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lon transfer across the interface of two immiscible liquids involves a mechanism for initiating
desolvation from the first liquidf, and concerted solvation by the secoBd|n the present article

a mechanism is considered in which this initiation is facilitated by the ion attaching itself to the tip
of a solvent protrusion oB into A. (Protrusions have been observed in computer simulations and
termed “fingers” or “cones.’) It is presumed that the most effective protrusion represents a
balance between two opposing effects: the more convex the protrusion the less probable the ion/
protrusion formation but also the less the resistance to extrusion of the intervening liquid between
the ion and the surface. An analogy of the latter to hydrodynamics is noted, namely, the more
convex the surface the less the frictional force it exerts on the approaching ion. After diffusion in
coordinate and solvation space across the interfacial region, the final detachment of the ion from
solventA is assumed to occur from a protrusionffnto B. Existing data on ion transfer rates are
discussed, including the question of diffusion vs kinetic control. Computer simulations that
correspond to the experimental conditions in realistic liquids for measurement of the
electrochemical exchange current rate constgrdre suggested. They can be used to test specific
theoretical features. With a suitable choice of systems the it@ed a major barrier to the
simulationg for having a base electrolyte in such simulations can be bypassed. An experiment for
the real-time observation of an ion leaving the interface is also suggeste@00@ American
Institute of Physicg.S0021-960800)50628-X

I. INTRODUCTION ion across a liquid/liquid interface. It allows for the presence
of a barrier, when it occurs.

The study of ion transfers across the interface of two  Experimental results® on rates of ion transfer across
immiscible liquids has been extensively pursued in recenfiquid/liquid interfaces have been obtained by various meth-
years(e.g., Refs. 1-18as has that of electron transféfs®®  ods, including AC impedance, potential-step chrono-
and of various liquid/liquid interfacial propertiéé‘.“SIn the fluorometryf3 chronoabsorptometr%/,and potential modu-
present article several factors are considered in formulating gted reflectanc@the spectroscopic methods being limited to
theory of ion transfer across these interfaces. There havuorescent or light absorbing ions. The reported experimen-
been a number of theories of the ion trandfer®as well as  tal resultd~28 include the absolute values of the rate con-
computer-based insight;®® and we draw upon some of stantsk, for the “exchange” currentcurrent at zero elec-
these studies. There have also been several theoretical stugechemical Gibbs energy of ion transferwhich are
ies of electron transfer at these interfae<2Interest in the  apparently usually about 0.01-0.1 ciitsThese values are
field of ion transfer itself has stemmed, in part, from its in-of the order of 1000-fold less than those expected from a
trinsic interest and, in part, from its role in the areas ofbulk diffusion constant for crossing the interface. The effect
liquid—liquid extraction]* ion transport across biological of temperature on the ion transfer rate has been stuflied,
membrane$® and phase transfer cataly$fs. and increasing evidence of kinetic control at lowered tem-

Analytic theoretical studies of ion transfers have beerperatures was seetkinetic semicircles in the impedance
various: a stochastic approach, using Eb. below and a plot).
potential energy barrier chosen to fit the restiits, related Other features of the experiments are an apparent inde-
approach without a barrier but with a phenomenological verypendence ok, on the Gibbs energy of transfer of the ion
small diffusion coefficient for crossing the surfae lattice  from one liquid to the othef,and the independence or weak
gas model to calculate the potential of mean force andlependence ok, on the electrolyte concentratiéf:*! Yet
thereby an activation barriét,and a model which includes another is the nature of the dependence of the rate coristant
desolvation/solvation, electrostatic effects and energetics dbr ion transfer on the applied potential across the interface,
opening a pore in the interface, in conjunction with anspecifically, that the “Tafel” slope changes rapidly with the
equivalent(the Langevin equationof Eq. (1) below® The  applied potential, where studiéd Under conditions of small
present approach differs from these analytic approaches idriving force (i.e., k=kg) the slope of the Tafel plot is uni-
invoking protrusions as a mechanism for initiating theversally around 0.53478However, it has been pointed
desolvation/solvation and for completing the transfer of theout®**that some of the measurements are near the diffusion-
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control limit. We comment later on several results obtainedndicate an overwhelming diffusion-limited rate, it is large
using ac impedance of microinterfaces, which reduce thenough to warrant caution in the interpretation. We note fur-
possibility of diffusion control. There is, of course, the sepa-ther that at potentials away from the value whierek,, the
rate issue, which we shall not explore, as to whether what igverage of the forwardk¢) and reverse k,) K's appears
deduced from the measurements is definitely the charggstead ofk itself, and is larger thark,. Results obtained
transfer resistance or some other resistance. with microinterfaces gave 0.22 cm’ for this systenf,

The manuscript is organized as follows: In Sec. I1A, \yhich is 4 Jittle higher than the above value obtained with
relevant time constants are considered regarding kinetic V8 acrointerface&l!

diffusion control. In Sec. Il B remarks on the hydrodynamics . . .
. . ) We consider next a result obtained from potential-step
of a body approaching a surface, its analytic theory, and

; . : ; chronofluorometry. Here, a critical parameter is the ratio
some computer simulations are discussed. The theories al y P

e

described in Sec. Il C, both for plane interfaces and for in—(rZ/\/_;)[_kf(_ Vt/D )_+kf(_Vt/D )]'_ where o de_notes the o_r-

terfaces with protrusions. An equation for the latter is Eq.92niC liquid. Again, this quantity is essentially a reaction

(31). Some approximate numerical estimates are given iflistance divided by a diffusion distance in tinieln the

Sec. 11D, followed by a discussion in Sec. Ill. Of the two method a ratio of a slope to an intercept is determined. The

competing mechanisms, flat vs protrusion based, insight intéelevant time range was about 0.01-0.1 s. Using for Eosin Y

which is dominant can be provided by suitable computedianion (EY*") and a 1, 2-dichloroethangdCE)/W inter-

simulations, although a direct real-time observation such aface aDW=2.1x10 ®cn?s™?, D9=2.8x10 ®cms’?, a

the possibility considered in the final section may be helpfulk,=9.5x10 3cms?, and at of about 0.1 s the ratio is

about 4.4, which is not large, though warrants caution.

Il. THEORY In a chronoabsorptometric studyotal internal reflec-

tance spectroscopy, in conjunction with a potential-step per-

turbation the same parameter as that for chronofluorometry
It is useful to recall the combination of parameters in-appears. In a study of methyl (MO) and ethyl (EO)

volved in the determination of rate constdnby several of orange anion transfer across a W/DCE interface Dﬁﬁ%,

the methods. In the case of ac impedance studies this quan-(9+2)x 10 %cn?s %, with a \t of about 0.1-0.05 ¢

tity is [e.g., Eq.(15) of Ref. 4] k/\/(2wD), _Whereg is t_he for MO~ and aky=(2.5+0.7)x 10 2cms ! the above pa-

angular frequency of the ac voltage abdis the diffusion  5meter is about 1-2, and so, with the caveat mentioned

constant of the ion in bulk liquid(Strictly speaking, it earlier. thek mav be legitimate. Ethvl oranae (E®displavs
should involveD in each of the solvents, by symmetry, but similyar behav>i/or ¢ gl ge (EQdisplay

this aspect has only a minor effect on the general conclu- In an analysis of the frequency dependence of potential

sions) If we write 1/w as, a characteristic time, the param- - .
modulated reflectancethe critical parameter is given as

eter is thenkr/\/(2D7), i.e., the ratio of a “reaction dis- i 2 1
tance” traveled in timer divided by the root mean square 4'@{,/ V2D " w. éN|th alio of 4.5x107“cms 'Q/QN/NB' the
Dyio=9x10 ®cn?s ! for methyl orangew™ Y2 was 0.1—

distance traveled in time by the ion diffusing in the liquid. » Y _
When this ratio becomes substantially larger than unity, th®-05 $'% and the above quantity is about 2-4. S0 once again
reaction becomes diffusion-controlled. In each case we uséeko may be the reaky, unmasked by diffusion.

A. Relevant time constants

below thek inferred from experiment and then see if it sat- At present, therefore, there are some uncertainties in the
isfies an internal consistency test, namely, sdé RPwD is interpretation of the data, and | gather that studies at lower
not large. competing impedances and at shorter times would be desir-

Experimentally k is estimated from this parameter, e.g., able, since one important ratio of the parameters to distin-

taking a suitable ratio of slope to intercept of a particularguish diffusion control from kinetic control i«t//2Dt.

plot, or by a fit of a plot of imaginary versus real parts of anQther things being equal, it has been noted that studies with
impedance. Taking as an example the transfer of a Csmicroelectrodes can yield valid results for highes, since
across a watefW)/nitrobenzengNB) interface? where the the solution resistance is relatively less and the replenish-
dlffu§|é)n co_nlstant qf Cs in thg aqueous phase _'15 2 ment of the transferring ion by diffusion is greater for this
%10 cm_zs , that in the organic phase is 1Benr's *  geometry(e.g., Ref. 77. With macroelectrodes, the solution
and a typical is between 10°s' and 100 s', thek esti- resistance can be several hundred times greater than the

mated from the data is 0.01 cm's The parameter charge transfer resistance and needs to be carefully compen-
k/\/(2wD) is then between 1/4 and 1, suggesting that khis sateg y P

may well be a legitimat&, unless the charge transfer imped- . . .
ance has been overwhelmed by impedance due to other On the other hand, while with the microelectrodes the
sources, there being other factors in the circuitry. For th&harge transfer resistance is considerably increased and can

transfer of tetraethylammonium ion across a W/NB interfaceP&come comparable with the solution resistance, new prob-
the k, determined from ac impedance studifswith mac-  lems can also aris€; parasitic impedancésand currents at
rointerfaces is 0.05-0.15 crmsor moré while D is 9.3 the edges and corresponding disturbance of the intefface.
x10 % cmPs Lin W and 4.0<10 ®cn?s tin NB. Foranew  Conclusions presently inferred from studies uSitigmicro-

of 10-100 s and usingk=0.15, the above parameter is sized liquid/liquid interfaces differ from each other and re-
about 3—10(using DY). While this latter result does not main to be resolved.
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B. Remarks on hydrodynamics, analytic theory, and and the supporting electrolyte, with its extra complications
computer simulations are no longer needed in a simulation to obtkjn Such a

When a sphere approaches a flat solid surface, the Vi§_imulatic_)n. can pr_ovide .detailed insight into th? \{ariogs
cous flow resistance increases above that expected from tiaechanistic questions raised below. Just as key insight into
usual Stokes’ formula, because of the difficulties of extrusiorf €CON transfer reactions in solution was obtained from ex-
of the liquid between the sphere and the surfdcé® As- ~ Periments onsgself-exchange reactions, free from Ay
ymptotically the hydrodynami@macroscopigresistance var- drlvmg for(_:e, analogous benefits can be expected from
ies as 1d, whered is the distance from the leading edge of §tud|es_ of ion t_ransfers when_the counf[erpartA(ﬁ" van-
the sphere to the solid surfat®For an interface which is a ishes, L.e., studies 8%. To avoid unduly improbable trajec-

free surface, i.e., one which has slip boundary condition:l';or!eS when th'SA.G E.O'. 'F .WOUId be he_IpfuI o use trajec-
instead of “stick,” the resistance is less, but still singular tories where the ion is initially thermalized at the center of

with the distanced.®*® For a sphere approaching a liquid— the interfacial region, and where the number of “recross-

liquid interface an intermediate behavior is expected sinc:%;r'gS (or equ_lvalenl|s elst|r(;1ated S0 6}5 tc;]calculate on tr:;ns—.
the interface is closer to “slip,” but generates a flux in the er rates, as is commonly done now for homogeneous chemi-

second liquid and hence an additional dissipation in thai:al reactions. . . . I
fluid. In a recent interesting investigation a computer

. . 4 + .
Thus, from a purely macroscopic viewpoint, apart from5|mulat|or? was made of MEN™ crossing a water/

any deformation of shape of the interface due to the ion, thgitrobenzene interface. An applied field of 0.5 V per 10 A

ion encounters additional resistance as it approaches a sf@s used to reduce the irajectory ime. We discuss the results

face closely(This effect can be shown to be relatively minor In Sec. lll. A study of a mode{Lennard-Jongssystem hav-

. a) . . . 5
for electron transfer®) At the molecular level a barrier ing zero Gibbs energy of transfé; yielded interesting re

arises because of the need of replacing one set of solve ylts which bear further close analysis, as noted later. It will
molecules by the other in the neighborhood of the ion. Th e interesting to see if the behavior of the protrusions in

attachment of the ion to the tip of a protrusion, rather than é:urren; 'cor?putefr SLmUIa“?ES whsrle thedngnzerolGli)psf'e?é
flat interface, provides a mechanism for facilitating the initial €rgy ot lon transter has not been baianced by an electric fie
step in a concerted stepwise desolvation of the ion fom and electrolyte differs from that in simulations where there is

and solvation byB. In this way, the requirement of displac- a balance or where the Gibbs energy of transfer is about zero.

ing several B molecules simultaneously at a flat interface Z’ fThe r|]mp||cat|onshoffanot.hedr.jet_of computer s||mulfat|0n_s
avoided. Before proceeding to a model, we first recall sever ult or 1t53e| ap;]proac Oh an 'Od'_ el lon toha meta surl acel IS
results obtained from computer simulations and then suggeé‘? evant.In this case the lon displaces the water molecules

where future simulations of appropriate systems closer tgdsorbed on the surface, and once again t_here IS an extru§|on
actual experimental conditions would be of interest. of the solvent molecules between the leading edge of the ion

Computer simulations of realistic water/organic solventf;’md thef mebtal. .A ttwofold r?ftECtt occgtr's, orletbeflng t:e e>§({s—
interfaces®~%®yield interfaces which appear as locally sharp E]ir][ﬁe ora atrrrller otrTa((j: te tr:anj.' |o|n state ;)r fa thso_rptlon
(~1 molecular diameter thigkBecause of fluctuationgap- of the lon on the metal, due fo the displacement ot the inter-

illary waves they appear widef~10 A) when examined vening water molecules, and the other being an enhanced
locally but on a somewhat coarser distance scale. In conm!iction coefficienté, enhanced approximately by a factor of

puter simulations for water/organic interfaces protrusions10 at the separathn distance in the transition §€at®|.-.
have been observed by Benjamin and oth@nsd termed though the connection to the behavior on a macroscopic hy-
“fingers” or “cones”) to which a solute ion can become drodynamic level forf was not drawn, the computer results

attached® %1 The fingers have extended as much-@A in do provide clear similarities to the discussion given earlier.
the case of water protruding into an organic solvent. Analytic In the calculation in Ref. 53 the frequency dependence

treatments of some aspects of {thess extremeprotrusions ¢(w) was determined in the transition state, and of(y)

have been or can be given in terms of the interfacial tensiofPPropriate tq t_he time spent coming in the TS region 1s
y and a bulk correlation lengtk3-8687 relevant, and it is much smaller than tig0) at that region.

The computations for realistic liquids have normally The net result, using Grote—Hynes extension of Kramers

been made under conditions where the standard Gibbs eﬁjeory of reactions, for the adsorption rate is the near cancel-

ergy of ion transfer is large, and without a supporting elec_ation of two effects, yielding a result which differs only

trolyte and compensating field to balance this Gibbs ionabout 30%—-40% for TS theory. Thus, for the calculations of

A .
transfer energy. This balance is needed in order to simulat® rate constarkyss,below we shall simply use TST theory

conditions for the measurement of an experimentally impor2Ut note that there may be a barrier in the TR orw} in
s. (20) and (25), for the displacement of some solvent

tant quantity, the electrochemical exchange current and it5d
associated rate constakg. However, it appears not to be molecules.

feasiblé* at present to simulate systems where there is the

above balance. Accordingly, as an alternative, it would be

useful to simulate systems where the standard Gibbs ener&/ Theory

of ion transfer is close to zero, as in ME, PR, or We first recall a phenomenological treatment for ion
EtMe;N™ for a water/nitrobenzene systénor Et,N* for a  transfer across the liquid—liquid interfac®ln that approach
water/1,2-dichloroethane ofi2In this case, an applied field a small but finite diffusion constant was assumed for cross-
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ing the interface, taken as flat. The actual mechanism was One question is how can the desolvation of the ion from
not specified. The approach in Ref. 50 can be regarded assalventA and solvation by the second solvéhbe initiated.

special case of the following analydisf. Eq. (7) below].

We denote byc;(z,t) the concentration ohttachedions
at a distancez normal to the local mean interfacial plane
(number per unit area per urdt. Thec;(z,t) is assumed to

When an ion moves through a bulk liquid there is a tendency
for neighbors to persist, as reflected in the well-known “cage
effect” of reactants in solutiof’ This cage effect is consid-
erable in bulk solution. It is reflected in the ratio £f, the

satisfy in the interfacial region the usual diffusion/reactionequilibrium encounter rate constaht, =g10*M ts?!

equation(cf. also Refs. 49 and 56

dC;i Jd dC; Jd DCi d/.L
dz] dz\kgT dz

R
where D(z) is the diffusion coefficientu is the electro-
chemical potential of the ion,

#(2)=p(2)+ed(z), 2

eis the charge of the iory(2) is the electrostatic potential at
z, andJ is the flux ofc;,

0Jd
0z’

D

- dc; Dc;du 3
= 9z kB_TE €

A rate constank . can be defined by

J=Krae£(zi) = kappCA ) (4)

[upon includingg, a hard sphere radial distribution function
at contact, with a value of about(Ref. 9] and the diffusion
rate constantkp=47DR,~10"°M1s™!, whereR is the
distance between the centers of two neighbors at contact. The
ratio Zqq/kp could be interpreted as a number of collisions
with the cage wall before escape10g, i.e.,~50. The sepa-
ration difficulty is even greater when an escaping neighbor is
sandwiched between its neighbor and a flat surface. When an
ion enters the secondmmiscible liquid it is forced to
change its neighbors because of the repulsions of the unlike
(“immiscible” ) solvent molecules. Thus, a very small tran-
sition probability, perhaps of the order of 1/50 or, worse, or
if two A molecules need to be displaced Bya probability
of ~1/2500, is needed to initiate a penetration of a flat inter-
face, in the absence of deformation.

One mechanism for initiating and completing the

wherek,p, is the apparent rate constant calculated using th@esolvation/solvation is the following, motivated by the

bulk concentratiorc, of the ion in the initial solvens, and
c(z) denotes the concentration of theattachedon at any
point z; just outside the interfacial region. Theg andc(z)
can differ because of electrostatic or other effduisrk re-
quired to bring ion from bullA to z;). The fluxJ is given by
Eq. (3) and equally by Eq(4). In fact, this equality serves as
a boundary condition a= z; for the integration of Eq(1). If
the flux J were time-dependent, thar{z;) could bec(z ,t)
andkgp, could bekgpdt).

In a steady-state approximatiofg;/dt=0, and Eq.(1)
then yields a constant value for the flaxIntegration of Eq.
(3) from z;, the point of entrance to the interfacial region, to
Z;, the point of departure from it, yields the usual result

z — —
krate: kdif‘f: 1/ J f [e[M(Z)_M<Zi)]/kBT/D]dZ. (5)
z=7

We recall that a linear profile model has been used by

Kakiuchi for u(z), with D(z) being treated as a constafit.
In the present notation the linear profile faKz) is

w(2) = w(z) =[m(z) — (z) 1(z2— 2) (2 — 7)) (6)

and the integral in Eq(5) yields
oo ue’ " D 7
1 Sinhu 2~ 7, "
where
u=[u(z) —u(z)1/12kgT. ()
The value ofk,. at zero driving force (=0), k%, is
Kiwe=D/(zi—2) (u=0). 9

For an effective thickness of the interface of the order of

10 A and a rate constark, of the order of 0.1 cms, a
phenomenologicaD~10 8cn?s ™! is required instead of
the usual value of bulk solution of the order of Facn?s ™2,

work on protrusions. We recognize, nevertheless, that com-
putational studies under conditions of zero-electrochemical
free energy ion transfer would be useful in ascertaining
which of the following factors are dominant in controlling
the rate of ion transfer across the interface:

(1) To cross the interface, an ion initially in solveAtfirst
attaches itself to a protrusion of solveldt as depicted
schematically in Fig. 1. The probability densijyer unit

h) of finding a protrusion of height is denoted byP(h).
This probability density may be influenced by the prox-
imity of the attaching ion, and in that case can be written
as P(h,z). Alternatively, as discussed later, it can be
incorporated into attachment and detachment rate con-
stants which multiplyP(h). Theh is treated as a signed
quantity, negative when the protrusion extends iAto
and positive when it extends in® It was noted earlier
that the attachment of the ion to the tip is a convenient
way of initiating the solvation byd and desolvation from

A

The attachment of the ion to the tip of the protrusion of
solvent B has a “bimolecular” attachment rate
k*c(z)P(h;), where the value oh at the point of at-
tachment is denoted by, andc(z) is the concentration

of the unattached ion at, wherez;=h;—a, a being the
ionic radius. The most probable value lpf depends on
factors such as the probability of initiation of solvation
by B as a function ofh; and the probability density
P(h;): whenh; is about zero, the local interface is flat
and too manyA molecules may have to be displaced
simultaneously byB molecules in the initiation process,
even thoughP(h;) itself is large wherh;=0. There is
also a rate constat® for detachment of the ion back
into bulk A.

(3) Once attached the ion diffuses across the interface to-

@
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lon Transfer Across Immiscible Liquid/Liquid Interface the valuez; where it became attached. Asincreases
‘ from z, the solvation of the ion and hence(z)
Solvent A Solvent B changes, as indicated

(5) At some point, when the change of solvation is nearly
complete, the ion begins to detach itself from the inter-
face, which may now be from the tip of a protrusion of

Initiation of solvent A extending into solvenB. The ion detaches

Solvation by B with a ratek® c;(z;)P(h;), wherez; is the value ofz at

the detachment pointz{=h;+a); P(hs) is the prob-

ability density(i.e., per unith¢) of this protrusion, which

may provide the easiest route for the desolvation of the
lastA molecules from the ion. ThiB(hs) can be written
asP(h;,z;) or, instead, the effect of the nearby ion can
be incorporated int&® which multiplies it in Eq.(13)
<+ - below. In any system where somfemolecules are re-
tained for some time after entering buk an appropri-
ate modification of the scheme can be used.

(6) If there is any free energy barrier to actually crossing the
interface, it can be incorporated in thgz) in Eq. (1),
but we focus here on the other factors.

The overall process can be represented schematically as
—_—
An, I +NgB—npA+I1B, (10
where| denotes the ion and where tmg and ng denote
some measure of the solvation, e.g., numbers of nearest sol-

FIG. 1. Schematic blot of an ion in solveAta N rusion f vent molecule neighbors of the ion.

. 1. Schematic plot of an ion in solveAtapproaching a protrusion from . . . .
solventB at theA/B interface, passing through the interface and exiting into Thg probability density of a f_IUCtl_Jatlon of helghtof_a
solventB from another protrusion, now d into A. protrusion of one solvent extending into the othieth), in

the absence of an approaching ion can be written as

ward solventB. The recession of the protrusion presum- p(h):eF(h)/kBT/ foo e F(/keTgp (1D
ably assists the solvation of the ion by the new sohgnt —o

and this solvation and the desolvation frécontinues — parer(h) is the free energy of formation of the fluctuation
as the ion diffuses across the interface. The ionic mOI'OQprotrusior) and, as noted earlieh<0 describes protrud-

during this phase is described approximately by a differ-Ing into A, andh>0 for A protruding intoB. For small

ential equation for the diffusive motion, influenced by fluctuations,F(h) is a quadratic function oh. The local

the changing solvation as well as by the changing elecy, .., square valuéh?) has been obtained from computer

trostatic potentialg(z). It is a diffusion in solvation/  ginjation&® and has also been estimated from the interfa-

position space, as in Fig. 2 _ cial (surface tension using capillary wave theory. The relax-
(4) The chemical potential of the iop(2) is taken to de-  44i0 pehavior of these fluctuations is also available from the

pend on the instantaneous valuezptounted refative t0 .5 ter simulations and from expressions from capillary
wave theory for the damping behavior. The number of such
protrusions per unit area is, for the moment, assumed to be
of the order of 1#2,& being the bulk correlation lengttd A
in Ref. 58.9

We again use EqJl), where, in the present model, we
let t=0 be the time of attachment. Then the boundary con-
ditions on Eq.(1) for the fluxJ of the ion motion are

J(z;,0)=[K*c(z)— Kk ci(z)]P(h) dh;  (z<0), (12

+1

J(z¢ 1) =kBci(z)P(hy)sh; (z;>0), (13

f
Z; Z 4 i .
/ where the attachment and detachment occur in the intervals
FIG. 2. Schematic plot of free energy contours in solvation—spatial coordi{ h; , h;j+ &h;) and (¢, h¢+ Sh¢), respectively.
nate space for an ion crossing the interfacial region. The ion becomes at-  Thjs flux is positive since it proceeds from<0 to z

tached at a protrusion of solveBtinto solventA at z; and detached & >0. As noted earlier, the position of the ion at the point of
from a protrusion ofA into B. The coordinaten is a solvation coordinate, ’ '

such as that noted in the text, and describes a concerted desolvation of tRétachment; i§ related toh; (z=h;—a), andzf. is the value
ion from A and solvation byB. of z at the point of detachment;=h;+a. Ultimately, one
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would obtain the solution, replacgh; and sh; in it by dh, ~ TABLE I List of free energy terms used.

anddh;, and integrate over all possible points of attachment Z 7 of the ion in bulk ¢ —=)
h; and of detachmertt; . SinceP(h) occurs in Eqs(12) and F?Zi) 7 of the unattached ion just outside

(13) as a product with a rate constant, the effect of the nearby w} activation free energy, if any, on going from unattached in
ion on P(h;) or P(h;) can be included, as indicated earlier, Ato attached ion,apart from other free energy
equivalently in the attachment and detachment rate constants terms in £q.25)
there n(zp) w of the ion nearz; just after detachment

T.h . A in Ea. (12). the “bimol lar” w} activation free energy, if any, for ion on going from

e units ofk™ in Eq. (12), t e imolecuiar r"f‘te con- unattached irB to attached ion, apart from other free

stant for the attachment of the ion fto a protrusion oB energy terms in Eq(30)
extending into bull, are cnis *. Thek” in Egs.(12) is the e w of the ion in bulkB(z=+)

rate constant for the detachment of the ion from the protru- Wa -Ws'  value ofwj andwj for a flat interface
sion into bulkA and has units of cm'g, as does th&® in
Eq. (13).

The D(2) in Eq. (1), written as a diffusion constant in
ordinary space, now actually represents a diffusion constarif Eqgs. (14)—(15) for the value ofJ, yields equations for
in a combined space: spatial and solvational. During the dife;(z) andc;(z;). The rate constark,,. in the rate expres-
fusion in Eq. (1) the solvation changes from being domi- sion for ion transferk,,£(z), letting zz now denote the
nantly A to dominantlyB. If we denote some solvation co- most probable; in Eg. (4), is found to be
ordinate byn, for example a difference in solvation numbers

of AandB, e.g., in the number of nearest solvent molecule ~ * _ 1 =~ 1 = 1 16
neighbors of the iom, andng, divided by their sum, rfg Krate Kassn Keair  KogKdiss

—np)/(na+ng), thisn will vary from —1 to +1 when sol- . _ _ _
vation byA changes to solvation b. This K4 like thek . for the phenomenological model in Eq.

When there are activation barriers to this stepwiseld), appears as & (in one notatioh in expressions for
change of solvation, the contours of a free energy surface iuivalent circuits for the various types of experimental
(n,2 space might resemble those sketched in Fig. 2, wherBeasurements. The diffuse double layer which lies outgide
successive barriers to the change of solvation are indicated'd outsidez; contributes to those equivalent circuits in the
by saddle-points in the figure. The free energy contours ifform of an impedance. In Eq16), kis,is the attachment or
the figure include a contribution due to the initial and final @SSociation rate constant,
protrusions. When there is a local solvation equilibrium at KA —kAP(h)Ah.. (17

each positiorz of the ion in the interfacial region, its path in assn
(n,2 space is that of the dashed line there. If, because of Because of the definition df,, in Eq. (4), neitherk? nor

Iarge elgctrochemlcal free energy dn.vmg for(_:e, the ion goesk/exq or Kgq contains the factor eXp-[a(z)—al/ksT} (Table
rapidly into B, e.g., along a path in Fig. 2 which emerges atl)

i Y relatingc(z;) to c,. kﬁq in Eq. (16), the equilibrium con-
somen<1, the desolvation fromA has not had sufficient = g¢an¢ for the attachment of the ion to the tip of the protrusion

time to b%4completeq. Such an effect has been seen in & ; iy £q. (12), does include a factor for the formation of
simulation-™ It can be included by conversion of E) to & yhe protrusionP(h,)Ah; . kg is the diffusion rate constant

partial differential/difference equation in position/solvation ¢, passage fronz, to z; and is given by the right-hand side
I

space. . . of Eq. (5). Kgq in Eq. (16), the equilibrium constant for the
While a detailed calculation based on EB.and(12)-  ¢5rmation of the ion attached to the protrusionfextend-
(13) would ultimately involve an integration ovéy and over ing into bulk B, contains the probability of having an in
h¢, since all values contribute, we shall suppose as one aRhf, h¢+Ahy) and also includes a factor expl(z)
proximation that the attachment of the flpgerB)fo the ion — 1z kaT): kgiss is the rate constant for dissociation of the
occurs largely at somi; , denoted now simply by, with ion from the tip. As the ion diffuses into solveBt the last

width of contributions,Ah;, and that similarly the detach- vestiges ofA form a protrusion on whose tip the ion resides.
ment occurs largely at some particulgr, denoted now by If the attachment rate dt, were the slow stepk,.e in
h¢, with a widthAh;. Thish; occurs at the maximum of the Eq. (16) would equal thek”

. ; assnand would become indepen-
right-hand side of Eq(12) and theh; occurs at that for Eq. dent of the applied potential, giving rise to a Tafel slope of

(13). Equation(_l) is then s_olve.d.using these equations. 4Szero. Again, if the detachment ratetatwere the slow step,
boundary conditions. For simplicity, a steady-state solutlonthe Koo WOUId equalKEJ<5iss, and thek,,.. would have a

9¢;/9t=0, will again be used foe's in or near the %;,z() Tafel slope of unity because of the behaviorloiq. Ap-

interval in the presgnt article and so the fm‘*” Eq.(3) is proximate (order-of-magnitudge statistical mechanical esti-
now a constant. Using the boundary conditioh®) and(13) mates of the terms in Eq16) are made as follows:

atz=z; andz; we have For comparison, the transition state valuekdffor an

J:[kAC_(Z_)_kAC_(Z_)]P(h_)Ah_ (14) idealized interface which is flat rather than having protru-
e e e sions is considered first, followed by some remarks on a
J=KBci(z)P(h¢)Ah;. (15  hydrodynamic effect, reflected in a decreasing diffusion con-

stant in close approach to the interface. For the flat surface
Integration of Eq(3) betweerg; andz; and introduction  casek” is, in terms of transition state theory,
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keT QT ¢ the ion transverse to the tip is taken to be localized. We
kAZT GG_WA k& (plane, (18)  denote the partition function of these two now-vibration-like
t . . : 2 .
coordinates by its classical valudgT/hv)“, wherev is

wherew’" is defined in Table IQ" is the partition function  their vibrational frequency. Theionic motion along the axis

of the ion per unit, for an ion confined to a unit area of the of the tip is the reaction coordinate and so does not contrib-
interface, and, is that of the freely moving ion in solved  ute toQT, but the structural factog is again present. How-
just outside the interfacial region, per unit volume, ever, theQ" now includes theP(h;)Ah; and the surface
density o of the protrusions. Thereby, we have

¢ 2mmkgT (27rmkgT)%?
Q =— h2 g, tz—hg y (19) kBT QT kBT ( kBT) 2 gO_P(hI)AhI (23)
T O h ' Thy 321153
where we have introduced the fac@?* The use of a “per h Q h | ho [ (2mmksT)™h
unitz’ for Q" arises because of the definition of then Eq.  and it follows that
(3) as a number per un#tper unit area. The mass of the ion .
o A < ZgoP(h)Ah (kBT)2 e WalkeT o
Equations(18)—(19) yield for this planar interface, assi- 9TEUNAMN ) 2 kg T/
KA=Zg e*WiT/kBT (plane (20) where W;& is defined in Table I. Upon writing = (1/27)

X (k/m)Y2 wherek is the force constant for the attached
whereZ is given by Eq.(21) and, if the estimate that at least ion’s motion transverse to the tip, we note thr?)/2
one or twoA solvent molecules have to be removed to the=kgT, where(r?) is the thermally averaged mean square
bulk A then WX* might be of the order of the value in Eq. displacement of the two-dimensiongk,y) oscillator. We
(22), have, thereby,

1/2 —wh
Z:("B_T) el Lo 1 KA = Zg(mr2)oP(hy) Ahe/keT, (25)

t0-—. (21
2mm 10g 100y The pre-exponential factor in E(R5) is smaller than that for

That is,k” contains, as expected for this simple model, thethe planar interface in Eq20), but WI\ is expected to be
usual collision frequency per unit area of the interfaceg ~ much smaller than thavi', as discussed earlier. When
and a barriervv,ﬁ’r for removing some solvenA molecules  P(h;) refers to a protrusion unperturbed by the ion, the effect
before attachment to the interface. of any attractive interactiofe.g., ion—solvent polarization

The equilibrium constarﬂ(g\q for this planar case is also on the protrusion can be incorporated into the term arising
immediately obtained. For the equilibriuafz,)=c;(z) be-  from k”, namely, exp{-wj/kgT). Information on the relative
tween an unattached ion negrand the attached ion atthe  importance of the various contributions in E@5) can be
K’Qq in Eq. (16) is the ratio of the equilibriunt;(z) to the  obtained from simulations appropriate to the exchange rate
equilibriumc(z). Sincec;(z) is a number per unit area per constant,, when they become available.
unit area per unitz, and so has units of cii, and since The equilibrium constar‘r({:qforthis surface having pro-
c(z), the concentration of unattached ionszat also has trusions ofB into A is given (per unit length along, as
units of cm‘3,KQq is dimensionless. In terms of partition beforg by
fupctipn;, the stat.istical mechanical expressionl*t@g con- keT\2 (27m kBT)l’Z/h
tains in its denominator the product of the three translational Kequ (—) s
partition functions associated witt(z), namely, theQ, in hv ] 2(2mmKgT)*h
Eqg. (19). The numerator contains the product of two transla-where we have again used the translational partition function
tional partition functions for théx,y) motion per unit area of the ion per unit length along thedirection to the tip,
parallel to the surface, 2mkgT/h?, the factorg, and a per divided by 2 so as to include only the ions with positive
unit length partition function for the translation normal to the z-velocity. Thereby, using arguments similar to those given
interface, (2rmkgT)Y¥h. Since only one-half of the above which led from Eqg24)—(25), we have
z-momenta is involved in the definition d(g\q, namely, A 1 )
those having positivelzZ/dt, this z-partition function should Keg=20(mr ) aP(hy)Ahy (27
be divided by 2. Thereby, using the ratio of these partitionwhich is again dimensionless. Equatit2¥7) reduces to the

functions thek g, for this planar interface is pre-exponential factor E422) upon setting 7r?)o=1, and
1 - P(h,)Ah, =1.
Kéqzzge*(ﬁp*#(zi))/kBT (plane, (22) We consider next thi ¢ ki appearing in Eq(16). For

KSqthe equilibrium constant for forming the ion at the end of
where” denotes thé: of the ion when it touches the planar the protrusionh; of solventA extending intoB, arguments
interface. Thex® thus includes the free energy of displace- similar to those used above yield
ment of severalA molecules so that the ion can touch the 1 o
planar surface, just as thve; ' in Eq. (18) did. K§q=§g(wrz)aP(hf)Ahfe‘["(th‘(zi)]’kBT, (28

We consider next the values &f* and Kéq when there
are protrusions generated by capillary waves. We use a tramvhere the(7r?) and thes now refer to the protrusions @
sition state model. In the transition state txgy) motion of  pointing into bulkB.
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For the pre-exponential part ¢fc ks We have, using  p(h;) and yield ak”, somewhat larger than the above. This

arguments similar to those given earlier #drin Egs. (23— kissnis far higher than the measured rate constants, and so is
(24), not rate-controlling.
keT QT kgT[kgT\2 goP(hf)Ahs We consider next the expression K@q appearing in Eq.
TE_T(E) (2amieT) R (29  (27). Comparison of Eqs(25) and (27), using the above
calculation, shows that the pre-exponential factor in @)
As in the case of23) which led to(25), Eq. (29) yields for K£, would be about 0.0018. The kg given by Eq.(9)

BB _ Tz =z +wh whenu(z;) = u(z), i.e., for a system close to exchange cur-
Keqkdiss_Zg(ﬂ2>ap(hf)Ahfe ) WB]/kBT’3O rent conditions, is about 100 cm’swhenz; —z; is about 10
@0 & and D=10 ®cn?s™?, a typical value for bulk solution.
where o and(7r?) now refer to the protrusion oA into B Since there is also a desolvation/solvation occurring, and the
andw, is defined in Table I. The right-hand side again hasmolecules of the two immiscible liquids necessarily repel

units ofZ, e.g., cms*. each other in the coordination shells, the effectivenay be

We note that wherK, kg in Eq. (16) is the rate con-  less than this bullD. When the above value & of 100
trolling term, we have cms ! is multiplied by the above order-of-magnitude esti-
1 mate forg(mr?)oP(h;)Ah;, namely, 0.015, perhaps a value

Krate= Kqudmz§g<wr2>ap(hi)Ahikdiﬁ, (31) of 1.5 cms?!is estimated in Eq(31) for K. Since the

various estimates above indicate tiat,, and Kgk§g, are

wherekg has some form such as E{). not rate-controlling under such conditions, Ef6) leads to

Several approximate models can be consideredd{a@) Eqg. (31). Since theg~5 was obtained for a very different
in Eq. (5) for ky such as the linear profile one representedsystent® a value less than 5 might be applicable.
by Egs.(6)—(8). In those equations thg —z may be of the
order of 10 A, the_sum of the mean lengths of the protru3|on?”_ DISCUSSION OF RESULTS
h; andh; and an ionic diameter.

The limits of kg in Egs. (7)—(8) are kg As a summary of earlier remarks, we note that the
=2u[exp(—2u)]D/(z—z) whenu>0, i.e., when the reaction present model uses the idea that protrusions provide a
is very uphill, andkgx=|2u|[exd—2u[]D/(z—2z) whenu  mechanism for initiating a stepwise A-desolvation/B-
<0, i.e., when the reaction is very downhill. In the latter casesolvation of the ion. The most probaliigis determined as a
the ki, in Eq. (16) could eventually become the rate- compromise between two factors: the decreased initiation

determining term fok e there. We also note from Eq&))—  rate wherh; is too small, and the decreasB¢h;) whenh; is
(8) that when the driving force is small, we have too large. The effect of the attachment or detachment of the
31 Ky ion on the probability of a protrusion can be included in the
—kgT Tohe =05 (m(z)=m(z)), (32 multiplying attachment and detachment rate constants. An

effect of an ion on a protrusion is seen in solvent extraction
where Ap=o(z;)— ¢(z). This result also applies to the in the water-dragging by an ion as it moves from an aqueous
Krate» given by Eq.(31). A bell-shaped profile fop(z) in-  phase into an organic pha&kA cloudiness and supersatura-
stead of the linear profile in Eq6) is considered in the tion with the water results. However, the extent to which
Appendix. such an effect occurs under exchange current conditions,
rather than under conditions of large driving force, remains
to be determined, apparently. The effect of water dragging is
clearly visible in simulatiorf§ performed at large driving
We first make some order-of-magnitude numerical estiforce. We also noted earlier that the effectid¢z) for the
mates of several quantities appearing in the preceding equg:.. in Eq. (31) may be less than the bulk value, since it is
tions. Ink* appearing in Eq(20) for a planar interfac€gis  now a diffusion in translation/solvation space.
aboutg10*cms™, so perhaps about>510*cms™. An es- A third factor which could occur, and when it does will
timate for the unperturbeBi(h;)Ah; appearing in Eq(25)is  make a bell-shaped profile more appropriate than the linear
L Wwn? profile for u(z) in Eq. (6), arises from the repulsions be-
P(h)Ahi=e "EMIAN; /(2m(h?)) (33 {ween unlike solvent molecules. Repulsions lead to a reduced
If ((h?)) were® about 5 & and if h; were about 5 A, and density of nearest neighbor solvent molecules at the interface
Ah; about 1 A, then this quantity would be of the order of and so to a reduced solvation of the ion there and hence to a
0.015. If the surface density of protrusiomsvere’® approxi-  profile for z(z) which has a maximum between and z; ,
mately 1/16 A2 for a bulk correlation lengfff of the order instead of being a linear function af A reduced density at
of 4 A, and if (r2) were of the order of 1 A then(mr?)oc  the interface has been seen with light scattering
would be of the order of 0.2. In this case, the factor multi-experiment® and in a computer simulation of a model
plying the expwi/ksT) in Eq. (25) would be about 0.003 systenf®® This reduced number density was also reflected
multiplied by gZ, i.e.,g10 cms ™, and soki,would equal in an increase in the transverse diffusion constant of a sol-
about 150 cms! if g~5, apart from thav} term. If the ion  vent molecule near the interfa®” When necessary, the
enhances the formation of the protrusions on the appropriateffect of a reduced density gn(z) can be included in Eq.
time scale, as a result of ion-dipole forces, it would enhancél) and hence in Eq(5), by appropriate choice of the func-

D. Approximate numerical estimates
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tion (z). However, in the computer simulation of Iy" In a different stud$ the transfer of the Eosin Y dianion
at a nitrobenzene/water interface there was only a monotoni_QEY_z) across a DCE/W interface, one charge of EYoe-
behavior ofu(z) vs z, and so no maximum ip(z).% ing localized on a carboxylate group and the other on the

We have commented earlier on the possibility that some@nthene ring, a=0.5 at ua=pg and ko is 9.5
k's deduced from experiments in the literature may be under< 10 °cms %, while thek, for the transfer of tetraethyl-
estimates, because of possible masking by diffusion contrgind tetramethyl-ammonium ions across a nitrobenzene
or because some resistance other than charge transfer wd¥B)/W interface was a factor of 10 higher. The ratio of the
being measured. We first consider the data from the ViewdifoSion constants is a factor of 5, so the EYenCOUntered

point that they are legitimate, and then consider an alterngore additional resistance on crossing the interface than did
tive viewpoint. these tetraalkyl-ammonium ions. However, this factor of 2
One of the(apparent experimental features, noted ear- difference in thek, /D ratio can have varied causes, such as
lier, is the remarkably small value of the phenomenologicadifferences in ease of desolvation/resolvation. Perhaps what
D that is required when the experimenka),. is equated in 1S remarkable in a “legitimaté” interpretation, is the ap-
the literature tdkgy , and a linear profile is used for the(z) ~ Parent relative insensitivity of all of the various results the
in Eq. (15). For theD a factor of the order of 1/1000 of the Value ofk, to the effect ofug— w, the electrolyte concen-
bulk D value was needed to obtain agreement with the “ob-ration, and the nature of the ion crossing the interface.
served” ko.® The result can be explained by effects such as ~ We consider next the.(z)) —u, (Table |, since this
those mentioned above. quantity relatesk,, to kapp. In treatments of capacitance
The common behavior of having a Tafel coefficient for data at a liquid/liquid interface a modified Poisson-
ion transfer across a liquid/liquid interface of about 0.5,Boltzmann equation and other approaches have been used
when the electrochemical driving force is small, is consistenfor the diffuse layers, so as to deduce from capacitance data
with Egs.(7) and(31), as well as with various other models. information about the capacitance of the inner layer, the im-
Some estimate has been made of the effect of the linednediate region of the interface, e.g., Ref. 39. In this way the
profile for z(z), on the plot of Irk 4. Vs the potential across potential difference across the inner layer has been estimated
the interfacé In an experimefitthe Tafel slope, changed t© be of the order of 1/3 the total applied potential, the other
rapidly with the applied potential. It is seen there that waen 2/3 being the total for the two diffuse double layers. The
is increased from 0 to 2kyy decreases by a factor of contribution of the inner layer at a liquid/liquid interface, in
2 exp(-2)/sinh 2, i.e., a factor of 5, from its valueat0. If ~ the presence of added electrolyte, is estimated from the cal-
theKappin Eq. (4) is approximated bk there the observed (_:ula_ltiqns to be su.bstantially larger than that for a rr_1eta|/
behavior is consistent with E¢7) and so with Eq(31). liquid interface. This result has been attributed to the inter-
The effect of the electrolyte ok, when there is no ad- pretation of protrusions of each liquid into the other liquid.
sorption of the ion or of the base electrolyte at the interface ighe protrusions reduce the mean separation distance of the
of considerable interest. For the moment, we adopt a pragonic charges on the two sides of the mean local interfce,
matic approach based on the “legitimaeinterpretation of ~ and since the inner layer capacitance varies inversely with
the experiments, which is that there is little or no effect ofthis separation distance, they increase the capacitance.
added electrolyte ok,, and return to this question below. Such calculations on the diffuse double layers have been
Thereby, from the point of view of the driving force for the used to estimate the effect of the electrolyte on the rate of an
transferring ion across the interface, namely, the potentialon transfer across the liquid/liquid interface, e.g., by using
across the “inner layer” fronh; to h;, is approximately the the data to estimat@(z)—ua but have encountered the
total applied potential, and so thég, =K. in Eq. (4). following problem. In Frumkin theory the electrostatic work
We consider next the experimental observdtitrat for  to bring the ion to the edge of the inner layetz) — wa or
different ions whose range @fg— ua, i.e., of standard ion at least its electrostatic part is assumed to eeal, the
transfer potentials, was from7 kgT to +5 kgT, the rate  potential calculated in the absence of that ion. In treating
constantk, hardly varied. Theky's for the transfer of these experiments, the use of Frumkin theory has led to too high a
ions, such as PF ClO,, BF,, SCN, and C§ and computed effect of the electrolyte on the rate constant. In
tetraalkyl ammonium ions, across a water/nitrobenzene inteipractice the experimental rate constakgshave been insen-
face, lay between 0.05 and 0.15 cntsdepending on ioA.  sitive or only weakly sensitive to the electrolyte concentra-
All « values(Tafel slope at ua=pug Were around 0.5. The tion, in contrast with the Frumkin expression. Some
lack of dependence of the value kf on the sign ofug  compensatiohof the Frumkin effect occurs, due to an oppo-
— wa is consistent with both Eq9) and Eq.(31), since the site effect on the actual driving force on the ion trangtee
diffusion constanD does not explicitly depend on the sign AG® across the interfagethe compensation depending in
of ug— s, although the solvation/desolvation which the part on the Tafel coefficient.
involves might be “intrinsically” ion-dependent. In the case Both Gouy—Chapman and modified Poisson—Boltzmann
of methyl and ethyl orange across the 1,2-dichloroethanéheory have been used to treat capacitance data. The main
(DCE)/water (W) interface’ studied by a different spectro- difference in results between GC and MPB is that the value
scopic method, th&,=0.03cm s? for both solutes and the calculated forp, is smaller when MPB is used, as expected
a was 0.5 afup= ug. This work confirmed earlier reported from the nature of a modification in MPB from GC, namely,
results based on cyclic voltammetry and ac impedance andthe presence of a finite size of the ions in the base electrolyte.
spectroscopic approach. With this finite size, the large local ion concentrations in GC
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are reduced, leading to a reduced charge density in solutiogimulatiorf* on a realistic rather than model system, ;Mé
and so to a reduced calculated valuepgt The discrepancy across a water/nitrobenzene interface, no barrier was found
between the absence of an effectignof added electrolyte for the locally equilibrated system.
and that anticipated o@, and Frumkin theory calculations is In this latter study, a field of 0.5 V per 10 A was added
reported as only 20%, howev&Nevertheless, in addition to to reduce the trajectory time to 200 ps®* Because of this
existing computer simulations of double layers for compar-short time, short in comparison with the time inferred from a
ing with capacitance data it would be useful to have simulak,~0.1cms* and a distance of 10 A, i.e., ds, the ion did
tions or analytic theory which estimate better the work termnot have time to shed its solvent layers on crossing from bulk
n(Zi) = pa- A to bulk B. The time required for the shedding wad.00
We consider next the opposing view, namely thatklse ps® These results are instructive since they reflect a slow-
obtained in the many studies using techniques such as afss in desolvation. To obtain simulation conditions closer to
impedance, chronofluorometry or chronoabsorptometry withthose involved irk, measurements, it will probably be nec-
conventional size electrodes to determine ion transfer ratesssary to study the behavior of an ensemble in which the ion
are in error, in that the measurements are in a region wheris initially sited at the interface.
the process is diffusion controlled. While parameters calcu-  In Eqgs.(25) and(31) it is presumed that a transition state
lated in Sec. Il A do not appear to support this view, it re-model can be used to calculakéssn. If the approach to the
mains a possibility, as does the possibility that some resision-protrusion contact were diffusion-limited because of a
tance other than charge transfer is also being measured. Suledrodynamic-based reduction of the diffusion coefficient,
a view could explain the absence of an effect of added elecas discussed earlier, then this approach could become rate
trolyte onky and the insensitivityapart fromD) of kq to the  controlling. However, we have already commented on com-
nature of the ion and to its free energy of transfer. It will be pensating effects, which make a transition state type model
interesting to see what future measurements at times shortéar for k.,a reasonable one.
than the present 0.01 s or so may reveal. In conclusion, one can identify several possible sources
Computer simulations in the presence of added electroof the smallness of thehenomenologicatliffusion coeffi-
lyte and applied fields, for treating the transfer of an ioncientD in Eq. (5) for crossing the interfacdl) the possible
across a liquid—liquid interface, will be very interesting for smallness of the factd?(h;) Ah;{7r?)o, associated with the
examination ok, and ofk in general. As noted earlier, while protrusions as a way of initiating the ion transfé2) the
the simulations made thus far have been very revealing, thpossible smallness of tHe(z) present in Eq(5), small be-
observation of fingers or cones, for example, they have notause of a simultaneous concerted replacement of A by B as
yet been made for the conditions which correspond to actuaiear neighbors of the ion, ari@) a barrier to the transfer due
experiments, with the fields and electrolyte used to balanct a decreased number density in the interfacial region,
the difference in Gibbs energy of ion transfer. Such simulawhich would influence the.(z) function in Eq.(5).
tions can also provide details on the attachment of the ion to ~ To distinguish experimentally between a low solvation/
protrusions and whether, in fact, a protrusion is essential ispatial diffusion constar in ki in Egs.(31) and(7) and
this case. Suggestions were made in an earlier section féhe protrusion based term there represents a challenge. The
remedying this shortcoming, namely, to use in the simulafrobability of fluctuations depends on the interfacial tension,
tions ions in real liquids which have zero or near zero Gibbsy, but other properties besidegsalso vary when the solvents
energy of transfer, such as PFor MeP' in water/ are varied. Results from appropriate computer simulations on
nitrobenzene or EN™ in water/1,2-dichloroethane, for cal- such questions will, of course, be helpful in identifying the
culation ofk,, thus avoiding the need for using a more com-principal factors under conditions of zero electrochemical
plicated system containing applied fields and supporting>ibbs energy of transfer. The applied potential effect men-
electrolyte. tioned earlier for experiments can, in principle, distinguish
We referred earlier to the interesting simulafié# for ~ factor (3) from (1) and (2), i.e., a barrier from nonbarrier
an admittedly artificial Lennard-Jones system, but one witrtheory.
the considerable virtue of having zero Gibbs energy of ion  Perhaps studies in which a photon ionizes a solute mol-
transfer. The diffusion constant needed to agree with the ob2cule adsorbed at a liquid/liquid interface, followed by real-
served rate constant for ion transfer using Kramers' theoryime (pico- or femtosecondobservations of the ion as it
was the bulk value. The barrier to crossing in the system waBroceeds into the polar liquid, will provide more direct ex-
shown to be due to a reduced solvation. Apparently, eithePerimental !nformanon on the ion transfer process. It should
protrusions or slow solvation/resolvation were not a factor in?€ eémphasized that at the moment we do not know, for con-
this case, or the computer data were not examined from thiditions wherek=k,, which of the two possibilities described
viewpoint. It would be useful to make a more local analysis,above is the more likely—attachment to a flat interface with
such as that used in Refs. 58 or 65, which reveal the role, i larger barriew, " to be overcome, or attachment to a pro-
any, of protrusions. In terms of actual experiments, an actitrusion, with its reduced probabilitymr?)oP(h;) Ah; .
vation barrier theory did not appear to give as good agree-
ment with the current vs applied potential _(fases did _that ACKNOWLEDGMENTS
using Eq.(7) alone. However, more extensive experimental
data are clearly needed to explore this question, which re- It is a pleasure to acknowledge the support of this re-
mains open. As noted earlier, in another computersearch by the Office of Naval Research and the National

Downloaded 05 Apr 2007 to 131.215.21.81. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1628 J. Chem. Phys., Vol. 113, No. 4, 22 July 2000 R. A. Marcus

Science Foundation. It is a pleasure, too, to acknowledge théT. Kakiuchi, Y. Teranshi, and K. Niki, Electrochim. Actd, 2869(1995.

very helpful correspondence with F. Anson, I. Benjamin, H. ‘Z. Samec, T. Kakiuchi, and M. Senda, Electrochim. A8a2971(1995.

- : : 5T. Kakiuchi and Y. Teranshi, J. Electroanal. Che386, 401 (1995.
H. Girault, T. Kakiuchi, V. Marecek, and Z. Samec, and to 6A. Lhotsky, K. Holub, P. Neuzil, and V. Marecek, J. Chem. Soc., Faraday

dedicate this paper to Roger Parsons on the occasion of hisyans 92 3851 (1996.
retirement from the editorship of the Journal of Electroana-7z. samec, Electrochim. Act44, 85 (1998.
lytical Chemistry. 8T. Kakiuchi and Y. Takasu, J. Phys. Chem1B1, 5963(1997).
9Z. Ding, F. Reymond, P. Baumgartner, D. J. Fermin, P.-F. Brevet, P.-A.

_ Carrupt, and H. H. Girault, Electrochim. Act, 3 (1998.
APPENDIX: BELL-SHAPED PROFILE FOR u(2) 10\, Senda, Electrochim. Actd0, 2993(1995.

o 11 o ;
We consider here a beII-shaped profile,uwz). Else- T. Kakiuchi, J. Noguchi, and M. Senda, J. Electroanal. Ch&86, 137

where an approximate functional form for treating a bond-12y, varecek, A. Lhotosky, and S. Racinsky, Electrochim. Adga 2905
breaking/bond-forming reaction, (X +X,—X;+YX,, was (1995; 40, 2909(1995.

given in terms of an intrinsic barrier and a driving foféén ~ **P. D. Beattie, A. Delay, and H. H. Girault, Electrochim. Act, 2961
the present case there is instead a desolvation of the ion frog {199

. . Maracek, M. Gratzl, A. Pungor, and J. Janata, J. Electroanal. Chem.
A and the concurrent solvation by B. Adapted to the present 266, 239 (1989: V. Marecek, M. Gratzl, and J. Janaiaid. 296, 537

notation for kyy; it would vyield, if w(z) in Eqg. (5 were (1990.
replaced by its maximum value alomg 153, Josserand, J. Morandini, H. J. Lee, R. Ferrigno, and H. H. Girault, J.
Electroanal. Chem468, 42 (1999.
D o N uln?2 16T, Wandlowski, V. Marecek, Z. Samec, and R. Fuoco, J. Electroanal.
Kqifr = exp —| N\+u+ —Incosh——| |, Chem.331, 765(1992; Z. Samedprivate communicationscf. Ref. If).
Zi—Z In2 N 17J. A. Manzanes, R. Lahtinen, B. Quinn, K. Kontturi, and D. J. Schiffrin,
(Al) Electrochim. Actad44, 59 (1998.

o 187 . Samec, V. Marecek, J. Weber, and D. Homolka, J. Electroanal. Chem.
whereu is given by Eq.(8) and\ is the free energy barrier 126 105(198)), see also Ref.(1).

- . . . 19H. H. Girault and D. J. Schiffrin, J. Electroanal. Che?d4, 15(1988; G.
whenu=0. Thepin Eq. (Al) is a prefactor arising because Geblewicz and D. J. Schiffriribid, 244, 27 (1988,

of the replacement of the integran.d ir_‘ EQS) by its maxi- 20y 3. cunnane, D. J. Schiffrin, C. Beltran, G. Geblewicz, and T. J. So-
mum. Whenu is zero or small, thig is unity or close to lomon, Electroanal. Chen247, 203 (1988.

unity, but when instead the integrand varies greatly, a steefj;Y- Cheng and D. J. Schiffrin, J. Electroanal. Cheg 153 (1991,

. . . . . 2 I 1
est descent approximation is used and provides an expressio igggeng and D. J. Schiffrin, J. Chem. Soc., Faraday Tr80s2517

for p in this casep now being a factor less than unity. We zc_yyei, A J. Bard, and M. V. Mirkin, J. Phys. Che®89, 16033(1995.
omit deriving an expression for the latter. We note that now?*m. Tsionsky, A. J. Bard, and M. V. Mirkin, J. Phys. Che00, 17881

kS the value ofk, atu=0, is given by (1996.
_ M. Tsionsky, A. J. Bard, and M. V. Mirkin, J. Am. Chem. Sat19,
De M 10785(1997.
kgiﬁ:_, (A2) 2M.-H. Delville, M. Tsionsky, and A. J. Bard, Langmuld, 2774(1998.
Zi— Z 27B. Liu and M. V. Mirkin, J. Am. Chem. So21, 8352(1999.

28 ; . .
. . . Z. Ding, D. J. Fermin, P.-F. Brevet, and H. H. Girault, J. Electroanal.
and so is less than that given in E() by a factor Chem.458 139 (1998

exp(—f). Whenu becomes large and positive, i.e., when the*H. D. Duong, P. F. Brevet, and H. H. Girault, J. Photochem. Photobiol., A

reaction becomes very uphill, E¢A2) yields o117 27 (1998 _ _
D. J. Fermin, H. D. Duong, Z. Ding, P.-F. Brevet, and H. H. Girault, Phys.
Dp _ Chem. Chem. Physl, 1461(1999.
Kgr=—"€ 2% (u>0) (A3)  ¥c. shiandF. C. Anson, Anal. Cheri0, 3114 (1998.
Zt— 4 32C. Shi and F. C. Anson, J. Phys. Chem4g 9850 (1998.

33C. Shi and F. C. Anson, J. Phys. Chem1683 6283(1999.

while when it becomes very downhill it becomes
y 34H. Katano, K. Maeda, and M. Senda, J. Electroanal. Chg96, 391

Dp (1995.
Kgr=—— (u<0). (A4) %Y. Zu, F. R.-F. Fan, and A. J. Bard, J. Phys. Chenll@ 6272(1999.
Zi— Z 36D, J. Fermin, A. Ding, H. D. Duong, P.-F. Brevet, and H. H. Girault, J.

Phys. Chem. BL02, 10334(1998.
37 H :

Examples of reviews ar¢a) P. Vanysek, Electrochim. Actd0, 2841 Z. H. Zhang, I. Tsuyumoto, T. Kitamori, and T. Sawada, J. Phys. Chem. B
(1995; (b) H. H. Girault, inModern Aspects of Electrochemistedited 38102' 10284(1998', .

by J. O'M. Bockris, B. E. Conway, and R. E. WhitBlenum, New York, (Zl-gggmec' A. Trojanek, and J. Langmaier, J. Electroanal. Chdr. 1
1993, Vol. 25, p. 1;(c) I. Benjamin, Annu. Rev. Phys. Chem8, 407 : _ )

(1997 (d) J. Koryta, inlon-Transfer Kineticsedited by J. R. Sandifer 39T, Wandlowski, V. Marecek, K. Holub, and Z. Samec, Electrochim. Acta
(VCH, New York, 1995, p. 1; (e) H. H. Girault and D. J. Schiffrin, in 4040, 2887(1995. . )

Electroanalytical Chemistryedited by A. J. BardDekker, New York, K-g\g- Lee, T. Chin, D. S. Ching, and E. Mazur, J. Phys. Cheif).12876
1989, V_oI. 15, p. 1;(f) Z. Sam_ec and_ T. Ka_kluchl, |Advar_1c:es in Elec “EJ -SaJ L Esibov. L C dA St | 3. Phvs.: Cond Viatt
trochemistry and Electrochemical Scieneglited by H. Gerischer and C. . en(g, 8 sibov, L. Crow, and A. steyerl, J. Fhys.: Londens. Vatter
W. Tobias(VCH, Weinheim, 1995 p. 297;(g) I. Benjamin, Chem. Rev. 10, 4955(1998. _ _ ‘

96, 1449(1996; (h) Z. Samec, inLiquid—Liquid Interfaces: Theory and ~ **Z. Zhang, I. Tsuyumoto, T. Takahashi, T. Kitamori, and T. Sawada, J.
Methods edited by A. G. Volkov and D. W. DeaméEhemical Rubber, 43Phys. Chem. BLO1, 4163(1997). _

Boca Raton, 1996 p. 155;(i) The Interface Structure and Electrochemi- “A. Zarbakhsh, J. Bowers, and J. R. P. Webster, Meas. Sci. Teci®ol.
cal Processes at the Boundary Between Two Immiscible Ligedtied by 44738 (1999. ' _

V. E. Kazarinov(Springer, Berlin, 198 (j) K. B. Eisenthal, Chem. Rev. C. M. Pereira, W. Schmickler, F. Silva, and M. J. Sousa, J. Electroanal.

96, 1343(1996. Chem.436, 9 (1997.
2T. Wandlowski, V. Marecek, K. Holub, and Z. Samec, J. Phys. Ct88n.  “°I1. Tsuyumoto, N. Noguchi, T. Kitamori, and T. Sawada, J. Phys. Chem. B
8204(1989. 102, 2684(1998.

Downloaded 05 Apr 2007 to 131.215.21.81. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 113, No. 4, 22 July 2000

46D, M. Mitrinovic, Z. I. Zhang, S. M. Williams, Z. Q. Huang, and M. L.
Schlossman, J. Chem. Phyi<l0, 7421(1999.

473, Ishizaka, S. Habuchi, H. B. Kim, and N. Kitamura, Anal. Chéth.
3382(1999.

48|, Benjamin, J. Phys. Chem. A02, 9500(1998.

lon transfer across the interface 1629

"SH. Brenner, Chem. Eng. Scl6, 242 (1961).

80A. D. Maude, Br. J. Appl. Physl2, 293(1961).

81R. G. Cox and H. Brenner, Chem. Eng. S22, 1753(1967.

82G. I. Taylor, cited in W. Hardy and I. Bircumshaw, Proc. R. Socl@8,

12(1925.

“see also, Z. Samec, Yu. |. Kharkats, and Yu. Ya. Gurevich, J. ElectroanabB3yy, H. Walton, in Aerodynamic Capture of Particleedited by E. G.

Chem. 204, 257 (1986. Equation(10) there represents an approximate
form of the present Eq.l).
50T, Kakiuchi, J. Electroanal. Cher822, 55 (1992.
51\W. Schmickler, J. Electroanal. Cher26, 5 (1997).
52H. H. Girault and K. A. Muznetsov, J. Electroanal. Chet82, 19 (1997.
530. Pecina and W. Schmickler, J. Electroanal. Chd®0, 303 (1998.

While this work discusses, instead, ion transfers at a solid electrode, we
cite it because of its relevance to solvent extrusion, as discussed later in

the text.

547. Samec, J. Electroanal. Che89, 197 (1979.

55K, Aoki, Electrochim. Actadl, 2321(1996. V. J. Cunnane, D. J. Schif-
frin, M. Fleischman, G. Geblewicz, and D. Williams, J. Electroanal.
Chem.243 455 (1988.

56|, Benjamin, J. Chem. Phy$96, 577 (1992.

57T. M. Chang and L. X. Dang, J. Chem. Phyi€)4, 6772(1996.

%8|, Benjamin, Scienc@61, 1558(1993.

59|, Benjamin, J. Chem. Phy87, 1432(1992.

0. X. Dang, J. Phys. Chem. B03 8195(1999.

61K. J. Schweighofer and I. Benjamin, J. Phys. Ch@9).9974(1995.

52p. A. Fernandes, M. N. D. S. Cordeiro, and J. A. N. F. Gomes, J. Phys.
Chem. B103 8930(1999; P. A. Fernandes, M. N. D. S. Cordeiro, and J.
A. N. F. Gomes, J. Mol. Struct.: THEOCHEMI63 151 (1999.

83K. J. Schweighofer and I. Benjamin, J. Electroanal. Cha#d, 1 (1995.

64K. Schweighofer and 1. Benjamin, J. Phys. Chem1@8 10274(1999.

5A. Pohorille and M. A. Wilson, J. Mol. Struct.: THEOCHE84, 271
(1993.

5 (@) M. Hayoun, M. Meyer, and P. Turg, J. Phys. Chen86626(1994);
(b) M. Meyer, M. Mareschal, and M. Hayoun, J. Chem. PI88. 1067
(1988.

57R. A. Marcus, J. Phys. Cherf4, 1050(1990.

%8R. A. Marcus, J. Phys. Cherf4, 4152(1990.

59R. A. Marcus, J. Phys. Cheri5, 2010(1991).

0y |. Kharkats and A. G. Volkov, J. Electroanal. Cheb®4, 435 (1985.

"1B. B. Smith, J. W. Halley, and A. Nozik, J. Chem. Phg85, 245(1996.

72\\. Schmickler, J. Electroanal. Ched28 123(1997).

73T, Kakiuchi, Electrochim. Acta0, 2999 (1995.

7Y, Marcus and A. S. Kertes, iton Exchange and Solvent Extraction of
Metal Complexesedited by A. J. BardWiley—Interscience, New York,
1969.

SB. H. Honig, W. L. Hubbell, and R. F. Flewelling, Annu. Rev. Biophys.
Biophys. Chem15, 163(1986.

76C. M. Starks, C. L. Liotia, and M. HalperrRhase Transfer Catalysis
(Chapman and Hall, New York, 1984

"E.g., P. G. Bruce, A. Lisowaska-Oleksiak, P. Los, and C. A. Vincent, J.
Electroanal. CheniB67, 279 (1994).

"8H. H. Girault (private communication

Richardson(Pergamon, New York, 1960p. 59.

84@ For example, the limiting behavior for smatfl is given by the

asymptotic analysis for a solid interface in EQ.48 of Ref. 80 as
[Gwnav](1+(a/d)+%In(a/d)-s—k) as d/a—0, wherek=0.97. (b) This
problem is related, by symmetry, to that of two equal spheres approaching
each other, since the free surface boundary condition in the original prob-
lem is obeyed on the plane bisecting their line of centers. The latter prob-
lem is singular and so the former is also, behaving ds The asymptotic
expression for the force for the two-sphere problem is given by various
authors, e.g., R. E. Hansford, Mathematika 250 (1970; D. J. Jeffrey,

ibid. 29, 58 (1982; M. D. A. Cooley and M. E. O’'Neill,ibid. 16, 37
1969.

85For example, the diffusion constant to a solid planar electrode decreases

by a factor of 10 when the leading edge of an ion of radius a is0frtin

the plane, and a factor of 3 when this distance iaQRBef. 80. For a
radius of 2 A, this factor of 3 occurs when the leading edge of the ion is
1 A from the electrode. This separation distance is small and has a rela-
tively minor adverse effect on the electron transfer rate, namely a factor of
3 if the fall-off ET rate with distance varies as expgd), where g
=1A"%

86F. p. Buff, A. A. Lovett, and F. H. Stillinger, Phys. Rev. Let5, 621

(1965.

87J. S. Rowlinson and B. WidonMolecular Theory of CapillarityClaren-

don, Oxford, 198p p. 115.

88For example, R. A. Marcus, Adv. Chem. Phy€6 1 (1999.
8n Ref. 1(h), p. 156.
9Owe use here the hard sphere radial distribution function at contact of about

5. R. O. Watts and I. J. McGegjquid State Chemical Physid§Viley,
New York, 1976, p. 137.

%1This caging effect should be distinguished from effects which lead to

“stick” vs “slip” boundary conditions in the motion of an ion. In L.
Bocquet, J.-P. Hansen, and J. Piasecki, J. Stat. FBy527(1994), there

is a confirmation at the molecular level of the Stokes’ “stick” boundary
conditions at the surface of the solute; this recent computer simulation of
a hard sphere soluteadiusa) in a solvent of hard spherésadiusb) in the
rangea/b of 1-4.5 confirmed the stick hydrodynamic boundary condition
for that system. However, the difference between diffusion constants for a
Stokes’ “stick” and “slip” boundary conditions is only a factor of 1.5,
reflecting the long range nature of hydrodynamic interactions in the bulk
fluid streamline potential, having terms which vary as 1h contrast, the
cage effect or the hydrodynamic effect close to surfaces, are both very
large.

92See also Fig. 4 in Ref. 63.
9%R. A. Marcus, J. Phys. Cherii2, 891 (1968.

Downloaded 05 Apr 2007 to 131.215.21.81. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



