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a b s t r a c t

ECL of several amines containing different numbers of hydroxyl and amino groups was investi-
gated. N-butyldiethanolamine is found to be more effective than 2-(dibutylamino)ethanol at gold and
platinum electrodes, and is the most effective coreactant reported until now. Surprisingly, ECL intensi-
ties of monoamines, such as 2-(dibutylamino)ethanol and N-butyldiethanolamine, are much stronger
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than that of diamines including N,N,N′,N′-tetrakis-(2-hydroxyethyl)-ethylenediamine and N,N,N′,N′-
tetrakis-(2-hydroxypropyl)ethlenediamine. The striking contrast between ECL signals of the investigated
monoamines and diamines may result from more significant side reactions of diamines, such as the
intramolecular side reactions between oxidative amine cation radicals and reductive amine free radicals.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Tris(2,2′-bipyridyl)ruthenium(II) (Ru(bpy)3
2+) electrochemilu-

inescence (ECL) has received much attention [1,2]. Its analytical
pplications can be roughly divided into two categories [3–6]. One
nvolves Ru(bpy)3

2+ ECL immunoassays where Ru(bpy)3
2+ concen-

rations are much lower than coreactant concentrations [7–11]. The
ther involves coreactant determination where Ru(bpy)3

2+ con-
entrations are generally higher than coreactant concentrations
12–26]. Much effort has been made to investigate the relation-
hips between the ECL efficiency and coreactant structures under
he condition of the later category, and several valuable general
onclusions have been drawn [14,15,27].

Recent studies show that Ru(bpy)3
2+ ECL can be generated

hrough several routes, such as catalytic oxidation route, direct oxi-
ation route, and the route involving reaction between Ru(bpy)3

+

nd amine cation radicals [28–40]. The role of these routes is
losely related to the relative concentrations between Ru(bpy)3

2+
nd amines. The direct oxidation route becomes important as
he amine concentrations increase and the Ru(bpy)3

2+ concen-
rations decrease. These significant discoveries indicate that the
elationship between the ECL efficiency and amine structures may

∗ Corresponding author. Tel.: +86 431 85262747; fax: +86 431 85262747.
E-mail address: guobaoxu@ciac.jl.cn (G. Xu).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.11.037
change as the relative concentrations between Ru(bpy)3
2+ and

amines change. Therefore, it is important to investigate the rela-
tionship when Ru(bpy)3

2+ concentrations are much lower than
that of amines in search of better coreactants for Ru(bpy)3

2+ ECL
immunoassays.

Enlightened by the above studies, we investigated ECL of sev-
eral monoamines and diamines containing various numbers of
2-hydroxyethyl or 2-hydroxypropyl when the Ru(bpy)3

2+ concen-
trations are much lower than that of amines. The investigation
shows that the monoamines exhibit much stronger ECL intensity
than diamines, electron-withdrawing hydroxyethyl can dramat-
ically increase ECL activity through promoting the oxidation of
amines [39], and N-butyldiethanolamine is the most efficient core-
actant so far.

2. Experimental

2.1. Chemicals

Tri(2,2′-bipyridyl)ruthenium(II) dichloride hexahydrate, 2-
(dibutylamino)ethanol, and N-butyldiethanolamine were pur-

′ ′
chased from Aldrich. N,N,N ,N -tetrakis-(2-hydroxyethyl)-
ethylenediamine (HEEDA) and N,N,N′,N′-tetrakis-(2-
hydroxypropyl)ethlenediamine (HPEDA) were purchased from
ACROS Organics and Tokyo Chemical Industry Co. Ltd., respectively
(Fig. 1).
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Both diamines HEEDA and HPEDA show significantly
larger anodic currents and weaker ECL intensities than N-
butyldiethanolamine and 2-(dibutylamino)ethanol (Fig. 3). The
observation is probably attributed to more significant side
ig. 1. Structures of 2-(dibutylamino)ethanol, N-butyldiethanolamine, HEEDA, and
PEDA.

.2. Apparatus

Electrochemical measurements were carried out in a conven-
ional three-electrode cell with a CHI 800B. A gold electrode,
latinum electrode, or glassy carbon electrode were employed as
orking electrodes (3 mm in diameter). An Ag/AgCl (saturated KCl)

lectrode and a gold wire were used as the reference electrode and
he auxiliary electrode, respectively. The ECL signals (IECL) were

easured with a BPCL-1-KIC luminescence analyzer, and the pho-
omultiplier tube was biased at 700 V.

. Results and discussion

.1. ECL and electrochemistry at gold electrodes

Fig. 2 shows the dependence of ECL intensity on the con-
entrations of N-butyldiethanolamine, HEEDA, and HPEDA. The
aximum ECL intensity of N-butyldiethanolamine is obtained

t a concentration of 15 mM. An earlier report showed that
he maximum ECL intensity of 2-(dibutylamino)ethanol was
btained at a concentration of 20 mM [39]. The maximum
CL intensity of the Ru(bpy)3

2+/N-butyldiethanolamine system
s about 1.24 times that of the maximum ECL intensity of the
u(bpy)3

2+/2-(dibutylamino)ethanol system if the concentration
f Ru(bpy)3

2+ is 1 �M. The comparison indicates that ECL inten-
ity depends significantly on the numbers of hydroxyethyl, and
-butyldiethanolamine is the most efficient coreactant reported
o far. Surprisingly, both HEEDA and HPEDA containing two ter-
iary amino groups exhibit much weaker ECL intensities than
-butyldiethanolamine.

The linear sweep voltammograms of these amines were studied
o explain the effect of the substituents on ECL intensities. The direct
Fig. 2. Dependence of the ECL peak intensity on the concentrations of N-
butyldiethanolamine (�), HEEDA (�), and HPEDA (�) at the gold electrode in 0.1 M
PBS containing 1 �M Ru(bpy)3

2+. The potential was stepped from 0 to 1.35 V. Each
point is an average of three successive measurements.

oxidation of N-butyldiethanolamine occurs at about 0.9 V, and
the anodic current is larger than that of 2-(dibutylamino)ethanol
(Fig. 3). This suggests that two hydroxyethyl groups promote the
amine oxidation more effectively than one, and thus increase the
ECL intensity. The importance of N-butyldiethanolamine oxida-
tion was further confirmed by the following two experimental
results. First, both the ECL intensity and the anodic current
(at 0.9 V) vary linearly with the square root of the scan rate
(�1/2) and the anodic current from the oxidation of Ru(bpy)3

2+

is negligible (Fig. 3 inset), demonstrating that the ECL process
is related to the direct oxidation of N-butyldiethanolamine [34].
Second, the lower Ru(bpy)3

2+ concentration, the larger ratio of
ECL intensity of the Ru(bpy)3

2+/N-butyldiethanolamine system to
that of the Ru(bpy)3

2+/2-(dibutylamino)ethanol system. For exam-
ple, the ECL intensity of the Ru(bpy)3

2+/N-butyldiethanolamine
system at gold electrodes is greater than that of the Ru(bpy)3

2+/2-
(dibutylamino)ethanol system when Ru(bpy)3

2+ is 1 �M, and is
close to that of the Ru(bpy)3

2+/2-(dibutylamino)ethanol system
when Ru(bpy)3

2+ is 1 mM.
Fig. 3. Linear sweep voltammograms at the gold electrode in 0.1 M PBS con-
taining 1 �M Ru(bpy)3

2+ and (a) 15 mM 2-(dibutylamino)ethanol, (b) 15 mM
N-butyldiethanolamine, (c) 7.5 mM HEEDA, and (d) 7.5 mM HPEDA. Scan rate:
0.1 V/s. Inset: the linear relationship of N-butyldiethanolamine between the ECL
intensity or the anodic current and the square root of the scan rate (�1/2).
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Fig. 4. Linear sweep voltammograms and ECL curves at the platinum electrode in
0.1 M PBS containing 1 �M Ru(bpy)3

2+ and (a) 15 mM 2-(dibutylamino)ethanol, (b)
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Fig. 5. Linear sweep voltammograms and ECL curves at the glassy carbon electrode
in 0.1 M PBS containing 1 �M Ru(bpy) 2+ and (a) 3 mM 2-(dibutylamino)ethanol, (b)
5 mM N-butyldiethanolamine, (c) 7.5 mM HEEDA, and (d) 7.5 mM HPEDA. The (e)
ine represents the data in 0.1 M PBS. Scan rate: 0.1 V/s. Inset: ECL curves of HEEDA
nd HPEDA.

eactions of diamines. For example, previous studies of the ECL
echanism (Eqs. (1)–(5)) show that the oxidation of amine can

enernate oxidative amine cation radicals and reductive amine
ree radicals (Eq. (2)). It is likely that the oxidation of the diamines

ay generate intermediates that contain both oxidative amine
ation radicals and reductive amine free radicals. The intramolec-
lar side reaction between oxidative amine cation radicals and
eductive amine free radicals (Eqs. (6) and (7)) may waste the
CL reaction intermediates, resulting in weaker ECL despite larger
nodic currents [34]:

u(bpy)3
2+ − e → Ru(bpy)3

3+ (1)

1R2R3N − e → R1R2R3N+• → R1R2R3N• + H+ (2)

1R2R3N• + Ru(bpy)3
2+ → Ru(bpy)3

+ (3)

1R2R3N• + Ru(bpy)3
3+ → Ru(bpy)3

2+∗ + product1 (4a)

u(bpy)3
+ + Ru(bpy)3

3+ → Ru(bpy)3
2+ + Ru(bpy)3

2+∗ (4b)

u(bpy)3
2+∗ → Ru(bpy)3

2+ + h� (5)

1R2NR3NR1R2 − 2e − H+ → R1R2N+•R3N•R1R2 (6)

1R2N+•R3N•R1R2 → product2 (7)

.2. ECL and electrochemistry at platinum electrodes

Fig. 4 shows the linear sweep voltammograms and ECL
urves at the platinum electrode. N-butyldiethanolamine
xhibits larger anodic current and slightly stronger ECL than
-(dibutylamino)ethanol. It has been reported that the growth
f oxide film at platinum electrodes dramatically inhibits the
irect oxidation of tripropylamine [29], and the hydroxyethyl

n 2-(dibutylamino)ethanol can promote the direct oxidation of
mine group at platinum electrodes [39]. The faster oxidation of N-
utyldiethanolamine over 2-(dibutylamino)ethanol demonstrates
hat two hydroxyethyl groups can also promote the oxidation of
mines at platinum electrodes, and is more effective than one
ydroxyethyl group.

Similar to the phenomena at the gold electrodes, both diamines
EEDA and HPEDA show significantly larger anodic currents

nd weaker ECL intensities than N-butyldiethanolamine and 2-
dibutylamino)ethanol at the platinum electrodes (Fig. 4). As

entioned above, the phenomena at the platinum electrodes
ay also be ascribed to more significant side reactions of

iamines, such as the inner molecular side reaction between
3

3 mM N-butyldiethanolamine, (c) 1.5 mM HEEDA, and (d) 1.5 mM HPEDA. The (e)
line represents the data in 0.1 M PBS. Scan rate: 0.1 V/s. Inset: ECL curves of HEEDA
and HPEDA.

electrogenerated amine cation radicals and amine free radicals
[34].

3.3. ECL and electrochemistry at glassy carbon electrodes

ECL intensity at the glassy carbon electrodes first increases with
N-butyldiethanolamine concentrations up to 3 mM and then levels
off as a result of side reactions at higher concentrations. In contrast
to the phenomena at the gold and platinum electrodes, the ECL
intensity of N-butyldiethanolamine at the glassy carbon electrodes
is weaker than that of 2-(dibutylamino)ethanol despite that the oxi-
dation of N-butyldiethanolamine is still faster (Fig. 5). The weaker
ECL of N-butyldiethanolamine at the glassy carbon electrodes may
be due to heavier side reactions [29,34].

HEEDA and HPEDA still show much weaker ECL than N-
butyldiethanolamine and 2-(dibutylamino)ethanol at the glassy
carbon electrodes. Contrary to the observation at the gold and plat-
inum electrodes, HEEDA and HPEDA exhibit lower anodic currents
than N-butyldiethanolamine and 2-(dibutylamino)ethanol at the
glassy carbon electrodes. The different oxidation rates may result
from the different interactions between these amines and different
electrode materials.

3.4. Determination of Ru(bpy)3
2+

The logarithmic plot of ECL versus the concentration of
Ru(bpy)3

2+ is linear in the range of 4.0 × 10−10 M–1.0 × 10−3 M
(slope = 0.83934; intercept = 9.04845; correlation coefficient =
0.99325; n = 8) when the concentration of N-butyldiethanolamine
is 15 mM and a gold electrode is used. The relative standard devi-
ation is 2.7% for six determinations at a Ru(bpy)3

2+ concentration
of 1 �M, and the detection limit is 6.2 × 10−11 M.

4. Conclusions

ECL of monoamines and diamines containing different numbers
of hydroxyl was investigated. N-butyldiethanolamine containing
two hydroxyethyl is more effective than 2-(dibutylamino)ethanol
containing one hydroxyethyl at the gold and platinum electrodes,
and is the most effective coreactant reported so far. Both diamines

HEEDA and HPEDA exhibit much weak ECL than the monoamines.
The weaker ECL of diamines may result from more significant side
reactions, such as the intramolecular side reaction between oxida-
tive amine cation radicals and reductive amine free radicals. This
study is helpful in search of new coreactants.
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