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Dipole orientational order at the critical interface
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We present experimental evidence that dipoles exhibit orientational order at the critical interface of mixtures
of polar plus nonpolar liquids using the technique of ellipsometry. In this technique the eIIipE(zitythe
critical interface for all nonpolar or weakly polar fluids or fluid mixtures diverges”as wheret=(T,
—T)/T, is the reduced temperature relative to the critical temperdaiu@nd 8=0.328p=0.632 are critical
exponents. For polar fluids, however, the dipole-image dipole interaction at the interface can cause long-range
orientational order resulting in deviations from this power-law divergence. Theoretical results predict that the
surface orientational order parameteg(z)fvm*A[dzv(z)/dzz], wherem* is the reduced dipole moment and
v(z) is the local composition at positionwithin the interface. We find quantitative agreement with these
predictions for two different critical binary liquid mixtures composed of a highly polar plus nonpolar compo-
nent.
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[. INTRODUCTION orientation dependent hydrogen bond, commonly known as
the hydrophobic interaction. This kind of interaction is short
There are two basic mechanisms which are responsibleanged and primarily involves water. In polymer solution,
for long-range orientational order of molecules in the bulkthe polymers in the vicinity of an interface exhibit orienta-
phase of a fluid. In the nematic liquid crystal phase the steriéional order where molecules are oblate on the polymer-rich

interaction between molecules which possess a highly anis ide and prolate on the polymer-poor side. Th's situation
. ; : ecomes much more complex for polymers which posses a

tropic shape, e.g., long rods or flat discs, induces Spoman?ﬁstinguishable “head” and “tail,” for example, polymers

ous orientational order where the long axis of the molecule§ith a net dipole moment. In this case both 'the entropic

align approximately parallel to each other. The occurrence ogffect due to the connectivity of the chains and the aniso-
these structures arises primarily from the geometry of theropic dipole-dipole interaction between two polymers must
molecules and is a manifestation of the short-ranged repube considered. This kind of orientational order is coupled to
sive force between the moleculgk]. These molecules are the derivative of the density7]. The density varies through
generally large and the dipolar ford¢discussed belowis  an interface within a correlation lenggh(of order a molecu-
relatively weak. Due to the technical importance of thesdar size and the orientation is confined to within a few
materials, the preferential alignment of such molecules hamonolayers of the interface. However, near a continuous
attracted considerable theoretical and experimental attentigphase transition where the width of theitical) interface¢

[2]. Theoretical calculations indicate that a second type ofliverges, the orientational order can be much more interest-
bulk orientational order can occur in polar fluids due to theing. In this case it is not sufficient to determine the average
presence of the long-range dipolar interaction even in th@rientation § of the molecule with respect to the surface
absence of any anisotropic steric interacti@h However, if normal (z direction within the interfacial layer, instead the
the polar molecules are small in size and contained in a meRositional dependence of the orientational order must be
dium of high static dielectric constant then the dipolar inter-taken into account. A simple system in which to study this
action is usually not strong enough, compared with the therSPatial variation of the orientational order is a critical mix-
mal energy, to lead to any strong mutual ordering of thelure of a polar and a nonpolar liquid near its phase-separation
molecules in the bulf4]. The molecules are then free to temperature. _ _ L
rotate and because the typical rotational time of a molecule is 1he preferential ordering of the dipoles at the critical in-
much shorter than the time between two collisions, eacf€rface of a polar and a nonpolar liquid mixture can be quali-
molecule experiences a potential due to others which is aktively explained in terms of the interaction between a real
average over all orientations. This angle-averaged effectivéiPole and its image dipole. If a real dipole, of dipole mo-
pair-potentialV(r) for dipolar molecules is temperature de- Mentmand orientatiory with respect to the surface normal,
pendent, isotropic, and has the samé power dependence 1S Placed in a medium of static dielectric constap{ at a

as a function of intermolecular distancas the well-known ~ distancez from the interface then an image dipole, of dipole
Lennard-Jones interactidb]. Thus the bulk behavior of po- Momentm(e,s— €ps)/(€ast €ns) and angle ¢— 6), appears

lar fluids usually does not differ much from that of nonpolar i the second medium of static dielectric constapat dis-

fluids. tance —z from the interfaceg8]. The interaction energ¥
In this paper we study the orientation of molecules that€tween the real and image dipole is given by
occurs near an interface. For example, at a lipid-water inter- 2
. . . m €ps— € 1+cos6
face the hydrocarbon chains prefer to align perpendicular to E=— — bs “as _ (1)
the interfacial plang6]. The origin of this interaction is the 16 ea(€ast€ps) 28
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This interaction energy is strong near the interface of a polar The plan for this paper is as follows. In Sec. Il we briefly
liquid because all polar solvents possess a high static diele¢eview the model which describes the spatial variation of the
tric constant €g.;>>15) [9]. At a fixed distancez, E is a orientational ordew,(z) in the_vic_inity_of the cri_tical int_er- _
minimum for 6=0 or 7 if €,s< €, and for 6= /2 or 3m/2 face of a polar plus nonpolar liquid mixture. This function is
if e,o>eps. Therefore the preferred orientation of the di- universal and predicted to vary proportional to the second

poles is perpendicular to the interface if the dipole is Iocatecf;g'evag\ilsogsthiﬁ g'gﬁé?;lvc;)lg;nsz;;a;ﬁogntizg?fogpﬁctgit'iQgelr('ji_
1(2 tpheeTriﬂ'#glgfifsrfhﬂlzﬂs(t)?é'cisd'ﬁ)liggg (;’r?n;tgnr;ZLFu?Lalé?Ielectric ellipsoid with principal dielectric constants
larger static dielectric constant. Equatith) illustrates two (€1,€2,€5). If these dipoles are orientationally ordered in the

. S . ) ' vicinity of an interface then this dielectric ellipsoid for the
additional pointsii) the orientational order vanishes as the . . . . ;
" . B dipoles gives rise to a locabptical anisotropywhere the
critical temperature is approached becasege- €,s~t"—0

as the reduced temperature (T,— T)/T.—0 andii) there dipole dielectric constants paralled|(z) ] and perpendicular

is no orientational order in the bullz{- = =) and therefore [ef(z)] to the interface are not equal. In Sec. Il the factors

polar liquids do not exhibit any liquid-crystal-like bulk an- that contribute to the ellipticitmeasured in ellipsometry
isotropy. for a locally anisotropic interface are described while the

An immediate consequence of the presence of surface orfXPerimental results for a number of polar plus nonpolar lig-

entational order is that the anisotropic interface influence&id Mixtures are presented and compared with theory in Sec.
both the interfacial tension and the polarizatian elliptic- V- This paper ends with a discussi¢8ec. ) where future
ity) of any light reflected from the surface. However, as men£XPeriments which could verify other aspects of the theory

tioned above, the modification of the surface properties du@'€ suggested. A number of ancillary results required in the

to the orientation of dipolar molecules is expected to be imn€ory or the analysis of the data are derived in the

portant only far from the critical temperature. Numerous ex-2PPendixes.

periments have revealed evidence for surface orientational

order of dipoles at the liquid-vapor interface far from any  Most microscopic model calculations for fluids are based
critical point [10] generation which determines the averageupon the assumption that the interaction potential between
orientation of the molecules within a few monolayers of themolecules are spherically symmetric and of the Lennard-
interface. Theory indicates, however, that the spatial variadones typgd15]. Such a description is only appropriate for
tion of the orientational order, denoteg(z), is importantin  isotropic fluids where a scalar order parameter, i.e., the den-
the vicinity of an interfac¢11]. There have been few experi- sity or the relative density difference is adequate. Molecules
mental studies which have attempted to quantitatively studyypically possess both a shape anisotropy and a permanent
these theoretical predictions. We presented evidence for thgipole moment. Polymers and dipolar molecules in solution
spatial variation of the “dipolar” orientational order at the are examples of spatially inhomogeneous systems where the
critical liquid-liquid interface for the ionic mixture triethyl- local order parameter must take into account the orientation
n-hexylammonium triethyh-hexylboride {NopB2209 N of the molecules. The quantity that describes the spatial
the solvent diphenyl ethdhenceforth denotetlBD) using  variation of orientational order is called the orientational or-
the surface sensitive technique of Brewster angle ellipsomder parameter. It is well known that for inhomogeneity in-
etry[12]. Our ellipsometric data for this system agreed quali-duced orientation, the orientational order parameter is
tatively with a model calculation based upon the theoreticatoupled to the derivative of the densit$6]. As a conse-
results of Frodl and Dietrich13] who demonstrated that quence near an interface, where there is a variation of den-
orientational order is present at the critical liquid-vapor in-sity, a nonzero value of the orientational order parameter can
terface of dipolar fluids. For the systetdBD the salt be expected. From rather general theoretical considerations if
(N22eB2209 dissociates in the solvent to form neutral ion the orientable object can sense the sign of the gradient so that
pairs with a large dipole moment, therefore, an appropriat@ne end of the object prefers to be in contact with a particular
analog for an ionic mixture composed of neutral ion pairs isphase compared with the other end then the orientational
a dipolar fluid. Unfortunately, in this type of system the order of the object at the interface will couple tiv/dz,
value of the dipole moment is difficult to determine becausevherev=uv(z) is the local volume fraction through the in-
the separation distance between the ions is not well knowterface. An example for this type of surface orientational
and hence the dipole momemtmust be treated as an adjust- order is surfactant molecules at a water interface. If, how-
able parameter. More recently we conducted a more definiever, the orientable object cannot distinguisfiom —z, as

tive test by investigating the orientational order at the criticaloccurs with polar moleculedecause the end group does not
interface of a polar plus nonpolar liquid mixturg4], where  prefer a particular phagethen the orientational order of the
the polar component possessed a known value for the dipolebject couples todv/dz)? andd?v/dZ? [16,17.

moment. For these systems a quantitative comparison be- This coupling between the orientational order and various
tween theory and experiment is possible with no adjustabléerivatives of the local volume fraction is evident at polymer
parameter. In this publication we shall analyze our ellipsodinterfaces where the orientational order parameter is de-
metric data for the critical interface of polar plus nonpolarscribed by the scalar quanti§=(cos6,—3) and 6, is the
liquid mixtures to capture the dependence of the orientaangle between theaxis and the orientation of theth mono-
tional order on temperature, dipole strength, and its variatiomer. For a polymer-solvent interface a mean-field theory pre-
as a function of depth into the interface. dicts the followingz dependence fo8[7]:

Il. INTERFACIAL MODEL
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strength of the anisotropic dipolar interaction compared with
, (2)  the isotropic Lennard-Jones interaction. This function pos-

sesses two extrema whose amplitude is proportionah’t4o

where the proportionality constant is system dependent. Th‘é(here
dominant term in Eq(2) is d?v/dZ? (see latey, therefore,S m* = 6)
is an odd function ok because (z) is an odd function of. \/a§u0
Equation(2) ultimately implies that bonds are preferentially is the reduced dipole momenty is the Lennard-Jones po-
oriented parallel to the interface in the polymer-rich phaseential well depth, and is the average hard-sphere diameter
and perpendicular to the interface in the polymer-poor phasfyr the dipole. Form* >1 orientational ordering of dipoles
[7]. Here the density gradient is the origin of this orienta-can significantly perturb the interfacial behavior of polar flu-
tional order, hence, the orientational order will be presenids. From their density functional calculation FD obtained
even in the absence of any anisotropic interaction amongshe following scaling form fora,(z,t) [13]:
the molecules.

A simple model which describes a polar fluid is the Stock- ay(z,1)~tPT2vY(z/¢), (7)
mayer model for spherical molecules of hard-sphere diam-
etero and dipole momentn. In this model there is both an whereé=¢,_t™" is the bulk correlation length in the two-
isotropic Lennard-Jones potential and an anisotropic dipolephase region. The numerical technique used by FD could not
dipole interaction between permanent dipoles. Density funcprovide an explicit analytic expression for the function
tional analysis has been used to determine density and orieN{z/&). Following a suggestion of Sluckifil9] it seems
tational order profiles at liquid-vapor, wall-liquid, and wall- probable that the functiol(z/¢) is proportional to the sec-
vapor interfaces of Stockmayer fluidgl8]. Frodl and ond derivative of the composition profile(z) through the
Dietrich (FD) have developed a density functional theory tocritical interface, hence, in our calculations we have assumed
investigate the orientational ordering of dipolar moleculesthat

d%v dv 2/[/dv)\?
42 Vdz 3ldz

m

near the critical interface of a phase-separated dipolar fluid. D fg m*? d2v
Unlike certain earlier theories their approach is reliable even ay(z,t)= q; — ~tht2y 8
for highly polar fluids. The details of the model and the o dZ

numerical results are explained in REE3]. In essence, for a . . . .

laterally isotropic interface the local volume fraction of polar Where Wo is the coexistence curve amplitude abdis a
moleculesu (z, 6) is a function ofz and angley between the dimensionless constant whose value is selected to provide
zaxis and the direction of the dipole momentof the mol- ~ Numerical agreement with the amplitudecof deduced from
ecule.v(z,6) can be factorized into a total number densitythe mean-field density functional calculations of Frodl and
v(2) integrated over all orientations and a dimensionless oriPi€trich[13]. In mean-field theory the local order parameter

entational order parameter(z, 6) which determines the an- through the critical interface is described [30]

gular distribution W(2,0) = 0(2) — vo=Wtf tanh(z/28), 9
v(z,0)=v(2)a(z,60)2, 3 ) i .
wherev . is the critical composition of the polar component.
wherea(z,6) has to satisfy the normalization conditon ~ We demonstrated earli¢d 2] that for m* =1.5 andt=0.01
m the valueD =0.2402 provided excellent agreement between
f a(z,0)sinodo=1. (4 Eq.(8), with v(z) given by Eq.(9), and the mean-field den-
sity functional calculations of Frodl and Dietrich. Equation
(8) therefore provides not only the appropriate positional de-
pendence but also the appropriate reduced temperature de-
pendence predicted by Frodl and Dietrich. The shape of
a(z,0)=>, a(z)P,(cosb), (5) a,(2) as a function ok is shown in Fig. 1(solid line) where
=0 m* =1.5 andt=0.01. The small magnitude for the orienta-
where ag(z)=1% and, in the absence of any external fields,tional order parametdia,(z)|ma—2>10" 4] compared with
a,(z)=0 for all odd values of indicating the absence of any the isotropic background representedday= 3 and the tem-
net polarization on either side of the interface. The spatiaperature dependence a%(z) [Eg. (8)] indicates that orien-
variation of the orientational order at the interface is theretational ordering effects will only be evident at the critical-
fore described primarily byr,(z) wherea, is an odd func- liquid—liquid interface at large reduced temperatures
tion of z It is negative in the dipole-rich phase and positive provided a highly surface-sensitive experimental technique is
in the dipole-poor phase corresponding to dipoles which areised even for molecules possessing a large dipole moment.
oriented parallel (perpendicular to the interface in the An alternative form which could provide a description of
dipole-rich (dipole-pooj phase. This description of the di- the orientational order parametey might be the functiors
poles near a critical interface is similar to the description ofgiven in Eqg.(2) as suggested by Widofi6]. S and «, are
polymers near an interface which are oblgtarallel to the compared in Fig. 1 wher8 (dashed linghas been rescaled
interface on the polymer-rich side and prolateormal to the  to provide the same absolute magnitude at the pgakda,
interface on the polymer-poor sidex, is a measure of the can barely be distinguished becaue/dZ? is the dominant

0

The angular dependence @fz, 6) can be expressed in terms
of Legendre’s polynomial®,(cosb),
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ST T T T angle-averaged dipole dielectric constants parilﬁ(z)]
and perpendicula[ref(z)] to the interface can be calculated
from

2.5 o
€y (2)= fo €1y (0) a(z,0)sin od 6. (12

For isotropic molecules or randomly oriented dipdlesere
a(z,0)=3%] Eq. (12) reduces toaﬁ(z) = ef(z) =¢e%(z), as ex-
pected. If, however, the dipoles are preferentially oriented at
the interface then in generaf(z) # € (z) and the interface
is locally anisotropic

At depth z within the interface the local volume fraction
v(z) of dipoles is also a function of position. Hence the
parallel [€/(2)] and perpendiculafe, (z)] dielectric con-
stants through the interface for a solution can be obtained
X=2 /&. from the two component Clausius-Mossotti relat{@i]

FIG. 1. Comparison of our ansatz for the orientational order F[EH(L)(Z)]:U(Z)F[Eﬁu)(z)]+[1_U(Z)]F(Es)' (13
parametei,, as given by Eq(8) (solid line), with the scaled Car-
ton and Leibler functiori7] [Eq. (2), dotted lind which describes whereF(x)=(x—1)/(x+2) andes is the optical dielectric
the orientational order for polymers at a polymer-solvent interfaceconstant of the nonpolar component.
In mean-field theory the local volume fraction(z)
term in Eq.(2). Therefore, later in this paper, we also con- through the interface is described by E8). If fluctuations
sider S as a possible contender for describing the orientaare important(i.e., for real fluid$ then the intrinsic order

tional order at an interface. parameter profile is instead described by
Dipolar model. Most molecules which possess a perma-
nent dipole moment are nonspherical in shape and have an W (2)=0v(z)—v.=WtPf(2/28), (14)

anisotropic optical polarizability5] represented by the di-
pole’s optical dielectric ellipsoid €; ,€,,€3) where thee;

o . ! - Ul where the well-known Fisk-Widom functior22]
axis is chosen to point along the dipole momendirection.

Near an interface, if the dipole becomes orientationally or- fix) = V2 tanh(x)
dered then the local dielectric constant at deptwill be ()= 3—tanti(x) (15)

anisotropic with differing values parallgk(z) ] and perpen- ) ) o
dicular[e, (2)] to the interface. This local optical dielectric Eduations10)—(15) and(8) provide a description of how the
anisotropy influences the ellipticity of light reflected from Optical dielectric anisotropy is predicted to vary as a function
this interface. We expeat;(z) ande, (2) are related to the of position through a F:rmcal mterfacg. These equations are
dielectric ellipsoid €;,¢,,es5), the orientational order pa- used in the next section for comparing theory with experi-
rametera(z, ) [Eq. (5)], and the local dipolar volume frac- Ment.
tion v(z) through the interface.

Before discussing the dielectric properties within a polar lll. EXPERIMENTAL TECHNIQUE
plus nonpolar mixturge|(z) ande, (z) ] we first consider the . ) ) )
dielectric properties of an oriented dipole where a superscript Phase-modulated ellipsometry is a particularly effective
d will refer to a dipolar property. For a dipole oriented at @nd convenient method for probing surface structure. It has
angle  to thez axis, the parallel and perpendicular compo- b€en used for many years to probe the interfacial structure in

nents of the dipole’s dielectric constant are given, respec@ large variety of systemg23]. In this paper we use this
tively, by (see Appendix A technique to study dipole-induced surface orientational order

at the critical interface of mixtures composed of a polar and

eﬂ(e): (10 a nonpolar component. In this technique we measure the el-
cos'y sifg)cosd sirg lipticity p=Im(r ,/ro) ., which is the imagi ¢
n n pticity p (rpfry) O ch is the imaginary componen
€1 € €] €3 of the ratio of the complex reflection amplitudes at the Brew-
and ster angledg wherer (rg) is the reflection amplitude for
A(6)=,F €2€3 p(s) polarization. At the Brewster angle the Fresnel contri-
I 2t sirfd cos6)\[sirfd cogh)\’ bution from the bulk media vanishes apdentails only sur-
. + . . + c face contributions. For a critical interface there are two con-
1 2 1 3

(11) tributions from the intrinsic order parameter prof{lEgs.
(14) and(15)] and from thermally generated capillary waves

At a particular depthz the orientational order parameter (which roughen the interfageThe intrinsic component gf
a(z,6) describes the distribution in orientations therefore thefor a thin (compared to the wavelength of lighY) and lo-
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cally anisotropic interface is described 4] might be evident at very large reduced temperatures
(~0.1) for polar systems and polymer solutions; the systems

were primarily studied at small reduced temperatures (
— Ve T . : . "
pimZZM f €(2)+ ﬂ_(6a+ €,)dz, (16) =0.05) where orientational ordering effects at the critical
N €— € €.(2) interface are not expected to be very large.
where e,=n3(ey) is the optical dielectric constant in the IV. EXPERIMENTAL RESULTS
incident (reflected medium while ¢|(z) and €, (2) are the What are the optimal characteristics for systems which are

dielectric profiles through the interfa¢&q. (12)]. To first  expected to exhibit dipole-induced surface orientational or-
order inA e= e,— €, the capillary wave contribution tp for ~ der at the critical interface of a binary liquid mixture? Ac-
an isotropic interface is given 4y.2] cording to Eq.(8), wherea,~m**4, and the definition of the
dK reduced dipole momemb* [Eq. (6)] the dipole should pos-
_[|¢H(K)|2 sess a large dipole momemtand a small hard-sphere diam-
2 eter o while at the same time having a large molecular op-
5 ) tical dielectric anisotropy so that any dipole orientational
+2|¢, (K)[*]In[1+(2a0/K)], 17 order strongly influences the ellipticity of the light reflected
whereR=0.128,a,=0.748, ande(K)[ ¢, (K)] is propor- from the critical interface. All of these molecular character-

tional to the inverse Fourier transform of the derivative ofis(';i_CS fot:| the dipole shoxld br? known so th?]t there are ?0
€(2)[ e, (2)]. Marvin and Toigo have shown that if both the adjustable parameters. Another important characteristic for

interfacial thickness and the mean capillary wave amplitud%he polar component is that it should not self-associate in the

[

_ T 1
Pcap— \/E Xf(na_ nb)ﬁ f

—o0

. ulk; self-association such as occurs in many hydrogen
are much smaller than the wavelength of light then these tw onding liquids such as water will produce clusters of mol-

contributions are additives = pin+ peap [25]. ecules with ill-defined effective dipole moments and effect
If the interface is locally isotropic, so thaf(z)=€,(z), dielectric anisotropies. The Kirkwood correlation factgr,
then Egs(16) and(17) reduce tdq26] which reflects the degree of correlation between the orienta-
2 tions of neighboring molecules, should be approximately 1.0
= ngAnMDJr 78l (18  [31]. It is preferrable if the second component of the liquid

mixture is nonpolar and optically isotropic so that this com-
ponent possesses no tendency to either orient at the interface
or orient in the vicinity of the dipolar component. The ori-
entational order parameter,~t#*2” [Eq. (8)], hence, the

where An=|ny,—n,| is the refractive index difference be-
tween the two bulk phases

o ) orientational order is only expected to be prevalent at large
WD:f_w[l_f (x)]dx, (19 reduced temperatures Therefore the polar plus nonpolar
critical mixture should also possess a readily accessible criti-
wheref(x) is given by Eq.(15) and cal temperature and large two-phase region so that phenom-
3 = dK ena at I_arget(~0.1) can be studied..
=351 f_m Z|¢(K)|2ln[1+(2aO/K)z], (20 In this paper we study the following nonpolar plus polar

critical mixtures which largely conform with the above re-

where (k) is the inverse Fourier transform of the derivative duirements: two nonpolar plus highly polar mixtures, carbon
of f(x). Both 7, and 7g are universal numbers because disulphide + acetonitrile (CA) and cyclohexane +
these quantities involve integrations over the universal order2-Nitroanisole(CN), and one nonpolar plus weakly polar
parameter profilé(x) at the interface. For the Fisk-Widom Mixture, carbon disulphide- methanolCM). The molecular
profile [Eq. (15)] they take the valuesjp=2.28 and 7x properties for the pol_ar component are I|§ted_|n Table | \_/vh|le
—0.77. Therefore for a locally isotropic interface, according_relevam characteristics of the critical liquid mixture are listed
to Eq. (18), the ellipticity p~tf~* diverges on approachin in Table Il. The determination of some of these parameters
g. 119, pticity p 9 B PP . 9 are discussed later in this section and in the appendixes to
wﬁefemlt(k:]aél ::ermsslraéi[)?)nt:eeni;ufgba’ezga)e;]:j Vf%d 6§3~2t for this paper. Acetonitrile will not be strongly structured in the

Isi it 271 Itis | Lant t te that th duced bulk as it possesses a Kirkwood correlation factorgqf
sing mixtures[27]. It is important to note that the reduce =1.09[31], however, by comparison methanol is expected

temperature dependenpe-t”~" is independent of the spe- o form chains in solutiondy =3.25[31]) but its small re-
cific form assumed for the universal interfacial profilgx) duced dipole momentn(* ~1) will not lead to significant
becausef(x) only influences the values of the universal grientational order in the vicinity of the interface.
numbersyp and 7z . Schmidt and co-workers have made the  Ajl chemicals used in the preparation of these mixtures
most detailed experimental study @otropig critical inter-  were purchased from Aldrich Chemical company and pos-
faces and found excellent agreement with the predigted sessed a purity of better than 99%. The carbon disulphide,
~tA~" divergence for binary liquid mixturef28], polymer  although it had a reported purity of 99:96, appeared yel-
solutions[29], and pure fluidd30]. Their experimental re- low. It was therefore doubly distilled before use. The critical
sults are in quantitative agreement with the theoretical resuliquid mixtures were contained in a well-annealed 20 c.c.
given in Eq.(18) with no adjustable parametdr6]. At the  cylindrical pyrex sample cell of length 8 cm where the cell
time it was not realized that the effects of surface anisotropyvas filled sufficiently so that the critical-liquid—liquid inter-
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TABLE I. Dipolar parameters.

2-nitroanisole acetonitrile methanol 0.01
o(nm) 0.65 0.45-0.50 0.38-0.46 ?
UgX 107%(J) 2.68-2.83 3.33-3.71 3.94-4.44
m(D) 451 352 1.61 0.001 |
m* (est)= m/\/a3u0 1.59-1.64 1.65-2.00 0.75-1.08 ;
m* (expt) 1.81 2.23
Principal dielectric constarits
e1 3.17 2.45 1.99 t
€y 2.64 1.55 1.73 -
€3 1.73 1.55 1.57 FIG. 2. Log-Log plot of ellipticityp versus reduced temperature

t for carbon disulphidet methanol(CM, triangles, carbon disul-
#Calculation of the principal dielectric constants for 2-nitroanisolephide + acetonitrile (CA, squares and cyclohexane +

is described in Appendix A. For acetonitrilg is choosen in the  2-nitroanisole(CN, circle. The solid(open triangles for CM are
direction of the dipole moment and the same procedure was folfrom Ref. [28] (our measurementsThe error bar for each data
lowed as described in Appendix A. For methanol the values argoint is =5x107°. The solid lines for CA and CN data are from
taken from Ref[50]. theory, as described in the text, using the parameters given in
Tables | and Il. The dashed lines represent the ellipticity in the

face appeared approximately in the middle of the sampléﬁbse“Ce of surface orientation order,¢0).

cell. A small gas bubble was retained in the cell to prevent

breakage at h|gh temperatures. Prior to f||||ng the cell, th&24] where an essential feature which gual’antees the Stab|l|ty
interior was etched clean for 60 sec using the following glas®f the measurements is the use of an ultrastable birefringence
etching solution: 5% HF, 35% HNQ and 60% HO by modulator[33]. Our measurement procedure consisted of
volume. It was then rinsed well in distilled deionized water Setting the temperature, waiting for thermal and diffusive
and dried at a high temperature. The cylindrical axis of thesquilibrium, and then taking 2@(t) measurements over the
sample cell was oriented horizontally and concentrically in-period of an hour. Each datum point is then represented by

side a two-shell cylindrical thermostat where the incidentthe averagep and t value of these twenty measurements.

ar_1d reflected laser beams from the ellipsometer are normal W]itially we monitoredp continuously for 24 h to check the
windows on the thermostat and to the sample cell Pyrex, it ime necessary before taking measurements. The typical
surface. The. thermostat consisted of an inner re\'5|.st|vel}évait time for diffusive equlibrium wa 6 h beyond the estab-
heated aluminum shell and an outer water and a.m'freezf'f‘shment of thermal equlibrium, at least, far frofy. Near
cooled brass shell where the heater wires and cooling IUbeﬁc this wait time was increased to as much as 12 h to account

were careful!y designed to minimize the presence of aNYor the “critical slowing down” of the sample. The standard
thermal gradients along the length of the oven. At very low =~ = e o e
temperatures, below the dew point, the thermostat was edfl€viation for a singleo datum point is of order 210"°.

closed inside an additional dry atmosphere bag which con>€Veral runs were taken on all samples where the tempera-
tained curved glass windows through which the laser bearf}!r® Was always decreased so that gravity assisted the phase
could propagate. The thermostat has a temperature stabili§FParation process. Different runs showed a typical reproduc-
of ~1 mK over 4 h. Precision thermistors monitored theibility of =5x107°in p.
temperature at both ends of the sample cell; gradients along As discussed in Sec. | polar molecules in a medium of
the cell were maintained at less than 1 mK/cm. The criticahigh static dielectric constant can rotate freely and thus ex-
temperature for each mixture was determined within the therPerience an angle-averaged potential due to other molecules
mostat by observing the spinoidal ring as the sample wa#hich varies as/(r)~ —(1/r)®. It has been well established
slowly cooled into the two phase region. This technique usutheoretically that ifV(r)~ —(1/r)P then the critical expo-
ally determinedT, to within a few mK[32]. nents exhibit Ising values fqr>4.97 and mean-field values
The phase-modulated ellipsometer used in all of the medor p<<4.5[34]. Both the Lennard-Jones interaction and the
surements is similar in design to that used by Beaglehol¢otationally averaged dipole-dipole interaction hape 6
and the bulk critical behavior of polar plus nonpolar mixtures
is expected to be Ising-like. If the interface is locally isotro-

pic we expect tha§~tﬁ‘”, where B—v=—0.304 as dis-
ve Te(K) Yo &o—(nm) cussed in Sec. . In Fig. 2 we show tpedata as a function
of the reduced temperatutéor the three critical liquid mix-

TABLE II. Critical liquid mixture properties.

CN 0.336 345.05 0.85 0.125 . .
CA 0.396 393.54 073 o1 tures. The dashed lines rfpresent ttf_re_sultgn th.e absence of
CM 0.33 30950 0.59 0.177 any surface anisotropyw,=0) wherep= pj,+ pcapdiverges

proportional tot?~”. All three critical liquid mixtures follow
&/olume fraction of the polar component: 2-nitroanisole for CN, this temperature dependence at sufficiently sinathere the
acetonitrile for CA, and methanol for CM. surface orientational order is expected to vanish, however, at
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large reduced temperaturds=(0.1) the two very polar liquid tional order. The solid lines in Fig. 2 were calculated from
mixtures, CA (squares and CN (circles, deviate signifi- Egs.(16) and (17) wheree(z) ande, (z) were determined
cantly from this isotropic behavior thus indicating the pres-from Egs.(10)—(15) with the orientational order parameter
ence of a surface optical anisotropy. However, the weaklyr, given by Eq.(8). The only adjustable parameter used in
polar liquid mixture, CM(triangles, deviates very little from  this calculation was the reduced dipole momerit(expt).

the isotropic behaviord~t#~") even out to a reduced tem- The good agreement between theory and experiment dis-

perature ot~0.1. Calculations for this liquid mixture, using Played in Fig. 2 was obtained with* (expt)=1.81 and 2.23

the information for the weakly polar molecule methanol pro-for, respectively, the liquid mixtures CN and CA. These val-

vided in Table I, indicate thai deviates front?~* behavior 45 are~ 1*5% higher than the range of values displayed in

by less than 0.6% dt=0.1. Such a small deviation is below Table I[m (est)J estimated using the methods discussed in
— - Appendix C. This can be considered as good agreement be-

the accuracy of the measurements in Fig. 2'_ . tween theory and experiment. One should not expect exact

In order to quantitatively explain the deviations of the 5 eement because the theory assumes that real dipoles can

mixtures CN and CA from isotropic behavior at large re-y,q oonr0yimated by spherical point dipoles possessing a hard
duced temperatures{0.1) various dipole parameters and sphere diameter of and dipole moment. Real dipoles are

[)nixture paralmetereNhicré are listed in '(Ij'afbles ! aﬂd)”SUSt usually ellipsoidal in shape where the dipole charge is dis-
€ accurately measured or estimated from other data. Wey, jteq in space and the repulsive interaction is not normally
briefly address these issues before continuing our dISCUSSIQHat of a hard spher81]

of dipole-induced surface orientational order at the critical :
interface.

The mixture parameterd’, and &,_ are required in the
analysis below. The coexistence curve amplitdtg for the
mixtures CN and CA, was determined by fitting the phas - -

: ; : exhibit the same peak value as in Fig. 1 and used to
separation temperatures for eight samples of varying volum escribe the orientatiopnal order paramet ?ather than the
fraction between 0.1 and 0.9 for each mixture to the coexist= . : parametgr
ence curvel =|v —uv | =W,tP. Corrections to simple scal- agsatz glgen n th(S)’ thenda similar agfreer;ent'can bgA
; ; : obtained between theory and experiment for the mixture
g [-35] were ignored. The(one—p_has)e correlatlo_n _Iength but with m* (expt)=2 32y This vaFI)ue is slightly larger than
amplitude ¢, is frequently determined from turbidity mea- he correspondin va.Iue. roduced using the ansatz ifgE
surements near the critical temperature. This amplitude, d ¢ hi hp . gt _s 23? Perh E % id b tq.
termined from the turbidity, can be rather sensitive to th Ha?rr:gvogial rfrc])r(t?\)t(apgger{tati]c.)naelro?dpesr pgr;rargm\grtiz r? EZ .
accuracy of the data, background terms, and small shifts i . . .
the assalmed critical tempergatL(@e for example, Table Ill (2), however, this result should be treated with caution con-
in Ref. [36]). We therefore prefer an alternative method forSlderlng the approximations used in modeling the dipole and

finding &. At small smallt(t<0.01) the ellipticity varies as he uncertainties im* as discussed in Appendix C.

) - iati n~tBv -
p~tA~" hence, Eq(18) can be used to determirig_ once Finally we note that deviations from~t behavior

W, has been measured. The refractive index coexistencicCur only at large reduced temperaturés:Q.1) where

curveAn, used in Eq(18), is related to the volume fraction :smtgr]]_crmca_l expc_:cn(ter?ts may ncl) Ion?er b;s_tr\;:t%app(l;cable.
coexistence curve represented My by the corresponding M IS regime, if the power law forms =Wt and &

two component Clausius-Mossotti relatipfq. (13) with z =&o-t " are used andy usually S.hOW gffectwe values
o], which are between mean-field and Ising critical exponents. A

The dipole parameterse(, e,,es), o, Uo, andm are also crossover to mean-field behavior would leagBte »=0.5 so
required in the analysis below. The principal values of thethatp~t#~” would level off at large.. Such a leveling off is
dielectric constants for the dipole, e,,e;) were obtained ot apparent for the mixture CM at largeFig. 2, triangles
by calculating the optical polarizabilities of the polar mol- hence a transition to mean field behavior does not appear to
ecule by either adding its bond polarizabilities or, in Somebe.|mportant.(RecaII that for the mixture CM surface orien-
cases, by adding its group polarizabilities and then using théational order effects are expected to be small.
Lorenz-Lorentz relation to obtain the optical dielectric con-

The orientational order paramet8{Eq. (2)] which pos-
sesses a qualitatively similar shapeatp (Fig. 1) might also
be expected to provide a reasonable description of the ex-

eoerimental eIIipsometriquata. If Eq.(2) is suitably scaled

stants[37]. An example of this _calcul_ation is provided in V. DISCUSSION
Appendix A for the molecule 2-nitroanisole. There are many
uncertainties in calculating the hard sphere diametein- In this paper ellipsometry was used to study dipole-

teraction well depthuy, and dipole momenin within a par-  induced orientational order at the critical interface of three
ticular solvent. The methods and uncertainties for calculatinglifferent nonpolar plus polar binary liquid mixtures. For the
these parameters are discussed in Appendix C for the specifieeakly polar mixture, cyclohexane methanolCM), where
example of 2-nitroanisole. The range in values for the dipolehe reduced dipole moment* ~1.0 no orientational order-
parameters given in Table | reflects the uncertainty in thesgg effects were observed in the ellipticiy in agreement
calculations. _with theoretical expectations. In this case, and for completely
We are now in a position to compare the ellipsomegric nonpolar mixtures, the critical interface is locally isotropic,
data for CN and CA(circles and squares, respectively, in namely, €/(z) =€, (z) wheree|(2)[€,(2)] is the optical di-
Fig. 2 with the theory for dipole-induced surface orienta- electric constant paralldperpendicularto the interface at
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depthz within the interface. The ellipticity under these cir- 10 o

cumstances exhibits a power law divergencet? ™. For
two highly polar liquid mixtures, carbon disulphide aceto-
nitrile (CA) and cyclohexanet+ 2-nitroanisole(CN) with
reduced dipole moments of, respectivetyt ~ 1.8 and~2.2
for the polar component, significant deviations from the

power law divergence~t?~” were observed at large re-
duced temperaturdgs=0.1. This deviation indicates the pres-
ence of a local surface anisotropy whef€z) # €, (z) within
a correlation lengtl¥ of the interface. The experimental re-
sults for these two mixtures are in reasonable guantitative
agreement with the theoretical prediction that the local sur-
face orientational order parameter «a,(2)
~m*4[d2v(z)/d22] [Eq. (8)] wherev(2) is the local dipolar
volume fraction through the interface. Other theories suggest
that terms such agdv(z)/dz]? may occasionally be impor-
tant, however, the terrd?v(z)/dZ? always seems to be the 103 Py
- i -103p
dominant contribution tax,(z).
There may be other methods to test this elegant coupling
between the local volume fraction order parametgr) and
the local orientational order parametey(z). Orientational
order at surfaces is now routinely measured using nonlinear
optical techniques, such as second harmonic generation. This
technique has been used for organic-liquid—liquid interface
using infrared light far from the absorption bands of the bulk 0.001 0.01 0.1 1
liquids [38]. Alternatively one can use x-ray reflectometry t
which also can potentially determine the surface orienta- o
tional order at liquid-liquid interfacel39]. FIG. 3. Schematic diagram of the behavior of the elliptigity
Under special circumstances it could be possible to probeersus reduced temperatures a function of various system and
the coupling betweewr,(z) andv(z) using appropriate mo- dipoIE parameters. For medium optical dielectric constagtieb
lecular tricks. For example, the 2-nitroanisole used in thighenp is positive(curves A and Bwhile for the converse cageis
paper is the first member of a family of nitroanisol@s, 3-,  negative(curves C and D where e,(€,) is for the incident(re-
and 4-nitroanisole The dipole moment systematically flected medium. If the dipole possesses a prolate optical dielectric
changes within this family while at the same time the dielec-ellipsoid (e,> €, €3) the ellipticity is monotonidcurves A and ¢
tric anisotropy and the hard-sphere diameter remain essemhile for an oblate optical dielectric ellipsoi{<e;,€3) the el-
tially unchanged; this family would be an ideal probe of Eq.lipticity exhibits an extremum as a function bfcurves B and D
(8). Unfortunately the chemistry of 4-nitroanisole plus cyclo-
hexane is sufficiently differerffrom 2-nitroanisole plus cy- Where the second line above is a reminder that a locally
clohexang that this mixture freezes before one can get toisotropic critical interface(i.e., all critical interfaces suffi-
sufficiently large reduced temperatures where orientationagiently close toT.) exhibit this type of power law diver-
ordering effects are important. However, an analogous idegence. In the power law region, é,<ey, then according to
may be possible with other families of molecules. Eq.(21), p is positive because,< e(z) < ¢, for all zand the
Equations(8), (16), and(17) actually predict a far wider integrand in Eq.(21) is negative. The conditior,<e, is
range in behavior for the ellipticity than displayed in Fig. valid for curves A and B in Fig. 3. If, howevee,> €, then
2. The various types of behavior that can occur under differ{will be negative in the power law regidicurves C and D
ing conditions are schematiqally 'depicted in Fig. 3 A quali-j, Fig. 3. The behavior oﬁin the locally anisotropic re-
tative understanding o_f the significance o_f the various Curvegime, where Eq(16) must be used, is determined by the
in Fig. 3 can be obtained by concentrating on the intrinsicshape of the dielectric ellipsoid. For a prolate dielectric el-
contribution [Eq. (16)] which, as mentioned in a previous |ipsoig wheree,>€,,e; (i.e., the polarizability is greatest
publication[12], makes the dominant contribution to the el- along the dipole axis compared with perpendicular to the

lipticity. For a locally isotropic interfacel€|(z)=€,(2)  dipole axig the ellipticity is monotonio(curves A and C in
=€(2)] Eq. (16) reduces to the Drude equatio#0] Fig. 3 while for the converse case of an oblate dielectric
ellipsoid (e;<e€,,€3) the ellipticity exhibits an extremum as

o
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— T NEt e [[€(2)—€lle(2) €] a function oft (curves B and D in Fig. B For most mol-
Pint= 3 ¢ T e j «2) dz (21 ecules the polarizability along the dipole axis will be larger
a

than the polarizability perpendicular to this axise, (
>€,,€3) and the ellipticity will be monotonic as a function
~thv, (22 of t. This is the case for the dipoles considered in this pub-
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lication which corresponded to curve A in Fig. 3. There may,
however, be other types of unusual dipoles where

< e€,,€3 for which the ellipticity is predicted to exhibit an
extremum.

For critical binary liquid mixtures where both components e}
are polar the surface orientational ordering effects could be-
come very complicated and the experimental signal may be € CH; 1129 CH;
difficult to interpret. For example, in Reff12] it is believed
that the polar solvent diphenyl ether became orientationally
order around the pseudodipoles formed from the salt
N22odB2006 IN solution. This “superdipole” structure, con-
sisting of a dipole and oriented diphenyl ether solvation 2-nitroanisole
shell, was thought to orient in the vicinity of the interface NO,
where for agreement between theory and experimgnt
<€,,€3 SO that an extremum is observed in the ellipticity. OCH;

Dipole-induced surface orientational order is also ex- /
pected to be important at noncritical interfaces, such as the
interface between a solid or a vapor and the critical binary
liquid mixture. At these noncritical interfaces the liquid com- £
ponent possessing the lowest surface energy preferentially €,m
adsorbs. This preferential adsorption is called critical adsorp-
tion where the concentration profitg(z) in the vicinity of
the interface is described by a universal surface scaling func- FIG. 4. Schematic structure of the molecules nitrobenzene, dim-
tion [41-43. If one of the components is polar then the ethyl ether, and 2-n|t_ro§n|solg whlch_ is usgful in understandl_ng the
dipole—image-dipole interaction can cause this component tgalculation of the principal dipole dielectric constariéppendix
become orientationally ordered in the vicinity of the inter- A).
face. In preliminary work at the noncritical liquid-vapor in- .
terface we have found that dipoles which are desorbed frorf’at make up a molecule are independent of each other then
this surfacgbecause they possess the higher surface tensioff'e Polarizability of that molecule can be obtained by adding
become orientationally ordered parallel to the interface.  the polarizabilities of its constituent bonds) The polariz-

There are many other associated problems where one c&®ility at an angley from a chemical bond is given by
use a similar formalism, for example, problems involving
inhomogeneous liquid crystals interfaces especially the ay=a| coS O+ a, Sir’0, (A1)
isotropic-vapor or isotropic-wall interface where one fre-
quently finds prenematiet4] or presmectic behavid#5] at  where a|(a,) is the polarizability in a direction parallel
this interface. Liquid crystals generally possess both a shap@erpendicularto the bond.
anisotropy and a permanent dipole moment and therefore it As an example of these principles we show how to deter-
would be interesting to study the relative importance of thesegnine the dipole dielectric ellipsoid for the molecule
two properties in determining the surface orientational ordep-nitroanisole using the polarizability information available
by, for example, selecting a molecule of fixed dipole momenftor the molecules nitrobenzene and dimethyl ether. The
and progressively changing the shape anisotropy by addinghemical structure of these molecules is schematically de-
successive nonpolar subgroufey., —CH,—) in a linear picted in Fig. 4.
chain. Recently the influence of the nonspherical shape of From Ref.[37] the polarizability of nitrobenzene is given
dipolar molecules on the bulk phase diagram has been stuély «;=17.76<x10"%* cm® (along the symmetry axis,
ied using density functional theofg], however, these meth- through the NQ@ group, a,=13.25x10 ?* cn® (L to the
ods have not yet been extended to the interfacial propertiesymmetry axis, in the plane of the benzene yjnand a;
of such systems. =7.75x10"%* cm® (L to the plane of the benzene ring

2-nitroanisole possesses a methoxy group (-QJ)Ci its
ACKNOWLEDGMENTS orthoposition. The polarizability of the methoxy group can
This research work was supported by the National SCi_be obtained by subtracting the contribution of one ;CH

ence Foundation through Grant No. DMR-9631133. wedoupP from the molecule dimethyl ether (G#D-CH)

. . —where the polarizability of this molecule has been reported in
\év;;r:zelrceeto thank Professor B. Widom for useful corre Ref. [37]. For the methoxy group we find that, = 3.97

X102 cm® (through the C-O bond «,=2.33
X 10 2% cm?® (L to the plane of the methoxy groypand
a3=3.4x10"2* cm® (L to the C-O bond, in the plane of the
methoxy group.

The polarizability of a molecule can be calculated using The polarizability for 2-nitroanisole can therefore be ob-
two principles.(i) On the assumption that the covalent bondstained from the polarizability of nitrobenzene by subtracting

Nitrobenzene
NO,

Dimethy] ether

€,m

APPENDIX A: CALCULATION OF THE PRINCIPAL
DIPOLE DIELECTRIC CONSTANTS
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the contribution of a C-H group in the orthoposition and mal to the critical interface an important relationship exists
adding the polarizability of the methoxy group in this posi- between the dipole’s dielectric constant para[lqj'(a)] or
tion, hence, a;=20.57<10"%* cn® (through the NG  perpendiculafe®(6)] to the interface and the dipole’s di-
group, a,=16.45<10"2* cm® (L to the NQ group, inthe electric ellipsoid €;,€,,e3) Where €; has been chosen to
plane of the benzene rifgand a3=9.5x10"%* cm® (L to  point along the direction af. We discuss this relationship in
the plane of the benzene ring this appendix. It played an important role in our modeling of
However, this polarizability for 2-nitroanisole must be re- a locally anisotropic interface in Sec. Il.
calculated so that; points along the direction of the dipole  To find eﬁ(a) ande’ () we use a geometric construction
momentm so that the definition for the optical dielectric which is commonly used in understanding wave propagation
constante; agrees with the definition used in this paper. Thein anisotropic media. Each dipole in solution has a refractive
direction of the dipole moment for 2-nitroanisole can be dedindex tensor that can be represented by an ellipsoid with
termined as follows. For isolated molecules, the dipole mosemimajor axes/e;,e,, and \/5—3 The equation which de-
ment arises from the asymmetric displacement of electronscribes this ellipsoid is given by
along the covalent bond, so a characteristic dipole moment
can be assigned to each type of covalent bond. The large (X')2+ (y/)2+ (z')?
dipole moment of 2-nitroanisole originates from its two €3 € €1
group moments C—NO, and C- * OCH,; which contribute,
respectively,~3.5D and ~1.3D [5]. The angle between Where x'=\esingcospy =\esinfsing, and z
these two groups is 2/3. By vectorial summation of these =\ecosé. The z’' axis, in the dipole’s fixed reference
two group moments we obtain the direction of the dipoleframe, makes an angled{(¢) to the z axis (which is in the
moment; specifically it makes an angle of approximatelylaboratory’s fixed reference framerhe perpendicular com-
160° to the nitro group. Therefore from E@1) we obtain  Ponent of the dipole’s dielectric constant is given by the
@,=20.86<10"2* cm® (in the direction of the dipole mo- solution of the above equation fet namely,

=1, (B1)

!

mend, a,=16.9<10"%* cm® (L to the dipole moment, in g 1
the plane of the benzene rin@nda;=9.5x10"2* cm® (L €1(0.4)= Gzg coS¢ sidsirtg cosh’ B2)
to the plane of the benzene ring c + c + c

Finally the optical dielectric constant;(i=1,2,3) can A dipole can take any grientaticm heznce averalging over
now be obtained from the polarizability; using the Lorenz- "\ o0 ’ ’
Lorentz relation 1

4P _ €1 3_U (A2) 6?_(0)5<€?_(9)>¢: .
4rey, €+2 4T cogd sirfd\ [/ coge sirfe

wherev =M/pNy,M is the molecular weightp is the mass ( o + o )( o + o

density, and\, is Avogadro’s number. Hence we obtaip (B3)
:3.1752:2.64, and€3: 1.73 which are the values listed in For the Specia| case of a pro|ate spheroid W[‘Qre €3

Table I. # €, we obtain
€1€
APPENDIX B: PARALLEL AND PERPENDICULAR (7(0)) 4= —— (B4)
COMPONENTS OF THE DIPOLE DIELECTRIC . d with th | €,C0S 0+ €It )
CONSTANT in accord with the result in Ref12].

In a similar fashion by taking the projection of the ellip-
For a dipole, whose dipole moment is oriented at an soid on theXY plane and averaging over the parallel com-
angle @ relative to thez axis (which also represents the nor- ponent of the dielectric constant is

2 /2 d¢
d
€(0)=—¢€(0)eye f , B5
1) ™ (0)ezes 0 [ €263C08 b+ €(0) €3SirF ][ €,€3C0 P+ €( ) €,SirP ] (B5)
|
where The integration in Eq(B5) can be represented in terms of
the hypogeometric functiogF, as
1 2
e(6)= . (8 T L Neo (1 1 (e )
cos# sinrh\[cosh sird =7 P e
\/( + )( + ) 2 \/62(9)6263 A{/52€32 272 4Ver€3
€2 € €3 € (B7)
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therefore

€2€3
(sin20 cos’-e)(sinze
+

€1 €2

€|(|j(9):2|:1

cosze) '
+
€1 €3

(B8)

11

When €,= €3 then ,F4(5,5,1;0)=1 and the expression for

€['() reduces to

eﬁ( 0)=¢, \/ i (B9)
€,C0S 0+ €, 0

in agreement with Ref[12]. If the dipoles are randomly

oriented then the average value of the dielectric constant i

given by

el=

" d - (™ g
€, (0)singdo= = €[(0)sinodo.
0 2 Jo
(B10)

N| -

APPENDIX C: HARD-SPHERE DIAMETER,
LENNARD-JONES WELL DEPTH, AND DIPOLE MOMENT

The hard sphere diameter, Lennard-Jones interaction

well depthug, and dipole momentn in a particular solvent

are required in the calculation of the reduced dipole mome
Eq. (6). We discuss the determination of these quantities i

this appendix.

There are two methods for calculating the hard-spher
diametero which can lead to significantly different values
for this parameter. In Table | we have usually represented
by a range in values determined by these two methods. The
hard-sphere diameter of a molecule can be calculated using R=

Eq. (7.1 in Ref.[5]
g: 0.46DY3 (C1)

whereb is the van der Waals equation of state coeffici@mt

nr:éubstantially from the value acquired in a solvem)

PHYSICAL REVIEW E 63 011507

of Frodl and Dietrich{13], 4uqy(o/r)®, with the correspond-
ing expression for the total van der Waals interacti(r)
that decays proportional 1o © [46]. For two identical mol-
ecules 1 in a medium 2 then from E@.35 in Ref.[5]

w(r)~—

€1(0)— &,(0) )2

3"BT( e1(0)+ 26,(0)

ay
/6

n \/§hve (12— 62)2

C3
4 (El+2€2)3/2 ( )

where €,(0) ande;(i=1,2) are, respectively, the static and
optical dielectric constants and we have assumed ahat
=¢. Provided a material can be well characterized by a
single dominant uv absorption frequency, the frequengy
Gan be determined from a Cauchy plet] if the refractive
index is known as a function of frequency in the visible
region. We assume in this paper thatpossesses & 10%
error in this calculation. For example, for 2-nitroanisole we
estimate thave=(1.8+0.18)x 10*® Hz from a Cauchy plot
for the molecule nitrobenzene using the refractive index data
in Ref.[47]. Nitrobenzene and 2-nitroanisole possess a simi-
lar structure and therefore they are expected to have similar
ve values. From Eq(C3) we therefore obtairuy=(2.68
—2.83)x 102! J for 2-nitroanisole.

The dipole momenin of certain molecules depends upon
their environment. The gas phase valugg{) may differ

where the correction factor depends upon the solvent dielec-

TLfric constant and upon the structure of the polar molecule

48]. We have used the Higasi expression in Rdf] to
determine the ratio

Mg

=1+(§— %)(es—l)/es, (Co

gas
where the solvent medium is assumed isotropic and the polar
molecule is modeled as an ellipsoid with dipole moment par-
allel to one of the principal axes. Herg is the solvent
dielectric constant and the internal field functiéncan be

dm?/mol) and o is in nm. This expression provides the calculated using Ref48]. £ depends upon the axial ratios of
smallest value fop. It reflects the size of the molecule dur- the ellipsoid which is roughly proportional to the polarizabil-
ing a collision: this size is smaller than the equilibrium sepa-ties of the molecule in the corresponding directions. The
ration. The hard-sphere can also be calculated from the theory implies thaR<'1 for prolate spheroids arl@>1 for
mean molecular volume of the liquig=M/pN, whereM is oblate spheroids. Mo_st molepules possess a larger dle_lectrlc
the molecular weightp is the mass density, anM, is constant along the dipole axis compared with perpendicular

Avogadro’s number using E¢7.2) in Ref. [5] to .the qlipole. axis therefore normallyng,<mgy.s. For '
2-nitroanisole in the solvent cyclohexane, from the polariz-

ability data in Appendix A, we estimate tha&®=0.935
(which is similar to the values listed in Table | of Rg48]).
Therefore frommgy,s=4.8D [49] the dipole moment of
2-nitroanisole in the solvent cyclohexane ng,,~4.51D.
Hence from the information given in this appendix the dipo-
and o has only been calculated from E@2). lar molecule 2-nitroanisole possesses a reduced dipole mo-

The interaction well depthu,, between two neutral di- mentm* =m/\/auy in the range from 1.59 to 1.64 as listed
poles, can be estimated by comparing the attractive potentiah Table 1.

4 17V 07408 c2
§’7T E =Vu. . ( )
This method provides the highest value far. For
2-nitroanisole the literature value fdr could not be found
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