7 AD=AL20 031 PUERTO RICO UNIV RIO PIEDRAS DEPT OF PHYSICS F/6 7/4
NONPRIMITIVE ELECTROLYTE NEAR A CHARGED WALL: GENERALIZED MEAN ==ETC(U)
. SEP 82 F VERICAT.. L BLUM+ D HENDERSON NOQO14-81=C~0776
UNCLASSIFIED TR=~% NL




OFFICE OF NAVAL RESEARCH
Contract N0O0O1-81-C-0776

Task No. NR 051-775

Nonprimitive Electrolyte Near a Charged Wall:
Generalized Mean Spherical Approximation

by

F. Vericat*, L. Blum®*, and D. Henderson**

Prepared for Publication in
The Journal of Electroanalytical Chemistry and
Interfacial Electrochemistry

* University of Puerto Rico
Department of Physics O
Rio Piedras, Puerto Rico \\\

*%* IBM Research Laboratory O Q/ N 2

San Jose, California : Q,v ,\(\ .
— QQ -‘I‘h‘

AD A120031

September 1, 1982

Reduction in whole or in part is permitted for
any purpose of the United States Government.

*This document has been approved for public release

o and sale, its distribution is unlimited.

O

()

.

Lo *This statement should also appear in Item 10 of Document Control Data - DD
— Form 1483. Copies of form available from cognizant contract administrator.
o

Q.

b




r

16000 -

YW

WWW S—

SECURITY CLASSIFICATION OF TMIS PAGE When Sata Entered)
READ INSTRUCTIONS

REPORT DOCUKENTATION PAGE BEFORE COMPLETING FORM

1. REPOAT muMEER 'R GWT ACCESSION ng 7nt:<:1n|:n*r's CATALOG NUMBER

Technical Report ## 4
A, TITLE (any Subtitle) 5. TYPE OF REPOART & PEMOD COVERED
Non primitive electrolyte near a charged wall:

generalized .mear spherical approximation... Interim Technical Report

z - ~ I, 6. PERFORMING ORG. AEPOAT NUMBER
7. Ay” ~on(u ] 8. CONTRACT . AR GRANT NUNMBEN(e) ]
F. Vericat, L. Blum, D. Hendexson .
N00014-81-€-0776
-
B, PEARFORMING JRGANIZATION NAME AND ACDRESS 10, PAOGARAM ELEMENT. PROJECT, TASK
. ) AREA & WOR
Department of Physics Ok UNIT NuMBERS
University of Puerto Rico
Box AT, Rio Piedras, PR 00931" LT N
11, CONTROULLING OF FICE NAME ANC ADORESS . 12. REPORT DATE
Code A72’ . June, 1982 -
Office of Naval Research 11, NUMBER OF P AGES
Arl:ngton, Va. 22217 1€ ~
14, MOMITCRING AGENCY NAME & AODRESS(1! cltterant from Controliing Oftice) 15. SECURITY CL ASS, (of this repart)
unclassified
—t
1Sa. DECL ASSIFICATION/ COWNGRADING
SCHEDULE
1s. OIS?H!SUTN:N STATEMENT (of th/a Repert) a
Approved for pubilic release; Distributicn Unlimited
17 SISTRBYTION STATEIMENT ({c! the sdatract entered In Block 30, I ¢:itesreni trom Report) 7]

18, SUPR_SMENTAPY NOCTZIS

Tas Zzr publiczticn in Journal of Electroanalytical Chemistry
and Interfacial Electrochemistry, (Proceedings of the Logan Conference).

ﬂolecular solutions, 2i2ciroce, In

19, XEY «CRZS (Cznt:nue 0N reverse ei1ce Il neceasary ane (centlfy dy 3locx numoer)

tizce, generalized mean spherical approximations.

1
i}
b

253 AESTRAZT "Iomiimue on ceversr 2tce !! mecescarvy and IQen:ity Sv 3locx numder)

| An approximate calculation for a model of a solution (ions and dipoles) near an

ideally flat electrode is performed. The resulting chgrge, potential and
polarization profiles show layered structures, but the capacitance wave is

rather featureless.

9685 - IR . N~

CD . Tasy W4TE £TiTICN SF ' NGV 4318 3850LEVE
b

R N O R I

SESLOT™Y S_UASSIFISAT ., LW ZF TwtS PAGQL ‘*hen Date Lrter.

-

e e s e
T,




INTRODUCTION

Much of the recent work on the statistical mechanics of the electrical double layer has
focused on the application of theories based upon integral equations to models where the
solvent is assumed to be structureless. These theories are an improvement of the classical
Poisson-Boltzmann theory of Gouy [1] and Chapman [2], mainly because they give a better
treatment of the short-ranged part of the ionic interactions. However, the influence of the
solvent structure on the electrode-electrolyte interface is well recognized [3). It is thus
desirable to extend the integral equation approach to models where the solvent is another

molecular species.

" In this communication we consider a simplified model of an electrode-electrolyte
interface which takes into account the discreteness of the solvent (Fig. 1). The electrode is
represented as a hard infinite plane with a uniform surface charge density, while the
electrolytic solution is modeled as a mixture of charged hard spheres (the ions) and dipolar
(nonpolarizable) hard spheres (the solvent). In addition, we assume the electrode has a
dielectric constant unit; thus we ignore the image effects. For this model we developed a
treatment in which all the interactions (ion-ion, ion-solvent, solvent-solvent, electrode
solution) are considered on the same (classical) statistical mechanical basis. In particular the
solvent is taken as a fully orientable system aand no special treatment of a hypothetical inner

layer is made. ;—
)

Blum and Heﬁderson [4] and also Carnie and Chan [5] have studied this model within
the mean spherical approximation (MSA), the simplest known integral equation. We have
considered elsewhere [6] the application of another integral equation, related to the MSA,
which may be referred as a generalized MSA (GMSA). In this approximation the

Ornstein-Zernike (O-Z) equation for the particle-particle and electrode-particle correlations




is solved for closures which are generalizations of those of the MSA. The correiation
functions thus obtained give information of the micro-structure of the system and also permit
the evaluation of several thermodynamic and electrostatic properties of the interface. Here
we present some further GMSA caiculations of some of these properties which complement

those of Reference [6].

THEORY ]
a. Electrode-Particle Correlation Functions
We divide the total (h) and direct (c) electrode-ion and electrode-dipole correiation ,L

functions into a nonelectrostatic and an electrostatic part

h,(x) = ho(x) £ hy(x)

hy(x.8) = hy(x) + V'3 hy(x) cos 0 (1a)
¢, (x) = co(x) £ci(x) i
cq(x,0) = co(x) + V3 cq(x) cos 8, (1b)

x and & being, respectively, the reduced distance (x/D) from the electrode and the angle

between the direction of the dipoles and the normal to the electrode.
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and we assume }

Co(x) = A, e~%o*

ci(x) = E‘q.x + Aie-z!x ’

E*p® -z 1
Cq(x) = —— + A, 7% x>2 3)
v A 2

where A, z, (a=s,i,d) are parameters to be determined. When A,-Ai-Ad-O we recover
the MSA closures [4]. In Eq. (3) we use the dimensionless quantities q*2=fq2/D;

u*?=Bu?/D? and E*=(BD)!/2E (Em4x0), B being the Boltzmann thermal factor (kgT)-1.

If we consider row matrices M= [Mi,Md], then the O-Z equation {or the wall-particle

correlation functions becomes (6,7]

! b(x) = 10 + [° * dt b(x - )Qp(1) L, )
: I where
- —i ~ ~1' -1
£(x) = 5‘;.{_.dke kx ¢ (k) [g,,( - k)] (5)
with
f‘ cw = [ ikx
Ck) fl pdx e c (6)
and
~ - » ikr “
Qp(k) =1 j; dr ¢ Qu(r) . M

Here Qpg(r) is the Baxter matrix of the electrolyte and is of the form

Qu(t) Qu(n)
. (8)

Qg(r) = [
Qdi(l') Qdd(r)

Similar relations (involving scalars) are valid for the nonelectrostatic terms 8]




We have obtained explicit expressions for Qg(r) in the MSA [9,10] and GMSA [11] as
simpie sums involving powers of r and exponential functions of r. If we use the Eq. (3) with
A, = 0 (ams,i,d) as the closure of the O-Z equation [Eq. (4)] we have a MSA/MSA or a

MSA/GMSA caiculation according to whether we use the bulk MSA or GMSA expressions

for Qp.

If we consider instead A, z, (ams,i,d) as adjustable parameters we have 2
GMSA/MSA calculation when Qg (MSA) is used or a GMSA/GMSA calculation if Qp
(GMSA) is utilized. In both these last cases we can obtain the parameters demanding that

the correlation function satisfy the linearized hypernetted chain (LHNC) [12] conditions

h(x= -11,-) - exp[n.(x - %)] -1 (a= +,-) (9a)
b(x=4) = [m(x=3) +1]ne(x = 4) ®)
h;(x - -%) - n:,(x - -%-)exp[n,(x - -:1',—)] (a= +,=) (9¢)

b(xe 1) at(zm Dz = 1) + [(za L) +1]m(x= 1), 00

where

7,(x) = b (x)=c,(x)=BU,(x) (y= +,-.d) (10)
BU,(x) = =BU_(x) = =E*q*x (11a)
E*u*
(X)) 8 = e (11b)
ﬁUd \/?
1 1 -
h(x- 5)-{(x- i) (1)
h'(x- -l’-)-f(x- %—) +h(x- %)QB (1"-0) (13)
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b. Seme Structwral and Flectrostatic Functions of the Interface
Once we obtain the total wall-particle correlation functions by numerical integration of
Eq. (4) (adequate precision is obtained using the trapezoidal rule), we can evaluate

1 - The density profiles of the ions and the density-orientation profile of the dipoles

p,(x) = p, [h (x) + 1]

py(x,0) = pylhy(x,0) + 1], (14)
2 — The charge density profile

q*(x) = p;q*hy(x) , (15)

where p; = p,D° ,

3 -~ The polarization density profile

S .
P*(x) = (FD)/?P(x) = ﬂ;—%— hy(x) (16)

with p} = pyD’, and

4 — The potential profile ¢ "(x)-(HD):/ 2¢(x). the solution of the Poisson equation,

d?¢*(x) dP*(x)
which is given by
. » 4q » -
$°(x) = —4ap; q‘f; dt (t - x)h(t) - ?3 pd#‘L dt hy(t)
4 4 k 4
= Ap*—E*s + npi‘q'j; dt (t = )by(t) + 7_’;:- p;p‘j; dthy(t),  (18)

where A¢*=¢*(x=0) is the total potential drop across the interface.
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We obtain (6] analytical expressions for A¢*® and also for P*® the total polarization

P+ w (8D)!/?p = PIL° f dt hy(t)

* e
_Pd#

VT e,

Ag* = —4eplq® f dt thy(t) - pant f dt hy(t)

»’?

6h,(x) pau*
s [ s T V3 ]
where
E*u*  [3;Tjg+3,(1-Typ)]
h (s) m = n--
o V3dgd, do(1=Tagy)

[, >] B -[§§<jz.>]:a2} ,

+a§.d zcdo(l'rdd ) {

ohy(s) _ E*g* {

[ =Tl = Tg)=Tig Tyl }
=0 Os d%

do1=Tag)

N f—

+Z A

ami,d Z¢d°(1 -T

N -1 5 -1
- ) { [Q;(jza)]d (1~Tgg) + [Q;‘iza)] dei}

and j = v -1 and a; and a, are the non-null elements of the matrix

[a‘ 32]
A = = - lim _Q_B(l') ,
00 -

and Tj;. Tdd' etc., are the elements of the matrix

I= fo'dr Qg + al.

(19)

(20)

(21)

, (22)

(23)

(24)
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The bulk strength parameters d, and d, are defined by

d% - 4wp;q‘2 ; d% - 131'- p;y‘z . (25)
Finally
1/2
(1= Tag) = [(1 = Tg)? + T)* =] . (26)

From Eq. (20) we can evaluate the differential capacity from

1 _8E* _ 1 (9A¢*y\"

RESULTS

In Figs. 2 and 3 we show the charge and polarization density profiles calculated by
using the GMSA/GMSA, GMSA/MSA and MSA/MSA approximations. The oscillations
observed are consequence of the discrete character of the solvent. This follows from a
simple observation of the corresponding curves resulting from models where the solvent is

treated as a continuum [13,14].

In Fig. 4 we compare the potential profile for the three integral equations considered.
Here again the oscillations are notable. The change in slope of the potential at the
Helmholtz plane (x=1/2), which implies a change of the direction of the electric field, is due
to the large polarization at this plane. This is more clearly seen if we write

_ dg*(x)

dx
!-L

= E*~4rP*(x = %) . (28)

If we attempted to define a local dielectric constant in the impenetrable region or Stern

layer [0sxs1/2) by requiring that the electric displacement be continuous at x=1/2 we




-

would arrive at a negative local dielectric constant in this region. This illustrates the
difficulties and ambiguities associated with attempts to define a local dielectric constant. The
point is that the dielectric constant is a macroscopic quantity, computed using an infinitely
large volume, and any attempts to define a local dielectric constant will lead to

inconsistencies.

Figures S and 6 show the differential capacity as a function of the total potential drop
across the compiete double layer. The MSA/MSA curve is independent of A¢ and so is
unphysical except near A¢p=0. The other two curves are more reasonable and, in particular,
show the differential capacitance increasing with the magnitude of the potential. Ultimately,

we expect GMSA differential capacitance curves to flatten.

CONCLUSIONS

The MSA gives considerabie insight into the structure and properties of the double
layer. However, it has the drawback that the MSA resuits are linear in the charge density on
the electrode. The GMSA results presented here overcome this difficulty. These resuits
represent our first attempt to apply the GMSA and have some difficulties. For exampie, the
density profiles do not satisfy the contact value conditions of Blum and Henderson [4]. We
expect to develop other and better schemes for choosing the GMSA parameters in the near

future.

In contrast to the featureless curves of the Gouy-Chapman theory, the MSA and
GMSA ionic profiles, potential profile and polarization density show oscillations which imply
a layering of sheets of alternating charge near the electrode. These oscillations are even
more pronounced in the GMSA than in the MSA. In coatrast the differential capacitance

curves are rather featureless. In view of the simplicity of our model which ignores the
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interaction of the metal with the double layer and which is based on a oversimplified picture

of the solvent, the differential capacitance curves are reasonable, especially considering that

we have not attempted to adjust any parameters to fit any experimental data.
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Figure 2. The normahzed charge density profxle q*(x)/p; p; 9* = h,(x) for a nonprimitive
electrolyte (q* =40, u“'-2 s. P. = 0.007, p = 0.6) near a charged hard wall (E*=1.5).
GMSA, GMSA, =¢~e= GMSA/ MSA —-=== MSA/MSA.
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