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Abstract

The direct photolysis of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) in aqueous solution was investigated under monochromatic
ultraviolet (UV) irradiation at 254 nm. ABTS was found to be directly photolyzed by UV irradiation to yield the one-electron oxidized radical,
ABTS**, which is a blue-green colored persistent radical species that has strong visible absorption bands. The photochemical production of ABTS**
was strongly dependent on the solution pH and the presence of dissolved oxygen. The presence of dissolved oxygen increased the quantum yields
at pH 3, whereas it inhibited the production of ABTS** at pH 6.5. Spectrophotometric and spectrofluorometric data indicated that ABTS photolysis
may occur as a result of the transfer of one-electron between the singlet excited state and the ground state of ABTS. Observations made during
UV/H,0, experiments with ABTS suggested that the dependence of the photoloysis of ABTS on the solution pH and the presence of dissolved
oxygen is related to the role of the hydroperoxyl/superoxide radical (HO,*/O,*~), which appears to be formed via a secondary reaction of the
reduced intermediate of ABTS with dissolved oxygen. The proposed photolytic reactions were supported by the observed stoichiometry between

the amount of ABTS** radicals produced and the amount of ABTS molecules decomposed.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS)
is a well-known compound used for the colorimetric analysis
of various chemical oxidants. The colorless ABTS molecule
is converted to the blue-green colored radical, ABTS®**, by
oxidation of one-electron, as depicted in Fig. 1. ABTS**
shows strong UV-vis absorption bands centered at 415, 648,
728 and 812nm, and is known to be a persistent radical
species.

It has been reported that ABTS®** can be rapidly formed
by reactions of ABTS with various inorganic radicals, such as
*OH, Br,*~ and RS*® [1,2], and various organic radicals, such
as alkoxyl or alkoxylperoxyl radicals [3,4]. In addition, non-
radical oxidants, such as percarboxylic acid [5], ferrate [6],
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bromine and chlorine species [7], are known to react with
ABTS to stoichiometrically produce ABTS®**. Therefore, ABTS
has been used as a kinetic probe for the study of free radical
reactions, as well as a reagent for the quantitative analysis of
chemical oxidants.

Although the formation of ABTS** by chemical oxidation
is well-documented, there has been only one study conducted
that has reported the photolytic formation of ABTS®** radi-
cals. Maruthamuthu et al. has reported that ABTS is oxidized
to ABTS** as a photosensitizer of UV-illuminated TiO; sus-
pension [8]. In this study, we observed the direct photolysis
of ABTS to ABTS®** under UV irradiation at 254 nm for the
first time. The effects of solution pH and dissolved oxygen
on the photochemical production of ABTS®** were investi-
gated, and their photochemical mechanisms are discussed based
on the spectrophotometric and spectrofluorometric data. The
photochemical formation of the blue-green colored radical,
ABTS**, can be used as a simple chemical actinometry sys-
tem.
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Fig. 1. ABTS and its one-electron oxidation product, ABTS®**.

2. Experimental
2.1. Reagents

All of the chemicals used were of reagent grade and were used
without further purification. ABTS diammonium salt, sodium
hydroxide, perchloric acid and potassium persulfate were pur-
chased from Aldrich Co. All water used was distilled and
deionized (Barnstead NANO Pure). A 35% aqueous solution
of hydrogen peroxide (H,O;) was obtained from Fluka Co.
The stock solutions of the ABTS reagent were prepared by dis-
solving 1 g of ABTS diammonium salt in 1L distilled water
(1.8 mM), which was then stored at 4 °C in the dark by covering
the containers with aluminum foil. The ABTS stock solution was
spectrophotometrically checked for variance prior to use. For
some experiments, ABTS®* was prepared by mixing an ABTS
stock solution with potassium persulfate, which was then stored
at 4 °C in the dark [9].

2.2. Experimental apparatus and procedure

All experiments were performed in a 150 ml Pyrex reactor
with a quartz window that allowed the solution to be exposed
to the UV irradiation from a 13 W low-pressure mercury vapor
lamp (TUV 13 W, 99% emission at 254 nm, Philips Co.). The
optical path length of this system was chemically determined
to be 3.5 cm using the photolysis kinetics of HyO, [10]. For
experiments in which gas sparging was conducted, the top of
the reactor was sealed with a rubber septum, and O> or N
bubbling was then performed using a needle-type diffuser. The
incident photon flow (Einstein1~'s~!) was measured using
ferrioxalate actinometry [11], and the photolytic production
of Fe(Il) was kept at <10% of the initial amount of Fe(III)
to ensure complete light absorption by the ferrioxalate acti-
nometer. An overall quantum yield of 1.2 was used in the
calculation pertaining to the ferrioxalate photolysis reaction
[12].

The general experimental procedure was as follows: an ABTS
solution with a specific concentration was prepared by adding
a calculated aliquot of ABTS stock solution to distilled water.
The initial pH of the ABTS solution was around 6.5, however,
the solution pH increased slightly to 6.8 £ 0.2 as a result of the
reaction. For some experiments in acidic pH conditions, the ini-
tial pH of the solutions was adjusted as 3 by adding appropriate
amounts of 0.1N HClOg4. No variation in the solution pH was
observed during the reaction time at pH 3. The prepared solution
in the reactor was placed in a thermostat, in order to maintain
the solution temperature at 25 & 0.5 °C. The photolysis was ini-
tiated upon exposing the reactor to the UV irradiation. Samples
were withdrawn at predetermined timed intervals and rapidly
analyzed immediately after the sampling. In most of the experi-
ments, a set of triplicate photolysis experiments was carried out,
and then the average values and the standard deviations were
presented.

2.3. Analysis

The analyses of Fe(Il) for ferrioxalate actinometry were
carried out using the 1,10-phenanthroline method [13]. The
pH measurements were carried out with an Orion 710A pH-
meter, which was calibrated with standard buffer solutions.
UV-vis absorption spectra were obtained using a Hewlett-
Packard 8453 diode array spectrophotometer, and fluorescence
spectra were obtained using a JASCO FP-6500 spectroflu-
orometer. A quartz cell with a path length of 1cm was
used for spectrophotometric and spectrofluorometric measure-
ments.

3. Results and discussion
3.1. Production of ABTS®** by ABTS photolysis

The UV direct photolysis of ABTS under UV irradiation
at 254nm in a deaerated aqueous solution was investigated.
As shown in Fig. 2, the colorless ABTS solution gradually
turned blue-green during the photolysis. The intensity of the
UV absorption band of ABTS at 340 nm gradually decreased,
whereas those of the visible absorption bands centered at 415,
648, 728 and 812 nm increased as the reaction proceeded, indi-
cating that ABTS is decomposed to produce ABTS®** as a result
of direct photolysis.

Based on the measured variations in the absorbance of the
ABTS solution at 340 and 415nm (AA349 and AAg4s), the
concentrations of the ABTS®* radicals produced and the ABTS
molecules decomposed were calculated by the following equa-
tions using the known molar absorption coefficients of ABTS
at 340nm (eapTSe+ 340 =3.66 x 10* M~ cm~!) and ABTS**
at 340 and 415nm (SABTSO+,340= 133 x 10*M~! cmfl;
EABTSet,415 = 3.40 x 10*M~! cm_l)

[14].

AA
produced ABTSe™ : [ABTSe™] = — 415 (1)

EABTSet,415



234 C. Lee, J. Yoon / Journal of Photochemistry and Photobiology A: Chemistry 197 (2008) 232-238

340 nm 0 min
1.5 min
4 min
7 min
10 min

Absorbance

- 648 nm 728nm  gqonm

500 600 700 800 900
Wavelength, A (nm)

Fig. 2. Variation in the UV-vis spectrum of the ABTS solution during UV
irradiation ((ABTS]p=1.8 x 10~* M, pHy 6.5,1=1.52 x 106 Einstein1~! s~!,
N, gas purging).

decomposed ABTS : A[ABTS] = [ABTS]y — [ABTS]

_ AA340 — £ABTSe+,340[ABTSe ™ ]

EABTS,340

@

Fig. 3a shows the concentration—time profiles of the ABTS**
radicals produced ([ABTS®*]) and the ABTS concentration
decomposed (A[ABTS]) during the ABTS photolysis. Both
[ABTS**] and A[ABTS] increased with increasing UV irra-
diation time. A plot of A[ABTS] against [ABTS**] (Fig. 3b)
revealed a perfect linear curve with a slope of 1.95 (*2), which
suggests that two moles of ABTS are decomposed to produce
one mole of ABTS®*.

3.2. Mechanism for the photolysis of ABTS to ABTS®**

The proposed simplest mechanism of ABTS photolysis is
described by reactions (3)—(6). According to reaction (5), the
photo-excited state of ABTS (ABTS(S;)) takes one-electron
from the ground state of ABTS molecule to produce ABTS®*.
The reduced form of ABTS (ABTS® ™) may be decomposed to
form the unknown product, Py (reaction (6)). Overall, two moles
of ABTS are consumed to produce one mole of ABTS®** (reac-
tion (7)). Additionally, analysis of the emission spectra of ABTS
verified that the spin multiplicity of the photo-excited state of
ABTS is a singlet. A wide fluorescence band raging from 370 to
600 nm with a Apax around 475 nm was obtained (Fig. 4), which
agrees with the results of a previous study [8]. The phosphores-
cence spectrum of ABTS in the deaerated aqueous solution was
not observed.

ABTS +hv— ABTS(S)) (3)
ABTS(S;) — ABTS + hv/ “)
ABTS(S;) + ABTS — ABTS*" + ABTS®~ 3)
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Fig. 3. (a) Concentration-time (UV fluence) profiles of ABTS®* produced and
ABTS decomposed during ABTS photolysis and (b) stoichiometry between
them ([ABTS]o = 1.8 x 10~* M, pH6.5,/=1.52 x 10~ Einstein1~! s~!, N, gas
purging).
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Fig. 4. Fluorescence spectrum (FS) and fluorescence excitation spectrum (FES)
of ABTS in aqueous solution (for FS, [ABTS]p=1.8 x 10~* M, excitation
wavelength=360nm; for FES, [ABTS]p=1.8 x 107> M, excitation wave-
length =250—400 nm, monitoring wavelength =475 nm).
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Fig. 5. Concentration—time (UV fluence) profiles of ABTS®* produced during
ABTS photolysis when various initial concentrations of ABTS were used (pH
6.5,1=1.52 x 10~ Einstein1=! s~!, N, gas purging).

The results of Figs. 5 and 6 strongly support the proposed
reaction between ABTS(S1) and ABTS. As shown in Fig. 5, the
rate at which ABTS photolysis to ABTS** occurs was enhanced
by increasing the initial concentration of ABTS ([ABTS]p)
from 1.8 x 10™* to 1.8 x 10~3 M. However, this cannot occur
as a result of enhanced photon absorption by ABTS. Because,
based on the molar absorption coefficient of ABTS at 254 nm
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Fig. 6. (a) Fluorescence spectra of ABTS when various initial concentra-
tions of ABTS were used and (b) relative fluorescence intensity at 475 nm
as a function of ABTS concentration (excitation wavelength =254 nm, the
dotted line indicates UV absorbance by ABTS at 254 nm calculated using
EABTS 254 ~ 1.9 x 10*M~'em~! and L=1cm).

(eABTS 254 ~ 1.9 x 10* M~ ecm™1) and the optical path length
of the reactor (3.5cm), all of the incident photons (>99%)
can be absorbed by ABTS only if [ABTS]p >3 x 1075 M. The
enhanced production of ABTS®* in this region of [ABTS]y
is due to the enhancement of reaction (5). The photo-excited
state (ABTS(S1)) relaxes to its ground state by emitting fluores-
cence (reaction (4)) unless it reacts with ABTS (reaction (5)).
Increasing [ABTS]g accelerates the rate of reaction (5).

In addition, the fluorescence spectra of ABTS as a function of
[ABTS]p, as shown in Figs. 6a and b, confirm the quenching of
fluorescence by ABTS (competition between reactions (4) and
(5)). Fig. 6a shows that the fluorescence intensity of ABTS sig-
nificantly decreases as [ABTS]p increases from 1.8 x 1074 to
7.2 x 1073 M. Fig. 6b shows a comparison of the fluorescence
intensity at 475 nm (symbols) and the calculated UV absorbance
by ABTS at 254 nm (dotted line) as a function of [ABTS]y.
The intensity of fluorescence increases in the region of low
ABTS concentration as a result of the increasing photon absorp-
tion by ABTS, whereas it starts to decrease around the point
at which [ABTS]p>35 x 107> M, most likely as a result of the
consumption of ABTS(S1) by ABTS, as described in reaction
(5) (fluorescence quenching by ABTS).

The fluorescence lifetime should be dependent on
[ABTS]g because of reaction (5). Maruthamuthu et al.
observed that the lifetime of ABTS(S;) (trf) was ~80ps at
[ABTS]o=2.75 x 10~* M using picosecond pulsed-laser spec-
troscopy [8]. By fitting this value and the data in Fig. 6b into the
kinetic equations derived from reactions (3)—(5), the rate con-
stants for reactions (4) and (5) (k4 and k5) were determined to be
1.8x10%s land3.8 x 1013 M1 s_l,respectively. In addition,
based on the determined rate constants, T¢ was calculated to be
0.54ns to 24 ps at [ABTS]p=1 x 107° to 1 x 1073 M. Details
for the calculation are described in supplementary data, S-1.

3.3. Effects of solution pH and dissolved oxygen

The effect of dissolved oxygen on the photolysis of ABTS
to ABTS®* was investigated using solutions with two dif-
ferent pH levels (Fig. 7a and b). To obtain linear UV
fluence—concentration profiles of ABTS®*, a high concentration
of ABTS (1.8 x 1073 M) was used and the photolytic produc-
tion of ABTS®** was kept at <1.5% of the initial amount of
ABTS, which ensured that complete light absorption by ABTS
occurred. The quantum yields (¢) of the photochemical produc-
tion of ABTS®* were then determined from the slopes of linear
plots. Interestingly, when the solution used had a pH of 6.5, O,
saturation decreased the ¢ value by 70% from 4.75 x 1072 to
1.47 x 1072 (Fig. 7a), whereas it increased the value by 70%
from 3.37 x 1072 to 5.68 x 1072 when a solution with a pH 3
was used (Fig. 7b). The difference of the ¢ values at pH 3 and
6.5 under Nj condition appears to be due to the protonation of
ABTS (pK, of HABTS* =2.08) [14].

As shown in proposed reactions (3)—(6), the only potential
species that dissolved oxygen can interact with are ABTS(S1)
and ABTS®* ™, since ABTS and ABTS®* are stable when in an
aqueous solution containing dissolved oxygen. However, the
fluorescence spectra of ABTS was constant regardless of the
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Fig. 7. Effect of dissolved oxygen on the production of ABTS®** during
ABTS photolysis (a) at pH 6.5 and (b) at pH 3 ([ABTS]p=1.8 x 1073 M,
[ABTS®**]<2.7 x 107> M (1.5% of [ABTS]o, /= 1.21 x 1077 Einstein 1! s~1).

presence of dissolved oxygen (data not shown), indicating that
no significant reaction between ABTS(S1) and oxygen occurs.
Therefore, ABTS®™ is the only species that can be responsi-
ble for the reaction with dissolved oxygen, which suggests that
ABTS®™ transfers one-electron into dissolved oxygen to yield
a superoxide radical (O2°7), as described in reaction 8. At a pH
<4.8,0,°~ is protonated to yield a hydroperoxyl radical (HO,*®).

ABTS*™ + 0, — ABTS + O0y°~ ®)

0,*" +H" - HO,* pKa= 4.8[15] )

The dual behaviors of HO,*/O,*~ proposed in the following
reactions explain the opposite effects of dissolved oxygen on the
photochemical production of ABTS** at pH 6.5 and 3 (Figs. 7a
and b). At pH 6.5, O>*~ may preferentially reduce ABTS®**
into ABTS, lowering the quantum yield for ABTS** produc-
tion (reaction (10)). Conversely, at pH 3, it may be favorable
for HO,*® to oxidize another ABTS molecule to yield ABTS®*,
which in turn increases the quantum yield (reaction (11)). Sim-
ilar behaviors of HO,°/0O,°~ have been reported in reactions
involving metal ions, such as Fe(Il)/Fe(Ill) and Cu(I)/Cu(Il).
According to the reported rate constants [15], O>*~ favorably
reduces Fe(IlT) and Cu(Il) to Fe(Il) and Cu(I), respectively,
whereas HO;,* preferentially leads to their reverse oxidation

reactions.
ABTS*t 4+0,°" — ABTS + O,  pH6.5 (10)

ABTS + HO»,* — ABTS*T +HO,~  pH3 (11)
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Fig. 8. Concentration-UV fluence profiles of ABTS** in the UV/H,0,
system ([Hy02]o=0.2M, [ABTS]o=[ABTS**]p=9 x 107°M, I=121x
107 Einstein1~! s71).

In order to verify the dual roles of HO,*/O5°*~ (reactions
(10) and (11)), a UV/H,0; system that had an excess amount of
H>0, (0.2 M) was employed using solutions with a pHs 3 and 7
to produce HO;,*® and O,°*~, respectively (Fig. 8). The reaction
solution was spiked with equivalent concentrations of ABTS
and ABTS** ([ABTS]o=[ABTS**]p~9 x 107°M), and the
variation of [ABTS®**] with irradiation time was measured. In
aqueous solution, UV irradiation splits H,O; into two hydroxyl
radicals (*OH) with a quantum yield of unity (¢.og=1) [16,17].
The hydroxyl radicals subsequently react with HyO» to pro-
duce HO,* in the presence of excess H»O», as described in the
following reaction:

H,0, +°*OH — HO,* + H,0
ko= 2.7x10"M~'s71[18] (12)

Based on the molar absorption coefficients of
H,0>  (eaprs2s4=19.6M~'ecm~'  [19]) and ABTS
(eABTS 254~ 1.9 x 10°M~'em™! [14]) at 254nm, as well
as the concentrations of HyO, (0.2 M) and ABTS (9 x 1076 M)
in the solution in Fig. 8, it was determined that more than 95%
of the incident photons are absorbed by H>O;. Furthermore,
considering the significantly higher quantum yield of the
photolysis of HyO, (1) than that of ABTS (1.72-5.68 x 1072
in Fig. 7a and b), ABTS®* generation as a result of the direct
photolysis of ABTS can be completely neglected.

The results in Fig. 8 clearly show the dual roles of HO»*/O,°* ™
when solutions of different pH are used. In the initial stage of
the reaction, [ABTS®*] linearly increased in response to UV
irradiation at pH 3, whereas it decreased at the same rate at
pH 6.5, which supports the mechanism proposed in reactions
(10) and (11). [ABTS**] at pH 3 began to decrease after being
exposed to 1.5 x 1073 Einstein1~! of UV fluence, suggesting
that ABTS®* can be transformed into the secondary oxidized
product as a result of further reaction with HO,*®. The variations
in the UV—-vis spectrum during the reaction confirmed that the
latter decrease of [ABTS®**] at pH 3 is not due to the reverse
reaction of ABTS** into ABTS (refer to supplementary data,
S-2).
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3.4. Stoichiometry

The proposed photolytic reactions involving the effects of
dissolved oxygen and solution pH can also be verified by inves-
tigating the stoichiometry between the amounts of ABTS®**
radicals produced ([ABTS®*]) and the amount of ABTS
molecules decomposed (A[ABTS]) during ABTS photolysis.
According to the proposed mechanisms (reactions (3)—(11)), the
theoretical stoichiometric factors for the photochemical con-
version of ABTS to ABTS** (A[ABTS]/[ABTS®**]) in three
different conditions; pH 6.5, N> (condition 1), pH 3, N> (con-
dition 2) and pH 6.5, O; (condition 3), should be 2, since two
moles of ABTS are decomposed to produce one mole of ABTS®**
(refer to reaction (7) for conditions 1 and 2, and supplementary
data, S-3 for condition 3).

Conversely, the theoretical stoichiometric factor when a solu-
tion with a pH 3 that contains O is used (condition 4) should be
between 1 and 2, depending on the competitive contributions of
reactions (6) and (8). Based on the fact that O, saturation affected
the ¢ value by approximately 70% (70% decrease at pH 6.5 in
Fig. 7a; 70% increase at pH 3 in Fig. 7b), it can be determined
that 70% of the produced ABTS®™ radicals react with dissolved
oxygen through reaction (8) (reaction (6):reaction (8) =3:7). The
theoretical stoichiometric factor for the conversion of ABTS to
ABTS** is calculated to be 1.17 by summating reactions (3)—(6),
(8) and (11) with the contribution ratio between reactions (6)
and (8) being 3:7. The detailed calculation of the stoichiometric
factors in condition 4 is presented in supplementary data, S-4.

In order to verify the stoichiometry between [ABTS®**] and
A[ABTS], several sets of experiments involving the photolysis
of ABTS were performed under each of the aforementioned
conditions (conditions 1-4), while measuring the variations
in the absorbance of the ABTS solution at 340 and 415 nm.
The concentrations of the ABTS molecules decomposed and
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Fig. 9. Stoichiometries between the amounts of ABTS** produced and ABTS

decomposed when solutions with a different pH and dissolved oxygen level were
used, calculated from the results of Fig. 7.

the ABTS®* radicals produced were then calculated based on
the absorbance using Egs. (1) and (2). However, to account
for the partial conversion of ABTS to its protonated form,
HABTS™ at pH 3, a slightly decreased eaprs3a0 value of
3.37 x 10* M~ cm~! was used, which was calculated from the
molar absorption coefficients of ABTS (3.66 x 10*°M~Lem™h
and HABTS* (9.13 x 10° M~!em™!), and the pK, value of
HABTS* (2.08) [14].

Fig. 9 shows the linear plots of [ABTS®*] against A[ABTS]
during photolysis under conditions 1—4. The stoichiometric fac-
tors for the conversion of ABTS to ABTS®* under each condition
were obtained from the slopes of the linear plots. The values
determined under conditions 1-3 were 1.95, 2.02 and 1.94,
respectively, which was in agreement with the theoretical value
of 2. The stoichiometric factor in condition 4 was measured to
be 1.29, which was slightly higher than the theoretical value
of 1.17. However, the obviously lower stoichiometric factor
obtained under condition 4 supports the dual roles of HO2*/O2°~
proposed in this study.

4. Conclusion

The results obtained in this study can be summarized as
follows. First, we demonstrated for the first time that ABTS
in aqueous solution was directly photolyzed to yield its one-
electron oxidized radical, ABTS®*, under UV irradiation at
254 nm. Spectrophotometric and spectrofluorometric data indi-
cated that the one-electron transfer between the photo-excited
and the ground-state ABTS molecules yielded ABTS®* and
the reduced form of ABTS, ABTS®~. Second, the photo-
chemical production of ABTS®** was strongly influenced by
the pH of the solution used, as well as by the presence of
dissolved oxygen. The formation of HO,*/O,°~ and their
reactions with ABTS/ABTS®* were suggested based on the
pH-dependence of the quantum yields of the production of
ABTS** in the presence or absence of dissolved oxygen, and
observations from the UV/H;0O, experiments. The stoichiome-
try of ABTS/ABTS®* strongly supported the proposed mecha-
nisms.

The photochemistry of ABTS found in this study may be used
as a simple chemical actinometry system in the UV-C region,
since the photochemical oxidation of ABTS to ABTS®** shows
perfect linearity with respect to UV fluence (Fig. 7a and b).
Additionally, the ability to perform a simple quantification of the
produced ABTS®* through spectrophotometric measurement of
the UV-vis absorption spectrum is a strong advantage of this
method. However, a more detailed investigation into other influ-
ences, such as temperature, light intensity and wavelength, is
needed to evaluate the possibility of using ABTS photochemistry
as a chemical actinometry system.
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