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independent of X. Consequently, the relative differences between
the AH, values should be meaningful and clearly indicate that
the dihalogen adducts should be thermodynamically more stable
than the dihydrogen adduct.!?

Structural data for Pt,X, as well as for Pt,X, species, indicate
that both the Pt-Pt and the Pt—X bond lengths increase in the
order Cl < Br < I.!* Resonance Raman spectral measurements
on Pt,X (¢%¢*!) and Pt,X, (o?) indicate a decrease in the Pt-Pt
and Pt-X vibrational frequencies in the order Cl > Br > [,'»8
a trend ascribed to differences in electron donation from the axial
ligand X" in Pt,X (or Pt,X,) into the Pt—Pt do* orbital. These
results suggest that Dy(Pt,X) should decrease in the order C1 >
Br > I. The experimental PAC results indicate a similar ordering
for Do(Pt,X), C1 > Br ~ 1. The similar calculated bond disso-
ciation energies of Pt,Br and Pt,I are somewhat unexpected but
perhaps gan be explained by competing excited-state processes
of Pt,*.!

The Pt,* excited triplet state is one of the most reactive
metal-centered radicals toward atom-transfer reactions.! The
reactions of Pt,* are highly exothermic (AH,, Table I), in part
because of the extremely strong Pt—X bonds that are formed by
Pt,*, as indicated earlier. Although factors other than reaction
exothermicity are important in determining the absolute rates of
atom abstraction, several observations can perhaps be made.

First, Pt,®, with its do* electron, is electronically similar to alkyl,
hydroxyl, or other metal-centered radicals such as Mn(CO)s.
However, the reactivities of these species toward atom abstraction
can be quite different. These differences can potentially be related
to reaction enthalpy or bond strength differences. For example,
whereas the rates of hydrogen atom abstraction by Pt,*, 1-BuO*
radical, and also nm* excited states of ketones are similar, those
of other metal-centered radicals are somewhat slower.'®!®  As
indicated earlier, these metal-hydrogen bonds are considerably
weaker than the Pt-H and RO-H hydrogen bonds, ~103
kcal/mol.!"1420  The significantly faster rate of C! abstraction
from CCl, by Pt,*, 2 X 10° M~! s71,2® than by CH,*, ~10° M™!
57,2 is possibly related to the difference between the Pt—Cl and
the C-Cl bond strengths, 106 and 84.6° kcal/mol, respectively.

Second, halogen atom abstraction is apparently faster than
hydrogen atom abstraction for a given reaction exothermicity. For
example, iodine abstraction from C4H;I occurs significantly faster
than hydrogen abstraction from CsH;CH,OH, although both have
similar AH, values. The faster rates for halogen abstraction may
possibly indicate some charge-transfer character in the transition
state.

Third, the rate constants for quenching of Pt,* by aryl halides
(ArX) in methanol are in the order I > Br > C1.2® Although this
trend may follow ArX bond strengths as previously suggested,
it apparently does not simply follow the reaction exothermicities.
The AH, values for the reaction of Pt,* with chloro-, bromo-, and
iodobenzene are —10.6, -9.0, and -25.1 kcal/mol, on the basis of
the appropriate Do(Pt,X) values and the Dy(RX) values of the
aryl halides, 95.5 (Cl), 80.6 (Br), and 65.4 (I) kcal/mol."!
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Introduction

We report here the voltammetric behavior of dioxygen in a
basic, room-temperature chloroaluminate molten salt, 1-ethyl-3-
methylimidazolium chloride (ImCl) mixed with AICl;. Melts
composed of mixtures of ImCl and AICI, are basic, neutral, or
acidic, depending on whether the mole ratio, A1Cl;:ImCl, is less
than, equal to, or greater than 1, respectively. These melts and
the closely related 1-n-butylpyridinium chloride-AICl; systems
have found wide application in studies of the electrochemistry of
organic and inorganic species.'® The electrochemistry of O,
reduction has been the subject of numerous studies in aqueous,
nonaqueous, and high-temperature molten salt systems. These
have been reviewed in detail by Hoare.* To our knowledge, this
is the first report of the electrochemistry of O, in room-temperature
melts.

Experimental Section

ImCl was prepared by a modification of a previously reported proce-
dure® AICI, (Fluka) was purified by sublimation. Anhydrous FeCl,
(Alfa Products) was used as received. Melts were prepared by mixing
appropriate quantities of ImCl and AICl;. All manipulations (e.g.,
preparation of melts, assembling of electrochemical cells) were performed
inside a Vacuum Atmospheres Co. drybox, under an atmosphere of pu-
rified He.

All electrochemical experiments were performed outside of the drybox,
in a gastight, single-compartment cell. The volume of melt used for
electrochemical measurements was typically 20 mL. O, and Ar were
passed through a drying column composed of molecular seives and
Drierite, before entering the cell. Gases were introduced into the melt
via a gas dispersion tube immersed in the melt and were continuously
passed over the melt during measurements.

The working electrodes were glassy carbon (geometric area = 0.071
cm?) and Pt (geometric area = 0.025 cm?) disks, obtained from Bioa-
nalytical Systems. The electrodes were polished with 0.25-um diamond
paste (Buehler, Ltd.) on a Nylon buffing pad and were cleaned ultra-
sonically in 95% ethanol prior to use. The counter electrode was a Pt
wire. All potentials were measured with respect to an Al wire immersed
in 1.5:1 (mole ratio of AICly:ImCl) melt, denoted Al/AI(III). The ref-
erence electrode was separated from the working solution by a Vycor frit.
All measurements were conducted at the ambient temperature of the
laboratory (25 & 1 °C).

A Princeton Applied Research Model 273 potentiostat controlled by
a Digital Equipment Corp. Model PDP-8/e computer was used in all
experiments.

Results and Discussion

A typical cyclic staircase voltammogram (CSV), at a glassy-
carbon disk electrode, of an O,-saturated 0.95:1 melt is shown
in Figure 1A, Saturation of the melt, as indicated by the con-
stancy of the cathodic peak height (i) of the reduction wave with
time, required ca. 30 min of vigorous bubbling with dry O,. O,
is reduced in a single voltammetric wave with cathodic peak
potential E, = -0.7 V vs Al/AI(III). No other redox processes
are observed within the electrochemical window of the 0.95:1 melt
(+1.0 to -1.8 V). The reduction wave could be eliminated by
purging with dry Ar (Figure 1B). No reverse current was ob-
served, following reduction, for sweep rates, v, S S v <200 mV/s,
The peak current was a linear function of v'/2 but with a positive
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Figure 1. Cyclic staircase voltammogram of (A) O,-saturated and (B)

Ar-saturated 0.95:1 melt. Conditions: working electrode, glassy carbon

(geometric area = 0.071 cm?); staircase step height = S mV; staircase

frequency = 20 Hz; temperature = 24 °C.

intercept on the current axis. This is probably a consequence of
adsorption of O, onto the GC on the voltammetric time scale. On
increasing v, the wave broadened (e.g., |Eyc ~ Epcpp| = 139 mV
atv=5mV/sand 175 mV atv = 200 mV/s) E shlfted linearly
by =50 mV /decade increase in v. Addition of a proton source
(H,0), caused a positive shift in E.. These results are consistent
with a quasireversible electron transfer, followed by a fast, irre-
versible chemical reaction involving protons.® The heterogeneous
electron-transfer kinetics of O, reduction in the melt appear slow
compared to those observed previously in nonaqueous systems.
No electrochemical processes involving O, were observed in an
acidic (1.5:1) melt.

The glassy-carbon electrode was slowly passivated with respect
to O, reduction, following continuous voltammetric cycling,
possibly by formation of aluminum oxide or oxychloride species,
by reaction of AICl,” with the reduction product (e.g. H,O, or
H,0). For example, following the initial CSV scan shown in
Figure 1, successive cycles showed that the wave became broader
and shnfted to more negative potentials. The magnitude of i, also
decreased. Additionally, the background processes (Im* reduction
and Cl- oxidation) were shifted to more extreme potentials.
Continuous cycling through potentials positive enough to cause
Cl, evolution did not improve the behavior of the electrode. If
the glassy-carbon disk was allowed to remain in contact with the
O,-saturated melt, but at open circuit, similar passivation was
observed, within ca. 2 h of contact time. This required a much
longer time than that for passivation during cycling. In an
O,-saturated 1.5:1 melt, the electrode surface was affected in the
same way but much more rapidly. Thus, it appears that the
working electrode surface can be passivated both by formation
of insulating products at the electrode surface, during cycling, and
by slow oxidation of the electrode surface at open circuit. Similar
results were also obtained at Pt electrodes. A visible film formed
during cycling of the glassy-carbon electrode in the O,-saturated
melts. The surface of the electrode could be wetted by water much
more effectively than a freshly polished, hydrophobic surface. The
original behavior of these systems could only be obtained after
polishing the electrode and returning it to the melt.

A typical normal pulse voltammogram (NPV) of an O,-satu-
rated 0.95:1 melt is shown in Figure 2. The NPV showed a
pronounced maximum prior to the limiting current plateau (i),
indicative of adsorption of O, on the electrode surface.”® The

Notes
400 T T T T
oooo
9 4
asa 5 °
300r ° ° 1
°
o 2saf ° .
[N < o
z o
% 200} ° o, p
T P00o
2 1sof ° 1
T o
= 100fF ° 4
°
sof o° 1
oo°°°
Q
Ohefeeageed 22!O'"l.'l.'-'c.!.".o".'!tdc'Q‘..N
-50

5.0 5 E 53 oTs o8 e -1z
E/sV vS. RL/ALIIITIT)

Figure 2. Normal pulse voltammogram of O,-saturated 0.95:1 melt.

Conditions: pulse time = 20 ms; pulse step height = 25 mV. Other

conditions are as in Figure 1. Circles represent currents at end of each

pulse, and asterisks, the current prior to each pulse.

value of i, and that of the maximum were essentially independent
of pulse time (¢,) for ¢, < 100 ms (for step width = 25 mV) and
linear with ¢,7'/2 for ¢, ’> 100 ms. In the latter case, plots of iy,
vst/2had a sngmﬁcantly positive current axis intercept, consistent
with the presence of adsorbed O, on the electrode surface.’® At
large ¢, (e.g., 1 s) the current maximum was suppressed, but
Nernst plots of the rising portion of the NPV curve were highly
nonlinear. O, adsorption onto carbon has been documented
previously.! Adsorption of reactant at an electrode surface causes
a large current maximum that is pulse time dependent. As 1,
increases, the maximum is suppressed because of the difference
in time dependence of current due to adsorption (¢™!) and diffusion
(t"'72). The limiting current is depressed relative to that in the
absence of adsorption due to depletion of reactant at the electrode
surface.” Adsorption of O, here must be rather weak, since strong
adsorption of the reactant would give rise to a postwave at po-
tentials negative of the main reduction (in cyclic staircase vol-
tammetry experiments), whereas weak adsorption would not.”

The concentration of O, was determined by mixing a weighed
amount of O,-saturated melt with an excess of FeCl,. A poised
system with open circuit potential = +0.233 V was obtained,
indicating an equilibrium mixture of Fe(II) and Fe(III) chloro
complexes. E°’ of the Fe(II)/Fe(III) redox couple in this medium
is +0.267 V vs Al/AI(ITI).> No oxidation of Fe(II) was observed
in a blank experiment in which Ar-saturated melt was used. In
a basic melt, Fe(II) exists as FeCl,2",>!% which can actasa 1 ¢~
reductant. A composite NPV curve was constructed from two
experiments involving pulses to more positive (Fe(II) oxidation)
or more negative (Fe(III) reduction) potentials, initiated from
the open circuit potential of the system. From the fraction of the
total NPV current due to reduction of FeCl,, the concentration
of O, was estimated as 2.53 mM (based on 1 ¢~ reduction of O,).
Basic melts typically contain protonic impurities which exist in
the equilibrium'!

HCl + CI" = HCl, (1)

In our case, approximately 8.5 mM proton was present. Thus,
the saturation concentration of O, is probably closer to 0.63 mM,
since the stoichiometry of the Fe(II):O, reaction, in the presence
of a proton source, is at most 4:1. The maximum O, concentration
determined here is comparable to that found in several organic
solvents.!2
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Figure 3. Chronoamperometry of O,-saturated 0.95:1 melt. Potential

step was from 0.0 to 1.2 V vs Al/AI(IIT) for 50 ms. Other conditions
are as in Figure 1.

The fact that O, is capable of oxidizing FeCl,> in the melt
shows that there is a rather large overpotential for its reduction
at the GC surface. This is analogous to the behavior observed
in aqueous media. Our laboratory has noted previously that O,
is capable of oxidizing species with £°/ < 1.4 V vs Al!Al(III)
in acidic melts, e.g., Ru(bpy),?* (bpy = 2,2’-bipyridine).!* While
we have not determined the exact value of E°” for the O,/products
couple in the basic melt, it must be more positive than +0.267
V vs Al/AI(IID).

Double-potential step chronoamperometry, for steps to potentials
negative of the CSV peak of Figure 1 (~1.2 V vs Al/AI(III)) gave
linear Cottrell plots (i(¢) vs £71/2), for step times between 10 and
250 ms. A typical result is shown in Figure 3. The current axis
intercepts for reduction were essentially zero in these cases. No
reoxidation current was observed for the reverse potential step
(i.e., stepping from ~1.2 to 0.0 V) at the pulse times investigated.
Potential steps were performed at a potential negative enough that
interference from heterogeneous electron-transfer kinetics should
be precluded. However, we found that integration of the cur-
rent-time curve (e.g., to quantify adsorption) gave charge —r!/2
plots with significantly negative charge intercepts. This indicates
that there may still be some kinetic complication to charge transfer,
even at —1.2 V. The diffusion coefficient of O, in the melt, D,
was determined as 1.5 (£0.2) X 10™ cm?/s (based on a 4 e
transfer, e.g., O, + 4¢~ + 4HCI = 2H,0 + 4CI") and [O,] =
0.63 mM). This is an unusually large value for a small, diffusing
species in the melt (absolute viscosity of 0.95:1 melt = 20.6 cP).
From the Stokes—Einstein relation, using an aqueous diffusion
coefficient of 1.0 X 10~° cm?/s,'4 we have estimated D in the melt
as 4.8 X 1077 cm?/s (25 °C).

The large, apparent value of D suggests that the mechanism
of Cl)g l;g,eduction in the melt probably involves regeneration of O,,
e.g.!*

0, + ¢ = 0," @)
0, + HCl — HO,* + CI- 3)
2H02. - 02 + HzOz (4)

where O, evolved in disproportionation of the perhydroxyl radical
can be reduced further at the electrode surface. Such a reaction
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scheme is typical of the chemical step accompanying O, reduction
in aprotic solvents containing Brensted acids.

Attempts were made to conduct voltammetric experiments in
the absence of protons, in order to stabilize the 1e~ reduction
product, O,*~.1%1° Protons can be removed from basic melts by
heating at 75 °C under vacuum.2 Removal of protons was
confirmed by the absence of the characteristic voltammetric wave
for proton reduction at ca. —0.2 V using a Pt electrode. However,
we found that during the course of saturating the melt with O,,
proton was introduced to the extent of about 1 mM. This was
sufficient to preclude stabilization of superoxide. Given the ex-
perimental problems encountered with fouling of the electrode
(necessitating its removal from the cell for polishing after each
voltammetric scan), it is not possible to maintain a rigorously
proton-free melt, over the time required to collect data.
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The phenomenon of heme orientational isomerism is currently
a topic of some interest and is often functionally significant in
heme proteins.!-!! It has recently been reported!? that splitting
of the a band (the Qg band) in the optical absorption spectra
of some reconstituted-heme proteins is due to the presence of
superimposed spectra arising from rotational isomers of the
porphyrin in the protein. These studies were performed exclusively
with non-iron porphyrins, and it was concluded that the proximal
histidine can adopt “two different coordination modes” depending
on the orientation of the porphyrin in the protein, this conclusion
being extended to iron heme proteins as well. While the con-
clusions presented by the authors indeed appear applicable to
closed-shell non-iron porphyrins, another interpretation'*!4 must
be considered regarding the observed splitting of the o band in
certain native-heme (iron porphyrin) protein derivatives. Figure
1 depicts the spectra of the Fe!!™NO derivatives of two heme
proteins: Glycera dibranchiata hemoglobin major component
(Hb,),'*"!% a monomeric hemoglobin with the distal (E7) sub-
stitution His — Leu,'¢ and equine myoglobin (Mb), which pos-
sesses the archetypal histidine distal residue.!?
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¢ Abbreviations: Hb,'NO, nitrosyliron(III) form of Glycera dibranchiata
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