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Quenching of the luminescent state of tris(zhByridine)ruthenium(ll) and tris(1,10-phenanthroline)ruthenium-

(I (Ru(bipy)s?* and Ru(phenj*) complexes by a series of pyridinium ions has been studied in 0.1MEj&

NPF; acetonitrile solutions. 4-Acetyl, 4-cyano, 4-carbomethoxy, and 4-carbamido-1-methylpyridium cations

R*™ were employed as electron acceptor quenchers. The quenching rates were measured by using steady-state
technique. Separation efficiencies of electron-transfer products were obtained by measurements of the transient
absorbances of photogeneratésmethylpyridinium radicals Rusing laser flash photolysis. The quenching

rate constants and radical separation efficiencies were used for the calculation of the kinetic parameters for
forward, reverse and back electron transfer. Opposite electron-transfer process, i.e., a generation of the excited
states *Ru(bipyt and *Ru(pheng* (in reactions Ru(bipy§" + R* or Ru(pheng®" + R, respectively), has

been studied by means of the electrochemically generated chemiluminescence. Reaction schemes for both
types of the electron transfer processes have been comparatively discussed concluding that the same set of
the kinetic parameters may be successfully applied in quantitative description.

1. Introduction favored reaction 1b, to form directly the ground-state product,

. P is kinetically inhibited. For example, in the case of Ru(bigy)
Electrochemically generated chemiluminescence (ECL) can complex, the value of ECL efficientgi (in photons emitted

be defined as the generation of light-emitting species by means er electrons transferred between the reduced Ru@imd

of homogeneous electron-transfer reactions between precursor L o . 5
in solution obtained as a consequence of heterogeneous (elec{ihe oxidized Ru(bipyy*) was found to be strictly approaching

(especially at low temperatures) the intrinsic luminescence
equamtum efficiencyp, of the emitter!? It was concluded that
the formation efficiency of the excited *Ru(bip§}, ¢es is near
unity. ¢ect = 0.05 for the Ru(bipyy?™ systems at 25C is
frequently used as the efficiency standard in the studies of other
ECL processes. Other Ru(ll) polypyridines, biquinolines, phenant-
rolines, or bipyrazine complexes exhibit a similar behavior, but
the appropriatee. values are found to be strongly dependent
on the ligand natur& 18 It arises from the differences ipes

as well as ing, values.

It is expected that sufficiently low energies of the excited
*RuL 3" states allow also for the experimental observation of
ECL phenomenon in mixed systems, i.e., in the reactions
between Ruk™ and strong oxidant or between Rgt and
strong reductant (cf. ref 19). For example, electron-transfer (ET)
reaction between stable radical cations (@.g., formed in the
one-electron oxidation of aromatic amines D) and Ruleads
to a more or less efficient *Ruf" generation:

trode) processes>® ECL can be observed for organic as well
as inorganic compounds (e.qg., transition metal complexes). Th
latter systems are often relatively simple from a mechanistic
point of view, exhibiting two reaction pathways, i.e., the direct
formation of emissive excited and ground st&tés.

The widely studied examples (in ECL of transition metals
complexes) are these concerning Ru(ll) chelates R 18
with the Ru(bipy)?* (where bipy= 2,2-bipyridine) in aceto-
nitrile (ACN) solutions as the most noticeable exantpl€.
Reduced Rug' and oxidized Rug3* ions (obtained in one-
electron reduction or oxidation of the parent R#il) undergo
annihilation with the formation of the excited *Ref! species.
When cyclic square potential wave between the reduction and
oxidation potential is applied, the typical orange emission of
*RuLz?*, which continues indefinitely if the potential stepping
is maintained, may be observed. In the simplest approximation,
the ECL mechanism can be formulated as follows:

RuL,” + RuL,®*" — RuL”" + *RuL;*" (1a)
RuL," + D" —*RuL " + D 2a
RuL;" + RuL;>" — RuL?" + RuL,?" (1b) 3 $ (22)

+ +_, 2+
The experimentally found high efficiencies of the excited Rul;” +D Rul™ +D (2b)

*Rul3?* formation strongly suggest that the thermodynamically ) .
On the other hand, *Ruf™ generation may take place during

* Corresponding author: e-mail akaptur@ichf.edu.pl. ET reaction between Ry" and stable radical anions'Ae.g.,
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formed in the one-electron reduction of aromatic nitrocom- 10" -
pounds or quinones A):  femmmsmesecseeooneeneeneens (hec)
1074
RuL>" + A~ —*RuL,>" + A (3a) (lec)
_ > 10°4
RuL> + A”—RuLy + A (3b) e
()
. : : : S 10
In a similar way, neutral organic radicals Re.g., formed in s
the one-electron reduction dfmethylpyridinium cations R) 3 10°4
may be applied as reducing agent: O m  N-methylpyridinium cations
w . @ Aromatic nitrcaromatics
Ru L33+ + R — *RUL32+ + R+ (4a) 1071 O Aromatic amines
O Quinones
3+ . 2+ + 107 r—— —T T
Ruls™ + R —~Rulg™ +R (4b) +04 +02 00 -02 04 06
Excited-state generation of the organic co-reactants is not AGes leV

included in the reaction’s pattern because their energies are
usually high enough and their population is an energetically
unfavorable process.

More detailed quantitative investigations of the above- - L
mentioned processes have been recently performed in our
laboratory for the mixed ECL systems involving Ru(bigy)
complex. As it was expected (and reported previously for other
ECL systems, e.g., ref 20), the functional dependence on the
ET reaction exergonicity (i.e., free energy of the excited *Ru-
(bipy)s?" populationAGes as defined by eq 5) was found for
both Ru(bipy}"—oxidant and Ru(bipyf"—reductant systems

ECL efficiency

N-methylpyridinium cations
Aromatic nitroaromatics
Aromatic amines

Oenm

AGesz _F(on - Ered) + EMLCT %)

whereEqx andEeq are the redox potentials of the ECL reaction 01 03 05 07 09 11

partnersF is the Faraday constant, akg cr is the energy of

the excited *Rul?". It has been found that the experimentally 4G, leV

determinedpeq value increases and approaches a limiting value Figure 1. Plot of the 10g feq) VS AGesfor the ECL systems involved

asAGegsincreases. However, the observed relationship betweenRu(bipy)y?* (top) and M@Cli2~ (bottom) ions in acetonitrile solutions

¢ec and AGes has been found to be nonuniform. For the same (data from refs 19 and 20, respectively). The dotted horizontal lines

AGes the ECL efficiency depends on the organic reaction S0rrespond to the emission quantum yield of the excited *Ru(bipy)

partners nature with the experimental points having a tendency"d *MoCh.", respectively. Other lines are drawn for ease of
. . visualization and do not represent any theoretical fits.

to cluster (cf. Figure 1) around two (or three?) different curves

(also after correction for the Coulombic interaction energies tively to the population of the excited state (low exergonic

between the ET reactants or products). Similar results have beenr eactions 1a4a with a reaction rate) o to the ground state
previously reportedf for the ECL processes involving Mol142~ 9

ion (MosCli2~ + D*, MogCha + A-, or MosChs~ + R* (high exergonic reaptions b yvith reaption ratekgs). .
systems) and explained by the different ET distance in an Cfgnrsquently, e_xperlmenE;lIIy obtalrled excned-sgate forrrllat|on
activated complex, caused by the attractive or repulsive Cou- efficiencies ges = d’ec'/%. = Ked(kes + kg9 may be simply
lombic interactions between oppositely or uniformly charged predicted if the appropriate rate constants are available from
reactants. other experimental data and/or theoretical considerations. In our
The above explanation could not be applied in the case of Previous work, we applied the former approach. It is possible
the mixed ECL systems involving positively charged Ru- in view of the expected relationship between ET generation and
(bipy)s2+ complex (Ru(bipyy* + D*, Ru(bipy)®* + A~ or Ru- reductive or oxidative ET quenching of the excited *ReiL
(bipy)s** + R* systems) because it predicts an exactly opposite (Vide infra). ET quenching schertfe?” includes back-ET to
effect. It may be concluded that the simple explanation as 9iveé the ground state and a competitive step where redox
proposed in ref 20 could not be general (or even wrong) and Products separate in solutions. For the given quencher, all the
that the observed behavior may be a more general rule. In bothrate constants can be determined by means of the kinetic data
cases (i.e., ECL processes involving ruthenium as well as from the luminescence quenching and transient absorption
molybdenum complexes), experimental valuespgf have a measurements. The kinetic parameters derived from the literature
tendency to group into two classes corresponding (at the samedata (unfortunately available only for some of the systems
AGe9 to relatively efficient or inefficient ECL systems. Ap- Studied) have allowed for a quantitative description of the ECL
pendage of the particular organic reactant in a high-efficiency efficiency for some of the ECL systems investigated. For other
class (hec) or in a low-efficiency (lec) class is the same for ECL systems, however, the discrepancies between the experi-

both apparently different inorganic co-reactants. mentally found ECL efficiencies and those predicted from the
More detailed and quantitative discussion of thg value quenching data were as large as a few orders of magnitude.

for the given ECL system may be done in terms of an ET model The finding that the plot of the quenching rate constdqts

for chemiluminescencg, first proposed by Marcus. Electron  versusAGy (where AGy = —AGeg is quite uniform for all

transfer between oxidized and reduced reactants leads competiquenchers (cf. Figure 5) allowed '8sto propose that an
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Oy NH, Og_OCH, o reference electrode with a potential stable within the time scale
N of the experiment (ca—0.1 V vs aqueous saturated calomel

x N SN e electrode). Additionally measured potentials were referred to

| P | _ | _ | P ferrocene/ferricenium internal reference redox couple. A quartz

optical fiber (with a diameter of 4 mm) passed through the
counter electrode was used to collect the light emitted at the
working electrode. The lateral fiber face was protected to
PAM' PCE" PAC PCN* minir_nize the Iigh_t Iosse_s, and only the front faC(_a of the fiber
was immersed directly in the solution. The end fiber face was
Figure 2. Formulas ofN-methylpyridinium cations studied and their  interfaced to the photon detection system through the grating
abbreviations used in the text. CVI Digikrém CM110 monochromator. The dispersed emission
was detected using a 9816QA photomultiplier (cooled-80
additional, unknown factor(s) contribute(s) to the overall ECL °C in FACT 50 MK Il housing) with signal passed to a C10
mechanism. photon counter (all parts from Thorn-EMI). The spectral
As mentioned above, literature data concerning ET quenching response of the light detection system was calibrated with a
of the excited *Rubk?* (especially results from the transient tungsten lamp as the standard of spectral irradiance. The
absorption studies) are incomplete, especially in organic solventssensitivity threshold of the photon detection part of our
such as ACN. For example, to our best knowledge, ET equipment was about 10 The “electrochemical” part of the
guenching of *Ruk?" in reaction with N-methylpyridinium measuring system was constructed from an ELPAN EP22
cations has been studied only in aqueous solufid#&There- potentiostat equipped with a Hameg HM2@b digital storage
fore, in our preliminary investigations, we were not able to scope that recorded the current and potential transients. A
compare kinetic scheme for the ECL and ET quenching Pentium PC computer equipped with an Ambex AD, DA, and
processes for all of the investigated systems and, consequentlyPD cards have been used to control the wavelength of the
discuss a possible reason(s) of observed inconsistencies in morenonochromator as well as the inputs/outputs from the poten-
details. Thus, we have decided to start complementary (photo-tiostat or the photon counter.
physical) investigations. Here, we report the results of the 2 3. Electrochemical and Electrochemiluminescence Mea-
comparative studies of the excited *R@dL generation (ECL)  surements. Cyclic voltammetry was run prior to the ECL
and annihilation (oxidative quenching) in the ET reactions measurements (to evaluate the electrochemical characteristics)

—Z
+
—Z
+
—_—Z
+
4
+

involving N-methylpyridinium radicals oN-methylpyridinium as well as after ECL experiments (to check the temporal stability

cations, respectively. of the system studied). Application of a triple-step potential
techniqué causes an emission (identical with that observed

2. Experimental Section in photoexcitation) to appear. The experiment began with the

working electrode at a potential of no electroactivity. The
potential limits of the programmed sequence were chosen to
ensure production of the electrogenerated intermediates in the
mass-transfer-controlled region and to minimize the influence
of secondary electrochemical reactions. Subsequently, the
electrode potential was again changed to the initial value. In
all the cases, ECL emissions were observed during the second
reactant generation step in the course of a triple-potential-step
sequence. The system was allowed to equilibrate for a few
seconds between each pulse sequence. The ECL spectra obtained
were integrated to obtain the total photon intensities. The values

metathesis of aqueous tetraethylammonium bromicéi{G- of the measured integrated photon intensities were the averages

NBr with KPFs solutions. The precipitated product was washed of several independent measurements. For a particular solu@i.on,
with water and re-crystallized from anhydrous methanol. Before IO O three records were made to check the temporal stability
use, the supporting electrolyte was dried in a vacuum (at 100 of the system studied. ECL yle_lds were determ_lne(_j against the
°C) for 12h. standard (ECL system containing 1mM of Ru(bu?_;’z)ln 0.1M
Acetonitrile (ACN) was dried and purified for electrochemical  (C2Hs)aNPFJ/ACN with ¢eq = 0.05) by comparison of the
use in a conventional manner. The solutions studied, containingMeasured integrated photon intensities, taking into account also
0.1 M (CGHs)sNPFs as the supporting electrolyte, ruthenium the c_ilfferences in the electric c_harges passed_through the solution
complex Ru(bipyy2* or Ru(pheny*, andN-methylpyridinium studied. The error ape determination was estimated to be-10
hexafluorophosphates as the organic reaction partner, werel5%.
deaerated with pure argon. All, electrochemical and spectro- 2.4. Spectroscopic Instrumentation.UV—vis absorption
scopic measurements have been performed at room temperaturepectra were recorded using Shimadzu UV2401 or UV3100
25 °C. spectrometers, luminescence spectra by means of a “Jasny
2.2. Electrochemical and Electrochemiluminescence In-  multifunctional spectrofluorimeter® Transient absorption mea-
strumentation. The same electrochemical cell was used for the surements were done using a home-built setup. The laser system
electrochemical and ECL studiés.The working electrode  used as excitation source was a pulsed Coumarine47 FL105
(polished before each use with diamond paste) was a Pt diskdye laser (emission at 456 nm with ca. 18% energy conversion)
with a diameter of 1 mm. The counter electrode was a Pt ring pumped by a Compex120 XeCl-excimer laser (emission at 308
with inner and outer diameters of 4 and 8 mm, respectively. nm with 100 mJ pulse energy, 10 Hz repetition rate, and 10 ns
The separation distance between the electrodes was about 2 mnpulse width). Both lasers purchased from Lambda Physics.
Tungsten wire dipped in the solutions was used as the quasi-Typically 2—3 mJ energies (at laser beam diameter ca. 0.5 cm)

2.1. Materials. Tris(2,2-bipyridine)ruthenium(ll) and tris-
(1,10-phenanthroline)ruthenium(ll) perchlorates were synthe-
sized using procedure described in the literafi#eand purified
by means of re-crystallization from acetonitrile/toluene mixtures.

The hexafluorophosphate salts of the studiethethylpyri-
dinium cations (Figure 2) were obtained by the addition of an
excess of KPEto aqueous solution of the corresponding iodides
(synthesized by addition of GHto an acetone solution of the
appropriately substituted pyridine), following by recrystallization
of the precipitated products from water.

Tetraethylammonium hexafluorophosphate was prepared by
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Figure 3. Stern-Volmer plots of the/I ratio vs quencher concentra-

tion Cq in the ET quenching of *Ru(bipyJ" (top) and+ *Ru(phen)?*
(bottom) ions in acetonitrile solutions.

were passed into the studied solutions in the 1 cn? flow-
through cell (with flow rates of ca. 5 ctmin). For the transient
detection, the light of a continuos 150W Xe-lamp was focused
perpendicularly to the excitation. Detection was made by a PTI
0OBB101/102 monochromator fixed at the proper wavelength.
The signals were detected by a Hamamatsu R928P photomul
tiplier connected to a Lecroy 9350C digital scope.

2.5. Photophysical MeasurementsSamples for quenching
measurements in ACN solutions contained3lx 1075 M of
Ru(ll) complex with the appropriate concentration of added

qguencher. In typical experiments, emission measurements have

been performed for solutions containing a few different con-
centrations of quencheZq. Ru(bipy}?t or Ru(pheny* solu-
tions (containing 0.1M (&€Hs)4sNPFs) without added quencher
served as a standard for theemission intensity determination,
respectively. Quenching rate constakfsvere determined by
the steady-state Stettvolmer method

I

TO = 1+k;7.Cq (6)
wherel,, |, andz_ are the emission intensities in the absence
or presence of quencher and emission lifetime of the given
*RuL3?" emitter, respectively. In all the cases, plotsfifversus

Cq were linear with an intercept close to unity (cf. Figure 3).
Literature value¥-3>of 7. = 0.85us for *Ru(bipy)?" and 0.40

us for *Ru(pheny?** in ACN solutions have been applied for
kq estimations, correspondingly. Estimated error in the deter-
mination ofk, values was found to be smaller than-115%.

J. Phys. Chem. A, Vol. 106, No. 9, 2002681

Transient absorption measurements of the redox product
separation efficienciespée) have been performed in usual way
by monitoring the absorbance changes following photoexcitation
of ~1.5 x 1074 M RuLz?* solution containing an appropriate
excess of the R quencher. It was done with assumption that
photoproduction of th&l-methylpyridinium radical Ris equal
to that of the oxidized form of ruthenium complex RSt (cf.
reaction mechanism presented in Figure 6). Consequently,
transient absorption signal at the observation waveleagth
is proportional to the differencé\ey in molar extinction
coefficientsey of all the redox forms involved in ET process:

Aéy, = ey(RULST) + 6y (R) — ey(RUL®) — €,(RY) (7)

Taking into account available UWis data of all involved
species, the observation wavelengiigy,{ = 375 nm for Ru-
(bipy)s?* and 363 nm for Ru(phesd) was selected to maximize
Aey term (3-4 x 10° M~tcm™! in both cases). Aqueous
solution dat& (well-known for Ruls?™ and Ruls®™ complexes
with bipy or phen ligands) have been used for the calculation
of the difference inem(RuLs®) and ey(RulLs?") parameters.

To our best knowledge (cf. also ref 37), contrary to Ru(ll)
complexes?® no literature data are available for both Ru(bigy)

and Ru(phen§t cations in ACN solutions. However, our
preliminary thin-layer spectro-electrochemical studies allowed
also us to conclude that the solvent induced changes ir- UV
vis absorption spectra of Rgt™ as well as of Ruk3" species

are only minor. The necessary U¥is absorption data (molar
extinction coefficients and band shapes) of Bdicals (R
cations do not absorb at the selected observation wavelength)
were taken from the literature (ref 38 for PE&hd PAM
derivatives in ACN solutions and ref 28 for PAG H,O
solutions, respectively). In the case of PQiddical, a molar
extinction coefficient of about 6< 10* M~t cm™! has been
assumed in the interpretation of the transient absorption experi-
ments because only qualitative BVis dat&° can be found in

the literature. This assumption seems to be justified because
UV —vis spectra for all Rradicals (and R cations, correspond-
ingly) involved in the presented study are close one to
anothet®38:3%ith similar absorption band positions (and shapes)

and with similar extinction coefficient values. Absolute values

of ¢sepefficiencies have been estimated using tetratgnes.5

x 1074 M oxygen free cyclohexane solutions) as a reference
system. Results from the tripletriplet absorption decay
measurements with the singtetiplet intersystem crossing
fficiency ¢st = 0.63 and the molar extinction coefficient of
the triplet-triplet absorptionerr = 2.54 x 10* M1 cm™! at

485 nm were used as parameters in the calculation procedure.
Moreover, additional corrections were made for the percentage
of quenching (third term in eq 8 which was always at least 85%)
as well as for the differences of light amount absorbed by the
studied and the reference samples (fourth term in eq 8):

AdAe, 1+ quLCQ a- 10_X1ER) 107%ER
ST Aglerr k7 Cq (1 - 107%5s) 1075

whereAs or Ag are measured absorbances (values extrapolated
to time tmeas= O after the laser excitation, cf. Figure 4) of the
sample and reference solutions wils and Er extinctions,
respectivelyx; andx, are the parameters corresponding to the
geometrical arrangement of the excitation and monitoring beams
(cf. insertion in Figure 4). Terms (& 1074F) and 107%F (from

the Lambert-Berr law) describe the amount of the light absorbed
in the monitored region and the inner filter effect, respectively.

(8)

¢sep: d)
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0.5- TABLE 1: Electrochemical and Quenching Data for RuLz?*
+ R* Systems: Redox Potentiafs(Eox and Eeq), Gibbs
0.4 AS Energies for the Excited *RuLz?" Oxidative ET Quenching
N SRl Ehahbiad R (AGy), Experimental Values of the Quenching Rate
P Constants (), Estimated Values of the Forward ET
— 0.3 Reaction (z3), and Separation Efficiencies of the ET
\>< Reaction Products (sep
(1)) 0.2+ Eox Ered AGq kq k23
<:.> complex /V quencher /V  /eV M7lsl /sl geep
8 014 Ru(bypy}?* +0.88 PAM' —1.32 0.10 9.1x 107 1.3x 108 0.27
A PCE" —1.19 —0.03 5.6x 18 8.1x 10° 0.29
S PAC* —1.12 —0.10 1.5x 1(° 2.2x 1(° 0.32
o 0.0 v PCN*  —1.05 —0.17 1.8x 10° 2.6 x 1(° 0.53
< Ru(phen?>" +0.89 PAM' —1.32 0.06 4.0x 108 5.8x 108 0.21
R PCE —1.19 —0.07 1.5x 1(° 2.6x 1(° 0.18
0.0 0.2 0.4 0.6 0.8 10 PAC™ -1.12 —0.14 2.3x 1(° 3.3x 10° 0.05
PCNt —1.05 —0.21 2.5x 1®° 3.6 x 10° 0.17
tmeas /ms a Redox potentials for one-electron oxidation RtiL— e~ == RuLg®"
and one-electron reduction*Rt+ - = R* according to ferrocene/
ferricinium internal reference redox couple (wilx = +0.41V vs
aqueous saturated calomel electrode).
1.2 10" 4
A, :
[ I — gl 100 B G
S 084 excitation ; %
-~ T 9
X ' 10°
< 064 < 2
S = ©
0.4 10" K
3 - 0
2 0.2 g 7 Q
3 o 1071 L)
Q0.0 pm 2
< Q 6 iy
X 1091 g Aromatic amines o
00 02 04 06 08 10 & B N-methylpyridinium cations o
t Ims 10° - O Quinones
meas @ Aromatic nitrocompounds
Figure 4. Transient absorbance decay curves recorded for sample 10* —
system-Ru(bipyl?"—PCE" in acetonitrile (top) and refereneget- 08 -068 -04 -02 0.0 0.2 0.4
racene in cyclohexane (bottom) solutions. Insertion presents arrange-
ment of the excitation and monitoring beams. 4G, + W - w, eV

The estimated error ifisep(caused by 2 10-* detection limit Figure 5. Electron-transfer quenching rate constinof the excited

- *RuL %" in acetonitrile solutions as a function of the reaction exergo-
of the measuredAs or Ar transient absorbances and all picity AG,. The dotted line is drawn for ease of visualization and do

uncertainties in other terms of eq 8) was found to be ca: 15 not represent any theoretical fit.
0,
25%. to an activation-controlled process. The free energy relationship

3. Results and Discussion betweenk, and AGq is shown in Figure 5, together with the
' data for reductive quenching of *Ru(bip§) by D and oxidative
3.1. Quenching Rate ConstantsThe rate constantig, for quenching of *Ru(bipyy*™ by A for comparison.
the gquenching of *Ru(bipy}+ and *Ru(phen™ complexes (in The observed relationship between respectively corrdeted
0.1M (GHs)sNPFRs ACN solutions) are summarized in Table 1 and AGq is uniform and does not depend significantly on the
together with the estimatedGy values. AGy; have been nature of the organic reaction partnky.andAGq values were
calculated according to eq AGy = —AGeg USINg Epict = corrected for the differences in the Coulomb interaction energies
2.10 eVW142for *Ru(bipy)s®™ and Emct = 2.15 eV for *Ru- required to bring the reactantaif) or products ) together
(phen}?*. The latter quantity was estimated by comparison of at the most probable separation distaded which the electron
the 77 K and room-temperature luminescence of Ru(gipy) transfer takes place. The necessary temmsand wp were

and Ru(phenf' taking into account about 0.05 eV sFffin calculated according to familiar Debye equatiéh$! Corre-
their maxima positions. As expected, the more exergonic the spondingwr andwp values are rather small, e.gqur = 0.04
electron-transfer reaction is (expressed in termA®§ values), andwp = 0.00 eV have been calculated for the case of studied

the faster the quenching process will be, similar to what was RulLz?™—R" systems wittd = 1.1 nm as the sum of the effective
found previousl§®2° in aqueous solutions. However, the radii?® of RuLs?" (0.71 nm) and R (0.39 nm).

observed reaction rates are slower than yHt seems to be 3.2. Reaction Mechanism of the Oxidative Electron-
understandable becaud&s, values are less negative in ACN  Transfer Quenching. Oxidative ET quenching of the excited
as compared to those of watdg, values measured in ACN  *Ru(bipy)s?* and *Ru(pheny™ by R* cations may be quanti-
solutions are at least few times slower than the diffusion limited tatively discussed according to the reaction mechanism séhtme
bimolecular processes and, consequently, correspond directly(presented in Figure 6) whetg, and ky; are the diffusion-
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k]z k23 ksep
'RuLs + R® T "Rul;"..R" _— ’[Ruly"...R] — RuLy" + R’
k2 k32

Figure 6. Reaction mechanism for the electron-transfer quenching of

controlled forward and reverse rate constants for the formation
of an activated complex (with the equilibrium const&ap =
kio/ko1) between the excited *Ruf" and quencher R The
activated complex is formed from the excited triplet state of
RulLs?" so that ET product appears (with the forward electron-
transfer ratekys) also in the triplet state (because of the spin
conservation rule). As usual, the redox productaid Rulg®"

may be separated in solutions (with the riafgand efficiency
¢sep if the recombination to the singlet ground state product is
sufficiently slow. The latter is allowed from the singlet precursor
but forbidden from the triplet one. Therefore, the tripisinglet
conversion, occurring with ratkss, is a necessary step that
makes back electron transfer to the ground-state product (with

k3y U kys

"[RuLs*"... R"]

kys l

[RuL;*"... R']
the exciteds*RuL

— Rul;* + R

least 1 order of magnitude, th&a,. Thus, ko3 rate constants
can be simply evaluated from the experimental valuég u$ing

the formation constant of the activated compkgx = 0.69M™1

as straightforwardly calculated according to the Fuoss-Eigen
model 4849

_AaN,d®
3000

exp-Wy/RT) (10)

K12 -
whereNa, R, andT are the Avogadro constant, the gas constant,
and absolute temperature, correspondingly. Obtdinedalues
are presented in Table 1.

3.3. Redox Product Separation Efficienciesvalues of¢gsep

ratekss) possible. The scheme includes also the reverse electronare collected in Table 1. These values (similar to those found
transfer corresponding to the back electron transfer to the excitedpreviously in aqueous solutio#® are smaller than unity,

state (with the rat&s,) and the singlettriplet conversion (with
rate thekys). Taking into account presumably very small energy
splitting between two spin forms of the primary electron-transfer
product {{RuLz®"--R*] and3[RuL33"--R°], respectively), one
can conclude thatk3s = kss. The latter process is relatively
slow (343 < ky5)*®46 as compared to the ground product
formation and may be, at least in a first-order approximation,
omitted. On the other hand, the back electron transfer to the
ground-state products is extremely fadf (kus > ksep that
allows to neglect a separation PRuLz*"+--R*] pair into isolated
products Ruk®™ and R.

It should be noted that in a more commonly accepted
schem@28 spin conservation rule was not taken into account.
It corresponds formally to the case of infinitely fast spin

dynamics and to the conclusion that the ground-state product

population is governed by intrinsic electron transfer step. It is
principally incorrect” and leads to wrong interpretation of the
experimental data (e.g., discussion of the observed reaction rate
in terms of Marcus theory with suggestions of the evidence of
the inverted Marcus region).

The observed bimolecular quenching rate consigistrelated
to the rate constants of all reaction steps. If the diffusional
limitation can be neglected (as it is in the present case), the
kinetic scheme as discussed above may be easy solved in th
steady-state approximation. Assuming above-mentioned sim
plifications, i.e. ¥z < kas andkss > ksep the quenching rate
constant may be expressed as follows:

— K12k23(k34 + kse;)
(Kap + ks + Ksep)
Equation 9 may be further simplified to, = Kiko3 because

results from transient absorption as well as from ECL studies
(vide infra) indicate that the sufkss + ksepis much larger, at

9)

indicating that full separation §fRuLz®"+--R*] pair into R and
Ru(bipy)®" or Ru(pheny** products is not achievegsepvalues

are somewhat smaller/larger as compared to those previously
reported for Ruk?™—D?%324and Rul?™—A25 systems, respec-
tively. This finding may be rationalized by taking into account
the Coulombic repulsivet0.02 eV) or attractive-{0.06 eV)
forces (vp) within 3[RuLz*+--D*] or 3[RuLz**--+A~] pairs. The
Coulombic interactions cause the respective enhancement or
lowering ofkseprate. The effect may be estimated on the basis
of the combination of Eigen’s and SmoluchowskKinstein
equations:

RT
o= 2RT wy/ 1)

" adiN, 1 expCwi/RT)

wherey is the medium viscosity. Appropriate calculations lead
10 ksep= 6.1 x 10° 571 for RuLg®"+-+R* pair. Experimentadsep
S Lo .
values allow for estimation dfz4 rates. It may be done using
simple relationship (E ¢sep/dsep= Kasksep The obtainedkss
rates are presented in Table 2. These values (being in the range
5.4 x 10°—1.2 x 10 s71) are comparable with previously
found for Rulg?™—D or RuLg?t—A systems (5.9« 10°—1.3 x
10 and 2-3 x 10 s71, respectively). One can conclude
?similarly as it was already drawn in ref 50) that the triplet
singlet conversion ratks4 is nearly independent of the organic
reactant nature.

3.4. Electron-Transfer Generation of the Excited *Rulg?".
The obtained ECL efficiencies (measured in 0.1MH&)4NPFs
ACN solutions) are collected in Table 2. As it was expected,
the functional dependence af. on the electron-transfer
reaction exergonicityAGes= —AGg) is observed for both Ru-
(bipy)s**—R* and Ru(phenf™—R* systems.¢ec rapidly de-
creases with the decrease A6es The observed relationship
betweenAGgs and the estimatedes efficiencies (as calculated
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TABLE 2: Electrochemiluminescence Data for Ruls®™ + R* Systems: Gibbs Energies for the Excited *Ruk?" Population
(AGe9, Experimental Values of the ECL Efficiencies ¢ec), Values of the Excited"RuL 32" (ksp) and Ground-State RuLz?" (Ksg)
Population Rate Constants, and Experimental and Calculated Values of the Excited *Ru2" Formation Efficiencies (¢e9

complex radical AGesleV Pec ksalS™Y kea/sY Pes (EXP) pes (calc)
Ru(bypy)}** PAM* -0.10 5.0x 1073 1.4x% 10° 1.7 x 100 8.3x 1072 5.8x 1072
PCE 0.03 4.0x 104 5.3x 10° 1.5x 10 6.7x 103 2.6x 103
PAC 0.10 9.0x 1078 9.2 x 10/ 1.3x 10% 15x 10 5.3x 10
PCN 0.17 1.8x 1076 7.1x 10° 5.4x 10° 3.0x 10 9.9x 10°°
Ru(pheny®** PAM® —0.06 1.4x 1073 1.3x 1¢° 2.3 x 101 7.0x 1072 3.9x 1072
PCE 0.07 6.7x 107 3.6 x 107 2.8 x 101 34x 103 1.0x 103
PAC 0.14 1.1x 10°® 2.9x 10° 1.2x 104 5.5x 107® 19x 10°°
PCN 0.21 5.8x 1077 21x 10° 3.0x 10 2.9x 10°° 0.5x 107
10° = singlet-triplet conversion. Taking into account the expected
values of the respective processes, one can expect that the
, generation of *Ruk?" from 3[RuL3®**---R*] precursor is much
10" - 'm more efficient with respect to thRuLz*"---R*] one.
,,él Kinetic scheme for the electron-transfer generation of the
excited *Rulg?" can be solved (similarly as in the case of the
10” - guenching process) using steady-state approximation. In the
- simplified case (i.e. neglecting any diffusional limitation), one
a.- can simply obtain
210”4
S bes kg 3Kgp  Akgy 12)
10% 4 u 1= des Hhaatksy  Kis Kyt ks
'. a where the first and second terms on right side correspond to
10° - = - the direct formation of *Ruk?" from 3[RuLz®"---R*] and the
O Ru(phen), indirect one from{{RuLz3"++-R"], respectively.
B Ru(bipy),” Equation 12 (derived under assumption tHag 3= ks4) allows
10° . : , : . : . : . : simple prediction of thepes efficiencies in view of the kinetic
0.3 0.2 0.1 0.0 01 0.2 data from quenching and transient absorption studies. As it was
mentioned above, only direct formation of *Rgflt from
AGes leV 3[RuLz®"--+R*] is an efficient process. Taking into account the

Figure 7. Plot of the logfey vs AGesfor the ECL systems involved
Ru(bipyy?" and Ru(phenj* ions in acetonitrile solutions. The dotted
line is drawn for ease of visualization and do not represent any
theoretical fits.

using the quantum yield, = 0.06* for *Ru(bipy)s>" and 0.02°
for *Ru(phen}?™) is quite uniform for both ruthenium com-
plexes studied (cf. Figure 7).

The corresponding scheme (Figure 8) illustrating the genera-

tion of excited *Rulg?" in an electrochemiluminescence (ECL)

possible values dfs,, kss, andkys rate constants, it is expected
that the contribution from th§RuL3®"+-R*] precursor is much
less important. Thus, the second term in eq 12 may be at least
in first approximation neglected. The results of the appropriate
calculations are presented in Table 2. It was done usingsthe
values obtained from our transient absorption studies and the
ks> values as estimated from the relation betw&gynand ks:

Kso/kos = €XP[~(AGes + W — Wp)/RT] (13)

experiment should be essentially the reverse to that postulated The experimental and computeds values are compared in

for the quenching reactions. The electrochemically generated,

oxidized Rulg®™ and reduced Rspecies form an activated
complex in two different spin states with branching ratio 3:1
(according to the spin statistic rf3. Electron transfer within
activated complex in the triplet stat§Ruls®"--R‘] leads
directly to the excited *Ru?™ generation. On the other hand,
triplet—singlet conversion is necessary before the electron

Table 2. The agreement between the two sets can be regarded
as satisfactory. Similar agreement betwegggexp) andges

(calc) can be also obtained for other ECL systems involving
Ru(bipys?" complex. For example, using the literature data

for ks and ka4 rates, one can obtaiges values of 0.06 (for
1-chloro-9,10-anthraquinone) and 0.09 (for 2-methyl-9,10-
anthraguinone). These values are in a good agreement with the

transfer to the ground-state product occurs. Activated complex experimentally found 0.12 and 0.25, respectiv@hSimilar

RuLz®*+++R’] in the singlet state exhibits exactly opposite

agreement can be also found for the ECL systems involving

behavior. Electron transfer leads directly to the ground-state some aromatic amines (cf. ref 19). It allows us to conclude that

products, and the excited *Rgl" formation is preceded by

Ya k32
— °[RuL;**...R] —=—
ko3
RuL33+ + R* k34 lT k43
Ya kys
—— '[RuL;*...R] —

most probably all of the Ruf2™ ECL systems assigned to the

kdis

JRuls?... RY] — "RuL;®* +R*

'RuL;*"...R'] — RuL;*" +R"

Figure 8. Reaction mechanism for the excited *RAL generation in the ions annihilation processes.
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line (hec) in Figure 1 may be quantitatively interpreted in terms

of a simple model as described above. Scatter of the experi-
mental points around the line hec is caused by small differences

in the ks4 rates.

4, Conclusions

The obtained results indicate that the intuitive relationship

J. Phys. Chem. A, Vol. 106, No. 9, 2002685

(12) Glass, R. S.; Faulkner, L. R. Phys. Cheml1981, 85, 1160.

(13) Wallace, W. L.; Bard, A. JJ. Phys. Cheml1979 83, 1350.

(14) Bolletta, F.; Vitale, M.Inorg. Chim. Actal99Q 175, 127.

(15) Bolletta, F.; Bonafede, $ure Appl. Chem1986 58, 1229.

(16) McCord, P.; Bard, A. XJ. Electroanal. Chem1991, 318 91.

(17) Velasco, J. GJ. Phys. Chem1988 92, 2202.

(18) Kapturkiewicz, A.Chem. Phys. Lettl995 236, 389.

(19) Szrebowaty, P.; Kapturkiewicz, Ahem. Phys. Let00Q 328
160.

(20) Mussel, R. D.; Nocera, D. G. Am. Chem. S0d 988 110, 2764.

between ECL and electron transfer quenching mechanisms is  (21) Marcus, R. AJ. Chem. Phys1965 43, 2654.

principally correct and offers a useful approach in the explana-

tion of the results from the ECL studies of for Ru(bigh) —
R™ and Ru(phenf™—R™" systems, similar to what was previ-
ously reportetf for aromatic amines or anthraquinones. The

(22) Bock, C. R.; Connor, A. R.; Gutierrez, A. R.; Meyer, T. J.; Whitten,
D. G.; Sullivan, B. P.; Nagle, J. KI. Am. Chem. Sod.979 101, 4815.

(23) Kitamura, N.; Kim, H.-B.; Okano, S.; Tazuke, &.Phys. Chem.
1989 93, 5750.

(24) Kim, H.-B.; Kitamura, N.; Kawanishi, Y.; Tazuke, &.Phys. Chem.

kinetic data resulting from the luminescence quenching and the 1989 93, 5757.

transient absorption experiments allow the quantitative predic-

tions of the ECL efficiency. It may be expected that the

(25) Frank, R.; Greiner, G.; Rau, ?hys. Chem. Chem. Phyl999 1,
3481.
(26) Ohno, T.; Yoshimura, A.; Mataga, N. Phys. Chem199Q 94,

discussed relationship (most probable from a kinetic point of 4871.

view) should be also applicable in the case of the ECL systems

of the lec type. Extremely fast triplesinglet conversion
betweerf[RuLz*"+--A~] and[RulLs?"+--A~] forms in the cases

of aromatic nitrocompounds and small quinones may be
responsible for the observed relatively low (with respect to that

for the ECL systems of the hec type) ECL efficiencies.

Unfortunately, the lack of the necessary transient absorption

data does not allow quantitative discussion of this option.
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