Electrical Double Layer of IPE

tions are fully exchanged with bivalent cations such as
alkaline earth metal ions, six cations per unit cell are in-
troduced.? When the cations are monovalent, twelve cations
per unit cell are introduced.

The present crystal structures of dehydrated Sr, ¢Tlgg~A
and Sr; 4Tl 1-A indicate that Sr?* ions preferentially oc-
cupy 6-ring sites and T1* ions occupy 8-ring sites when the
total number of ions per unit cell is more than 8. This result is
reasonable considering ionic radii of T1*(1.47 A) and that of
Sr?* jon (1.12 A).™ Larger TI* ion will better fit to larger
8-ring site over 6-ring. These resuit are also consistent
with those from the structures of Ag Css-A,'> AggRby-A, %
AggsTls 5-A, P and Agg 3K, A,V In those structures, larger
Cs*, Rb*, T1*, and K* ions are also associated with the 8
ring oxygens,
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The effects of the charged metal on the overall electrostatic potential profiles and the capacitances of the electrical double
layer are brought out. A mode! with a simplified jellium and a point-charged electrolyte is utilized in the present calculations.
Electrons are assumed not to penetrate electrode surface due to a strong screening of electrolyte at the interface. Electron
density functions and ion density functions are obtained, which are also based upon the Poisson equation and Boltzmann
equation on either side of the interface. A complete potential profile starting from bulk electrode and ending at bulk elec-
trolyte is obtained by connecting the two potential profiles {one inside the metal electrode, the other inside the electrolyte)
with proper boundary conditions. In spite of the simplicity of the model, the present model reveals the importance of the ef-
fect of the charged metal on the electrostatic potential profile and the electrical double layer capacitances. The results are
discussed and compared with the predictions by Gouy Chapman theory.

Introduction

Since the early works of Gouy, Chapman and Stern
(GCS),! considerable attention has been paid to the study of
the efectrical double layer by a number of researchers.
Models for the study of one sided electrode interface mostly
consist of an ideally polarizable electrode (IPE} which is
perfectly flat and smooth, and an electrolyte. The electrolyte
is treated as charged hard spheres immersed in a dielectric

continuum, Most of the studies have been devoted to im-
prove the GCS theory of the electrical double layer, that is,
on the electrolyte side by mean spherical approximation and
its generalization,? the hypernetted chain approximation and
its derivatives,® the modified Poisson-Boltzmann and the
Born-Green-Yvon type theories.? On the other side of the
electrical double layer, the effect of the charged electrode
has been relatively neglected for the following suggested
reasons. 1) when a potential is applied to the electrode, the
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metal surface forms a constant potential surface and the DC
electric field inside the metal electrode is zero. ii) Hence, the
potential difference, if it should exist, is made at the very sur-
face of the metal with the surface charge density which can
be determined by the electric field just outside the electrode
surface, and iii) the thickness of this surface charge region,
which is the same magnitude of .Thomas-Fermi screening
length, is extremely small (~0.5A) compared to the corre-
sponding thicknesses such as Debye-Hueckel lengths of elec-
trolytes or semiconductors. Exceptions are one by Rice and
that by Kofman ef #/.5 The latter showed the effect of the
charged metal on the reflectance spectra by a simplified
jellium model where electrons are bounded inside the metal
electrode, and hence do not penetrate the metal/electrolyte
interface. Quite recently, the electron density function of
metal/vacuum interface is introduced into the electrode/elec-
trolyte interface. But since proper corrections of strong
screening of electrolyte is not introduced into the me-
tal/vacuum theory, the effect of the charged electrode tends
to be overemphasized.® This density function of metal/
vacuum interface inherently allows penetration of elec-
tron from metal into outside of metal, that is, into the elec-
trolyte. The penetration of electron will not be the same at
the metal/electrolyte interface as that at the meal/vacuum in-
terface since the magnitude of the electron density of ¢lec-
trolyte is comparable to that of metal. In fact, there might be
no penetration of electron at all if the electron density func-
tion of electrolyte is the same in magnitude and commen-
surate to that of the metal electrode.

In the present communication, therefore, no electrons are
assumed to cross the boundary of metalelectrolyte either
from metal to electrolyte or from electrolyte to metal. This
model might be a better representation of the real electric
double layer for the metal side, if one recognizes the strong
screening of the electrolyte as is pointed out by Chao et al’
Also it is clearly demonstrated that the effect of the charged
metal electrode should not be neglected as its contribution to
the potential profile and hence to the capacitance of the elec-
trical double layer is proven to be critical.

Theory

For the evaluation of the electrical potential profile in the
diffuse layer, the Gouy-Chapman {GC) model suggested by
Gouy and Chapman! is adopted. The charge distribution
function is determined in terms of the potential energy dif-
ference of the corresponding charged particles according to
the Boltzman distribution function. With some reasonable
assumptions, such as the chemical potential of the bulk liquid
is the same as that of the diffuse layer at the equilibrium state
and that the DC dielectric constant of water is constant
throughout the diffuse layer, the theory yields the exact
analytic solutions to the potential and the charge distribution
in the diffuse layer, for Z-Z electrolyte. Since the detailed
derivation and the discussion can be seen elsewhere,® only
the results will be quoted here. The reference frame of coor-
dinates is such that the distance is measured from the elec-
trode/electrolyte boundary which forms an infinite plane at
x=0. Then the potential profile can be represented by ¢(x),
with the boundary condition that ¢ is zero at infinity; thus
$(x) represents the potential difference between the bulk li-
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quid and a point at a distance x from the boundary. The con-
centration function of species f and the potential function for
Z~Z electrolyte are given explicitly by

Ci(x)=Cexp (- Z,e/kT) ¢ (x)) (1)
()= %tank" {tanhz—?%%’-)—exp {—x{x—x,011(2)

were C is the bulk concentration of the electrolyte, Zg is the
charge of the species, i, ® is the Boltzmann constant, 7 is the
temperature, K=Ze(2C/ekTY'? is the reciprocal Debye-
Hueckel length, ¢ is the permeability of the electrolyte, x, is
the thickness of constant concentration,® and Z~| Z i|. When
the finite sizes of the ions are not negligible around x=(, a
non-diffuse-like region is allowed in between the metal sur-
face and the diffuse layer. One of the non-diffuse-like
regions is the so called “Quter Helmholtz Plane (OHP)”,
which is generated from the model suggested by Stern.! In
this paper the sizes of ions are not taken into account, thus
explicitly visualizing the effect of the charged metal com-
pared to GC theory. In other words, x; is taken to be zero
here. The effect of the finite size of ions is disucssed in full
detail elsewhere,!® hence will not be discussed any further
here.

For the potential profile inside a metal, it is obvious that
there cannot exist any DC electric field inside the conductor.
When a potential is applied to a conductor the potential drop
occurs at the surface of the conductor and the discontinuity
of the electric field is directly related to the surface surface
density through boundary conditions. The thickness of this
charged surface layer, or in other words, the space charge
region is negligibly small (Thomas-Fermi screening length).
But in an electrolyte and semiconductors the thickness of the
corresponding space charge region can range from a fraction
of an angstrom to several thousand angstroms. In metals the
thickness is a few tenths of an angstrom. Even though this
region is very small, this region should not be neglected in
the S/L interface study, because it plays a very important
role in determining the potential profile throughout the metal
electrode and the electrolyte.

The potential distribution as a function of x inside the me-
tal can be obtained in a similar way as has been done by GC
theory for the case of an electrolyte. However one thing that
should be kept in mind is that there is only one kind of mobile
charged particles in the metal, namely the electrons. Further
the electrion is known to have a negtigible size (<1073 cm).}!

Let N(x) be the number of electrons per unit volume near
the interface and N, be the bulk electron density of the metal,
then the Poisson equation demands

d __ e _
—a}w&(x)— K,eo[N(x) N, (3)

where K, is the dielectric constant of the nfetal and ¢, is the
vacuum permeability. Also using the Boltzmann distribution,
the density of electrons can be written in terms of the poten-
tial ¥(x), the potential difference between #(x) and ¢, as

N(x)=Noexp((eg (x) — egn) /£ T)
=Noexp(e¥ (x)/kT) {4)
where ¢,, is the pontential of the metal electrode with respect
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to the bulk electrolyte, which can also be expressed as $(-o).
Following the standard procedure of solving the Poisson
equations, it can be shown that

d¥ix)

dx =—Sgn (¢m) (2Nok T/’Kufa) v

(exp(e¥ (x) /2T)-1-e¥ (x)/2T)7* {5

where sgn(¢,) denotes the sign of 4,,. This equation can be
integrated by a numerical method to yield the x dependency
of the potential inside the metal. Once the potential profile
is obtained, the electron density profile can readily be obtain-
ed by using the potentiat profile with the Eq. (4). Also the
surface charge density on the metal surface is obtained with
the following equations.

s=-e[ V() - N)dx

=sgn(pn) (2Kneok TN,)?
(exp(e¥ (0)/2T) ~1-e¥ Q) /RT)V? {6)

The surface charge density of the metal surface, which is
calculated by integrating the excess volume density of elec-
trons, is found to have an one-to~one correspondence with
¥(0) in Eq. (6) or equivalently, the surface potential #(0). Thus
a nonzero potential profile insid the metal exists as far as the
surface charge density does not vanish. Therefore, since the
surface charge density is always nonzero except at the poten-
tial of zero charge (PZ(), it is seen that the potential profile
inside the metal always exists and is essential in determining
the overall potential profile and capacitance of the electric
double layer.

In order to complete the calculation of the potential pro-
file, the potenttal at the metal electrode/electrolyte interface
(x=0) is determined by the following two boundary condi-
tions:

${x=0_)=¢(x=0,) {7)
Kacod¥/dx (x=0_)=ed¢/dx (x=0,) (8)

Eq. (7} is the continuity condition of the potential and Eq,
(8) means the contiruity of the magnitude of the electric
displacement D at x=0. The latter condition can be derived by
applying Gauss’ theorem with the help of Egs. (3) and (6); ex-
plicity, we equate the surface charge of the metal calculated
from the metal side as shown in Eq. (6), to the net surface
charge density of the ions in the electrolyte calculated from
liquid side as follows

o=—ced¢/dx (x=0.)
=sgn(pn) BETCe)V*sinh(Zep Q) /2kT). (9}

With the Egs. {(6) to iQ) for the Z-Z electrolyte, it can be
shown that the potential at the boundary or #(0} should
satisfy the following condition.

exp ((eg (0) —egy) /ET)~1-¢(p(0) — o) /2T
= (4eC/Kpe Ny)sinh*(Zeg (0) /28 T) 10)

A numerical method is employed to get the value of #(0) from
Eq. {10). Once #(0) is evaluated, the potential profile and
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Figure 1. Calculated potential profiles of gold in 0.1M potassium
chloride solution as a function of distance x inside the gold etectrode
for potential differences of 1.0 V (solid line), 0.5V (——), 0.25V
(—e—e), ~0.2V(——) and -0.4V (--).

charge concentrations in the metal electrode as well as in the
electrolyte are obtained from the correspnding equations.
The capacitance of the electrical double layer is then cal-
culated from the ratio of the charge on the metal electrode to
the potential difference,

Results and Discussion

For the electron density NV, of the electrode, that of single
crystal gold (5.9 x 10?%cm? is used.™ The concentration € of
the potassium chloride solution is 0.1 M, which simulates the
electrolyte. The dielectric constant of electrolyte is assumed
to be constant throughout the electrolyte region and X,, is ap-
proximated to 1. The specific adsorption, which can be defin-
ed either as a depletion of the solvation sheath at least par-
tially in the direction of the electrode’® or the adsorption of
anions at the negatively charged electrode,? is not taken into
account.

The potential profiles inside the electrode for a few poten-
tial differences between the electrode and the buik liquid as a
function of distance x are presented in Figure 1. The varia-
tion of the potential inside the electrode is seen within a few
tenths of an angstrom. These variations in the potential even
though they occur in an extremely thin surface layer, are not
negligibie and hence should be incorporated in the investiga-
tions of double laver properties for the reasons given below.
The protion of the potential change inside the electrode
becomes significant as the potential increases along an
anodic (positive} direction as can be seen from Figure 1 and
2. When the potential difference between the electrode and
butk electolyte is 1.0 volt, about 70~85% of the potential
drops inside the electrode, thus leaving the potential drop
from the electrode/electrolyte interface to the bulk liquid
about 0.15~0.30 volt depending the bulk concentration of
electrolyte. That is, the voltage drop in the liquid is only
15~30%. The relative amount of the potential drop which
occurs inside the electrode is not constant but depends on
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Figure 2. The potential at the gold/liquid interface (x = 0) as a func-
tion of patential difference between gold electrode and liquid for
0.1M (solid line), 0.01M (—-—-}, 0.00IM (—-—-4), and 0.0001M (-
of potassium chloride solution.
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Figure 8. The relative potential drop (H0)-#,,),, at the gold/liquid
interface {x=0) as a function of potential difference between gold
electrode and electrolyte for 0.IM (solid line), 0.01M (—-—3),
0.001M (—--—-), and 0.0001M (-) of potassium chloride solution,

the magnitude and the polarity of the potential difference
between the electrode and the bulk liquid. The absolute
potential in volts and the relative potential at the elec-
trode/electrolyte interface are presented in Figure 2 and 3
respectively. The amount of variation in the potential inside
the metal electrode increases as potential deviates from PZC.
Also around the PZC and at tower concentration of elec-
trolyte, the potential change inside the metal electrode is
small {(~5% for 0.001 M around PZC), thus the entire poten-
tial occurs at the electrical diffuse layer as predicted by GC
theory. In Figure 4 the electron density profiles are shown as
a function of distance x for a few selected potential dif-
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Figure 5. The calculated surface charge density on the gold elec-
trode vs potential difference between gold electrode and electrolyte
for 0.1M (solid line), 0.01M (—-—-), 0.001M (—-—-- ), and 0.0001M
-}

ferences. For the positive potential, the thickness of the elec-
tron depletion layer is seen to increase as the potential in-
creases, thus attributing most of the potential difference to
that in the electron depleted region. On the other hand, for
the negative potential the potential drop inside the electrode
is not so dominating. The potential change inside the liquid is
bigger than that inside the electrode. The thickness of the
electron accumulation layer is nearly is nearly constant at
~0.14, only the electron density at x = Q increases explosively
as the magnitude of the potential increases. As is shown from
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Flgure 6. Potential profile inside the liquid for potential differences
of 1.0V (solid line), 0.5V {(——1), 0.25V {(—-—--}, -0.2V (——) and
-0.4V (), between gold electrode and electrolyte.

the surface charge density of the electrode as a function of
the potential in Figure 5, the surface charge density is a slow-
ly increasing function of potenital above ~0.2 volt and is a
rather rapidly decreasing function below ~0.2 volt.

It is observed that there are asymmetries in the potential
profile, the electron density profiles, and especially surface
charge density around PZC. The asymmetries originate
mostly from the physical properties of the charge carriers,
the negatively charged electrons with a finite volume densi-
ty, which is the only kind of charge carrier in the electrode.
For a negative potential, the electrons will accumulated
without limit in a very narrow region, as far as it is ener-
getically allowed. This will favor an increase of the surface
charge density, but the potential do not increase so abruptly
because it should increase in an ultra narrow region. On the
other hand, for the positive potential the electrons are
depleted from the interface and the depth of the electron
depletion layer can increase rather easily. Thus the amount
of the potential drop increases quadratically with the thick-
ness of the depleted region, resulting in a slower increase of
the surface charge density but a bigger potential drop inside
the electrode. Since the capacitance per unit area is the
surface charge density divided by the applied potential, the
behavior of the surface charge density and the potential drop
inside the electrode as a function of applied potential are
directly reflected in the behavior of the electrical double
layer capacitance, A more detailed discussion of the double
layer capacitance follows.

The large potential drop inside the electrode implies that
the electric field in the inner Helmholtz layer is not necessari-
ly large as had been estimated so far.3® Especially for the
positive potential, the potential drop in the liquid has relative-
ly small portion of the potential difference between the elec-
trode and the liquid, even though the potential difference in-
creases continuously, thus keeping the magnitude of the
electric field in the inner Helmoholtz layer low. The potentiat
profile in the diffuse layer is plotted in Figure 6. As the po-
tential profile and the charge distribution are known, it is a
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Figure 7. Capacitance of a double layer of gold in 0.1M (solid line),
0.01M (——), 0.001M (—--—-), and 0.0001M ¢--) potassium chloride
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Figure 8. Capacitance of a doubte layer of gold in 0.1M (solid line),
0.01M (—-—-), 0.001M (—+-—- }, and 0.0001M (-} potassium chloride
sotution vs potential difference between gold electrode and elec-
trolyte. by GC theory.

straightforward procedure to calculate the capacitance of the
double layer. The capacitance of the electrical double layer
as a function of potential is presented in Figure 7.

A comparison of capacitances with those by GC theory
reveals a few points worth mentioning. First, the capaci-
tances in Figure 7 never diverge as they do according to the
diffuse Jayer theory (Figure 8) when the potential deviates
from the PZC3® At the PZC, a minimum in either the
capacitance curve or the differential capacitance curve ver-
sus potential is observed in both the theory. The reason for
the disappearance of the exploding behavior of the
capacitance off the PZC in the present model is mostly
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Figure 9. Potential profile inside the liquid for potential differences
of 1.0V (solid line), and -0.4V (-), between gold electrode and elec-
trolyte. {those by GC theory are plotted as dots for comparison).

due to the effect of the metal electrode. Explicitly, for a
positive potential, the exponential increase of the charge
observed in the diffuse layer theory is restricted by the in-
crease in the thickness of the electron depletion layer, which
is necessary to keep electrical charge neutrality at the inter-
face. The potential is an approximately guadratic function of
distance x inside this electron depletion layer. Hence, the sur-
face charge density is kept low and the capacitance does not
exhibit explosive behaviors. This is well observed in Figure
9. For a negative potential, the electrons are rather easily ac-
cumulated at the metal surface at low potential. This ex-
plains why the capacitance rises up very quickly at a negative
potential as shown in Figure 7 and the two potential profiles
in Figure 9 are quite similar to each other for a negative
potential. However, as the magnitude of the potential in-
creases, it is more difficult to accumulate additional electrons
in the ultra narrow ragion of 0.1A (Figure 4), against the
electrostatic repulsion, thus the capacitance increases less
explosive. Another results to be noticed is that when elec-
trolyte bulk concentration is high, the minimum capacitance
at PZC in Figure 7 is much smaller than that evaluated by the
GC theory in Figure 8. As the experimental capacitances at
PZC are even smaller than those predicted by the present
theory, the present theory is believed to be on the right track.
As the solution gets more diluted, the predictions by the pre-
sent model are quite close to those evaluated by diffuse
layer theory. For exampie, the slope of #{0) #s ¢,, is about 1
(Figure 2), and minimal deviation of ¢(0) from ¢, is shown
(Figure 3) and the capacitance curve is quite similar to that
by diffuse layer theory (Figure 7 and 8).

According to the present model, a metal is described in
terms of its electron concentration and its dielectric constant.
Since these two constants do not vary significantly among
metals. the potential profile inside the metal electrode will not
differ so much from one kind of metal to another, Also it is
believed that the total potenttal change inside the metal will
not depend greatly on the model of the metal electrode under
DC electric field. Thus the present model, which can be de-
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scribed as a simpilified jellium model with bixed nuclei forming
a rigid structure and electrons being confined inside the elec-
trode, that is, the model with no penetration of electrons
from and/or into x<0 region, is strongly believed to predict
the correct response of the metal electrode under a DC field.

Further improvements of the present model can be
achieved in two ways. First, since the ions in the electrolyte
have finite sizes, these size effect should be included in the
model. This can be done by inserting intermediate layers of
constant concentration between the metal electrode and the
electrical diffuse layer. One such constant concentration
layer is the well known Stern layer, whose thickness could be
the radius of hydrated counter ion. Another constant concen-
tration layer is that of the saturated counter ion. This layer
will exist since the concentration of hydrated counter ion at
just outside of the OHP, cannot exceed a certain value,
which might be determined from the closest packing density
of hydrated counter ion or the density of single crystal, com-
posed of the same element. The thickness of this saturated
layer will be a function of the potential difference, the size of
hydrated counter ion, and the bulk concentration of the elec-
trolyte, This layer will be located between Stern layer and
the electrical diffuse layer. Once these constant concentra-
tion layers are added, there will be additional potential drop
inside these layers, thus the total amount of potential drop in-
side the metal electrode and the electrical diffuse layer will
be smaller. Accordingly, the surface charge density and ca-
pacitances will be smatler than those by present approach.
The effect of these constant concentration layer will be
dominating especially at the cathodic (negative) potential,
where the rapid increase of the surface charge density as the
electrode becomes more cathodic will be greatly suppressed.
The size effects of ions will be discussed in a greater detail
elsewhere, !

Second, as is implicitly suggested by Martynov et al,,® the
electrode/electrolyte interface boundary can possibly be
pushed to the electrolyte. This shift of the boundary wall,
even if it might be extremely small, will greatly affect the
potential profile especially at cathodic potential. Although
the thickness of this electronic contribution is assigned to be
that of Stern layer by Martynov ef al.®, the electronic con-
tribution is implied to be due to those electrons which are
displaced to the new boundary of metal electrode. This elec-
tron might not be the same electrons which make penetration
from metal into vacuum in the metal/vacuum interface
theory.
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3C NMR Study of the Application of the “Tool of Increasing
Electron Demand” to the 9-Aryl-tricyclo[3.3.1.0**Jnon-9-yl,
and 8—Aryl-’l'etracyclo[3.2.1.02’7.04’6] oct-8-yl cations

Wie-Chang Jin, Gweon=Young Ryu, Chun Yoon, and Jung Hyu Shin"
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The 13C NMR shifts of a series of para-substituted 9-aryl-tricyclo[3.3.1.02.8Jnon~9-y! and 8-aryl-tetracyclo{3.2.1.027. 048]
oct-8-y] cations were measured in FSO3H/SOCIF at -40 °C or -70°C in order to examine whether the 0¢* values can be use
to explain the mechanism for the stabitization of the geometrically rigid cyclopropylcarbiny! cations. Plots of the 48 ¢+ shifts
against 0°* reveal excellent linear correlation. The tricyciononyl systems vield a p°* value of -4.95 with a correlation coeffi-
cient r = 0.9948. The tetracyclo-octanyl systems give a o+ value of -6.39 with » = 0,9943. A fair parallelism exists between
the results of 19F nmr studies and the change of pf+ values in these cations. Accordingly. the present study established that
the 2¢+ value can be used as a mearsure of the geometric influence for the charge delocalization in cyclopropylcarbinyl ca-

tions.

Introduction

The use of the Hammett o and Brown ¢* substituent con-
stants in the investigation of structure~reactivity relation-
ships is well established!. These substituent constants pro-
vide a measure of the stabilizing effect of the substituent on
the reaction center of the transition state in the solvolytic and
related reaction. On the basis of the usual assumption of a
late transition state? in such solvolytic reactions, it was rea-
sonable to anticipate that these constants could also be used
to correlate that stabilities of the carbocationic intermediates
produced in such solvolyses,

In recent years it has become possible to prepare and ob-
serve such carbocations in superacid media®, The *C NMR
chemical shifts in such carbocations have been taken to
measure the electron delocalization of the carbocation. Ac-
cordingly, numerous attempts seeking to correlate the *C
NMR shifts with ¢*, electrophilic substituent constant, have
been reported®.

On the assumption of ({) a late transition state for the

solvolysts of cumyl chlerides in acetone and (i) that the '3C
chemical shifts were linearly proportional to charge density,
it was not unreasonable to expect the ¢* constants to correlate
3C shifts of the fully formed carbocations in superacid. Thus
Olah and coworkers plotted the *C cationic carbon chemical
shifts §C* of cumyl cations against the electrophilic substi-
tuent constant(¢* and noted an approximate linear correla-
tion®. In a reinvestigation of the behavior of the substituted
fert-cumy] cations, Kelly and Spear® observed a lower cor-
relation coefficient, » = 0.967. Even more importantly, they
pointed out that the least-square line for their data failed to
pass through the point for the parent ler#~-cumyl cation. They
suggested that the discrepancy might be due to an enhanced
charge delocalization in ions containing electron donating
substituents.

Therefore, Brown” and coworkers proposed the following
modified Hammett-Brown equation of the form

Aac+=pc+ac+

where 46°* is the difference between the cationic carbon



