ observed any anisotropy effects in their studies of nonionic
neutral ionic dipoles also appears to be difficult. Typicallycritical fluids; however, the systems that they studied typi-
for nondissociated molecules, , &,, ande; are determined cally had small dipole momentsm(<2 D) and an insuffi-
from the average refractive index, a Kerr constant measuresiently large anisotropy in the refractive index ellipsoid to
ment, and a depolarized light scattering measurement whefgoduce noticeable effects gn
the latter two measurements are conducted either in the gas- An additional limitation of FD’s model is that it is strictly
eous phase or in a nonpolar solvent in the limit of infinitevalid only for small m*. For large m* other density-
dilution for the polar solute of intere$66,57. A Kerr con- functional methods are availalf89]. Kuzmin and Romanov
stant measureme7], which requires high electric fields, [43] have qualitatively considered this regime of large;
is problematic for ionic solutions because of the presence dheir results suggest thatcan be considered to be the sum
ions, while a depolarized light scattering measurement caff two terms
only determine £, —¢,)? [56] and the sign of;— ¢, is not
accessible. Also in the limit of infinite dilution, neutral ionic — 9, —TE9
dipoles become less common, while free ions in solution p=p~tp (26)
become more prevaleh29].

Most molecules have:;>&, [53], namely, the optical where the universal Ising-like termU®~t#~" dominates
dielectric constant is larger along the dipole axis compared t@lose toT., while the nonuniversal electrostatic tepf>
perpendicular to the dipole axis. It is therefore a little un-~t# dominates far fronil,. The electrostatic term is non-
usual that we require that,>e, in order that we obtain universal because the particular form it assumes is dependent
qualitative agreement with our experimental results. A posupon the form of the interaction. Such a competition between
sible explanation for this requirement is that the electron lonéwo terms, with varying reduced temperature dependences,
pairs on the oxygen of the diphenyl ether interact with thecan also qualitatively explain the experimental da4a).
dissociated ions of N,d,2,6 Causing orientational align- Further theoretical work is required to unify these theoretical

ment of the diphenyl ether molecules in the immediate vicintesults at small and largm* before a complete theoretical
ity of the ions and it is the neutral ion pairs plus the sur-picture can emerge.

rounding solvation shell of diphenyl ether molecules that are
aligning at the interface. A method for testing such a hypoth-
esis would be examining the critical liquid-liquid interface of
N22odB2206 IN @ nonpolar solvent; for such a system one We wish to thank Dr. Benjamin Lee for fruitful discus-
would expect thak,>¢, and therefore the curve should sions on the bulk properties of critical ionic systems, Dr.
follow the trend indicated by the open diamonds in Fig. 4.Matthew Briggs for assistance with filling the sample cell,
Schreer [58] has suggested alternative explanationser  Dr. Johanna Levelt Sengers for extensive advice throughout
>g, for neutral ion pairs, such as those formed bythe course of this work, Ashis Mukhopadhyay for assistance
N22oB22061N solution, where the molecular orientation of the with the ellipsometric measurements, and Professor S. Di-
two hexyl chains relative to the effective dipole momentetrich for useful correspondence. This work was supported
maybe important. A molecularly based experimental studypy the National Science Foundation through Grant No.
would be required to distinguish between these various pod9MR-9500827. S.W. received a research grant from the Al-
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ACKNOWLEDGMENTS



56

[1] H. E. Stanley,Introduction to Phase Transitions and Critical
Phenomena(Oxford, New York, 197]; A. Kumar, H. R.
Krishnamurthy, and E. S. R. Gopal, Phys. Re@.57 (1983;

J. V. Sengers and J. M. H. Levelt Sengers, Annu. Rev. Phys.

Chem.37, 189(1986.

[2] K. S. Pitzer, M. C. P. de Lima, and D. R. Schreiber, J. Phys
Chem.89, 1854(1985.

[3] R. R. Singh and K. S. Pitzer, J. Am. Chem. S&&0, 8723
(1988.

[4] R. R. Singh and K. S. Pitzer, J. Chem. Ph92, 6775(1990.

[5] H. Weingatner, S. Wiegand, and W. Scleg J. Chem. Phys.
96, 848(1992.

[6] K. C. Zhang, M. E. Briggs, R. W. Gammon, and J. M. H.
Levelt Sengers, J. Chem. Phg¥, 8692(1992.

[7] M. L. Japas and J. M. H. Levelt Sengers, J. Phys. CH&n.
5361(1990.

[8] W. Schrer, S. Wiegand, and H. Weingaer, Ber. Bunsenges.
Phys. Chem97, 975(1993.

[9] S. Wiegand, M. Kleemeier, J.-M. Schroder, W. Sahrcand
H. Weingatner, Int. J. Thermophysl5, 1045(1994).

[10] Much of the earlier work on critical ionic systems is well re-
viewed in J. M. H. Levelt Sengers and J. A. Given, Mol. Phys.
80, 899 (1993.

[11] H. Weingatner, T. Merkel, U. Maurer, J. Conzen, H. Glas-
brenner, and S. Khammer, Ber. Bunsenges. Phys. Chef).
1579(199).

[12] G. Stell, Phys. Rev. B, 2265(1970; 8, 1271(1970; M. E.
Fisher, S. Ma, and B. G. Nickel, Phys. Rev. L&2®, 917
(1972; R. F. Kayser and H. J. Raveche, Phys. Re29A1013
(1984).

[13] P. Debye and E. Hikel, Phys. Z.24, 185 (1923; 24, 305
(1923.

[14] J. N. Israelachvilijntermolecular and Surface Forceand ed.
(Academic, London, 1992

[15] P. Chieux and M. J. Sienko, J. Chem. P§3.566(1970); F.
Leclercq, P. Damay, and P. Chieux, Z. Phys. Chévtunich)
156, 183(1988.

[16] T. Narayanan and K. S. Pitzer, J. Phys. Che8, 9170
(1999; T. Narayanan and K. S. Pitzer, Phys. Rev. L&8,
3002(1994.

[17] T. Narayanan and K. S. Pitzer, J. Chem. Phi82 8118
(1995.

[18] M. Kleemeier, S. Wiegand, T. Derr, V. Weiss, W. Sofircand
H. Weingatner, Ber. Bunsenges. Phys. Chetf0, 27 (1996.
[19] 3. M. H. Levelt Sengers, A. H. Harvey, and S. Wiegand, in
Equations of Stateedited by J. V. Sengers and H. J. White, Jr.

(Blackwell, Cambridge, 1996

[20] S. Wiegand, J. M. H. Levelt Sengers, K. J. Zhang, M. E.
Briggs, and R. W. Gammon, J. Chem. Phi86, 2777(1997.

[21] J. L. Tveekrem and D. T. Jacobs, Phys. Rev.2A 2773
(1983.

[22] M. E. Fisher and P. E. Scesney, Phys. Re2,/825(1970.

[23] M. Corti and V. Degiorgio, Phys. Rev. Let5, 2005(1985;

G. Dietler and D. S. Cannelibid. 60, 1852(1988.

[24] G. Stell, Phys. Rev. A5, 7628(1992; J. Stat. Phys78, 197
(1995.

[25] B. P. Lee and M. E. Fisher, Bull. Am. Phys. Sotl, 377
(1996.

[26] J. W. Schmidt and M. R. Moldover, J. Chem. Ph98, 582
(1993.

[27] J. W. Schmidt, Phys. Rev. 88, 567 (1988.

CRITICAL INTERFACE OF AN IONIC ISING MIXTURE

4449

[28] D. G. Miles, Jr. and J. W. Schmidt, J. Chem. Ph§2. 3881
(1990.

[29] N. Bjerrum, K. Dan. Vidensk. Selsk. Mat. Fys. Medd, 1

(1926; M. J. Gillan, Mol. Phys49, 421 (1983; K. S. Pitzer

and D. R. Schreibeiipid. 60, 1067(1987.

[30] P. Frodl and S. Dietrich, Phys. Rev. 45, 7330(1992; 48,

3741(1993.

[31] L. Holland, The Properties of Glass SurfacéGhapman and
Hall, London, 1964

[32] K. S. Pitzer, Acc. Chem. Re&3, 333(1990.

[33] M. E. Fisher, J. Stat. Phyg5, 1 (1994).

[34] S. Fisk and B. Widom, J. Chem. Phy&0, 3219(1969.

[35] F. P. Buff, R. A. Lovett, and F. H. Stillinger, Phys. Rev. Lett.
15, 621 (1965.

[36] D. Beaglehole, PhysicB & C (Amsterdam 100, 163 (1980.

[37] D. Beaglehole, irFluid Interfacial Phenomenaedited by C.
A. Croxton (Wiley, New York, 1986.

[38] P. K. L. Drude, The Theory of Optic§Dover, New York,
1959, p. 292.

[39] R. F. Kayser, Phys. Rev. B4, 3254(1986.

[40] A. M. Marvin and F. Toigo, Phys. Rev. 86, 2927(1982.

[41] V. L. Kuzmin and V. P. Romanov, Phys. Rev. 48, 2949
(1994.

[42] J. Lekner, Mol. Phys49, 1385(1983.

[43] V. L. Kuzmin and V. P. RomanoYprivate communication

[44] M. E. Fisher and Y. Levin, Phys. Rev. Leftl, 3826(1993;
M. E. Fisher, Y. Levin, and X. Li, J. Chem. Phys01, 2273
(1994.

[45] T. J. Sluckin, Mol. Phys47, 267 (1982; 43, 817 (198).

[46] E. Chacon, P. Tarazona, and G. Navascues, J. Chem. Phys.
4426(1983; J. Eggebrecht, K. E. Gubbins, and S. M. Thomp-
son, ibid. 86, 2286(1987); 86, 2299(1987.

[47] M. C. Goh, J. M. Hicks, K. Kemnitz, G. R. Pinto, K. Bhatta-
charyya, K. B. Eisenthal, and T. F. Heinz, J. Phys. Chegn.
5074(1988; S. G. Grubb, M. W. Kim, Th. Rasing, and Y. R.
Shen, Langmuid, 452(1988; R. Superfine, J. Y. Huang, and
Y. R. Shen, Phys. Rev. Let66, 1066(1991).

[48] In order to calculate Eq15) we require forms fodf,(Y)/dY
anddf, (Y)/dY in Eqg. (13). We assume thaisee Ref[41])
df;/dY=(4¢&/A€)dei(z)/dz, i=I,L, where Ae=g,—¢, IS
the difference in the optical dielectric constants of the two
phases.

[49] Handbook of Chemistry and Physj&s6th ed., edited by R. C.
Weast, M. J. Astle, and W. H. BeyéERC, Boca Raton, FL,
1989, p. F-164. The ionic radius of N is 0.25 A, while the
ionic radius of B! has been estimated to be
~1.5 A from the ionic radii of Ot and F'%, which are other
elements in period 2 of the Periodic Table.

[50] Reference[14], Eqg. (6.39, p. 101. This equation is strictly
valid only for r>¢; however, it is probably a reasonable ini-
tial estimate forug.

[51] It is not obvious from Eqs(12) and(13) for the capillary wave
contributions how the difference in order parameters enters the
calculation. In Ref[41], ¢(k) in Eq. (13) is given by the in-
verse Fourier transform of @Ae)de/dY. This quantity is
equal todf/dY whene(z) is the local order parameter.

[52] In Ref.[6], a value foré&,_ is determined that is a factor of 2
smaller than in Ref{20].

[53] K. G. Denbigh, Trans. Faraday So86, 936 (1940; J. O.
Hirschfelder, C. F. Curtiss, and R. B. Biriolecular Theory
of Gases and LiquidéWiley, New York, 1954, p. 947.



4450 CRAIG L. CAYLOR et al. 56

[54] G. M. Aval, R. L. Rowell, and J. J. Barrett, J. Chem. PHya. York, 1968.
3104(1972; T. Keyes and B. M. Ladanyi, Adv. Chem. Phys. [57] C. G. Le Fevre and R. J. W. Le Fevre, Rev. Pure Appl. Chem.
56, 411(1984. 5, 261(1955.
[55] G. D. Mahan and K. R. Subbaswantygcal Density Theory of [58] W. Schrer (private communication
Polarizability (Plenum, New York, 1990 Chap. 4. [59] G. Stell, G. N. Patey, and G. S. Hoye, Adv. Chem. Pg.
[56] I. L. Fabelinskii,Molecular Scattering of Ligh(Plenum, New 185(1980; V. L. Kuzmin, Phys. Repl123 365(1985.



