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Abstract

Lakes based on Eosin-Y are extensively used by 19th century artists. Unfortunately, the
identification of these pigments in paintings is a difficult task because Eosin-Y degrades very
fast under the influence of light.

The characterization of the (photo)degradation products of Eosin-Y can be very useful for the
identification of these pigments in historic works of art and related cultural heritage artifacts.
Furthermore, knowledge on how different factors influence the discoloration process (e.g.
different types of irradiation sources and presence/absence of oxygen) is a valuable tool for
preventive conservation.

To this aim we performed a study on the photodegradation of Eosin-Y in solution under
different illumination and in both oxic and anoxic conditions. The photodegradation of Eosin-
Y was monitored by UV-VIS spectrophotometry, LC-QTOFMS and electrochemistry
techniques.

Results indicated higher degradation rates, by a factor of 20 or higher, under illumination with
wavelengths near to the main absorbance band of the red pigment. Two different degradation
pathways are observed under the conditions studied. LC-QTOFMS and electrochemistry
suggested that in the presence of oxygen the degradation mechanism is an oxidative process
where the breakdown of the structure causes the total discoloration. Meanwhile under anoxic
conditions, a debromination process takes place while the chromophore, and consequently the

color of the molecule in solution, remains essentially intact.
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1. Introduction
Eosin-Y is a xanthene red dye (Acid Red 87, CI 45380) defined by a conjugated m system, resulting
in a strong absorption in the visible range of the spectrum, giving rise to the characteristic red color.

The molecular structures of this compound are shown in Fig. 1.

Br Br Br

OH Br
HO (0] OH HO (o} I [0}

A) Br Br B) Br Br

Fig. 1. Chemical structures of Eosin-Y. Lactone form (A), Quinoid form (B) and Dianionic form

(©).

Eosin was discovered in 1873 by Henry Caro [1] by bromination of fluorescein and commercialized
as a textile dye in the same year; from that moment in time, it has been extensively used in the

manufacturing and textile industry.
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Eosin was commercialized as an artistic dye from 1880 onwards. The soluble dye Eosin-Y can be
converted into an insoluble pigment named geranium lake by precipitation with aluminum, lead or
potassium salts. These xanthene lakes are composed of a metal ion complexed by two Eosin
molecules with a similar coordination to anthraquinone dyes [2]. A recent study has reported that
the carboxylic group coordinates the metal in Eosin-based lakes [3]. Geranium lake was used by
19" century artists such as Vincent Van Gogh (1853-1890) or Paul Gauguin (1848-1903) due to its
wide variety of possible hues; depending upon the metal used in the precipitation, this hue can
range from orange-scarlet to bluish-red [1]. Both artists started to notice the discoloration in some
of their paintings already a few months after finishing; Eosin has a marked tendency to fade upon
exposure to light [4, 5]. The identification of Eosin-Y and the characterization of its degradation
products in paintings represents a challenge because of (i) the low concentration/amount remaining
intact after several years/decades of aging, (ii) the difficulty in obtaining samples for analysis, and
(iii) differences in (degradation) behavior when Eosin is combined with organic or inorganic
pigments, binding media or varnish [1,4].

Likewise, light can cause lakes used in cultural objects to lose their color, it can also accelerate the
discoloration of the Eosin-Y in solution. Although the photodegradation of organic pigments (also)
depends on the paint medium and the environmental condition, several studies have demonstrated
that solution phase systems may serve as simple models to estimate the kinetic behavior and
discoloration mechanism of pigments in solid form [6,7]. Monitoring the (photo)degradation
process of Eosin-Y is challenging because this dye is extremely light sensitive and features a strong
pH dependence [8,9].

Another factor influencing the degradation kinetics of organic dyes is the amount of oxygen present
in the environment. Anoxic storage conditions have been extensively investigated as a preservation

method for historical artifacts [10,11]. Although most of the studies have revealed that anoxia
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would be expected to slow the degradation process, it is remarkable that some organic dyes exhibit
a more pronounced degradation in a reduced oxygen atmosphere [12,13]. There are only a few
reports about the influence of oxygen on the degradation mechanism or the stability of organic dyes
stored under nitrogen atmosphere [14].

The interaction between oxygen and organic dyes has been recently studied in the field of
organocatalysis. In the last decade, new strategies have been suggested to increase the yield of
organocatalytic reactions; one of these involves the combination of an organocatalytic cycle with
a photocatalysis strategy [15]. A group of red dyes, included Eosin-Y, has been proposed as
catalysts in a metal-free photoredox catalysis as a substitute for more typical organometallic
compounds (such as ruthenium or iridium salts) [16,17]: where the excitation of the dye by green
light is followed by an electron transfer from the excited triplet state of the molecule [18]. One can
consider the analogy between photoredox catalysis and the photo-degradation of Eosin-Y in
solution as the starting point for proposing a mechanism for the light-induced aging of Eosin-Y in

cultural artifacts.

In this work, the influence of the wavelength of light and the influence of oxygen on the
discoloration process of Eosin-Y were studied. Three different sources of light were employed to
observe significant changes in the UV-VIS absorbance spectrum of Eosin-Y over the course of an
irradiation experiment. Both oxic and anoxic conditions were investigated. By monitoring the
changes in the absorption spectra after irradiating the solution under different conditions,
information on the nature of the degradation process is obtained. In addition, chromatographic
studies were undertaken to identify secondary products. Recently, amperometry and voltammetry
have been proposed as alternative means of studying the photodegradation process of inorganic

pigments [19,20]. These electrochemical methods allowed to monitor the photodegradation of
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pigments in-situ and to clarify their photodegradation mechanism and kinetics under different
environmental conditions.

The characterization of the behavior of Eosin-Y in solution under different conditions can provide
relevant information on the kinetics and molecular mechanism of photodegradation; these insights
can be used to improve the long-term storage conditions of cultural artifacts in which Eosin-Y was

used.

2. Materials and methods

2.1. Sample preparation
Commercial Eosin-Y (99% Sigma-Aldrich) was used without further purification. A stock solution
of 3.1 mM was stored in the dark and used for preparation of a dilute working solution (15 puM).
The pH of the working solution was 10, at which Eosin-Y is exclusively present in its dianionic
form [21]. The study of this form is relevant since to the manufacture of geranium lake is carried

out in alkaline pH (8-12) conditions [22].

2.2. Photodegradation experiments

A sealable quartz cuvette (Hellma® Analytics, 117-100-10-40) containing the stock solution was
irradiated with three different sources of light: under broad band UV light (UVA and UVB: 280 to
400 nm) in a solar irradiation chamber and by means of two types of laser: 405 nm (blue) and 532
nm (green). The photon flux in the solar chamber and emitted by the blue and green lasers were
1.7-1.5, 2.0 and 2.7 x 108 photon m? s%, respectively.

In order to create anoxic conditions, the cuvette was sealed with a screw cap containing a rubber
seal; two needles served as inlet and outlet. Dry nitrogen was bubbled through the sealed cuvette

containing 3 mL of solution for 1 hour prior to light exposure.
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2.3. UV-VIS absorbance spectrophotometry
The degradation of eosin in the stock solution was monitored as a function of exposure time by
recording absorbance spectra on a Perkin EImer Lambda 750 in the 800-200 nm range with 266.75
nm/min scan speed; each absorption spectrum took a recording time of 2.24 min. The UV-VIS
beam intensity employed for the measurements was such that we can assume no additional
degradation took place during/as a result of the UV-VIS measurements itself. The UV Win Lab

(Version 6.2.0, Perkin Elmer) software was used for data processing and viewing.

2.4. Degradation kinetic studies
Absorbance spectra were recorded before and after exposure of the solution to light for different
lengths of time. The degradation was monitored up to 150 min, 36 h and 62 h for the samples
irradiated with green, blue and UV light, respectively. The progressive decline of the main band
intensity (517 nm) of Eosin-Y was used as a reference to evaluate the degradation kinetics. With
the aim of determining the rate constants and kinetic order of the degradation, linear regression of

the integrated absorption peak intensity data was carried out.

2.5. Chromatographic study of the Eosin-Y degradation products
The aqueous samples were centrifuged through a 0.22 pum nylon filter and stored in brown vials
for injection. The illumination in the auto-sampler was switched off and the temperature was kept
at 4 °C to prevent degradation prior to analysis. The samples were injected on a Kinetex® C18
column (150 x 2.1 mm, 1.7 um particle size; Phenomenex, the Netherlands) using an Agilent 1290
chromatographic system (Agilent, Santa Clara, USA); the injection volume was 1 puL. The mobile

phases were A) ultra-pure Milli-Q water (Elgo Lab, Tienen, Belgium) with 0.1 % (v/v) of formic
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acid and B) Methanol/ultra-pure Milli-Q water (90/10, v/v) with 0.1 % (v/v) of formic acid. The
separation was performed using a gradient elution starting at 5 % of mobile phase B for 1 min,
increasing to 100 % B at 10 min. The column was rinsed for 1 min and re-equilibrated for 3 min to
prepare the column for the next analysis. The flow rate was kept constant at 0.4 mL/min at a
temperature of 45 °C. The eluting compounds were nebulized with the Agilent Jet Stream-nebulizer
and detected using an Agilent 6530 quadrupole-time of flight (QTOF, Agilent). The drying gas
temperature was 300 °C, the gas flow was 8 L/min. The sheath gas temperature and flow were 350
°C and 11 L/min, respectively. The nebulizer pressure was 30 psi.

The analysis was performed in both negative and positive ionization modes. For both modes, the
capillary voltage, nozzle voltage and fragmentor voltage were 4000 V, 1000 V and 150 V,
respectively. The QTOF was equilibrated using a mix of reference masses. Continuous
recalibration was performed on the injected compounds (trifluoroacetic acid, purine and HP-921,
giving a reference m/z of 121.0508 and 922.0098 in positive mode and 112.9855 and 966.0007 in
negative mode, respectively). MS scans were acquired at 2 scans per second.

The data were analyzed using Mass-Hunter (Agilent, v. B.06.00) and Mass-Profiler Professional
(Agilent, v. 12.5). Degradation products of Eosin-Y were searched for using an untargeted
approach: molecular features were extracted with the Molecular Feature Extractor algorithm (MFE,
Agilent) using the following parameters: unbiased extraction with spacing tolerance of 15 ppm and
a symmetric mass defect of -0.2895 to +0.05 to increase the selectivity for brominated compounds.
lon adducts searched were proton and sodium adducts in positive mode, in negative mode only the
loss of a proton was considered. The score threshold was put at >40 to reduce false negative
compounds; filtering of false positive compounds was performed with Mass-Profiler Professional.
Identical molecular features between samples were aligned with a retention window of 0.2 min and

a mass difference tolerance of 20 ppm. The obtained matrix was then searched for molecular
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features which had trends that relate to chemical degradation, i.e. if their signal showed an
increasing (formation), decreasing (degradation) or complex (formation and degradation
combined) trend. The signals were identified in the Mass-Hunter software using the Molecular
Formula Generator algorithm (MFG, Agilent). The results were manually checked for mass

accuracy, isotope pattern, and isotope spacing to confirm the identification.

2.6. Electrochemistry
Electrochemical measurements were done in a three-electrode cell using a saturated Calomel
reference electrode (potential of 0.248 V versus SHE), a glassy carbon rod as a counter electrode,
and a screen-printed carbon electrode type 1S-C (ItalSens, Florence, Italy) as a disposable working
electrode. The cell was connected to a potentiostat model pAutolab III (Metrohm-Autolab BV, the
Netherlands) controlled by a computer. Phosphate buffer at pH 7, supported with 0.1 M KCI, was
used as a background electrolyte. Photocurrents were measured as a difference between the current

under illumination and the background current before illumination.

3. Results and discussion

3.1. UV-VIS spectra and degradation kinetics under oxic conditions

3.1.1. Absorbance spectra
As shown in Fig. 2, the UV-VIS absorbance spectra of Eosin-Y feature a major band at 517 nm,
assigned to the chromophore responsible for its red color. The shoulder at 490 nm in the initial
spectrum has been ascribed to the dimeric form of Eosin-Y [23]. The spectra also show three other
well-defined, but less intense bands at 341, 301 and 255 nm assigned to m— ©* transitions in the

aromatic rings. The molar absorptivity coefficients (&) of the absorption bands are reported in the

9



204 literature [24] and match with the experimental values calculated in the present work (data shown
205 in Supplementary Information, Table SI.1).

206  Under oxic conditions, during irradiation with the three light sources an identical spectral change
207  can be observed: the main absorbance band centered at 517 nm decays over time, causing the
208 initially red solution to lose its color. In accordance with the e-values of Eosin-Y at 405 and 532
209 nm (see Table SI.1), the efficiency of degradation with the green laser is significantly higher than
210  with the blue laser: while ca. 12 h of irradiation using blue light was required to reduce the main
211 peak intensity to half of its original value, only ca. 30 min were required with the green laser. In
212 addition, only with green laser irradiation, a rise in absorbance in the 360-440 nm range was

213  observed.
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Fig. 2. UV-VIS spectra of photodegradation of Eosin-Y under oxic conditions irradiated with (A)

the 405 nm (blue) and (B) the 532 nm (green) laser.

The solution sample irradiated with the blue laser (Fig. 2A and Fig. S1.1) shows three isosbestic
points at 380, 360 and 320 nm during the first 16 hours of irradiation. The sample irradiated with
the green laser (Fig. 2B and Fig. SI.1.) also shows three isosbestic points (around 450, 340 and 315
nm) during the first hour of irradiation. The presence of these isosbestic points and the change in
the absorbance spectrum are indicative of a relatively simple degradation, in which the original red

colored form of the dye is converted into an uncolored form that no longer shows an important
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absorption peak in the visual range. After 150 min of green laser irradiation, at 517 nm, a residual

absorbance of ca. 10% of the original value is observed.

3.1.2. Kinetics
The 517 nm absorbance peak integral versus time curve was fitted based upon integer-order
kinetics. The degradation curve fits to the first order better than the zero or second order. In order
to compare the degradation rate under different excitation conditions, the linear relationship
between IN[As17 nm(t = 0)/As17 nm(t)] versus irradiation time t is plotted in Fig. 3. The slopes of the
linear regression curves show the more rapid degradation of Eosin-Y under green laser irradiation;
the rate constants are reported in Table 1. The value of the rate constant for green light irradiation
is the highest since the green laser (532 nm) closely matches the intense absorbance band of eosin
at 517 nm, in contrast to the blue laser that emits at 405 nm and the lamps in the solar chamber that

irradiate from 300 to 350 nm.

5 1 Agreen laser (A=532 nm)
® blue laser (A=405 nm) .

B solar chamber (A=300-350 nm)

w
I

In (Ag/A)

N
1
i S ——.
.

1000 2000 3000 4000
Irradiation time (min)

o
OE;.-

Fig. 3. First-order linear plot of IN[As17am(t=0)/As17am(t)]vs the irradiation time t under irradiation

by three light sources (532 nm, 405 nm and 300-350 nm).
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A first order kinetic behavior has been described for other red pigments, such as the alizarine lake
[25]. The mechanism of degradation of similar organic red dyes is attributed to a structural change
in the chromophore due to the irradiation, for example ring opening or bond breaking, leading to a

change of the hydrogen bonds in the structure [7].

) Photon flux (10*)  Oxic/ Rate constant Anoxic/ Rate constant
Light source (nm) ) ]
(photon m2s™) (1% order) (min™) (pseudo 1% order) (min™)
Solar chamber (300-350) 2.5-2.9 ki =0.0011 -
Blue laser (405) 3.38 k1= 0.0009 -
ki=0.0378
Green laser (532) 4.4 ki =0.0207
ko=0.019

Table 1. Rate constants for degradation kinetics of eosin in solution under oxic and anoxic

conditions.

3.2. UV-VIS spectra and degradation kinetics under anoxic conditions
When the oxygen in the solution is removed via N2 bubbling, a significant modification in the
absorption spectra can be observed (see Fig. 4 and Fig. SI.2). Under these anoxic conditions,
already after ca. 15 min of green laser irradiation, the main band intensity has fallen to half of its
original value. The 517 nm absorbance band first decreases rapidly and then exhibits a slower
decrease. After 45 min of irradiation, the main peak at 517 nm and the shoulder at 493 nm have
almost merged into a single broad peak. At 340 and 315 nm the same isosbestic points as in oxic
conditions are observed. However, the isosbestic point centered at 450 nm is now at 465 nm.

Additional isosbestic points are detected at 290, 265 and 230 nm but only during the first 30 min

13
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of irradiation. The change in speed of color loss and the loss of the isosbestic points in the 230-290

nm range suggest that multiple transformations are involved in the degradation process [26].

1.6 - Irradiation time
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15min

1.2 4 30 min
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60 min [/ |
90 min || ||
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150 min ;‘ \|

Absorbance

0.0

\d T 4 1 T
200 300 400 500
Wavelength (nm)

Fig. 4. UV-VIS spectra of Eosin-Y during photodegradation under anoxic conditions, irradiated

with a 532 nm laser.

By comparing the initial and final absorbance (after 150 min of irradiation) at 517 nm under anoxia,
a residual absorbance band was found; this may suggest the formation of a degradation product
that absorbs in the same spectral region, possibly with a similar structure as that of Eosin-Y, but
with a lower extinction coefficient. Such a product could also explain the rise of the baseline in the
range 465-340 nm with irradiation time. The presence of new degradation product(s) might explain
the overlap in the absorbance spectra due to new bands observed at 250 and 490 nm. The main
peak in the final spectra could be described as a sum of two bands at 490 nm and 517 nm. From

the comparison of the spectra in Fig. 2 and 4, it follows that the dimerization (shoulder at 490 nm)

14



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

is more favorable under anoxic conditions due to an increase in abundance of the monomeric
reactive species.

The evidence of the discoloration in solution could be clearly observed visually: under oxic
conditions, the solution turned pale pink-yellow and the solution was colorless at the end of the
degradation the solution. The excited eosin molecules may have reacted among each other or with
other nearby molecules (such as water or oxygen), enhancing the degradation process. However,
in anoxic conditions, the solution remained red, indicating that in the presence of N2, Eosin-Y does
not directly transform into a colorless form. Instead, an intermediate (colored) form was generated
that altered the red hue of the solution, rendering the absorption of green laser light less effective
since the dimer form is the main form present in the solution. In Fig. SI.3, photographs are provided
of the gradually discoloration of the solutions under green laser irradiation. After 150 min of

irradiation, at 517 nm, a residual absorbance of ca 25% of the original value is observed.

1.4 4 - o ]
1.2 4 .
51.0 .
< 0.8 1
=06 - 4 X Irradiation time; 0-30 min

041 _/ O Irradiation time; 45-150 min

0.0 ¥ . : .
0 50 100 150

Irradiation time (min)

Fig. 5. Pseudo first-order linear plot of In[(Asi7nm(t = 0)/As17am(t)] vs irradiation time t under 532

nm (green) laser irradiation and anoxic conditions.
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The rate constants of the transformation under anoxic conditions were again obtained by
monitoring the absorbance at 517 nm. As shown in Fig. 5, the log of the normalized absorbance
appears to decrease (quasi-)linearly with irradiation time up to 30 min; after this point, another,
slower, linear decrease is observed. Consistent with the observance of the isosbestic points, Fig. 5
clearly suggest that two sequential chemical transformations are taking place. In Table 1, the rate
constants of both domains are listed.

Eosin-Y therefore appears to degrade via a mechanism similar to that proposed by Feller for the

degradation of organic dyes involving two first-order kinetic transformations [27].

3.3. Chromatographic analysis

LC-MS analyses of the partially photodegraded Eosin-Y solutions were performed to ascribe the
differences in the photodegradation processes under distinct environment conditions and identify
possible degradation products. Solutions irradiated with both the blue and green lasers in oxic
conditions were analyzed; additional experiments involved solutions exposed to green light in
anoxic conditions.

The LC-MS data confirmed the degradation trends obtained by means of UV-VIS spectroscopy:
irradiation with a green laser increased the degradation speed (Fig. SI1.4). Anoxic conditions
degraded the parent compound more efficiently than oxic conditions. However, the Eosin-Y
already appeared fully degraded after one hour of exposure to green laser light under anoxic
conditions. The UV-VIS data, on the other hand showed a rest-absorbance even 150 min after
exposure to light. A possible explanation for this discrepancy are the absorbance properties of the
degradation products: although Eosin-Y itself was not present after one hour of irradiation, other

chromophores, still able to absorb light, remain, resulting in the background absorption.
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In all analyzed solutions, only one debrominated product (C20H9OsBrs, m/z = 567.79) was
identified. The foregoing tribrominated product is formed during the first minutes of the irradiation
experiment and further degrades over time (Fig. 6A). Green laser irradiation under anoxic
conditions gave rise to a higher maximum abundance of this product than the other conditions.
Under oxic conditions, the debromination compounds appeared to be more stable while anoxia

caused it to break down faster.
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Fig. 6. Formation and decay of transformation products (A) C20HgOsBr3 (m/z = 566.7886) and

Irradiation time (min)

(B) C20H100sBr2 (m/z = 488.8759).

Only in the solutions exposed to the green laser under anoxic conditions, two other degradation

products having formula C20H100sBr, (m/z = 488.8759) were found (Fig. 6B); the onset of their

formation coincides with the decay of C20HeOsBrs. This suggests that the initial debromination is
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followed by a second step, resulting in two of the four Br atoms per Eosin-Y molecule being
replaced by H-atoms. Two chromatographic peaks at 6.9 and 7.2 min retention time were observed
in positive mode; we associate them to two different debromination products that only differing in
the position of remaining Br atoms. In negative mode however, only the peak at 7.2 min was
observed. This could be explained by either lower ionization efficiency or by slower Kinetics,
leading to the formation of less transformation product. The abundance of both C2oH1105Br2 signals
shows an increase in the first hour of irradiation, followed by a plateau/slow decrease later in the
experiment. The formation of the two debrominated transformation products is significantly faster
than their decay and of the same speed as the decay of C20HyOsBrs. The apex of the C2oH100sBr2
abundance curve is situated at 60-80 min after the start of the irradiation, i.e., 40-60 min later than
that of the single debromination compound, that peaks 20 min after the start if irradiation. The slow
decrease observed after the maximum can be attributed to both the exhaustion of the parent
C20H9OsBrs and the further degradation of C2oH100sBr2. These observations are qualitatively
consistent with the UV-VIS data of Fig. 5.

The above observations are consistent with the available literature and with the spectroscopic
observations above. The debromination process has been suggested as the result of
photodegradation of Eosin-Y in alkaline solutions; independent of the degree of (de)bromination,
the UV-VIS spectra of the debrominated species are qualitatively identical [28]. The partially
debrominated Eosin-Y species have been associated with an increased absorbance around 400 nm
[29]. As it can be seen in Fig. 2 and 5, such increase is indeed observable in the range 350-450 nm
under green laser irradiation in oxic and anoxic conditions. Some authors have suggested the
generation of di-bromofluorescein (C20H100sBr2) and fluorescein (C20H120s) as intermediate and
final debromination product of Eosin-Y; these compounds have their main absorbance bands at

512 and 496 nm, respectively [29,30]. The shift of the main UV-VIS absorbance band of Eosin-Y
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to lower wavelengths that is visible in Fig. 5 may therefore be interpreted as a sign of the presence
of these species under anoxic conditions.

The results suggest that in oxic conditions, oxygen radicals may attack the conjugated systems of
the Eosin-Y, causing its breakdown and resulting in a complete loss of the color. On the other hand,
under anoxic conditions, a (two step) debromination mechanism improves the oxidative stability
[31,32]. Since both C2oHeOsBrsand C20H100sBr still contain chromophoric groups similar to those
of the original Eosin-Y, this mechanism is consistent with a lower degree of discoloration at the
end of the irradiation experiments in anoxic relative to oxic conditions., the following simplified
degradation mechanisms can be proposed, consistent with the results obtained by spectroscopic

and chromatographic analyses:
k
Oxic conditions: EosinY = EosinY (—Br) »— chromophore breakdown

k K
Anoxic conditions: Eosin Y = Eosin Y (—Br) S EosinY (—2Br) —- Fluorescein

3.4. Electrochemical experiments
3.4.1. Mechanism of degradation
From the experiments described above, it is clear that the degradation mechanism of Eosin-Y
differs in the presence and absence of oxygen. To explain this difference, we put forward the
hypothesis that the observed differences in degradation kinetics are related to the effective average
lifetime of the excited state of Eosin-Y. Under green light illumination, the photo-excited high
energy state of Eosin-Y generally may evolve into a comparatively long-lived high energy triplet
state (with a life time of 24 pus [33]). In the absence of oxygen (under N2 atmosphere), some of the
excited Eosin-Y molecules (EY* in Fig. 7) may (eventually) degrade through debromination (Fig.

7, scheme A). In the presence of oxygen, on the other hand, the EY* can be rapidly quenched by
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the triplet state of oxygen (Fig. 7, scheme B). This process results in the formation of highly
reactive singlet oxygen (*O2) and related secondary oxygen species (the latter are formed in
reactions of singlet oxygen with organic molecules). This is consistent with literature reports on
the high quantum yield of singlet oxygen photogeneration by Eosin-Y [34-36]. The short life-time
of singlet oxygen can be responsible for apparently slower degradation kinetics of Eosin-Y in oxic
conditions compared to anoxic conditions, although oxygen results in complete discoloration

because of more destructive chemical reactions.

3.4.2. UV-vis and electrochemical measurements in the presence of hydroquinone.
In order to test the above hypothesis, an experiment involving a singlet oxygen quencher was
performed. If the hypothesis is valid, the presence of quenchers should improve the stability of
Eosin-Y in oxic conditions. Hydroquinone (HQ) quickly oxidizes into benzoquinone (BQ) by 02
and can thus act as 'O, quencher [37]. Advantageously, the redox transformation of HQ can be
readily monitored in-situ by electrochemical means. In order to avoid autoxidation of HQ at
increased pH values, measurements with HQ were conducted in a phosphate buffer at pH 7; the
results are shown in Table 2 and Fig. S1.5-S1.7. Consistent with the literature [21,24], the absorption
spectra and the ionic form of Eosin-Y do not change above pH 7. Introduction of an excess of HQ
into the solution (i.e., 10 times the concentration of Eosin-Y) significantly suppressed the
photodegradation of Eosin-Y in oxic conditions (Table 3, Fig. 7: mechanism C and Fig. 8), while
simultaneously, the formation of BQ was observed with UV-VIS (intense absorption peak at 248

nm).
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Average current + SD (n=4), nA

Conditions
No Eosin-Y 10 uM Eosin-Y
Air saturated buffer without HQ -1.5+0.09 -1.7+£0.14
10 uM HQ in air saturated buffer -2.1+0.04 -121.845.5
10 uM HQ in N2 saturated buffer - <0.1

Table 2.Current increase under illumination of Eosin-Y and HQ solutions.

% Degradation [@

60 min 120 min
15 uM Eosin-Y, pH 12 74 91
15 uM Eosin-Y, pH 7 69 92
15 uM Eosin-Y + 150 uM HQ, pH 7 27 47
15 uM Eosin-Y + 450 uM HQ, pH 7 5.3 12

a0 Degradation = [1 - Asizam(t)/Asi7am(t = 0)]-100%

Table 3. Extent of Eosin-Y Degradation in oxic conditions with and without HQ.

Electrochemical in-situ monitoring of HQ redox conversion in the presence of Eosin-Y were
conducted in a three-electrode cell during illumination by the green laser. The carbon working
electrode was polarized at a potential of 0.15 V versus standard hydrogen electrode (SHE). This is
lower than the formal potential of hydroquinone (HQ)/benzoquinone (BQ) redox couple (0.30 V
versus SHE at pH 7). In the presence of only HQ, no current is therefore expected to run through
the working electrode | solution interface, because no oxidation or reduction takes place under the
applied potential. In contrast, if chemical oxidation of HQ to BQ takes place in the solution, a
current will be observed due to electrochemical reduction of BQ at the electrode | solution interface

(Figure 7, mechanism D).
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Amperometric measurements showed an increase in photocurrent by two orders of magnitude
under green light illumination in the presence of Eosin-Y compared to the buffer solution
containing only HQ (Table 2). In the absence of hydroquinone either with or without Eosin-Y
added, no such current was observed. Moreover, in anoxic conditions the illumination of the
solution containing Eosin-Y and HQ did not result in any noticeable current response.

These observations confirm the hypothesis that the photodegradation mechanism of Eosin-Y in
oxic conditions is mediated by singlet oxygen and, probably, by secondary reactive oxygen species.
An alternative possible mechanism that was suggested in some published report [38,8] involves
redox transformation of EY* (Figure 7, mechanism E). However, this is not supported by our data
because no redox transformation of HQ, nor the electrochemical reduction of Eosin-Y was

observed in anoxic conditions under illumination.
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426  Fig. 7. Schematic representation of the mechanisms of Eosin-Y (EY) discoloration in oxic and
427  anoxic conditions. EY*: photo-excited triplet EY. The mechanisms A and B are supported by our
428  data, while the mechanism E, where D is an electron donor (HQ, EY or electrode) is not supported
429 by our data. Debromination in oxic conditions is suppressed because of decrease in a steady-state
430  concentration of EY in the excited state. The presence of HQ suppresses discoloration of EY in
431  oxic conditions (mechanism C). Mechanism D shows redox cycling of HQ during electrochemical
432 measurements under illumination.
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Fig. 8. UV-VIS spectra of photodegradation under green laser: (A) 15 uM Eosin-Y, pH 7 (B) 15
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line denotes the spectrum of 15 uM Eosin-Y in absence of HQ.
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4. Conclusions
The study of the degradation of Eosin-Y in aqueous solutions clarified the relationship between the
rate of degradation, the light wavelength employed and the oxic/anoxic conditions.
The main contribution proposed in this paper is the combination of UV-VIS spectrophotometry,
LC-QTOFMS and electrochemistry analyses in order to elucidate the photodegradation pathways
of organic pigments.
Spectroscopy and chromatography means allowed highlighting differences in degradation Kinetics
when different illumination conditions were employed.
It is remarkable that a significant difference in the degradation rate between oxic and anoxic
conditions was observed. The dissimilarities in the kinetics have been ascribed to different
degradation mechanisms. This result can be explained by the results provided in the LC-QTOFMS
analysis of the irradiated samples, where two debromination products were detected. The single
debromination product was observed in samples under oxic and anoxic conditions, but the double
debromination product was only identified under N> atmosphere.
These different pathways are endorsed by the electrochemical experiments carried out in this study.
In the presence of oxygen, a fast reaction between photo-excited Eosin-Y and oxygen species takes
place, resulting in the breakdown of the molecule and giving rise to the discoloration phenomenon.
Under anoxic conditions, the photo-excited Eosin-Y molecules are subject to a slower
debromination process. This involves two stages, giving rise to single and double debrominated
products. However, this process does not imply complete discoloration since the chromophoric
group remains essentially intact. This study shows that the significant stabilization of the
degradation/discoloration of Eosin-Y may be realized by the removal of oxygen from the

environment.
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Photodegradation mechanisms and kinetics of Eosin-Y in oxic and anoxic conditions
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Table SI.1. Experimental molar absorptivity coefficients of Eosin-Y.

Amax (NM) € (M cm?)

o517 1.1x10°
341 0.8 x 10*
301 0.2x10°

225 0.3x10°
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Fig. SI.1. UV-VIS spectra of photodegradation of Eosin-Y under oxic condition irradiated with:

(A) blue laser (405 nm) and (B) green laser (532 nm).
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594  Fig. SI.3. Photographs of Eosin-Y after irradiation with green laser at different time intervals under
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605  Fig. Sl14. Qualitative estimation of Eosin-Y (m/z = 646.69) degradation by LC-QTOFMS.
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608  Fig. SI.5. Amperometry in the presence and absence of Eosin-Y in the air saturated buffer (oxic
609  conditions) containing 10 uM HQ.
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612  Fig. SI1.6. Photocurrent measured under illumination with the green laser in the presence of
613  hydroquinone of different concentrations (HQ) and with or without 10 uM Eosin-Y in solution.

614

615

-0.20
-0.18 4
-0.16
0.14
0.12
-0.10
-0.08
-0.06
-0.04
-0.02
00— 7T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
616 Time (s)

Oxic conditions
Anoxic conditions

uA)

Current (

617  Fig. SI1.7. Amperometry in the presence of 10 uM HQ and 10 uM Eosin-Y in air saturated buffer
618  (oxic conditions and) and under N2 atmosphere (anoxic conditions).
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Figure Captions

Fig.1. Chemical structure of Eosin-Y. Lactone form (A), Quinoid form (B) and Dianionic form
©).

Fig.2. UV-VIS spectra of photodegradation of Eosin-Y under oxic conditions irradiated with (A)
the 405 nm (blue) and (B) the 532 nm (green) laser.

Fig. 3. First-order linear plot of IN[As17nm(t=0)/As17nm(t)] Vs the irradiation time t under irradiation
by three light sources (532 nm, 405 nm and 300-350 nm).

Fig. 4. UV-VIS spectra of Eosin-Y during photodegradation under anoxic conditions, irradiated
with a 532 nm laser.

Fig. 5. Pseudo first-order linear plot of In[As17nm(t=0)/As17am(t)] vs irradiation time t under 532 nm
(green) laser irradiation and anoxic conditions.

Fig. 6. Formation and decay of transformation products (A) C20HeOsBr3 (m/z = 566.7886) and (B)
C20H1005Br2 (m/z = 488.8759).

Fig. 7. Schematic representation of the mechanisms of Eosin-Y (EY) discoloration in oxic and
anoxic conditions. EY*: photo-excited triplet EY. The mechanisms A and B are supported by our
data, while the mechanism E, where D is an electron donor (HQ, EY or electrode) is not supported
by our data. Debromination in oxic conditions is suppressed because of decrease in a steady-state
concentration of EY in the excited state. The presence of HQ suppresses discoloration of EY in
oxic conditions (mechanism C). Mechanism D shows redox cycling of HQ during electrochemical

measurements under illumination.

Fig. 8. UV-VIS spectra of photodegradation under green laser: (A) 15 uM Eosin-Y, pH 7 (B) 15

uM Eosin-Y + 150 uM HQ, pH 7 and (C) 15 uM Eosin-Y + 450 uM HQ, pH 7. Absorbance bands
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of HQ (221 and 288 nm) and BQ (245 nm) are indicated by single and double asterisks. The dashed

line denotes the spectrum of 15 uM Eosin-Y in absence of HQ.
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