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Summary

Work completed under this grant on polar fluids includes an extension

of perturbation theory to polar molecules with point octopoles and

hexadecapoles as well as a preliminary investigation of molecules with

non-spherical cores. In addition, the ordering of dipolar molecules near

a flat electrified wall has been investigated in the linearized hypernetted

chain (LHNC) and quadratic hypernetted chain (QHNC) approximations. This

has led to a new study of electrostriction and non-linear effects in the

polarization density of dipolar fluids.



This report describes research on polar fluids carried out at the

University of Maine at Orono under contract from the Office of Naval Research.

Apart from the principal investigator (Professor J. C. Rasaiah), a visiting

fellow, Professor Noel Thompson from Australia, a graduate student, Mr. John

Eggebrecht and a postdoctoral fellow, Dr. Dennis Isbister from the Royal

Military College, University of New South Wales in Australia, worked on this

project; the last two receiving partial financial support under the present

contract.

The primary objective of this investigation was to extend the theory

of polar fluids developed by Stell, Rasaiah and Narang to (a) spherical

molecules with point-octopoles and point-hexadecapoles which could serve

as a reasonable model for methane and sulfur hexafluoride; (b) non-spherical

molecules with dipoles and/or quadrupoles such as HCN and 02 . A second

objective was to extend our study of dipoles to surface adsorption near

an electrified wall.

A Monte Carlo calculation of the free energy changes that accompany

the switching on of polar interactions between the molecules was planned

as an unambiguous test of the accuracy of the theory when applied to non-

spherical cores. Some aspects of this work are still in progress, while

parts (a) and (b) of the research described have been completed. In

addition, a very promising and important theoretical investigation of the

adsorption of dipoles at a wall in the presence of an electric field has

been initiated with the assistance of Dr. Dennis Isbister and John

Eggebrecht. In what follows, the research that has been completed with

support from ONR is described in greater detail and future plans to continue

this work are outlined.
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I. Perturbation Theory for Polar Fluids

While the potential energies of interaction amongst point-dipoles

and point-quadrupolesare well known, there are inconsistencies and ambigu-

ities in the literature when higher order multipoles 
were included.

2

It was therefore decided to calculate these energies from first principles,

limiting our attention only to octopolar and hexadecapolar interactions

beyond quadrupolar charge distributions. It became necessary therefore to

perform the tedious contractions of multipolar and field tensors the

eight index field tensor for the hexadecapole-hexadecapole energy contains

nearly 700 terms? The two-body potentials beyond the simple dipole-dipole,

dipole-quadrupole and quadrupole-quadrupole interactions were found to be

u z = iL [35c s36jcosojcose . 15(cose cose +cos e cosei )+3cosei ]

ii 2r 5  i i iii

- 0j [63cos 96 3  1 2 1 2 2 2 1

4 r [63cos 2 cos 3ej.21cos2 i42cosO icos 2 ecosei +6[cose cos2 e ij
4 r 4r

+coseoi c os'.cosose i]

a 53i_ 3 33

u- --~-- {231cos oicos e.-63[cos eicosej+coseicos3e.
ui 4r..7 1 3 3 1 3

+oseicos ejcose.ij] + 21 [cos ei+cos e.+2coseicosejcoso.ij]

coseij +2lcoseicosej-2cos 3e ij-3cose ij.

0 = {63cos(iCos4e.-42coseicos e-28cos3ejcosei +3cosei+12coseicoseij.

'i 8r. 6 1 3 ij
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50 5 i 4 21 4 4 21 2u - i  {693cos eicos j-63[cos 6e+6cos eicos e
1 16r i

+Sco1es coseij] + 7[3cos 2ei+6cos e

+12cos2 cos 2e. .+24cose .cose .cose cose ij-12cos e ij-33J J 3 1 31

uij ¢ 6 {429cos 3 eicos 4o.99[2cos3eicos 2ej
j6r. 8 1

4 2 3 3+ coseicos 4 +4cos eicos e coseij] + 9[cos ei

+ 12cos2eiCose cose ij+6cose icos 2e +12coseicos2e .cos2ij

3
+ 4cos e cose.] -12coseicos2eij-3cose.

- 8cos8jcos3 e.ij-12cose. .cosP.;}
3 13j? ij

where , ,, a, and ¢ are the dipole, quadrupole, octopole and hexadecapole

moments and
cosoij =coseicose j- sineisinejicos( i-Yj

where (ei,pi) are the polar and azimuthal angles of orientation of the

axis of symmetry of the ith molecule.

The potential energy functions were then expanded in spherical

harmonics, to allow analytic evaluation of the angular integrals in the

A-expansion of the free energy

-8A :E (-Bx)nan
n=l
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By writing

(r,,, 4Ti X 1 2 x l2 (r)Sm I("jl)S 12(W S1

ijrI3 j 1 12 M 1 )2 1 22

where wi E (ei'i) and S (Wi) are the spherical harmonics, the

spatial and angular variables of the potential energy can be separated.

Using the orthogonality properties of the spherical harmonics, and the

previously derived potential energy functions we have found the following

expansion coefficients for the higher order multipole interactions ( = ,

2, 3, and 4 correspond to dipole, quadrupole, octopole and hexadecapole

moments)

X X13 1 = 130  v= l 2 V / V7r 5

232/ s 3;= 3/ v' = l / 1- 20r 6

.X3 33 =X 33 2  6 X 15 = 3 30 / 20 = 102 / 7

X214 1 /0  = 14 2 2 2 5 3r r6

24 2  X24 1 / 2/ = X24 0 / 7T= 01€2 // 3

34 3 / T = X /105 = X34 0 / I8l75 0i42 / 3

X44 4 =X / 8 = X 442 / 28 = X
4 4 1 / 56 X44 0 / 70 = ¢i@2 / 9 r9

The general pattern of these coefficients allows a check on the tedious

and mistake-prone calculations.

With these results the terms of O(A 2) in the free energy expansion can

be calculated. To go beyond this, using a Pade approximant for the free

energy in the manner proposed by Stell, Rasaiah and Narang, requires at

least the term of 0(x 3). To this end the corresponding angularly averaged

three-body potentials for higher multipoles were needed. They were not

available in the literature but were derived in the manner of R. J. 
Bell 3

and Rasaiah and Stell.
4
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Using quantum-mechanical perturbation theory Bell has shown that the

non-additive three-body potential due to fluctuating dipoles and multipoles

may be expressed as a function of the intermolecular distances and the

interior angles of the triangle which they form

r:2 r 2 23

rr 2
-" a r13 a ~

Rasaiah and Stell recognized that the corresponding three-body term in the

perturbation theory of polar fluids had the same form

deff ZI213 W (

1 23  IZ21 3  12'13'r23'al"L2'33)

where Z 1 2 3 is a coefficient determined by i,,2 and z3 "

Bell derived the geometrical factor W (r 12,r13,r 2, for
1 ~2 3 12' LP 23"' '3~ o

dipoles, quadrupoles and all triplet combinations of them. On extending

his work to include octojoles and hexadecapoles, we find

-3 -5 -5WI 1 3 = 5/16 r 12r {29+3cos(,.l-. 1 2 )[L7cos3, 3+9cos, 3 ]

+cos23 [4-49cos2i 3] 1

13  35/256 -5r-5 -7
r1 =353 r 23 r519-15cos2cx1-l4cosolcos3a1 ]

+21 [22cosalcos3( 2-a3)-5(cos2(a I - 2 )

+cos2(a 1 -a3 )-l8cos2I cos2(± 2-a3)+6cos2(a2-a3)]1
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w 2 7/5 r- r- ~6 r- 6 f265cos2a cos3 3 147cosz os2 3

-17cosa 3+14cos(a 1-0 2 ) [5-21cos4a 3 1

+49cos2(a1 -a2  [3cos3a3 +5coc]1

w 35/024 r12 r13 r23 J10cosa,-35cos3cxl [29+54cos2a,]

+42[5cos(c 1 -cz3 )(6-11cos2 1 421cos4cl)

+3cos2 (0'2 -a3 ) (13cosa-45cos3a,)

+llcos3 (c 2-aL3 ) (7+9cos2al1 )]l

w33 105/1024 r -7r-{r- 2600+42 [S5cosa Cosax coso
11323 1 2 3

-?4c*05 2 ax1 cos2 0.2c os2 (x3I 121 cos3a~1 cos3a 2co s3acl

+441 [B(cos2(al -a2 ) +cos2 (x. 2-i 3 )+cos2(al -a3 ))

+5(cos(oQ1 -a 2 ) cos3a3 +cos(a'22- 3 ) cos3a I

+Cos (c 1-c 3) cos3a2 )+11 (cosci~cos3 (c 2 -a 3 )

+cosa2 cos3 (cI -aL3 )+cosc os3(a-O 2)

w 1 15/256 r- r3 r 6r-6-189cos5a4-7cos3ci 3 +S4cosa

+6cos(a, -a2 ) [1 5+21 cosx 3+28cos2 a3] I
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W14 105/16384 r r- 6r- 9{f05[9cos5al +73cos3a 1 2cosail

+,18OS(OL2-aL3) i6-l 3cos2i 1 -7cos4cx1]

+1 188cos2 (aCLa3) [1 5cos3a1 -cosa1]

+1 0296cos3 (a2-a3) [1 -3cos2ci1 ]+3861 Ocosa1 cos4( "2-c'3)

W224 =105/4096 r-5r 7 r-7 16OO+3267cos6a 3-
1728c0s

W 12r.13 23 3 c3+1 65cos2, 3

+20cos(a1, -L2)1 locOsX 3 -69cos3a3 -297c0s5(13]

+7Ocos2(a _L ) [33cos4a 3+60cos2cL3 +35])I

The geometric terms W 244, W 334, W 344, and W 444 have yet to be obtained.

Work on this is proceeding.

To determine the specific coefficient Z z12IR3 in the three-body

potential we made use of the spherical harmonic expansion coefficients and

the method outlined by Rasaiah and Stell 4to obtain

z 13 1 40 /63, z13= Ij 2 24I/147, Z 22 o Q 2/175

z 23=S 0 2/245, Z 333 =Q6/4

z 11 =P4 (D2,/81, 4 j2( 4 /243, z 224 =04P2/2

From these sequences one may predict the values of Z kl 12 z 3 even when the

geometric terms beyond W 224 have not yet been obtained. We expect that

z 44=2 4 /105, Z234 = Q 40 2/441

z34= 02 4/567, Z 444 = (P6 /729
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To complete this portion of the work we needed to evaluate the remaining

four geometric factors to obtain the effective angularly-averaged three-body

potentials which contribute to the term of 0h 3) for all binary mixtures

with multipole moments through the hexadecapole moment. The integrals of

the form

fg 01 2 (r)u1 2 (r1 2
' lw ' 2 )dId w2dr12

and

0 eff( rl d'1 2d l-.g 12 3(r 1 2,r 1 3,r2 3 U123 1 2r 13r2 3) 12 13d 23

were then numerically evaluated using a method previously developed by

Rasaiah, Larsen and Stell. 5 The result is the first and second terms for

the lambda expansion from which a Pads approximant for the free energy

can be formed.

In order to extend these perturbation methods to systems with non-

spherical cores we must first properly characterize the reference system.

To that end, we proceeded with a computer simulation of linear non-

spherical molecules. The objective was to compute an ensemble averaged

angularly dependent distribution function in terms of the coefficients in a

spherical harmonic expansion of the distribution function

g(r12,""1'w2 ) = F : g Q l m(r)S Z m(() S2 m (w2)
Q12m 1 2 1 2

From these coefficients one may obtain, by the orthogonality of the spher-

ical harmonics in the expansions of the distribution and potential func-

tions, a very simple expression for the term of 0(') for a linear molecule

with a quadrupole-moment

B___ - ____ dr

N 5kT5 0 [3922 0(r)-492 21 (r)+g 22 2(r)] -r

5 k 'o ' . .. .. . . . .. . ... .r, . . . . . _ .
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where is the diameter of one of the atoms in the diatomic ,lecie and,

is the reduced density.

M1oite Carlo simulations of the equilibrium properties of anoronuclear

diator;:ic nolecule with molecular dinensions characteristic of Cl. were

.erTC-,,,eG o generate an accurate set of ceefficients g r aLearing

it, tne s ,!nerjcal harmonic expansion (J tne radial distrirtuier ,uncticn

(r. , Nearly a million conficjratJicr,s were generated ir caic_, a:in

t resL;1-s depicted in Fig. I. Th e nco:-'-nts,

g, 9 ,. r1(r r

wnic,- appear in tne term of 0(..) in the +ree energy decreased steaclv by

cnly"•,. over the last 600K configurations. These calculations are

p-oL-rv ore accurate than earlier detem,,:inations6 of g .(r). even

tncoar, toe programs used were essentiallv the same. Tnis is prir',nilv

b e',e larger number of confiQurat irs, with more frecer- sar. -ncs at

.rtervals, were generated. r Ta. 1e i, the newer esti :.ccs o' toe

ter. ) are compared with older daze. for reducea ciuadruc,. 'e nts

cor-e:.oonaing the critical point and melting point of Cl a ee:mea

density of 0.5.

Table,'

(xomarison of the term of 0(X.) obtained by numerical inteq.eation
of 7) using the data for g97n(r), . (r), and g2 3 (r) from toeindependent studies of Street and Tidsley (S&T)'fd Eggebrecht

and Rasaiah (E&R)

Simpson's rule Lraiezoidal rule

S&T E&R E&R S&T

l .283 .328 .377 .414
1.41 .493 .571 .652 .723
j.975 .686 .798 .907 1.006
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A number of difficulties became apparent from the discrepancies in the table.

The sources of error in this calculation were found to be: 1) the large

fluctuations in the moments of g2 22 (r); 2) the sensitivity of the function

to the method of integration. The greater similarities in our estimates of

the integral may be attributed to the smaller increments used in our version

for the radial distance.

II. Adsorption of Dipoles and Ions at a Wall in the Presence of an Electric

Field

While our understanding of the behavior of liquids has improved

dramatically over the past ten years, the physics and chemistry of surface

phenomena is still at a primitive stage. One of the outstanding problems

in this area is the elucidation of the density profiles of ions and dipoles

at a charged surface; a detailed knowledge of this is fundamental to our

understanding of phenomena ranging from the behavior of electrodes in

batteries to selective adsorption and transport across membranes. It is

convenient to study ions and dipoles at a surface separately before trying

to gain insight into the behavior of a mixture of these two. We have,

therefore, embarked upon a program in which the following problems will be

studies in sequence.

1) Dipoles at a wall in the presence of an electric field.

2) Ions at a charged interface.

3) Dipoles and charges at a wall in the presence of an electric field.

Investigation of the first problem has progressed very rapidly in

collaboration with Dr. Dennis Isbister and John Eggebrecht. Professor Noel

Thompson, a visitor on sabbatical leave from Australia, Dr. Dennis Isbister,



and I have made progress on the second problem, while work on mixtures of

ions and dipoles at a wall has only just begun. In what follows, we provide

a brief description of our work on dipoles at a wall.

The effect of a wall is obtained by allowing a mixed system of at least

two species 1 and 2 to change in such a way that the density of one species

(2 say) goes to zero accompanied by an increased in diameter R2. It is the

growth of this single particle (2) that emerges finally as a wall, and if

the wall-particle had a dipole-moment, the zero density - infinite radius

limit could be made to produce an electric field as well emerging at any

chosen angle from the wall. The density profile oI of each fluid species

near the wall is given by

C,(r) = lim lim pl[h 2 1 (p l ,22)+l]
R2 -" - 2-A

where oOis the bulk density of species 1, and h21 (r) is total wall-particle

correlation function which has the usual invariant expansion.

Our initial investigation of dipoles at a wall used the linearized

hypernetted chain (LHNC) closure for the wall-particle and particle-particle

interactions.

It is known that this approximation leads to fairly accurately bulk

properties for dipoles. We found that the contact values for the wall-

particle correlation function are much higher than those obtained in the

mean spherical (MS) approximation.
7

The linearized hypernetted chain closure is obtained by taking the

first term in the expansion of the angular part of ln(h 2 1+l) which appears

in the hypernetted chain (HNC) approximation for the direct correlation

function C2 1 . If the second term is retained as well, a more accurate
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description of the system results. This approximation, known as the

quadratic hypernetted chain, QHNC, ' 9 reveals a new phenomenon that is

absent in the MS and LHNC approximations. This is the change in the

density of the fluid in an open system when the electric field is turned

on, and is called electrostriction. The leading term in the relative

change in density Kh at an infinite distance from the wall was found, in

the QHNC approximation, to be given by a term of O(E 2

k (2) = Ap = - (E _I)2 E2

h PlI 24.,i Cy Q

where E is the electric field, Q the inverse compressibility, c the di-

electric constant, and y = -- mI 2l° , with = /kT. Approximations

beyond the QHNC theory systematically generate term of higher order, so

that this approximation must contain the complete electrostriction term

of O(E 2 ) in the HNC approximation. However, a discrepancy in Kh was

found on comparing our result with the thermodynamics of electrostriction
10

in an open system. Since the HNC approximation and all of the theories

derived from it ignore bridge diagrams, the discrepancy in the term of

O(E 2 ) between the QHNC result and thermodynamics must come from neglect of

these diagrams. The lowest order bridge diagram was then calculated and

found to contribute significantly to electrostriction. Adding this to the

QHNC result of O(E 2), we obtained (resolving the above discrepancy)

Kh F6 
2  5 (-) 2By E2

h L24Tpl uy - 12 8 
- io ;Q-

which shows that the bridge diagrams cannot be ignored in calculations of

the local density at an infinite distance away from the wall. It appears

likely that they affect the density profiles also when the dipoles are
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closer to the wall. This is an important result, because all of the

theoretical studies of the ordering of dipoles and ions at a wall that

have been carried out so far ignore these bridge diagrams.

Our study of the LHNC approximation for the wall-particle distri-

bution function leads to the constitutive relation

between the polarization denisty A(-) and the electric field with the

same dielectric constant c as that obtained in relating r to the two-

particle correlation function of a dipolar fluid in the absence of an

electric field. The QHNC approximation, however, yields in addition

non-linear terms in the electric field for the polarization density.

We plan to extend this work to mixtures of dipoles in order to study the

selective adsorption of dipoles near an electrified wall.
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distribution function after two million configurations.
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A theory of elect rostrict ion which tllow, from studies of dipolar ordc ring at an electrified wvaU is discussed in the qua-
dratic hypernetted chain approsmation. Bridge diagrams for the w\all particle correlationr functions contribute significant-
ly to elect rost rct ion even to lo~est order in the electric field. Tlie fuor of tile constitutise relation between the polariza-
tion density and the field in strong fields is discussed.

1. Introduction All o Ale tho Ii rs to elect rostriet ion w ich have
iheir gctrcir ilt t he I1Nk proximaltion ignore the

The ordering ot'dipoles at a "all trofn which an bridge dizqraaiis. but w e finid. by comparing the QIfN(
electric field emerges has been StUdied in life mean tltcor \ wilth tihe itcniud\ namics of elect rost rict ion
spherical 011S) [11I and hineari.,r'd h\ pernetted chain 13 1. that these diagramrs moust contribute significantly
(LHNC) 121 approxsnsat ions. WL report lhcre that ee- ceei to, lwssi ordcr in I .This leads us to believe that
trostriction appears as air added Iear tie w hen the thle- tlsc\ Ipla\ ir cquia h imiportant role in determining thle
ory is carried beyond thle LiINC appit'>iration for local deirsit.% %\ heir tire dipoles are closer tor thle wall.
the wall -particle corrrelatioun futict trts. leadring to a %%. t epur here tire ba test outline oif our molecular
molecular t heor\ of this phenotrenoi n int which gra phi- 1the.% ot all open tr vr il 141 in which coi tt ibut ions
cal analysis and integral equaltion approrxitrat ions that I ltr ~e (II l\( .rpptuj,\ttiat iolr tor 0(1:,2) and front
are ubiquitous in the theory ofl fluids star he e!xploit. tile bidge daprairs ito thre samne order in the electric
ed. Of the hierarchy of approximiationls generated h field and ito Iss est itider itt the density and the dipole
the hypernetted chain equation r (I N( . we find that oruritreirt alc eUIa rzaCdI analyically. Our theory can al-
the quadratic hypernetted chaiun (1)1 INC) approxinia- so be extendcd to uigli order ili E butl this will not
lion is the first to predict elect rost rict in. Thle leading be pursued licic. The tlierirrodynanric discussion of
term in the relative change in denrsit\ air tin 'iptite dis- Kirkwood atid Oppeirheiri 131 however is limited to
tana' away from a flat wall is of C0(1-2). where P'is the deriving the electttsstrict ion term of 0)(F 2 ), since it is
magnitude of the local field. Approximationis beyond based oni a thertmodynatnic perturbation theory of'
the QHNC theory systematically generate terms of first order 11, / :2 that rises as reference-state input the
higher order, so that the QIINC approrxinmation also linrear cutistitutiuc relationi between the polarization
contains within it the complete electlrostriction term density M-) atid tire local electric field E for a field-
of 0(P*2) in the HNC approxinmationt. independeirt E,

199
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where hI, (:) is short -anlged and K 'I Is a constant re-

lated to the electIic field F, js' ,e& 1C 31 . lhVlCC
Itit hei details of our work arid exterisions it, it

Ill be presented elsewhere 141 but we remark that lint h21 I:) = 3 ti
otu st id. yields the constitutive relation with tihe

same value of c as that obtained from from eat ini f
to tile i\%o-particle orientational correlation functlon The olgili 1 tc1 t tctIC, in our ilie.-
in tile absence ofa field, and also provides a basis lot ry is tile coupling that canI 1 '1i.'', C\ hcte It (. and

deterning non-linear terms in the electric field fi h 1 (:): this feedback begint, % ith thc QI IN( appi o\-
tile polariation density, tination.

We define tie elect r(,,,t ictor cl I-, ,, aI, j as the rela-

tive change in densit\ ot th, 1,1111 1,1d \. en the Le.-

2. Electrostriction in an open system tric field is switched otn. so tiat

We employ the technique discussed in refs. 11 .21 to K P- l Ap 21/P ' 
11

gtenerate an electric field by taking a mixture of dipo- where
tar hard spheres to the zero-density limit of species 2
\wh l an attendaxit increase in the radius R , to infitit . J2 (z.E:-2 '-) 1 :.F .l 1 F- dII (t
undei the constraint that its dipole moment n , dirid -
ed b\ the cube of the radius of the excluded volume Q = 47T for dipolar hard spite;es and p I is tile densi
RI = R 2 + R I is a constant 0 . The electric field I, of the bulk fluid when /2 

= 0. It & ;N I ie correspond-
emerging from the wall is related to Lt, b\ 11.2J ing asymptotic litit ti the anvutla: , isetaged dueci

cortelatiot funiction II:. 12 t. v.A c find 141 that.F', = 10.l( COS20 2 + I if '2 t;,, 12
I+i the absetnce of iroACctilat poi.! i/.0',il1

whici e e is a unit vector dependent upon 0, [ .2 . K h = A, C.
tle angle which the wall dipole makes wit the tall

normal n. Note that F<, is constant when tile wkall di \\here Q is tile IMCINL' 111C'tr~plClI, 1 ,tt 1 tud.

pole Oltellalloll 0, is fixed. The relat ionship be \ ecl,
f, and the Maxwell field E in the fluid is of tle tott Q: 1 (pi1 i, 22 1 (r. Ill . j d11 Jlfl3 dr Il(iI

1:1'2e + I E, + terns non-linear in/:2, t1: and c 1(r, fl 1 til thee . function

I l ie the non-linear tertis ate of niagnitude cotmt. I ,f the bulk fluid. 'hhe thIctrrid\ raht ihcor\ ol eec-
+ . .when 0, = 0, and c is the dielectric constant oit trostliction 131 tl 0 pell , 1\tC &Isc', I rooi . 2 )as
the fluid at ,ero field. In the notation of ref. 121. the KI 1I
wall particle correlation function has tile i'1vall K

expansion where I .,'kT. k is lIh,l,'nmair ' &';'t!. 7 is the

Iabsolute tenperalture :111d the ipcr ,c: ipt 12 nileals
2 1. li

+
tie tell of 0(I 21

h21( 1 A ( 2., 1) + ... (41

vlhere A1(2, I ) -f " and 1)(2, I) = .i,-(3ti U" I  3. The QHN( approxintation for electrostriction
in \%luch g, aidsl are unit vectors ini the directions oI

tilte %all dipole and fluid dipole respectively. : is tile B\ considering tile as\ rtrptotrl limit of "2 1 ill the
distance ofa fluid dipole (of orientation f111 froi1 tIL iivariant expanstn ot1 tire \\all palticle direct corre-

wall. and U is tile unit tensor. In this wall limit. R, latiotl funct, (ot 21(:. 1 1 e fid 141 that K, 1 is
-,o,,. related to I in tile )IlN( applotu aitort b

1 /, + 3k 21
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F3m 1:,,'(3 cos2 , + 1)1,12 =Kt12Q+)2Kt , 31 where c-- - --3K 2 1 D(2,i). and

+Q ( Kl pR31) 3Kh/(1 +Ki,) I, 12)

lheie the Q.( ) functions are defined in ret'. 1.
and the constant K 11 is related quite generally (i.e. not

lUt iii tie Q1 INC theory) to the fluid dipole rnotllent is the three-particle direct correlation function c3(X 1 .

% b1 [4 61 X3 , X 4 ) for the fluid with -X, E- (ri, f lI. B* (2.1 ) con-

3( , tributes to tile wall - particle direct correlation func-3=Q,(2KIp('R I ) Q--(- KllPl/'l, !3

11  - 1  ) tion. In (19) the open circle 2 is the wall dipole root

Shit e v = 4trmip0/9. The dielectric constant e ot point, the halt' black circle I signifies angular integra-

ihe fluid is also quite generally given by [61 tion over the orientations of the bulk fluid dipole I
-,- 0 3 

) Q - 0 3  and the black circles (field points) I epresent spatial
(2K1tpt Rl ttPItt 11 (141 and angular integrations of fluid dipoles. To evaluate

We also find from the - limit of the QIIN( ap- ( 19) to lowest order in p1I and nil we use tile low-den-

Pt oxittiation for C21 (:, E2 ,.l ) that sit>' limit in terms of Mayer.f tunctions
= 3 .1

K A.2' I 1 K I( 3 cos 2 O2 + I) I15) c3 (XI.X 3,X 4 )f(X 1 -X 3 ) fIX 3 ,X 4 ) f(X 4.X 1

and on using (2), (3), (9) and ( 12)- (14) we have (20)

-',
2'  247rp.y ) (f 2 . and retain only the n = I ternt in the perturbation ex-

I6 _~ 1)2 E /Q. ( pansion 18,91

where the superscript (2) means again the term of

01t:2). Note that in (16) K}( is independent of the J(X 1 , Xi) = 1

inclination 0, of the wall dipole. Consistency N ith the 2

thermodynamic tiheory (I) denands that + [1 + .f( _, 1I03,1DU.) ir~i'll/Cn (21)
Pl 

- i=le I t17

)P(~ I 12/3y. (T for the Mayer ftunction, wherie (r,, i is the corre-

This relation is indeed satisfied by the simple Debye sponding Mayer function for the reference hard-sphere

equjiio le - I Hie + 2) =i. but the more exact ex- system. The bridge diagram is niow evaluated analyti-

pre~sion [7,81 (for arbitraryy and p0 - 01 call>' using Ilankel transforms and we find eventually

t I ) 5 3  
(1 ) that when -- .- .

. -2. 2

introduces a discrepancy of O(y 2 )in (17). Since higher () (f -)2 I ()

order approximations derived from the IINC equation in which the contribution Ironi the thice-particle cor-

do not produce additional contributions to K1 of relation function appears as the third virial coefficient

011:21, the apparent inconsistency lies in ignoring tile for hard spheres! Adding tis to (16). after using (91,

bridge diagrams. we have

(I2 ~) _(5i f -1)2 y v 1 .2

4. Bridge diagrams of O(E 2 ) L2 471 p [ 1 l2&frP J ,? (23

where ! emphasizes that our calculation of the bridge

The bridge diagram of OjE 2 ) and to lowest order diagram of 0(F 2 ) is correct only to lowest order in

in the fluid density can be represented graphically P0 and m I.This is sufficient however Ito test the mu-

when - co, by lecular theory against therlodynamics using (18) for

the dielectric constant. Instead of ( 17) we now need

(*. I 19) P0aIc/aPO(e 1)2 '3V - 5 (c 112v. (24)

which is consiste ti with I X) to 01.2 ). We have thus
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shown that the bridge diagrams make significant con- It Ihe non-linear terms in (3) are neglected

tribulions to the densityv when z -- , and it appears I ),'4rT I

hkely that the\ alfte- the density profiles also when PIIN( 1 11 l I ) I

tile dipoles ate closer to the wall. Theoretical studies
of the orderine of dipoles and ions at a wall that have r (e i - 2

appeared so tar tenore lhee bridge diagrams. " 24pt.2  2e + I /

A ni ,rke c1niplelC calculation of this term in the

5. The polarization density P(-, F-,) in an open QI IN appromation Aould iequnc lOw detci nin.

system t, 1, tl Illcetce t t the 1, tet n31 h1 .%k 1.

- 0. An e\act calculation of the term ot 0(1 3) , uld
From the detinitoii oi Pt:. F,) in tile grand enseni- ric.titie it addition that the contributions 01 the rie.

l i ] ,.\e haxc d:aena I,, clectiostrictioi Isee t221I and it, the rel~i-

tioiiship betm, cen K2 l and I , be ifmclided.

P(:.E2l = (?Pip S2) h21IzE2,Qjll!j(f2jjdf1. 1251
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The adsorption of dipoles at a wall in the presence of an
electric field: The RLHNC approximationa)

John M. Eggebrecht, Dennis J. IsbisterY and Javendran C. Rasaiah
Dtpartnient of Chemistry. University of Maine. Orono. Maine 04469
kRcccised 12 May 1980; accepted 10 June 1q80)

1he adsorption of dipolar hard spheres in the presence of an external electric field has preVioushN been
,tudied within the context of the mean spherical approximation. In order to quantify the significance of the

physical trends found above, the problem is solved within the higher order closure rules afforded b% the
linearized hypernetted chain approximation. I xpressions for the reduced dipole iionent and thc

electric field strtngth are deried using only the asymptotic forms of the direct correlation functions. It is
foiund that the favorable orientational cirrelahions between the dipolar hard spheres and the wall are
underestimated by the mean spherical approximation. This is emphasized in the enhanced adsorption of the
dipolar species (at the wall itself) for dipoles oriented close to the direction of the field. Howeser, the
nonph.sical features of the mean spherical approximation (manifested in the negativity of the density profile)
are not fully rectified by the use of the linearized hypernetted chain approximation.

I. INTRODUCTION hypernetted chain approxiition (RLHNC) after the

The adsorption of dipolar molecules at a wall, in t nomenclature introd uced b.%' Ste ,nd Weis. Our re-
sults for this theoryx are .in impoeetoetiecr

presence of an electric field, is of interest in the study siprovenient over the cor-

of electrode and membrane phenomena. Here the ad- responding MS approximation when the systenm is char-

sorption phenomenon is delineated by the distribution of scterizedby (a) a reduced fluiddetsty p4_=ptR]tof0. 573.

molecules at a particular orientation S2t and distance (b) a reduced dipole moment em wtu kTR 1 of O. 5

from a hard planar wall pj(z. E 2 , Qt). The electric field a( v a reduced temetreT1eldof 2).

E2 emanates from this wall, the declination of the field a (

with respect to the wall being allowed by its nonconduc- of 873. In contrast to the MS aimroxniation, the

tive p~roperties. Isbister and Freasier
t . have investi- RLHNC wall-particle density lunctions pt(z, E2 , 2,) are

gated this problem for hard dipolar spheres against a only marginally negative near the wall for a dipole ori-

r wentation in direct opposition to the field (see Fig. 2).hard wall using the mean spherical approxinastion Teefntos oee.cnbcm eaieoe

(MSA). Their results for the density profile p E(z, , - )  These functions however can become negative over a

of dipoles are of great interest even though they suffer targer distance - from the all %Oien the reduced dipoit

montent is increased to 1.0 without altering the reduceo
front the defect that the wall particle density profile electric field or reduced density (F w. 5). This sog-pt(z . E , S1 ) a s s u m e s n e g a tiv e v a lu e s a t c e r ta in r e la tiv e e t e v n h g r o d r t r i . l e y .n d i e L N a p

orientations of electric field (E 2) and dipole moment m gests even higher order terms. leynd the RLHNC ap-

of the particles in the fluid (the dipole orientation is de- proxination, must be included i.i th theory when tht.

noted here by l-Z). However, the argument leading to dipole moment w t and the cxternal electric field E. arc
both large.

the electric field at the wall is not swayed by the approx-

imation used, and may be employed with more accurate 11. GENERAL THEORY
theories such as, for example, the linearized hypernetted

chain (LHNC) approximation. While these theories could The technique of producing a will next to a fluid b5

be expected to produce better results, they do suffer from taking the limiting behavior of a binary mixture (with

the necessity of employing numerical methods to a densities Pt, P2 and radii R,. R2.) detailed by

greater extent than is needed to determine the density litn lim (2.1)

profiles in the mean spherical approximation. RV- 02-o

This paper is devoted to a study of the wail-particle is well known. 
4 

Isbister and Freasier have extended

density profile using the linearized hypernetted chain this to introduce an electric field, as well, by consid-

approximation
2 

for the wall particle and particle-parti- ering the corresponding limit for a dipolar mixture un-

cle interactions, except that the effects that are inde- der the restriction that the dipole moment ma of par-

pendent of the orientations of the electric field and the ticle 2, which eventuallv becomes the wall, divided by

fluid dipole are treated exactly. In our study, these the cube of the radius of the excluded volume Raj =R 2 -Rt

are the interactions between the hard cores in the is a constant (hereafter called E,):
fluid, and also the interactions between these cores and lira mu/RtE . (2.2)

the hard wall. We call this the renormalized linearized R2-

In taking these limits, in the specific order pa- 0, R 2

aiExtracted in part from the M.S. WChemistry) thesis of J. -, the volume of the system is allowed to grow faster

Eggehrecht, I niversity of Maine (1980). than R , keeping Pt constant through the constraint that
i'Present address: Department of Chemistry, Faculty of pR - 0.

Military Studies, University of New South Wales, IMC,
Duntroon, AC T 2600, Australia. The magnitude and direction of the electric field E 2
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90--- -V,---------I th Vwall dipole.' IhIch has receded t a tistan IIi -C

fr tii the wall. At thAt distance, the vector r., b(-. ,lh

pir')vndtculair to thit wall. and the electric held wh-,(hi
mjakes an angle o with respect to this iiiri l o .'I*.( I:

bv Wte p riLe solution to

CO- Q ' - c-t2 TY (2. 10)

Tilt' solution to this equation gives the dir'ectio I tlt,

electric field ulliquely. ill terIls of the Oie'it, ti i ,Ii

the wall dipole it nililUS infiniLy (see Fi g. 1).

The density profile ,,(:. E,, (2,) of dipolar ni,,[ectlt-

at atisa.lQe 0 ii'thlt \ill deends on Ut. dlil, . i"l-

11! t)l t'ir patl'tlH((' 1 " IC I' " (,f i (' p,7' t 'l . It 1'*b {tt l l(( 1 ,:

3' th(e irt ltu

, .E 2,, -:l} lint i lin l v ; 2 , ('l} .I 'I

iilo. .zr -ll h , tiL %;It. ;.i )'i ttd agains' , ' 
+ . h '2 . !'

"I 1,A1 lC lII: )1 V, . iL -W:1c 'X A t; "'! 1c" ,' 1' , ', l i~k t M inti,if lij i i: ll( 'wail -h I; E .Whleit 1 Litit bulk i >;a.CCIt, 1 an1d ]'1(, 1.-
01110 ;.,i.H'i l'dX.c-i-L "isl l't- icc ' :iLli .~ i'~ .t'l[ F! {S tit it

,1 :1 n ML' i;., I 1A. - 1 i- t Ut ' il cl'l'(,e ition tfuiu tioin o( p i( s I .,ni 2:
hilllla y illixtu e. The latter 1- the solatlo:: ti to t, -,e : -

S Int - zerilik e rlitiOn

follow, wien this limitt is ipplied to the dipole-dipole 1
interaction energy 112 1  2 

h  
' , (2.12)

47

S22r. S- 1) - - poll)" D(2. 1) . (2.3) where f dr3d12, is a1 convolution involving spatial and
Si31 angular integrations. Assuiiing the invariant expansions

Here 1121(21 , S22 , Ql) -hli 1( 2 1) h li 21 ) .t2, 1) - h1 i1 1)1)2. D,

P(2, 1) ( , - U). (2.4) (2. 13)
(21(021. S21. ,) _ -0,(1 21) 21 ( 21).1(2. 1)- 21 (r21)1)(2. I)

and s2 are unit vectors in the direction.'4 of the dipole (2. 141
moment vectors nil and m2 . respectively. (3W,, ; 21 - U) and usin,,z Wertheiil's niultiplicati.o table. in Fourieor
is the dipole-dipole interaction tensor, in which 21 is space for the angulatr lnteratins., the ()rnstin- ( :1n,(

ai unit vector Ill the diLrection .0long! the lin(' joining par- relation reduces to th.i, eduations
tices I and 2, and U is the unit tells,-. ThiL potential
nia 1)( written ii termsr ot the electric fi( d E,, pro- , , ' . 2. 15
duced it the h caton oh piltich,- I W, the st-cund parti-
cle 2,

2, 21a " * " (2.1 C)e le2 . .,', -:1 ) -- "l'i " E .. (2.5) h' _ *,i 3 , * ,:'

where (,'!!2. 17)

E2 - ?. eo. (2.6)
1 when * d r, is a convolution involving onIy sp.ital :it-

In Eq. (2.61 te.-rations. In El qs. (2. 16) and (2. 17'1

e2 - (3;-L itn - U) - (3)-, cosv, - C) (2.7) h () -3 f s 111'(S) 2. 1 h)

and t12 is the angle which the dipole embedded in particle
2 makes with '2i (see Fig. 1). Since the magnitude of and its inverse is

eis (3cosb 2 . )1 2 ( 3 (s)0 h.80(-) -- ".'BO-) - r3(..9
E22 2I (

21 with similar expressions for 'D(i) and l) wiich

where c.z is a unit vector li the direction of E.. Changing a*, =I or 2. Inside the hard cores

variables to ;. -R -z., and taking the wall limit, the h,0)- (
electric field (2.20)

E2- E,(3 cosb &2 1)1/ 2 .2 (2.9) 0 , R. R. RO

so that from Eq. (2. 18)
which shows that 2 is independent of the distance z from it (r) -3K.,3 R , 2.21)
the wall. but that its magnitude is determined by the 2

strength (through E.) and tile direction (through 02) of where

J. Ch'm. Phys.. Vol. 73. No 8, 15 Octotvr 1980
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K,3s' s12 2 tin nd bn, the Interactions between the partices in the

(2.22) 1bulk fluid. Ani analogous equation canl be written for the

Follwin Werhei. th reatios fr h~i-)andancularly Independent part of the wall-particle total (:Or-
2i1 -L at ionli function

mZ~)iay be uncoupled by taking hlnear comlbinations

It$?)I 3K , (2. 23) h,,(. - 1 2,( 2i7p) ji fI '(-) - B'(z) [D6(-)I

~ C) k ())3K 6 . (2. 24) _, f h'2,4( I-) [ B'(-) - B s(I-v )1 (2. 35)

with analogous expressions for c,60-) and c~e(r). The where 10f):I and D'(z) have definitions which correspoYnd
closure conditions (2. 20) when applied to Eqs. (2. 23) exactly% to I3'(, ) and D*(z).
anti (2. 24) are equivalent to

h*_) 0) - - 1 . . (2. 251 In1 F~qs. (2. 34) and (2. 35). {c,',(A) c,,(s) , and
1are be-ts of two different,' but consistent. di r-c'

Onl using thie linear comibinations h' (i-) in Eqs. (2. 16) correlatioin functions with corresponding closuries lcL -

and (2. 171, one finds cussed inI the next section) for tile wall -particle and
litile -particle interactions, respectively. The a:-

/41e 1 r K" K,, /1,, (2. 2f;) tbons riI U) mnd c*,,(-) for the bulk fluid particles .,re b1,-
ta iined Ii an independent calculation froni

where j), -
2

p, j -,, Equations (2. 15) and (2. 261 re-i~)-'~()Pih

semible the Crnstein -Zernike relations for a binary N2 t

fluid. in which thle miolecular Interactions are spher'ic iI - / 1 4fIKj uP; 11* * '11* 2

1Y sninetrical. WhicII IrL tht. one-component analogs of Eq . 12. 26).,:ui

In the limit R,-~ Eq. (2. 19) together with EqIs. 2. 29) li 151 derived Ii a seminal paper by Werthf :>

(2. 23) and (2. 241 yields These equations carry their own closures for I, 1 1r0 -

11D (z =2h*i(z) -r()31K, 1 . 2. 27) and c~l(u1(i 'RjI. We do not actually solve Ens. (2:/
21'21 2 a .nd (2. 35) since nearly exact results are available fror;

As p,- 0, Eqs. (2. 15) and (2. 26) reduce to the work of Verlet and Weis1 for hard spheres and fromi

11,101=C',O) . P 71.the study. of Waismian. Henderson. and Lebow it77 for.

14i~) c~(el 4 i ~(2. 81 ard spheres against a wall. Our RLI-NC approxinatie:i
and (Sec. IllV imiplies that It;'(.?) is the exact wall-partic >.

14,(r) =c2 1 0-) +K1 l, 4It', .~ (2. 29) total correlation function for (hard spheres agains;t a
2 !Iard will. Equation (2. 37) has been solved by Wei -

6 I
which can be written Ii bipolar coordinates as the, in. inI the mean spherical approximation. II wi

2! . . -tPatey and his colleagues have treated it in the lhINC
('21(r - f t t 1iU 1fJ ds 's r1t(sl . and QfNC approximations. using thle V erlet -Wkei, -;.

S(2 301 or% Ior thc hard -sphere interactions. We are theci t,-

On sbstiutig : I F?.- v.indon akin th wal 0t with Ihe necessity of solving only Eq. (2. 341 undl

Ulit R,-.- we find. for :0. th Ia ppropriate closures for thle wall -pa rticle and Imr-
tic) Ic -particle dIirection correlation func ions.

141(1 - t-*,() - 2K 1 m4j) II di4l s s C*t (.,) The constants K, and 1K2; determline the dipole ni,-J-I ioent ;;, and the electric field E2 through tile relatie':-

where z is thle distance of thle center of the dipolar hard 44 O*f) RI 1 -(- R~1 ? ~ 1
sphere fromn the wall. Thle integral between the limits 3/ki
-- ~ and may be simnplified by riNoting that h'21( 0l = - 1. an~d
when 3 v- 0, and in addition I- iIl= - v. when
z >0 and- v0. On changing thle order of Integra- -1 I 2y(2yA-~3I K 1 2 QIRit) , (2. 39,
tion, between - and 0. kT T

.0 fv h*1 v) dsscwh~)(Sz-S)sl~)-ere 1, and T are the Boltzmiann constant and absolute
J_ f4( (ssr~s sz-s c 1 s teriiperature. respectively, and Qp 1 R i 1 is defined

(2.32) 1w:
Defining the functions -

B*(Z) r* I 1(s) s ds , P* U-) (s~U) s 2(j (2. 3 3) Q,..i _k o 1 1 .1 4 -pl j (r PI.) r 2(11. (2. 40)

JO -0 Ettat 001 12. 38) has been derived by Werthein: III the

the wall -particle ± equations heconle iii,0.11 spIn rir'al approximiation, but its extension to t.

2r K1 i4~- 1')' 8') - -I tNt kui P lHNC) approximiation is straight lorw\ird:
/12(1) r*1(,) 2rKI jil 1, B*I ) B*(-) I)*-)neveritlielesn we present it for comlpleteness andtt .i,

2-.Kp 'dv 1'( IB(-) - B('i-v - I- prclu~d(' toi tile derivation -if (2. 391. which lshstcr cutd
f ~ i hrI. ii discussed In the mleanl spherical .tppro\iii..

(2. 341 tie,. [Pic derivation of Eq. (2. 38) rests on thti% i:- j
where thle functions B'(1:) and 1):1 .are entirely deter - tot i hr n of r'1(, ) (see Eqs. (3. 1) .and M3 61!

J. Chem. Phys Vi, 7 V, 8 ,H I,,t~ 1980
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A ".ihu!, .- d. . to l.Kq. (2. 39). It 'houuld he i ph.,-
( - 1,(2. 42) th tIn i . (2. 3 7) 2.3 V rt , l iol- i . r!,

Oil seesI' t illt In) 11 131i' ; th ,Ito lleptxolo' formht, of ('lsei s t , II i .h.f -M

1l. I :) * i,, ipl)r n i. The d iivarIle t1p0 iiicnt Pi.i oi

Uo.() - (10 . as d- (2.43) i~~ l.iil ireainliciilWhnteivrerlto f . > 2 9 n 2 8 2 ( t E.l'i hlt (. )' .l't dt4t'n( n)(2 1l)ll - &l JAn J(2l , (2.

,= r (i- c ~ - 3~ j ,i W .'' , . (2.44) the soluti , to, q . (2. 37) hav been obtained.

on t sees t h e at IS sho t r n . d ind S t t o Zer o as 'Flit. con t. nt / 21 . als re trv' the c ,ill f i tin ,

r -. and 1(. ), k.t d ppealr the t inv ariant (iXf. llS1(:
thtC NVII-I-tIC~t ('OrreLlttloll IMilCtlo11

0( 0, , ,is .. (2.43)

- 3K 2[h(., 2 1 (,: <4. /(2.i s'

When the inverse relation tLc. I, (-. (2. 19) and (2. 18)1 h( E1 I -- ' hI( . . (2. 12 ) . 1h1 () At2, 1) (2.

,.D 3) c, 1"0 ":':"(2.44) h-, in,,,. t,,F t I q. i2. '23) and (2.i 24s riv usin L':.. (2. 2.('u~r} = cu~q -" "Both jo:( (lr the closure rules cmi,idced In the ::.

Is taken t, the is!nt o i- :., lolds that 3t)otim) tndi (: are rrort-rant n d functions ,and to E I (
t(ho , in d n ex a i.- . d tint , itlnc i if /1"](.) t

---3 -D ['~(0 ;2elsth re l
/,,T

given in ~ ~ ~ ~ ~ ~ hcl .[m': z', Eq. (2.23)flo7wnedi)e napyig\ jjiii~.ihtadi theete itvet tIi 1".,

Eq2(.4)the( .45 ah he , .mptotfi rctn e t tn H',NC ap

w h e re w e h a v e u s e d th e a nE q , .i : t.( s . (2 .2 3 ) m id a d 3. I in Tec 1 T he - til.

equtin ordipla mxtre whchrorepons'o q.4,rr d 1 ) fu.t, l~l th ILtN ci)l'

(2 .24 ) a pp lied to -"D ( III the 
3 F,12t. 1). T he res u t1

Iim di. (im I2c1 st next section, coincides4 %kith th:.iT 2 .2given in ELI. (2.38) follows imnmediat(Tl on applyin. %IS aproxini.ati ,n; and I,, thercelure dien Ih3

Eq. (2.40(.

The rela hon between K and e , i also derived from I , E , .2,1 3K,11(2,1) (2. Z3

the as.nptotic from ot lin the IS and LHNC ap- (

proximations [see Eqs. (3.1) and 3. 6) bySec. 11I. The ).5 -4
equation for dipolar mixtures which corresponds to Eq. ) 11

(2.45) iS 9  
3F-D((2.5?

Furie tr m o (2 . ch(s s2ds
r~l- )-2kf 1,21(2.46) wh r

where we have not canceled the elcti f i e the denominator, in t

because we intend to take the wall limit. Substituting ro e w

SR2 -it. and ta.king the limit m nu- de-, reduces the left fehand side of Eq. (2. 46) to m, E, kT, and replaces the
upper limit of the integral in Eq. (2. 46) by -. The .. 0,l E-, / (.
Fourier transform of Eq. (2.29). wMuch is n Ornstein- E , T; ( 1 -t , '(2

Zernike equation for m xtures. .s , - 0, yields Since the, electric field is independent (4. the ditatncc.
hk):[1 -, ,-K~~c( )h,(: (.7) f1mte 21lh(:. E2, Pt) does not decrease to 7crt,

fro whchwhe k 0,we aveas z-o.unless the mag-nitude of the electric field (,r-
from which, whenk=0, we have D(2, 1) is also zero. The angular average of h2 (:. E...1

f c* 1ls) sads [1 -KPip; (0)j h,(s) s'ds . is however zero in the limit z-

(2.48) lim h( E2, 0) d f? 0 (2.581
In the above, the "'" represents the three dimensional z-"

Fourier transform since the angular averages of D(2, 1) and a(2, 1) are zcr,

i(k)= f d r exp(ik , r) t( r ) and lim h (-) 0 (2.59 )

and t c or h.
Sinire h4Cs) is a short-ranged function equal to - 1 for We shall now consider the details of these equations in

2 , ethe context of the mean spherical and linearized hyper-
s< R 2 1, it readily follows that netted chain closure rules.

lim -I- I 4(,; ) sq
2

d., (2.49)

f r 21 0 III. THE CLOSURE RELATIONS

Hence. The closures for the wall-particle direct correlain
S  z 2 -K - c Ifunctions are readily derived by taking the wall limit I

kT [2[1 KttPfi t(0) I K1 KIp (0) ' (2.50) the corresponding closures in the bulk fluid.

J. Chem. Phys., Vol. 73, No.8, 15 Ocotber 1980
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A. MSA 'Ih , '(. x (,qu ne, (3. 12) werv d ite. .,. i,

"T'h(' C1.'l)Urtfu lot ' (hre'( 
,  

1' ':'VJI~tlL)11 f11110't011 IS'flp tr o 'c cl l heI ,

1 IV. RESULTSAND DISCUSSIONr,,.(r) - I, b1. 2) h. r 'I . (3.1)

In, i on of Eq. (2. 51). for h2, .. .E_

wIch Is e(u ivadent to t if,( eon- itie oondlU~ii~t of three distinc; oj:,p tio.,

c.e()' 0 , for )- " ,, . (3.2) (1 Iii bulk corrilation iunctions x .. .,iu. t.c.

tha conektt.r de1scribed b% Pate. , froin Eq. (2. 37
rhis is un~fl(.cted. for If...! in taking tilt' waill lltiit r-ce tll mmftd)flfl(uths it.,. -

O fl., ( t '{u c t 6 .i jx ~ l e in o n e n t d e p e n d e n c e ' o f t h i s .' l d v . ,

of "l 
,

" t t-i'd the. constant K 0 , through Eq. (2. 38 . .....
jt" -.×.e~d in the MSA and R~LIlN" dpl)r'UxtI:...,hi ct .-

B. LHNC approximation

St.rtimn with the h)v),prnttd chain (IINC) approxinia- ,, j: r0-1i(Ri) -b~ 1(R1 l , '4. 2

.hc(re c'V 1 l') and bf (I?,) are the valuv o. , .I.

. (2, 1) - It ,(2. 1) - I n ~(2, 1 - t'Qil(2, 1) 4- T r RI j I I

(3) imnllediately outside contact. The valut, o! 1;c3.3) '>.,. ,tdjutedl until this difference assumed tht di i rt,

and using the invariant exp.tnsions of c'-(2, 1) and
:s ede, dipole moment. The jter.iiton ol Eq. 12. 37.

h/, (2. 1) .cf. Eqs. (2. 131 and 2.14) 1. one find.',
A',s trlor:ned using fast Fourier transfoirn- t. - -

I (,,) P(2, 1) -, A(2, 1) .,nd iixcd solutions to speed convergence
_01 - ,a26)1 !iuid c(-rrelationi functions obtained sho,,,ed t - ,

)(2.1) (3.4) tose o ate.

F 1," . (21 The electric field which en rge I ro.e- Z ! .

wxfas determined by Eqs. (2. 9), (2. 39). and 12. 4W. J.
wherefield aile a of Fig. 1 was taken, in separt .r .h -.-
tential. Expanding the logarithm up to the linear term,

tions. as 0', 45-, and 90'. The field angle is r-l.,ted
to the wail -dipole orientation &2 through Eq. (2. 101. tcc

and 1(2, 1), we have solution of which appears in Fig. 1. The magmtude ob

- I.,-) (r) - Ing' t') - V'0-) kT , (3.5) the reduced electric field

M E z 1 E,
(3 co s 2 W

I) /
2
R
3
I 2

' 0
() z h1.(r) [1 - ()V' - • (3.6) . - ,.21

kT 11 )1

c(= I'(r) [1 -i.(r)' . (3.7) was taken, as in the earlier work of Isbister an,.

Freasier, to be 8'3. with the reduced dipole nionen'
Defining ,quared *,2 fixed at either 0.5 or 1.0. For purpos

bD-(r) = b 'r) (3.(I uf con ,,rison of these parameters to a molecular <--

tc ni, the reduced dipole moment squared for HCI (,

b(r) :ha(r) -Ar_(r)"i , . (3.9)) 1.03 )) at 275 'K, assuming a diameter of 3.5 A,

approxiniatoly 0.65. A reduced field strength ox 8 3
with b (r) and b*8,(r) also defined by equations analogous for tics system corresponds to an electric field of near-

to Eqs. (2. 18), (2. 23), and (2. 24), respectively, the l\ 1.9 - 169 Vi or a surface charg

last two equations can be written in the form tronic charge, 1000 A
2.

c*.(r)=b*B(r) , r>R.0 • (3.10)
We have also carried out calculations at the same

In the RLHNC, Eq. (3. 5) is replaced by the exact closure surface charge density (or electric field E2 ) for a fluid
for hard spheres against a wall. at a reduced density of 0. 7 with the reduced dipole mo-

mit, D(Z)= D nent m *1 2. 0. These numbers correspond approxi=In the watt limit, b~t(z) --b4°(z), and making use of mn i~20 hs ubr orsodapoi
niately to those appropriate for liquid water (I 1.85

Eq. (2. 27), the closure condition for the wall-particle D, R1 1 = 2. 76 A) at room temperature. The reduced

direct correlation function becomes electric field E [which contains ml and Ri in its defini-
tion (4.2)] is now only 0.71. (It may be useful for the

c ~2(z)=[1+hi(a)J[l-ga1(z)'] , z>0 . (3.11) reader to bear in mind that it is an artifact of our defini-

tion of E2 that an increase in the dipole moment 011 re-

On substituting this in Eq. (2.34), we have, for z 0 suits either in a reduction of E* when the surface charge

[B'(-) density is held constant, or an increase in the surface
h 1 (z) = [g,(z) - 1 + ,z) 2rKi) B'()] charge density when E is unchanged.)

[D*(-) -D*(z) I h*lz)[B*(-) -B*(jz -vi)Idy, . (3) The spherically symmetric part of Eq. (2.51),
S .e., h.t(z), was determined using the technique of

(3.12) Waisman. Henderson, and Lebowitz. 7 The function

When g~1 (i :1, the formal equation for ht(z) in the ht,(:) was first obtained from Eq. (2.28) as the Percus-

MSA approximation is recovered. Yevick solution and then corrected to produce an essen-

J. Chem. Phys., Vol 73. No 8, 15 October 1980

Lk;



Eggebrecht, Isbister, and Rasaiah: Dipoles at a wall

t"4 4

8 r

C,

T./ 3,

R5R,-

FI. The w~all-paru.. It distribution functions g., 1z, E , te-
as a function of the distdt.e z from the wall for different orivn- ---

tations 12. of the fluid dxpolv-s %\here EI ,m~J ~ -r~

- Q. 57:1. and a,o . . isthe radius of q fluid dipole. -

ItI 1,t NC approximnatioon. - MSappr otiflation.

7-

3R

FI1G. 5.The wall-particle distribution functiongi E., U~i
for the system depicted in Fig. I except that 7fln 1.

14

/* 4
- 12 120)

-~~~C 6- 5,Ce

16. 3. Wall-particlt- dis:ritution functions for the ,;% stell 40~ '

depicted in Fig. exc!ept tnI i cv,45

CA

-C,40
8 R,3R, 5R,

7 ~~3 20 ------

C, 2 40
li, 5

I 1 60

3 060,

R, 3R, 5R,

C VIt. rhe expansion coefficients h 1z tind hi 1 s a1 June-
8 ~ St ion (Ii the wHil-particle distance z when E. 8 :' and o! - 11. 57:1.

Fl(;. 41. Wall-particle distribution functions for the sYstenms het oulper Find lower curves, in each case, are oii. 1)* I.0
depicted in Figs. 2 and 3 except that a I= 90%' and 0. :,, respectivelY.
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250 A2. Bioth the RULINC and NISA treatments result

in distr-ibtiL0InS showing exhanced adsorption for fivor -

able di1pole o r Ientatitonls, but the repulsive interai'ti'01-

of the electric field with unfavorably aligned dipolo., I-

inore vlearl , visible it the 1LIIC -ipoxiiintlt)I:. Tit.,

tlteorv. I ke the NISA. is essentially linear Ii characte i
and Cainnot prevent the distribution function,, front bf.-

co niting negatlive when the dipoles are alIigned .iga intst In,

field. if al thet same timie the theory predicts a large( it>

hiaicenient iil thet aidsorption of dipoles aligned with tile

field. Whenl totr examnpl e thle e lectic. field is pi'p I111-

1) dicular t,) the wvall. both theories predict thait the dt-
',sit\ prllt. 1,e Figs.,. 2 and 5) are %ynliinctricai .0111,0'

"'' '"' ~ the 11101ile 1,, dipoles perpendhiculari to the lield I:

I ~ ' . .- 2 or 3; 21. Ajlart e enintceiiieiit of dipole.,Al:)
wi1th the1 nv11( would lead to ant equaily large depltI;
dIipol es or i ented against the fild, which nxi\ requaiii(-

nlegative \ iil-pai'ticle distribution junctions. l iiiflt

iiip loy VC(le ts be ,yond the R LIINc Capprox imat1(1 ion i

i116. PICi N\:- 1 i~t . 1),'111 t~i~ln 1! I, E 12,1 Ilienl be necekssary. Figure 7 shows. however. iltit ti..

as :1Iiiicion o ilt, di istaic, 2v . It C: watll lilt. ditterent HIMINC tlietir prov ides plausible density proli. v
or'ientation, S! o! 0o iii ;i i ili'h c licti El .7 T. it, When lte square of the dipole lllonient 0. i*

II 1. *, and :, 0 Hl 1*IOv~ r. 11"tr ml an , at ito 4.0 but (te surlace charge density is- maintionei -it I
those ahpiolri:ItC 10hjil 1.2C .1 l"'I~)i 111111 cattlIit' Oil el ectronic clharge, 1000 A 2.

S1. 53 ) R, :. 71; .\.. Il' rebL11ell electric held Ef 0. 71

cor restlon Is to a surfiace e lensi:%0W I elect ionic ctiairge Iillii
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