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estimates relying on metal-metal distance and size or A alternancy 
of the bridging ligandasb The contributions from very different 
kinds of metal fragments to the A overlap with one specific ligand 
bridge are certainly more difficult to predict: however, intensities 
of pertinent charge-transfer transitions can serve as useful 
guidelines.25b This approach has triggered the successful search 
for organometallic dS/d6 (p-pyrazine) analogues of the Creutz- 
Taube ion that display more intense charge-transfer transitions 
and much larger values of K ,  than the inorganic parent system.2s 
Considering these more practically oriented rules for electronic 

coupling in addition to the well-known statistical and solvational 
contributions to K,, it should thus be possible for experimentally 
working chemists to rationally design and synthesize new mix- 
ed-valence systems with very large stability  constant^.^^^^ 
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The electrochemistry and electrogenerated chemiluminescence (ECL) of [ lr(COD)(pL)]2, where COD is 1.5-cyclmtadiene and 
L is the anion of pyrazole (pz) and substituted derivatives 3-methylpyrazole (mpz) and 3.5-dimethylpyrazole (dmpz), were studied 
in tetrahydrofuran (THF)/0.3 M tetra-n-butylammonium hexafluorophosphate (TBAH). A reversible I-electron oxidation was 
observed for all compounds, with the potential of the wave shifting to more negative potentials with increasing substitution of the 
bridging ligands. An irreversible 1 -electron reduction was observed for all three compounds, attributed to a following reaction 
of the reduction product. The electrode reaction appears more reversible with increasing substitution of the bridging ligands, and 
the rate constant of the reaction following reduction of the compounds was found to decrease from 30 f 10 s-I for L = pz to 0.33 
f 0.09 s-I for L = dmpz. ECL was produced upon sequential generation of Ir2+ and Ir; by pulsing the potential of a Pt working 
electrode (at 20 Hz) between the anodic and the cathodic peak potentials. The emission is characteristic of the )B2 excited state 
of Ir2 previously observed in the photoluminescence spectra of these compounds. ECL was also observed by oxidizing the Ir2 
compounds in solutions containing TBA oxalate. 

Introduction 

We report a study on the electrogenerated chemiluminescence 
(ECL) of [Ir(COD)(p-L)]z, where COD is 1,S-cyclooctadiene and 
L is the anion of pyrazole (pz) and the substituted derivatives 
3-methylpyrazole (mpz) and 3,s-dimethylpyrazole (dmpz). Much 
of the literature on the ECL of metal complexes is concerned with 
only a few types of coordination compounds such as R U ( I I ) ~ * ~  and 
Os( I I p 4  tris chelates (bipyridine or phenanthroline) and mo- 
lybdenum( 11) halide c l u ~ t e r s . ~ * ~  While many binuclear complexes 
containing two d8 transition metals have been found to luminesce 
strongly and to have accessible oxidized and reduced states, little 
work has been carried out on their ECL properties. Some studies 
of ECL from [Pt2(p-PzOSHz)4]e have been reported by our group 
and others.’~~ Studies of this complex were hampered by the 
instability of the difficult-to-characterize reduced species [Pt2- 
( C ( - P ~ O ~ H ~ ) ~ ] ~ .  In this paper, we report the observation of ECL 
from solutions containing [Ir(COD)(p-L)], alone and in the 
presence of oxalate anion. These complexes have attracted much 
attention for their novel therma19J0 and photochemical1I reactivities 
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and electrochemicalI2 properties. The application of the ECL 
technique to this system should be useful in exploiting the elec- 
tronic properties of the d8-d8 chromophore. 
Experimental Section 

The compounds [Ir(COD)(ppz)12 (l) ,  [Ir(C0D)(fi-mpz)l2 (Z), and 
[ Ir(C0D)(p-dmpz)l2 (3), all abbreviated here as Ir2. were prepared by 
the literature method.’) Reagent grade tetrahydrofuran (THF) was 
predried over KOH and then twice distilled from sodium benzophenone 
ketyl. Tetrabutylammonium hexafluorophosphate (TBAH), used as the 
electrolyte, was recrystallized from EtOH followed by THF/ether. 
Tetrabutylammonium oxalate [(TBA),Ox)] was prepared by mixing 
tetrabutylammonium hydroxide and oxalic acid in a 2:l molar ratio. The 
hydroscopic white solid was dried under high vacuum at room tempera- 
ture for several days and stored in a drybox. The Ir2 and oxalate reagents 
were kept in separate storage bulbs on the cell and added to the elec- 
trolyte solution after collection of background data. The solvent was 
degassed by several freeze-pump-thaw cycles Torr) before being 
vacuum-transferred to a storage bulb on the electrochemical cell con- 
taining dry electrolyte. Alternatively, degassed THF was stored in a 
He-filled drybox and added to the cell in the drybox. A one-compartment 
cell was used for most experiments, except the coulometric measure- 
ments, in which a three-compartment cell was employed. The three- 
electrode configuration was used, with a Pt disk, flag, or gauze as the 
working electrode, Pt foil or gauze as the auxiliary electrode, and Ag wire 
as the reference electrode. The silver quasireference electrode (AgQRE) 
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Table I. Electrochemical and Corrected Photoluminescence Data for 1-3 in THF/0.3 M TBAH (CV Scan Rate = 200 mV/s; Potentials 
Referenced to the SCE) 

compd EO'( I r 2+/0) / mV ipc/ikm Eo'(Ir?/-)/mv iF.l/iPC X,,OBNnm kp/s-I 
1 +0.342 I .o -2.492 0.37 682 30f  IO 
2 +0.3 18 1 .o -2.487 0.39 
3 +0.279 1 .o -2.510 0.65 714 0.33 f 0.09 

O k r  = observed rate constant for the reaction following irreversible reduction of the 1r2- complexes. 

was separated from the working electrode by a medium-porosity frit. The 
potential of the QRE was measured against the Cp*,Fet/O couple 
(Cp*?Fe = decamcthylferrocene) in the sample solution at the end of the 
experiments. Measured potentials were referenced to the saturated 
calomel electrode (SCE), using a potential of -0.144 V vs SCE for the 
CP*~F~+/O couple.'4 No iR compensation was used; rather, the impor- 
tance of uncompensated resistance was assessed from the peak separation 
of the anodic and cathodic waves of the Cpt2Fet/0 couple. Voltammetric 
and ECL experiments were performed with Princeton Applied Research 
Model I75 universal programmer, Model 173 potentiostat and Model 176 
current follower. Chronocoulometry and bulk electrolyses were carried 
out with a Bioanalytical Systems BAS-IO0 electrochemical analyzer. 
The ECL spectra were obtained with a monochromator (Oriel Model 
7240) with 0.2-mm slits and a single-photon-counting system (Hama- 
matsu Model C1230), which included a Hamamatsu R928 photomulti- 
plier tube in a thermoelectronically cooled housing. The detector output 
was collected by a Norland Model 3001 digital oscilloscope and stored 
for subequent plotting. These spectra were not corrected for detector 
response. Photoluminescence spectra were recorded on a Spex Fluorolog 
2 spectrofluorometer and were corrected for detector response. Visible 
absorption spectra were obtained with a Hewlett-Packard Model 8450A 
diode-array spectrophotometer. 
Results and Discussion 

Electrochemistry of [I~(COD)(C(-L)]~ The cyclic voltammo- 
grams (CVs) of 1-3 ([lr2] = 2 mM) at 200 mV/s in T H F  con- 
taining 0.3 M TBAH are shown in Figure 1. The complexes 
display a quasireversible oxidation and a less reversible reduction. 
The formal potentials for the oxidative process, obtained by av- 
eraging the peak potentials (E,) of the anodic and corresponding 
cathodic reversal waves, are +0.342, +0.318, and +0.279 V vs 
SCE for 1-3, respectively, at 200 mV/s (Table I). The potential 
for the oxidative process is more negative with increasing methyl 
substitution of the bridging ligand, as expected for electron-do- 
nating alkyl substituents. The ratio i / i ,  (where i, and i, are 
the peak currents for the anodic anfcathodic  (reversal) wave, 
respectively) a t  this scan rate was 1.0. The formal potentials for 
the reductive process are  much less dependent on the bridging 
ligand substituents and are -2.492, -2.487, and -2.5 IO V for 1-3, 
respectively, a t  200 mV/s vs SCE.  At this scan rate, the ratio 
iw / i ,  was 0.37 for 1 ,0 .39 for 2, and 0.65 for 3. At faster scan 
rates, i,/i, for the reduction approaches 1 .O for all complexes. 
Thus, while the oxidized Ir2 species are stable on the CV time 
scale, the reduced species appear to undergo a following chemical 
reaction. The three small oxidation peaks that are seen on scan 
reversal following the cathodic peak Fetween ca. -0.2 and -1.2 
V vs SCE for each complex are ascribed to decomposition products 
formed upon reduction of the Ir, compounds. 

Previous studies l 2  have demonstrated that the voltammetric 
response of 1 is highly sensitive to solvent and supporting elec- 
trolyte. For example, in acetonitrile, a single 2-electron quasi- 
reversible oxidation was observed. However, in very dry di- 
choromethane, the 2-electron wave was split into a quasireversible 
I -electron wave and a second, irreversible 1 -electron wave a t  a 
more positive potential. Several measurements carried out in this 
study with THF/TBAH established that under these conditions 
the oxidation in each compound is a I-electron process. The peak 
separations Ep-Epc for 1-3 were 95 mV as was the peak separation 
of the reference C P * ~ F ~ + ~ O  couple. Since this latter couple follows 
Nerstian behavior in most solvents, the observed splitting greater 
than 58 mV suggests that uncompensated resistance affects the 
Ep values in all cases. Bulk coulometric oxidation of 3 at +0.454 
V vs SCE resulted in the removal of 1 .O f 0.1 Faraday/mol (nam). 

(14) Under the conditions employed, the potential of the Cp2*Fe+/0 couple 
was 0.45 I V more negative than that of Cp,Fe+/O. 

I /  

+1 .o 0.0 -1.0 -2.0 *3.0 
V vs. SCE 

Figure 1. Cyclic voltammograms of 2 mM 1-3 in THF/0.3 M TBAH 
at a Pt electrode. Scan rate = 200 mV/s. 

An absorption spectrum of the olive green oxidized solution showed 
bands a t  440 and 496 nm as well as a very shallow, broad band 
a t  ca. 800 nm. These features are in excellent agreement with 
the spectrum of 3' observed in spectroelectrochemical studies 
carried out by Boyd and Mann.I5 The similar voltammetric 
behavior for 1 and 2 suggests that the oxidation observed for these 
compounds is also due to a I-electron process. However, bulk 
electrolysis of 1 a t  +0.466 V resulted in Nap, = 1.9 f 0.1, This 
result indicates that 1+ undergoes a further reaction on the bulk 
electrolysis time scale (-30 min). It has been shown12 that 1+ 
reacts with halogenated solvents to give Ir(I1)-Ir(1I) products. 
A similar reaction to form either an Ir(I1)-Ir(I1) binuclear or an 
Ir(II1) mononuclear species probably occurs in THF,  although 
the exact product and mechanism are unknown a t  this time. 

The observation that the peak current and peak separation of 
the reduction in each complex is comparable to that of the Ir2+/0 
couple suggests that the reductions are also 1-electron processes. 
However, the Ir,- species appear to undergo irreversible following 
chemical reactions. At 200 mV/s, three return oxidations are seen 
at -0.298, -0.583, and -0.958 V for 1, -0.282, -0.607, and -1.13 
V for 2, and -0.330, -0.628, and -0.871 V for compound 3. For 
each complex, these oxidation waves are not observed when the 
reduction scan is reversed a t  potentials positive of the Ir20/- couple, 
indicating that they are a consequence of generating Ir2-. The 
rate constant of the following reaction in 1 and 2 was estimated 
by measuring the peak current ratios ip/ipc as a function of sweep 
rate. The data were analyzed by the method of Nicholson and 
Shain16 for the case of an electron transfer followed by an irre- 

( I  5 )  Boyd, D. C. Ph.D. Thesis, University of Minnesota, 1987. 
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Table 11. ip / iv  as a Function of Scan Rate for 1 and 3 with Estimated Rate Constants for the Reaction following Reduction of the 1r2 
Complexes 

compd I compd 3 
scan r a t e / V d  i,../im ktls-l scan rate/V& imlim kr1s-l 

IO 
12 
15 
20 
30 
40 
50 
60 
75 
80 
IO0 
125 
150 

0.61 
0.64 
0.68 
0.68 
0.73 
0.80 
0.77 
0.82 
0.83 
0.86 
0.84 
0.88 
0.90 

16 
16 
18 
23 
27 
25 
36 
33 
39 
27 
45 
42 
42 
30 IO (av) 

versible chemical reaction. A 25-pm Pt microelectrode was re- 
quired for measurements of 1 to achieve fast enough sweep rates 
to obtain significant reversal oxidation currents. The first-order 
rate constants (kf) for the disappearance of Ir2- are estimated to 
be 30 f 10 s-I and 0.33 f 0.09 for 1 and 3, respectively. Table 
I1  shows the data used to estimate the rate constants. It is clear 
that adding bulky substituents to the bridging ligand stabilizes 
the 1r2- moeity. 

The relative insensitivity of the potentials of the Ir:/- couple 
with respect to the bridging ligands suggests that the reduction 
is metal centered. Reductions of 1 or its analogues have not been 
previously reported, although formation of what are formally d a d 9  
species is not unprecendented. Reductive quenching" of excit- 
ed-state Rhz(p-L4)z+ and pulse radiolysis'* of [Rh2(p-L4)I2+ and 
[Pt2(p-P205H2)4]e have been found to produce short-lived 1- 
electron-reduced products. These reductions are  thought to be 
metal centered. A 2-electron reduction of [R2(p-P205H2)4]e by 
[Cr(H2O)J2+ has also been reported.19 According to the 
qualitative molecular orbital scheme developed for d a d a  com- 
plexes,20 a metal-centered 1 -electron reduction should add 1 
electron to a low-lying p a  orbital (ground state 2A2 for C, sym- 
metry), strengthening the M-M interaction as the formal bond 
order increases from zero to one-half. The observed instability 
of the Ir2- species may be due to the inability of the ligands to 
stabilize such electron-rich metal centers. Further experiments 
are  required to characterize fully these Irz complexes. 

ECL of [ I ~ ( C O D ) ( M - L ) ] ~  ECL is produced upon alternate 
generation of Ir2+ and Irz by pulsing the potential of a Pt working 
electrode (at 20 Hz) between the anodic peak potential of the 
oxidation and the cathodic peak potential of the reduction. The 
ECL of 1 and 3 was studied. The ECL spectra consist of a single 
band centered at 694 nm for 1 and 7 19 nm for 3. These emission 
maxima correspond to the 3B2 emission2I observed a t  682 and 714 
nm in the conventional photoluminescence spectra of 1 and 3 in 
THF/TBAH.22 Shown in Figure 2 are the photoemission and 

(16) Nicholson, R. S.; Shain, 1. Anal. Chem. 1964, 36, 706. The first-order 
rate constant of the reaction following the reduction of Ir2 was estimated 
by measuring i , / i  at several scan rates and comparing them to the 
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reported rate constants are averaged for several scan rates (given in 
Table 11). Only im/ iv  values >0.5 were used to minimize the uncer- 
tainty in measuring the return oxidation peak currents. The switching 
potentials used were -2.87 and -2.82 V for 1 and 3, respectively. 
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Figure 2. (A) Uncorrected ECL spectrum of 2.5 mM 1 in THF/0.3 M 
TBAH obtained by pulsing the potential of the working electrode be- 
tween +0.35 and -2.50 V vs AgQRE at 20 Hz. (B) Corrected photo- 
luminescence spectrum of 1 in THFl0.3 M TBAH, hX = 480 nm. 

ECL spectra of 1. The luminescent 'B2 species is formed by the 
annihilation reaction represented in eq 1. The driving force for 

(1) Irz+ + I r y  - Ir2* + Ir, 
the electron-transfer reaction can be estimated from the CV data 
to be 2.9 and 2.8 eV for 1 and 3, respectively. This is sufficient 
to populate both 'B2 and 3Bz states in the complexes ( E ,  values 
for 3B2 are estimated to be 2.06 and 1.97 V for 1 and 3, respec- 
tively; the values for IB2 are 2.46 and 2.37 V). The less intense 
'B2 emission is not oberved in the ECL spectra of either complex, 
probably because of self-absorption by the optically dense solutions 
employed in the electrochemical  experiment^.^^ 

The ECL intensity of 3 is somewhat larger than that of 1. 
Moreover, a passivating layer forms on the working electrode after 
prolonged pulsing between anodic and cathodic limits in the case 
of 1. Both effects may be attributable to the more rapid decom- 
position of the Ir,- species of 1. Some of the material produced 
in the reaction following the reduction probably precipitates on 
the working electrode. 

ECL can also be produced by oxidizing Irz solutions that contain 
oxalate. In oxalate-containing systems, ECL is produced upon 
stepping the potential only in the region of anodic reactions, 
because a strongly reducing species (CO,'-) is produced during 
oxidation of oxalate." This procedure circumvents problems with 

(23) Typically. the ECL spectra were obtained with [Ir2] = 2.0-3.0 mM and 
an optical pathlength of ca. 0.5 cm. The extinction coefficient of 1 at 
X.= 560 nm (Amx of the singlet emission) is approximately 320 M-' 
cm-', Le., approximately 3.5% of the previously reported2' extinction 
coefficient of 9100 M-' cm-' for the A, of the singlet absorption. Thus, 
approximately 50-75% of any 560-nm ECL would be absorbed by the 
solution, making it difficult to observe the singlet emission under the 
experimental conditions employed. A similar situation exists for 3. 
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E 

I I I I I 
Cl .o 0.0 .1.0 -2.0 -3.0 

V vs. SCE 

Figure 3. (A)  Cyclic voltammogram of 2.5 mM 1 in the presence of a 
ca. 5-fold excess of (TBA)*Ox in THF/0.3 M TBAH. Scan rate = 200 
mV/s. (B) ECL vs potential profile for solution in (A). The ECL 
spectrum was identical with that in Figure 2A. 

the instability of the reduced reactant, e.g., Iry in this study. The 
CV of a solution of 1 containing a 5-fold ex= of (TBA),Ox along 
with the ECL intensity vs potential profile is shown in Figure 3. 
The broad, irreversible oxidation a t  -0.77 V (vs AgQRE) is due 
to oxidation of oxalate. ECL spectra of 1 and 3 in the presence 
of oxalate were obtained by pulsing the working electrode between 
+0.4 and -0.1 V at 50 Hz. The spectra produced by this method 
were essentially identical with those produced in the absence of 
oxalate by the Ir2+/- reaction (eq I ) ,  although the ECL intensity 
was significantly larger when oxalate was used. The mechanism 
for producing ECL from single-potential-step oxidations of Ir, 

(24) Ege. D.: Becker, W. C.; Bard, A. J.  Anal. Chem. 1984, 56, 2413. 

solutions containing oxalate probably follows that proposed for 
the Ru(bpy)32+/0x system.25 The following scheme is proposed: 

(2) 

(3)  

(4) 

(5) 

( 6 )  
Note that, under the conditions employed here, oxalate is elec- 
trochemically oxidized at a potential less positive than that of the 
metal species and that the concentrations of C20d2-, C204*-, and 
COz'- must be negligible a t  the electrode surface a t  potentials 
where Ir, is oxidized. Thus, the reactions which lead to ECL, 
particularly reactions 3, 5, and 6 ,  occur away from the surface, 
but probably within the diffusion layer. 

The onset of ECL occurs just a t  the foot of the Ir2 oxidation 
wave, which grows in height, loses its cathodic reversal peak, and 
shifts to less postitive potentials upon addition of oxalate. This 
behavior is characteristic of a catalytic (EC') reaction scheme, 
where the oxidized form reacts with a solution species to regenerate 
the parent species.25 In this case a "prewave" on the Ir2 oxidation 
appears in the presence of oxalate, and the emission intensity 
maximizes a t  the potential of the prewave. A similar, but less 
pronounced, effect is found in the CV of 3 in the presence of 
oxalate. The ratio of the peak currents i,'/iw (where i,' is the 
peak current of the prewave) was independent of scan rate and 
increased with increasing oxalate concentration. The appearance 
of this prewave, which was reproducible, does not follow the usual 
considerations of an EC' reaction scheme, where the species that 
reacts with the electrogenerated oxidant is not directly oxidizable 
at the electrode in this potential region. Further studies are 
required to elucidate the detailed mechanism that gives rise to 
the observed electrochemical behavior of [Ir(COD)(p-L)], in the 
presence of oxalate. 

In conclusion, we have shown that in THF solution, 1-3 can 
be oxidized and reduced in I-electron reactions. Reduction affords 
the unstable species Iry, a formally d a d 9  species that is suffrciently 
long-lived to react with sequentially generated Ir2+ to produce Ir2*. 
The excited-state species IT2* can also be produced by simply 
oxidizing Ir2 in the presence of oxalate. 
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Ir2 - Ir2+ + e- 

Ir2+ + C204,- - Ir2 + C204*- 

C204*- - C 0 2  + C02'- 

COZ+ + Ir, - IT2- + CO, 

Ir2+ + C0,'- - Ir2+ + CO, 

followed by (1) and/or 

(25) Bard, A. J.; Faulkner, L. R.  Electrochemical Methods; Wiley: New 
York, 1980 p 455. 


