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Figure 3. (A) ECL spectrum of a 4 mM Cr(bpy);**/MeCN/0.1 M
TBAP solution (pulsing limits +2.2 and —1.6 V vs. Ag quasi reference
electrode at 0.5 Hz; Pt working and auxiliary electrodes). (B) Photolu-
minescence spectrum of a 1 mM Cr(bpy);** solution in MeCN on 436-
nm excitation.

-2.0 V) with an oxidant generated on stepping the voltage to
approximately +2.2 V. ECL were not observed when anodic limit
potentials of less than +2.0 V were employed—a result in harmony
with CV data, which revealed significant background anodic
currents only at potentials >+2.0 V. The identity of the oxidant
generated at potentials in excess of +2.0 V is as yet unclear,
although it is unlikely to be Cr(CN)¢>" due to the general absence
of electrochemical evidence for Cr(IV) species in solution.®
Doubling the supporting electrolyte concentration slightly de-
creased the ECL intensity, which suggests that TBAP is not the
source of the oxidant. Similar results were obtained with
(TBA)BF, as the backing electrolyte. We therefore tentatively
assign an adventitious solvent impurity as the origin of the Cr-
(CN)¢* oxidant.?! It is noteworthy that the light pulses were
generally observed only upon stepping to the cathodic limit (Figure
2A). This result is consistent with the Cr(CN)¢* produced in
the ~2.0 V pulse having a shorter lifetime than the oxidant formed
at the anodic limit. The strongest ECL signals were observed in
DMF and acetonitrile with a pulse width of 0.5 s, and 1 s for
Me,SO solution.

In view of the rather negative potential for the Cr(CN)y
couple and the unusually low energy of the Cr(CN)4*" 2E, excited
state (~800 nm emission, 1.5 €V),% a range of oxidants might
potentially be capable of generating chemiluminescence via re-
action with Cr(CN)¢*. We are presently exploring these pos-
sibilities further.

B. Cr(bpy);’*. In keeping with earlier reports,?? the CV of
Cr(bpy);** in acetonitrile exhibited reversible electrochemical
behavior on Pt for the Cr®*/2*, Cr?*/*, and Cr*/° couples. The
reduced species Cr(bpy);>*, Cr(bpy);*, and Cr(bpy),® might all
therefore be considered as potential redox precursors to chemi-
luminescence from the 2E, excited state of Cr(bpy);**. ac-ECL
is in fact observed on pulsing a 4.0 X 107> M solution of Cr(bpy),**
between +2.2 and —1.6 V, and the ECL spectrum agrees closely
with the photoluminescence spectrum of Cr(bpy),>* (Figure 3).
Electrogeneration of the 2E, (O;) excited state of Cr(bpy);** is
thus clearly established.?

The intensity of the ECL signal was markedly dependent on
the voltage employed as the cathodic limit for the working elec-
trode. At potentials that produce Cr(bpy);** (-0.2 to -0.5 V)

3-/4-

(21) The results obtained on intentional contamination of solutions with small
amounts of O, and H,O exclude these species as the oxidant source. In
both cases some emission quenching occurred, the effect being especially
marked in the case of H,O. Prior studies have shown that both species
also quench Cr(CN)¢> photoluminescence.® A reviewer also suggested
the Pt electrode itself may function as the oxidant in these systems.
Although an electrode oxidant might result in ECL on stepping to
positive potentials, this mechanism will not account for the much greater
emission intensity observed on stepping to the cathodic limit potential.

(22) Hughes, M. C.; Macero, D. J. Inorg. Chem. 1976, 15, 2040 and ref-
erences therein.

(23) Kane-Maguire, N. A, P.; Conaway, J.; Langford, C. H. J. Chem. Soc.,
Chem. Commun. 1974, 801.
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and Cr(bpy)st (0.7 to -1.1 V) only very weak signals were
observed. A much larger ECL signal was generated on stepping
to —1.6 V, where CV data predict formation of Cr(bpy),.. At
present we can offer no ready explanation for this interesting
intensity dependence on cathodic potential. Finally, the identity
of the oxidant in this system has again not been established,
although a solvent impurity is considered the most probable source
of this species. The ECL signal was maintained for several hours,
and only minor deposition on the Pt electrode surface was detected.
Once again, emission pulses were observed only as the system was
stepped to the cathodic limit, and the strongest signals were de-
tected for a pulse width of 0.5 s.
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The effect of copper ions on the product composition in catalytic
free-radical processes in aqueous solutions was interpreted as
indicating that short-lived intermediates with copper—carbon bonds
are formed in these processes.® Recently it was shown that
indeed the reactions

Cu?*(aq) + ‘R Nl [Cul"-R(aq)]?* n
Cu*(aq) + 'R -, [Cu™-R(aq)]* 2)

can be followed in aqueous solutions by using pulse radiolysis or
flash photolysis techniques*® (where *R is an aliphatic free
radical). These techniques enable also the study of the properties
of the [Cu'~R(aq)]?** and [Cu'-R(aq)]* complexes. We have
recently shown® that one can extend the range of reactions? that
can be studied by preparing solutions of Cu*(aq) via

Cu?*(aq) + Cr?*(aq) — Cu*(aq) + Cr'!(aq) 3)

By use of this reaction solutions containing [Cu*(aq)]/[Cu**(aq)]
< 0.2 can be easily prepared and kept for several hours.” As &,
is in many systems over 2 orders of magnitude larger than k;,
reaction 2 can be directly followed. (The reactions of Cr'!(aq)
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with aliphatic free radicals are very slow.!9)

With use of these techniques the specific rates of the 5-elim-
ination reactions Cull~CH,CR!'R?0OH*(aq) — Cu?*(aq) +
CH,==CR!R? + OH" were studied*!! and found to be consid-
erably higher than those observed for a series of analogous re-
actions with different central cations. The higher rates of the
B-elimination reactions were tentatively attributed to the tendency
of copper(II)—carbon bonds toward homolysis.!2

We decided to check whether copper(1I) also induces cleavage
of etheric bonds in analogy to the reactions observed for chro-
mium(III) complexes.!> A natural choice!® for such a study is
the analysis of the mechanism of decomposition of Cull-
CHCH,0CH,CH,0%(aq) formed via

Cu*(aq) + '(EHCHZOCHZCHZIO -
Cu”—(IJHCHZOCHZCHZQ*'(aq) 4)

The results however indicate that the latter complex decomposes
homolytically and that the free radicals 'CHCHZOCHZCHZQ

thus formed slowly reduce the excess Cu?*(aq) ions present in the
solution.

Nitrous oxide saturated solutions containing (9-90) X 10* M
CuSO,, (3-30) X 105 M Cr'¥(aq) and Cu*(aq), and 0.1-1.0 M
OCH,CH,0CH,CH,'’ in the pH range 0.7-5.0 were irradiated

by 0.3-1.5-us pulses of 200-mA, 5-MeV electrons. The experi-
mental setup was identical with that described earlier in detail.*
The pulse intensity was 600-3000 rd. Under these conditions the
following reactions have to be considered:

H,0 <= ¢(aq), *OH, *H, H,, H,0,, H;0*(2q)  (5)

H,0
e*(aq) + N,O — *OH + OH~(aq) + N,
k=87X10° M 116

(6)

e"(aq) + Cu?*(aq) — Cu*(aq)
k=3.1x 101 M- 116

e(aq) + H,O0* — "H

)

k=20X100M"s116  (3)
*H + Cu*(aq) — CuH"(aq)
5% 10°< k < 2 X 1010 M1 §7117
“H/OH + OCH,CH,0CH,CH, —
L———Hz/f-lij + "CHCH,0CH,CH,0 (10)

&)

kow = 2.0 X 10° M~ 57117
ky =13 %107 ML 119
'C‘JHCHZOCH2CH210 + Cu?* — Cu* oxidation products
(11)
2'§HCH20CH2CH29 — products 12)

and reaction 4.2
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Figure 1. Plot of the observed first-order rate of formation of Cu'l-
CH,0CH,CH,0%(aq), ks, vs. [Cu*(aq)] and a plot of 1/OD vs. 1/

[Cu*(aq)] (eq 12).
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Figure 2. Spectrum of Cu-CHCH,0CH,CH,0%(aq). Solution com-

position: 9 X 107 M Cu?*(aq), 2 X 10 M Crlll(aq), 2 X 10* M

Cu*(aq), 0.09 M 1,4-dioxane, pH 2.6, N,O saturated. The spectrum was
measured 20 us after a pulse producing 7 X 10" M of free radicals.

Thus all the primary free radicals are transformed, under the
experimental conditions, into *CHCH,OCH,CH,0 free radicals

during the pulse. Under these conditions one observes the for-
mation of a short-lived transient. The rate of formation of this
transient obeys a pseudo-first-order rate law, the rate depending
linearly on the concentration of Cu*(aq) and being independent
of pH, [Cu?*(aq)], and [OCH,CH,0CH,CH,] (Figure 1). We

attribute therefore the short-lived transient to Cull-
CHCHZOCHZCHZQ+(aq) formed in reaction 4. The relatively

large intercept in Figure 1, which is independent of pH,
[Cu?*(aq)], and the dose of the pulse, cannot be attributed to
reactions 11 and/or 12. The intercept therefore suggests that
reaction 4 is an equilibrium process:

kg
*CHCH,0CH,CH,0 + Cu*(aq) 7=
Cu[I-‘CHCHzOCHzCHle*(aq) (4)

From the slope in Figure 1 one obtains k, = (2.5 £ 0.5) x 10°
M~ 57! and from the intercept k_, = (8 £ 2.0) X 10*s™!. From
these data K, = (3.1 £ 1.5) X 104 M! is derived.

If Cu'"~-CHCH,0CH,CH,0%(aq) is indeed formed in the

equilibrium reaction 4, then the absorbance?! due to it, OD, at

(19) Neta, P.; Fessenden, R. W.; Schuler, R. H. J. Phys. Chem. 1971, 75,
1654.

(20) The reactions of free radicals, except e(aq) with Cr''(aq) are known
to be very slow® and are therefore not considered.
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Figure 3. Kinetic relations for the observed rate of decomposition, Kqpa
of Cu"-CHCH,0CH,CH,0%*(aq) according to eq 14. Plots of kg

[Cu*(aq)] vs. [Cu?*(aq)] and of k,uq/[Cu?*(aq)} vs. 1/[Cu*(aq)] are
shown.

0

390 nm (where neither Cu*(aq) nor *CHCH,0CH,CH,0 ab-
sorb) should obey the equation

1 1 1 1
LI +
OD ~ K,(OD.) [Cu*(aq)] OD.

13)

where OD,, is the absorbance of the transient at saturation, i.e.
for [Cu*(aq)] = =. A plot of 1/OD vs. 1/[Cu*(aq)] (Figure 1)
proves this relation. From the intercept one calculates the ab-
sorption coefficient of Cu'-CHCH,0CH,CH,0*(aq) at 390 nm

¢(Cul'l-CHCH,0CH,CH,0%(aq)) = 3200 M~! cm™’. From the

slope and the intercept K, = (2.0 & 0.5) X 10* M~} is derived.
This result is in good agreement with that obtained from the kinetic
data, and-we conclude that K, = (2.5 £ 1.0) X 10* M}, Thus
the free energy gain in reaction 4 is AG® = -5.7 kcal/mol.
The absorption spectrum of Cu’'~CHCH,0CH,CH,0*(aq)

(Figure 2) is similar to that observed for other Cul'-R*(aq)
complexes.*”%1” We assign therefore the absorption band to a
LMCT transition.?

When analogous experiments were carried out with C;H;OC,H;
replacing 1,4-dioxane, no analogous transient was observed. This
result suggests that “X,” is significantly smaller for *CH(CHS)-
OC,H; radicals than for 'CHCHZOCHZCHZ(‘) radicals. This is

(21) Measured immediately after reaction 4 reaches equilibrium and before
Cul'-CHCH,0CH,CH,0%(aq) starts to decompose. The two pro-

cesses are well-separated in time.
(22) Schwarz, H. A.; Meyerstein, D., submitted for publication in J. Am.
Chem. Soc.
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indeed the case for the analogous complexes (nta)Co™-R (H,0)"
with these free radicals.!!1?

The kinetics of  decomposition of  Cull-
CHCH,0CH,CH,0%(aq) obey a pseudo-first-order rate law in

[Cu?*(aq)] and an inverse dependence on the concentration of
Cu*(aq), the rate being independent of [H;0*] in the pH range
0.5-4.0 and nearly independent of the concentration of 1,4-dioxane.
These results indicate that the mechanism of decomposition
consists of the equilibrium reaction 4 and reaction 11. For this
mechanism the steady-state approximation for the free radical
*CHCH,0CH,CH,0 yields

—d[CuH—QHCHZOCHZCHZq(aq)] /dt =
{k_sk11[Cu?*(aq)] [CUH‘?HCHzocH2CH2(?T"(3CI)]} /
{ks[Cu*(aq)] + kyy[Cu**(aq)]}

and as under our experimental conditions k4[Cu*(ag)] > k;-
[Cu**(aq)]®

~d[Cu"-CHCH,0CH,CH,0*(aq)] /dt = (k11/Ki) X
([Cu**(ag)]/ [Cu*])[Cul'-CHCH,0CH,CH,0*(aq)] (14)

Therefore plots of kg,sa[Cu*(aq)] vs. [Cu?*(aq)] and of kgpea/
[Cu?*(aq)] vs. 1/[Cu*(aq)] should yield straight lines with slopes
of k;/K, (where kg is the experimentally observed first-order
rate constant). Such plots are shown in Figure 3; from the slopes
one derives k;/K, = 160 and 140 s™!, respectively. Therefore,
k;; = (4.0 £ 0.8) X 105 M~! 57\,

The results thus indicate that even at pH 0.5 no cleavage of
the etheric bond due to S-elimination occurs. If one assumes that
the relative rates of the B-elimination reactions for Cu'-
CHCHZOCHZCHZ(.)*(aq) and Cr''-CHCH,0OCH,CH,0%*-

(aq)'*?* equals the relative rates of the S-elimination reactions
for Cul'~-CH,CH,0H*(aq)* and Cr'"-CH,CH,0H%**(aq),” then
one calculates for the decomposition of Cull-
CHCH,0CH,CH,0%(aq) via this mechanism at pH 0.5 a spe-

cific rate of 3.8 X 102 57!, The observed rate of decomposition
under our experimental conditions was always >1.5 X 103s™1. It
is therefore not surprising that we did not observe decomposition
via B-elimination.
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