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Abstract

The persistence of organophosphorous flame retardants (OPFR) on the aquatic
environment has motivated the study of their degradation processes in superficial water,
particularly the sunlight induced photodegradation mechanisms. A recent study showed
that some of these substances, with a low capacity for solar radiation absorption, became
surprisingly photodegraded. Indirect photolysis promoted by the photosensitizer

properties of this micropollutants constitutes a suitable explanation for this phenomenon.

The objective of this project was to investigate the photodegradation indirect mechanisms
of OPFR in superficial water, in which singlet oxygen (*O2) appeared to develop an
important role. By means of two different procedures, chemical probe photobleaching
and spin-trapping experiments, the specific aim was the detection and identification of

this species in the reaction medium.

Although photobleaching procedures applied to monitor reactions involving singlet
oxygen have been widely used, the reported experimental conditions are quite different
from the ones required to observe OPFR photosensitizing effects. Thus, several assays
were carried out in first place in order to adapt the experimental settings. In spite of that,
results did not shown clear evidences about the generation of singlet oxygen during the
experiments, regardless of the chemical probe employed. The great competence for
singlet oxygen, stablished in the reaction medium, seems to minimize the concentration

of this species in there, thus making difficult its detection.

For their part, spin-trapping procedures demonstrated to be useful to reliably detect and
identify the singlet oxygen molecules generated along the process. Because of its high
sensitivity to excited structures, this method allows to effectively detect the presence of

10,, even when this species is present at very low concentrations in the bulk solution.
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Nomenclature

Abbreviations

4-0-TEMP
4-o0xo-TEMPO
ABMDMA
ADPA
EHDP
EPR

ESR

FFA

HPLC
OPFR

ROS

SS

TMPP

uv
UV-Vis
WWTP

Symbols

140

10,

> @ @O m W

2,2,6,6-Tetramethyl-4-piperidone
2,2,6,6-Tetramethyl-4-piperidone-1-oxyl
9,10-Anthracenediyl-bis(methylene)dimalonic acid
9,10-Anthracenedipropionic
2-Ethylhexyl diphenyl phosphate
Electron paramagnetic resonance
Electron spin resonance

Furfuryl alcohol

High performance liquid chromatography
Organophosphorous flame retardants
Reactive oxygen species

Steady state

Trimethyl phenyl phosphate

Ultraviolet

Ultraviolet-visible

Wastewater treatment plant

Oxygen isotope with mass number 14
Oxygen isotope with mass number 16
Singlet oxygen

Magnetic field [G]

Energy [J]

Gauss, unit of magnetic field [10* kg-s2-A™]
Proportionality factor or g-factor

Planck constant [J-s]



ka

kd

Xe
AE

M

Dso

Magnetic nuclei spin number

Specific light absorbance of the reaction medium

[mol photons absorbed™-s™]

Rate of decay of singlet oxygen back to its ground state due
to quenching by water [mol 1Oz-L -5

Reaction rate between singlet oxygen and X [s?]

Unpaired electron spin number

Number of equivalent magnetic nuclei

Molecular oxygen

Superoxide radical

Hydroxyl radical

Photosensitizer species

Tesla, unit of magnetic field [kg-s2-A™]

Generic chemical species present at the reaction medium
Xenon

Energy difference [J]

Magnetic moment of the electron [J-T]

Bohr magneton [J-T]

Radiation frequency [Hz]

Singlet oxygen quantum yield of a photosensitizing species

[mol 'O, generated - mol photons absorbed™]



1 Introduction

1.1 Emerging contaminants: organophosphorous flame retardants

Increasing public health concern has grown in relation to a relatively new group of
pollutants, present at low concentrations in water systems. They are commonly known as
emerging contaminants, since they are still in the process of being regulated and little is
known about their potential negative effects on the environment. These substances are
continuously released from industrial and wastewater treatment plants (\WWTP) effluents
to the aquatic media, and they are biologically recalcitrant. That is, current treatment

technologies are very often unable to entirely degrade them [1], [2].

The emerging contaminants group is constituted by numerous chemical substances,
including flame retardants employed in many household and industrial materials and final
products [3], [4]. Particularly, the wide use of organophosphorous flame retardants
(OPFR), which have become high production volume chemicals since polibrominated
diphenil eters bans (see Figure 1) [4], has caused the release of important quantities of

them into natural waters every day [3], [4], [5]

5% WA luminium hydroxide

I JAntimony oxide
Brominated
Chlorinated
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I Other

Total consumption (2014): 2MM tons

Figure 1. Global consumption of flame retardants in Plastics by type (2014) [6].

Since the mentioned situation does not appear to be convenient for human health and
environment, the interest on studying the natural degradation processes of these
compounds in superficial waters has increased during the last years, being sunlight
induced phototransformations the most considered processes due to their demonstrated

capability to deplete other biorrecalcitrant chemicals [2], [7].



1.2 Previous works on OPFR sunlight photodegradation

Some studies have been carried out on alkyl and chloroalkyl OPFR photodegradation
under natural [8] and simulated [9] sunlight, showing low or even non-existent

degradation levels.

A recent study [10] showed the degradation in water of an OPFR mixture (alkyl,
chloroalkyl and aryl) exposed to natural sunlight. Since most of these compounds (alkyl
and chloroalkyl) have low absorption within the solar spectrum radiation [10], and their
high resistance to natural photodegradation has already been demonstrated, their

phototransformation cannot be attributed to direct photolysis.

In this previous work it was indirectly demonstrated that photosensitizing promoted by
the excitation of some light-absorption groups of OPFR molecules could be responsible
for that phenomenon. Concretely, the degradation process may be attributed to singlet
oxygen (*O2), a high reactive strong oxidant. It is thought that this species could be
generated from the excitation of some OPFR containing aryl groups, since these ones

present higher absorption levels than the others [10].
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Figure 2. Photodegradation of EHDP and TMPP by simulated sunlight [10].

The examples (recovered from the previous work) shown in Figure 2 illustrates how two
aryl OPFR diminished dramatically its photodegradation in absence of oxygen (by
nitrogen bubbling) or in the presence of a well-known scavenger for singlet oxygen,
sodium azide. As stated, this indirectly demonstrated that this species had to be involved

on the natural photodegradation mechanism of OPFR.
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1.3 Photolysis and photosensitization processes

When a chemical absorbs radiation, its excited molecules contain an excess of energy that
can lead them to photochemical reactions, including photolysis. Basically, two general
mechanisms of photolysis can be distinguished: direct photolysis, in which a chemical
bond breaks into two parts, giving equal products or not; and indirect photolysis, carried

out by natural and made-man compounds which have photosensitizing properties [11].

Direct photolysis Indirect photolysis or photosensitization

hv * * hv ®
R-R— R-R"— 2R R-R — , R-R
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Figure 3. Main mechanisms for direct and indirect photolysis.

Photosensitizing occurs when a molecule is excited to the first or higher excited states
after absorbing a light quantum. Sensitized excited triplet states are important radiation
intermediates of organic molecules. Their relatively long lifetimes compared with their
precursors excited singlet states allow to undergo bimolecular reactions. The excited
triplet state may react in two ways, as shown in Figure 3. Type | mechanisms can involves
electron or hydrogen atom transfer between the excited sensitizer and a substrate, yielding
free radicals. These radicals can react with oxygen to form reactive oxygen species (ROS)
like superoxide radical anion (O2+) or HO-, which have a wide range of reactivity with
organic compounds. The excited triplet states can also directly react with other
compounds present in the solution. Type Il mechanisms involve energy transfer to
molecular oxygen generating singlet oxygen (*O). Each photosensitizer molecule can
typically produce 103-10° molecules of 'O before being degraded [10], [11].

Direct photolysis mechanism is practically limited to compounds that absorb radiation

between 200-300 nm, that is, UV light with enough energy to directly break chemical



bonds. On the other hand, photosensitization processes can be initiated by lower energy
radiation like UV-B, UV-A or even Visible light [12].

1.4 Justification and main hypothesis of the project

Surprising results from last reported study on OPFR natural photodegradation [10], as
well as the scarcity of literature on this topic, have pointed the need of further research.
Figure 4 shows the proposed reaction mechanism for the mentioned sunlight
photodegradation process, according to the conclusions reached in the previous work and

all the explanations above.

According to this process, OPFR would become excited by sunlight, in first place. Then,
the excess of energy would be transferred to the dissolved oxygen from water, thus
exciting its molecules and causing the generation of singlet oxygen. Finally, OPFR (same
excited molecule turned back to its ground state or another one coming from the reaction

medium) would react with singlet oxygen, yielding oxidation products.

OPFR"

OPFR

OPFR
7N

0, 10, + OPFR — Products

Figure 4. Hypothetical reaction pathway for natural photodegradation of OPFR.

Since this reaction pathway has not been directly demonstrated yet (there is only
experimental evidence that needs to be confirmed), it constitutes the principal hypothesis

of the current work and the main reason for its realization.

1.5 Photobleaching and Spin-trapping fundamentals

This part of the report is exclusively dedicated to provide some fundamentals about the
two experimental procedures employed during the project: photobleaching experiments

with chemical probe, on one hand, and spin-trapping experiments followed by EPR.
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1.5.1 Photobleaching experiments

With the aim (as stated in the following section) of detecting singlet oxygen generation
during OPFR phototransformation by sunlight, photobleaching experiments with
chemical probe could be a proper experimental technique due to its (a priori) relative

simplicity in terms of experimental setup and subsequent analysis.

Photobleaching implies irradiate chemical molecules of a photoactive compound in order
to initiate a chemical process, with the intention of observing some effects or derived
changes in the reaction medium. The role of the chemical probe on this assay is to prove
that, effectively, this effect has taken place during the process. Thus, if photoinduced
generation of singlet oxygen is wanted to be demonstrated from OPFR excitement, the

experiment should follow the sequence illustrated in Figure 5.

h
OPFR —— OPFR* —— OPFR

M p Chemical probe
02 1 02 s Ve conc.entr.'ation
”Il'cq / monitoring
pi‘oée

Figure 5. Scheme of a typical photobleaching experiment for 'O, detection.

The process of interest is represented in bold letters. The bulk solution is irradiated by
simulated sunlight, and then the photosensitization process takes place. At this point, the
chemical probe should react specifically (or present fast kinetics, at least) with singlet
oxygen, thus diminishing its presence in the reaction medium. Since this decrease would
be enough to demonstrate the generation of 1O, during the process, the concentration of

the chemical probe is the parameter that must be monitored along the reaction.
1.5.2 Spin-trapping experiments

Since a spin-trapping experiment and subsequent analysis by EPR spectroscopy is a quite

complicated and uncommon experimental procedure, an introduction to its fundamentals



is highly required for a good comprehension of this work. With this purpose, the basis of
EPR spectroscopy are described in first place, followed by a brief resume of the spin-
trapping procedure that should be carried out in the current case of study.

EPR Spectroscopy fundamentals

Electron paramagnetic resonance (EPR) spectroscopy, also referred to as electron spin
resonance (ESR) is a versatile, non-destructive analytical technique which can be used
for a variety of applications including: oxidation and reduction processes, biradicals and
triplet state molecules, reaction kinetics, as well as numerous additional applications in
several research fields, like chemistry or medicine. However, this technique can only be

applied to samples having one or more unpaired electrons.

Spectroscopy is the measurement and interpretation of the energy difference between

atomic or molecular states. According to Plank’s law, electromagnetic radiation will be

absorbed if:

AE = hv 1)

where AE is the difference energetic difference between the two states, h is Planck’s
constant and v is the frequency of the radiation [13]. The absorption of this energy causes
a transition of an electron from the lower energy state to the higher energy state [14]. In
EPR spectroscopy the radiation used is in the gigahertz range. Unlike most traditional
spectroscopy techniques, in EPR spectroscopy the frequency of the radiation is held

constant while the magnetic field is varied in order to obtain an absorption spectrum [15].

The basis of EPR spectroscopy lies in the spin of an electron and its associated magnetic
moment. When an electron is placed within an applied magnetic field, B, the two possible
spin states of the electron have different energies. The lower energy state occurs when
the magnetic moment of the electron, 1, is aligned with the magnetic field and the higher
energy state occurs where p is aligned against the magnetic field. The two states are
labelled by the projection of the electron spin, Ms, on the direction of the magnetic field,

where Ms = - % is the parallel, and Ms= + % is the antiparallel state (see Figure 6) [13].
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Mg =+1/2

M =-1/2

B

Figure 6. Energetic levels for a system with electron spin number %.

So for a molecule with one unpaired electron in a magnetic field, the energy states of the

electron can be defined as:

gugB (2)

N =

E = gugBMs = *

where g is the proportionality factor (or g-factor), ug is the Bohr magneton, B is the
magnetic field and Ms is the electron spin quantum number. From this relationship, there
are two important factors to note: the two spin state have the same energy when there is
no applied magnetic field and the energy difference between the two spin states increases

linearly with increasing magnetic field strength [15].

Absorption, A
dA/dB

B

Figure 7. Theoretical absorption curve and its first derivative, in EPR spectroscopy.

As mentioned earlier, an EPR spectrum is obtained by holding the frequency of radiation
constant and varying the magnetic field. Absorption occurs when the magnetic field tunes
the two spin states so that their energy difference is equal to the incident radiation (see
equation 1). This is known as the field for resonance. Figure 7 (left) shows the spectrum
normally obtained in most spectroscopic techniques, as well as the typical EPR spectrum
(right) presented as the first derivative of the absorption with respect to the applied
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magnetic field. From this curve, three characteristic parameters of the radical species in

the sample can be obtained, allowing their identification and quantification:

1. G-factor: also known as proportionality factor, this parameter gives information
about the nature of the atomic or molecular orbital containing the unpaired
electron [16]. Every radical presents a characteristic g-factor value, that can be
calculated as:

hv

9= 5 3)

2. Hyperfine structure: in addition to the applied magnetic field, unpaired electrons
are also sensitive to their local environments. The hyperfine structure results from
the magnetic coupling between the spin of the unpaired electrons and those
magnetic nuclei (Ms # 0) near them, since these produce a local magnetic field at
the electron. This kind of interaction leads to 2NI + 1 additional levels of energy
for every different nuclei (different spin value) magnetically coupled to the
electron, where N is the number of equivalent nuclei and | is the corresponding
spin value [16], [17]. According to this explanation, the resulting spectrum of an
EPR experiment would present 2NI+1 lines like the one showed in Figure 7
(right), depending on the chemical structure of the radical species in study.
Moreover, lines in the spectrum could present different intensities and field
separations between them, called hyperfine coupling constants. All of this would
depend on the relative position of the corresponding magnetic nuclei in the radical
molecule [16].

Definitely, the hyperfine structure provides very important information about the
number and identity of nuclei in a radical complex, as well as their distance from
the unpaired electron. Because of that, all this data is very useful to identify the

radical species present in the sample.

3. Amplitude or area: like in most spectroscopic techniques, the signal amplitude or
area gives quantitative information about the sample. These parameters depends,



among others, on the concentration of the sample and the irradiation conditions
[13].

Spin trapping procedures for singlet oxygen detection by EPR

As mentioned, the goal of the EPR analysis is to prove the singlet oxygen generation
during the OPFR natural photodegradation process. This procedure, as explained earlier,
is a suitable analytical technique to this purpose. But due to the short life of these reactive
oxygen species, a direct EPR experiment is not possible in this case. Instead of that,
indirect EPR analysis of 102 by means of spin-trapping procedures should be performed.

In a spin-trapping assay, unstable free radical in solution reacts with a diamagnetic
molecule, the spin trap, to form a relatively stable free radical called spin adduct. Once
that occurs, the original free radical can be detected and identified by observing the EPR
spectrum of the spin adduct, just as in a normal EPR experiment, since their
characteristics (g-value, hyperfine structure, amplitude...) have been previously studied
and are perfectly known [17]. Figure 8 shows a scheme of this experiment, applied to the

case of study.

hv
OPFR — OPFR* — OPFR
[\ Spin adduct
spectrum

1
02 02 recording by

~lrg, T EPR

Spin-Adduct

Figure 8. Scheme of a typical spin-trapping experiment for O, detection.

As observed, the process is very similar to the one described for photobleaching
experiments. In both cases, an auxiliary compound (chemical probe or spin trap) is used

to trap the radical and finally detected by means of a proper analytical technique.



2 Objectives

The aim of this project is to elucidate the natural photodegradation mechanisms of OPFR
in superficial waters. Concretely, photosensitizer properties of some aryl phosphates and
the role of singlet oxygen on sunlight degradation of this compounds are expected to be
confirmed. Thus, the main objective was focused on the application of different
procedures to demonstrate the photosensitizing properties of OPFR and the participation
of singlet oxygen on the reaction mechanism. In order to do that, some specific objectives
were stablished:

1. Tostudy the viability to demonstrate the presence of singlet oxygen 02, by means

of chemical probe photobleaching experiments. This include:

a. Selection of the probe.
b. To adapt the operational conditions reported in bibliography to the project

reaction system.

2. To perform spin-trapping procedures by using Electron Paramagnetic Resonance

(EPR) in order to identify singlet oxygen in the reaction medium.

3 Materials and methods

3.1 Chemicals

The standards of 2-ethylhexyl diphenyl phosphate (EHDP) and trimethyl phenyl
phosphate (TMPP) were purchased from Sigma Aldrich (Germany). Their chemical
structures are presented in figures A.1-A.2 of Annex. 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABMDMA), 2,2,6,6-tetramethyl-4-piperidone (4-oxo-
TEMP) and furfuryl alcohol (FFA) were also purchased from Sigma Aldrich (Germany).

Methanol and sodium hydroxide were acquired from Panreac (Spain).
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In order to prepare the ABMDMA stock solution, 10 mg of this compound were dissolved
in 200 mL of Milli-Q water. To dissolve ABMDMA completely, its corresponding
sodium salt was prepared by adding the stoichiometric quantity of sodium hydroxide to
the solution. In relation to OPFR stock solutions, 10 mg of each compound were dissolved
separately in 100 mL of methanol to give final concentrations of 100 mgL™. The rest of
reagents did not present insolubility problems in water, so the corresponding stock
solutions were prepared at final concentrations of: 10 mM for FFA and 100 mM for 4-

oxo-TEMP. All the solutions were stored in amber glass bottles and kept refrigerated.

3.2 Experimental setup

3.2.1 Photobleaching experiments

All photobleaching experiments were performed using simulated sunlight in a SolarBox®
(Co.fo.me.gra 220 V, 50 Hz) system equipped with a Xe-OP lamp (Phillips 1 kW) and

glass filters that cut off radiation with wavelengths under different values, as required.

For photobleaching experiments with ABMDMA an open, jacketed reactor (100 mL) and
its corresponding magnetic stirrer were placed in the geometrical centre of the system,
thus maximizing the direct irradiance over the reaction media. In order to maintain the
temperature at 25 °C, cold water from a reservoir tank was continuously pumped
(peristaltic pump Ecoline VC-280®) into the reactor cooling jacked, and then recirculated

back there. A complete scheme of the experimental setup is shown in Figure 9.

1°3

Figure 9. Experimental setup for photobleaching experiments.
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For their part, photobleaching experiments with FFA were performed in a tubular reactor
(2.11 cm x 24 cm) fed by means of a stirred and refrigerated reservoir tank, from where
the reaction medium was continuously pumped and recirculated back there. Since this

experimental setup is equal to the one employed in [10], details can be found there.

Reaction monitoring was carried out by UV-vis spectrophotometry (Hach DR 6000) or
high performance liquid chromatography (Agilent Infinity 1260), depending on the
chemical probe employed during the experiment. For HPLC analysis of FFA, a
Mediterranean Seal8, 5 um 25 cm x 0.46 cm (Teknokroma) column was used and the
detection wavelenght was 220 nm. The mobile fase was 30% acetonitrile/70% phosphoric
acid (pH 3).

3.2.2 Spin trapping experiments

All spin-trapping experiments (reaction and subsequent spectra recording by EPR) were
carried out in a quartz tubular cell (reactor) placed on a Bruker EMX EPR
spectrophotometer equipped with a super high-Q cavity (Bruker BioSpin GmbH,
Rheinstetten, Germany). Spectra were recorded using an IBM-compatible computer
interfaced with the spectrophotometer with the following instrument settings and
conditions: 20 mW microwave power, 100 kHz modulation frequency, 1 G modulation
amplitude, 20.48 ms time constant, 60 s scan time, and multiple scans of 100 G. As
indicated, samples were placed in a quartz tubular cell and irradiated directly inside the
microwave cavity of the spectrometer using a 500 kW Xe arc lamp. Radiation from the
lamp was passed through a glass filter to remove wavelengths below 280 nm and also
through a water filter, in order to remove the infrared fraction of the spectrum and

maintain the reaction medium temperature at a constant value of 25 °C.

Figure 10 shows a complete scheme of the experimental setup, which also serves as a
block diagram for the whole process that constitutes the experiment. As mentioned, the
tubular cell is placed in the cavity, where is irradiated with simulated sunlight. At the
same time, the EPR system monitors the evolution of the sample by a continuous
recording of its corresponding spectra, at different reaction times (signal accumulation

with time). In order to do that, a microwave source sends its radiation to the sample, which

12



is exposed to a magnetic field inside the cavity. Microwaves reflected back from the
cavity are routed to the detector, coming out as a signal that represents the absorption of
the sample.

) — ][ v —-~i
source
— /

Spectra recording

Simulated
sunlight source

Electromagnet
and sample
cavity

PR
4
p
e
1
L
(g ’

Figure 10. Experimental setup for spin trapping experiments by EPR spectroscopy.

4 Results and discussion

This section gathers all the experimental work carried out in order to demonstrate the
implication of singlet oxygen in the natural photodegradation of OPFR. Since this was
not a typical study with pre-stablished and well-working materials and methods, a
considerable number of difficulties were taking place since the beginning of the project.
Because of that, the following pages are organised respecting the real chronology of the
study. That is, experiments, results, alternatives and possible solutions to any problem are

presented and discussed just in the order in which they were thought and performed.

4.1 Absorption spectra of OPFR

EHDP and TMPP absorption spectra were obtained at 10 mgL™ in a 10% methanol/water
mixture. They are presented in Figure 11. As previously mentioned, both compounds
have low absorption within the solar spectrum radiation, but it could be enough to initiate

the photosensitization process. In fact, these chemicals are the ones that present higher

13



absorption levels among all the OPFR whose degradation was studied in [10], probably
due to the aromatic rings on their chemical structures (see Figure A.1 and Figure A.2 of
the Supplementary material). Thus one of them or both had to be responsible for initiate
the indirect photodegradation mechanism earlier described and this is why they were

selected for the experiments.

1
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=
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804l EHDP
< TMPP
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0

200 300 400 500 600 700
Wavelenght [nm]

Figure 11. Absorption spectra of EHDP and TMPP.

4.2 Photobleaching experiments with ABMDMA

The first attempt to detect singlet oxygen in the reaction medium was carried out by means
of photobleaching experiments. According to the previous literature, this procedure
seemed to be simple, or at least simpler than spin-trapping experiments. So the first
research efforts were focused on this method, and the first step was the chemical probe

selection.

4.2.1 Selection of ABMDMA as the singlet oxygen detection probe

Several studies on different research fields have reported the use of 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABMDMA) as chemical probe to monitor reactions
involving singlet oxygen [18], [19], [20], [21]. ABMDMA is a water soluble derivative

of anthracene that acts as a quencher for 1O, as Figure 12 illustrates.
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Figure 12. Singlet oxygen quenching by ABMDMA.

As previously described, ABMDMA photobleaching experiments to identify the presence
of 102 molecules would consist on irradiate a solution containing the chemical probe and
a photosensitizer compound (aryl OPFR in the current case), and then observe the
evolution of ABMDMA concentration along the reaction. Since the chemical probe
presents a characteristic absorption peak at 400 nm (see Figure 13) and its corresponding
endoperoxide not, a drop in the absorbance at 400 nm would indicate the generation of
singlet oxygen and its subsequent quenching by ABMDMA. Because of the apparent

simplicity of the experiment, choosing this probe seemed to be the best option.
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Figure 13. Absorption spectrum of ABMDMA in water.

As reported in literature [18], other chemical probes like 2-furoic acid and 9,10-
anthracenedipropionic acid (ADPA) could be used with the same purpose and needed
similar (and equally simple) analytical techniques for the reaction monitoring. Since
ADPA is no longer manufactured and the furan derivative reaction with O, is notably
slowly [18], ABMDMA was finally selected as detection probe for singlet oxygen.
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Despite photobleaching experiments seem to present good chances of success, the
operational conditions of the experimentation in the literature for ABMDMA
photobleaching tests were quite different from the ones applied in OPFR photosensitizing
conditions. Thus, in order to adequately perform the tests and obtain reliable results, the
experiments had to be adapted to the required settings. The most important restrictions
and inherent difficulties found prior starting the essays are detailed below, as well as some
preliminary essays performed in order to find the most suitable experimental conditions.

Reactor scale

Due to the high price of ABMDMA (and EHDP), it was necessary to carry out all the
experiments at small scale. That implied, principally, the use of a small volume of reaction
(between 20 and 50 mL) and a low volume cuvette (160 pL) to carry out the
corresponding spectrophotometric analysis. This volumetric restrictions had the next

negative consequences on the experiments:

1. The reactor is open and presents a high surface of the reaction medium exposed
to irradiation. Since the ratio area/volume of the reactor is relatively high, even
with refrigeration some significant evaporative losses were expected at long
experimental reaction times. If it is not possible to get results at short reaction
time, a possible measure to reduce the error associated to this drawback would be
to apply a correction factor to the chemical probe concentration, based on the

remaining volume evolution experimentally obtained from an extra assay.

2. The cuvette volume is so small that essays were subjected to higher experimental
error than with larger volume cuvettes. The presence of any foreign particle

present in the solution, for instance coming from air, could provide wrong results.

Chemical probe stability with radiation

If ABMDMA quenching by O is wanted to be observed, chemical probe should not be
degraded by the effect of radiation, or at least light stability should be enough to
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distinguish one effect from the other. From previous works it was known that ABMDMA
Is stable under irradiation of wavelength above 550 nm [19], but no studies were found
in which this experiments were carried out with more energetic light. In the current case,
radiation between 300-500 nm should be used in order to promote the photosensitization
mechanism of aryl OPFR, since this is the range in which these compounds present a
certain absorption level within the solar spectrum radiation [10]. Therefore, some stability
test for ABMDMA were carried out.

ABMDMA and OPFR concentration

Since ABMDMA presents absorption in the range between 300-500 nm (as Figure 13
shows), a competition for light would probably be stablished between flame retardants
and ABMDMA. If the main goal of the experiments was to observe the OPFR
photosensitization process, an adequate molar ratio between the two compounds should
be found in order to compensate the lower absorption levels presented by flame retardants
in relation to ABMDMA. Therefore, OPFR should probably had equal or larger
concentrations than the chemical probe at the beginning of the reaction. Preliminary
experiments also focused on find a proper value of this parameter. In relation to the

adequate molar ratio mentioned above, two additional restrictions had to be considered:

1. First;, ABMDMA concentration should be large enough to be reliably measured
by UV-Vis spectrophotometry. Thus, a minimum value had to be respected.

2. OPFR are not water soluble, so it would probably exist a maximum concentration
value that cannot be exceeded if precipitation wanted to be avoided, even if the

stock solutions of these compounds were made with methanol.

4.2.2 Determination of proper experimental conditions

As commented in last section, some test were carried out in order to find proper
experimental conditions for ABMDMA photobleaching assays. Next, the most important

results are shown and discussed.
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Effect of radiation

Figure 14 exhibit the results of two ABMDMA stability experiments carried out with
different filters which cut-off radiation below 280 and 400 nm, respectively. The

employed concentration of the chemical probe was 50 mgL™, in water.
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Figure 14. ABMDMA photo-stability under different irradiation conditions.

As expected, ABMDMA presented significant degrees of photodegradation in the two
studied cases, being more stable when irradiated with longer wavelength light. As
mentioned in previous sections, it would be ideal that this compound would remain totally
stable so that OPFR photosensitizing effect could be more clearly observed, but this not
seemed possible, according to the results obtained. Nevertheless, if 1O, is generated by
photosensitization processes, as expected, its contribution to ABMDMA quenching
would be more noticeable than direct photolysis, due to the higher kinetics typically
shown by this radical species [11]. Observing that difference would be enough to
demonstrate the initial hypothesis of this work, as previously stated in the literature [20].

Initial ABMDMA concentration

By means of several spectrophotometric tests, it was found that ABMDMA minimum
concentration that could be reliably detected with this technique was 5 mgL™, so this
value was fixed as the initial concentration of chemical probe. For lower concentrations,
absorbance values were too low to work with and the experimental error was enhanced,

causing the appearance of measurement instabilities.
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4.2.3 Singlet oxygen detection by ABMDMA photobleaching

In order to determine a proper initial concentration of OPFR, some assays were carried
out varying the molar ratio between the two compounds. Several values of this parameter
were tested, being the most promising the ones with larger concentrations of OPFR, as
expected. Figure 15 shows the degradation results obtained for ABMDMA: OPFR (a 50%
mixture of EHDP and TMPP) molar ratios of 50:1, 5:1 and 1:1. All this experiments were
performed employing the 400 nm filter, an initial ABMDMA concentration of 5 mgL™
and the reaction time was increased to 20 minutes since the concentration of ABMDMA

was lower and also its degradation rate.
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Figure 15. ABMDMA photobleaching in the presence of OPFR.

Process at a molar ratio of 50:1 exhibited a similar tendency than control experiment, so
this means that this ABMDMA:OPFR ratio was not enough to observe the effect of flame
retardant photosensitization on the chemical probe depletion process. On the other hand,
degradation curves at molar ratios 5:1 and 1:1 showed an enhancement of the degradation
rates at the beginning of the reaction, in comparison with the control experiment. As
mentioned before, this had to be due to the photosensitizing effect of OPFR, which
promoted singlet oxygen generation and therefore, the chemical quenching of
ABMDMA. However, results are not reliable enough: for a molar ratio of 1:1, the process
seemed to be slower in comparison with the reaction progress at a molar ratio of 5:1. In
addition, the reaction seemed to stop after 10 minutes, according to the observed

absorbance values from that moment. This estrange results could be consequence of the
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low water solubility of flame retardants, which could introduce a further experimental

difficulty added to those already set out previously.

Evaporative losses in all the experiments were about 10% of the initial volume. Since the
recommended maximum volume loss in this kind of experiments is about 10% and the
collected samples represented a total volume loss of approximately 5%, the evaporative
losses were significant but not severe. Therefore, they were discarded as a possible cause

for any abnormal result.

Finally, in order to get over the low solubility of OPFR in water, experiments were
performed using methanol as ABMDMA and OPFR solvent. Although ABMDMA
absorption spectrum of the probe did not change significantly in the new organic media,
the absorption capacity of both OPFR diminished significantly (see Figure B.1 of the
Supplementary material). This phenomenon, together with the higher volatility of
methanol under high-power Xe-lamp discard the possibility of performing the

experiments in alcoholic solutions.

4.3 Photobleaching experiments with FFA

After the initial imprecisions on photobleaching experiments with ABMDMA, it was
clear that the reaction system in study presented too many restrictions and inherent
difficulties that had to be overcome in order to obtain reliable results. With this purpose,

two measures could be taken:

1. In order to remove the photo-instability of the chemical probe, it would be
necessary to find another compound with a similar function, this time with no

absorption over 280 nm.
2. To get over the OPFR insolubility problems, the methanol/water proportion in the

reaction media could be increased. The higher the amount of methanol in the

mixture, the higher the quantity of OPFR that can be contained in the solution.
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4.3.1 Selection of FFA as the singlet oxygen detection probe

By means of some bibliographic research, it was found that furfuryl alcohol (FFA) has
been widely used as a singlet oxygen detection probe in reaction systems containing
chemicals with photosensitizing properties [22], [23], [24]. FFA is a furan derivative (see
Figure A.3 of the Supplementary material) that, according to [25] has the following

qualities:

1. It does not present direct photolysis or photosensitization. In order to check that,

the UV-Vis spectrum of this compound was obtained (Figure 16).
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Figure 16. Absorption spectrum of FFA in water.

2. It presents high rate constant for reaction with *02. Unlike what happens with
ABMDMA, FFA does not react specifically with singlet oxygen, but its reaction
kinetics with this ROS is (a priori) higher enough. Moreover, it has been
demonstrated that this chemical does not quenches photosensitized molecules, so

there should not be interference problems with excited OPFR.
3. ltis highly water-soluble.

In view of the above, FFA seemed to accomplish the required qualities for a good
chemical probe in the current case of study, and therefore it was presented as a good
solution to the lack of photo-stability observed in the first round of photobleaching
experiments. In addition, FFA presented a reasonable price that allowed to work with
larger reaction volumes, thus minimizing the experimental error attributed to this factor.
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In relation to the use of ABMDMA, only a disadvantage was observed: the monitoring of
FFA concentration must be carried out by means of liquid chromatography. Due to the
characteristics of the HPLC UV detector, the limit of quantification for FFA was between
0.05 and 0.1 mM. This value was about 5-10 times greater than the minimum ABMDMA
concentration reliable measurable by UV-Vis spectroscopy. Details of the HPLC method,
adapted from [22] and [23], have already been described and the corresponding
calibration curve can be checked on Figure B.2 (Supplementary material).

4.3.2 Increase of the methanol/water ratio in the reaction medium

As mentioned, methanol proportion in the reaction medium was wanted to be increased
in order to reduce OPFR insolubility problems and have a large amount of photosensitizer
available. But as described on the last part of the experiments with ABMDMA (Figure
B.1 of the Supplementary material), when the solution was entirely made with methanol,

EHDP and TMPP lost completely their absorption over 280 nm.

Regardless of finding an explanation for this surprising phenomenon, some test were
necessary to determine the absorption of both OPFR in relation to the methanol content
in the solution. Thus, several UV-Vis spectra were obtained (concentration 0.25 mM),

being the most representative ones presented in Figure 17 and Figure 18.
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Figure 17. EHDP absorption spectrum with different solvent compositions.

22



—— 25% Methanol / 75% Water
40% Methanol / 60% Water
50% Methanol / 50% Water

Absorbance
N

200 300 400 500 600 700
Wavelenght [nm]

Figure 18. TMPP absorption spectrum with different solvent compositions.

As it can be observed, both chemicals lost gradually their absorption levels with an
increasing content of methanol in the solvent mixture. This behaviour continues until the
ratio is approximately 40% methanol / 60% water, for EHDP, and 50% methanol /50%
water, for TMPP. From this value, absorption levels of OPFR drops dramatically. Being
conservative and considering that the largest possible level of absorption is still needed
to initiate the photosensitization process, it was decided to increase the content of
methanol from 10 to 25% for the next experiments. It is important to remark that the
difference between the absorption levels in both cases (with 10 or 25% of methanol) was

insignificant.

4.3.3 Singlet oxygen detection with FFA photobleaching

Being the two main problems (probe photo-stability and OPFR insolubility) theoretically
solved or reduced, the final step was to carry out several experiments with the intention
of observing a decrease in FFA concentration, results that as explained, would

demonstrate the hypothesis of the project.

OPFR concentrations were fixed to 0.25 mM, since this was the maximum concentration
tolerated by the solution without observing precipitation. For its part, FFA initial

concentration was fixed to 0.1 mM.
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Figure 19. FFA photobleaching in the presence of OPFR.

As Figure 19 illustrates, differences between the control and the experiment with OPFR
could not be observed. Several additional assays were performed, this time varying the
molar ratio of concentrations between the two compounds. This measure had really no
sense because FFA concentration does not competes for light (as happens with
ABMDMA) and OPFR was already fixed to the maximum possible value. So as expected,

same negative results were obtained and it was decided not to represent them.

Failure in FFA experiments could not be discussed by the same reasons that explained
why ABMDMA photobleaching did not succeed. As stated before, the selection of a new
chemical probe and the attempt of increasing the photosensitizer concentration to the
maximum possible value should had overcome, or at least reduce, the main difficulties
inherent to the reaction system in study. Because of that, during the last photobleaching
experiments this set of complications should not have been presented. A possible
explanation to the lack of success on these experiments would be related to the kinetics
of the process. If singlet oxygen has to react with the chemical probe, a minimum
concentration of this ROS should be constantly present in the reaction medium.

According to [26], the steady state concentration of this species would be equal to its

formation rate divided by the sum of physical quenching and reactions with other species,
as described by equation 4.
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ka CDSO [S]

[10,]ss = X + ey (4)

where ka is the specific light absorbance of the reaction medium, S represents a
photosensitizing molecule with a singlet oxygen quantum yield of @so, kx represents the
reaction rate between singlet oxygen and any species X present at the reaction medium
(including the photosensitizer), while kq is the rate of decay of oxygen back to its ground

state due to quenching by water.

Adapting equation 4 to the current reaction system, S would represent OPFR and X would
include FFA, but also OPFR and indirectly methanol. Thus, a competence for the reaction
with singlet oxygen would be stablished between all these species. According to the
results from [10], OPFR would present fast reaction kinetics with O, so it would be
probable that this species react with most of the singlet oxygen being generated, thus
minimizing its chemical quenching by FFA. For its part, the quenching of O, by water
would present high kinetic constant (2.5-10° s [26]).

All of the above constitutes a too great disadvantage to have proper 1O, concentrations in
the reaction medium, thus making quite difficult to observe the desired reaction between
singlet oxygen and FFA. Moreover, the impossibility of observing an evolution of FFA
concentration could be related to its initial quantity in the bulk solution, probably too
large to observe small changes caused by 'O quenching (in this case), but necessary for
HPLC detection, as previously stated.

4.4 Spin-trapping experiments

After the lack of success with photobleaching, spin-trapping experiments were launched
as the last attempt to prove the presence of singlet oxygen in the reaction system in study.
Since this is a highly sensitive technique, even with very low concentrations of radicals

in the bulk solution, it seemed to be a suitable procedure for the current case of study.
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4.4.1 Selection of the spin-trapping agent

Unlike with photobleaching experiments, there was no doubt when a spin-trapping agent
had to be chosen for singlet oxygen detection by EPR spectroscopy. Several works have
reported the use of 2,2,6,6-tetramethyl-4-piperidone (4-oxo-TEMP) to this purpose [27],
[28], [29], [30], [31], since singlet oxygen can oxidise this compound to the stable 2,2,6,6-
tetramethyl-4-piperidone-1-oxyl (4-oxo-TEMPO), which is a spin adduct that and can be

detected by EPR spectroscopy . Figure 20 illustrates the mentioned reaction.

o) o)
1
HsC CHs 02 HsC CH3
HyC N CHs HsC N CHs
Q

Figure 20. Generation of the spin adduct 4-oxo-TEMPO.

According to the EPR fundamentals previously described, 4-oxo-TEMPO spectrum

would present an aspect like the one that Figure 21 exhibits.

Figure 21. Theoretical EPR spectrum of 4-oxo-TEMPO.

In this case, the unpaired electron of the free radical species would only be sensitive to
the magnetic spin of the N nuclei (spin number 1), which is the nearest one [16]. Oxygen
would not present magnetic coupling, since 0 spin number is equal to 0. If as described,
the appearing number of lines of an EPR spectra follows the rule 2NI+1, the calculus in
this case would be 2:1-1+1=3. Thus, the predicted EPR spectrum would present, as

shown, three equivalent EPR signals.
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In addition to the spectrum shape, according to [32] and [33] the predicted g-value and
hyperfine coupling constant for the corresponding signals would be 2.0054 and 16 G,

respectively.

4.4.2 Singlet oxygen detection by spin-traping procedures

To finally perform the spin-trapping experiment, a solution of 4-oxo-TEMPO (25 mM)
and the OPFR (0,25 mM, 1:1 EHDP and TMPP) was prepared in a methanol/water
mixture. Water was previously bubbled with oxygen in order to assure an optimmumm
concentration of this species in the reaction medium. A control experiment with only the
spin-trapping agent was also performed, at the same conditions than the final experiment.
(the only difference was the absence of OPFR). For all the experiments the irradiation
time of the sample was 40 min. Results are shown in Figure 22.
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Figure 22. Experimental EPR spectrum of spin adduct 4-0-TEMPO.

As expected, the spectrum of the experiment with photosensitizers presented the shape
above predicted, and a clearly difference in relation to the control experiment in terms of
signal amplitude and area. This indicates the detection and identification of 4-oxo-

TEMPO, and subsequently the generation and presence of singlet oxygen. With the aim

27



of assure the unequivocal identification of this species, the g-factor (equation 3) and the
experimental hyperfine coupling constant were also calculated. The obtained results were

2.0056 and 16 G, respectively, two values practically equals to the expected ones.

The above results can also be presented as a time evolution of the accumulated signal, by
using the results obtained by the EPR spectrophotometer at different reaction times. This
can be observed in Figure 23. The graphic shows an almost lineal increase of the
accumulated signal with time, which demonstrates that singlet oxygen production is

sustained along the reaction.
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Figure 23. Accumulated EPR signal with time (4-0-TEMPO generation).

Success in these experiments and failure in the photobleaching ones could be
consequence of the relative sensitivity of both methods and the kinetics of the reaction
system towards the employed chemical probes or spin-trapping agent. During the
photobleaching experiments discussion, it was concluded that singlet oxygen should be
poorly present in the bulk solution, avoiding its detection by this assay. But this seems to
be possible with the use of a very accurate and sensitive technique, which makes
measurements continuously and at the same time in which the reaction and

photosensitization process are taken place.
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5 Conclusions

1. ABMDMA photobleaching experiments reported in literature needed to be
adapted to the project requirements because their working conditions were not
suitable with the project goals. This was not simple since some critical restrictions

were present, like photo-instability of the chemical and OPFR insolubility.

2. Although several experiments were carried out in order to find proper
experimental conditions for ABMDMA photobleaching experiments, the
obtained results did not provide clear evidences of singlet oxygen generation.
Therefore, it was concluded that photobleaching experiments with ABMDMA

were not possible with this reaction system.

3. The absorption levels of OPFR are found to be dependent on the methanol content
in the reaction medium. It was found that a 25% in volume is an adequate value,
since this measure enhances the OPFR solubility in the reaction medium without
a significant loss of the absorption capacity presented by these chemicals.

4. Although the two main problems of photobleaching were reduced, or even solved,
experiments with FFA did not provide positive results. The key to this lack of
success could be found on the kinetics of the reaction system: the poor presence
of singlet oxygen caused by the fierce competition for this species presented by
OPFR, FFA and the solvent, is a reasonable explanation to the failure on these

experiments.

5. Based on the results obtained with photobleaching experiments, it is concluded
that the reaction system in study is affected by too many factors that avoid to
observe the desired reaction between oxygen singlet and the chemical probe, thus
invalidating the employment of this kind of experiment for this purpose.

6. Spin-trapping procedures using 4-oxo-TEMPO detection as a method to identify

the presence of singlet oxygen in the reaction medium have demonstrated to be
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useful, since the obtained spectrum shows the shape and numerical parameters

usually exhibited by this spin adduct.

Based on the evolution with time of EPR accumulated signal it can be concluded
that singlet oxygen formation is sustained along the reaction. Thus, the
photosensitization process starts once irradiation over the reaction medium is

carried out and linearly increases with time.

The success exhibited by spin-trapping techniques seems to be explained by the
great sensitivity of the EPR assays to the paramagnetic species, which allows to
detect the presence of any of these structures in the reaction medium, even if their
generation is limited by the inherent restrictions and difficulties showed by the

reaction system in study.

6 Final recommendations

It is important to remark the fact that all the experiments performed during the project

were carried out with mixtures of the two OPFR presumably responsible for the

photosensitizing phenomenon. It was decided to do so because there were too many

factors affecting the reaction system and this was the only way to assure that the

photosensitizing process initiation would not be one of them.

Once demonstrated that aryl OPFR are involved in the natural photodegradation pathway

of all OPFR, it would remain to perform the experiments separately for each one of this

chemicals. This could provide information, for instance, about which of them are the main

contributors to the singlet oxygen generation. Since the most satisfactory results has been

achieved by spin-trapping procedures, in case of further interest it would be convenient

to employ this technique to continue with the research.
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Supplementary material

A. Chemical structures

Figure A.1. Chemical structure of EHDP.

Figure A.2. Chemical structure of TMPP.
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Figure A.3. Chemical structure of FFA.
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B. Experimental graphs
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Figure B.1. ABMDMA and OPFR absorption spectra in methanol solution.
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Figure B.2. HPLC calibration curve for FFA.
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