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Kinetics of Heterogeneous Electron Transfer at Liquid/Liquid Interfaces As Studied by
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Scanning electrochemical microscopy (SECM) was used to investigate the kinetics of heterogeneous electron
transfer (ET) as a function of driving force at the interface between two immiscible electrolyte solutions. At
high driving force, experimental rate constants decreased with increasing overpotential, deviating from
predictions based on ButleWolmer kinetics. This decrease in ET rate with increasing driving force is consistent
with Marcus theory inverted region behavior. At low driving force, the potential dependence of the forward
and reverse ET rate constants followed Butlé¢olmer theory. SECM is also demonstrated to be a useful
means of studying the effect of high ionic strength on the kinetics of heterogeneous ET.

Introduction and potential determining ions. However, with these initial

There is renewed interest in heterogeneous electron transfe>ECM studies, with high cor_lcentr_at_ions of reactant in_ the
(ET) reactions at the interface between two immiscible elec- 2dueous phase, the rates at high driving forces became limited
trolyte solutions (ITIES). The application of new techniques PY diffusion, and the actual ET rate constants could not be
such as scanning electrochemical microscopy (SEE¥) extracted. Tsionsky et al.demonstrated the existence of an
microelectrochemical measurements at expanding dropletsiNverted region in the presence of an interfacial phospholipid
(MIMED), 45 thin-layer cyclic voltammetry (CV;® and spec- monolayer. The monolayer served to increase the distance
troelectrochemical methotisas greatly increased the amount between reaction centers, and the rate constant was decreased

of kinetic data available. These studies are considered to be a2€0w the diffusion limit. Electrogenerated chemilun;inescence
very useful means of testing conventional theories for ET (ECL) combined with SECM studies by Zu et dlalso
kinetics2910 In this report, SECM was used to verify the suggested the existence of an inverted region at an unmodified

existence of the Marcus inverted regiéri® at high driving interface. In these earlier studies, one redox couple was added
force. in excess and heterogeneous ET was treated as a pseudo-first-
Heterogeneous ET at a liquid/liquid interface involves the Order reaction to simplify the diffusion problem. However, for
transfer of an electron under potential control from an electron fast kinetics, diffusion is rate limiting, and this sets an upper
donor to an acceptor in opposing phases. In earlier stddligs, Ilmlt TO( the acceSS|bI.e experimental rate cons'ﬂérﬁecen.tly,
the interface was under potentiostatic control, and the finite this limit was greatly increased by Barker efdly employing
potential window, governed by ion transfer processes, limited & model in which diffusion of both reactants in opposing phases
the number of redox reactions that could be studied and hindered¥@s considered. Depending on the concentration ratios of
experimental studies. The residual uncompensated solution€@ctants employed, the authors suggest that rate constants in
resistance due to the low permittivity of organic solverts<( excess of 500 cm™$ M~* are accessible to experimental

10) used and the high double-layer capacitance also madedetermination. Experimental results presented in this work also
reliable kinetic data difficult to obtain. SECM has been Suggested the existence of an inverted region at the unmodified

demonstrated to overcome these restrictol$d? As the liquid/liquid interface. However, the number of redox couples
interface is nonpolarized and the heterogeneous ET is followed Studied was small, so the conclusion about inverted region
by feedback to an SECM tip, the number of solvent systems behavior was somewhat ambiguous. Herg, this work is extended
and redox couples that can be used greatly increased. Forfor the heterogeneous ET between organic phase tetraphenylzinc
example, benzene could not be used as the organic solvent ifPorphyrin (ZnPor) and a variety of aqueous redox couples at
conventional systems without the addition of very large amounts three different water/organic solvent systems.
of base electrolyte, which would in turn severely limit the size ~ Another aspect of the studies of ET at the ITIES concerns
of the available potential window. the potential dependence of the rate constant. It is assumed in
Previous studies with SECM allowed reliable kinetic data at both B—V and Marcus theories that most of the interfacial
liquid/liquid interfaces to be obtained, and at low overpotentials, potential drop is between the reaction centers and that the
the kinetics of ET appear to follow Bulteolmer (B—V) potential dependence of the rate constant can be directly related
theoryl” As the driving force is increased, Marcus theory to the free energy of E¥. Recently, this assumption has been
predicts the existence of an inverted region where the rate questioned, and the observed potential dependence of the rate
decreases with increasing driving fore3 Probing the exist- constant was attributed to a double-layer effect due to the
ence of such an inverted region is difficult with conventional potential controlled variation of the charged redox reactant
electrochemical techniques. As the SECM technique does notconcentrations in the interfacial regiéh.Liu and Mirkin'®
suffer from potential window restrictions, the driving force can considered this possibility for ET involving a neutral reactant
be increased readily by the appropriate choice of redox couplesand noted that the experimental ET rate constant was essentially
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potential independent. A similar approach was used here to
probe the potential dependence of the forward and reverse rate |&

quinodimethane (TCNQ) and aqueous hexacyanoferrate. The B s
driving force for this ET is low, and the forward and reverse
reactions can be easily studied by the appropriate choice of
potential determining ion. )

The ionic strength of both phases also affects the potential
distribution across the interface. This can have a significant §
effect on experimental kinetic parameté?&; for example, the
Frumkin effect at metallic electrodes. SECM offers a convenient
means of monitoring the effect of increasing ionic strength on
ET kinetics.

Experimental Section

Chemicals. Tetrahexylammonium perchlorate (THXACJO
(Fluka) was recrystallized from acetone prior to use. Tetrahexyl-
ammonium hexafluorophosphate (THxAdpRetracyanoquino-
dimethane (TCNQ) (Aldrich), 5,10,15,20-tetraphenyH243H-
porphyrin zinc (ZnPor) (Aldrich), NaCl, NaClpDNayFe(CN},
VCls, and cobalt sepulchrate chloride (Co(Sep)were used
without further purification. The organic solvents chosen for
study, 1,2-dichloroethane (1,2-DCE) (Aldrich), benzonitrile
(BN) (Sigma), and benzene (Aldrich) were used as received.

Organic solutions were generally prepared with 0.25 M
THXACIO,4 or prepared as indicated in the text. Aqueous
solutions with varying concentrations of redox species were
generally prepared with 0.1 M NaCl and 0.1 M NagGl®or
measurements with 37, NaCl was replaced with 0.5 M HCI.
NayRU(CN), NasMo(CN)s, and FeEDTA~ were prepared as
previously described. V2" and Co(Sep) solutions were
prepared in a Mfilled glovebag (Aldrich) prior to measurement
by reduction of solutions of $ or Co(SepJ" with freshly
prepared zinc amalgaPd All aqueous solutions were prepared
with MilliQ water.

Electrochemical Cells.SECM tips were prepared by heat-
sealing Pt wires (25um diameter, Goodfellow, U.K.) in
borosilicate glass capillaries under vacuum, followed by polish-
ing and sharpening as previously descriBed@he viability of
the resulting tip was determined by slow sweep @\4i2 mM
ferrocyanidet+0.1 M KCI solution. Tips were characterized by
an RG Ergy/a, whererg is the tip radius ana the radius of the
Pt wire) between 3 and 4 as shown in Figure 1. The tip was
rinsed with water and ethanol and dried prior to each measure-
ment. A simplified two-electrode arrangement was used through-
out, where a conventional reference electrode served as the
counter and reference electrode. The reference electrodes, Ag;
AgCl, Ag/AgCIO,, and Ag/AgPRs, were prepared by electrode-
positing AgCl, AgCIQ, and AgPFk onto an Ag wire, respec-
tively. Electrodes were placed in the upper phase for all ¢———»
measurements as illustrated in Figure 2. For measurements al 50 um
the water/DCE i'nterface, a modified cEilvas used to enablg Figure 1. Video micrographs illustrating the steps involved in tip
the higher density DCE to be_ useq as th? upper phase (F'_gurepreparation: (a) unpolished microelectrode with RE0; (b) after
2b). SECM experiments with air-sensitive redox species pgjishing with alumina; and (c) after sharpening to RG3—4.
(FEEDTA~, V2*, Co(Sepj") were performed under nitrogen

in a glovebag (Aldrich). o _ the diffusion coefficient andC the bulk concentration of the
SECM Setup.The SECM setup has been described in detail redox couple,a is the electrode radius, arfd is Faraday’s

elsewheré? Briefly, the tip was placed in the upper phase, and constant). All approach curves were obtained in the feedback
a cyclic voltammogram was recorded for the redox species used.mode.

Subsequently, the tip was biased at a potential in the diffusion-

limited region. Approach curves, where tip current is monitored 1pqoretical Section

as a function of distancel, were obtained by moving the tip

toward the interface. The tip current was normalized by the  Driving Force Dependence of Heterogeneous ET Rate at
diffusion limiting currentit. (=4nFDCa whereD represents the ITIES.! The dependence of the second-order ET rate
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+ Ref According to eq 4, the activation energy of the ET reaction
depends parabolically ohG® and, in the Marcus inverted region

at largeAG® values, increases as the driving force increases.
a The ET rate constant depends, therefore, on the two types of
driving forces, theA°,¢ term and the difference in standard

’ potentials of the organic and aqueous redox mediatdes, as
\ shown in eq 5a. These were investigated by changing the above

two parameters.
o jPOf The formal potentials of the aqueouE%gVRl) and organic
benzonitrile > Ae ( O'SRZ) redox couples were taken as the half wave potentials
water \‘ obtained from ultramicroelectrode cyclic voltammograms by the
Ru (CN)¢- Ru (CN)¢- same technique as reported previouglylhe difference in
formal potentials for the aqueous and organic redox species
(AEyp) versus the same reference electrode gives the absolute
value of the driving force for the E¥47

ZnPor*

Ref
AE,,, = AE° + A°, ¢ (5b)

b where AE® = EgJe — Egje versus the same reference
electrode and\°,¢ is as given by eq 3. Thus, the driving force
can be changed by a suitable choice of the redox couples or the
potential determining ions. To verify Marcus theory, the driving
force must be increased over a wide potential range, and in this
case, this was achieved by varying the aqueous redox couple.
At low driving force, the potential dependence of the forward
and reverse rate constants was followed through variation of
Ru (CN)¢- Ru (CN)¢" the potential determining ion.

SECM Curve Fitting. The concentration ratil, of aqueous
to organic reductantk; = C%"/C5°) determines the upper
Figure 2. Schematics of SECM cells used to investigate ET at the |imit for the accessible rate constérlﬁor K: > 20, the aqueous
liquid/liquid interface with (a) less dense phase on top and (b) modified reductant is in excess, and the reaction can be treated as pseudo-

cell with annulus to support the more dense phase on top. Ref denotes i .
a reference electrode that served as both reference and counter electrod Irst-order. This is useful when the rate of ET is slow and the

The reference electrode was Ag/AgCl, Ag/AgGIOr Ag/AgPF; (see analytical approximation eq 6b in ref 16 can be used to

Experimental Section). determine the rate constant. For lower valueKpfdiffusion
of both redox couples needs to be considered, and the procedure
constantkiz, on the energy of activatioG*, is given by proposed by Barker et alwas adopted to extract the rate
constant. This involved comparison of experimental approach
k,, = const expEAGT/RT) Q) curves with families of simulated approach curves as a function

of rate constant for eadK;. By using a small value df;, mass
At lower overpotentials, a ButlerVolmer type approximation transfer limits on the experimental accessibility of the rate
is applicable® constant can be overcome. This more general theory also enables
one to identify theK, range where the constant composition
AG' = aF(AE° + A°,¢) 2) approximation is valid. Furthermore, the use of relatively low
concentrations of the reactant in the second phase was theoreti-
whereAE° is the difference between the standard potentials of cally predicted to have considerable advantages for lowering
two redox couples in opposing phaseg,¢ is the Galvani the ET reaction rate and causing the approach curves in the
potential difference, and. is the transfer coefficient. In the  fast kinetic limit to be more readily distinguished from one
presence of a common ionm, in both phases, the Galvani another.
potential difference across the interface is determined by a Experimental approach curves for sevefalvalues were fit

Nernst type equatioff to simulated curves to obtain the rate constant for each aqueous
redox couple used. Program input parameters were as follows:
A°,p = A°, 9% + (RTIZF) In(C"IC°) (3) the diffusion coefficients and concentration of the two reactants,

the rate constant, the diameter of the ultramicroelectrode, and
whereA°%,¢° andz represent the formal transfer potential and the tip RG value. A FORTRAN program generously provided
the charge of the partitioning ion, respectively. When the by Prof. P. R. Unwin was used to simulate the theoretical
overpotential is high, in the absence of work terms, the energy approach curves. The program was written for an SECM tip
of activation for an ET reaction is given by Marcus theéry  with an RG= 10, while the experimental tips were considerably
smaller (3.5 to 4). The reason for using a tip with such a small
AGH = (&)(1 n AG°)2 @) RG was to avoid contacting the interface with the tip glass
4 A sheath. This enabled us to approach the interface more closely
) o o than with a larger RG tip. Shao and Mirkfrdemonstrated that
where? is the reorganization energy, atds* is given by as RG— 1, negative feedback is less efficient, and the SECM
. . o approach curve to an insulator deviates from theory for-RG
AG® = —F(AE® + A"9) (5a) 1. The possible error introduced by this difference was tested
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Figure 3. Comparison of simulated normalized steady-state current
SECM approach curves to (a) an insulating substrate and (b) a
conducting substrate for tip R& 10 (—) and 4 @) and for the
experimental tip used). Experimental curves were obtained with an
aqueous solution of 2 mM NBe(CN)} and 0.1 M NaCl. Current was
normalized by infinite currenitr., = 6.20 nA.

by solving the diffusion problem with PDE&8end generating
approach curves as a functionR6G. However, as can be seen
from Figure 3, theoretical approach curves for RG0 and 4
and the experimental one for our tip are practically coincident

Ding et al.
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Figure 4. Tafel plots illustrating the potential dependence of the
forward k> and reversek; rate constants for ET between aqueous
hexacyanoferrate and organic phase TCNQ at the DCE/water interface.
The interfacial potential difference was varied through the potential
determining ions chosen (ClOor PR~) and the aqueous to organic
concentration ratio used. The concentrations of TCNQ and FefCN)
for measurements d€;, (reaction 7) were 5 and 2 mM respectively,
and the concentrations of TCNQ and Fe(¢NYor measurements of

ko1 were 1 and 20 mM, respectively.

previously. Measurements & < 20 have the additional
advantage of overcoming the uncertainty in determining the
absolute tip distance from the interface. As predicted theoreti-
cally and noted experimentally here, approach curves at lower
K have a distinctive shape, with the appearance of a peak when
the tip is close to the interface. Such curves are more convenient
for fitting, and therefore uncertainties thbecome smaller.
From eqgs %3, the following relation is obtained (with a
constant composition of the DCE phase):
— "
log k;, = const— o log CC,OA, (8)
A Tafel type plot, that is, lod;, versus Iog:éﬂof, is given in
Figure 4. AsC‘g,oA, increases, corresponding to a less positive

at the conductor interface. And, those at the insulating substrate’w¢ value, logki. decreases linearly with decreasingu¢.
are considered to be within reasonable experimental error. Thus,1 N transfer coefficient obtained from the slope was (68

the fitting program was used without modification.

Results and Discussion

1. Dependence of the ET Rate on the Galvani Potential
Difference at the ITIES—Butler —Volmer Behavior. SECM
approach curves were obtained to study the ET reaction betwee
Fe(CN)}* in water (w) and TCNQ in DCE (o), that is

Fe(CN)> (w) + e — Fe(CN)* (w) (tip) (6)

TCNQ(0)+ Fe(CN)* (w) et
TCNQ (0) + Fe(CN}"(w) (ITIES) (7)

In these experimentsy,, - was maintained constant and, from
eq 3,A%¢ shifts by 59 mV to more negative values with each
decade increase iﬁ‘,vcvlod,. The driving force for eq 7 is low
(AEy2 ~ 5to—80 mV under the given experimental conditions),
and a linear driving force dependence of activation energy is
expected. Approach curves for a rangekgfwere fit by the
models developed by Wei et aK{(= 20)!¢ and Barker et al.

(K; < 20¥ to extract the second-order rate constant. In the latter
case, three-to-four ratios were generally used (OK, < 10),

and the bimolecular rate constant for each ratio, obtained from
the fitting program, agreed within experimental error as reported

0.1 for 2 mM Fe(CN)*~ in aqueous solution and in a solution
of 5 mM TCNQ in DCE. This is consistent with predictions
based on eq 2 and suggests that ButMolmer kinetics can

be used to describe this ET when the driving force is low. The
o could differ in principle from 0.5, a common value in metal
liquid systems, because of the work terms which are due to

"Houble-layer effects in both phases and to the interaction of

reactantd? A similar result was obtained by Unwin et Al.
However, it has been suggested that this is not necessarily a
confirmation of B-V theory, as concentration changes of the
reacting species with the electric field at the interface would
induce a similar potential dependeri€é® This is discussed in
more detail in the next section.

To fully verify the applicability of B-V theory, the kinetics
of the back reaction of eq 7, that is, TCNQ in DCE (o) and
Fe(CN)}®~ in water (w), were also studied:

TCNQ(0)+ e — TCNQ (o) (tip) 9)

K
TCNQ (0) + Fe(CN)* (w) —
TCNQ(o)+ Fe(CN) ™ (w) (ITIES) (10)
In this case, P& was used as the partitioning ion because of

its suitable transfer potentiahf¢°" = 43mV)y*° which is less
positive than that for CIQ (AY¢>" = 170 mV), and therefore
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Figure 6. Experimental SECM approach curves for the heterogeneous
d (um) ET reaction between aqueous Fe(€Npand tip generated organic phase

. . ZnPor" at the DCE/water interface for various reactant concentration
Figure 5. Experimental SECM approach curves for the reverse ET | ,ioe K, = 20, 10, 2.5, 1, and 0.25 (top to bottom). Current was

reaction between aqueous Fe(EN)and tip generated organic phase  \,aized withir,, = 1.90 nA. Solid lines show the simulated curves
TCNQ" for different [PR7]aq = 0.25, 0.1, 0.025, and 0.01 M (top to ¢, 5 bimolecuIaTry rate constant of 110 crrt $4-L.

bottom). Current was normalized with., = 3.20 nA, and 0.1 M NaCl

was added to the aqueous solution to keep the ionic strength essentia"ynexacyanoferrate system presented here, the forward and reverse
constant. [PE-Joce = 0.01 M and a reactant concentration raio= rate constants are clearly both potential dependent, indicating

20 were used throughout. The concentrations of TCNQ and FgfCN) hat. for thi L il h ion f
were 1 and 20 mM, respectively. Solid lines represent the theory for that, for this system, itis possible to vary the reaction free energy

the rate constant obtained through fitting for eachs[5 An example through the interfacial pqtential. From the results shown above,
of an approach curve to an insulating liquid/liquid interface ([Fe¢€i\) we conclude that reactions 7 and 10 are good systems for

= 0 M) is also given for comparison. studying the potential dependence, as the potential difference,
_ _ _ _ _ _ AE®, between redox couples is small and the reaction direction,
reaction 10 is easier to drive by usingd?Rhan using CIQ". forward and backward, can be easily alternated.

Similar reverse uphill ET reactions at a liquid/liquid interface 2. Marcus Inverted Region at Unmodified ITIES. SECM

have already been illustrated by changing the partitioning ion measurement of rapid ET kinetics at unmodified ITIES is
as in our previous repoff. The driving force was varied by  desirable for a better understanding of these processes. As
increasingCpr - at constanCp - (eq 3). Analogously to eq 8,  reported previously? the rate constant for ET reactions with

we can write the BV equatioen for eq 10: high driving forces forK; > 20 could only be experimentally
determined when an adsorbed surfactant was used as a spacer
log ky, = const+ S log Cpr (11) to increase the separation distance between the reattdnts.
6

the absence of this spacer, under the constant composition
approximation used, the reaction was diffusion-limited, and the
"ate constant was given as a lower limit. However, as demon-
strated by Barker et al.whenK; is decreased, the interfacial
ET rate decreases, making larger rate constants accessible before
diffusion limitations come into play.

In this case, the redox reactions at the tip and ITIES are as

Typical approach curves of the SECM measurements are show
in Figure 5 for various P concentrations in agueous solution
while that in DCE was kept constant (10 mM), and curves were
fit as described above to obtain the rate constant. The concentra
tions for TCNQ and Fe(CNjJ~ are 1 and 20 mM, respectively.

The resulting plot of lodk,1 versus Iog:,VDVFe_ is given in Figure follows
4, and as expected, Idg; increases linearly with decreasing
°w¢. The ET transfer coefficient obtained from the slofe, ZnPor(0)— e — ZnPof (0) (tip) (12)
is 0.26. Thusp. + 8 ~ 1, as expected for a reaction following
B—V kinetics®* ZnPof (0) + R(w) — ZnPor(0)+ O(w) (ITIES) (13)

Previously, the suitability of this system was questiotfed,
as experimental data obtained did not fit theory. However, the where the redox couple R/O represents Ru@Ny,
organic base electrolyte anion used in that study, tetraphenylbo-Mo(CN)s®/4~, Fe(CN}*>4~, W(CN)g/4~, Fe(EDTA) "%,
rate (TPB), can reduce TCNQ, and an analysis based on a CE Ru(NHs)¢*/2*, Co(Sepj*’?*, and \B+2*. Here, the driving force
mechanism is required.Girault and Schiffrid2 noted that the  increased by over 1.3 V by varying the aqueous reductant from
observed potential dependence of the rate constant could alsdiexacyanoruthenium to vanadium chloride or cobalt(ll) sepul-
be simply due to control of the reactant surface concentrationschrate, Co(Sepy, while the concentrations of the potential
through the applied potential. Schmickiedeveloped thisidea  determining ion (CIQ") in the two phases remained constant.
and proposed an interfacial model where most of the potential A set of normalized approach curves for ET between ZnPor
drop is dissipated in the double layer, and a change of the and Fe(CNy*~ (eq 13) at the DCE/water interface is given in
potential difference between the two bulk phases will only Figure 6 for variousk;. As discussed in the previous section,
slightly affect the driving force for an electron transfer reaction; the bimolecular rate constant for each ratio was obtained through
however, it will change the concentration of ionic reactants at fitting to the models developed by Wei et aK, (= 20)!¢ and
the interface. Thus, the rate constant is effectively potential Barker et al. K, < 20) for D°znpor= 2.5 x 1076 cn¥? s~ and
independent for neutral species. As TCNQ is neutral, this model DVFVe(CNM, =6.7x 10%cm? s,
predicts a potential independent rate for reaction 7, assuming As can be seen from this figure, the rate constant cannot be
that most of the potential drop occurs in the organic phase. Liu extracted (curve 1) faK, > 20 with either model. As the driving
and Mirkin'® presented results that support this concept with force, AE;, = 585, is large, the ET rate is too fast to be
the ZnPor/hexacyanoferrate(ll) system. However, for the TCNQ/ measured under these experimental conditions, as has been noted
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Figure 7. As in Figure 6 for the ET reaction between aqueod$ V  Figure 8. As in Figure 6 for the ET reaction between aqueous Co-
and tip generated organic phase ZnPatrthe BN/water interface where ~ (Sep¥" and tip generated organic phase ZnPat the DCE/water

K; = 16, 4, and 2 (top to bottom). Current was normalized with= interface wherek, = 20, 10, 2, 0.5, and 0.1 (top to bottom). Current
2.30 nA. Solid lines show the simulated curves for a bimolecular rate was normalized withir» = 1.80 nA. Solid lines show the simulated
constant of 1.8 cm3$ ML, curves for a bimolecular rate constant of 4 cm &1~
previously!” For the lowest three approach curvés, < 20, 8
the ET rate can be readily obtained, because decreasing the e
reactant concentrations decreases the ET rate. Best fits to the 21 Fe(CN)s
experimental data for a unique constda,= 110 cm st M1, Mo(CN)™ I’
= 3

are also given in Figure 6. < L % Fe(EDTA) "

This reaction was also investigated at the benzene/water and”g i v3¥
BN/water interfaces (approach curves not shown), and the rate LI T RuNH,) S .

constants obtained were 80 and 85 crhid 1. The latter value

logtk,, (©

compares well with a previous repoki4 = 91 cm st M~1) .2 3 Cofsep)’ ™"
Similarly, rate constants for the ET between ZnPBu- Ak Ru(CN),

(CN)s*~ and ZnPot/Mo(CN)g*~ at the DCE/water interface

were extracted. Values obtained were 2.5 and 15 chivs?, ok | | | | | | 1

respectively, for given diffusion coefficients f(DMO(CN) 4 = 0 200 400 600 800 1000 1200 1400

7.2 x 1078 cm? s71. In these cases, the driving force is low 8B, 5 (mV)

with AEy» = 70 mV in the former case antiE;;, = 190 mV Figure 9. Dependence of the bimolecular rate constant,Kpy(on

in the latter. The rate increases with driving force, consistent driving force,AE,., at the BN/water®), benzene/watetx), and DCE/

with ET reactions in the normal Marcus region. water (filled x) interfaces for heterogeneous ET between tip generated

For the ET reaction between ZnPoand \2* at the BN/ &%SVIH;AE“&;:(EBFT’%?@ Sﬂl(JNe&l:)SzfU\(/szﬁémo(ccof\(‘és‘;’@Feéi{\la)s‘;r
water mterfac_e’ the driving force is hlgAE“Z.% 1.'3 V. As FeEDTSA?*’ at the BN/wallterinterf;ce,are r’eprinted from ref 2. The solid
befpre, exper!mental data were.compared with simulated data,;, o gives the Marcus prediction based on eq 1.
as illustrated in Figure 7 to obtain the rate constant. The value
obtained k;» = 2.8 cm s* M~1) is comparable to that obtained for cyano complexes is 0.32 €¥,while for RU(NH)s 2",
for Ru(CN)*~ and is more than an order of magnitude lower V32* and Co(Seg)/2*, the values are 0.38,0.753*and 0.62
than that obtained for Fe(CMYy. Thus, the rate decreased with eV 34 respectively. The reorganization for Fe(EDTA) was
increasing driving force, that is, Marcus inverted region ET was not found. Neglecting the differences in reorganization energy
indicated. A similar trend was noted for ET between ZnPor between aqueous redox couples (most are essentially not
and Co(Sep) at the DCE/water interface. Although the driving  significant), a general plot according to eq 1 with- 0.85 eV
force is more than 700 mV more positive than that for the gives a trend consistent with the experimental data given in
ZnPor"/Fe(CN)* system, thek;, obtained from fitting the Figure 9.
approach curves (Figure 8) was also more than an order of It could be argued that the trend noted in Figure 9 reflects
maghnitude less (4 compared with 110 cri $1-1). the variance of the self-exchange rate constagi ¢f the chosen

Rate constants for ET between ZnP@nd other aqueous aqueous redox couples (eq 12 of ref 13) and not the parabolic
reductants (W(CNJ—, Fe(EDTAY", Ru(NH)e?") at the BN/ dependence of rate on reaction free energy. Correldting
water and benzene/water interfaces were obtained in a similarthe rate constant measured at the interf&€&3; involving Ru-
manner, and the driving force dependence of the bimolecular (NH3)s®" is interesting, as its self-exchange ET rate constant is
rate constant is given in Figure 9, where lagis plotted versus known to be very high® The k;, obtained for ET is given in
AE;), for three organic solvent/water systems. The trend is Figure 9, and while the driving force for this reaction is greater
consistent with Marcus theo®j,where the rate increases with  than that for Fe(CNyJ~, the measured rate constant is smaller.
driving force at low driving force and decreases at high driving This provides additional confirmation that the decrease noted
force. The reorganization energy is approximately equal to the at high overpotential is related to the free energy of the
average of the aqueous and organic self-exchange ET reorgabimolecular reaction.
nization energies. As the organic redox couple is the same A recent report of ECL at an unmodified liquid/liquid
throughout, only the variation of the aqueous phase reorganiza-interfacé®is additional evidence for the existence of the Marcus
tion energy needs to be considered. The reorganization energyinverted region. Previously, a solvent effect on the experimental
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Figure 10. Approach curves illustrating the effect of increased aqueous
phase ionic strength on the ET reaction between tip generated ZnPor
and aqueous Ru(Ckf) at the DCE/water interface where aqueous
[NaNGs] = 0, 0.1, ad 2 M (top to bottom). Current was normalized
with it = 1.91 nA. The CIQ concentrations in aqueous (10 mM
NaClQ,) and organic phases (25 mM ThxAC)Qwere kept constant
for the three curves.

J. Phys. Chem. B, Vol. 105, No. 27, 2008373

potential difference. Depending on the choice and concentration
of supporting electrolyte ions, the potential established by the
common ion may drive ion transfer of base electrolyte and ET.
Such coupling has been previously considéfett and estima-

tion of the effect requires knowledge of the standard transfer
potentials of all ions present in both phases. Note that in the
previous cases (section 1 above), where the potential dependence
of the rate constant was considered, the aqueous ionic strength
was essentially constant for all concentration ratios of partition-
ing ions used. In this case, the effect of ionic strength is a
background factor, which should affect the measured rate
constant at each potential equally.

Rate constants measured by SECM studies are generally
higher than those obtained at a conventionally polarized
interface. While most SECM studies of ET to date have been
carried out at relatively low ionic strengths, for interfaces under
potentiostatic control, very high concentrationsL(M) of Li,-

SOy are typically added to prevent coupled IT of the ET
products. The results obtained here and by Unwin’s group
indicate that the disparity in kinetic parameters may be related
to the increased ionic strength?!

Conclusions

rate constant was noted, and this was related to solvent relaxation From results presented in this report, we confirm that

and the solvent Pekar fact8tIn the results shown here, there

conventional theories of ET appear to be applicable to ITIES.

is no obvious trend between solvents (DCE, BN, and benzene)while the detailed structure of the interface has not been

and the rate constant. resolved, the driving force between reactants can be varied
3. lonic Strength Dependence of the Observed Rate  through the applied interfacial potential difference. The depen-

Constant. The effect of aqueous ionic strength was studied by dence of rate on reaction free energy was demonstrated to be

the addition of NaN@to the aqueous phase for the ET reaction linear at low driving force (B-V region) and parabolic at high

between ZnPdr and Ru(CNy*~ at the DCE/water interface,  driving force (Marcus inverted region). High aqueous ionic

where CIQ~ was used as the potential determining ion. strengths can have a pronounced effect on measured kinetic

Approach curves obtained at various aqueous ionic strengthsparameters, which should be taken into account in the inter-

(0—2 M NaNGQ;) are given in Figure 10. It is assumed that™Na  pretation of the data. SECM is a very useful technique for

and NQ~ do not transfer readily across the interf4eé? studying ET reactions at liquid/liquid interfaces.

Clearly, as the NaN®concentration increases, the approach )
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