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Abstract

We characterized the acid—base properties, electrochemistry, and electrogenerated chemiluminescence (ECL) of neutral red in
acetonitrile (MeCN). To determine the acid—base properties, the basic form (NR) of neutral red was prepared and titrated with
anhydrous HCIO,, yielding pK, = 6.5 in MeCN. NR showed three irreversible electrochemical oxidations and a one-electron revers-
ible reduction. However, the acid form (NRH™) was reduced at more positive potentials than NR in a two-electron transfer reaction.
Benzoyl peroxide (BPO) was used as a co-reactant to generate ECL on reduction of NR because it produces a strong oxidizing agent
(C¢HsCO3) on reduction. A high concentration of BPO quenched ECL. NRH" did not produce ECL because its reduction was by
the transfer of two electrons and the energy available in the ECL reaction was not sufficient to generate an excited state. However,
the NR ECL showed a maximum intensity at 610 nm, which corresponds to the Amax of NRH™ fluorescence rather than that of NR.
The ECL intensity of NR depended strongly on the concentration of NR, BPO, and trifluoroacetic acid (TFA). The integrated ECL
intensity of NR, compared with that of Ru(bpy)?*, yielded a relative ECL intensity ratio, Ing/Iruary of ~0.05.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction HiC N

(NR)

3-Amino-7-dimethylamino-2-methylphenazine, also
known as neutral red, has been used in studies of biolog-
ical systems, especially as an intracellular pH indicator
[1,2], a nontoxic stain [3,4], and a probe material [5-7].
In aqueous solutions, neutral red is involved in an equi- -H || +HT
librium between the protonated form (NRHY) and a
deprotonated form (NR), as shown below with a
pK, = 6.81 [8].
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In addition, the electronic absorption spectra of neu-
tral red in aqueous solutions show maximum absorption
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peaks at 531 nm at low pH (e.g. pH 3.5) and at 450 nm
at high pH (e.g. pH 10.5) [8]. A distinctive color change
is observed at ~pH 7; the color of a neutral red solution
changes from yellow to red as the solution changes from
basic to acidic.

Electrogenerated chemiluminescence (ECL) is a phe-
nomenon where an energetic electron transfer reaction
of electrogenerated species produces the excited state
usually with the regeneration of emitters [9-11]. In
ECL, the excited state can be generated by either ion
annihilation or use of a co-reactant. The ECL produced
by ion annihilation usually requires the generation of
both stable radical anions (R*7) and radical cations
(R**) by alternating or scanning the electrode potential.
These two species can react to produce the excited state
(R*) in the diffusion layer of an electrode, depending on
the energy (—AH®) available in the ion annihilation
reaction.

R'™ + R — 2R (if — AH® < E; or E\) (1)

R +R*" - R*+R (if — AH° > E, or E,) (2)

where R is an ECL emitter, E; is the lowest excited sin-
glet state energy, and E, is the triplet state energy.

However, ECL can still be produced, even when one
of the radical ions, R"~ or R*", is either not produced or
is unstable, in the presence of a co-reactant by pulsing or
scanning the electrode potential in only one direction,
either negative or positive. A co-reactant is a species that
can produce a strong oxidizing or a reducing agent by an
electrode reaction occurring with the electrochemical
electron transfer (ET) reaction of the emitter precursor.
For example, tris(2,2’-bipyridine)ruthenium(II),
Ru(bpy)?r (bpy = 2,2'-bipyridine), can generate ECL
in the presence of peroxydisulfate ion (S,05") by sweep-
ing the potential only in the negative direction [12-14].
ECL has proven to be a versatile analytical technique
with high sensitivity and selectivity and is used commer-
cially for immunoassay [11,15,16]. Understanding ECL
mechanisms and optimizing conditions for generating
ECL are important in the application of ECL analytical
methods and in developing new ECL emitters as labels
and finding new co-reactants.

In this paper, we report how the ECL of NR
[and Ru(bpy)?] is generated by use of a co-reactant,
benzoyl peroxide (BPO) in acetonitrile (MeCN). The
spectroscopic behavior and electrochemistry of NR
and NRH" are also described.

2. Experimental
2.1. Chemicals

The hydrochloride form of neutral red (NR-HCI,
high purity) was purchased from Acros (Houston,

TX). NR was prepared from NR-HCI by dissolving 3
mg of NR-HCI in 50 mL deionized water, adding a sat-
urated NaOH solution until a reddish-brown precipitate
of NR formed, filtering this precipitate and washing it
thoroughly with deionized water, and drying it in a vac-
uum oven at 70 °C for 24 h. Anhydrous MeCN, (99.93%
in a sure-sealed bottle), trifluoroacetic acid (TFA, 99+
%), perchloric acid (70%, twice distilled), acetic anhy-
dride (99.5%), glacial acetic acid (99.8%), tetra-n-butyl-
ammonium perchlorate (TBAP), and benzoyl peroxide
(BPO) were obtained from Aldrich (Milwaukee, WI)
and used as received. Anhydrous 1 M perchloric acid
(HCIOy) in acetic acid was made by heating a solution
of 70% aqueous HCIO,4 (8.6 mL) in glacial acetic acid
(72.4 mL) with acetic anhydride (19 mL) to a tempera-
ture of 70 °C for 8 h [17]. This stock solution was stand-
ardized by titration with potassium hydrogen phthalate
(Aldrich, Milwaukee, WI) in acetic acid using crystal
violet (Aldrich, Milwaukee, WI) as an indicator. TBAP
and BPO were dried at 30 °C in a vacuum oven before
being transferred to an inert atmosphere drybox (Vac-
uum Atmosphere Co., Hawthorne, CA).

2.2. Spectroscopy

Electronic absorption spectra were taken with a
Beckman DU 640 spectrophotometer (Fullerton, CA).
Fluorescence spectra were obtained with an ISA Spex
Fluorolog-3 (JY Horiba, Edison, NJ). A quartz cuvette
with a 1 cm path length was used for all spectroscopic
measurements. All solutions used for absorption and
fluorescence spectra were prepared in a drybox or
purged with nitrogen (N,) gas.

2.3. Electrochemistry

Electrochemical measurements were performed with
either a CHI 660 electrochemical workstation (CH
Instruments, Austin, TX) or a PAR model 173/175.
For cyclic voltammetry, a conventional three-electrode
electrochemical cell was used. A platinum (Pt) ultra-
microelectrode (UME, 25 um diameter) was used for
steady-state voltammetry and a Pt disk electrode (2
mm diameter) was used for cyclic voltammetry and
ECL. A Pt wire and a silver (Ag) wire were employed
as the auxiliary electrode and the quasi-reference elec-
trode (QRE), respectively. All electrode potentials were
calibrated by using the ferrocene (Fc)/ferrocenium
(Fc™) redox couple and converted to V vs SCE by taking
E° (Fc/Fc™) = 0.424 V vs SCE [18]. All electrodes were
polished with 0.05 um alumina suspension (Buehler,
Lake Bluff, IL), and sonicated in deionized water and
ethanol. Then, all electrodes were dried in an oven at
120 °C for at least 20 min. Immediately after drying,
they were transferred into the drybox.
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2.4. Electrogenerated chemiluminescence

All ECL spectra were measured as previously re-
ported [19]. A charge-coupled device (CCD) camera
(Photometrics CH260, Tucson, AZ) cooled to —110 °C
and interfaced to a computer was used to obtain ECL
spectra. The CCD camera was focused on the exit slit
of a grating spectrometer (concave grating) having a 1
mm entrance slit (Holographics, Inc.). For simultaneous
cyclic voltammograms (CVs) and integrated ECL sig-
nals, a photomultiplier tube (PMT, Hamamatsu
R4220p) was used, with —750 V supplied to the PMT
with a high-voltage power supply series 225 (Bertan
High Voltage Co., Hicksville, NY). All ECL spectra
were produced by pulsing potentials from 0 V to the
cathodic peak potential of NR and all integrated ECL
signals were produced by sweeping potentials from 0 V
to a potential sufficiently negative to generate the radical
anion of NR.

3. Results and discussion
3.1. Acid-base properties of NR in MeCN

To characterize the acid-base properties of NR in
MeCN, anhydrous HCIOy in acetic acid was used as a
titrant because it is completely dissociated in MeCN
[20]. Fig. 1 shows the electronic absorption spectra of
10 M NR titrated with anhydrous HCIO,4 in MeCN.
The acetic acid used for preparing an anhydrous HCIO,
stock solution did not interfere with the electronic
absorption spectra of NR or contribute to the total con-
centration of H*, because acetic acid is an extremely
weak acid in MeCN [21]. Like electronic absorption
spectra measured in aqueous solution, NR exhibited
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Fig. 1. Electronic absorption spectra of 10 uM NR titrated with (1) 0
M, (2) 2 uM, (3) 3 uM, (4) 4 M, (5) 5 uM, (6) 6 uM, (7) 7 uM, and
(8) 10 uM of anhydrous HCIO, in acetonitrile. Inset is a plot of
log{[ClO,] — [NRH"]} vs log{[NRH"]/[NR]}.

one absorption band with a maximum intensity at 441
nm and the color of a 10 uM NR solution in MeCN
was a bright yellow. As the concentration of HCIOy in-
creased, the intensity of the absorption band at 441 nm
decreased and a new absorption band appeared with a
maximum intensity at 533 nm. In addition, an isosbestic
point was found at 468 nm, indicating that only two
forms (NR and NRH") existed in equilibrium in MeCN.
When 10 uM HCIO4 was added, the absorption band at
441 nm disappeared and the color of this solution
became red.

The acid dissociation constant (K,) for the acid—base
reaction of NR

NR +H" 2 NRH"* (3)

can be estimated from the electronic absorption spectra
in Fig. 1 [20]. The equilibrium constant (1/K,) for this
reaction is:

1 _ [NRH+]fNRH+

[NRH*]
K. [NRJH"|fxrfu-  [NR]J[H']
where f represents the activity coefficient. In a dilute
solution, fyry+ cancels out with fi+ and fygr is close to
unity, because it is an uncharged species. Therefore, K,
is a function of concentration. Because HCIO, is com-
pletely dissociated in MeCN, [H] is:
[H'] = [CIO;] — [NRH'] (5)

or, with Eq. (4)

o~

(4)

"
log{[CIO;] — [NRH"]} = log%Jr logK, (6)
[NR]

[NRH™"] and [NR] can be calculated from the absorption
spectra by Beer’s law and [ClO, | is the same as the con-
centration of HCIO,4 added in the NR solution. There-
fore, a plot of log{[CIO,] — [NRH"]} vs log{[NRH"]/
[NR]} should be linear (see inset of Fig. 1.) and the
pK, value of NR can be estimated from the y-intercept
of that plot, yielding pK, = 6.5 in MeCN.

3.2. Electrochemistry of NR and NRH"

There have been several reports on the electrochemis-
try of neutral red in aqueous solution [22-24], mainly fo-
cused on the electrochemical reduction of NRH™, but
the electrochemistry of NR and NRH™ in an organic
solvent has not been previously reported, even though
neutral red was first synthesized in 1878 [25]. Fig. 2
shows the CVs of 1 mM NR in MeCN containing 0.1
M TBAP at 0.1 V/s (Fig. 2(a)) and the scan rate depend-
ence of peak potentials (E£,) and peak currents (i) for
NR reduction (Fig. 2(b)). When the electrode potential
was scanned towards positive potentials, three irreversi-
ble electrochemical oxidation waves were found at +0.74
V, +1.18 V, and +1.55 V vs SCE (see Fig. 2(a)). In
contrast, the electrochemical reduction of NR was
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Fig. 2. (a) CVs of ] mM NR in 0.1 M TBAP + MeCN at 0.2 V/s. (b)
Dependence of peak potentials (E},) and peak currents (i, and ip,) of
NR reduction on scan rate (v'/?).

reversible with E-values independent of the scan rate (v)
(see Fig. 2(b)) and the i, ratio, ip,/ipc, where 7, is the NR
reduction current and i, is its corresponding oxidation
current on scan reversal, was close to unity (~0.9). Both
ipc and i, were linearly dependent on v!? indicating that
this reduction is diffusion-controlled (see Fig. 2(b)), and
the half-wave potential (E£,) of NR reduction was
—1.64 V vs SCE. However, multiple scans from the pos-
itive (oxidation of NR) to the negative direction (reduc-
tion of NR) showed large changes in the CVs, implying
that the radical cation of NR (NR'") is unstable and
decomposes.

The electrochemical reduction of NR was investi-
gated with different concentrations of trifluoroacetic
acid (TFA). Fig. 3 shows CVs for the electrochemical
reduction of 1 mM NR in 0.1 M TBAP + MeCN with
various concentrations of TFA at 0.1 V/s. As the con-
centration of TFA increased, the original reduction peak
for NR at —1.47 V vs Ag QRE diminished and a new
reduction wave, that of NRH", developed at a much
more positive potential (with a 1.11 V shift). In addition,
the i,s for both reductions were linearly dependent on

the concentration of TFA upto 1.8 mM (Fig. 4), with
the i, for NRH™ becoming independent of the concen-
tration of TFA above 2.2 mM TFA, where the original
reduction peak for NR disappeared totally, because all
of the NR molecules had been protonated by the
TFA. H" reduction occurred at a more negative poten-
tial than the NRH" reduction potential. The i, of NR in
the absence of TFA was about half that for NRH™ in 3
mM TFA, indicating that the n for the reduction of
NRHT is different from that of NR (Fig. 4).

The diffusion coeflicient (D) and the number of elec-
trons transferred during the reduction (n) were estimated
from the steady-state current and the chronoamperomet-
ric diffusion current (transient current) of a UME [26].
The steady-state current at a disk-shaped UME [27,28] is:

iss = 4nFDC"a, (7)

where F'is Faraday’s constant, C* is the bulk concentra-
tion of analyte, and a is the radius of the UME. Because
the current response at a UME having a radius a is the
same as that of a hemisphere electrode having r; = 2a/n
[29,30], the chronoamperometric diffusion current, iy(¢),
is given by:

iq(t) = ©'2nFDV?C* 1'% + 4nFDC*a (8)

By normalizing Eq. (8) with Eq. (7), the normalized
current, iy (¢)/iss at a UME is:

ig(t) )i = (1'% /4)aDt % + 1 o)

Therefore, iy()/is is a function of #~? and a plot of

iq(t)iss vs 1~V should be linear, where D can be estimated
from the slope and n can be calculated from the D value
and known values of ¢ and C* from Eq. (7) [26].

Fig. 5(a) shows steady-state voltammograms of
NRH* and NR reduction. Although iy was not well de-
fined for NRH™, because H" reduction begins to occur
at the potentials on the plateau of the wave, it was still
possible to approximate i, of NRH™ reduction. The
measured i s were 9.9 nA for NRH" and 4.7 nA for
NR. Fig. 5(b) and (c) are the plots of ig()/iss vs ¢~
for NR and NRH?, respectively. In the short time re-
gion (<1 ms), the experimental data points deviate
from linearity because of double layer charging, the fi-
nite rise time of the potentiostat and current follower,
and perhaps finite heterogeneous electron transfer kinet-
ics. For the longer time region, however, iy(t)/is; was a
linear function of 1~ and its slope was extracted by a
linear regression. The calculated slopes of 0.180 for
NR and 0.182 for NRH" yield D values of 9.5x 107°
and 9.3 x 107® cm?/s, respectively. The n values calcu-
lated from Eq. (7) were 1.02 for NR and 2.20 for
NRH™, as summarized in Table 1.

The proposed electrochemical reduction mechanism
for NR and NRH™ is a “square scheme” as shown in
Scheme 1. Because NR is a derivative of phenazine, its
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trifluoroacetic acid (TFA) in 0.1 M TBAP + MeCN at 0.1 V/s.

electrochemical reduction mechanism should be similar
to that of phenazine [31]. Therefore, two successive
one-electron reductions of NR occur (paths (a) and (b)
in Scheme 1). Similarly, NRH" is reduced in an ECE
process leading to an overall two-electron reaction. Sim-
ilar phenomena were observed in the electrochemical
reduction of phenazine and protonated phenazine in
DMF or DMSO [31].

3.3. ECL of NR

No ECL by ion annihilation was observed by cycling
between the anodic and cathodic waves of either NR,

probably because of the instability of the radical cation.
However, because NR produces a stable radical anion, a
co-reactant that produces a strong oxidizing agent on
reduction can generate ECL and BPO was used for this
purpose.

BPO
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Fig. 4. Dependence of reduction peak currents (i,) of NR and NRH*
on the concentration of TFA in 0.1 M TBAP + MeCN. 1 mM NR was
titrated with 0.13 M TFA stock solution. Scan rate = 0.1 V/s.

When BPO is reduced electrochemically, it produces
a strong oxidizing agent, benzoate radical (C4HsCO?)
[32], via an ECE process [33]. (vide infra)

BPO + ¢~ — BPO™ (10)
BPO"™ — C¢HsCO; + CsHsCO3 (11)
C()HSCOE +e — C6H5C02* (12)

Fig. 6 shows the simultaneous CV (a) and ECL re-
sponse (b) of a 1 mM NR +5 mM BPO system in
MeCN containing 0.1 M TBAP at 0.1 V/s. From the
CV, BPO is seen to reduce at —1.25 V vs Ag QRE prior
to NR reduction and no ECL was found at this poten-
tial, indicating that no luminescence was produced dur-
ing BPO reduction alone. When the electrode potential
reached the reduction potential of NR, ECL emission
from NR was detected.

The proposed ECL mechanism of NR generated with
BPO is shown in Scheme 2.

The generated C¢HsCO); is a sufficiently strong oxi-
dizing agent to form an excited state of NR. However
the £°(CsHsCO;/C¢H5CO, ) was reported to be either
+0.8 V [34] or +1.5 V vs SCE [35]. Once NR is reduced
(Eq. (13)), C¢HsCO; oxidizes NR*™ to NR* (Eq. (14)).
To check the energetic feasibility for this reaction,
the energy, —AH" [36], available in Eq. (14) was esti-
mated from Eq. (16) using E;, (NR/NR™) and
E° (C¢H5CO;/CsHsCO; ), and compared with the low-
est excited singlet state energy (E;) of NR, which was
determined from the fluorescence spectrum of NR.

—AH® ~ E° (C6H5COE/C6H5CO;)
— E1y(NR/NR*) — 0.1 eV (16)

where 0.1 eV is an estimate of the temperature-entropy
approximation term (7TAS°) at 25 °C.—AH° for Eq.
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Sampling rate, 100 s per point. A Pt-UME (12.5 pm radius) was
used.
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Table 1
Summary of Ej;, n, and D for the Reductions of NR and NRH*
Eij» (V) vs SCE n 10° D (em?s7h)
NR —1.64 1.02 9.5
NRH" —0.53 2.20 9.3
NR +e¢ —®p NR™+e —&p NR”
A A
HY| H" H| - H* HYl - H*
\ 4 A\ 4
NRH* + ¢ —<p NRH + ¢ —9p NRH-
A A
HY -H* H| - H*
A\ 4 \ 4
NRH," + ¢ —© » NRH,
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Fig. 6. Simultaneous (a) CV and (b) ECL signal of 1 mM NR
produced with 5 mM BPO in 0.1 M TBAP + MeCN at 0.1 V/s.

(14) is 2.34 eV estimated with the lower E° value of ben-
zoate radical, +0.8 V (—AH°=3.04 eV if E°=+1.5V).
Because —AH" is larger than E of NR, the direct gener-
ation of NR* is possible. In contrast, no ECL signal was
obtained with the NRH'/BPO system. Because the
electrochemical reduction of NRH™ is a two-electron
transfer reaction and —AH® (1.93 eV) estimated even

BPO + ¢ > BPO~ (10)
BPO-~ > CgHsCOy + CgHsCOy (11)
NR + ¢ > NR-~ (13)

NR™ + C¢HsCO»» = NR* + C¢HsCO,” (14)

NR* > NR + hv (15)

Scheme 2.
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Fig. 7. ECL spectrum (solid line) of 1 mM NR and fluorescence
spectra of 5 uM NR (dotted line) and 5 uM NRH™ (dashed line). ECL
was generated with 10 mM BPO by pulsing the electrode potential
between 0 V and —1.6 V vs Ag QRE (0.1 s pulse width and 5 min
integration). /e for NR and NRH", 440 and 530 nm, respectively.

with the larger E° (+1.5 V) is less than E; (2.06 eV) of
NRH", it is energetically unfavorable to generate
NRH** directly.

To determine that the observed ECL was emitted
from NR, ECL spectra were measured with a CCD cam-
era and compared with its fluorescence spectra. Fig. 7
shows the ECL spectrum of 1 mM NR produced with
10 mM BPO and the fluorescence spectra of 5 uM NR
and 5 uM NRH*. For this ECL spectrum, ECL was
generated by pulsing the electrode potential between 0
V and —1.6 V vs QRE with 0.1 s pulse width for 5
min. The fluorescence maxima of NR and NRH™ were
found at 561 and 601 nm, respectively. Interestingly,
the observed ECL spectrum of NR, which had a maxi-
mum intensity at 610 nm, corresponded more closely
to the fluorescence of NRH™ rather than that of NR.
Although Singh et al. [37] reported the dual solvatochro-
mism of NR in fluorescence and suggested the existence
of two closely spaced electronic excited states, it is still
not clear why ECL produces longer wavelength emis-
sion than does fluorescence, even in the same solvent.

Another possibility is the presence of unknown fluo-
rescing species produced during the ECL reaction. To
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test this, absorbance and fluorescence measurements
were carried out again with the solution used for ECL,
as soon as the ECL measurement was finished. The
resulting absorption and fluorescence spectra were iden-
tical to those measured before ECL experiments, sug-
gesting that no emissive bulk by-product was produced
during the ECL reaction.

3.4. Concentration effects on ECL of NR

The ECL of NR depended strongly on the concentra-
tion of NR, H", and BPO. Fig. 8 shows the effect of NR
concentration on the ECL produced with 5 mM BPO.
The total ECL emission was measured with a PMT by
scanning the electrode potential. The measured ECL
intensity was linearly proportional to NR concentration
upto 0.25 mM. However, the apparent ECL of NR
gradually decreased in the range of 0.5-2 mM because
of an inner-filter effect (self-absorption) and self-quench-
ing at such high concentrations. Generally, the inner-fil-
ter effect occurs at longer path lengths when the
wavelength of emission overlaps an absorption band
and becomes significant with an increasing concentra-
tion of emitter. The rate of self-quenching, a bimolecular
process, also increases with increasing concentration.

The ECL intensity of NR was also strongly depend-
ent on the concentration of H" because the protonated
form of NR does not produce ECL. Fig. 9 shows the ef-
fect of H" concentration on ECL of 1 mM NR using
TFA as a H' donor. As shown in Fig. 9, the ECL inten-
sity of NR was affected dramatically by a small amount
of acid. The decay of the ECL intensity with added TFA
is also caused by the inner-filter effect of the NRH"
formed. Because the absorption band (4;,,x = 533 nm)
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Fig. 8. Effect of NR concentration on ECL with 5 mM BPO in 0.1 M
TBAP + MeCN, with the electrode potential scanned at 0.1 V/s and
measured with a PMT.
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Fig. 9. Effect of TFA concentration on ECL of 1 mM NR produced

with 5 mM BPO in 0.1 M TBAP + MeCN, with the electrode potential
scanned at 0.1 V/s and measured with a PMT.

of NRH" is located more closely to the ECL band
(Zmax = 610 nm) than that (A,.x =441 nm) of NR, the
inner-filter effect with NRH™ is more important than
with NR. In fact, a larger portion of the NRH™ absorp-
tion band (15.8%) overlapped the NR ECL spectrum
than did NR (2.8%).

Fig. 10 shows the ECL intensity of 0.5 mM NR as a
function of the BPO concentration. The ECL intensity
of 0.5 mM NR was linearly proportional to the concen-
tration of BPO upto 10 mM. After that, the ECL inten-
sity decreased with increasing BPO concentration,
suggesting that NR* is quenched by BPO at high con-
centration. BPO proved to be an effective quencher for
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Fig. 10. Effect of BPO concentration on 0.5 mM NR in 0.1 M
TBAP + MeCN, with the electrode potential scanned at 0.1 V/s and
measured with a PMT. Inset represents the low concentration region
(0-2.5 mM BPO).
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the fluorescence of Ru(bpy)g+ and some aromatic
hydrocarbons [38,39]. In a similar way, ECL quenching
might occur by electron transfer (ET) as follows:

NR* + BPO “[NR** ... BPO ] (17)

NR'++C6H5COQ + C6H5C02 (18)
[NR'*... BPO ]<:
NR + BPO (19)

Once the intermediate state, [NR™-..-BPO~], was
formed, both a decomposition reaction (Eq. (18)) and
a back ET reaction (Eq. (19)) could occur. ECL quench-
ing of 0.5 mM NR by BPO seemed not to be efficient at
concentrations lower than 10 mM BPO.

Fluorescence quenching experiments were performed
to confirm that BPO is a quencher of NR fluorescence.
The fluorescence quenching rate constant (kq) can be
estimated from the Stern—Volmer relationship [40] in
the absence of other quenchers, like molecular oxygen,
as defined by:

%=1+&mwm=1+@ﬂan (20)
where I and I, denote the fluorescence intensity with
BPO and the initial fluorescence intensity without
BPO, respectively, Kgy is the Stern—Volmer quenching
constant, k4 is the quenching rate constant, and 7° is
the lifetime of the lowest excited singlet state. Fig. 11
shows the Stern—Volmer plot of NR fluorescence
quenching. From the slope of this plot, Ksy and kq were
calculated as 6.9 M~ and 1.6 x10° M~'s™!, respec-
tively, by taking t° as 4.2 ns [37].
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Fig. 11. Stern—Volmer plot of NR fluorescence quenching by BPO in
the absence of molecular oxygen. eng = 1 pM and A = 440 nm.
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represents the ECL spectrum measured under the same condition.

3.5. ECL ofRu(bpy)i+ with BPO and ECL efficiency

BPO was also used to generate the cathodic ECL of
Ru(bpy);", which is a well known ECL emitter. Fig. 12
shows simultaneous CV (a) and ECL (b) curves of 1
mM Ru(bpy)?r produced with 5 mM BPO in 0.1 M
TBAP + MeCN. When the electrode potential was
scanned in the negative direction, BPO was reduced first.
As with NR ECL, no luminescence occurred until
Ru(bpy);" was reduced. Three reversible reductions pro-
ducing Ru(bpy)*, Ru(bpy)”, and Ru(bpy) ~ were observed
at —1.42, —1.61, and —1.88 V vs Ag QRE, respectively
(Fig. 12(a)), and ECL having a maximum intensity at
623 nm was produced (inset of Fig. 12(b)). Although
ECL was also produced at the potential where
Ru(bpy)g and Ru(bpy); were generated, only the first
ECL produced at the potential of the Ru(bpy)>™* couple

Equations (10) and (11) followed by
Ru(bpy)s’” + ¢ > Ru(bpy)s” 1)

Ru(bpy)s>” + CeHsCOx > Ru(bpy)s™* + CeHsCO.™  (22)

Scheme 3.
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Equations (10), (11) and (21) with
Ru(bpy)s*" + CsHsCO; > Ru(bpy)s’™ + CsHsCO, 23)

Ru(bpy);" + Ru(bpy)s’* > Ru(bpy);”"* + Ru(bpy)s™*  (24)

Scheme 4.

will be considered for the proposed ECL mechanism
shown in Scheme 3.

The energy available in Eq. (22) can be estimated
from Eq. (16) by replacing E;, (NR/NR™) with E),
(Ru(bpy)?’”). The estimated —AH® for Eq. (22) is at
least 2.2 eV, which is greater than the excited state en-
ergy of Ru(bpy)?r (2.12 eV [41])). If E°(CeHsCO;/
C¢HsCO,;) is taken as +1.5 V, an additional mechanism
is also possible as shown in Scheme 4.

Eq. (23) can occur because C4HsCO;, (if E° = +1.5V)
is strong enough to oxidize Ru(bpy)§+ (F°=129 V
[41]). Therefore, Ru(bpy):™ can be produced via Eq.
(24) as well as by Eq. (22) in Scheme 3.

In general, the ECL efficiency (¢gcr) is defined as
photons emitted per redox event that is related to the to-
tal electrical charge applied. Estimating the efficiency is
possible only in annihilation ECL, where one can ac-
count for the charge in the generation of reactants. In
co-reactant ECL, like the NR/BPO system, ¢gcr. cannot
be estimated, because the total charge does not represent
the number of redox reactions between NR'~ and
C¢HsCO3. Therefore, the integrated ECL intensity of
NR with BPO was compared with that of a reference,
Ru(bpy)?r, whose ¢gcr for annihilation is well known
as ~5% [42-44], with BPO. Instead of ¢rcr we report
the relative ECL intensity ratio (/nr/Iruar) measured
under the same conditions (0.5 mM NR + 10 mM
BPO and 0.5 mM Ru(bpy);" + 10 mM BPO), which is
~0.05.

4. Conclusions

Based on the property of color change depending
on [H'], neutral red may be used as an acid-base indi-
cator (pK, =6.5) in MeCN. In electrochemistry, both
NR and NRH" did not show reversible oxidations in
MeCN. However, reversible electrochemical reductions
of NR (n=1) and NRH" (n=2) occur in MeCN.
ECL of NR can be generated by using a co-reactant,
BPO, which produces a strong oxidizing agent,
C¢HsCOj. However, NRH" does not generate ECL,
because of its two-electron reduction and a lack of suf-
ficient energy to produce the excited state. The ECL
intensity of NR is strongly affected by the concentra-
tions of NR itself, BPO, and H". The relatively high
concentration of BPO quenches both ECL and fluores-

cence. The optimum condition for NR to produce
ECL is 0.5 mM NR with 10 mM BPO in the absence
of H" and molecular oxygen. The ECL efficiency is
only about 5% of that of Ru(bpy)g+ under the same
conditions.
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