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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 f]uids.v




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
Mititary 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. !




1. Perturbation Theory for Polar Fluids

While the potential energies of interaction amongst point-dipoles
and point-quadrupolesare well known, there are inconsistencies and ambiqu-
ities in the literature when higher order multipoles were inc]uded.2
It was therefore decided to calculate these energies from first principles,
1imiting 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 terms2 The two-body potentials beyond the simple dipole-dipole,

dipole-quadrupole and quadrupole-quadrupole interactions were found to be
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where ., @, %, and ¢ are the dipole, quadrupole, octopole and hexadecapole

moments and

coseij = coseicosej-s1neis1nejcos(¢1-¢j)

where (ei‘¢i) 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

n
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where w. = (ei’¢i)’ and ST: (wi) are the spherical harmonics, the

spatial and angular variables of the potential energycan 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] =1,

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

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

and mistake-prone calculations.

With these results the terms of O(AZ) in the free energy expansion can
be calculated. To go beyond this, using a Padé approximant for the free
energy in the manner proposed by Stell, Rasaiah and Narang?‘requires at
least the term of O(AB). 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. Be113

and Rasaiah and SteH.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

>

el [ RN

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

perturbation theory of polar fluids had the same form
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Bell derived the geometrical factor WQ]£2£3 (r12,r]3.r23,o],u2,a3) for

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

his work to include octodoles and hexadecapoles, we find
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The geometric terms W~ ", W™, W 444

344 and W

have yet to be obtained.
Work on this is proceeding.

To determine the specific coefficient 2212223 in the three-body
potential we made use of the spherical harmonic expansion coefficients and

the method outlined by Rasaiah and SteH4 to obtain
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2233 = gPo%jaas, 7333 = 08343
A 820 88 280, 228 _ 42,

From these sequences one may predict the values of 2211213 even when the

geometric terms beyond w224 have not yet been obtained. We expect that
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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 0()3) for al) binary mixtures
with multipole moments through the hexadecapole moment. The integrals of
the form

£9°1 {0y 51y sy sy )y dupdlty
and

.0 eff I
197123(r 1201307230y 3 gl g1pg) drypdryadrog

were then numerically evaluated using a method previously developed by
Rasaiah, Larsen and Stell.9 The result is the first and second terms for
the lambda expansion from which a Padé 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

— m m .
9(rypsuyaug) = % 2 g g n(r)S, T8) S (a))
2 1 2

= 1

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

Bra 2 =
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where - i1s the diameter of one of the atoms in the diatomic molecuie and
1s the reduced density.

Mor.te Carlo simulations of the equilibrium properties of s nomonuclear
dietomic molecule with molecular dimensions characteristic of Clz were
perteaec 10 generate an accurate set of coefficients g ‘v oapuearing

PRonin

—

<
1n tne spnerical harmonic expansion ¢f tne radial distriptuicrn *unction

a{r, . -, . Nearly a million configurationrs were generateC ir caic.'aling
the resuits depicted in Fig. 1. Thke morents,
Y oar

{ g;lkzn(r,r
wnicr appear in the term of ((:) in the rree energy decreased steadily by
enly 2. > over the last 600K configurations. These calcuiations are
mvroLerty ore accurate than earlier determinationd of g #i(r}. even
thouun the programs used were essentiailv the same. Tnis is prirarily
because ¢ larger number of configurations, with more frecert sar; linus at

¥ -

terointervals, were generated. Ir Tanrle I, the newer estirzies of tne

o+
v

tert of Go-) are compared with older dat:z. for reduced quacrupc.v roren
corresponaing the critical point and meiting point of 612 at g reguced
density of 0.5.
Table I
(megrisoq of the term of 0(x) obtained by numerical 1nteqratjon
of {(7) using the data for 97€O§;3, Q"’éﬁ{é’ and gzggér from the

¢ )
independent studies of Streé Titd y (S&T) Eggebrecht
and Rasaiah (E&R)

Simpson's rule Trapezoidal rule

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

A .283 .328 .372 .414
1.4, .493 571 .652 723

i 975 686 798 1907 1.006




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 gzzz(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.
I11. 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) lIons 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,
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and I have made progress on the secaond problem, while work on mixtures of
jons and dipoles at a wall has only just begqun. 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
1imit could be made to produce an electric field as well emerging at any
chosen angle from the wall. The density profile Zh of each fluid species

near the wall is given by

(r) = Tim Tim p]”[hZI(p,&1,92)+1]
Rz-wa ()2.,0

"

where o]ois the bulk density of species 1, and h2](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-particie
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 1n(h2]+1) which appears
in the hypernetted chain (HNC) approximation for the direct correlation

function C21. I1f 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,8’9

reveals a nev 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(Ez)

(2 sm o 2 E

h D]’J 24..‘\10)1 Q

where E is the electric field, Q the inverse compressibility, « the di-
electric constant, and y = %l m]2p108, with g = 1/kT. Approximations
beyond the QHNC theory systematically generate term of higher order, so
that this approximation must contain the complete electrostriction term
of 0(E2) in the HNC approximation. However, a discrepancy in Kh was

found on comparing our result with the thermodynamics of electrostriction
in an open system.]0 Since the HNC approximation and all of the theories
derived from it ignore bridge diagrams, the discrepancy in the term of
O(Ez) 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(EZ), we obtained (resolving the above discrepancy)

o [een? si-1)%sy] E?
h 24710] vy ]28mw10 . 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

1ikely 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.

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

bution function leads to the constitutive relation

B() = (e-1) E(=)/8n
between the polarization denisty P(=) and the electric field E with the
came dielectric constant ¢ as that obtained in relating ¢ 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-Tinear 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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A theory of electrostriction which tollows from studies of dipolar ordering at an clectrified wall is discussed in the qua-
dratic hypernetted chain approximation. Bridge diagrams for the wall particle correlation functions contribute significant-
ly 10 electrostriction even to lowest order in the electric field. The form of the constitutive relation between the polariza-

tion density and the field in strong ticlds 15 discussed.

1. Introduction

The ordering of dipoles at a wall trom which an
electric field emerges has been studied in the mean
spherical (MS) [1] and linearized hypernetted chain
(LHNC) [2} approximations. We report here that elec-
trostriction appears as an added teature when the the-
ory is carried beyond the LHNC approximation for
the wall - particle correlation functions, leading to a
molecular theory of this phenomenon in which graphi-
cal analysis and integral equation approsimations that
are ubiquitous in the theory of fluids may be exploit-
ed. Of the hierarchy of approximations gencrated by
the hypernetted chain equation (HNC), we find that
the quadratic hypernetted chain (QHNC) approxima-
tion is the first to predict electrostriction. The leading
term in the relative change in density an intinite dis-
tance away from a flat wall is of O(+2), where £ is the
magnitude of the local field. Approximations beyond
the QHNC theory systematically generate terms of
higher order, so that the QHNC approximation also
contains within it the complete electrostriction term
of O¢£2) in the HNC approximation.

Al of the theories of electrostriction which have
their genests in the HNC (pproximation ignore the
bridge diggrams, but we tind, by comparing the QHNC
theory with the thermody namics of electrostriction
(3], that these diagrams must contribute significantly
even to lowest order in /- This leads us to believe that
they play an equally important role in determining the
local density when the dipoles are closer to the wall.

W peport here the barest outline of our molecular
theory 1ot an open svstem {4] in which contributions
from the QHNC approxmiation to O(£2) and from
the bridpe diagrams to the same order in the electric
tield and to fowest order in the density and the dipole
moment are evaluated analytically. Our theory can al-
so be extended 1o hugher order in £ but this will not
be pursued here, The thermodynamic discussion of
Kirkwood and Oppenheim [3] however is limited to
deriving the electiostriction term of O(Ez). since it is
based un a thermodynamic perturbation theory of
furst order in £:2, that uses as reference-state input the
linear constitutive relation between the polarization
density P(e>) and the local electric field £ for a field-
independent e,
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Pi=)y=(€ 1) E(°)/In. th

Furthier details of our work and extensions 1o it
will be presented elsewhere [4] but we remark tha
out study vields the constitutive relation with the
same value of € as that obtained from from relating «
1o the two-particle orientational correlation function
n the absence of a field, and also provides a basis to
determmmg non-linear terms in the electric ticlkd tm
the polarization density .

2. Electrostriction in an open system
We employ the technique discussed in refs. [1.2] 1o

generate an electric field by taking a mixture of dipo-
lar hard spheres to the zero-density limit of species 2

with an attendant increase in the radius R 5 to infinity .

under the constraint that its dipole moment »25 divid-
ed by the cube of the radius of the excluded volume
Ry =Rs +R| isaconstant £y. The electric field /
emerging from the wall is related to £, by [1.2]

Fy=Fo3eosiy +1)172 65, ()

whete €, is a unit veetor dependent upon 8, {1.2].
the angle which the wall dipole makes with the wall
normal #. Note that 75 s constant when the wali di
pole orientation 85 1s fixed. The relationship between
£, and the Maxwell field £ in the fluid is of the torm

E =132 + D] E5 +terms non-linear in /5. Ry

Here the non-linear terms are of magnitude const. / 3
+ ..when 5, =0, and e is the dielectric constant of
the fluid at zero field. In the notation of ref. [2]. the
wall particle correlation function has the mvaram
expansion

Itz B2 Q) =iy + e nean

+hy AR+ (4
where 32, 1) =§5:syand D(2,1) =85-(3an Uy -5,
in which §5 and s are unit vectors in the directions ot
the wall dipole and fluid dipole respectively, = 1s the
distance of a fluid dipole (of orientation £ ) from the
wall.and Uis the unit tensor, In this wall limit. &,

-» 00

i = hB ) + 3Ky, (%)

190

CHEMICAL PHYSICS LETTERS

15 April 1981

where hlz)l (z)is short-ranged and A sy 18 i constant re-
lated to the electng ficld l-: (see section 3) Henee

lim hé:l:)=3A:| (6)

The ongin of elecitosiniction in our theo-
ry is the coupling that can exist between hg (z)and
h3;(2): this feedback begins with the QHNC approx.
unation.

We define the electrostniction ettect Ay, as the relu-
tive change in density ot the bulk tiond when the eec-
tric tield is switched on. so that

K, = Aplpl = = £, (M
where
Wy E=Q iy F 009, (5)

€ = 4z for dipolar hard spheies and p‘l‘ i the density
of the bulk fluid when /5 = 0.1t A s the correspond-
ing asymptotie linnt of the angulsly averaged duect
cortelation function ¢ (2. F 5 S ) we find (4] that,
in the absence of molecukyr polanizaibin

Ky =h Q. )

where (0 is the mverse compressitahiy ot the thad,
Q=1 (o7 [0 .20 48, 02 b )

and ¢ (7. €2, 8211 the direct conretition function

of the bulk fluid. The thermadynar theery ot elec-

trostriction [3] toran open saatem enves Ay WO yas
(2 . PN (I

KA™ = (B/am) (e dp) 1 1= (). (1)

where 8= /AT &k s Boltymane's constant, This the

absolute temperature and the superscnpt (2) means
- 3

the tetm of O(F -).

3. The QHNC appronimation for electrostriction

By considenng the assymptotc it of ('g(:) in the
mvariant expansion 1ot the wall patticle direct corre-
fation function ey (2. £y 82 bwe find (4] that Ay is
related 1o By an the QHNC appronmation by
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3 Ex (3 cos205 + U2 =Ky 20, (2K 1 04RT))

+Q C KyefRY) 3K, K1 (1

whete the @, ) tunctions are defined in ref. |2},
and the constant Ky is related quite generally (i.c. not
just 1 the QHNC theory) to the fluid dipole moment
my by |4 6]

= QKR R OG- KyeiRy.

2 . . .
whete v = 41rm{p?ﬁ/‘). The dielectric constant € ot
the fluid is also quite generally given by [6]

€= 0, 0K RO (- Ky olRY)). (14

We aiso find from the = - o0 limit of the QHNC ap-
proximation for ¢9y (. £5 .82y ) that

K =2 K3 G eos?0, + 1) (1%)
and on using (2),(3),(9) and (12) - (14) we have
K2 = (p2ampd vy e - P F2/Q. (16)

where the superscript {2) means again the term of
O(£2). Note that in (16) K},Z’ is independent of the
inclination 64 of the wall dipole. Consistency with the
thermodynamic theory (11) demands that

o\ be'ap(l’ =(e 173y amn

Thus relation is indeed satistied by the simple Debye
equation (€ — 1/(€ +2) = v, but the more exact ex-
pression [7.8] (for arbitrary 3 and p(lj - 0)

e De+)=y S+ (18)
introduces a discrepancy of O(»2)in(17). Since higher
order approximations derived from the HNC equation
do not produce additional contributions to A, ot
O(£2). the apparent inconsistency lies in ignoring the
bridge diagrams.

4. Bridge diagrams of O(E?)

The bridge diagram of O(E?) and to lowest order
in the fluid density can be represented graphically,
when = — o0 by

-
-

B2 = & . (19)
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where <— - - © = 3K, D(2,7). and
2 ¢ 1

is the three-particle direct correlation function c3(X .
X3, X,) for the fluid with X; =(r;, Q). B*(2.1) con-
tributes to the wall - particle direct correlation func-
tion. In (19} the open cirele 2 is the wall dipole root
point, the half black circle ¥ signifies angular integra-
tion over the orientations of the bulk fiwd dipole |
and the hlack circles (field points) tepresent spatial
and angular integrations of tluid dipoles. To evaluate
(19) to lowest order in p(,’ and n1) we use the low-den-
sity limit in terms ot Maver f functions

3 (X X X~ 1L X)) (X3, X ) (X X))

(20)
and retain only the n = 1 term in the perturbation ex-
pansion [8,9]

j(XI‘ .XI) =fn(r’,)

+[1 4 fytr )] El [Bm%D(i.j)fr,?l”/n‘_ (21
C o on=

for the Mayer /' tunction, where f (r;;) is the corre-
sponding Mayer function for the reference hard-sphere
systemi. The bridge diagram is now evaluated analyti-
cally using Hankel transtorms and we find eventually
that when z = <,

B (o)~ ,-~§8 (e~ 1) ﬁyl:'2 np(]‘. 22y

in which the contribution from the three-particle cor-
relation function appears as the third virial coefficient
for hard spheres! Adding thus to (16). atter using (91,
we have

e ~[B(e 12 Ste ~H23y} 12
h |- .
Yoy 12sngd 0
where =~ emphasizes that our calculation of the bridge
diagram of O(/:2) is correct only to lowest order in
p? and m . This is sufficient however to test the mo-

lecular theory against thermodynamics using (18) for
the dielectric constant, Instead of (17) we now need

1y, (24)

(23}

p? ae/ap? ~ 1P Kie

which is consistent with {18) 10 O(12). We have thus
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shown that the bridge diagrams make significant con-
tributions to the density when z — oo _and it appears

hkely that they affect the density profiles also when

the dipoles are closer to the wall. Theoretical studies

of the ordenng of dipoles and ions at a wall that have
appeared so far ignore these bridge diagrams.

5. The polarization deusity (>, F,) in an open
system

From the detimtion of Pz Fy) in the grand ensem-
ble o] we have

P Eyy=imy ) ) [hy(z.Ey Q)5 (2,1dR. (25)

In our discussion £5 is independent of 2 [sce (2)].
Using the invariant expansion for iy (2. E5. Q). we
find, after doing the necessary angular integrations,
that

P Exr=myplA 13 cos?0, + NV 6, (20)

which 1s independent of any approximation for the
wall- particle correlation function! Employing the
QHNC approximation tor Ky given in (12),

P Es) = g\ miEL[20, 2K 30 RT))
+Q U KpoVRi 3K 0 4] ! (27
=[e Drda]{3F, e+ )

_ -
X[-l i "‘h € l'
L vt R 2e+1]

When K, =0 (i.e. n the absence of electrostriction as
in the MS and LHNC approximation) and when all the
higher coefticients of £% (n 2 3)in (3) are assumed
zero, we recover the constitutive relation (1). Con-
versely when A and the higher coefficients in (3) are
not zero, non-inear terms in the polarization density
will appear. Substitution of (15)and (9) in (28) follow-
ed by expansion of the denominator draws out the
term of O(I’g ) in the QHNC approximation for the po-
larization density which is

P()”N((oo.’:'= [‘C - 1)1’4171[352/(:6 + l)'

-2

W e W) s
x[l+ﬁnpﬁ,-l ‘IGH' Q * Ot (=9
1

(28)
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M the non-linear terms in (3) are neglected

Poync = = e 1)an|E

r 3 3 g2
NI 3 (e 1)y [/

+ Oty 30
; 347.'p‘]’_|'2 e+ Q" o) (30

)

A more complete caleulation of this term in the
QHNC approamation would require the determemi-
ton o1 the coefficient of the I; terman (3 when
= 0. An exact calewlation of the term or Oy would

require i addition that the contabutions ot the bridge

diaprams to electiostriction [see 1221 and 1o the rels-
tionstup between K5y and £ 5 be included.
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The adsorption of dipoles at a wall in the presence of an
electric field: The RLHNC approximation®

John M. Eggebrecht, Dennis J. Isbister,” and Javendran C. Rasaiah

Department of Chemistry, University of Maine, Orono, Maine 04469

tRecaived 12 May 1980; accepted 10 June 1980)

The adsorption of dipolar hard spheres 1in the presence of an external electric field has previously been
studied 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 by the
lineanzed hypernetted chain approximation. 1 spressions for the reduced dipole moment and the
clectnie field strength are derived using only the asymptotic forms of the direct correlation functions. {t1s
found that the favorable oriemtational correlations 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. However, the
nonphysical 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.

1. INTRODUCTION

The adsorption of dipoluar molecules ut a wall, 1n the
presence of an electric field. is of interest in the study
of electrode und membrane phenomena. Here the ad-
sorption phenomenon is delineated by the distribution of
molecules at a particular orientation £, and distance
from a hard planar wall p,(z. E,, ;). The electric field
E, emanates from this wall, the declination of the field
with respect to the wail being allowed by its nonconduc-
tive properties. Isbister and Freasier! have investi-
gated this problem for hard dipolar spheres against a
hard wall using the mean spherical approximation
(MSA). Their results for the density profile py(z, E,, §,)
of dipoles are of great interest even though they suffer
from the defect that the wall particle density profile
mlz. E,, §2)) assumes negative values at certain relative
orientations of electric field (E,} and dipole moment m;
of the particles in the fluid (the dipole orientation is de-
noted here by ©;). However, the argument leading to
the electric field at the wall is not swayed by the approx-
imation used, and may be employed with more accurate
theories such as, for example, the linearized hypernetted
chain (LHNC) approximation. While these theories could
be expected to produce better results, they do suffer from
the necessity of employing numerical methods to a
greater extent than is needed to determine the density
profiles in the mean spherical approximation.

This paper is devoted to a study of the wall-particie
density profile using the linearized hypernetted chain
approximation? for the wall particle and particle—parti-
cle interactions, except that the effects that are inde-
pendent of the orientations of the electric field and the
fluid dipole are treated exactly. In our study, these
are the interactions between the hard cores in the
fluid, and also the interactions between these cores and
the hard wall. We call this the renormalized linearized

® Extracted in part from the M. S, (Chemistry) thesis of .J.,
Eggebrecht, University of Maine (18580).

®present address: Department of Chemistry, Faculty of
Military Studies, University of New South Wales, RMC,
Duntroon, ACT 2600, Australia,
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hypernetted chain approximution (RLHNC) after the
nomenclature introduced by Stell wnd Weis.® Our re-
sults for this theory are un improvement over the cor-
responding MS upproximation when the system 1s char-
acterizedby (a) a reduced fluiddensity py =p R}, 0f 0. 573,
(b) a reduced dipole moment »i; - 1y » RTR}; of v 0.5
(or equivalently a reduced temperature 7*=1 w2 of 2),
and (c) a reduced externul eleciric field Ej = E,R3)
of 8/3. In contrast to the \MS approsimation, the
RLHNC wall-particle density tunctions py(z, E;, £2,} ure
only marginally negative neuar the wall for a dipole ori-
entation in direct opposition to the field (see Fig. 2).
These functions, however. can become negative over a
larger distance z from the wall when the reduced dipoic
moment is increased to 1.0 without altering the reducca
electric field or reduced density (Five, 5), This sug-
gests even higher order terms. bevond the RLHENC ap-
proximation, must be included in the theory when the
dipole moment u, and the external clectric field E; ure
both large.

il. GENERAL THEORY

The technique of producing « wall next to a fluid by
taking the limiting behavior of a binary mixture (with
densities p,, p, and radii R,. R,) detailed by

lim lim (2.1)

Ra== 0= 0
is well known.* Isbister and Freasicr' have extended
this to introduce an electric field, as well, by consid-
ering the corresponding limit for a dipolar mixture un-
der the restriction that the dipole moment m, of par-
ticle 2, which eventually becomes the wall, divided by
the cube of the radius of the excluded volume Ry, =R, - R,
is a constant (hereafter called £():

Jim my/RY,=E, . (2.2)
b

In taking these limits, in the specific order p,—= 0, R,

-, the volume of the system 1s allowed to grow faster

than R}, keeping p, constant through the constraint that
3

p2 R~ 0.

The magnitude and direction of the electric field E,

¢: 1980 American Institiite of Physics
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i iooe
.2 3 .- “
€0 ¥IiT~ By ot
"2 q
. 3
Q:
10 -
e a0

Fla. D The elecirie tield angle ooowt tne wall pdotted againsy
she nclmation v o the “wall i oje™ woae s resites at minus
s and produoces the electrie geli £ The ungle &, is the
teehimation ot i drgole o the b thand,

follow, when this limut 1s applied to the dipole—~dipole
interaction eneryy

Vo Pape S50 620 = = 21,1%3 vy . (2.3)
21
Here
D2, 1) 25, (B = U - 5y (2.4}

.:1 and &, are unit vectors inr the directions of the dipole
moment vectors m; and m,. respectively, (3;'2, ;2, -U)
is the dipole—dipole interaction tensor, in which 7y is
& unit vector in the direction along the line joining par-
ticles 1 and 2, and U is the unit tensor. The potential
may be written :n terms ot the electric field E,, pro-
duced at the focation of particle 1 by the second parti-
cle 2,

Vol S0 ) - =iy 8y By (2.5)
where
E,- ,%2 €. - (2.6)
21

€, (375 1y - UV £, (37, costy - <,) (2.7

and t, is the angle which the dipole embedded in particle
2 makes with i, (see Fip. 1). Since the magnitude of
e, 15 (3cos, - 1! 2,

E,- _’L;_Z (3eos?e, - WG, | (2.8)
Y i 2

where ;‘2 is i unit vector in the direction of E,. Changing

variables to »y - Ry~ 2. and taking the wall limit, the
electric field

E,=E\(3cos?,- 1)V %¢, | (2.9)
which shows that E, 1s independent of the distance z from

the wall, but that its magnitude is deter mined by the
strength (through E,) and the direction (through 8,) of

the “wall dipole.” wluch has receded to oo distance =~
from the wall. At that distance, the vector ryy becomes
perpendicular to the wall, and the electrice freld which
nkes an angle oy with respect to this normal 1s (ven
by the appropriate solution to

2cose

e - 2.10
VU (3eos®, - DEE (

The solution to this equation gives the direction of the
clectric field umquely, in terms of the orrentation ot
the wull dipole at minus infiniy (see Fig. 1)

The density profile oy (c0 E,0 Q) of dipolur malecules
at a distunce o trom the wall depends on ihe dipole -
entation Qp, o the direction of the electrie tiela E; oana
on other patigneters of the svsten, 0o obtaaned troe,
the relution?

i Eg 1) - i T o1 e Orpgs \

Rp=x jea-n !
where iy 15 the bulk density of spectes Tand gyt o0 Lo
b as the torad correlation tuncucn of spectes 1 ana 200
& biary nuxture.  The latter s the solution to e Orn-
stein=2Zernike relation

1<
hoy=epy- = 2oyl ooy (2.12}
4= v:1
where = [dr,d; 15 a convolution 1involving spatial and

angular imtegrations.  Assunung the invariant expansions

B (rary S0a0 1) = I3 () = 151000)) 32, 1) - W OV (2. 1),
(2.13)
Col(rags a0 82, =5 0rp) - e A(2. 1) - 56 D2, 1,
{2.14)
and using Werthemm's multiplication table® in Fourier
space for the anpular intecrations, the Qrnstein-. ke
relation reduces to three eguations

2
2
gy - g } NSNS 2,19
rei
1
Shooap - o o & na g ;
AN AN 5\, o e FE L hE e B e S 12,16
1
=
~ -
L [P RN -
li5y =~ 34 R 210 WP R BN (2,17

when+ [ dr, 1s a convolution mvolving only spatial in-
tegrations. In Egs. (2.16) and (2.17)

20 = 00 =3 [ ds i) (2. 16)

and its inverse 1s

e

W2a07) = kP () =

|

- E W (s) <2 (2.19)

with similar expressions for ?25(;') and 2,07 i which
a, 3=1or 2. Inside the hard cores

al(r) =1,

(2.20)
(7 =h8e(r) -0, »< Rog=Ry+Rs .
so that from Eq. (2.18)
i'gﬂ(r)"'a["as- re Ras ’ (2.21)

where
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Kaa--j:

Following Wertheim.? the retations for 15 () and
n3,(r) may be uncoupled by taking limear combinations

W24 (s) s~ tds . (2.22)
ad

18507 =[R20 « L 2,00 | 3k, (2.23)
Mol = [R2yl) ~ 2,070 | BK oy . (2. 24)

with analogous expressions for ¢} ,00) and ¢ 5(r}. The
closure conditions (2. 20) when applied to kgs. (2.23)
and (2. 24) are equivilent to

Hoslr) = =1 . r~ Ry, . (2.25)

On using the linear combinations 25,(°) in Eqs. (2.16)
and (2.17), one finds

I ) = )+ 2 Koy i i ey
¥=1

where py - 2p,, p; - =1, kquations (2. 15) and (2.26) re-
semble the Grastein~Zernike relations for a binary
fluid, 1n which the molecular interactions are spherical-
lv symmetrical.

In the timit B,—= =, Eq. (2.19) together with Egs.
(2.23) and (2.24) vields

n(z) = [2hg(2) - Tz ()~ 3L A, . {2.27)
As p,~ 0, Eqgs. (2.15) und (2.26) reduce to

150y = ¢5,00) = py 3y s ofy (2.28)
and

Roy(rY = 5, (1) « Ky piiigy = ¢}y (2.29)

which can be written in bipolar coordinates as
vt

ke ot [
I3 00) = 05,0 + —”é)l-‘—p—‘ {; RN Jr ds s efy(s) .

reth
(2.30)
On substituting r =Ra. - . / - R, - v and on taking the wall
limit R, =<, we find. for : ~0.

-x .o

g2 = cp(2) - 2Ky 7} I dv i () /

-x eyl

ds s cpds) .

(2.31)
where : is the distance of the center of the dipolar hard
sphere from the wall. The integral between the limits
-« gnd *© may be simplified by noting that Jy(v) = - 1.
when —2 < y<0, and in addition 1: —yl =2 ~v, when
z>0and == <y 0. On changing the order of integra-
tion between ~= and 0,

= .

ds s ef(s) - f ds(z —s) scyy(s) .

(2.32)

-0
J dv Iy (V)

la=yl
Defining the functions
e -2
B’(z\=f A sds o DN = | ehyls) sPds L (2.33)
(1] -0

the wall=-particle + equations become

50 (2) =4 (2) « 2r Ky i {2 (B Y = B ) | = (DAY = 1) 1

25K, 0} f Ay I [BH) =B s =y )]
(e}

(VEREY
where the functions B*(:) and )*(2) are entirely deter-

J. Chem. Phys Vol 77

unned by the interactions between the particles in the
‘bulk fluid., An anualogous equation can be written for the
angularly independent part of the wall-particle total cor-
relation function

32 - 0302 v2ﬂp,{<‘. [BY<) = B3z | = [D3=) = D*(2)]

(2.35)

f‘d\-h;,( W B~ Bz - v } ,

where B2V and D*(z) have definitions which correspond
exactly to B*(2) and D*(z).

In Egs. (2.34) and (2. 35), {c5,(2), c}i(s)! and 1o5, (20,
1)) are sets of two different, but consistent, direct
currelition functions with corresponding closures {(d:- -
cussed 1t the next section) for the wall~particle and
parttcle—particle interactions, respectively. The funrc-
tons () and () for the bulk fluid particles are ob-
tained in an independent calculation from

I - e Y sl ey (2.3

[S+)

‘

2N

WLGY - el - Ky piiiy s ey (

which arce the one-component anatogs of Eqs=. (2. 28} ..nu
(2. 29) Nirst dertved in a seminal paper by Werthein:.
These equations carry their own closures for /1, (V0 .
and ¢, (0 "Ry}, We do not actually solve Eas. (2,36
and (2. 35) since nearly exact results are available from
the work of Verlet and Weis® for hard spheres and fron:
the study of Waisman, Henderson, and Lebowitz” for
hard spheres against a wall. Our RLHNC approximation
(Sec. I implies that Ii3,(¢) is the exact wall-particic
total correlation function for hard spheres against a
hard wall.  Equation (2.37) has been solved by Wer-
thetm. in the mean spherical approximation.® whiic
Putey and his colleagues have treated it in the 1LHNC
and QHNC approximations, ® using the Verlet-Weis tie-
ory tor the hard-sphere interactions. We are thereion
fett with the necessity of solving only Eq. (2.34) under
the appropriate closures for the wall—-particle and par-
ticle=particle direction correlation functions.

The constants Ky, and A, determine the dipoie muo-
ment iy and the electric field E, through the relation-

4.‘7!"2 ) X R ) \
,_3_]"11‘» L Q2K R = U~ Ky Ry

(2. 300
and

" I: , . . KRR E a0

——IiTQ - Ko [2Q.(2Kup R+ Q= Ko RYY L (2,39
where L and T are the Boltzmann constant and absolute
temiperature, respectively, and ,_(0, R} is defined
by:

G B L =dapy | ek o) R (2. 40)

0

Equation {2, 38) has been derived by Werthein:™ in the
mean spherical approximation, but its extension to U
LHNC (or RLHNC) approximation is straightforward:
nevertheless we present it for completeness and as o
preiude to the derivation ~f (2.39), which [sbister and
treasier! discussed in the mean sphericul approxin.
tion. The devivation of Eq. (2.38) rests on the asvrige
totie torne of eP{r) (see Egs. (3.1) and (3.6}
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AT ~:# D21, as - (2.41)
On isertng this m
F0Y B =3 [ ds e (2.42)

v

one sees that CD () 15 short ranged and tends to zero as
| Sadil

(2.43)

~D
('”(?)"‘0 R SR B

When the mverse relation (¢f. Fg=. (2.19) and (2.18)}

N 3 ;- -
(‘fl()‘}'-('f]()'\ - ')—3 ’ I G NN

EA

(2. 44)

is taken to the linnt » = <, one wlso tinds that

.=

ul2 . -

Y

C=3Ry [ etts 2K 00 eT(s, =Ky ) R

(2.45)
where we have used the anaious of Fgs. (2.23) and
(2.24) applied to &9 (s) 10 the lust step. The resuit
aiven 1n Eq. (2. 38) follows immedudely on applving
Eqg. (2.40).

The relaiion between A,y and £, 1s also derived from
the asymptotic from of ¢5;() 1n the MS and LHNC ap-
proximations [see Egs. (3.1) und ¢3.6) in Sec. l1]. The
equation for dipolar mixtures which corresponds to Eq.
(2.45) is®

) iy M ) 3K o
1im -53—3 == lim —-g—u
ra1e= Y AT ra1t® Va o

21

1205,(3) = c5(8) ] s¥ds

(2. 46)

where we have not canceled the »3, 1n the denominator,
because we intend to take the wall limit. Substituting
ra =R+ 2. and taking the linmt R, - >, reduces the left
hand side of Eq. (2.46) to s/ E, AT, and replaces the
upper limit of the integral in Eq. (2.46) by <. The
Fourier transform of Eq. (2.29). which is an Ornstein-

Zernike equation for mixtures, as p,—0, yields
FR) = (1= Ky, ot el (R) [ B3 (R, (2.47)

from which, when k¥ =0, we have

f chis) s¥ds =1 -K,,p}?il(o)lj h(s) s%ds .
i

0
(2.48)
represents the three dimensional

“=e

In the above, the
Fourier transform

F(k):/drexp(ik- i) .

and t=corh.
Since hy(s) is a shurt-ranged function equal to -1 for
S <Ry, it readily follows that

s
Rlzi}g =y My (s) s¥ds = =4 . (2. 49)

Hence.

mEy :"21[2“ ~Kupicen(O]- 1 -1\',;[){(-‘;,(0)“,

kT (2.50)

whieh s rdenticad to g, (2.89), 1t ~should be empha-
L {2.8B8) and (2,39 are relations derves

trom the assmptotie torms of f‘f, and r;'.; i the Ms oo

~toed that Ty

LHNC approximations,  The dipole moment ney and
clectrie treld E, are determined from Ky and Ky aiter
the solutions to kq. (2.37) have been obtained.

The constunt K,y also retrieves the coefficients 13,
and B3 (0), which appear an the mvariant expansion of
the wall-purticle correlation tunctions

Dg(o EL, )

I () < BB D2 N L ER) a2, 1) (2L

by mverting Fg. (2.23) and (2. 24) and using Eqg. (2.27..
Both 71,,{.) for the closure rules considered an the next
section) and L2,(:) are short-ranged functions and tena

to 2ero as 2= . ind the asymptotie form of g (e 1.

therefor e

Lin 5,0y 3A, 2.0

which fotiows trom Eq. (2,27 and the fact that 15,0

aiso short raeqed. The asyvmptotic fore of the waii-
particic correlation function tor the RLHNC closure,
discussed i the next section, comceirdes with that ot

MS approstmation’ and is therctore given by

b hyy (0 B Q) - 3R D(2, 1) (2.53
i EyD(2. 1) P
) /"1.:2‘42}\-111)1R:I‘l)‘(A’Kll:"lkil)“ -
i SBFjo. D] (9. 5%)
T iz‘t’ézxzzr’xﬂix\ s 5= Ky Ry -
where
T (’_TLL ) (2. At
ooy ’
and
. EqRy tE-, Iiil 371
Eo - "y (3cos?, - DVE (2.57

since the electrie field 1s independent of the distance

from the wall, /i, (:, E,, Q) does not decrease to zero

as 2=, unless the magnitude of the electric field or

D(2,1) 1s also zero. The angular average of hy (. E., &)

is however zero in the limit & = «:
lim /‘hz,(:. E,, 2,)dQ,=0 (2.58)
2-=

since the angular averages of D(2,1) and A(2, 1) are zcro

and

l‘i_rg h3(2)=0 . (2.59)
We shall now consider the details of these equations in
the context of the mean spherical and linearized hyper-
netted chain closure rules.

1il. THE CLOSURE RELATIONS

The closures for the wall-particle direct correlation
functions are readily derived by taking the wall lim:t of
the corresponding closures in the bulk fluid.
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A. MSA

Tae closure for the direct @orrelation function is

Caalr) 'ﬁ‘—)’f DAL . tor i Ra. (3.1)
which 1s equivalent to

eV 00 for oy K, (3.2
Thix 1= unaffected. for K.y on takig the wall Linat

ol L.El"'\' .

B. LHNC approximation
Startine with the hypernetted chaim (HNC) approxima-
Lon
Canl2, 1) =g 2. 1) = Ing (2, 1 = V(2. 1) AT {r *R,,)
(3.3

and using the mvariant expansions of c44(2, 1) and
Iaal2.1) (ol Eqs. (2,130 und (2.14) ], vne finds

oo PR 002, D - g A2, 1)

[ RN D -}~ DN
R TR Y DY) ln‘_,m_ R ‘
L L E R L (3.4)
Kl T

where V5, 15 the spherically symmetric part of the po-
tential.  Expunding the logarithm up to the linear term,
and collecting and cowparing coefficients of 1. D(2, 1),
and a(2,1). we have

Caalr) =5 a(r) = Ingla(r) = V5,00 kT (3.5)

0,0 = K2, (1 = 5 )1 - %’ﬁfi ) (3.6)

e =k [1 =it {3.7
Defining

b5, = h0atr) (1 = g5.070 (3.8

DA = iiyr) (1 - gisl) ' (3.9)

with 52,(r) and b%,(») also defined by equations analogous
to Egs. (2.18), (2.23), and (2.24), respectively, the
last two equations can be written in the form

Coalr) =baglr) , 7>Ryq - (3.10)

In the RLHNC, Eq. (3.5) is replaced by the exact closure
for hard spheres against a wall.

In the wall limit, 85(z)=65(z), and making use of

Eq. (2.27), the closure condition for the wall-particle
direct correlation function becomes

ch(2) =1+ () ) [1 -g3(2)"), 2>0 . (3.11)
On substituting this in Eq. (2.34), we have, for z2>0,

Mo (2) = [g3(2) = 1]+ g3,(2) 27K o} {z [Bt(=) - B*(2)]

#(D*(w>-o'<z>l+f0‘ hy(2)[B*(=) - B*(| 2 —_vl)‘d-"} '

(3.12)
When p3,(2) = 1, the formal equation for k3 (2} in the
MSA approximation is recovered.

. 1 .
The wbove equations (3.12) were solved pterativen
A COTUpele o generate the secompany g figus

IV. RESULTS AND DISCUSSION

The ~oiation of Eq. (2,510 for Jig, (o0 Eu G v s
Latned - the confluence of three distinet computation:

(1) Tae bulk correlation functions we. o caleutatea o
the 1manner desceribed by Patey, from kEg. (2.37. 1T .
reduced dipole moment dependence of this relation oo -
taaned 1 the constant Ky, through Eq. (20380, noas -
He expressed in the MSA and RLHNC approxinotions -

.z o . . . s
v l—l—TflE -efRT) = 0RURTY 4.1

where o5 (R7,) and 42 (R7,) are the values of ¢lir and
hEL0) mimediately outside contact. The value of K,
was adjusted until this difference assumed the desires?
reduced dipole moment. The iteration of Eq. (2.57
was performed using fast Fourier transform teennigu. -
and nuxed solutions to speed convergence.  The sl
tiutd correlation functions oblained showed Cavely
awrecment with those of Patey.”

(2} The electric {ield which emerges trom the wu
was determined by Egs. (2.9), (2.39). and (2.40. Tl
field angle a, of Fig. 1 was taken, in separale caicil.-
uons, as 07, 457, and 90°. The ficld angle 15 related
to the wall~dipole orientation ¢, through Eq. (2.100. the
solution of which appears in Fig. 1. The magnitude ot
the reduced electric field

- ‘E,t R}y, Ey3cosfe,~ 1)1/2RY,
“e m, niy

was taken, as in the earlier work of Ishister anc
Freasier, to be 8/3, with the reduced dipole momen*
squared mfz fixed at either 0.5 or 1.0. For purposc.-
of comparison of these parameters to a molecular sv--
tem, the reduced dipole moment squared for HCL (.,
21,03 1) at 275 °K, assuming a diameter of 3.5 A, 1~
approxinuitely 0.65. A reduced field strength o1 8 2
for this system corresponds to an electric field of near-
Iv 1.9-10° V/m or a surface charge density ¢ of 1 elec-
tromic charge’ 1000 AZ.

We have also carried out calculations at the same
surface charge density (or electric field E,) for a flud
at a reduced density of 0.7 with the reduced dipole mo-
ment 7 = 2.0. These numbers correspond approxi-
mately to those appropriate for liquid water (m, =1.85
D, Ry, =2.76 A) at room temperature. The reduced
electric field £} [which contains m, and R}, in its defim-
tion (4.2)] is now only 0.71. (it may be useful for the
reader to bear in mind that it is an artifact of our delini-
tion of E} that an increase in the dipole moment », re-
sults either in a reduction of E3 when the surface charye
density is held constant, or an increase in the surface
charge density when E} is unchanged.)

(3) The spherically symmetric part of Eq. (2.51},
i.e., h3(2), was deterinined using the technique of
Waisman, Henderson, and Lebowitz.? The function
I (2) was first obtained from Eq. (2.28) as the Percus-
Y evick solution and then corrected to produce an essen-
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e B FIG. 5. The wall-particle distribution function ¢ .ic, E, &)

for the svstem depicted in Fig. 1 except that m - . 1.0,

P20 - ! - e
- |
cecrk -
- = i ;
- — !
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FLo. 7. Phe wel-particle costnineon tunetion g o2, E, 820
as & tunction o) the distance & eos e waldl, for ditferent

oricatations £, of the Quid dpole when EY 0 Ty o,
Pyl and o
those appropriate tor liauid water o U room temperatare on,

=185 D, Ry = 2006 Ao The redueed electrice tield Ef 2071

Ihe reduced parameters oy and o are

corresponds to a surface densily ot | etectronic charge 1o0v AL,

tially exact wall—~particte corrvelation function in com-
parison to Monte Cuarlo stmulation. The reduced density
of hard spheres, upon which 13,(z) depends solely, was
taken as p* =p;R3; =0.573.

The computations were combined through Egs. (2.23),
(2.24), and (3.12) to y:eld the coefficients of the angular
functions of Eq. (2.51). The integrals over bulk corre-
Lation functions (2. 33) as well as the integral of Eq.
(3.12) were performed by trapezoidal approximation.
The 1terative solution to Eq. (3.12) was rapidly conver-
gent.  Finally, the expansion cocfficients were inserted
into Eq. (2.51).

In Figs. 2-5 we present our results for g,(2, Ep, £2))
in the RLHNC approximation. The expansion coeffi-
cients W5 (r) and 15 (1) are shown in Fig. 6. A compari-
son of RLHNC and MSA results, for a fteld angle of zero
and reduced dipole moment squared of 0.5 and 1.0, are
shown in Figs. 2 and 5, respectively.

In the case of m$2=0.5, E; =83, and p} = 0.573
galz, Ez ) in the RLHNC approximation assumes
negative values only very near and at contact for a di-
pole orientation in opposition tv the field. For higher
values of m?%=1.0, at the same reduced electric field
and fluid density, these regions are more pronounced
and extended in range (Fig. 5). An increase in m}?
from 0.5 to 1.0 at constant E} and p}, however, corre-
sponds to a fourfold increase in the surface charge den-
sity from 1 electronic charge ‘1000 AZ? to one every

J. Chem. Phys., Vol 73

250 A% Both the RLHNC and MSA treatments result

in distributivns showing exhanced adsorption for fuvor-
able dipole orientations, but the repulsive mteractions
of the clectrie fteld with unfavorably aligned dipoles i
more ¢learly visible in the RLHNC approxpmation. Thes
theory, ltke the MSA, is essentially lineur in character.
and cannot prevent the distribution functions from be-
coming negative when the dipoles are aligned aganst e
field, 1f at the sunie time the theory predicts w large en-
hancement of the adsorption of dipoles aligned with the
ficld. When, for example, the electric field 1s perpen-
drcular to the wall, both theories predict that the den-
sy protiles (see Figs, 2 and 3) are symmetrical about
the protile tor dipoles perpendicular to the field (¢

-n 2o0r 37 2).
with the freld would lead to an equally larpe depletion
dipoles oriented against the field, which may require
negative wall=particle distribution functions.  Furihe:
improvements bevond the RLHNC approximation would
then be necessary.

A {arge enhancement of dipoles aliene

Figure 7 shows, however. that the
RLHNC theory provides pluusible density profives oven
when the square of the dipole moment u:f:
to 4.0 but the surfuce charge density 1s mamtanea at |}

clectronic charge’ 1000 A%,

18 e redsed
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