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ABSTRACT. Numerical analysis of the sequential electron-transfer mechanism,
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demonstrates that the rate at which A can be directly oxidized to A2+ is inhibited in low
ionic strength solutions by the coupled diffusion of A and diffusion-migration of
chemically-generated A*. The latter species, At, is produced within the depletion layer by
the homogeneous reaction, A + A2+ =2 2A*, and is electrostatically repelled from the
electrode surface, thereby reducing the flux of A at the electrode surface. Steady-state
voltammetric currents corresponding to two examples of this reaction mechanism, the
oxidation of tetrathiafulvalene (TTF) and the reduction of tetracyanoquinodimethane
(TCNQ), have been measured at platinum microdisk electrodes over a wide range of
electrolyte concentrations (0 - 0.1 M). Analyses of the mass-transfer limited currents

provide a lkower limit of 106 M-!s-! for the bxmolecular reaction rate constants, kp, for TTE
+ TTF*2 -5 2TTF* and TCNQ + TCNQ?- -9 2TCNQ-.
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INTRODUCTION.

Electrochemical investigations of homogeneous chemical reactions that are coupled
to an initial electron-transfer step are frequently based on methods in which the mass-
transfer coetticient of a reactant or intermediate is experimentally varied relative to the
inherent rate of the chemical reaction. Common methods employed in studying coupled
chemical reactions include the rotating disk electrode (RDE)!, rotating ring-disk electrode
(RRDE)Y, and cyclic voltammeiry®. In the RDE and RRDE experiments, the rate of mass-
transfer is proportional to the square-root of the electrode rotation rate, w!/2, so that the
mass-transfer rate may be adjusted to a value comparable to the rate of the chemical
reaction. The dependence of the limiting current on w!/2 in this experiment.al regime may
be analyzed, using appropriate kinetic equations®, to determine the rate constant of a
chemical reaction. In cyclic voltammetry at a stationary electrode, the rate at which the
electrode potential is scanned, v, between two potential limits controls the instantaneous
mass-transfer rate. The scan rate can be varied in a fashion completely analogous to the
rotation rate in the RDE experiment, providing an analytical method to observe short-lived
intermediates and to quantitatively measure the rates of chemical reactions.

Fleischmann®®7, Murray,® Rusling?, and coworkers have applied similar reasoning
in developing steady-state voltammetric methods using microdisk electrodes for measuring
the rate constants of coupled homogenous reactions. In analogy to varying the rotation rate
of a RDE or the scan rate in a cyclic voltammetric experiment, these workers based their
analysis on the dependence of the mass-transfer rate on the electrode size. Because of the
near-convergent flux of species to a microdisk, the rate of mass-transfer to or away from a
microdisk is inversely proportional to the electrode radius. For example, in a report by
Fleischmann and coworkers®, an analysis of the limiting current of voltammetric waves,
using platinum microdisk electrodes of radii between 0.3 and 25 um, yielded first order
and psuedo-first order rate constants as large as ~103 51, although these authors estimated

that values as large as 103 s-1 could be obtained from steady-state voltammetry. Both
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values compare favorably with the magnitude of first order rate constants evaluated by
ultra-fast microelectrode voltammetry!®, In addition, the measurement of steady-state
transport-limited currents requires much simpler instrumentation and completely avoids the
difficulties in correcting for the large capacitive currents observed at high scan rates.

In this report, the influence of electric fields on the mass-transfer rate of charged
chemical intermediates is examined. We demonstrate that migration of chemical
intermediates can have a pronounced effect on steady-state limiting currents observed at
microdisk electrodes in solutions in which the bulk concentration of supporting electrolyte,
Celec, 1S comparable to or smaller than the concentration of redox species, Credox.
Although migrational fluxes have been considered for over half a century in .the analysis of
electrode reactions!!, we are not aware of any previous reports in which this effect has been

exploited in kinetic studies of coupled chemical reactions. The kinetic studies described
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here are concerned with bimolecular electron-transfer reactions coupled to an initial
electron-transfer reaction. The key experimental parameter in the analysis, which is
analogous to ® in the RDE experiment or v in cyclic voltammetry, is the ratio Cejec/Credox-
Using 10-20 um radius microdisk electrodes, we show that bimolecular reaction rates of
106 M-1s-1 can be readily determined by steady-state measurement of limiting currents.

Generalization of this method to other electrode reaction mechanisms is considered.

EXPERIMENTAL.
Tetrathiafulvalene (TTF, Sigma) and tetracyanoquinodimethane (TCNQ, Aldrich)

were used as received. Acetonitrile (Burdick and Jackson, distilled in glass) was dried .r

\

over activated 4 A molecular sieves. Tetra-n-butylammonium perchlorate (TBAP, GF E g
Smith) was recrystallized 3 times from ethyl acetate and dried under vacuum. d
Pt microdisk electrodes were prepared by two methods detailed in earlier reports.

In the first method'?, a 2 cm length of a nominally 12.5 pm radius Pt wire (Goodfellow,

99.9%) was attached to the end of a copper wire with Ag paint (Acme) and subsequently
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encased in the tip of a glass pipet with epoxy ("white epoxi-patch", Dexter Corp., Olean,
NY). The tip of the electrode was ground flat with 600 grit emery paper to expose the
cross-section of the Pt wire. The second method consisted of sealing a previously
constructed microelectrode’ in a 3mm od glass tube and successively polishing with 400
and 600 grit sandpaper. Prior to each experiment, the electrode was polished with 1um
diamond paste (Buehler). Similar results were obtained using both methods of electrode
preparation. Precise values of the electrode radii were calculated from values of the limiting
voltammetric currents for 1-5 mM ferrocene oxidation in CH3CN containing 0.1 M TBAP
using the reported value for the diffusivity of ferrocene in CH3CN (2.4 x 10-5 cm?2/s5)"
Electrochemical measurements were made using a conventional three-electrode cell.

A sodium saturated calomel electrode (SSCE) or a Ag-wire quasi-reference electrode!? (0.2

+ 0.1 V vs. SSCE) was used as the reference electrode. All potentials are reported vs

SSCE. A Pt wire was used as the counterelectrode. Voltammetric curves were obtained
using either a Princeton Applied Research Corp. Model 173 potentiostat and Model 175
Universal Programmer or an IBM EC/225 Voltammetric Analyzer and were made inside a

Faraday cage.

Digital Simulations.  The computei simulations utilize a finite-difference method with an

d'51¢ to simulate the time dependent flux and spatial

exponentially expanding space gri
distribution of ions at a hemi-spherical electrode of radius, ro. A large, concentric, hemi-
spherical counter electrode is assumed, which maintains a radial flux to the microelectrode
at all times.

Initially, the neutral reactant and the supporting electrolyte (if present) are assumed
to exist at their respective uniform bulk concentrations. At time, t=0, the surface
concentrations of the reactant (A) and monovalent species (A+ or A-) are set equal to zero,

corresponding to an overpotential sufficient to cause the mass-transfer limited two-electron

oxidation (or reduction) of A. The homogeneous bimolecular reaction between A and A=+

. Pl'




(or A2-) is incorporated in the simulation following prescribed methods¢. The simuladon is
allowed to run until steady-state concentration profiles and fluxes are obtained, generally
requiring a dimensionless time, Dt/ry2 = 10. Simulations were performed using an IBM

XT microcomputer.

RESULTS and DISCUSSION.

Figure 1 shows representative cyclic voltammograms obtained at a nominally 12.5
um radius Pt disk electrode in CH3CN containing 5 mM TTF and varying amounts of
supporting electrolyte (TBAP). The two sigmoidally-shaped waves with Ejz values at
0.20 and 0.56V vs SSCE in CH3CN/0.1 M TBAP correspond to the one ana two-electron

oxidations of TTF respectively:

TTF - TTF* + e- (D
TTF - TTF2+ + 2e- )

The magnitude of the current for the first wave, (eq. (1)) varies slightly (< 10%) with
TBAP concentration but is in good agreement with the theoretical value expected for a

diffusion controlled reaction at an inlaid disk. The flux under this condition is given by
i = 4nFDCrcd0xro (3)

where Credox 1S the bulk concentration of TTF, ry is the electrode radius, F is Faraday's
constant, n is the number of electrons transferred per molecule, and D 1s the diffusion
constant for TTF. From eq. (3), and measurements of the limiting current for the first
wave, we estimate D = (2.2 + 0.3) x 10-5 cm?/s.

The second oxidation of TTF, (eq. (2)), is much more sensitive to the electrolyte

concentration. The height of the second wave, measured relative to the plateau of the first

RPN




wave, is expected to be exactly equal to that for the first wave if the reaction is limited by
diffusion of TTF to the electrode surface. However, we observe that the limiting current is
only 42 % of the first wave in solutions containing no intentionally added electrolyte (Fig.
1C). The magnitude of this second oxidation wave increases as the electrolyte
concentration increases, and becomes essentially equal (within 3 %) to that of the first wave
when excess supporting electrolyte (0.1 M TBAP) is present in solution (Fig. 1A).

The reduction of TCNQ

TCNQ +e- > TCNQ- (4)
TCNQ + e- » TCNQ? ' (5)

at a 16.7 um radius Pt disk electrode, Fig. 2, parallels the behavior observed for TTF -
oxidation. The magnitude of the second reduction wave is ~40 % of the first wave in the
absence of electrolyte, and the limiting currents are essentially equal when the solution
contains excess supporting electrolyte. The first reduction wave yields a diffusivity for
TCNQ of (2.4 + 0.2) x 10-5 cm?/s.

The half-wave potentials, Eyp, for the oxidation of TTF and reduction of TCNQ
are also strongly dependent on the concentration of supporting electrolyte. For example,
the first and second reduction waves for TCNQ reduction shift toward negative potentials
by 0.26 and 0.59 V, respectively, as the concentration of TBAP is decreased from 0.1 to
0 M (Fig. 2). A similar, but positive, shift in Ey/; values for the TTF oxidations is
observed. This dependence is attributed primarily to an increase in the solution ohmic
resistance as the electrolyte concentration is decreased. A detailed analysis of the
dependence of E|,2 on electrolyte concentration is described in the preceding article!’.
Variations in the heterogeneous rate constant, the formal redox potential, E®', and liquid
junction potentials may also occur as the electrolyte concentration is decreased, thus

contributing to the observed dependence of E|/; values on electrolyte concentration.




However, the magnitude of the transport-limited current plateau, which is the focus of the
following analysis, is independent of all of these factors.

To explain the unusual dependence of the magnitude of two-electron waves on
clectrolyte concentration, we propose a mechanism that involves migration of the singly

charged ion (TTF* or TCNQ-) generated by the homogeneous bimol=cular reactions

k
TTF + TTF2* —» 2TTF+ (6)
k
TCNQ + TCNQ? -5 2TCNQ- 7

that follow the initial two-electron oxidation or reduction of the parent Comi)ound (eq. (2)
and (5)). The equilibrium constants for these reactions may be calculated using the
relationship Keq = exp{(F/RT)(AE®)}4, where AE® is the difference between the formal
potentials of the first and second electron-transfer reactions. Approximating E° values by
voltammetric Ej/; values measured in CH3CN solutions containing 0.1 M TBAP, Keq is
calculated to be 109-! for eq. (6) and 1096 for eq. (7). Thus, both reactions are essentially
ureversible. To our knowledge, the rate constants of equations (6) and (7) have not been
previously measured, but are expected to be essentially diffusion controlled since neither

8 'Ihe rate

reaction involves bond cleavage nor large solvent or structural reorganization’
constants of both reactions are also expected to be independent of ionic concentration since
one reactant in each reaction is a neutral species, so that there are no electrostatic work
terms to be considered in the expression for the activation energy.

Homogeneous oxidation of the parent compound (TTF) by the product (TTF+)
will produce a thin zone within the depletion layer that contains singly-charged TTF* (vide
infra). We propose that the diffusional/migrational flux of TTF* generated by this reaction
governs the magnitude of the second wave.

In solutions in which the concentration of the redox species, Credox, 1S much less

than that of the supporting electrolyte, Cejee, TTF* gencrated within the depletion laver (eq.



(6)) diffuses to the electrode surface where it is oxidized back to TTF2+. Addition of the
initial heterogeneous step (eq. (2)) and following homogeneous step (eq. (6)) yields eq.
(1), with TTF* produced as the final solution product, in accordance with the large
equilibrium constant of eq. (6). If the rate constant, kp, of eq. (6) is sufficiently large, this
process will consume essentially all of the TTF before it reaches the electrode surface. The
overall reaction, however, yields a two-electron wave regardless of the magnitude of ky, as
expected for a diffusion-controlled process.

In solutions in which the concentration of redox species is comparable to or larger
than the electrolyte concentration, i.e., Celec/Credox < 1, the faradaic generation of charged
species (TTF* or TTF2+) produces an electric field within the depletion layer. that enhances
the flux of TTF* and TTF2+ away from the electrode surface!!19. This electric field is
sufficiently small that it does not effect the equilibrium constants of eqs. (6) and (7).
However, TTF* generated in solution (eq. (6)) following the two-electron oxidation of
TTF will be electrostatically repelled from the electrode surface instead of diffusing back
toward the electrode as occurs in the presence of excess supporting electrolyte. The net
effect is a decrease in the current corresponding to the two-electron oxidation of TTF. Note
that although this argument leads to the expectation of a decrease in the magnitude of the
limiting current for the two-clectron process when Cregox > Celec, the overall coulombic
efficiency (electrons transferred per mole of TTF* generated) is independent of the ionic
concentration. Completely analogeus arguments can be made to account for the decrease in
the limiting current for the two-electron reduction of TCNQ in solutions of low ionic
strength, Fig. 2.

Finite-difference calculations of the steady-state flux and concentration profiles
were performed to test the proposed explanation of the dependence of the limiting currents
on electrolyte concentration. A hemi-spherical electrode geometry was assumed in the
simulation to avoid the complexity of calculating quasi-radial fluxes to an inlaid disk20-21.22,

This latter approximation has been shown to be useful for analyses of electron-transfer




reactions that are coupled to complex homogeneous chemical reactionss-923. The radial
fluxes, J, of each redox species (TTF, TTF*, TTF2+) and the electrolyte ions (TBA*,
ClOy") are assumed to be governed by the Nernst-Planck equation, eq. (8),

Ji=-Di? - ;Z%TECiD%b (8)
where -(%?) is the electric field. Equal diffusivities of all species is assumed.

Numerical values of the ratio of the limiting currents of the second and first
oxidation for TTF (or TCNQ reduction), ijm(2)/ilim(1) are shown in Fig. 3 as a function of
the ratio of the bulk solution concentration of electrolyte and redox specics; Celee/Credoxs
and as a function of the dimensionless variable kprg2Credox/D. Using the notation
described in Delahay?®?, the latter parameter is proportional to (8/p)2, where § is the
depletion layer thickness and p is the thickness of the solution reaction zone in which TTF+
is generated (eq. (6)). The term kprg2Credox/D can also be interpreted as the rate of the
chemical reaction within the depletion layer (kproCredox) relative to the rate of mass-
transport (D/ry).

The sigmoidally-shaped plot of i};m(2)/i1im(1) vs. Celee/Credox at a specified value of
kproZCredox/D is anticipated, based on our proposed mechanism, since migration effects are
minimized when Celec/Credox > 1 and enhanced to a limiting value when Celec/Credox < 1.
The simulated flux for kyro2Credox/D > 103 approaches asymptotic values of ijim(2)/iim(1)
= 0.43 as Celec/Credox = O and i1im(2)/i1im(1) = 1 as Celec/Credox = ©°. At values of
kpro2Credox/D < 0.1, the homogeneous electron-transfer reaction is too slow to significantly
perturb the concentration of redox species within the depletion layer and no diminution of
the limiting current for the two-electron reduction is expected (Fig. 3).

Experimental values of i}j;(2)/ijim(1) from voltammetric limiting currents for TTF
oxidation and TCNQ reduction are plotted in Fig. 3 for comparison to the simulated values.

Although the experimental values are systematically lower (~2-4%) than the simulated



curve, the experimental values are in good agreement with the simulation for kbro2Credox/D
> 103. The data correspond to voltammetric currents measured over a 1000-fold change in
Celec/Credox, not including the values of i1, (2)/i;im(1) obtained in the absence of
intentionally added supporting electrolyte. Using numerical values of the experimental
parameters presented above (ry, Credox, and D), we estimate from Fig. 3 that ky > 106
M-Is-1 for both eq. (6) and eq. (7).

The small discrepancies between simulated and experimental values of
11im(2)/11;m(1) are wholly due to the assumption employed in the simulations that all
solution species have equal diffusivities. Better agreement is obtained by allowing the
values of DpTg+ and DTTE2+ to be equal to one-half that of DyTF in thé simulations.
However, as experimental values of DyTg+ and Drpr2+ have not been independently
verified, we have not incorporated this into our analyses. Variations in the diffusivity of
the supporting electrolyte ions have an insignificant effect on if;m(2)/ilim(1).

Simulated steady-state concentration profiles of TTF, TTF*, and TTF2+ for
kbTo2Credox/D =103 are shown in Fig. 4 for Celec/Credox = 20 (relative excess of electrolyte)
and Celec/Credox = O (no added electrolyte). The curves show that the chemical generation
of TTF* occurs in a thin reaction zone centered at a distance from the surface of ~0.5 - 1
electrode radii. Conversely, the concentration of the neutral reactant, TTF, is depleted to
near-zero values at a similar distance. Comparison of the profiles for Cejec/Credox = O and
20 demonstrates that the concentrations of TTF* and TTF2+* within this region are
markedly smaller in the absence of added electrolyte, consistent with the above mentioned
arguments that TTF+ and TTF2* arc electrostatically repelled from the electrode in solutions
of low ionic strength.

The concentration profiles shown in Fig. 4 are essentially independent of the
bimolecular rate constant used in the simulations when kpro2Credox/D > 103. This is a
result of the bimolecular reaction going to completion on time scales that are significantly

shorter than the time required for either reactant in the homogeneous reaction (TTF or
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TTF=2+) to diffuse or migrate a distance comparable to the depletion layer thickness. The
use of smaller electrodes would shorten the depletion layer thickness, allowing mass-
transfer through the depletion layer to occur on a timescale comparable to the chemical
reaction. [t is obvious that the appropriate choice of electrode radius and redox
concentration would allow the bimolecular reaction rates to be measured more precisely
than our present measurements allow. Voltammetry at microdisk!3 and microband**=®
electrodes with dimensions (radius and width, respectively) on the order of a few
nanometers have been reported. These electrodes should, in principle, allow measurements
of diffusion controlled bimolecular rate constants in CH3CN (kp ~ 2 x 1010 M-1s-1)?" using
the methods described above.

Finally, we note that Kamau and Rusling™ recently reported a similar study for the
reduction of TCNQ as a function of supporting electrolyte concentration. They similarly
observed that the limiting current for the second reduction of TCNQ decreased relative to
the limiting current for the first reduction as the concentration of supporting electrolyte was
decreased. The authors suggested that this dependence could be attributed to the slow rate
of TCNQ- reduction (to TCNQ?- ) in the absence of an electrolyte. They further postulated
that the reduction of TCNQ- was accelerated by the formation of the ion pair, (TCNQ-/
TBA*), although no direct evidence of the latter species was presented. As we have
demonstrated above, the observed decrease in the second wave can be accounted for
without any additional assumptions. Further, the quantitative similarity of the
dependencies of ijim(2)/itim(1) on Celee/Credox (Fig. 3) for TTF oxidation and TCNQ
reduction strongly suggests a common mechanism controlling the observed behavior of
these systems. Since it is highly unlikely that TTF* and TCNQ- are ion paired to the same
extent by the supporting clectrolyte anion (ClOy4 ) and cation (TBA*) and that their further
oxidation and reduction, respectively, are activated to the same degree by ion pairing, it is
unlikely that the mechanism of Kamau and Rusling can account for the electrochemical

behavior of these systems. We also note that the numerical simulations employed here are
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based on classical diffusion-migration flux equations. The good agreement between
simulation and experiment is the best indicator that the dependence of the two-electron
oxidation or reduction wave arises solely from the ¢nhance migration of charged species,

and not from any chemical effect(s).

CONCLUSION. A simple voltammetric method has been developed for measuring the
rate constants of birnolecular electron-transfer reactions between a neutral redox species and
its corresponding divalent cation or anion. The key feature of this method is that the
magnitude of the limiting current is strongly dependent on the ratio, CclcC/CrC;jox, which can
be readily varied over several orders of magnitude for many redox systems. This
dependence allows quantitative kinetic information to be extracted from voltammetric
curves without varying the scan rate or the electrode size.

Although the numerical results presented here are for a highly specific reaction
mechanism, it is clear that limiting voltammetric currents measured for several other
electrode reactions that are coupled to homogeneous chemical reactions will depend on the

electrolyte concentration. For example, consider the following ECE mechanism

At + e — A (E)
A 5 B ©
B + e — B- (E)

in which the product of the first electron-transfer, A, undergoes reaction to yield the
electroactive species B. In solutions in which Cejec/Credox < 1, the reduction of B to B-

creates a negative charge within the depletion layer, thereby increasing the migrational flux
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of reactant A+ to the electrode. Numerical simulations confirm that the above ECE reaction
may be enhanced by more than an order of magnitude in the absence of supporting
electrolyte?®, the exact enhanceinent factor depending on the chemical rate constant, k¢, the
concentration of B, and Cgjee/Credox. Thus, it should be possible to quantitatively measure
the rate constant of the above ECE mechanism and other reactions by determining the
dependence of the limiting current on Cejee/Credox. However, because the migrational flux
of a specific redox species is dependent on its charge, the dependence of limiting currents
on Celee/Credox Will generally be more specific to the details of the reaction than what is
normally encountered using RDE techniques or cyclic voltammetry in solutions containing
excess supporting electrolyte. For instance, numerical simulations show t};at the steady-

state limiting current corrcsponding to the following ECE reaction

A - At + € (E)
A+ -ki) B+ ()
B+ - B2 + e (E)

decreases as the ratio Celec/Credox 1S decreased, a result of the migration of A+ and B+ away
from the electrode. This mechanism differs fron the above mentioned ECE reaction only
in the charges of various chemical species. This highly specific dependence of
voltammetric currents on ion charge may prove to be a powerful means for unraveling

complex homogeneous chemical reactions that are coupled to electron-transfer events.
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FIGURES.

1.

397

Cyclic voltammograms for the oxidation of 5 mM TTF in acetonitrile ata 12.5 um
radius Pt disk electrode. Concentration of supporting electrolyte (TBAP): (A) 100
mM; (B) 1 mM; (C) 0 mM.

Cyclic voltammograms for the reduction of S mM TCNQ in acetonitrile ata 16.7 um
radius Pt disk electrode. Concentration of supporting electrolyte (TBAP): (A) 100

mM; (B) 1 mM; (C) 0 mM. The solutions were purged with N».

Ratio of the limiting currents for the first and second electron-transfer waves,
(itim(2)/i1im (1)), as a function of Ceje /Credox and kpro2Credox/D. The solid line
corresponds to computer simulated values. The circles and triangles correspond to
experimental values obtained from the oxidation of TTF and reduction of TCNQ.

Each data point represents the average value from 2-4 trials.

Simulated concentration profiles of TTF, TTF*, and TTF2+ as a function of
Celec./Credox- Top: Celec./Credox = 20; bottom: Celec./Credox = 0. A value of
kpro2Credox/D = 103 was used in both simulations. Profiles correspond to an
electrode potential sufficiently positive to cause the two-electron oxidation of TTF at
mass-transfer controlled rates. Concentrations of each species are normalized to the
bulk solution concentration of TTF, Ccgox. The distance from the electrode surface
is normalized to the electrode radius, ry,. Analogous concentration profiles are

obtained for the TCNQ/TCNQ-/TCNQ?- redox system.




i 1 1 1 1 1 |
+1.2 408 +04 0.0

E vs SSCE

Fig. |




B
N I T N O S O N R I N |
+0.40 +020 00 -020 -0.40 -0.60
E vs SSCE
C

(R I [ RSN U NN N S NN NN S
+0.30 -0.10 -0.50 -0.90 -1.30 -1.70

E vs SSCE

Fig2




10°

O TCNQ
A TTFEF

10"

/C

&
> 10°
No electrolyte
10

}

Llllllll

10

1/(2)

redox

elec

F‘-fé- 3




P

%

|

IIIIIIIIII

]—1

1

ALL

$

(+dLL -

(dvl) ol

00

¢0

v0

/D

XOpal

90
)

01




