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Electrogenerated Chemiluminescence. 65. An Investigation of the Oxidation of Oxalate by
Tris(polypyridine) Ruthenium Complexes and the Effect of the Electrochemical Steps on the
Emission Intensity

Frédéric Kanoufi and Allen J. Bard*
Department of Chemistry and Biochemistry, The dgnsity of Texas at Austin, Austin, Texas 78712

Receied: July 14, 1999; In Final Form: September 15, 1999

The homogeneous oxidation of oxalate has been investigated at an ultramicroelectrode by means of redox
catalysis with different iron and ruthenium coordination complexes. Kinetically, the process is governed by
the first electron transfer. It can be rationalized by Marcus theory. When the electron acceptor is a ruthenium
coordination complex, the second electron transfer can generate a luminescent excited state of the ruthenium.
This electrochemiluminescent process is related, in a first approximation, to the catalytic efficiency of the
homogeneous oxalate oxidation, but also to the different competing routes for the second electron transfer
(oxidation of CQ*"). The effect of the pH and the ionic strength on the redox catalysis and the light emission
are discussed.

Introduction whether the radical anion,,O4"~, is a true intermediate. In the
former case, the ET is of the outer-sphere type and can be
described by the Marcus modevhen the bond breaking and
ET are concerted, the ET has an inner-sphere character and can
%e described by the dissociative ET model developed by
Savant?

Although this latter route conflicts with the observed lifetime
. . . .., in the microsecond region for the oxalate radical ani S
ECL reactions can be observed in aqueous solution, even Wlthan inner-sphere mecr?anism has been proposed wr?gﬁhe ETis
the rat.h'er small potential Wlndpw available in water, based on mediated homogeneously during luminescence quenching of the
the ability to generate energetic reactants upon bond Clea\_/ageexcited states of chromium(lll) polypyridyl complexes (Gt¥)
of a coreactant. For e.xa”?p'e' I|g_ht emission 1s founo! during by oxalate’ or in possible oxalate oxidation by the stable tris-
the electroch2e+m|cal oxidation of trlzzi(zjﬁpyr|d|ne)ruthenlum- (acetylacetonate)manganese(lll) complekOn the other hand,
(11 (Féuf(bpt);]).g I)ngd%oxalate (€04°7). The mechanism pro- in homogeneous ET to oxalate photoinduced by the methyl
posed for this viologen dicatiorf? the tris(bpyrazine)ruthenium(f)excited

state, or the tris(sepulchratejobalt(l1l),° the GO4~ fragmen-

Electrogenerated chemiluminescence (ECL) involves the
formation of electronically excited states by an energetic electron
transfer (ET) between redox species generated at an electrod
surface. The earliest ECL reactidngere carried out in aprotic
solvents and occurred by the annihilation reaction of two
oppositely charged radical ions;"Rand R™.

Ru(bpy)”" — e— Ru(bpy)*" tation, if it occurs, is proposed to be faster than the escape from
” o the solvent cage, suggesting specific interactions in the solvent
CO,” —e—CYO, cage between the oppositely charged species. In these experi-

ments, an inner-sphere ET is not precluded.
In the work reported here, we characterize in more detail the
C.0" —CO.+CO" homo_geneous oxalate oxidatipn mediatec_i by different electro-
24 2 2 chemically generated ruthenium(lll) or iron(lll) complexes
3+ —_ 2ty containing bpy-type ligands. The ECL arising from the ET with
Ru(bpy)™ + CO, Ru(bpy)™* + CO; the ruthenium species is then discussed and related to the oxalate
) ) ) ) oxidation kinetics. The homogeneous oxalate oxidation is then
There is strong interest in such ECL reactions because Ru-jnterpreted in terms of the different ET models. An attempt is
(bpy)ys** can be used as a label in immunoassays and DNA then made to discuss the dependence of the ECL process in
probes and because these systems, with species such as oxalaigrms of standard potentials of the different Ru complexes. In
and trin-propylamine, depend on coreactant chemistry. Al- these studies we make use of ultramicroelectrodes because past
though these systems have been of practical importance, detailstydies with the scanning electrochemical microscope (SECM)
of the kinetics and mechanisms of the reactions involved have probed the homogeneous ET and ECL emission and demon-
been sparse. Optimization of these systems clearly depends ortrated that they provide steady-state currents and light intensi-
a better understanding of the reactions and how they affect thetjes. The ability to use steady-state methods, as shown below,
efficiency of light emission. simplifies the theoretical treatment compared to the transient
We have thus undertaken an electrochemical study of the methods employed earliék.
reaction of oxalate with several Ru and Fe compounds contain- ) )
ing bpy-related ligands. An important mechanistic aspect of the Experimental Section
study was to find out if the ET and the bond-breaking step in  Chemicals. Oxalic acid and NgC,O, from J. T. Baker
the oxalate oxidation occur successively or simultaneously, i.e., (Phillipsburg, NJ), Ru(bpyLl, hexahydrate from Strem Chemi-
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Ru(bpy)®" + C,0,” — Ru(bpy)*" + C,0,”
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Figure 1. Voltammograms of 1 mM Ru(bpy)" in 0.1 M NaCl+ 0.1
cals (Newburyport, MA), tris(9,10-phenanthroline)ruthenium- M phosphate buffer, pH 6.1, at a p0a diameter Pt electrode, scan
(I (Ru(phen}?*) chloride anhydrous from Johnson Matthey 'atév =10 mVi/s {+) in absence and in the presence©j { mM and
(Ward Hill, MA) and all the salts were used as-received. The \(/<<;I)t ;mrmg;);?g‘;’ c%g?diﬁétéoég)lgxgigr?:;tal and-) simulated
different tris(polypyridine)ruthenium(ll) and -iron(ll) complexes ’ '

were synthesized according to reported procedtireBhe oxalate, the steady-state current at an ultramicroelectrode is
agueous solutions were prepared from deionized water (Milli- given by
Q, Millipore).

Electrode and Electrochemical CellsCarbon fibers of 3.5- o= 4naFD[P]° (3)

um radius and Pt wires of 12.5- and 253 radius (Goodfellow,
Cambridge, U.K.) were heat-sealed in glass capillaries underwherea is the electrode radiug) and [PP are, respectively,
vacuum and then polished to produce ultramicroelectrodes asthe diffusion coefficient and the initial concentration ofrFis
previously describett They were polished with 0.0Bm the number of electrons involved, aRds the Faraday constant.
alumina and rinsed with deionized water before each experiment.  Kinetic and mechanistic information can be derived from the
A three-electrode configuration was employed in all experiments variation of the catalytic efficiency, defined as the ratio of the
with a 0.2-mm diameter Pt wire as the counter electrode and plateau currents/iso, with the oxalate and mediator concentra-
Ag/AgCl as the reference electrode. However, all potentials are tion. The theoretical expression leading to the variation of the
reported vs the NHE. All the experiments were carried out in catalytic efficiency with the oxalate concentration has been
solutions deaerated by nitrogen bubbling. established for the E@nechanism (reaction 0 of)35 Because
Apparatus and Procedure.Cyclic voltammetric experiments  all our experiments were made in the presence of excess oxalate,
were performed utilizing a Bioanalytical Systems (West Lafay- its concentration can be considered as constant and the catalytic
ette, IN) model-100A electrochemical analyzer. Cyclic voltam- efficiency is given by?Pc
mograms with simultaneous photon detection were recorded
using a home-built potentiostat in conjunction with a photo- i al k[Ox]°) 2
multiplier tube (PMT, Hamamatsu R4220p or R928) installed T 1+ 2\ D
under the electrochemical cell and connected to an operational s0
amplifier-based current-to-voltage converter and voltage ampli-
fier.10

(4)

wherea is the radius of the ultramicroelectrod®,is the P/Q

diffusion coefficient, [Ox} is the oxalate concentration, akgl

. . is the homogeneous ET (reaction O df fate constant. We

Results and Discussion assume throughout this treatment that the diffusion coefficients
Redox Catalysis of the Oxalate Oxidation.The principle for all of the species are equal. For a dissociative ET, because

of the metho#f is summarized in Scheme 1. P/Q represents the carbon dioxide anion radical, GO, is more easily oxidized

a reversible couple that can mediate the homogeneous ET toPY Q than the starting compound, we can consider its concentra-

the oxalate species. Two possible paths can be assumed foFON to be at steady state so that

the first ET reaction between Q and oxalate, depending on B 3

the intermediacy of the oxalate radical anion. Reactions 0 and A[CO," ot = 0= ky[OX][Q] — k[CO, ][Q]  (5)

1 assume the formation of the intermediate oxalate anion radi- ) - ) )
cal GOs, while reaction Qwh|ch leads direcﬂy to carbon The solution of the diffusion equat|0n should thus result in the

dioxide and C@~, accounts for a dissociative ET path. Because replacement of [OX]by 2[Ox]° (i.e., every oxalate oxidized

CO,~ is a strong reductanEf = —1.9 V vs NHE), it is more will result in the overall passage of two electrons), so the
easily oxidized by Q than the starting oxalate moiety. Its Previous expression of the catalytic efficiency (eq 4) leads to
oxidation by reaction 2 leads to a second carbon dioxide ] o\1/2
molecule. s 14 n_a(Zko[OX] ) ©)
The redox catalysis experiments were carried out at ultrami- iso 4 D
croelectrodes of different sizes and material (carbon radius, 3.5
um; platinum radii, 12 and 2&m). The theoretical solution of the diffusion equation, when taking
Determination of Rate Constant Using Ultramicroelec- into account the complete Scheme 1 (reactions 0, 1, and 2),

trodes. The experiment involves measuring the steady-state has been proposed in the case of stationary and quasi-stationary
plateau current of the mediator oxidation in the absengp (  methods at large electrod&sput not, to our knowledge, at
and in the presencés) of oxalate (Figure 1). In the absence of ultramicroelectrodes. At ultramicroelectrodes, one can treat the
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ultramicroelectrode radius for the homogeneous oxidation of oxalate
Figure 2. Variation of the catalytic efficiencyidiso, With the square by Ru(bpy)}?" in 0.1 M NaCl+ 0.1 M phosphate buffer, pH 3. Pt
root of the oxalate concentration [G¥]for different redox catalysts ultramicroelectrodes radii, 12.5 and 25; carbon fiber ultramicro-
in 0.1 M NaCl+ 0.1 M phosphate buffer, pH 6.1. From top to bot- electrode radius, 3.Bm.
tom @) 0.1 < [Ru(bpy}?'] < 4.4 mM; (x) 0.25 < [Ru(phen)?']
< 0.8 mM; (@) 0.5 < [Ru(dmbp)(bpy¥*] < 0.9 mM; (+) 0.15 < 45
[Ru(dmphengt] < 0.25 mM; @) 0.15 < [Ru(dmbp}?**] < 0.3
mM; (M) 0.65 < [Fe(bpy}?*"] < 1 mM; (a) 0.14 < [Fe(dmbp)?>'] < - - e 3
0.24 mM. 4 A

ls-l)

system at steady state, and under the conditions discussed be
low, steady-state approximations can be made for the dif-
ferent reaction intermediates. Reaction 1, if it occurs, is
known to be relatively fast. A value ¢f ~ 2 x 1f s*1 was
obtained by pulse radiolysis in aqueous solufiooyt the
same authors proposed a much higher value (a lifetime shorter
than 1 ns) when the oxidation involves a homogeneous elec- ‘ ( . .
tron acceptor. In any case, it is reasonable to consider the oxa- 1 3 5 7 9 1
late and carbon dioxide radicals anions concentrations to be at pH

steady state. Under these conditions, the following expressions
hold:

log ko obs (M

Figure 4. Variation of the logarithm of the observed homogeneous
rate constant, lofoons With the pH for the Ru(bpyft/oxalate system

in 0.1 M NaCl+ 0.1 M phosphate buffer, except for pH 1.4 (0.2 M
[C, 0, Vot = 0=k, [OX][Q] — k_o[C,O, ][P] — HsPQy). (¢) Experimental values aneH) simulated variations accord-

.— ing to eq 11; see text.
k[C,0, 1 (7)

An expression of the voltammogram can then be given by

9[CO," Vo= 0=k[C0, ] ~k[CO," JIQ]  (8) the general equation of the voltammetric wtve

The diffusion equation for Q then becomes i
S

1+ exp(—%(E— El,z))

- i(B)= (10)
Q1 _ ,#1Q1 _ D Q1 _ 2IC,0, 110

ot a2 r o or k, + k_o[P]

9)

whereE is the electrode potential ari, the half wave po-

As previously reported in the general solution of the tential of the oxidation. As shown in Figure 1, there is good
problemi®17two limiting situations are expected according to agreement between this expression and the experimental vol-
the competition between the backward BT (P]°) and the tammograms.
bond dissociation stegk{). Whenk; > k_¢[P]°, the homoge- Generally, the rate constants for the homogeneous ET
neous ET kinetically governs the reaction and the variation of between the redox mediator and oxalate were obtained from
the catalytic efficiency is given by eq 6. ki < k_o[P]°, the the slope (equal tone/4)(2ky/D)Y?) of the variation of the
rate-determining step is the chemical reaction, with the homo- catalytic efficiencyidiso, With the square root of the oxalate
geneous ET acting as a pre-equilibrium. The diffusion equa- concentration. Figure 2 summarizes the results for different
tion has not been solved in this case, but the catalytic effi- mediators. For each mediator, the experimental points fall along
ciency should depend on both the oxalate and mediator a single line. As expected from eq 6, the value of the slope
concentratiort8 increases linearly with the ultramicroelectrode radius (Figure

Because in all of our experiments (Figure 2) the catalytic 3). To enhance the catalytic effect and therefore the electro-
efficiency depended solely on the oxalate concentration but chemical response of the system, gB0-diameter Pt electrode
not on the mediator concentration, it seems clear that the reac-was preferred for the kinetic studies.
tion is always kinetically controlled by the homogeneous ET.  pH Dependence of the Rate ConstanfThe homogeneous
For this reason, we did not attempt to solve the diffusion rate constants for ET between Ru(bgy) and the oxalate
equation for the case of kinetic control by the following chemical anion obtained from eq 6 at different pHs are given in Figure
step. 4. For pH> 5, koons is almost independent of the pH, but it
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Figure 5. Variation of the observed homogeneous rate conskagt,
with the ionic strengthu, for the Ru(bpyy¥‘/oxalate system in

unbuffered NgSO, solutions. @) Experimental values and—)
theoretical variation according to eq 15.

SCHEME 2

Ru(bpy);* + C,0,> —%— Ru(bpy),** + product

0

Ru(bpy),* + HC,0, —— Ru(bpy),* + product (Oh)

Ru(bpy),*" + H,C,0, —® 5 Ru(bpy),>* + product (Ohh)
decreases dramatically for pH 5. This effect is attributed to
the acid-base behavior of oxalic acid g1 = 1.23; Ka2 =
4.19)%°

To explain this behavior, the ET between Ru(kfy)and

the different oxalate species {Qs2~; HC,O4; H2C04), as

depicted in Scheme 2, was considered. Whatever product is
formed during the first ET, these steps are rate-determining for

the global oxidation process.
According to this scheme, the variation of the apparent rate
constant with the pH is given by

[H']
K2a
[H]
K2a

[H'T°
+
kOthZaKla
[H'T?
KZaKla

Ko+ Kon

kOobs: (11)

1+——+

The best fit (Figure 4) of our experimental data by eq 11 is
obtained when using the following valuelks = 1.4 x 10* M1
sLkon=8x 1M 1sL kopn~ 0, pKaz = 1.2, and K2 =
4.1. The K4 values found in this fit are in good agreement
with the tabulated one®.The difference between the ET rate
constantsky andkon, are also fit with the intuitive feeling that
HC,O,4~ should be more difficult to oxidize than,042.

Effect of lonic Strength on the Homogeneous Rate
Constant. The ionic strength affects the homogeneous ET rate
constant between Ru(bp§} and GO42-, as shown in Figure
5. The ionic strength influence was studied in unbuffered-Na

Kanoufi and Bard

SCHEME 3

-
—

K.

p

Ru(bpy),” + C,0,” = Ru(bpy);" |C,0,” (ip)

Ru(bpy),* | C,0 —“— Ru(bpy);* | C,0,” (0ip)

Ru(bpy),>* | C,0,” —— Ru(bpy),>* + C,0,"~

C,0,” —4— CO, + CO,” 0

Ru(bpy);"+ CO,” —— Ru(bpy),* + CO, )

pair formation can be quantitatively described by an electrostatic
model first developed by Fuoss23In this model, eqs 1214,

Kip is a function of the ionic strength.

47No*
Kip ="3500 SXPCW(o)/KT) (12)
O 13)
wou)=———"7-
a eo(1 + Bou?
(SJ'ENA e )1/2
P = \1o00kT, 4)

wheree is the solvent dielectric constamtijs the ionic strength,

Z; andZ, are the charges of the ions involved in the ion pair,
ando is the distance of closest approach, taken as the sum of
the hard-sphere radii for Ru(bpgy (6.8 ARla2425and for
C,042~ (assumed to be 2.0%. All of the other terms have
their usual meanings.

Note that this model does not take into account specific ion
effects that are frequently observed with Ru compléXes.
Typically, our results also reflect such effects because at the
same ionic strengtlx = 0.4 M, the homogeneous ET rate
constant obtained in N8O, solution Kops= 1.2 x 10* M~1
s71) is lower than the value obtained in a NaCl/phosphate buffer
solutions Koops= 1.4 x 10* M~1s™1), No attempt was made to
investigate these ion-specific effects further.

If one considers Scheme 3 for the homogeneous oxidation
of oxalate, the observed rate constant should be given by
eq 15:

_ KKIC,0. ]
14 S KplA]

where [A] and Ky’ are, respectively, the concentration and the
ion-pairing constant for the anian To a first approximation,

the ion-pairing constant has been considered identical to the
value for oxalate for all of the anions present in the mediéim.
An average value of the ET within the ion pair rate constant

= 3.2 £ 0.2 x 1® s! has been determined using the
experimental values of the observed rate congptand the

(15)

SO, solutions, where an increase in the ionic strength tended calculated ion-pairing constaiiti,. The agreement over the

to decrease the rate previously with both tris(polypyridine)-
ruthenium complexé% and oxalaté. This decrease has been
attributed to the existence of an ion-pairing equilibrium preced-
ing the ET. lon pair formation occurs with most carboxylates
and especially oxala®.For example, ion-pair formation with
oxalate is known to affect luminescence quenchfgits effect

is depicted in Scheme 3, where Ru(bgy)X ~ denotes the ion
pair complex andKj, is the ion pair formation constant. lon

whole range of concentrations is depicted by the theoretical line
in Figure 5. The good fit validates the reaction scheme and the
data treatment.
Driving Force Influence on the Electron-Transfer Rate.

The homogeneous oxalate oxidation was studied for a number
of different tris(polypyridine)ruthenium(ll) and -iron(ll) com-
plexes. The electrochemical characteristics obtained from cyclic
voltammograms of these complexes are listed in Table 1. They
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: idati jiani 30 5
TABLE 1: Homogeneous Oxidation of the Oxalate Dianion g
Eo, V Drio
complex vs NHE  (x1CFcrsi)P k(s)e 207 "

Ru(bpy)?* 1.26 5.9 2.9 10° 0l ]
Ru(pheny* 1.25 5.7 2.0x 1C° 3 =
Ru(bpy)(dmbpf* 1.21 5.3 7.4x 107 < %H#*"* g
Ru(dmpheng* 1.12 43 1.7x 1 A =y
Ru(dmbp)?* 1.10 4.4 80 2 B
Fe(bpy)** 1.05 43 20 -10 S
Fe(dmbp)?* 0.92 3.7 0.90 LB
aEO, standard oxidation potentials (vs NHE) for the different redox 207

couples investigated in 0.1 M NaGt 0.1 M phosphate buffer, pH 1 N

6.1, at 20°C. " Dpyq, diffusion coefficient©k, electron-transfer rate O e 11 1a 0

constants within the ion pair. E (V vs Ag/AgC])

are denoted as Ryt and Fels?", where L= 2,2-bipyridine Figure 6. Current-potential and light intensitypotential curves for

(bpy), 4,4-dimethyl-2,2-bipyridine (dmbp), 9,10-phenanthroline 1 MM Ru(bpy}** and, from left to right, 0, 1, and 2 MM 04~ in
(phen), 4,7-dimethyl-9,10-phenanthroline (dmphen), and Ru- G EERE fc o Boch e L Ve, Upper: curiemith he.
+ ; ) ) . .
(bpy)z(dmbpf - Because the ET ratg ponstants are obtained by curves for 1 and 2 mM §,%~ shifted by 0.4 and 0.8 V, respectively,
eIeCt_rochemlcaI means, the solubility of the Chqsen redox gor clarity. Lower: light intensities;, (—) experimental and )
mediators had to be greater than 0.1 mM to be easily detected.simulated curves according to eq 10.
This is the case for all the mediators investigated. The standard
oxidation potentials of the mediators listed in Table 1 are in 30
good agreement with the values previously repoftéd.
In all cases, the catalytic efficiendyiso varied linearly with
the square root of the oxalate concentration (Figure 2), but was
independent of the mediator concentration. This observation
indicates that, as for Ru(bpy), the process is kinetically
controlled by the homogeneous ET. The homogeneous ET rate
constantsk, were extracted from the redox catalysis experi- 10
ments, as previously described. To treat the ET within the ion
pair, we assumed the same ion pair effect for all of these redox 5
couples because they all involve-3and 2+ charges, have, to
a first approximation, similar sizes, and were all studied in the 0 : \ \
same NaCl/phosphate buffer solution (g+6.1). We calculated 0 4 o 8 . 12
the rate constant within the ion pair using the following equation: L/ [Ru™] (10°AM")
Figure 7. Variation of the normalized catalytic currendjse, with the
i iati f th lized Iyti ngj ith th
kRu(bpy};H normalized plateau light intensityi/[Ru?*], for 0.4 < [Ru(bpy)?']
kMLsz* = kOObS’MLSZJr— (16) <4 mM and 1< [C,0427] < 30 mM in 0.1 M NaCH+ 0.1 phosphate
kOObSRU(bP){?* buffer, pH= 6.1.

25

20 A

is/so
&

whereky and koops x denote respectively the rate constant for SCHEME 4

the X complex observed within the ion pair and in solution. Ru(bpy);"+ CO," —— Ru(bpy),* + CO, )
The values of the rate constant for the ET to the oxalate

dianion within the ion pair are gathered in Table 1. Obviously, .

the higher the oxidation potential, the faster the ET. Before the Ru(bpy);™ + CO,” —=— Ru(bpy);**" + CO, (2%

rationalization of these data in terms of structdaetivity

relationships is presented, the influence of all the studied

24 . k., 4

parameters on the ECL process will be described. Ru(bpy);™ + CO,”” —*— Ru(bpy):" + CO, an
Electrogenerated ChemiluminescenceéECL can be gener-

ated by oxidation of Ru(bpyj" in the presence of different  Ru(bpy),™ + Ru(bpy)," —=— Ru(bpy):™*" + Ru(bpy),>* (18)
coreactants (oxalate and other carboxylatgglkylamines?®
triphenylphosphiné? and reduction of Ru(bpy* in the formation rate and consequently the ECL emission should
presence of peroxydisulfate in acetonitif)e This ECL can be depend on the homogeneous redox catalysis process. Figure 6
explained by the reactions in Scheme 4. shows the ECL intensityl;, recorded as a function of the

In acetonitrile, oxalate has been shown to be easier to oxidizeelectrode potentialE. In the absence of oxalate, the light
than the Ru(bpyft complex3! Thus, both reactants are oxidized intensity is at the noise level. When 1 mM oxalate is added to
at the electrode during light generation. The short-lived oxalate the solution, light is generated when Ru(bgy)is oxidized at
radical anion is then transformed into the carbon dioxide radical the electrode. The light intensity profile-E follows the anodic
anion close to the electrode, where most of it is oxidized. The current; it has the same sigmoidal shape and attainment of a
main undesirable effects of the direct oxidation are possible sidesteady light intensity plateau. An increase in the oxalate
reactions at the electrode surface and a substantial loss of theconcentration increases both the steady current and light
reducing intermediate for the ECL generation. intensity. Figure 7 is a summary of the data, showing that the

However, in aqueous solution, the oxalate species are only catalytic efficiency idisg) varies linearly with the plateau light
oxidized via solution reactions 0, 1, and 2, or 2*, or 17 and 18. intensity,lis, normalized by the initial ruthenium concentration
COy~ is then produced and oxidized far from the electrode. Its (li¢/[Ru?*19).
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TABLE 2: Summary of the Rate Constants of the Competing Oxidation Routes of C@~

reaction E%u (V vs NHE) AG (eV) w; (eV)P k(M~1s e
Ru(bpy)}3* + CO»~ — Ru(bpy}?* + CO; 1.26 ~3.16 —-0.03 5.2x 10°
Ru(bpy}®* + CO»~ — Ru(bpy}?*t* + CO;, —0.84 —1.06 —0.03 5.4x 10°
Ru(bpy)}2" + CO»~ — Ru(bpy)}t + CO, —1.28 —0.62 —-0.02 7x 107

aFrom ref 21.P Calculated using eq 13 with radii of GO, 0.80 A%% RuLs, 6.8 A and withu = 0.4 M andT = 20 °C. ¢ Calculated from eqs
30 and 37 using the parameters defined in ref 44; see text.

TABLE 3: Estimation of the ECL Quantum Efficiencies for the Different RuL 'L,2" Species in Aqueous Solution at 20C

E%+ 2+ E%4 /2442 kP ko' P
complex B (V vs NHE) (V vs NHE) (10°M~ts™h (10°M~1s™ N2 N 7 = nmal2°
Ru(bpy) 0.097 1.26 -0.84 5.2 5.4 051 0042 1.1x102
Ru(phen) 0.14 1.25 —0.8% 54 4.6 0.46 0.06 1.5x 1072
Ru(bpy)dmbp  0.044 1.21 -0.88 6.5 43 040 0095 50x 103
Ru(dmbp} 0.012 1.10 —0.94 8.8 2.8 0.24 0.014 1.7x 1073
Ru(dmpheny 0.084 1.12 —0.98 8.4 2.0 019 - —

2 Calculated fronE%/p++ = E%4/2+ — EemWhereEen is the emission energy of the Rt complex, Eem taken from refs 21a,d and 48aCalculated
from eqgs 30 and 37, usingG*, = 0.52 eV; see text 1, = k*/(kz + k2*). ¢ Refs 48a,b¢ Refs 48a,c.

We now will correlate the electrochemical and ECL results as a function okg, [Ox], [Ru*], and [R&1]. If we assume no
and discuss the mechanism of the ECL process. Previous studiesccumulation of R in the reaction layer, we can then relate
addressed the mechanism of ECL for the Ru(biiydxalate its concentration to the plateau current magnitudes fot*Ru
system. When an electrode is covered by a Nafion film con- oxidation in the presence and the absence of oxalgdedisg,
taining Ru(bpy)?* and placed in an oxalate solution, the light respectivel\* by
intensity can be qualitatively simulat®dusing the formalism
developed by Feldberg for the annihilation reacftémore
recently, the currentlight intensity dependences observed
during ECL experiments under sonication were rationalized by Note that all of these reactions should be faster than the first
a simple quadratic expressiéh. ET, which remains as the rate-determining step. Moreover,

Although Ru(bpyj' is unstable in aqueous solutiéhthe because of the steady-state assumption, any different paths for
light production may arise from oxidation of the carbon dioxide the decay of C@~ or the intervention of other ruthenium
radical anion by both Ru(bpy" and Ru(bpy3** (egs 2* and intermediates do not alter the previous kinetic analysis so that
18). The former equation was shown to be more favorable in the diffusion equation for Rd and the data treatment hold.
acetonitrile3! Because we used ultramicroelectrodes that provide Combining eqs 1924 thus yields
steady-state mass transport, we treat the system with the
assumption that every reaction is at steady state, i.e., there is k
no accumulation of intermediates. The steady-state light inten- ;5= o' W(ls -
sity, lis, is then proportional to the rate of radiative decay of '
Ru(bpy)y**™,

JRUPY ot = 0= (i, — io)/Fv — 2k [OX][RU*] (24)

- Ky [RUPT + Ky [RUZT]
ke + k)[RUP] + kfRUZ']

(25)

wherea!' is a constant that depends on the PMT efficiency and
on the light collection geometry of the system. A simpler form
can be obtained if one makes further assumptions related to
the large difference in the driving forces of reactions 2, 2*, and
17 (AG% < AG%: < AGY%7 from the values reported in Table
2). Two limiting situations can be predicted according to the

ls = ok [RU*"] (19)

wherek; is the rate constant for the radiative decay of the excited
state, represented as Rt The other species, Ru(bpy) Ru-

(bpy)?t, and Ru(bpyyt, are denoted Ry R*, and R&", ”
respectively, and is a proportionality constant. The different competition between these three steps.

- ; . ) If eq 2 is in the inverted region, one may assukaex ko«
Zzgﬁ:ﬁ;tti:::%?ntratlons can be expressed using the steady SIa%\end ki7 and neglect reaction 2 over (2*) and (17). Then, eq 25

becomes
ARUZT Yot = 0= kJRU'[RU*] + k,[RU*][CO, ] —

(k + k) [RUF] (20) (26a)

ok o
Ils: a kr+ kn (Is_ ISO) :ﬁ(ls_ ISO)
r
whereky, is the nonradiative decay rate constant of Ruwhich

can be related to the luminescence quantum yigldand to
the R&™" lifetime, 7, by

If eq 2 is not in the inverted region, then neither will be eq
2* nor eq 17. The rate of eq 17 should be negligible compared
to egs 2* and 2. Equation 25 then becomes

=Wl = * =0 %kkﬁ (is —is) = B(is —igg) (26D)
J[RuU"Y/8t = 0 = k[RU*T][CO, ] — ki RUTTIRU*T] (22) K+ ko ke Tk,

wheref is used throughout to represda/(is — iso).

9[CO, /ot = 0= kJOX][RU*"] — (k[RU*"] +
(ky + k) [RU)[CO, ] (23)

These equations yield the concentrations of JCand [R1Z]

It is noteworthy that in both caség varies linearly with the
catalytic plateau currents. Within experimental accuracy, eq
26 fits with the experimental results quite well, which supports
the simple model.
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Figure 8. _(a) Variation of the plateal) light, I, and () current, cu%rent,is, i(nt)ensities with the ignic stL:gngt?m,. g[]Ru(blspy);”] : (A),
Is, Intensities with pH. [Ru(bpyj*] = 0.75 mM and [GO;*] = 30 @) 0.3 and 1, 4) 0.5 mM; [G,O”] = (4, ®) 21 and [T, ¢) 30 mM
mMin 0.1 M NaCI_+ 01M phc_)sphate buffer, except for ELH 12(0.15 in NaSO, solutions. (b) Variation of with the ionic strengthy: [Ru-
M H3PQy). (b) Variation of 8 with the pH. 0.5< [Ru(bpy)?'] < 0.9 (bpy)2'] = (O) 0.3 and #) 0.5 mM; [C,02] = (O) 21 and #) 30
mM and 10< [C,0,27] < 40 mM. mM in NaSOy solutions.

When oxalate is in excess, one can combine egs 6 and 26 to . ) )
give the variation of the normalized light intensity with the initial  °Y mMore than 20% by a change in pH. These results emphasize

oxalate concentration [OX]and the homogeneous ET rate the idea that the light emission is, to a first approximation,

constantky: simply governed by the first homogeneous ET.
Similarly, the ionic strength has a small influence on the light
2Kk [0x1°) generation. Figure 9 shows the different steady ligigt.and
s=P \T p Iso (27) current,is, intensities for different solutions containing the same

Ru(bpy}*"™ and oxalate concentrations but different ionic

This equation indicates the extent to which the ET affects the strengths (adjusted with N&Q,). The effect of ionic strength
ECL emission. The linear relationship betwelgnandis also corresponds to the variation predicted by eq 15: the lower the
rationalizes the shape of the light profile. In fact, the voltam- ionic strength, the faster the homogeneous ET and the higher
mogram defined in eq 10 can also be applied to describe, with the steady light and current intensities. The variatiops ofith

quite good agreement, the light emission (dashed line in Figure the ionic strength is not really clear, but seems to decrease

7). slightly when the ionic strength is increased, indicating a
The variation of the light and current intensities with the pH decrease in the ECL efficiency with increasing ionic strength.
are indicated in Figure 8a. For pH 8, the ECL intensityl, This observation might be connected with the effect of ionic

tends to decrease with increasing positive UME bias after strength on the photoluminescent quantum yield.
reaching a maximum. Because the reverse scan superimposes To emphasize the importance of the homogeneous ET in the
on the forward one, the reversible decrease in light intensity overall process, we investigated ECL generation for different
can be attributed to an increase in the rate of oxygen evolution, ruthenium species RUL,?", varying the driving force of the
which is shifted more negatively and thus becomes more homogeneous ET. The light intensity profiles observed for all
important when the pH increases. A more positive potential will the Ru complexes, except the phenanthroline one, showed a
result in an apparent lowering in the light intensity, as was seen sigmoidal shape and steady light intensity. In the case of the
in previous studie®? The value ofl;s used in Figure 8a is then  phenanthroline complex, the light intensity reached a maximum
the maximum light intensity observed on theE curve. and then decreased with increasing potential. During the reverse
As previously reporteé? | s strongly depends on the pH, but  scan, the light intensity reached a second maximum, but lower
clearly follows changes of the steady currentThe variation than the maximum found on the forward scan; the voltammo-
of the proportionality factop with pH (Figure 8b) shows that  gram does not indicate any current decay. This behavior can
p is largely independent of pH. The decrease observed for pH be attributed to degradation of the excited ruthenium complex,
> 8 can be attributed to the increasing importance of oxygen forming an intermediate that could be oxidized (explaining the
evolution. For pH< 4, the slightly lower efficiency could be  steady current) but could not generate excited states. For this
due to the intervention of direct oxalic acid oxidation. Overall, complex, the maximum in light intensity was taken as the value
these effects are minor and the ECL efficiency is not affected of Is.
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extracted from our experiments describe the ET within the ion
pair and take into account precursor complex formation.

Because the formation and dissociation processes generally
. occur at the diffusion limit, the measured ET rate constants are
012 b the rate constants for the pure activation process. Nevertheless,
. the free energy to which they are related is given by

1.05 1.4 1.15 1.2 1.25
0
E ruzer2+ (V vs NHE)

0.08

AGy = AG, +w, —w, = E%, — Elgp+w, —w,

'

(28)

0.04 1 * wherew; andw, represent, respectively, the reactants and the

product work terms. These are generally estimated by the

‘ ' . electrostatic model given by the FuedsSigen equatio2®

1.0 11 115 12 125 The free energy of activatiom\G*, for ET within the ion
E’rusv2+ (V vs NHE) pair is evaluated from the rate constérivy

= —
Figure 10. (a) Variation of the logarithm of the plateatm) light, s, AG™ = —RTF In(k/Vn) (29)

and @) current,is, intensities with the standard oxidation potential of ) . .
RuL'L,2*. [Rul'L2*"] ~ 0.25 mM and [GO,2] = 50 mM in 0.1 M wherev, is a vibration frequency, taken to betG 1. The
NaCl + 0.1 M phosphate buffer, pH 6.1. (b) Variation gfwith the Marcus equation relates the activation free energy to the driving
standard oxidation potential of RUL*". 0.15 < [RuL'Lz*"] < 0.25 force changeAGy' and the intrinsic activation energyGo™.

mM and 10< [C;0-27] < 30 mM. From left to right, RulL,®" =
Ru(dmbp)?*, Ru(dmpheng*, Ru(dmbp)(bpyy¥", Ru(pheny", and Ru-

G
(bpy)2". AG” = AG,” °

1+ 2% (30)
ANG,”

A plot of the logarithm of the steady or maximum current,
is, and light,l;s, intensities obtained during the catalytic oxalate The latter can be described in terms of reorganization energy,
oxidation by the Ru complexes as a function of the potential of AGo™ = A/4, as the contribution of two terms;, the internal
the complex (Figure 10a) shows that a larger driving force reorganization energy and the solvation reorganization energy,
results in a faster homogeneous ET and higher current and light#o- Because the oxalate dianion is relatively small compared to
intensities. Previous attempts to correlate the ET driving force the different redox couples usé# most of the reorganization
of the first oxidation step to the light intensity have been reported contribution comes from changes in solvation, evaluated from

in the literature. Qualitative results were mentioned for ECL 1 1\ 1 1 1
generated with Rh complexes in the presence of coreactants. Ao= ez(—2 — 5)(2— + P —) (32)
More quantitatively, a linear relationship was observed between n s/ \“8wm dox O

the logarithm of the light intensity obtained for different
coreactant/Ru(bpyj" systems and the coreactant ionization
potential?®@ the latter taken as being proportional to the
coreactant redox potential. Equation 27 allows one to correlate 1 1 2
the light intensity withk, the homogeneous ET rate constant. Ao ™ A(a + a, 5) (32)
As will be shown in the next section, thisdepends on both X
the coreactant and Ryt oxidation potentials and increases \yhereA can be 3.3 or 3.8 e\2lawhen the hard-sphere radii
with the driving force of the initial reaction. However, the e expressed in A. Takingy ~ are ~ ary ~ 6.8 A, aox = 2
parameters, defined by eq 26, fluctuated considerably with & ando ~ ay + aoy, one obtainsly ~ 0.34-0.40 eV.
different ligands in the Ru complexes (Figure 10b). This \ye mentioned that oxalate could be oxidized according to a
variation can reflect differences in the luminescence processesyjissociative ET (inner-sphere ET). The simple Marcus model
(eq 21) and in the competition for GO oxidation (eq 26).  does not describe a dissociative ET because the products cannot
Although this effect is significant, to a first approximation, the e depicted by the harmonic oscillator approximation. Using a
light emission simply reflects the efficiency of the catalytic \Morse description, Sdeat extended the Marcus theory to
oxalate oxidation and can be understood in terms of differencesjnclude the dissociative casand showed that the activatien
in the ET rate constant with the redox couple. driving force relationship was still quadratic (eq 30). The
Application of Electron-Transfer Theory to Electron- intrinsic activation free energy contains, in addition to the
Transfer Rates.One may attempt to use the Marcus theory to reorganization terms defined by Marcus, one-fourth of the
correlate the observed variation in the ET rate constant to homolytic dissociation energy of the substrate, dendegd
variations in the driving force. Generally, the observed rate andAG=, = A/4 + Doy/4. The oxalate bond dissociation energy
constant takes into account both the true activation processesshould be approximately in the range of the value determined
formation of a precursor complex and dissociation of the for oxalic acid,Dox &~ Dc,on, = 2.87 V2937 Moreover, the
successor complex (Scheme 5). Note that the rate constantglriving force expression now includes the standard oxidation

Different empirical equations of the form of eq 32 have been
proposed for the evaluation of the solvent reorganization energy.
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Figure 11. Variation of the logarithm of the electron-transfer rate
constant within the ion pair, log, with (E%p — E%x) or (E%pr —
E%ox) for outer-sphere and dissociative electron transfer, respectively;
(O) this work, (») from ref 6, (+) from ref 8, theoretical simulations
according to £) Marcus equation, and (- - -) Saaet equation.

potential of the dissociative EECco,+coyc,02 -, instead o oy
= E%,0, 1,0
We consider not only the ET rate constants obtained from
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Second-Electron Transfer.The first outer-sphere ET, dis-
cussed above, is then followed by the fragmentation of the
oxalate radical anion. We could not extract the lifetime of this
intermediate from these experiments. However, because the
redox catalysis is kinetically controlled by the first ET, one can
assume that the bond cleavage reactlanjs faster than the
back electron-transfer reaction so tkat- k—o[P]°. Knowledge
of the standard potential for oxalate oxidation allows the
determination ofk_o and then the minimum value d&. For
the least-positive couple, Fe(dmbii) the back electron transfer
is at the diffusion-controlled limik_o = kp = 3 x 1°® M1
s7138 and thenk; > kp[P]° 6 x 10° si under our
experimental conditions. Moreover, knowledge of the standard
oxidation potential for the two-electron oxalate oxidation,
E%coyc,02 = —0.55 V vs NHES? allows the estimation of
AG%,the free energy of the fragmentation reaction (eq 1), as
AG% = 2E%coyc02 — E%071c,02 — E’coyco, = —0.61
eV andK; = 3 x 10*° M1,

The carbon dioxide radical anion, @O, produced from
C,0O4~ fragmentation, is a strong reducta&fo,co,~ = —1.9
V vs NHE). Its reactivity has been explored. When generated
by electrochemical reductidf§,different paths were reported
in acetonitrile. In the systems discussed here;*CEould decay

by
(i) oxidation by both Ru$#™ and Ruls?* presented in Scheme

our redox catalysis experiments but also those derived from 4. The former leads to the formation of Reftt either in the
luminescence quenching by oxalate of different excited states ground (eq 2) or excited state (eq 2¥). The latter generatesRuL

of CrLg®™* & or Rul',L"2* 8 (where L is a substituted 2;2
bpyridine or phenanthroline,'lis the 2,2-bpyrazine, and Lis
L' or the 2,2-bpyrimidine). As the ion-pairing formation has

(eq 17), which will give rise, by a subsequent annihilation
reaction with Rul®" (eq 18), to the excited-state Rsfir*.41
(i) an acid-base reaction.The radical issuing from this

been taken into account by the authors in the case of the protonation (eq 33) is still a sufficiently strong reductant to be

luminescence quenching of the3Cr exited state, their data
were used without modification. In the case of theZRu

excited-state quenching, ion pairing was mentioned but not taken

into account. According to the experimental conditioms<( 1
M), one predicts, using eq 12, an ion pair equilibrium constant
of 4 M~1. The ET rate constant within the ion pair can then be
estimated by the same formalisi= Koobs (1 + K[SOs27])/K

involved in the same kind of redox reactions as in (i).

_ Kk _
H,0 + CO,” —>HCO," + HO (33)
Because of the strong acidity of HGO(pK; = 1.4%), its

formation is probably negligible in the slightly alkaline medium.

= koobd1.8. The product work terms are estimated by eq 13 as An estimate of its formation rate constant can be obtained by

W, — W, = —15 mV for both systems.

Figure 11 shows the variation of the logarithm lef the
experimental ET rate constant within the ion pair, with the ET
driving force and a fit to these variations by both the Marcus
and Savent equations. Note that, in the case of the "@ave
model, the intrinsic activation energy should be at |&x/gt—=
0.72 eV. This minimum value for the dissociative ET description
yields the dashed line in Figure 11. The lack of a good fit of
the experimental data with the Sag equation suggests that

the ET does not proceed by a dissociative path. The outer-spher%xidaﬂon of CO—

ET model fits better and it was possible to fit the complete set
of data extracted from this work and from the luminescence
quenching experiments (line in Figure 11) with values of the
intrinsic barrier,AGy™ = 0.34 eV, and of an oxalate standard
one-electron potentiak’ox = E%,o0,/c,02 = 1.41 V vs NHE.
The intrinsic activation energy is in quite good agreement with
values predicted by the empirical equation (eq 32). Moreover,
even if one expects that electrostatic repulsion causes the bon

extrapolation of the estimated value in acetonitiles 7.7 x
102 M~1 s71,40atg pure wateksz = 4 x 10 s

(iii) dimerization (eq 34), regenerating oxalafghis is the
main path in acetonitrile, but is negligible in wafér.

k34

CO,” +CO,” —C,0.” (34)

We can get some idea of the rate constant of the bimolecular
reactions of C@~ with the different Ru species because the
by different coordination complexes in
aqueous solution has been investigdfed* Marcus theory has
been applied to explain the rate of @Ooxidation by different
cobalt complexe4 The very large ET barrier found for the
CGO,/COy~ couple AG™, ~ 0.9 eV) was attributed to geom-
etry changes when passing from the bent,CQo the linear
C0O,.%> However, the uncertainties in the redox potentials render
his value too imprecise to be used here. We preferred to use
he results from measurements of the ET between different tris-

dissociation energy of the oxalate dianion to be weaker than (polypyridine)ruthenium(il) and C®" (eq 35) obtained by pulse

that for oxalic acid, the value of the intrinsic activation energy
found here is clearly too small to account for béth of the

bond dissociation energy and the solvent reorganization energies
and could not depict a dissociative mechanism. The standard

oxidation potential is significantly higher than the previously
reported value of 0.55 ¥£ but closer to the more reasonable
1.7 V assumed from luminescence quenching experinfents.

radiolysis?
k.
CO,” +RuLL'L"*" = CO,+ RuLL'L""  (35)

where L, L, and L' can be the 2,2bpyridine, 2,2-bpyrazine,
or the 2,2bpyrimidine.
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In this work, the authors showed that the ET was rationalized 0.16
by the Marcus-Agmon—Levine empirical hyperbolic equation a phen
(eq 36);
0.12 4
B AG", AGy In 2 P
AG ZAGO'—FWIn 1+exg———=]| (36) |
AG 0 . 0.08 (bpy)2dmbp
where all the free energies have the meanings defined previ- 0.04 | dmbp
ously. This empirical equation, previously derived by Marcus
for atom- and proton-transfer reactions, was preferred because i
the driving force range span was not very exothermic. However, 0 +— ; ; : : : ‘
this equation does not exhibit the Marcus inverted region and 0 001 002 003 n°-°4 0.05 006 007 008
thus does not hold for highly energetic electron transfers, as '
encountered in ECL reactions. To rationalize our experiments,
we thus treated the data from ref 44 with eq 30, rather than eq 0.18
36. b
The expression of the experimentally observed rate constant 012 |
Kobs IS given by
1Kops= Lk + 1Ky Kagt (37) . 0.08
whereKjy' is the formation constant of the RYCO,*~ ion pair 0.04 |
given by eq 12 andl,¢;, the true activation rate constant within '
the ion pair, is given by the Marcus equation (eq 29). With the
set of kinetic constants reported by the authégs= 1.1 x 03 ‘ - ‘
10°M~ts7 kp = kp/Kjp' = 3.7x 1° M7t s7%, andv, = 6 0 0.005 2 0.015 0.02

x 102 s71, the radiolytic reduction rate constant of RULL2™ ) o ) )
is obtained using\G=, = 0.52 eV (instead of 0.59 eV using Figure 12. Variation of g with (a) the_q_uantu_m luminescence
the Marcus-Agmon—Levine formalism). Note that the activa-  S1iciency 7 and (b) the quantum ECL efficienay= /2. Same
. S . . conditions as those in Figure 10.
tion barrier is still large compared to that found in the case of
oxalate oxidation, confirming the much larger reorganization explain the differences observed in the ECL experiments for
energy. Our system deals with oxidative ET between the the different RutL,2". To a first approximation, ECL generation
ruthenium species and GO, and as there is little change in  is governed by the driving force of the first homogeneous ET.
structure when passing from the ruthenium(ll) to its excited state However, there are still large differences in the light emission
or to the ruthenium(lll) specie, we used the same set of observed when the ligands of the Ru species are changed. The
parameters to estimate the rate constant for the varioys CO dimensionless parametét, clearly confirms these differences.
oxidation routes described. These values are reported in TableFrom the calculated values of the different competing oxidation
2. The work terms are calculated as previously descrigds paths of C@~, eq 26b holds as the best description of the ECL
negligible because CQOs uncharged, and we used a radius of process. Thereforgd, given by eq 26b, should refleet, the
0.8 A for CO~ 44b and 6.8 A for the ruthenium species. quantum yield of the ECL process (Table 3). The latter can be
When L = bpy, the calculations predict that the main defined as the product of the luminescence quantum efficiency,
oxidation process is the formation of Ru(bgh)in the excited nr = ki(k + ko), and the yield describing the competition
state (eq 2*), with a rate that is only slightly larger than that between the ground-state and the excited-state formagion,
for the formation of the ground state (eq 2). While such ky*/(k; + k;*). One may thus attempt to correlate the variation
exothermic reactions are in the Marcus inverted region for of 5 with the total quantum yield;y = 772/2.4” The formalism
systems that are weakly solvated or require negligible reorga- adopted in the previous paragraph was applied to evaluate the
nization, large values oft can have a significant effect.  differentk, andky* for each Rul'L,2" and therny,. The values
Typically, the annihilation reaction (eq 18), which has an of 5, were taken from the literatufé We could not find a value
intrinsic activation energy of 0.2 eV, has been experimentally of 7, in aqueous solution for Ru(dmphefy). For all of the other
demonstrated to be in the Marcus-inverted redistiHowever, complexes, the variation of the ratio of the plateau or maximum
COy~ is a much smaller molecule that requires significantly light intensity, s, by the catalytic current,id — isg), the so-
more solvation and internal reorganization. Because of the definedf parameter, as a function of the quantum yigle=
expected high activation barrier, the inverted region is shifted #;, and»./2 are reported in Figure 12.
toward more exothermic values of the driving force, and the A simple consideration of the quantum luminescence ef-
diffusion-controlled region expands over a wider range of ficiency,,, does not produce a good fit for the species showing
driving forces (approximately 2.5 eV in the present case), lower emission (complexes containing the'4jimethyl-2,2-
explaining why eq 2 makes such a significant contribution. bpyridine) (Figure 12a). However, when the overall quantum
Equation 2* is a competitive route for the ET, explaining the yield #72/2 is taken into account, a good correlation is found
ECL generation but also the low quantum efficiency compared for all of the species (Figure 12b). The calculated quantum
to the annihilation route (eq 183).Reaction 17, C@~ with efficiency of the global ECL process, found to be about 25%,
Rul'L,?", is greatly disfavored and can be neglected in a first is somewhat higher than the reported value of 29%his
approximation. Moreover, reactions 2 and 2* greatly predomi- difference could be related to the poor accuracy of the
nate over the other routes envisaged. reorganization energy of GO oxidation and the arbitrariness
Driving Force Influence on the ECL. With knowledge of of the kinetic constants used for its rationalizati@towever,
the main reactions for the second ET to £0Qit is possible to it is noteworthy that such high reorganization energy is a
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determining factor for the explanation of the low ECL efficiency
in the Ru(bpy)/oxalate system. The trends observed len

confidence to our analysis of the ECL process and its relation 5q95°

to the observed electrochemical current.

Conclusion
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rate constants were shown to vary with the pH and the ionic 243.

strength of the medium. These effects are attributed to the

(13) Andrieux, C. P.; Sawamt, J.-M. InElectrochemical Reactions in
Investigation of Rates and Mechanisms of Reactions, Techniques of

oxalate acid/base properties and ion pair formation in agreementchemisiry Berasconi, C. F., Ed.; Wiley: New York, 1990.

with previous reports of similar studies. When the redox couple

(14) Butler, J.; Henglein, ARadiat. Phys. Chenl98Q 15, 603.

was a Ru species, the homogeneous oxidation produced light (15) (a) Delmastro, J. R.; Smith D. B. Phys. Cheml1967, 71, 2138.

emission (ECL). The intensity of the steady emitted light

correlated with the steady-state current at an ultramicroelectrode

and thus to the catalytic efficiency of the reaction. These
relationships show that the emitted light is first governed by
the first homogeneous ET between RuS™ and GO42~ which

acts as the rate-determining step for either the current or the

(b) Fleischmann, M.; Lasserre, F.; Robinson, J.; Swan].[Electroanal.
Chem.1984 177, 97. (c) Fleischmann, M.; Pletcher, D.; Denuault, G.;

'Daschbach, J.; Pons, $. Electroanal. Chem1989 263, 225.

(16) Andrieux, C. P.; Dumas-Bouchiat, J. M.; Samé J.-M.J. Elec-
troanal. Chem198Q 113 1.
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(18) When the catalytic efficiency is high, one may roughly assume

light measurements. This finding leads to the conclusion that that the concentration of P is almost constant in the reaction layer and equal
the pH and ionic strength dependence of the light intensity are t© [PI’.16 If so, the diffusion equation becomes similar to eq 6 withki

approximately due to changes in the first ET rate constant with
these parameters. The rate of the first ET reaction investigated

k—_o[OX]Y[P]°instead of R[Ox]°, producing an expression for the catalytic
efficiency, showing a dependence on both°[&jd [OxP.
(19) Bard, A. J.; Faulkner, L. FElectrochemical Method&Viley: New

in this study, as well as in previous luminescence quenching York, 1980.

experiments, were shown to follow Marcus theory. The oxalate
dianion is thus oxidized via an outer-sphere ET; the standard

(20) Handbook of Chemistry and Physié2nd ed.; CRC: Cleveland,
OH, 1991-92.
(21) (a) Sutin, N.; Creutz, CAdv. Chem. Ser1978 168 1. (b) Sutin,

potential for the one-electron oxidation was estimated as 1.41 N. Acc. Chem. Re4982 15, 273. (c) Sutin, NProg. Inorg. Chem1983

V vs NHE.

The luminescent emission of ECL events can then be related

to the driving force of the first ET, but also to the competition
between the different pathways of @Oreaction. Because of
the high reorganization changes implied in £0oxidation,

ground-state and excited-state formation of the Ru(ll) species g9

are the main reactions, with reaction with Ru(kgy)playing

30, 441. (d) Krishnan, C. V.; Creutz, C.; Schwarz, H. A.; Sutin,Ihorg.
Chem.1983 105, 5617.

(22) For areview on ET in ion pairs: Billing, R.; Rehorek, D.; Hennig,
H. Top. Current Chem199Q 158 152-199, and references therein.

(23) (a) Fuoss, R. MJ. Am. Chem. S0d.958 80, 5059. (b) Eigen, M.
Z. Phys. Chem1954 1, 176.
(24) Young, R. C.; Keene, F. R.; Meyer, T.J.Am. Chem. Sod.977,
2468.
(25) Endicott, J. F. IrEncyclopedia of Inorganic Chemistriing, B.

a minor route. The competition between these steps explainsR., Ed.; Wiley: Chichester, 1994; pp 1081098.

the observed ECL efficiencies. The idea that the light intensity

in coreactant systems is mainly dictated by the driving force
for the first ET should allow the establishment of structure

activity relationships for ECL in these systems. Such relation-
ships should prove useful in the development of more efficien

(26) Pederson, B. F.; Pederson,A:ta Chem. Scand.964 18, 1454.

(27) Krishnan, C. V.; Brunschwig, B. S.; Creutz, C.; Sutin, NAm.
Chem. Soc1985 107, 2005.

(28) (a) This approximation is reasonable becausg?S@nd G042~
have very similar radit®? indicating a similar ion-pairing effect by 4ROy~

t and HPQ?~. (b) Pringle, G. E.; Broadbent, T. Mcta Crystallogr.1965

19, 426.

ECL systems and a better understanding and improvement of '(29) (a) Noffsinger, J. B.; Danielson, N. Binal. Chem1987, 59, 865.
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