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Ruthenium(II) tris(2,2′-bipyridine) chelate shows chemiluminescence (CL) both during dissolution of metallic aluminium in a
onditions, and during dissolution of magnesium metal in acidic conditions. The presence of peroxodisulfate ions strongly enh
L. Magnesium system provides considerably better detectability of the present chelate giving linear calibration plot spanning
rders of magnitude of concentration down to subnanomolar concentration levels. The possible primary species generated and lu
echanisms are shortly discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

We have previously studied chemiluminescence (CL) of
uminol induced by dissolution of aluminium metal in al-
aline aqueous solution in the presence of peroxodisulfate
nd some other peroxides as coreactants[1]. This chemi-

uminescence can also be classified as extrinsic lyolumi-
escence (ELL) of aluminium[2], but in this paper the
se of the former more common term CL is preferred.

n the above-mentioned system, dissolution of aluminium
an result in action of metallic aluminium as a reduc-
ant, but also short-lived Al(I) and Al(II) species, hydro-
en atom and its conjugated base, hydrated electron, can act
s strong reductants[1]. Typical for most of these species

s that they can behave as efficient one-electron reduc-
ants which naturally often results in generation of other

∗ Corresponding author. Tel.: +358 9 4512601; fax: +358 9 462373.
E-mail address:sakari.kulmala@hut.fi (S. Kulmala).

radicals in the solution in addition to the primarily genera
radicals[1].

Ruthenium(II) tris(2,2′-bipyridine) (Ru(bpy)32+) is a well
studied luminescent chelate[3], the derivatives of which a
in use as electrochemiluminescent labels in bioaffinity
says[4]. Ru(bpy)32+ is also known to produce strong chem
luminescence in the presence of hydrated electrons an
fate radicals[5,6]. Thus, it should also produce chemilum
nescence during dissolution of aluminium in alkaline aq
ous solution in the presence of suitable oxidizing rad
producing coreactants, if suitable one-electron reductan
available.

Aluminium metal is a strong reductant for which
potentials for one-electron oxidation steps are unknow
is known thatE0 (Al3+/Al) = −1.68 V (versus SHE), an
in alkaline solutions,E0 (Al(OH)4

−/Al,4OH−) =−2.31 V
[7]. The outer shell electrons of aluminium me
have different energies (outer electronic configura
3s23p1) and therefore it is reasonable that the oxida

003-2670/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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can proceed stepwise and low-valent intermediates can
exist.

Some one-electron reduction potentials for the other
elements in group 13 are known with some certainty,
but only thallium potentials are relatively reliable, i.e.,
E0 (Tl+/Tl) = −2.00 V, E0 (Tl2+/Tl+) = 2.22 V and E0

(Tl3+/Tl2+) = 0.33 V[8]. Ga2+ is also reported to be an oxidant
and for indium the following estimations of reduction po-
tentials are given:E0 (In+/In) =−2.4 V,E0 (In2+/In+) < 0.4 V
andE0 (In3+/In2+) = <−0.5 V [8]. In general, the knowledge
of one-electron reduction potentials of metal ions in ho-
mogeneous solution phases is still in its infancy, and un-
fortunately, most of the one-electron reduction potentials
of metal ions given inStandard Potentials[7] are unreli-
able for one reason or another as discussed by Stanbury
[8].

The first ionization potential of aluminium is very low,
6.0 eV, just slightly higher than that of lithium or sodium
(5.3 and 5.1 eV, respectively)[9] and lower than those of
calcium and magnesium (6.1 and 7.6 eV)[9]. The compi-
lation Standard Potentialsgives standard potential values
of −3.04, −2.71, −2.84, −2.05 and−2.66 V for couples
Li+/Li, Na+/Na, Ca2+/Ca, Mg2+/Mg+ and Mg+/Mg, respec-
tively [7]. One could assume on this basis that Na+, Ca2+,
Mg+ and Mg2+ could be reduced by the hydrated electron
(E0 =−2.9 V) [10]. However, as pointed out by Stanbury
[
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Table 1
Estimated one-electron reduction potentials of unstable ions of some of the
elements of group 13 and 2 in aqueous solution, and the estimates provided
by Stanbury[8]

Metal Iz (eV) [9] E0
calc (V) vs. SHE E0 (V) vs. SHE[8]

Aluminium
Step III/II 28.45 −2.9 ?
Step II/I 18.83 −1.8 ?
Step I/0 5.98 −3.9 ?

Gallium
Step III/II 30.71 −0.74 ?
Step II/I 20.51 −0.16 An oxidant
Step I/0 6.00 −3.9 ?

Indium
Step III/II 28.03 −0.12 <−0.5
Step II/I 18.87 0.18 <0.4
Step I/0 5.79 −3.4 −2.4

Magnesium
Step II/I 15.03 −4.41 −4.9
Step I/0 7.64 −1.84

to Eq.(15) using ionization energies adopted from Ref.[9]
and, for comparison, the values given by Stanbury[8]. Thus,
e.g., for the couple Al(III)/Al(II) the approximation forE0 is
calculated to be:

E0
Al(III/II) = I3 − (2 × 3 − 1)κ − 4.5 eV

= 28.45 eV− 5 × 5.37 eV− 4.5 eV

= −2.9 eV (relative to SHE) (3)

The calculated values and values suggested by Stanbury are
in reasonable agreement for Ga and In, therefore it is accepted
that at least Al0 and Al2+, as solvated species in water, are
one-electron reductants comparable to eaq

−, alkali metal col-
loids and Mg+. In2+ and Tl2+ are reported to disproportionate
[8] in aqueous solutions to oxidation states (I) and (III) which
is a fate well possible also for Al2+, if the solution is free from
other reactive components. The stability of Al+ in aqueous
solutions must also be very limited, as it has never been reli-
ably demonstrated.

Extrinsic lyoluminescence of aluminium induced by
Ru(bpy)32+ was first studied, and later, it was also investi-
gated, if magnesium could induce analogous extrinsic lyo-
luminescence in the presence of peroxodisulfate ions. When
peroxodisulfate ion is reduced by a concerted two-electron
transfer, the sulfate radicals can not be harnessed with lu-
minophores to produce CL. Thus, the existence of extrin-
s )
w l into
a one-
e ndi-
t urally
f wn
t tem,
h ed as
a cidic
c

8], the tabulated values inStandard Potentialsrefer to the
ulk metal and correction to atomic species in water re

n reduction potentials more negative than−3.5 V for all
f the alkali metal ions, and about−4.8 V for the couple
g2+/Mg+. Therefore, it is not surprising that all alkali a
lkaline earth metal ions fail to react with the hydrated e

ron [11].
It is interesting to note that aquated six-coordina

l3+ is rapidly reduced by the hydrated electron (k(eaq
− +

l(OH)3) = 2.0× 109 M−1 s−1) [12], but on the con
rary, tetra-hydroxyaluminate(III) ion (Al3+ is four-
oordinated) is not reduced by eaq

− (k(eaq
− + Al(OH)4

−) =
.5× 106 M−1 s−1) [12] which implies that aluminate(I

on is a stronger reductant than the hydrated electron. In
n the older literature it has been proposed that the follow
eaction has a negative free energy[11,13]:

(H2O)Al(II)(OH)3]− + OH− → [Al(III)(OH) 4]− + eaq
−

(1)

ccording to Jørgensen[14], an approximation of one
lectron reduction potentials of metal ions in aqueous

utions within each group can be calculated by the equa

0
M(z/z−1) = Iz − (2z − 1)κ − 4.5 eV (2)

herez is the oxidation state,Iz thezth ionization energy o
he element[14] andκ a parameter of hydration energy diff
nce, which is 5.3 eV for 3d series, and reported values fo
a, In, and Mg are 5.37, 5.39, 4.73 and 4.98 eV, respec

14]. Table 1shows reduction potentials calculated accord
ic lyoluminescence of magnesium induced by Ru(bpy3
2+

ould also suggest that dissolution of magnesium meta
queous solution could be used in efficiently producing
lectron reductions. This however, would need acidic co

ions because magnesium is always covered with a nat
ormed oxide film, as is also aluminium, but MgO is kno
o be insoluble in alkaline solutions. For this second sys
ydrochloric acid was selected as a simple strong acid us
medium of experiments in strongly and moderately a

onditions studied.
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2. Experimental

Aluminium lyoluminescence experiments were carried
out using photon counting lyoluminescence apparatus[15]
and Al cups as described previously[1]. The spectra were
measured either using an apparatus constructed by Pihlaja-
maki and Kankare[16] or with Perkin-Elmer LS 50B lumi-
nometer. Preliminary experiments of magnesium lyolumines-
cence were carried out in disposable polystyrene test tubes us-
ing Perkin-Elmer LS 50B luminometer emission monochro-
mator set to 600 nm. A 25 mm long piece of magnesium band
(Merck Art. 5812) was put in the middle of the test tube
containing CL-inducing solution so that the band front sur-
face was in 180◦ angle against the light path leading to the
emission monochromator. Later the final measurements were
carried out using the above-mentioned lyoluminescence ap-
paratus, but the magnesium band used was cut to 20.0 mm
long pieces and pressed by a Teflon rod to the bottom of dis-
posable lyoluminescence test tubes[15] where they stayed in
an U-shaped position by the spring force of the magnesium
piece itself.

Ruthenium(II) tris(2,2′-bipyridine) chloride hexahydrate
was purchased from Aldrich. All these reagents were used
without further purification. Sodium hydroxide and hy-
drochloric acid solutions were made from Merck ampulles.
Quartz-distilled water was used for the preparation of all so-
l
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Fig. 1. CL emission spectra of Ru(bpy)3
2+ and Tb(III)-L induced

by dissolution of aluminium in alkaline peroxydisulfate solutions.
Conditions: 1.0 M NaOH, peroxydisulfate concentration 1.0× 10−3 M,
luminophore concentrations 5× 10−5 M. Tb(III)-L = Terbium(III)-{2,6-
bis[N,N-bis(carboxymethyl)aminomethyl]-4-benzoylphenol. Spectra mea-
sured using apparatus described elsewhere[16].

ide ions up to concentration of about 0.1 M. The deviation
from linear dependence in the case of Ru(bpy)3

2+ chelate
under highly alkaline conditions was obviously due to a rel-
atively rapid decomposition of Ru(bpy)3

2+ and possibly re-
duction to metallic ruthenium. A brownish precipitation was
clearly visible as small particles after the experiments with
relatively concentrated hydroxide and Ru(bpy)3

2+ chelate so-
lutions, and also the color of the chelate had disappeared.
However, the chemical nature of the precipitate was not
examined.

F con-
c alu-
m
1
( er
w

utions.

. Results and discussion

.1. Extrinsic lyoluminescence of aluminium

A dotted line inFig. 1 displays an Al-induced chemil
inescence response of a 1.0 M NaOH solution conta
.0× 10−3 M potassium peroxodisulfate but no delibera
dded luminophore. This Al-induced background chem
inescence is, however, too weak for a detailed spe
nalysis but in more concentrated potassium peroxodisu
olutions, a small emission peak at the wavelength ar
00 nm is observed, the origin of which is not yet clear
s.

A solid line in Fig. 1 displays an Al-induced chemil
inescence spectrum of the afore mentioned highly a

ine solution containing additionally 5.0× 10−5 M tris(2,2′-
ipyridine) ruthenium(II) chloride, where the 620 nm em
ion peak can be assigned to the well known relaxation o
etal-to-ligand charge transfer excited triplet state (3MLCT)
f tris(2,2′-bipyridine) ruthenium(II) denoted subsequen
y3Ru(bpy)32+*. This figure also shows that aromatic Tb(
helates can be excited in the same conditions which l
nother more detailed CL study which is in progressio
ur laboratory.Fig. 2points out that the intensity of the A

nduced chemiluminescence depends linearly on the co
rations of Ru(bpy)32+ and potassium peroxodisulfate in
ample solutions as well as on the concentration of hyd
ig. 2. Effect of hydroxide ion concentration (a), peroxodisulfate
entration (b), and chelate concentration (c) on extrinsic LL of
inium induced by Ru(bpy)3

2+. Conditions: (a) 1.0× 10−5 M Ru(bpy)32+,
.0× 10−3 M K2S2O8 (�); (b) 1.0 M NaOH, 1.0× 10−4 M Ru(bpy)32+ (�);
c) 2.0× 10−3 M K2S2O8, 0.10 M NaOH (�). The 630 nm interference filt
as used.
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3.2. Mechanism of extrinsic lyoluminescence of
aluminium induced by Ru(bpy)3

2+

As discussed previously[1], the dissolution of aluminium
in concentrated alkali hydroxides is usually described by the
following overall reaction[17]:

2Al + 6H2O + 2OH− → 2Al(OH)4
− + 3H2 (4)

which is generally thought to contain the following steps[18]:

Al + 3H2O → Al3+ + 1.5H2 + 3OH− fast (5)

Al3+ + 3OH− → Al(OH)3 fast (6)

Al(OH)3 + OH− → Al(OH)4
− slow (7)

An alternative overall reaction for the dissolution of alu-
minium in aqueous alkali hydroxides has been proposed by
Walker[13]:

Al + 4OH− → Al(OH)4
− + 3eaq

− (8)

which has later been supported by Kalecinsky[19] and our
previous work[1]. In this process the observed hydrogen
evolution is attributed at least partly to a fast bimolecular
reaction with the solvent after pair formation of hydrated
electrons:
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Hydrated electron is known to react slowly with water,
k(eaq

− + H2O) = 19 l mol−1 s−1 [10] and additionally, the alu-
minate ion is known to be quite unreactive towards hydrated
electrons as mentioned above, hence, the following reaction:

Al(s) + 3H2O + OH− → Al(OH)4
−(aq) + H2 + eaq

−

(16)

was suggested to be a source for hydrated electron usable in
generating chemiluminescence from luminophores tolerating
highly alkaline conditions[1].

When dissolved oxygen is present in the solutions and the
above-mentioned eaq

− generation is accepted, oxyradicals
can be expected to be generated and consumed according to
the following equations under highly alkaline conditions:

eaq
− + O2 → O2

•− (17)

eaq
− + O2

•− → O2
2− (18)

O2
2− + H2O → HO2

− + HO•− (19)

eaq
− + HO2

− → O•− + OH− (20)

The above reactions have the following rate constants:
k17 = 2× 1010 l mol−1 s−1, k18 = 1.3× 1010 l mol−1 s−1 and
k 9 −1 −1 ies
a re-
d iating
i tants.
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aq
− + eaq

− → H2 + 2OH− (9)

ith a reported second-order rate constant
9 = 5.5× 109 l mol−1 s−1 [10]. This mechanism results
xactly the same overall reaction as the one presented

n connection with the direct discharge of water as a pr
onor (4).

However, before the metallic aluminium can get into c
act with alkaline solution the hydroxylated natural oxide
ust first be dissolved:

l(OH)3(s) + OH− → Al(OH)4
−(aq) (10)

his may then be followed by the reactions[1]:

l(s) + H2O → Al+(H2O−)(s) (11)

l+(H2O−)(s) → Al+(H2O)(aq) + eaq
− (12)

l+(H2O−)(s) → Al+(OH−)(aq) + H• (13)

f a hydrogen atom is formed, it is converted to its conjug
ase, hydrated electron, in highly alkaline conditions:

• + OH− → eaq
− + H2O (14)

ith a second order reaction rate constant
14 = 2.2× 107 l mol−1 s−1, or hydrogen is evolve
ith a second order reaction rate constantk15 = 7.8×
09 l mol−1 s−1 [10].

• + H• → H2 (15)

he higher the pH is the more favourable reaction (14)
20 = 3.5× 10 l mol s [10]. However, the same spec
re also formed with unknown rates, if the one-electron
uctions proceed without a hydrated electron as a med

ntermediate due to the presence of other suitable reduc
If peroxodisulfate ions are added to the solution, hig

xidizing SO4
•− radicals are formed by a one-electron

uction:

aq
− + S2O8

2− → SO4
•− + SO4

2− (21)

hich is characterized by the rate constantk21 = 1.2×
010 l mol−1 s−1 [10]. The bimolecular self-recombinati
eaction rate for the production of peroxodisulfate ion
× 108 l mol−1 s−1 [20]. The standard reduction poten

or couple SO4•−/SO4
2− is 3.4 V versus SHE[21].

Fig. 3 displays the energy diagram of presently stud
L system using formal reduction potentials of oxygen
xyradicals at pH 14[22].

The aluminium/(Al2O3, Al(OH)3, OH−, Al(OH)4
−, Al+,

l 2+, H•, eaq
−, SO4

•−)-interface provides various routes
enerate the observed 2.1 eV3MLCT excited state. Thes

nclude the previously studied oxidation-initiated reduc
ox-red) pathway[5]:

u(bpy)3
2+ + SO4

•− → Ru(bpy)3
3+ + SO4

2− (22a)

u(bpy)3
3+ + eaq

− → Ru(bpy)3
2+∗ (22b)

ith the second-order rate constant ofk22b= 5.2×
010 l mol−1 s−1 [10]; the value ofk22ais presently unknow

o us but it is probably also close to 1010 l mol−1 s−1. Al-
ernatively, the excitation can occur by reduction-initia
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oxidative pathway (red-ox)[5]:

Ru(bpy)3
2+ + eaq

− → Ru(bpy)3
+ (23a)

Ru(bpy)3
+ + SO4

•− → Ru(bpy)3
2+∗ + SO4

2− (23b)

with the second-order rate constant ofk23a= 8.2×
1010 l mol−1 s−1 but the value ofk23b is presently un-
known to us. Taking into consideration that the standard re-
duction potentials of SO4−/SO4

2−, Ru(bpy)33+/Ru(bpy)32+,
Ru(bpy)32+/Ru(bpy)3+ redox couples and hydrated electron
(or atomic hydrogen) are 3.4, 1.3,−1.3 and−2.9 V (or
−2.1 V) versus SHE, respectively, the enthalpies of the ex-
cited state-producing reactions (22b) and (23b) are−4.0 and
−4.5 eV. These reactions are sufficiently energetic to leave
the resulting ruthenium(II) tris(2,2′-bpyridine) even in its
lowest excited singlet1MLCT state denoted by1Ru(bpy)32+*

which lies 2.7 eV above the1A1 ground state[3,5]. This step
is immediately followed by an exceptionally fast intersys-
tem crossing to the lowest excited triplet state3Ru(bpy)32+*

which is relaxed to the1A1 ground state inducing the 620 nm
peaked emission[3]:

1Ru(bpy)3
2+∗ → 3Ru(bpy)3

2+∗ (24)

3Ru(bpy)3
2+∗ → 1Ru(bpy)3

2+ + hν (25)

A by
a hich
o

ving
t
( ions
a e
s out
t ighly
a lec-

F -
g
v on
r

tron transfer theory, most of the reactions have their free en-
ergy change in the Marcus inverted region and thus the re-
ductions can be assumed to occur at slower rate than that of
reaction (21) which occurs near diffusion controlled rate. In
addition, Ru(bpy)3+ formed by one-electron reduction (see
below) is also able to produce sulfate radical which may oc-
cur at much higher distances from the metal/solution interface
than the reductions induced by bulk metal or low-valent metal
ions:

Ru(bpy)3
+ + S2O8

2− → Ru(bpy)3
2+ + SO4

•− (26)

Because all the solutions were air-equilibrated, an unknown
amount of O2

•−, HO2
−, and HO2

− were formed either by
reactions (17)–(20) or by analogous reactions in which hy-
drated electron is replaced by some other sufficiently strong
one-electron reductant present in this system. Amongst these
oxidizing species, only oxygen radical ion, O•−, [22] is suf-
ficiently strong oxidant to raise Ru(bpy)3

+ into its excited
states upon one-electron oxidation by analogous reaction to
reaction (23b) (Fig. 3).

All of the species having their lines in the diagram above
the line Ru(bpy)32+/Ru(bpy)3+ are thermodynamically able
to reduce Ru(bpy)3

2+ and, thus, initiate the red-ox excitation
pathway (Fig. 3). Thus, this is energetically possible in addi-
tion to hydrated electron, for bulk aluminium, Al2+, Al+, and
a

only
b of
c
O xyl
r r ad-
d ble
o t
o ion
p suf-
fi al-
m than
r e of
R
[

y er,
t oc-
c ther-
m tate
R ple
.

(

R

S neg-
a
H ssing
a ner-
a ,
lternatively, excited triplet state can be directly formed
nalogous reactions to reactions (22b) and (23b) in w
ther species may replace eaq

− or sulfate radical.
In principle, all the reducing species in the diagram ha

heir lines above the line of couple S2O8
2−/SO4

2−, SO4
2−

Fig. 3) are able to one-electron reduce peroxodisulfate
nd, thus, replace hydrated electron in Eq.(21) and produc
ulfate radical. However, practically nothing is known ab
he reaction rate constants of these thermodynamically h
llowed reductions. If these reductions follow Marcus e

ig. 3. Energy diagram of Al/OH−–S2O8
2−–Ru(bpy)32+-system. The dia

ram is sketched on the grounds discussed previously in detail[23] and using
alues for oxyradicals given by Koppenol[22] and calculated one-electr
eduction potentials of Al-species according to Jørgensen[14].
tomic hydrogen.
On the other hand, ox-red excitation pathway can

e initiated by oxidants having their line below the line
ouple Ru(bpy)33+/Ru(bpy)32+. Thus, again only SO4•− and
•− are energetically capable of this. However, hydro

adical and oxide radical ion have a strong tendency fo
ition reaction to pyridine rings rather than the prefera
ne-electron oxidation[24], and thus, it is highly likely tha
nly sulfate radical can efficiently initiate ox-red excitat
athway. When peroxodisulfate ions are present with a
ciently high concentration, ox-red excitation pathway is
ost certainly more favourable in the present system

ed-ox excitation pathway due to the much longer lifetim
u(bpy)33+ in comparison to Ru(bpy)3

+ in aqueous medium
4,25].

According to the older literature[26] Ru(bpy)33+ should
ield CL in reaction with alkaline water solution. Howev
here seems to be no theoretical basis for this CL to
ur. First, the reaction (27) should not be possible on
odynamic grounds even if it would result in ground s
u(bpy)32+, because the formal reduction potential of cou

OH/OH− at pH 13–14 is about 1.8–2 V versus SHE[10,22]
see alsoFig. 3).

u(bpy)3
3+ + H2O → Ru(bpy)3

2+∗ + H+ + •OH (27)

econd, the reaction (27) should have an enthalpy more
tive than−1.3 eV to result in3MLCT excited state (Fig. 3).
owever, there seems to be no obvious source for this mi
mount of energy. Thus, if there is an additional light ge
ting route by a reaction of Ru(bpy)3

3+ with hydroxide ions
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it proceeds via unknown pathways which we cannot explain
at the moment.

3.3. Dissolution of oxide-covered aluminium in acids

For comparison, the possibility of producing CL in acid
solutions was also studied. Aluminium oxides are dissolved
in acidic solutions by hydrogen ions according to the reaction
sequence[17]:

Al 2O3 + H2O + 2H+ → 2Al(OH)2
+ (28)

Al(OH)2
+ + H+ → Al(OH)2+ + H2O (29)

Al(OH)2+ + H+ → Al3+ + H2O (30)

Aquated Al3+ is six-coordinated and therefore should prefer-
ably be presented as a complex [Al(H2O)6]3+ which has
its pKa1 close to 5.0[17]. In addition to protolysis, the be-
haviour of Al(III) in acidic solutions is also complicated by
the tendency of formation of polynuclear complexes such as
[Al 2(OH)2]4+ and [Al4(OH)10]2+ [17].

On contact of metallic aluminium with pure water, the fol-
lowing overall oxidation reaction occurs extremely rapidly,
if the natural oxide film is successfully removed by some
means[17]:

2
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atomic hydrogen can oxidize e.g., Fe2+, I− and HSCN at pH
1 but not Br− or Cl− [28]. Thus, it is concluded on this basis
[8,20] that the formal reduction potential of couple H+/H−
is about 1.6 V versus SHE under strongly acidic conditions
and, therefore, it can be assumed that a hydrogen atom is also
able to oxidize aluminium metal and low-valent aluminium
species.

After several experiments in hydrochloric and sulfuric
acid media it became evident that no extrinsic lyolumines-
cence of aluminium induced by Ru(bpy)3

2+ chelate or Tb(III)
ion could be produced in acidic conditions, nor in the absence
or in the presence of peroxodisulfate ions. This implies that
the oxidation of aluminium occurs in the metal/oxide inter-
face mainly by indiffused protons and that the dissolution of
aluminium is almost solely based on the dissolution of alu-
minium oxide in acids and the dissolution liberated trapped
charges[2,5] seem to be unable to generate any observable
luminescence from the studied luminophores under acidic
conditions.

3.4. Extrinsic lyoluminescence of magnesium

The Mg/H+–S2O8
2−–Ru(bpy)32+-system was first stud-

ied using an ordinary Perkin-Elmer LS 50B luminometer in
bioluminescence mode as a light detector. CL intensity was
l n in
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s hen
p m,
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m over
1

Al + 3H2O → Al2O3 + 3H2 (31)

hus, it seems highly likely that the oxide film must be
olved extremely rapidly, if a direct contact between met
luminium and species dissolved in an aqueous solutio
oped for.

First, the behaviour of present aluminium brand (99.
as studied at open circuit conditions in acids. The
inium used by us shows steady state open circuit p

ials −0.46,−0.56 and−0.84 V versus SHE during diss
ution in 0.1, 1.0 and 11.6 M HCl, respectively, as meas
sing saturated calomel reference electrode and 20 G� in-
ut impedance of the volt meter. The open circuit pote
f aluminium has been reported to be−1.50 V versus SH

mmediately after a contact of a fresh aluminium metal
ace to neutral phosphate buffer denuded mechanically i
27]. As the open circuit potentials measured by us durin
issolution of Al electrode in hydrochloric acid is far m
nodic than this, it seems reasonable to assume that the

rode originally covered with passive oxide layer never lo
ts passivity during dissolution in hydrochloric acid, i.e., a

inium is all the time covered with a thin (but possibly pa
ydrous) aluminium oxide film even in concentrated HC

The oxide film is dissolved by protons via the reaction
uence presented above, and the electron transfer from
ccurs partially by tunneling through the dissolution-thin
xide layer and possibly also inside the oxide layer. In
pinion, one reason why the dissolution of the oxide doe
esult in an active aluminium surface is that atomic hy
en can also act as an oxidant in acidic solutions alth

t generally behaves as a strong reductant; it is known
-

l

inearly proportional on the peroxodisulfate concentratio
.1 M HCl solution, but some intensity was also obtaine

he absence of peroxodisulfate ions in air-equilibrated s
ion (Fig. 4). It was revealed that with a fixed peroxodisulf
nd Ru(bpy)32+ chelate concentration, CL intensity was v
teeply proportional on the hydrogen ion concentration w
H was below 2 (Fig. 4). When the emission slit was 20 n

ig. 4. Dependence of CL intensity on the concentrations of (a) peroxo
ate, (b–d) hydrochloric acid. (a) 1× 10−4 M Ru(bpy)32+ and 0.1 M HC
�); (b) 1× 10−4 M Ru(bpy)32+ and 0.01 M K2S2O8 (�); (c) 1× 10−4 M
u(bpy)32+ and 0.01 M K2S2O8; (d) 1× 10−4 M Ru(bpy)32+, no perox
disulfate (�). Measured with Perkin-Elmer LS 50B in bioluminesce
ode, emission monochromator set to 600 nm, integral of time drive
80 s, slit 20 nm, except in case of (c) 10 nm (�).
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the intensity was over scale at pH 0, thus HCl concentrations
0.1 and 1 M were remeasured with 10 nm emission slit (open
squares,Fig. 4). Finally, calibration plots for Ru(bpy)3

2+

and K2S2O8 were remeasured with photon counting lyolumi-
nometer at pH 0 (Fig. 5). Both of these species can be detected
down to very low concentration levels and this system seems
to be much better than Al/OH−–S2O8

2−–Ru(bpy)32+-system
discussed above.

3.5. Mechanism of extrinsic lyoluminescence of
magnesium

Magnesium is more electropositive element than alu-
minium and its two-electron standard reduction potential is
−2.356 V versus SHE in acidic conditions and−2.687 V ver-
sus SHE in basic conditions[7]. Fig. 6 displays the energy
diagram of the present system using formal reduction po-
tentials at pH 0 for oxygen species. In principle, the present
system is quite similar to the Al/OH−–S2O8

2−-system dis-
cussed above. Also the Al-species are added in the diagram
for comparison, but actually, this diagram should contain an
aluminium oxide film upon aluminium to be valid for alu-
minium under neutral and acidic conditions.

When metallic magnesium is in direct contact of strongly
acidic aqueous solution magnesium is dissolved in reaction
w

M

I d is
n Eq.
( or as
a

F
s
K nte-
g of the
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1

Fig. 6. Energy diagram of Mg/H+–S2O8
2−–Ru(bpy)32+-system. The dia-

gram is sketched on the same grounds asFig. 3.

Beryllium belongs to the same group as magnesium but
is having a similar electronegativity to that of aluminium.
Also for beryllium, the short-lived low-valent Be+ has been
observed. Aida et al. have reported that anodic dissolution
of beryllium, in the presence of lower concentration than
5 mM of water in ethanol solutions of lithium perchlorate
electrolyte, clearly occurs in two steps[29]:

Be → Be+(aq) + e− (electrochemical step) (33a)

Be+ + oxidant → Be2+ + oxidantred (chemical step)

(33b)

Thus, we believe, that also the present system includes Mg+

as an extremely strong one-electron reductant, but its lifetime
must be very short.

The most significant differences between the studied two
systems are that here under highly acidic conditions. (i) There
is no mechanism for generation hydrated electron, and even if,
it would be somehow generated it would be rapidly converted
to its conjugated acid (k(eaq

− + H+) = 2.3× 1010 l mol−1 s−1)
[10]. (ii) Atomic hydrogen and also (iii) HO2− are able to
initiate the ox-red excitation pathway in addition to•OH and
SO4

•− radicals, and also successfully end up the red-ox ex-
citation pathway, at least on thermodynamic basis (Fig. 6).
T od-
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g + 2H+ → Mg2+ + 2H (32)

t is probable that all of the atomic hydrogen generate
ot lost in evolution of molecular hydrogen according to
15) but part of hydrogen atoms can act as a reductant
n oxidant.

ig. 5. Calibration curves for Ru(bpy)3
2+ K2S2O8 using Mg/H+–S2O8

2−-
ystem for generation of CL. (�) 1× 10−4 M Ru(bpy)32+ and (�) 0.01 M

2S2O8. Photon counting lyoluminometer, 620 nm interference filter. I
ration time 500 s. Inset displays an uncorrected emission spectrum
resent CL system as measured by LS 50B equipped with blue se
MT (1× 10−4 M Ru(bpy)32+, 0.01 M K2S2O8, 0.1 M HCl, emission sli
5 nm).
herefore, part of atomic hydrogen may also act as a m
rately strong oxidant as discussed above. However, a
e seen fromFig. 4, CL is quite weak in the absence of s

ate radicals. Mg+/Mg and Mg2+/Mg+ couples can easily r
lace corresponding Al-species as reductants in the p
usly studied system.

We believe that ox-red pathway is again the prevailing
itation route due to the very long lifetime of Ru(bpy)3

3+ in
hich the electron has been donated from a metal cen
rbital (a true Ru(III) oxidation state), and fast decompos
f the ligand centered radical of Ru(bpy)3

+ (i.e. central ion
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is actually in oxidation state II) in aqueous solution although
support for red-ox excitation route has also been presented
[3,4,24]. Further studies on this system are needed, before we
can say anything more definite about the present CL genera-
tion mechanisms. We believe that EPR measurements might
give further knowledge about the present system although
aqueous solutions are problematic, but perhaps at least spin
trapping would give some useful information.

4. Conclusions

Dissolution of aluminium in alkaline aqueous solution, as
well as, dissolution of magnesium in acidic aqueous solution
seem to create quite interesting metal/aqueous solution inter-
faces which provide possibilities to carry out extremely diffi-
cult reductions in aqueous solution. In addition, using appro-
priate coreactants capable of producing highly oxidizing rad-
icals upon one-electron reduction, these interfaces allow gen-
eration of CL from quite a wide variety of luminophores ex-
citable by redox reactions. Amongst the presently studied CL
systems, especially, Mg/H+–S2O8

2−-system gives quite nice
analytical performance for detection of Ru(bpy)3

2+-based la-
bels well-known to be usable in bioaffinity assays[4]. Thus,
it is proposed that immunoassays and other bioaffinity assays
can be carried out on the surface of oxide-covered magnesium
s n the
d way
i e
u ro-
m
l

aces
w d in
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e er-
o in-
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