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To treat the problem of oxalate oxidation in an aqueous phase by a Ru(lll) species (mediator) generated in
an immiscible nonaqueous phase (benzonitrile) at a scanning electrochemical microscope (SECM tip), the
theory of the feedback mode of the SECM is extended to include both finite heterogeneous electron transfer
(ET) kinetics at the substrate and homogeneous decomposition of the mediator. As for the classical
electrochemical (EC) scheme, a zone diagram is constructed showing pure ET heterogeneous kinetic control,
pure homogeneous kinetic (C) control (insulating behavior), and mixed EC kinetic control. The model allows
interpretation of the anomalous approach curves obtained for oxalate oxidation by a ruthenium(lll) coordination
complex at the benzonitrile (BN)water interface and allows calculation of the rate constant for the ET at

the liquid—liquid interface. Attempts are made to relate these rates to the homogeneous rate constant in terms
of Marcus theory. The second ET (oxidation of £0Q at the liquid-liquid interface generates an emitting
excited state of the ruthenium species. The electrogenerated chemiluminescence process is related to the
current crossing the interface.

Introduction SCHEME 1
Electron transfer (ET) reactions at the liguiliquid interface Ru2+o -e— Ru3+o (tip)
have been extensively investigated over the past 20 years
owing, in part, to interest in the liquieliquid interface as an k
intermediate case between homogeneous and heterogeneous sitgg,** ) + C,04>, } Ru*, +C,04",  (ITIES) (1)
for ET 2 Several different models have been developed to depict «—

the ET at the interface between two immiscible electrolyte
solutions (ITIES) 6

2- k .-

Among the various techniques used to probe ET at an ITIES C2047 —— €07 + CO, (water) (2)
(e.g., cyclic voltammetry or voltfluorometry=° in a four- .
electrode cell, voltammetry in a thin-layer é8)| the scanning . —2
electrochemical microscope (SECM) in its feedback mode has Ru*, +COz™, Ru*, +CO; (TIES) (3)
been shown to be particularly useful in the characterization of E
ET kinetics!~19 The SECM technique has the advantage of
easy separation of the contribution of electron transfer and ion ky, . .
transfer processes and does not require a four-electrode arrange- Ru**, + CO;", Ru**", + CO, (ITIES) (3)
ment with an externally applied potential across the interface. D E—

Typically in these experiments, a stable redox active species,
for example an oxidant, is generated at an ultramicroelectrode
(UME) tip located in one liquid phase and the tip is approached

to the second liquid that contains another redox species, a
reductant, that can transfer an electron to the tip-generated
oxidant. The tip feedback current depends on the rate of this
electron transfer. In most studies this oxidant is part of a stable
redox couple, thus simplifying the treatment of the kinetics and

mechanism of the system. However, the SECM technique can
also be used to investigate the kinetics of irreversible ET at an
ITIES, such as the reduction of dibromocyclohexane by vitamin

B12.2% Such studies of electrochemical catalysis are of interest
in characterizing syntheses in microemulsions. Moreover, in

principle, they should provide interesting information by

comparing the ET rates to their homogeneous analogues in terms
of ET theory.
Previous reports from this laboratory have shown that
oxidation of a luminophor such as Rgll’ 2t in the presence
of a coreactant, such as the oxalate dianion, leads to the
formation of an excited state [electrogenerated chemilumines-
cence (ECL)], by homogeneous reaction in the aqueous
phase?l22 either at a polymer-modified electrod&pr at an
ITIES2* This latter study qualitatively demonstrated ECL at
the ITIES and proposed that its occurrence was evidence of
Marcus inverted region behavior. This paper is a more detailed
and quantitative study of this type of ET and ECL reaction.
Based on the observation of ECL at the BiNater interface
and on the homogeneddsor electrochemica? oxidation of
T Part of the special issue “Royce W. Murray Festschrift”. oxalate, a me.Chanism of the ECE type, ericted in SChem.e :
* The University of Texas at Austin. and schematically presented in Figure 1 in the SECM config-
SESPCI. uration, can be invoked for the SECM monitored oxalate
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TABLE 1: Polypyridine Ruthenium Complexes

Electrode

RuL,L’ L L'
1 bpya 4,4’-(C12H2502C)2bpy: Clz-bpy
RuL,L"** RuL,L"** RuL,L"** RuL,L** 2 bpy 5-Cl(pher
by BENZONITRILE 3 bpy bpy
4 bpy 4,4-(CHz)2bpy = dmbp
RuL,L'* RuL,L* RuL,L>" RiLiL™ 2 i,}-(((él—&))zpmen i.;—((gﬁ?_'s))zphhen
M 4-(CeHs)opnen y 5)2phen
S S < 7 44-(CH)bpy  4.4-(CH)bpy
.04 C04" €o;” €0, appy = 2,2 -bipyridine.P phen= 1,10-phenanthroline.
WATER
Figure 1. Schematic illustration of the reaction scheme and occurrence Patass
of ECL at the BN-water interface during oxalate oxidation by a a
ruthenium complex.
o . Ti
oxidation by RulL' 3t at the BN-water interface. In Scheme P
1, R&Z" represents the RuL’ 2 species, and the subscripts
“0” and “w” represent the organic and water phases, respec-
tively. T N
The occurrence of different paths for the oxidation of the R O
highly reducting carbon dioxide radical anion, €Q has been d T i\k>
investigated by pulse radiolysi&Oxidation by RE" was shown Prod.
to be negligible, compared to oxidation by Ruthe latter R 0
process leads to Rtin its excited (3*) and ground (3) states. l e

This was interpreted not as a contradiction of the existence of
the Marcus inverted region, but rather for its difficult acces- Substrate

P - L .
sibility**due to the high reorganization energy needed fo5.CO Figure 2. Schematic illustration of the general reaction of SECM

idation26.27
OX|dat|0n._ . . feedback with finite heterogeneous electron-transfer kinekigs,in

In carrying out these studies, a comparison of the homoge- ihe presence of an irreversible homogeneous reaction &.0,
neous and the ITIES oxalate oxidations should be straightfor-

ward. However, the SECM curves observed when approaching ) ) ) -

the tip to the ITIES presented an atypical decrease in the [0 @ homogeneous irreversible chemical decompositigrof
normalized current before a current enhancement due tothe mediator) has been carried out only under the special
mediator regeneration at the ITIES by ET to the oxalate. This condition where the electron transfer is diffusion controlled:(
unusual dip preceding the increase in current has been attributed™ )- While this condition is usually easy to establish at a metal
to possible irreversible reaction between the oxidized mediator €l€ctrode, it does not fit the situation at the ITIES. We thus

Ru(bpy)Ci-bpy?*+ (1) with water in the organic phase that does develop here a more general theoretical model. The principle
not regenerate Ru(bpGi--bpy?*: of the measurement is presented schematically in Figure 2. For

this mechanism the appropriate time-dependent diffusion equa-

" ks tion, in cylindrical coordinates for species R and O, are
RU**, + H,0, — product (BN) (4)
2 2
Thus, such approach curve shapes, sometimes seen with a liquid/ % = ai* 1 % % (5)
solid interface, reflect the intervention of a competitive path in ot ar roar v
addition to the simple interfacial ET. Typically this situation
has been observed and treated theoretically during investigations dCy 8200 1 9Co azco
of the generation collection mode of electron transfer followed F T 2 kCo (6)

by a chemical reactid®@2?or during ET at an ITIES limited by
an ionic substrate transféror by substrate diffusiotf

The situation observed during ECL at an ITIES, which
corresponds to finite heterogeneous ET (1) followed by ir-
reversible chemical reaction of the mediator (4), has not been
treated theoretically. The first part of this paper discusses the
theoretical model of this situation.

The predictions of the model are then examined in the case
of oxalate oxidation with different Rul' 3" complexes, t=0co=cr*c.=0 )
presented in Table 1, at the BNvater interface. The aim of YRR MO
this part is to test the different models for ET at the liguid ac ac

R O

whereD is the diffusion coefficient, taken, for simplicity, to be
the same for both species R and O, at concentratigrend

co, t, r, and z represent, respectively, the time and the
coordinates in the radial and normal directions to the electrode
surface. The initial and boundary conditions pertinent to the
problem are the following:

liquid interface and to correlate the results to the homogeneousz=0, 0= r < a(tip): cg =0,D — (8)
data. We then analyze the ECL in light of the electrochemical 9z oz
step as was done previough. aCq aCo

z=0,a=r =ry,.(glass)D % P 0 9)

Theoretical Model

; i i ac ac,
Formulation of the Problem. A previous treatment of this << — PR _p_O_
problem (Figure 2; heterogeneous electron trankfgr coupled 0<z=dr=0(symmetry axis)d ar D ar 0 (10)
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0<Z<dr=ry,t=C"C=0 (11)

z=4d, 0 =r = ry,.(interface):
acg dCq
57~ D~ Karlo = Knefo (12)

wherea is the tip radiusygassis the radius of the surrounding

insulating glassid is the distance between the tip and the
interface;cr* is the value of the bulk concentration of R; is

the rate constant for the homogeneous decomposition of O (in

J. Phys. Chem. B, Vol. 105, No. 37, 2008953

involves the use of two finite-difference equations that are
constructed successively, for tReand then the& direction, at
two half-time steps oAT/2. The algorithm is based on solving
two sets of tridiagonal matrix equations given by eqs A10 and
Al1 in ref 28 by the Thomas algorith.

For our problem, the expressions given by Table 1 in ref 28
are identical except that the following expressions replace that
one defined in eq A10 of ref 28:

for R:

s1); k2 is the corresponding heterogeneous bimolecular rate d \, 4(0 < j < NE+NG—2) = 1,CR ;- —

constant, if the model is applied to the liguitiquid interface
(the units ofk;, are cm s M~1). The bulk concentration of
the oxalate in the aqueous phasgy*, is assumed to be large
compared tag*, so it does not change appreciably during the
ET reaction. Whermg* and cgrz* are comparable, consideration
of diffusion of R2 in the lower phase may be required. The
effect of such diffusional phenomena when no interfering

(7 — 1)*CRj,NZlfl + j’ZCq,NZ171/(1 + (K eAZ)) (21)

for O:
dnz-1(0 = j = NEFNG—2) = 1,C0 715 —
(2, =1~ ;Lzl(l—"_KhekaZ))*Coj,NZlfl (22)

homogeneous irreversible reaction in the gap occurs has beefyhere the parameters can be easily understood by referring to

discussed elsewheté.It was not taken into account here,

because in our experiments the concentration of R2 was always

10 times higher than that of R.
To obtain a general solution, the following dimensionless

terms were used:
=0 (13)
a
R=" (14)
a
_Z
z=1 (15)
G
G= o (16)
ka’
Ke=1p" (17)
Kne@  KioCro*@
K= 5 == p — (18)

The aim of the calculation is to obtain the tip current as a
function of time and the tip/interface separatidnfor different
Knet and K¢ values. The former quantity is given in its
dimensionless form by

_r _a a3
iT,inf 270 9Z

RdR
7=0

(19)

Iy

where itnt corresponds to the steady-state diffusion-limited
current at a simple microdisk electrode:
itint = 4nFDcy*a (20)

To solve egs 5 and 6 numerically, we used the alternating-
direction implicit (ADI) finite-difference method since this
approach was shown to provide an efficient solution to a variety
of SECM problemd$2%31.32The method has been described
elsewhere and is derived from its original detailed description

ref 28.
In the same way, the appropriate terms to eq A1l of ref 28
are the following:

for R:
b** 7_1(0 =] = NE+NG-1)=1+ 1,

d*nz1-1(1=0) = { 1_%p(0)} CR*O,NZ—l +
24, (0)} CR*g 71 T 4,C0* gz o/(1 + 1(KpcAZ)) (24)

(23)

%.

5 .m+

dmﬂlasjsNENG—D=lN%l—

exp(—mlAp) . _ N
s+ m— mexp(mlAp) CRY iz + [ = 24,0)
AKATI2ICR iy + /lp(j){ 1+ 88 m+

exp(—mlAp)
*, +
s+ m— mexpmlAp) CRnz1
2,CO*™; 7 _1/(1+ U(K,AZ)) (25)

for O:
b** \z_1(0 = j = NE+NG—1) =
1+ 24, — /(1 + K, AZ)) (26)

Note that in eqs A8 and A9 of ref 28, in the first term in
every bracketed expression, @r{which can take values af1)
has inadvertently been replaced by a 1; this error has been
corrected in eq 25 above.

Once these corrections were made, the calculation proceeded
as explained in ref 28 with 100 points in each radial zone
(electrode and glass sheath) and 100 points inztdgection
for log(d/a) = —1.2 with an increase of 10 points per 0.1 unit
increase of log{/a).

The formulation of the problem was coded in C (Code
Warrior package, Austin, TX) in double precision, and the
program was executed on a Pentium Il Processor personal
computer.

Theoretical Results and Discussion

for the measurement of homogeneous chemical reaction with The model developed in this work involves two dimensionless

the SECM?8 Typically, the same finite-difference grid (expo-
nential in bothR andZ directions) was used. The ADI method

parameters K. and Kpe, that characterize respectively the
homogeneous and heterogeneous fate of O generated at a tip.
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For subsequent increaseddy the normalized approach curve
tends toward the limiting curve that corresponds to the insulator
response. No feedback is observed since O is too unstable to
reach the interface where it is reduced back. The situation is
then kinetically limited by the homogeneous reaction. Typically,
for higher values oKy this situation is observed for higher
values ofK.. Between these two limiting situations, the system
is under a mixed kinetic control by bo#he: and K.

The conditions under which these two limiting situations are
observed can be more easily understood by plotting the
calculated normalized current ratio as a function of Kg
L Figure 7 presents such a plot for logg) = —1, —0.8, —0.5
% £ 0 a5 5 andKevalues ranging from 0.1 to 100. The borderline between
Figure 4. Variation of the simulated normalized tip current with the the mixed and the heterogeneous control could be defined as
digtance folKn = 10 and. from top o bottonk, OI? 0.0L 0.1 0.2 Lheie;/:lue of the normallze;l current at 90% of the ideal
05, 1, 2,5 10, 20, 100s. geneous case (no effect o_f th_e homogeneou_s step).

Conversely, to a reasonable approximation, the system is under

Mi 7 pure control by the homogeneous chemical reactinwhen

the tip current is essentially of the insulating type, iig.<
M 1.1i1ns. These borderlines are extrapolated from the best fit of
/ the simulated points and are indicated in Figure 7 by dashed
f lines crossing the calculated working curves. The dependence

of these boundaries and the zones they define on normalized
distance is presented in Figure 8. This IKge/log K. zone
diagram illustrates the competition between both reactions:
increasingKnet attenuates the effect &%, and the mixed control
zone is shifted toward highét.. Moreover, as already observed
when the heterogeneous ET is diffusion limitédhe distinction
between insulating behavior and mixed kinetic control is shifted
to lower K. values for greater distances; the effectkqf is
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4 (um)
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f
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Figure 5. Variation of the simulated normalized tip current with the emphasized V‘_”th mcreasu.]g distance, _
distance foKne= 1 and, from top to botton. = 0, 0.032, 0.1, 0.2, The extraction of the different rate constants from experi-
0.5, 1, 2, 5, 10, 20. mental approach curves is, in principle, more complicated, since

it is a function of three independent variabl&sd, K, andL).

We devote this section to an analysis of the effect of these However, some approach curves present a shallow minimum.
parameters over the normalized distarice; d/a, on the steady- As discussed elsewhet®, this minimum results from the
state tip current. This steady-state current can be obtained fromcompetition between the chemical decay of O before it reaches
the long-time behavior of the numerical calculation. the interface and the supply of R with increasing the gap

The effect of the normalized homogeneous chemical reaction dimension. With increasing distance, a smaller fraction of O
K. on the normalized approach curves is shown in Figures 3, reaches the interface, resulting in a current lower than that
4, 5, and 6 for different heterogeneous rate constdis, In observed when the chemical reaction is negligible. With a larger
each case, for values Bf smaller than 0.01, the homogeneous distance, the larger supply of R diffusing in the gap tends to
chemical fate of O can be neglected; the kinetics are governedincrease the current. A minimum, whose location and magnitude
by the heterogeneous reaction. As could be intuitively expected, depend on the value &, is observed. Note that the presence
the deviation of the current from that predicted when there is of such a minimum facilitates the data analysis, since it does
no homogeneous reaction increases with increaking not require an exact knowledge of the-timterface distance.
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Figure 8. Diagram representing the kinetic control zones corresponding
to competition between the heterogeneous reduction ¢f,6,and its
homogeneous chemical decompositi&g, for different values ofi/a

= (®) -1, (+) —0.8, (1) —0.5, ©) —0.2, (x) O.

5 2 § o ) 2 3 Experimental Section
log K,

Chemicals. N&;Cy04 from J. T. Baker (Phillipsburg, NJ),
NaClQy, and benzonitrile from Aldrich (Milwaukee, WI) were
31 - used as received. Tetrahexylammonium perchlorate (THACIO
from Fluka Chemika) was recrystallized twice from an ethyl
acetate:ether mixture (9:1) and dried under vacuum overnight
at room temperature. Ru(bpylO4), was prepared by pre-
cipitation of the chloride salt (Strem Chemicals, Newburyport,
MA) in a 1 M NaClOQ, aqueous solution and then recrystallized
; twice from ethanotwater (1:2). Bis(2,2bipyridine)ruthe-
11 nium(ll) chloride (Aldrich, Milwaukee, WI) was used to
synthesize (Table 1),3%22, and4.35> The other Ruk(ClOy)2
salts were synthesized according to reported procedtfi€be
=== aqueous solutions were prepared from deionized water (MilliQ,
1 2 3 Millipore).

. . . . . Electrodes and Electrochemical CellsPt wires (25um
Figure 7. Variation of the simulated normalized tip current wkl di Goodfell Cambrid UK heat- led und
for, from bottom to topKne = 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, ~diameter, Goodfellow, Cambridge, UK) were heat-sealed under
and for log@l/a) = (a) —1, (b) —0.8, and (c)—0.5. vacuum in glass capillaries and then beveled to produce SECM

tips as described previousiyThe tip electrode was rinsed with

ethanol and water, polished, and dried, and then rinsed with

The model presented here demonstrates that one can be lesBN before each experiment. A three-electrode configuration was

restrictive in the choice of a redox mediator in the SECM used in all experiments with a 0.2 mm diameter Pt wire as the
investigation of heterogeneous ET. As can be seen in Figure 8,counter electrode and a 0.5 mm Ag wire as a quasireference
less stable redox species can be used as ET mediator for studieslectrode. All electrodes were placed in the top organic phase.
under steady-state feedback SECM measurements. The redoA 2 mL glass vial mounted on a vibration-free stage was used
couple usefulness depends on the ET kinetics, buk-fehigher as the electrochemical cell. Both solutions were deaerated by
than 0.001 cm/s any redox species having a lifetime longer than N, bubbling for 15 min. The ITIES were then formed by pouring
0.1 s can be used for ET kinetics determination. In such cases,into the cell 0.7 mL of the aqueous solution (bottom layer)
one can distinguish the SECM feedback response from insulat-containirg 1 M NaCIQ, + x M Na,C,04 (x = 0.06, 0.045, 0.03,
ing behavior for gap dimensions smaller thana) de., 5um 0.015) and then 0.7 mL of the BN solution (top layer) containing
for a 25um diameter microdisk. For higher heterogeneous ET 2 mM RulyL' 2t + 0.1 M THACIO,.
rate constants, redox species with lifetimes as short as 5 ms Apparatus and Procedure. A home-built SECM instru-
can be used with a useful responsedat 0.3a course. On the men#’ was used for measurement of curréntand of the ECL
other hand, any redox species with a lifetime of the order of a intensity, I;, as a function of the tipinterface distance. The
few seconds would be considered as a stable redox mediatofECL intensity was measured via a photomultiplier tube (PMT,
for SECM investigation, for which the usual treatment Hamamatsu R4220p) installed under the electrochemical cell
developed for finite heterogeneous kineties14.20.31.3¢an be and connected to an operational amplifier based current-to-
used. voltage converter and voltage amplifier, as described previ-

21

/i oy

0.1

-3 -2 -1 0.
log K¢
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ously?438 In all SECM experiments, the tip electrode was TABLE 2: Concentration of ML 3 Complexes in Saturated 1
positioned in the upper phase (BN) and a steady-state voltam-M NaClO4 Aqueous Solutions Determined by UV

mogram of the RublL' 2™ oxidation was recorded. The tip was Spectroscopy

then biased to the plateau current of the oxidation wave. When complexMls  [M(IL glsaf  [M(IINL glsaf  [M(ID] saf[M(ID] st

a steady current was attained, the tip was moved toward the Fe(bpy} 35x 108 2.2x 104 63
ITIES while recording bothit and |, as a function ofd, the Ru(bpy) 55x10°% 15x10* 27
tip—interface distance. Ru(dmbpy  <2x107° 23x10° >12

aln M. P Detection limit.
Results and Discussion

We now discuss the experimental SECM approach curves with an equal vqum_e of BN. When _equilibrium 27 was reached,
and their interpretation to obtain ET rate constants at the ITIES, the aqueous ruthenium concentration {Ri was estimated by
As discussed previously, the approach curves depicting the YV Spectroscopy to be 00-43 mM. Equation 28 then becomes a
electron transfer from a hydrophobic ruthenium complex such Simple function ofAAZ¢", [RU?*]" and [RE]' = [Ru?*]" +
phase show a minimum. Various phenomena that could interacttotal ruthenium concentration, respectively:
with the interfacial ET could cause this deformation of the usual
RT ([Ruz*]t 1)

approach curve, including ion diffusion limitations or reactant o 0 o 0 0 0 3
transfer across the interface. The ion diffusion limitation does ~A2w# = Ai@reer — Aueio, =5 £ I
not apply in our case since, as discussed edfliekalate ion
that is oxidized at the liquidliquid interface is in great excess
compared to the ruthenium oxidant.

lon-Transfer Limitations. lon transfer of reactants across . BN 0 _ ov—BN
the BN—water interface could occur. Oxalate dianion is a small, tkl'/s leads toA,, PRu(bpygr — 0.10V "deAGRu(WyE+ = —0.2
highly hydrophilic molecule and should not transfer from water ev. )
into BN. Hydrophobic ruthenium complexes such as Ru(bpy) These constants ensure that under our SECM experimental
(C12-bpy?* or the other Ruk2* species with L= bpy or their conditions Ru(bpy#+ transfer into water is clearly negligible.
oxidized counterparts should not cross the interface. Taking C;?‘i activities ec;gal to concentratior;s, one expects

W o~ [¢) —
For less hydrophobic ruthenium complexes, such as Ru- [Ru(bpy}*']* ~ [Ru(bpy)®']/5000= 4 x 10"" M, and the

(bpy)?*, transfer from organic to aqueous solution has been interfac_ia_l pptential will be fixed by the only potential-
described and is feasiblé. It is possible to minimize this determining ion, ClQ", cor_nmon o the two phases.- i

transfer from organic to aqueous phase by increasing the Galvani 1ransfer of the ruthenium(lil) complex was difficult to
potential difference. In the presence of another partitioning ion investigate in the same manner, because of its instability on

such as CI@, Ru(bpy)?* transfer from BN to aqueous solution the time scale of hours. Obviously, it should be easier to transfer
is related to (“0” is the BN and “w” the water phase) into water than the ruthenium(ll) counterpart, because it is more

charged and thus more hydrophilic. However, the maximum
guantity that could be transferred into the aqueous phase will
be the solubility of the complexnia 1 M NaClO, aqueous
solution, which should be low since Ru(bp{@10,), salts can
The Galvani potential differenceég, can be calculated by  be readily obtained by addition of an excess of a perchlorate
partitioning ion standard interfacial potential according to salt to a Ru(bpy™ aqueous solution. Table 2 presents
the solubilites m a 1 M NaClOs aqueous solution of

leading toAA;¢° = 0.05 V and withAR" g2, = 0.05 V3

Ru(bpy)”", + 2ClO, , = Ru(bpy)**,, + 2ClO,”,, (27)

RT 8o, Fe(bpy)*", Fe(bpy)*", Ru(bpy)**, Ru(bpy}°", Ru(dmbp)*",
A = A\c;v(pgl o T = In 4W =A@ s + and Ru(dmbpf* investigated systematically by UV spectros-
acio, copy.
RT. [RUT" The results confirmed the intuitive idea that the M(II)

(28) complexes are less soluble in the aqueous solution than their
oxidized counterparts. This solubility depends more on the
) o ~ligand than on the nature of the metal; iron- and ruthenium-
whereagof(' corresponds to _the activity of perchl_orate anion in - [(tris(bipyridine)] complexes have similar solubilities. Replacing
solventi; in the concentration range of ruthenium complex, bipyridine by 4,4-dimethylbipyridine greatly lowers the complex
activities can be taken as equal to the concentration. Equationsomb”ity_ The Ru(bpy)** transfer is then the most likely, but
27 shows that it is possible to minimize the Ruransfer to it still represents less than 1/13 of the initial Ru(bgy)
aqueous solution by lowering the Galvani potential difference, concentration in the BN phase. Moreover, due to the ET reaction
i.e., by lowering the organic CID concentration and increasing  \ith the oxalate species that regenerate Ru@pyand then
its concentration in the aqueous phase. Moreover, since aconservation of the ruthenium species, transfer of Ru@py)
negative charge has to be transferred into the aqueous phasgjill also be dictated by Ru(bpyd* transfer and solubility in
during the ET to maintain electroneutrality, a high perchlorate the water phase and can be neglected as a first approximation
concentration in the BN phase is also advantageous to avoid(the effect of this ion transfer on the current passed through the

2F n [Ru2+] [¢]

kinetic limitations by CIQ™ ion transfer* interface is discussed later). This would be even truer for the
The difference in standard Galvani potential difference can other, more hydrophobic, ruthenium complexes. With high
be estimated from the partition equilibridiof Ru(bpy}(ClOy)2 aqueous perchlorate ion concentrations we thus believe that

between BN and water. In such an experiment an aqueous Ru-ransfer of ruthenium species from BN to the aqueous phase is
(bpy)s?™ solution (concentration [Rd]t = 2 mM) was mixed quite unfavorable for all of the Ru complexes (except probably
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Figure 9. Experimental approach curves (lines) for the oxidation of 2

mM RuloL’ 27 in BN at an UME approaching a 0.06 M oxalate aqueous

solution. The symbols represent the simulated approach curves for each 05 1

complex using the model described herein. The ruthenium complexes

were (+) 1, (@) 2, (») 3, (x) 4, (®) 5, (O) 6, and €) 7.

ITinf

i

Ru(bpy}®*"), and that the peculiar approach curves observed 0 10 20 30 40 50 60 70 80
could not be attributed to kinetic limitations by ion transfer. d(m)

The intervention of an irreversible homogeneous chemical
transformation of the mediator is more likely.
Application of the Kinetic Model. The model presented i

previously to account for systems involving an irreversible
homogeneous chemical reaction of the mediator coupled to slow
heterogeneous electron transfer will be used to describe the
oxalate oxidation across the Bivater interface. 4/
As described earlier and as can be seen on the different™ 0512
experimental steady-state approach curves presented in Figure i
9, a shallow minimum that is predicted by theory is observed.
The experimental data are shown with the best fits from the
model discussed above for different ruthenium mediators ata | , ‘ , ‘ , ‘ ‘
constant oxalate concentration in Figure 9 or for the same 0 10 20 30 40 50 60 70 80
ruthenium complexes, 2, and3 and different oxalate concen- d (pm)
trations in Figure 10. The values &fe; andk: extracted from  Figure 10. Experimental approach curves (lines) for the oxidation
the fits presented in Figure 9 are provided in Table 3. The fitis of 2 mM RuL.L' 2" in BN at an UME approaching an oxalate aqueous
quite good with the same value of the chemical homogeneousSOMtiOﬂ. The symbols represent the simulateq appro_ach curves for
decomposition rate constarke, for a given mediator with each_complex_and each o>_<a|ate concentration using the model
different oxalate concentrations. The estimated heterogeneou%df)s%rllgsec,’w?a()elg_'oghl\i, r(:t)hggli? hﬂcf){g?;,e)[(gfag?é?i(%))(%-&gg]@
electron-transfer rate constant is proportional to the oxalate (,) .03 Mm; (c)3, [oxalate]= (<) 0.06 M, #) 0.045 M, ©) 0.03 M,
concentration in the aqueous phase as can be seen in Figurg,) 0.015 M.
11. These observations tend to validate the hypothesis of kinetic
limitations by the coupled decomposition reaction with rate
constantkc. attributed to chemical decomposition of the oxidizing reagent
We tried to elucidate the nature of this homogeneous chemicalwas absent. The new approach curves, obtaine@ fand 3,
reaction between the Ru(lll) species and a component in theresemble more closely the curves expected for a slow hetero-
BN solution. It probably involves an electron-transfer step, since geneous electron transfer without the interfering reaction. The
the value of the chemical reaction rate depended on the potentialheterogeneous rate constant extracted from these approach
of the ruthenium complex used (see Table 3). The more curves using the simpler modél4 are consistent with the
oxidizing the ruthenium complex, the faster was the chemical values extracted in the contaminated BN lot when the competi-
reaction. Reaction with water has been described in the earliertive homogeneous chemical reaction was taken into account.
work, but this does not seem too likely. It would be difficult to  Although we did not investigate further the nature of the
explain the approach curve with Ru(bg¥) and the other less  interfering chemical step involved here, we believe it is due to
oxidizing ruthenium complexes that are known to have low Pprolonged contact of the BN with molecular sieve, which was
reactivity with water. We believe the chemical reaction is due not done with the new lot of BN.
to the presence of a contaminant in the BN used. As a matter ECE Mechanism at the Liquid—Liquid Interface. The
of fact, when a fresh lot of BN was used, the unusual behavior oxalate dianion and the carbon dioxide radical anion are oxidized

i

1T,
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TABLE 3: Oxidation of Oxalate by RuL ,L' 3" at the 0
BN—Water Interface
RulL’ AEy? KneP ke Bé
1 0.07% 0.02¢ 1.1¢ 45+ 10 1
2 0.02 0.0085 1.3 26+5
2 0.02 0.0082f
3 —0.0% 0.0063 0.65 50+ 10 7
3 —0.0% 0.0058" T
4 -0.05 0.0030 0.5 18 §
5 —0.0% 0.0018 0.3 <11 "-é
6 —0.0% 0.0014 0.15 <13 <
7 -0.17 0.0003 0 <19 —fn
S
aDifference in the substrate oxidation potentials (see text), in V. ~ 21
b Heterogeneous electron transfer rate constant in¢notstained for
[oxalate}]’ = 0.06 M.cHomogeneous irreversible chemical decay of
Rt in s7L 9 ECL light intensity proportionality factor, defined by (50),
has the dimension of PMT output, in pAValue obtained from the
average bimolecular rate constant extracted from oxalate concentration
dependence.Values obtained with the classical treatment in the fresh
lot of BN. 3 ‘ ‘ ‘
-0.2 -0.1 0 0.1
ALz (V)
Figure 12. Variation of the bimolecular rate constd@ = kne/2[OX]°
002 with the driving force for oxalate oxidation by Ru complexes at the

BN—water interface; from right to lefl, 2, 3, 4, 5, 6, 7 (<) values
extracted from the model described here®) yalues extracted from
classical treatment.

Knet (cms™)

\

Hence, the currentg, that flows across the liquidliquid

+ / R interface is given by
- -

0 // i FA_Da[Ru3+] =9 ||_2 R 3+70 COZ*W

0 10 20 20 40 50 60 70 IfFA= 0z lz=a= 21 = 2o [RUTT[C04” T

[0x1" (mv) (32)

Figure 11. Variation of the measured heterogeneous ET rate constant, The process is then kinetically aoverned by the first slow ET
knes With the oxalate concentration for different Ru complexes) ; P ! Inetically gov y ! w

- step and two electrons are apparently transferred at a same rate
(®) 2; (2) 3.
kox. The overall rate constalite; that could be extracted from
the approach curves is then twice the valukgfC,042 7%,

at the interface by the Ru(lll) species in the BN producing the the rate constant corresponding to step 1 in Scheme 1.

feedback current, denotédwhich is the sum of two contribu- Influence of the Driving Force on the Interfacial Electron
tions, i," andi,", corresponding respectively to the oxidation Transfer. From the approach curves obtained in BN for
of C,042~ and CQ.~ and defined by different mediators and the subsequent valuek,gqfgathered

in Figure 9 and Table 3, one sees a clear trend: the more
oxidizing the ruthenium complex, the higher the current crossing

S _ 8[C20427] _ 3+70 2—qw the interface.
I, [FA=D 0z l=a = ko RUTTJC0," 1 (30) One can then extend to all the ruthenium complexes the linear
dependence of the heterogeneous ET rate constant with oxalate
L 9[CO," ] 310 —w concentration observed in Figure 11 for the three more oxidizing
iy [FA= DT'Z:d = koo RUTTH[CO,™ 1y (31) couples and obtain the bimolecular ET rate constait= Knef

(2[0x]9), in M~ cm s™1 corresponding to ET (1) in Scheme 1.
The potential dependence &f, is shown in Figure 13.The
interfacial ET driving force, AG°, generally includes the
difference in standard potentials of the organic and aqueous
redox couples and the Galvani potential difference:

where [XJq corresponds to the interfacial concentration of
species X in phase kco represents the contribution of both
reactions 3 and 3*, and is the interfacial area.

Because of the high instability of;04.7,224% oxalate oxida-
tion is believed to proceed according to an ECE mechanism AG® = = (E°ru0 ~ E'oxw) — AR = —AE,;, (33)
rather than a DISP one. Moreover, &Ois a strong reducing
species whose oxidation according to (3) or (3*) is expected to |t can be readily obtained by cyclic voltammetry determina-
be much faster than the first ET (1) and is probably diffusion tion of the formal potential of the involved redox mediators in
limited. Therefore, under the steady-state conditions provided their respective phases versus the same reference electrode
by the SECM technique, from a combination of the diffusion placed in a constant phase, e.g., the aqueous phés&Due
equations pertaining to 0.~ and CQ.™ and the fact that their  to the irreversibility of the oxalate oxidation, a redox mediator,
flux is zero at infinite distances, it is expected tihdt= i)' = Ru(CN),4~ was placed in the agqueous phase and the formal
is, Whereis is the current flowing through the interface. This potential difference between Ru(C4)(w) and Rul.L’ (o)
was demonstrated previously for classical ECE systems con-oxidation was determined. The formal potential difference,
trolled by a fast C and slow first E stefs. AE;15, between oxalate and Rpll’ 2+ was then deduced from
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Figure 13. Experimental (solid line) and theoretical (symbols; according 0 5i(I7 theor — ITins)/(1 — ITindl7.c) + lak; See text) variation of, the
ECL light intensity, with approach distance for oxalate oxidation byi(dp) 2, (c) 3, or (d)4 at the BN~water interface. (a)l]] = 2 mM, [oxalate]

= 0.06 M; (b) 2] = 2 mM, [oxalate]= (<) 0.06, ) 0.03 M; (c) B] =
[oxalate]= 0.06 M.

the known values for the oxal@feand Ru(CNy*~ standard
potentials in water with respect to the same reference: NHE or
Ru(bpy}®™/Ru(bpy}?". The values ofAG® for the different
RulL,L’ 3+/2* couples are given in Table 3.

Variations of the rate constant with driving force of electron
transfer are expected to follow the Marcus activatidniving
force relationshig:

AG' = AG™(1 + AG°/4AG™)? (34)
where AG* and AG*™ are the free activation energy and the
intrinsic activation energy (free activation energy at zero driving
force), respectively, with

AG* = —RTIF In(k,,J2) (35)
whereZ is a preexponential factor for the electron transfer. For
low driving forces (34) can be approximated by a Butler
Volmer-type linear law (36) that is usually adopted for low-
overvoltage ET reactions at a liquidiquid interface?13.14.19.20
but also for typical endergonic homogeneous redox catalysis
of ECE reaction:

AG* = aAG® + AG™ (36)

wherea is the apparent electron-transfer coefficient.

2 mM, [oxalate]= (<) 0.06, @) 0.045, ) 0.03; (d) f] = 2 mM,

the E° of the mediator in the BN phase was changed, so that
(34) should be valid, as for homogeneous T Such depen-
dence of the ET rate constant Ak has been already observed
experimentally*16and has been questioned by a recent inves-
tigation of ET at an ITIES by a thin-layer technigtfe-However,

a theoretical model of the latter technique suggested that the
apparent independence of the ET wiE° could rather reflect
diffusional limitations in the lower phasé.

In the case of oxalate oxidation at ITIES, ldg, varied
linearly with the driving force of the electron transfer. From
the linear plot in Figure 12, an apparent coefficient transefer
= JAGHHAG® = RTIF dIn kyo/dAG® = 0.43 is deduced. This
value is comparable to the one obtained for heterogeneous
oxalate oxidation at a carbon electrode in an aprotic sofeent
and seems low compared to the one extracted from the
homogeneous oxidation in aqueous solution of oxalate by
ruthenium complexesigom = 0.6)2? Such a difference between
homogeneous and heterogeneous transfer coefficients is often
seert*and has been interpreted, according to the quadratic aspect
of Marcus law, as the more exothermic driving force involved
in the interfacial ET (for Ru(bpyj" at the ITIESAG®1, = 0.015
eV) than in the homogeneous case (for Ru(epyNG°hom =
0.2 eV).

From the linear Tafel plot of oxalate oxidation at the BN

The dependence of the rate constant on the Galvani potentiaivater interface, one may extrapolate to zero driving force and
drop has been studied experimentally and has been attributedPbtain the bimolecular rate constant for oxalate oxidatigst?

on experimentdft”4546r theoretical® grounds to both diffuse-
layer effects that reflect the work necessary to bring the charged
reactants to the interfatand to a Butler-Volmer trend!® In

= 0.054 M1 cm s, This value is close to those reported for
ET between ZnPdr and Ru(CNy*~ at the benzenewater
interface k;2° = 0.084 M1 cm s™1) or between FcCOOand

our case, the Galvani potential drop remained constant and onlyFc at the waternitrobenzene interfacek{,° = 0.06 M1 cm
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s71).1214 Qur slightly lower value could represent the higher
reorganization energy needed for the oxalate oxidfiéh.

We attempted to compare this value to Marcus’ theoretical
predictions? Two different physical descriptions of the liquid
liquid interface have been proposed according to whether the
ET occurs at a sharp, planar boundary layer of thickd®s-

1 A or in a deeper interfacial region of thicknesstypically
several layers of mixed solvent. The theoretical bimolecular rate
constank, 4 is given for the two possibilities by the following
expressions:

k' = 27(a, + &,)(AR kv, exp(-FAG'RT)  (37)

and
ky,' = 4m(a, + a,)’ARLcv, exp—FAGRT)  (38)

wherea;anda, represent the reactants’ radii;, is the product
of the adiabaticity factor by a frequency of nuclear motion
(typically kv, = 102 cm s1). We used the formalism adopted

Kanoufi et al.

RuL,L3"2* analogues is expected to be adiabatic, too. The
change in electron self-exchange rate constant should not depend
on the nature of the complex but rather follow the trends
observed for other adiabatic couples such as G4 for
whose self-exchange rate constant in BN is 1/10 of the water
value. We can then assign the same ratio to the corresponding
ruthenium rate constanty; o ~ ki1./10, and can relatk;,"°

to kyow? for the sharp boundary model:

ki ~ 0.3(AR)/(28, + 28k, (44)

or for the model involving ET in a thicker solvent layer:

kip® ~ 0.3k, (45)
Using a; = 6.8 A%2 anda, = 2 A 53 we estimatek; )0 ~

104 M~1cm st from (44). This seems low compared to our

experimental value (0.054 M cm s1) and seems to disfavor

the sharp boundary layer model. It rather might suggest that

the ET occurs in an interfacial boundary region of mixed solvent

by Marcus in order to compare the ET rates constants at zerowhose dimension can be estimated from (45) te 2 nm. This
driving force of the homogeneous electron transfer rate constantvalue could reflect the higher mutual solubility of water with

(kizw=7 x 10> M1 s~1 extrapolated from previous work), to
the theoretical values predicted by the Marcus formalism for
the liquid-liquid interface,ki2'°. The procedure is based on
the additivity of reorganization energiek,

/112” = (1/2)(/111,0"' /122,w)

wherel) andi; j represent the reorganization energies for the
liquid—liquid ET or for the self-exchange reaction between the
oxidized forms of reactaritin liquid j, respectively.

(39)

BN than with more usual DCE or nitrobenzene used in ITIES
studies. This finding is also consistent with the frequently
adopted three-layer model of the ITIES that predicts the absence
of a log ki7" dependence with the Galvani potential dfop.
However, other studies have shown variation of heterogeneous
reaction rate with this Galvani potential drép16.54

In the special case & (and likely4 to a lesser extent), some
Ru* transfer from the BN to the water phase could explain
the higher bimolecular ET rate constant. This would agree with
the occurrence of the ET in a thicker reaction layer as was also

From the expression of the rate constant of homogeneousypserved for Fe partitioning during its oxidation by FcCOO

ET48
k., = 47(a, + a,)°ARcv, exp(—FAG/RT)  (40)

wherek;, refers to the same reaction when the reactants are in

the same homogeneous phase. The self-exchange rate constang

for reactant in each solvent, k; ; follows directly from (40).

From the formalism adopted in the homogeneous case, one can

derive relations between the various rate constants at zer
driving force at the liquie-liquid interface:

ki,"® = (AR?(a, + az)(kll,okzz,w)llzl (Baa)  (41)
in the case of a sharp boundary layer, or
ko' = (a, + az)zL(kn,J<22,w)l/2/ (4a.a,) (42)

in the case of a thicker interfacial region.

at the water-nitrobenzene interfacé.The ET would then occur
either heterogeneously at the liguiliquid interface or homo-
geneously in an aqueous reaction layer with respective rate
constants, and kyom Due to the high oxalate concentration,
oth reactions can be considered as pseudofirst order. One could
$stimate, from previous work, the homogeneous aqueous
eaction layer to be abouD((2knor{OX]%))¥2 = a/Anom ~ 0.7

m for [Ox]° = 0.06 M. The current flowing through the ITIES
due to Ru(bpyy* ion transfer from the organic to the aqueous
phase is given "

r

a[Ru3+]W

i/FA=D=—

=g = KN([RU3+]Wd - Kp[RUS+] )
wherek,, is the rate constant for Rt ion transfer from water
to BN andK, its partition equilibrium constant. The SECM
configuration provides that [Rt] values are constants on both

For the same homogeneous reaction but in the aqueous phaséides of the interface; then one can find by solution of the steady-
the zero-energy cross-exchange rate constant is then given bytate diffusion equation for [Rd]" that

0

Kpw = (@ + az)z(kn,mkzz,w)m/ (4,8,)

To relatek;)'0 to the homogeneous . value obtained in

(43)

water, we need an estimate of the change in the self-exchangewith 4,

rate constant for any Ruf™2" when passing from water to
BN. A recent study of Ru(phesd) 4° or Co(bpy}?>" 5 electro-
chemical oxidation showed that, for such metal complexes, the
nature of the solvent only affected the preexponential factor of

1+ 2,4 A
i = FAD- - Fron K RU*% ~ oty Kier
1+ ’lhom + }'w (lhom + j'w)j'het

kwa/D, Anet = kne@/D, andigr, the current flowing
through the interface due to heterogeneous ET, is giveis by
in (32).

From the ion solubility study and due to the Ru species
conservation and the homogeneous conversion of the aqueous

the heterogeneous ET rate constant through the Pekar factoRW*" into R2", the highest value for [Rd]Y is given by the

(L/ng? — 1/es) and the longitudinal solvent relaxation time,
proving that the electrode reaction was “perfectly” adiabatic.

solubility of R&Z™ ion in the 1 M NaClQ aqueous phase;
thereforeK, is at most 1/360. From the value kfe; extracted

Thus, the homogeneous ET of these compounds and otherfrom this work, one could estimate that IT would represent less
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than AnomKp/Anet ~ 4—6% (in the oxalate concentration range) concentrations in the cases @f and 3. In each case the
of the current flowing through the ITIES.For the other Ru proportionality coefficien{, was constant in the same series

complexes, Ru ion transfers can be neglected of experiment, as can be observed o2, and3 in Figure 13,
ECL Generation at the Liquid —Liquid Interface. Once which lends further confidence in this analysis.

the first electron transfer has occurred, the;CQ@adical anion Because of the low light level (close to the noise level of the

produced by fragmentation of the oxalate radical anig®4£L dark current for Ru(bpyiimb"™ and at the dark current level

can be further oxidized by a second electron transfer to for the other less positive compounds), it was difficult to
RuL,L' 3", steps 3 and 3* in Scheme 1. These steps are certainlyinvestigate further the light emission and its driving force
faster than the rate-limiting step, the formation of0&~ by dependence. In any case for compounds less positive4han
(1), and lead to a competitive formation of the?Rigpecies in we could estimate a maximufh factor by considering that the

its ground or excited state. The formation of the excited state absence of a signal would indicate a signal that was, at most,
leads to light emission. Therefore, as soon as the tip approachegqual to the noise level of the dark current. These maxinium
the BN—water interface there is enough feedback to generate values reported in Table 2 fd, 6, and7 are of the order of

an emitting species by subsequent electron transfer across thenagnitude of values obtained for the four other complexes.
interface. This effect is characterized by observation of photon  These results can be compared to the homogeneous oxalate
emissior?* Figure 13 presents the emission intensityas a oxidation in aqueous solution. In the latter case, the normalized
function of the tip-interface distance. This emission is weak g, value (0.09) is approximately 10 times higher than that
and close to the accessible range of our light measurementobtained at the liquigtliquid interface. It is difficult to give
device, but still quantifiable for the four most strongly oxidizing any mechanistic interpretation of this result, however, because
ruthenium complexes. The approach to that developed in theof the possible presence of oxygen in the aqueous and BN
homogeneous oxalate oxidatf8rhas been transposed here to phases.

rationalize the light emission. The light intensity,is propor-

tional to the rate of radiative decay of Rur Conclusion

I O kr[Ru2+*] (46) The SECM approach curves describing the oxidation of
! oxalate by RukL' 3" complexes at the BNwater interface were
investigated. The approach curves must be interpreted in terms
of a homogeneous chemical degradation of RUET in addition
to the interfacial ET. We thus developed a treatment for SECM
feedback for the case of a finite heterogeneous ET in competition
3+70 o—w with homogeneous (first-order) decay of the mediator, which
B k/(k + Kndka[RUTT6[CO,™ T (47) has been used to describe oxalate oxidation by Ru complexes
at the BN-water interface. The homogeneous chemical deg-
radation of the Ru(lll) species is related to an impurity present
in benzonitrile. The interfacial ET rate constants obtained for
these systems show a linear activatiamiving force relation-

wherek; is the radiative decay rate constant of theé Rexcited
state. It should also be proportional to the flux corresponding
to RUZ™* generation; therefore

wherek,, is the rate constant for nonradiative decay ofRu
Combining (30) and (32) that express this flux as a function
of the currentjs, flowing through the interface, one obtains

ship. Application of Marcus theory fits a model involving a

k K. hip. Application of M h fi del involvi 2

I Dmmiﬂ (48) nm thick mixed solvent layer better than that for a sharp
res * boundary.

The formation of CQ.~ is demonstrated by detection of light
emission during the reaction. The ECL intensity could be related
to the current crossing the liquidiquid interface, but is still
too low to allow any detailed interpretation according to Marcus
theory.

an expression which is similar to that obtained for the
homogeneous oxidatidh.As a first approximation, and for a
distance 0< L < 2, this normalized interfacial currerl, is
given byll,14,20,56

Is = (It = I4ind/(L = lqind 7o) (49)

wherel designates the normalized currehts= i/ijn;, and ¢
corresponds to the tip current with a conductive substrate.
Since we attempted to simulate the variation of the tip current
with the tip—interface distance, we also attempted to simulate
the variation of the light emission with the distance. If we
assume the presence of a dark sigrigl, due to detector
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