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Preface

Photochemistry and photophysics (PP) are as old as our planet Earth. Even before the exis-
tence of our planet, photochemistry was evident in the turbulent atmosphere of our planet.
At present, photosynthesis is an excellent example of the natural photochemical and photo-
physical process on which our life depends. In our eyes, PP processes occur that allow us to
see. Needless to say, PP have always been present in our main branch of science. Fundamen-
tally, the topic of PP arises due to the interaction of light and matter, but exists in several
crossroads of mainstream disciplines such as chemistry, physics, biology, and material sci-
ence. Further, in our daily life, we are surrounded by products that are obtained in some
ways with the aid of PP. Numerous devices are constructed based on PP, the most popular
example being the solar cells.

For any civilization to progress, steady access to energy is essential. The sun is unarguably
the ultimate renewable and sustainable source of unlimited energy. Scientists are investigat-
ing ways to exploit the potentials of radiations from the sun to convert into usable forms of
energies like electrical energy. However, that is possible only using the knowledge learnt
from PP. Modern society also depends heavily on "information technology." Scientists are
interested in miniature devices related to information and communication down to the mo-
lecular level for which again the knowledge and expertise on PP are a prerequisite.

Scientists working on light-matter interaction have increased considerably due to develop-
ment in the state-of-the-art spectroscopic instrumentation. Light is often found to be the sil-
ver bullet in chemical laboratories and often provides exciting products that are otherwise
impossible to obtain thermally. However, complicacy in the photochemical reaction is enor-
mous and yet to be fully understood. Therefore, it is necessary to have a more in-depth un-
derstanding of the PP fundamentals that would enable us to contribute significantly in
emerging fields like energy conversion, medicine, information, and nanotechnology. It is
predicted that frontiers of PP will continue to contribute significantly in the development of
new molecules and materials and related processes and thereby will play a crucial role in
the development of science and technology.

There are various comprehensive and stand-alone textbooks on PP available in the market.
The most famous one is: ‘Modern Molecular Photochemistry of Organic Molecules' by N. J.
Turro, followed by ‘Fundamentals of Photochemistry” by K. K. Rohatgi-Mukherjee. These
books, along with others, provide a crystal-clear idea on the common topics both in pictorial
and intuitive terms. Due to the gravity of this subject area, one can find around 50 books/
chapters on ‘photophysics” and close to 370 on “photochemistry’ (as revealed by SciFinder
search). Topics of photophysics and photochemistry of polymer, laser materials, coordina-
tion compounds, multichromophoric molecule, and nucleic acids are becoming more popu-



Xl

Preface

lar lately. The research on PP is increasing as revealed by a SciFinder search with
“photophysics and photochemistry” keywords. There were 554 references found with those
keywords, while more than 10,000 references are traced having both photophysics and pho-
tochemistry separately.

This book entitled “Photochemistry and Photophysics: Fundamentals to Applications”
presents various advanced topics that inherently utilize those core concepts/techniques of
photochemistry and photophysics. The purpose of this book is to bring many of these topics
together in one publication. The goal of this book is to familiarize both research scholars and
postgraduate students with recent advances in various fields related to photophysics and
photochemistry.

The book is broadly divided into four parts: Part I deals with photophysics, while Part II
covers photochemistry. Part III deals in a lone chapter with computational aspects of photo-
chemistry. Part IV contains the application aspects. Each part provides the unique aspect of
photophysics and photochemistry.

This book starts with a vital chapter that is one of the most discussed topics in PP, "proton
transfer." Yoonsoo Pang and coworkers have presented an excellent discussion on the vari-
ous aspects of ultrafast intramolecular proton transfer reaction in anthraquinone derivatives.
BODIPY dyes are vital and show exciting photophysics. Lopez-Arbeloa and coworkers have
described the tailoring of photophysical responses of BODIPY dyes in Chapter II.

Part II contains three chapters that are primarily on photochemistry. While Chapter III deals
with the photoconversion mechanism of substituted amides of salicylic acid (written by Na-
dezhda Medyanik and coworkers), Chapter IV deals with photochemical preservation tech-
niques of natural water by photoinduced degradation of organics as described by Sarka
Klementova. Chapter V by S. Baptista and coworkers deals with the photochemistry of lipo-
fuscin in the skin.

A relatively uncommon chapter in this book is the computational aspect of photochemistry.
The single chapter in Part III is written by Ming-Der Su on the computational study of pho-
tochemical fragmentation of hydantoin.

There are five significant chapters in the last part of this book that fall under the heading of
“applications of photochemistry & photophysics.” Part IV starts with a chapter on “photo-
physics and photochemistry of conformationally restricted triarylmethanes’ by Sankalan
Mondal and Satyen Saha. A significant part of this chapter deals with applications of these
molecules as photoredox catalysis. Laser-induced gold nanoparticle synthesis has been dis-
cussed in Chapter VIII by K. M. Tibbetts and coworkers. For the preservation of cultural
heritage such as monuments, paints are essential. Understanding photochemical degrada-
tions of such things is significant and has been discussed by Lorena Iancu and coworkers in
Chapter IX. Determination of ions, mainly which are crucial to human health, is significant.
Chapter X deals with the determination of cyanides by fluorescence dyes as discussed by
Zeynel Seferoglu and coworkers. The last chapter of this book is devoted to the catalytic
degradation of organic dyes in aqueous medium, written by Muhammad Usman and cow-
orkers.

Most of the chapters in this book aim to highlight the photophysics and the photochemistry of
novel organic molecules used in different processes. Last but not the least, the future of photo-
physics-photochemistry, like in any other burgeoning field, is more exciting than the past.
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Chapter 1

Ultrafast Intramolecular Proton Transfer Reaction of
1,2-Dihydroxyanthraquinone in the Excited State

Sebok Lee, Myungsam Jen, Kooknam Jeon,
Jaebeom Lee, Joonwoo Kim and Yoonsoo Pang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75783

Abstract

1,2-Dihydroxyanthraquinone (alizarin) shows an ultrafast intramolecular proton trans-
fer in the excited states between the adjacent hydroxyl and carbonyl groups. Due to the
ground and electronic structure of locally excited and proton-transferred tautomers, aliz-
arin shows dual emission bands with strong Stokes shifts. The energy barriers between
the locally excited (LE) and proton-transferred (PT) tautomers in the excited state are
strongly dependent on the solvent polarity and thus alizarin shows complicated pho-
tophysical properties including solvent and excitation dependences. The excited-state
intramolecular proton transfer (ESIPT) of alizarin was monitored in time-resolved stim-
ulated Raman spectroscopic investigation, where the instantaneous structural changes
of anthraquinone backbone in 70~80 fs were captured. Two major vibrational modes of
alizarin, v(C=C) and v(C=0) represent the proton transfer reaction in the excited state,
which then leads to the vibrational relaxation of the product and the restructuring of
solvent molecules. Ultrafast changes in solvent vibrational modes of dimethyl sulfox-
ide (DMSO) were also investigated for the solvation dynamics including hydrogen bond
breaking and reformation.

Keywords: excited-state intramolecular proton transfer, tautomerization, femtosecond
stimulated Raman, transient absorption

1. Introduction

Proton transfer occurring either intramolecularly or intermolecularly is one of the fundamen-
tal chemical reactions and has been of great interest in chemistry, biology, and related dis-
ciplines [1-5]. Molecules with the excited-state intramolecular proton transfer (ESIPT) often

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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show large Stokes shifts, which is beneficial in many photonic applications due to small self-
absorption [6, 7]. The ESIPT reactions have been extensively studied by time-resolved spec-
troscopic methods, where the ultrafast laser pulses initiate the chemical reaction in the excited
state [6-10]. Femtosecond transient absorption technique was used as the time-resolved elec-
tronic probe in monitoring ultrafast proton transfer reactions in the time scales of ~30 fs [8, 10].
Recently, a much faster ESIPT of ~13 fs in 10-hydroxybenzo[k]quinolone has been reported by
a fluorescence upconversion technique [9].

1,2-Dihydroxyanthraquinone (alizarin) is one of natural red pigments which forms an intra-
molecular hydrogen bond between a carbonyl and a hydroxyl group in the ground and excited
states [11-18]. Upon photoexcitation, a proton transfer from the hydroxyl to the carbonyl
group occurs and the dual emission bands of the locally excited (LE) and proton-transferred
(PT) tautomers have been reported [11-14]. The scheme of electronic structure of alizarin in
LE and PT tautomers is shown in Figure 1. Since the barrier between LE and PT tautomers of
alizarin in the excited state is tunable by changing solvent polarity [19, 20], the proton transfer
reaction dynamics between the LE and PT tautomers might also be controlled by this factor.
The emission band of the PT tautomer dominates in nonpolar aprotic solvents while the dual
emission bands both from the LE and PT tautomers appear in polar aprotic solvents with the
inhibition of the ESIPT reaction [21, 22]. According to the density functional theory (DFT)/
time-dependent DFT (TDDFT) simulation results, the LE tautomer of alizarin is more sta-
ble (4.7-4.8 kcal/mol) than the PT tautomer in ground state, while the LE tautomer becomes

OH OH O

[0
a |

EE L E L] 1 PTII

\ ESIPT /

excited
state

recove
..-"_""h.r}‘l
\ _S—

‘@J ground
state
Figure 1. Electronic structure of alizarin in LE and PT tautomers. Adapted with permission from reference [41].
Copyright 2015 Elsevier.
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less stable in the excited state with tunable energy barriers between the LE and PT [23]. For
example, the energy barrier from the LE to PT tautomer in the exited state was estimated as
1.30 kcal/mol in benzene (nonpolar aprotic) and 3.19 kcal/mol in ethanol (polar aprotic).

The excited state lifetime of the alizarin PT tautomer was observed as 60-80 ps in several time-
resolved spectroscopic investigations on alizarin, but the exact proton transfer dynamics of
alizarin was not clearly obtained due to strong excited state absorption and emission signals,
and complicated excited state dynamics including vibrational relaxations, solvations, etc.,
[20, 24-26]. However, the ultrafast ESIPT reactions (45-120 fs) of several anthraquinone deriv-
atives including 1-hydroxyanthraquinone and 1-chloroacetylaminoanthraquinone have been
measured by time-resolved fluorescent measurements [11, 15, 27, 28].

Femtosecond stimulated Raman spectroscopy (FSRS) with both high temporal (<50 fs) and
spectral (<10 cm™) resolutions was introduced recently for the study of excited state dynam-
ics and reaction mechanisms [29, 30] and has been widely used to study the photo-induced
population and structural dynamics in many chemical and biological systems [31-34].

In this chapter, the ESIPT reaction and excited state dynamics of alizarin will be overviewed
by using experimental results of steady-state absorption and emission, femtosecond transient
absorption, and femtosecond stimulated Raman measurement. The excited state dynamics of
alizarin was examined by changing the solvent polarity and the evidence for the ultrafast pro-
ton transfer reaction and subsequent structural changes in the product state were inspected
by the time-dependent skeletal vibrational modes of alizarin.

2. Experimental details

2.1. Chemical preparation

Alizarin (Sigma-Aldrich, St. Louis, MO), dimethyl sulfoxide (DMSO, Daejung Chemicals and
Metals, Siheung, Korea), ethanol (Duksan Pure Chemicals, Ansan, Korea), and other chemi-
cals were used as received. Alizarin hardly dissolves in water but dissolves in most organic
solvents, so alizarin solutions (33-50 uM) were prepared in ethanol and DMSO for the steady-
state absorption and emission, and transient absorption measurements. A 2 mm cell with a
stirring magnet was used for transient absorption measurements to avoid photo-damage from
the laser pulses. The DMSO solutions of alizarin up to 20-mM concentrations in a 0.5 mm flow
cell recirculated by a peristaltic pump were used for stimulated Raman measurements.

2.2. Steady-state absorption and emission measurements

The absorption spectra were recorded by a UV/Vis spectrometer (S-3100, Scinco, Seoul, Korea)
and the emission spectra were obtained by a time-resolved fluorescence setup based on a time-
correlated single photon-counting module (Picoharp 300, PicoQuant, Berlin, Germany), a pico-
second diode laser (A_ = 405 nm; P-C-405, PicoQuant), a monochromator (Cornerstone 260,
Newport Corp., Irvine, CA), and a photomultiplier tube detector (PMA 192, PicoQuant).
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2.3. Transient absorption spectroscopy

A femtosecond transient absorption setup based on a Ti:sapphire regenerative amplifier
(LIBRA-USP-HE, Coherent Inc., Santa Clara, CA) was used for transient absorption measure-
ments [35, 36]. The pump pulses at 403 nm were generated by sum-harmonic generation (SHG)
in a BBO crystal (0 =29.2°, Eksma Optics, Vilnius, Lithuania) and compressed in a prism-pair
compressor. The whitelight supercontinuum probe pulses (450-1000 nm) generated in a sap-
phire window were tightly focused to the sample with the pump and detected with a fiber-
based spectrometer (QE65Pro, Ocean Optics, Largo, FL). Transient absorption spectra and
kinetics were analyzed in a global fit analysis by using a software package Glotaran [37].

2.4. Femtosecond stimulated Raman spectroscopy

A femtosecond stimulated Raman setup based on the Ti:sapphire regenerative amplifier
(LIBRA-USP-HE) was used for time-resolved Raman measurements. A narrowband picosec-
ond pulses (802 nm, 0.6 nm, 1.2 ps) generated by a home-built grating filter (1200 gr/mm) was
used for the Raman pump, and a broadband (850-1000 nm) whitelight continuum generated
in a YAG window (Newlight Photonics, Toronto, ON) was used for the Raman probe. The
Raman probe filtered with long pass filters (FEL0850, Thorlabs Inc., Newton, NJ; 830 DCLP,
Omega Optical Inc., Brattleboro, VT) was combined at the sample with the Raman pump
and the actinic pump at 403 nm generated from SHG. The Raman pump was modulated at
500 Hz by an optical chopper (MC2000, Thorlabs Inc.) and the Raman probe was recorded at
1 kHz shot-to-shot level by a spectrograph (Triax 320, Horiba Jobin Yvon GmbH, Bensheim,
Germany) and a CCD detector (PIXIS 100, Princeton Instruments, Trento, NJ). The optical
time delay between the actinic pump and the Raman pump/probe pair was controlled by
a motorized stage (MFN25PP, Newport Inc.) and a controller (ESP300, Newport Inc.). The
Raman pump of 350 n] pulse energy and the actinic pump of 750 nJ pulse energy were used
in a typical FSRS measurement.

2.5. Computational details

DEFT simulations for the Raman vibrational modes of alizarin were conducted by the Gaussian
09 software package (Gaussian Inc., Wallingford, CT), and the B3LYP/6-31G(d,p) level of
theory with the optimized geometries from previous TDDFT results was used [23, 38]. The
scaling factors for the vibrational frequencies obtained in previous reports were used to visu-
alize the Raman spectra of alizarin both in ground and excited electronic states with arbitrary
bandwidths of 10-15 cm™ [39].

3. Steady-state absorption and emission spectra of alizarin

In the ground state, the LE tautomer exists lower than the PT tautomer in energy and the
energy barrier between two tautomers is too high for the proton transfer in the ground state
to be observed [19]. On the other hand, the LE tautomer in the excited state which can be
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approached by photoexcitation exists higher in energy than the PT tautomer, and the tau-
tomerization to the PT tautomer can occur depending on the barrier height separating two
tautomers [11-14, 16, 27, 40].

The absorption and emission spectra of alizarin in n-heptane, ethanol, and DMSO solution
are shown in Figure 2(a). The absorption spectrum of alizarin in n-heptane appears as several
vibronic bands at ~405, 425, and 450 nm and the absorption bands of alizarin in both ethanol
and DMSO are inhomogeneously broadened and red-shifted by 20-30 nm from the bands in
n-heptane. The emission bands of alizarin in n-heptane centered at 610 and 660 nm show large
Stokes’ shifts from the absorption band representing the intramolecular proton transfer in the
excited state. The emission spectra of alizarin in ethanol and DMSO show increased emission
in the range of 500-600 nm in addition to main emission bands at 620 and 670 nm, which is
interpreted as the emission signal originating from the LE state in the excited state.

Figure 2(b) shows the dependence of the excitation wavelength in the emission spectra of
alizarin in ethanol. Alizarin shows two emission bands in ethanol solution. One centered at
535 nm from the LE tautomer appears strongly with 485 nm excitation, while the other cen-
tered at 620 nm from the PT tautomer becomes the main band with 405-nm excitation. The
excess energy in the 405-nm excitation may facilitate the ESIPT by overcoming the energy bar-
rier of the LE-PT tautomerization. Concentration and wavelength dependences in the emis-
sion spectra of alizarin can be the evidence for the existence of the energy barrier between the
LE and PT tautomers [19, 20, 41].

To further investigate the intramolecular proton transfer of alizarin and the solvent depen-
dence, the steady-state absorption and emission spectra of alizarin in binary mixtures of etha-
nol and water were measured with 405-nm excitation as shown in Figure 3. The absorption
spectra of alizarin show a slight increase in absorbance with the addition of water to ethanol
up to 50% without any spectral change. However, the emission spectra of alizarin show a
strong solvent dependence. The PT emission bands at 615 and 670 nm decrease as the fraction
of water increases up to 50% while the LE emission band at 530 nm increases. The isosbestic

1.0 - = 1.0 1.0
. ool [\ h,,. =405 nm
| DAEED | b A2 =
f Anapine 1 = &
g | J; \ E &
5 / \ £ £
E 051, ; ' 085 ¢ £ 0.5
r } & a
< i 8 -
\ E E e = 485 M N
| W, L
(Y B T S e
400 500 GO0 T00 EB0D 500 580 G600 &R0 TOD TSRO
wavelength (am) wavelength (nm)

Figure 2. (a) Steady-state absorption and emission spectra of alizarin (adapted with permission from ref. [44]. Copyright
2017 ACS), (b) emission spectra of alizarin in ethanol with 405- and 485-nm excitations (adapted with permission from
ref. [41]. Copyright 2015 Elsevier).
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Figure 3. Steady-state absorption and emission spectra of alizarin in ethanol and binary mixtures of ethanol and water
with 405-nm excitation. Adapted with permission from ref. [41]. Copyright 2015 Elsevier.

point between the LE and PT emission bands is clearly observed at 560 nm, which clearly sup-
ports the transition between the LE and PT tautomers. In addition, a decrease of overall quan-
tum yield of alizarin with the addition of water may represent a nonradiative rate constant of
the LE tautomer is much smaller than that of the PT tautomer. Recently, the effect of water on
the ESIPT reaction of alizarin was further investigated by the simulations based on the time-
dependent density functional theory [42]. It has been noted that the strong intramolecular
hydrogen bonding of alizarin between the carbonyl and hydroxyl group may facilitate the
ESIPT reaction in the excited state. Furthermore, the inhibition of the ESIPT process by water
molecules by forming hydrogen bonds with the carbonyl or hydroxyl groups of alizarin was
proposed, which weakens the intramolecular hydrogen bonding associated with the ESIPT
process and thus increases the energy barrier between the LE and PT tautomer [42].

We have used time-resolved electronic (femtosecond transient absorption) and vibrational
spectroscopy (FSRS) to further study the detailed kinetics and mechanism of the ESIPT reac-
tion of alizarin in the excited state.

4. Excited state intramolecular proton transfer of alizarin

4.1. Femtosecond transient absorption results

Transient absorption results of alizarin in ethanol and in a binary mixture of ethanol:water=1:1
with 403-nm excitation are shown in Figure 4. Within 10 ps time delay, the excited state absorp-
tion (ESA) band centered at 510 nm and the stimulated emission (SE) band in the 570-750 nm
range are observed in both ethanol and ethanol-water mixture. A broad and weak ESA band
in the 500-550 nm range is left after 1 ns time delay for the ethanol-water mixture, while all the
excited state population of alizarin in ethanol solution decays to the ground state by the same
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Figure 4. Transient absorption results of alizarin (a) in ethanol and (b) in 1:1 mixture of ethanol and water, excited-state
kinetics of alizarin (c) in ethanol (582 nm) and (d) in DMSO (590 nm). Adapted from ref. [41]. Copyright 2015 Elsevier.

time. The global fit results for alizarin in ethanol are summarized by two kinetic components of
8.3 and 87 ps whose evolution associated difference spectra (EADS) are shown in Figure 4(a).
The 8.3 ps component with slightly broader absorption band (450-580 nm) but without emis-
sion signal represents the vibrationally hot PT tautomer, and the 87 ps component with both
absorption and emission (580-750 nm) signals represents the relaxed PT tautomer in the
excited state, which is consistent with previous results [20, 24-26].

The excited state dynamics of alizarin in ethanol-water mixture is somewhat complex. Instead
of performing the global fit analysis of the whole transient absorption data, we analyzed the
absorption (<580 nm) and emission (>580 nm) part of the data separately in the global fit
analysis. We found three kinetic components of 7.6, 31.8, and 890 ps from the absorption part
and two components of 15.7 and 540 ps from the emission part of the data. The kinetic com-
ponents of 7.6 and 31.8 ps in the absorption part are tentatively assigned as the vibrationally
hot and relaxed PT tautomers of alizarin, respectively, by inferring from the results of ethanol
solution. However, the 7.6 ps component may include the decay of the LE state, as the block-
ing of the proton transfer reaction was observed with the addition of water from results of the
steady-state emission spectra. The 15.7 ps lifetime of the first emission component of the data
is much shorter than the lifetime of 31.8 ps component in the absorption part, thus this com-
ponent may also represent the emission signal of both the LE and PT tautomer which cannot
be separated in all the analysis we have done. In addition to the fast kinetic components for
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the LE and PT tautomers, a long-lived component (540 or 890 ps) appeared as a very broad
absorption band in 500-600 nm.

Itis noted that the shortened lifetime of the PT tautomer (87 — 31.8 ps) with the addition of water to
ethanol observed in transient absorption measurements is consistent to the reduced quantum yield
and the increased nonradiative rate constant of alizarin observed in the steady-state emission mea-
surements. As suggested by the recent theoretical study [42], water molecules may form hydrogen
bonds with the carbonyl and hydroxyl groups of alizarin and impede the intramolecular proton
transfer reaction of alizarin. Thus the long decay component in the transient absorption of alizarin
in ethanol-water mixture may be considered as the “trapped” state of alizarin with water molecules.
Further details on the solute-solvent interaction and resulting ESIPT kinetics can be investigated by
FSRS, where time-resolved structural changes of solute and solvent molecules can be monitored.

It has been proposed that faster components of 300400 fs time constant generally observed from
the transient absorption signals of alizarin in the wavelengths (570-585 nm) where the strong
ESA and SE signals cancel out, may represent the kinetics for the vibrational relaxation in the LE
tautomer and the ESIPT to the PT tautomer [41, 43]. We also observed these fast components uni-
versally in the transient absorption results of alizarin in ethanol, methanol, DMSQO, and ethanol-
water mixture (examples are shown in Figure 4(c) and (d)), but did not show any dependence on
the solvent polarity. Since the ESA, SE, and the ground-state bleaching signals of two tautomers
of alizarin in transient absorption measurements are overlapped in wavelength and time, it seems
to be very difficult to separate the kinetic components of the vibrational relaxation of the LE and
PT tautomers, the ESIPT, etc. We conclude that the transient absorption measurements may be
inadequate for the correct analysis of the ESIPT process, a further investigation by FSRS was
performed to obtain the population and structural dynamics of alizarin upon photoexcitation.

4.2. Femtosecond stimulated Raman results
4.2.1. FSRS details

Alizarin is soluble in ethanol and DMSO but the Raman spectrum of ethanol overlaps that
of alizarin in many spectral regions. Then small changes in the vibrational modes of alizarin
might not be observed in ethanol solution due to strong Raman modes of ethanol. The Raman
bands of DMSQO, however, can be separable from the Raman modes of alizarin. Thus femtosec-
ond stimulated Raman measurements of alizarin were done with DMSO solution. From the
analysis of transient absorption result of alizarin in DMSO solution, two kinetic components
were obtained [44]. Two components of 1.1 and 83.3 ps represent the vibrational relaxation in
the PT tautomer and the lifetime of PT tautomer in the excited state, respectively. Although a
fast (~600 fs) kinetic component was observed at 590 nm where the strong ESA and SE signals
cancel out, it is not clear whether this component represents the ESIPT dynamics of alizarin.

The Raman intensity of the FSRS, often called the Raman gain can be evaluated by Eq. (1):

L. -
(Raman Gain) = ;————= (1)

RPump-OFF _ “Bkg

wherer = andl, - represent the intensity of Raman probe with and without the Raman

pump, respectively, and I, represents the dark signal of the CCD detector. The Raman probe
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of 600,000 pulses (60 accumulations of 10-sec acquisition) was averaged in a typical Raman
gain measurement with the half of them focused together with the Raman pump to the sam-
ple, to obtain a Raman gain signal in a signal-to-noise level of 2 x 10~ (or 0.002%) at a spe-
cific time delay with the actinic pump pulses. Time-resolved stimulated Raman spectra of
alizarin in DMSO at multiple time delays were obtained at time delays of -1 to 100 ps and
the ground state spectrum measured at —10 ps time delay, for example, was subtracted from
each stimulated Raman spectrum to obtain the difference stimulated Raman spectra shown in
Figure 5(a). A small portion of transient absorption signal, for example, the ESA and SE can be
obtained together with stimulated Raman gain signals at most time delays, thus a polynomial
background subtraction was performed to remove the transient absorption signal.

4.2.2. The population and structural dynamics of the ESIPT

Major Raman bands of the ground electronic state of alizarin in the 1500-1800 cm™ range
shown in Figure 5(a) were assigned as the ring v(C=C) at 1573 and 1594 cm™, and v(C=0) at
1634 and 1661 cm™ mainly according to the DFT simulation results. One v(C=0) at 1661 cm™!
is assigned to the isolated carbonyl at C10 position and the other at 1634 cm™ is the carbonyl at
the site of the ESIPT and adjacent to a hydroxyl group [44]. Another Raman band at 1191 cm™
is assigned as O(CH) and 5(OH). In the excited stimulated Raman spectra of alizarin, several
Raman bands at 1162, 1555, and 1632 cm™ appeared in 50-100 fs after the photoexcitation
and showed a decay after 20 ps or so. According to the TDDFT simulation results [23, 44], we
tentatively assign the 1162 cm™ band as the d(CH) and d(OH) of the PT tautomer, and the 1555
and 1632 cm™ as v(C=C) and v(C=0) bands also in the PT tautomer of alizarin.

To obtain the details of the excited state dynamics and the ESIPT from the stimulated Raman
bands of alizarin, the experimental data were fit with a low-order polynomial background and
several Gaussian functions for Raman bands. The population dynamics of v(C=C) and v(C=0)
bands at 1555 and 1632 cm™ shown in Figure 5(b) shows a ubiquitous sharp rise in 70-80 fs and
a slow decay into the ground state which is compatible to the PT tautomer’s lifetime of 83.3 ps as
shown in the transient absorption results. The structural dynamics of v(C=C) and v(C=O) modes
of the PT tautomer are shown in Figure 5(c) and (d) as the time-dependent changes in the peak
position and the bandwidth. The peak shift of the solvent vibrational mode, d(CH,) of DMSO at
1421 cm™ represents the instrument response function of FSRS measurements for comparison
with the excited dynamics of alizarin Raman bands. It is interesting to note that a strong blue-
shift (1540 — 1553 cm™) and a decrease of bandwidth (28 — 24 cm™) of v(C=C) band all occur in
an ultrafast time scale of ~150 fs after photoexcitation. On the other hand, the v(C=0) band shows
a strong red-shift (1645 — 1630 cm™) in the same time delay of 100-150 fs although this vibra-
tional band appears too broad for the bandwidth analysis. As well represented in Figure 5(b-d),
the population growth and the structural changes of v(C=C) and v(C=0) Raman bands of the PT
tautomer of alizarin are interpreted as the ESIPT process from the LE to the PT tautomer. Since
no Raman band of the LE tautomer has been identified from the FSRS results, this could also be
included for the dynamics of v(C=C) and v(C=O) bands at 1555 and 1632 cm™. The vibrational
relaxation along an electronic potential surface would generally result in slight blue-shifts in
the strongly coupled vibrational modes due to the anharmonicity of the electric potential sur-
face. However, the v(C=C) and v(C=0) bands showed strong (~15 cm™) peak shifts either in
increasing and decreasing bandwidth, respectively, during the ultrafast period of the population
growth for the PT tautomer. This cannot be explained by any type of relaxation inside the same
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Figure 5. (a) Time-resolved stimulated Raman spectra of alizarin in DMSO following 403-nm photoexcitation, (b)
population dynamics for the Raman bands of v(C=C) at 1555 cm™ and v(C=0) at 1632 cm™, (c) v(C=C) and (d) v(C=0)
Raman bands from the PT conformer of alizarin in the excited state and peak shift of a solvent 5(CH,) mode which
represents the instrument response function of FSRS measurements. Adapted with permission from ref. [44]. Copyright
2017 ACS.

potential surface but has to be understood as the nuclear rearrangements for the intramolecular
proton transfer reaction. Therefore, we conclude that the intramolecular proton transfer reaction
of alizarin in the excited state occurs in ultrafast time scale of 70-80 fs.

Another interesting fact is the strong and opposite peak shifts observed for v(C=C) and v(C=0O)
bands during the ESIPT reaction. We could imagine a transition state for the ESIPT reac-
tion of alizarin as a six-membered ring formed by intramolecular hydrogen bonding between
carbonyl group and hydroxyl group. We propose that the strong and opposite peak shifts of
the v(C=C) and v(C=0) band directly represent the changes in the resonance structure of the
alizarin backbone which is composed of multiple C=C and C-C bonds and a C=O. The details
of the ESIPT reaction mechanism of alizarin need be confirmed by thorough theoretical
investigations, which is beyond of the scope of this chapter. The reaction mechanism of many
ESIPT reactions and the existence of transition states have been recently reported by several
theoretical works based on TDDFT and several transition states of six-membered ring between
carbonyl and hydroxyl groups were represented for 1,8-dihydroxy-2-naphthaldehyde [7, 45, 46].
Although a separate transition state of the ESIPT reaction was not resolved from the FSRS results,
we also propose the reaction may occur via the transition state of a new hydrogen-bond six-
membered ring attached to the anthraquinone backbone.

As shown in Figure 5(b-d), two more kinetic components other than the population decay
of the PT tautomer were identified. A slight blue-shift (1553 — 1557 cm™) and an increased
bandwidth (24 — 26 cm™) of v(C=C) mode observed in 3-10 ps and another slight blue-shift
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(1630 — 1636 cm™) of v(C=0) mode shown in 20-30 ps represent the vibrational relaxation in the
product potential surface of the PT conformer. There were no further changes in peak position
and bandwidth of v(C=C) and v(C=0) modes during the population decay of the PT tautomer,
which also supports the assignment of the vibrational relaxation in the PT potential surface.

5. Solvation dynamics

The intramolecular proton transfer reaction of alizarin in the excited state was evidenced by
the population and structural dynamics of two major vibrational modes of v(C=C) and v(C=0).
Ultrafast ESIPT reaction of alizarin in the excited state can also be observed indirectly by the
changes in the solvent vibrational spectrum such as the instantaneous disruption of the solvation
shells and the formation of new solvation. Figure 6(a) and (b) show the difference stimulated
Raman spectra of the solvent DMSO, especially v(5=0) at 1044 cm™ with alizarin concentrations
of 20 and 1 mM, respectively. Solvent DMSO is known to form hydrogen bonds in solution
between 5=O and C-H groups, and also a polymeric structure is formed at low temperature
[47]. The Raman band of v(5=0) is composed of multiple subbands including the symmet-
ric (1026 cm™) and antisymmetric stretching (1042 cm™) of dimer, the symmetric stretching
(1058 cm™) of monomer, etc., [47, 48]. In the DMSO solutions of alizarin in 0-15 mM concen-
tration range, the v(5=0) band of DMSO shows strong peak shifts (1042 — 1024 cm™), which
represents changes in the hydrogen bonding network of DMSO [44]. The 6(CH,) band of DMSO
shows no major spectral changes upon the alizarin concentration, thus the solvation of alizarin
with DMSO mainly occurs via hydrogen bonds with the sulfoxide group of DMSO [44].

As shown in Figure 6(a) and (b), a sharp dispersive pattern in the v(5=O) band appears instantly
with the actinic pulse for both 20 and 1 mM concentrations of alizarin. The Raman intensity for
the symmetric stretching of monomer around 1060 cm™ decreases and the symmetric stretching
of dimer around 1025 cm™ increases, which clearly shows the instantaneous changes in hydro-
gen bonding of DMSO molecules. As clearly seen with the 1-mM solution case, this dispersive
pattern disappears very quickly as the actinic pulse leaves the solution. In other words, a disrup-
tion in the hydrogen bonding of DMSO molecules created by ultrafast laser pulses is removed
quickly by reforming hydrogen bonds between DMSO molecules. It seems that the hydrogen
bond reformation occurs much faster than the instrument response function of FSRS (~100 fs).
Considering from the ultrafast dynamics of the dispersive signals of v(5=O) band, the nonpolar
solvation effect may be understood as the origin of this sharp dispersive signal [49-51]. We have
also observed a similar dispersive background signal in the d(CH,) band of DMSO [44].

On the other hand, the 20-mM alizarin results showed clearly distinct dynamics for the v(S=O)
band as shown in Figure 6(a). The initial dispersive Raman signals were almost removed in about
100 fs then another type of dispersive Raman signals appeared, which is composed of a small
bleaching with almost the same spectral shape as the ground state v(5=O) band and a much
broader positive signal around 990 cm™. Figure 7 clearly shows this dispersive Raman pattern in
the v(S=0O) of DMSO appearing 100 fs after the actinic pump, where the initial dispersive Raman
signals of the v(S=O) obtained with 1-mM alizarin solution were subtracted from the results
with 20-mM alizarin solution. The bleaching of the ground state v(5=O) Raman band may result
from the local heating due to the vibrational cooling of solute molecules, then the recovery of the
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Figure 6. Difference stimulated Raman spectra of v(5=O) mode of DMSO in (a) 20- and (b) 1-mM alizarin solution, the
excited-state kinetics of v(S5=O) bands at several frequencies in (c) 20- and (d) 1-mM alizarin solution. Adapted from ref.
[44]. Copyright 2017 ACS.

bleaching signals by the local cooling would take several tens of picoseconds [51-53]. The decay of
the second dispersive Raman signals at 990 and 1043 cm™ is compatible to the local cooling time
but a huge frequency difference (~50 cm™) cannot be explained by the local heating of solvent
DMSO. In a control experiment to measure temperature-dependent Raman spectra for the v(5=O)
of DMSO, the spectral changes of less than 5 cm™ were observed with temperature increase of
40-50 °C. Therefore, we conclude that the second dispersive Raman signals of v(5=0O) appearing
at 100 fs time delay and between 990 and 1043 cm™ cannot be explained as the local heating of sol-
vent molecules pumped by vibrationally cooled solute molecules and the changes in the solvation
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Figure 7. Dispersive Raman signals of v(S=O) of DMSO. The initial dispersive pattern due to nonpolar solvation changes
of DMSO molecules is subtracted.
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shells of DMSO molecules due to the ESIPT reaction of alizarin molecules from the LE to the
PT tautomers must be considered. Different from the initial dispersive signals in the v(5=O) and
d(CH,) bands of DMSO, the second dispersive signals in the v(S=O) must be considered as origi-
nating from the polar or dielectric type of solvation [51]. The dispersive Raman signal of the v(S=O)
band at 1044 cm™ showed a growth with a 60 + 30 fs time constant and a decay with a 4.9 + 1.5 ps
time constant, which clearly shows that the hydrogen-bonding network of DMSO was created by
the ESIPT reaction of alizarin and decayed as the vibrational relaxation of the product along the
potential surface of the PT tautomer in the excited state. In this work, we showed that the v(S=O)
band of solvent DMSO can be used to determine the ultrafast ESIPT reaction and the subsequent
vibrational relaxation in the reaction product. The breaking and reforming of hydrogen-bonding
network of DMSO can be successfully observed by the v(S=O) band of DMSO thus this method
can also be applied to many chemical reactions occurring in the photoinduced excited states.

6. Conclusion

In this chapter, the ESIPT reaction and the excited state dynamics of alizarin were explored by
time-resolved electronic and vibrational spectroscopy with the femtosecond time-resolution.
The dependence on solvent polarity and excitation wavelength was observed in the steady-
state emission spectra of alizarin, where the barrier height between the LE and PT tauto-
mers in the excited state may exist and be controlled by the solvent polarity. The transient
absorption results of alizarin in ethanol and ethanol-water mixture were so complicated and
overlapping, so the ESIPT rate constant from the LE to the PT tautomers was not separable
from the vibrational relaxation and population decay of both tautomers. Instead, the ESIPT of
alizarin in the excited state was clearly observed in femtosecond stimulated Raman measure-
ments. The population and structural dynamics of two major vibrational modes of v(C=C)
and v(C=0) clearly showed the dynamics of the ESIPT rate to the PT tautomer, the vibrational
relaxation and the population decay of the product PT tautomer. The vibrational signature of
the LE tautomer was not observed in FSRS, but the reaction mechanism of the ESIPT includ-
ing a transition state of a newly formed six-membered ring composed of the carbonyl and
hydroxyl groups was estimated by the strong and opposite peak shifts of v(C=C) and v(C=0)
seen in the stimulated Raman spectra of alizarin during the reaction. From the population
growth and structural transformation into the PT tautomer, we concluded that the ESIPT
of alizarin occurs in an ultrafast time scale of 70-80 fs. During the ESIPT reaction of aliza-
rin, solvent DMSO molecules showed ultrafast structural changes involving hydrogen bonds
with solute molecules. When the solute concentration is very low, DMSO shows a dispersive
Raman signal in the v(5=O) and 6(CH,) modes only with the actinic pump. The instantaneous
disruption and reformation of hydrogen bonds may suggest a nonpolar type of solvation
between solvent molecules. On the other hand, complicated dispersive Raman signals in the
v(5=0) mode of DMSO were observed with a concentrated (20 mM) solution of alizarin. After
the same instantaneous solvent responses completed in 100 fs, the second dispersive Raman
pattern with a bleaching of the ground state spectrum appeared and decayed with 60 fs and
5 ps time scales. This also represents the disruption of hydrogen bonds of DMSO molecules,
more specifically between solute molecules and in the polar or dielectric solvation shells.
Interestingly, the dynamics for the ultrafast proton transfer reaction and the vibrational relax-
ation in the product state was measured by the solvation signals of solvent DMSO.
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Abstract

The modern synthetic routes in organic chemistry, as well as the recent advances in high-
resolution spectroscopic and microscopic techniques, have awakened a renewable interest
in the development of organic fluorophores. In this regard, boron-dipyrrin (BODIPY) dyes
are ranked at the top position as luminophores to be applied in photonics or biophotonics.
This chromophore outstands not only by its excellent and tunable photophysical signa-
tures, but also by the chemical versatility of its core, which is readily available to a myriad
of functionalization routes. In this chapter, we show that, after a rational design, bright
and photostable BODIPYs can be achieved along the whole visible spectral region, being
suitable as molecular probes or active media of lasers. Alternatively, the selective func-
tionalization of the dipyrrin core, mainly at meso position, can induce new photophysical
phenomena (such as charge transfer) paving the way to the development of fluorescent
sensors, where the fluorescent response is sensitive to a specific environmental property.

Keywords: fluorescent probes, laser dyes, BODIPY, organic synthesis, charge transfer,
fluorescent sensors

1. Introduction

The recent advances in high-resolution fluorescence microscopy have played a key role in the
success and boom of bioimaging techniques in the last few years. Bioimaging is a noninvasive
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method to visualize biological processes by means of fluorescence emission in real time.
Nowadays, thanks to super resolution microscopy (nanoscopy, awarded with the Nobel Prize
of 2014 in chemistry), the diffraction resolution limit is surpassed, allowing the detection at
the single molecular level [1-3]. The development of this revolutionary technological tool has
awakened a renewed interest in the design of organic luminophores with improved proper-
ties as fluorescent probes or markers to detect or monitor biochemical events [4]. These mol-
ecules should fulfill some requirements to fit the requests of these advanced techniques. They
should be biocompatible and photostable, and outstand by a high light absorption and emis-
sion probability, to guarantee long-lasting and bright fluorescence images. Note that these
characteristics are almost the same than those required for the active media of tunable dye
lasers [5, 6]. In other words, those molecules suitable as fluorescent probes are also valid as
laser dyes.

The modern avenues in organic synthesis allow the development of organic fluorophores
fulfilling the above requirements as well as with the required functionality to recognize selec-
tively the target biomolecule [7]. Actually, there is a wide pool of commercially available
families of organic dyes with absorption/emission bands covering almost the whole ultra-
violet/visible spectral region. Among them, boron-dipyrromethene (BODIPY) dyes are likely
at the “pole” position, owing to their excellent photophysical signatures [8, 9], but mainly
due to the chemical versatility of its boron-dipyrrin core, ready available to a multitude of
synthetic routes (Figure 1) [10, 11]. As a consequence, the BODIPY dyes can be exhaustively
and specifically functionalized with a plethora of substituents [12-14]. At the same time, such
substitution pattern rules the photophysical properties of the resulting dye or can induce new
photophysical phenomena, such as charge or electron transfer, energy transfer or triplet state
population. In other words, after a rational molecular approach, tailor-made BODIPYs can be
designed with the specific requirements of any application demanding an organic dye. In fact,

Blue-emitting dyes
(Sp-like reactions)
NMe, OMe v EEETITTTITI
n Acidity/basicity o OQH _ . : Polarity colorimetric sensor
on/off sensors )1\.\;.11\..‘ ‘\ / and energy transfer cassetie
(Sp-like reactions

= (Liebeskind-Srogl
cross-coupling)

Red-emitting dyes /#_’___,\ -
I (C-C coupling = 3 B EaN

i{'1-:|e-.-|-:|::-|(_]ei-| @I FJ .eF @
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Figure 1. Basic molecular structure of the BODIPY dye. Schematic view of the structural modifications and chemical
reactions tested herein.



Tailoring the Photophysical Signatures of BODIPY Dyes: Toward Fluorescence Standards. ..
http://dx.doi.org/10.5772/intechopen.74848

a fast look at the bibliography reveals the popularity of these dyes since the number of publi-
cations dealing with this kind of dyes in many different applications fields is growing unstop-
pable during the last years. As a matter of fact, BODIPYs are not only applied in bioimaging
[15] or as lasers [16], but also in many other scientific areas, such as photovoltaic devices as
photosensitizers [17, 18], electrochemistry [19], sensors for recognition at the molecular level
[20], or biomedicine in photodynamic therapy for the treatment of cancer [21, 22], just to cite
some of the most relevant application fields.

In this chapter, we describe suitable molecular strategies to finely modulate the photophysical
properties of BODIPY dyes (Figure 1). In the first part, we highlight some structural guide-
lines to shift the spectral bands to both edges (blue and red) of the visible spectral region,
while keeping their characteristic high fluorescent efficiencies. In this way, fluorescent probes
and laser dyes based on BODIPY can be attained covering the whole visible spectral region
just choosing the adequate substitution pattern at the right chromophoric position. In the
second part, we modify the molecular structure to induce new photophysical phenomena
(energy and mainly charge transfer). To this aim, we selected the meso position since it is
highly sensitive to the substituent effect. As a result, the fluorescent efficiency can response
selectively to a specific property of the surrounding environment (such as polarity and acid-
ity/basicity) leading to fluorescent sensors [23-25].

2. Modulation of the spectral shift

The structure of the BODIPY core features two pyrroles linked by a methine unit and a difluo-
roboron bridge (Figure 2). These dyes can be classified as polymethine dyes with a cyclic
cyanine delocalized m-system leading to a quasi-aromatic backbone since the said boron cen-
ter does not take part in the electronic delocalization [26]. Owing to symmetric reasons, the
molecular dipole moment is oriented along the transversal axis and the negative charge is
located around the fluorine atoms, whereas the positive charge around the opposite meso
position (Figure 2). Thus, the chromophore core is fully planar and rigid. Such molecular
structure ensures a high radiative deactivation probability, and a low nonradiative deactiva-
tion relaxation, since the internal conversion (related with the molecular flexibility), as well as
the intersystem crossing probability (related with the spin-orbit coupling feasible in aromatic
frameworks where the electron flow makes a loop), are largely truncated [27]. As a conse-
quence, and taking as reference the simplest BODIPY with just hydrogens in the dipyrrin
core [28], sharp and strong absorption and fluorescence bands are recorded in the green-
yellow part (500-510 nm) of the visible (Vis) spectrum (HOMO — LUMO transition with the
corresponding dipole moment oriented in the long molecular axis, Figure 2), with absorp-
tion coefficients approaching 10° M cm™ and fluorescent efficiencies approaching the 100%,
regardless of the solvent [9]. Besides, it shows stable laser emission at 540 nm with efficiencies
approaching the 55% [29].

In the following sections, we show the tested strategies to induce deep hypsochromic and
bathochromic shifts of the absorption and fluorescence spectral bands, while keeping high
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HOMO

Figure 2. Frontier molecular orbitals and charge distribution by means of the electrostatic potential mapped onto the
electronic distribution. The direction of the molecular dipole moment (p) as well as the transition dipole moment (M)
is also depicted.

fluorescent efficiencies (see molecular structures in Figure 3). The main aim is to attain fluo-
rophores based on BODIPY with optimal photophysical properties along the visible spectral
region, ousting those commercially available as standard dyes, in terms on their fluorescence
and laser performance, in each spectral region.

2.1. Blue-emitting BODIPYs

In the bibliography, some attempts have been made to achieve blue-emitting dyes based on
BODIPY, but the core was drastically changed and the fluorescent response was not the best [30,
31]. However, strikingly, the sole incorporation of heteroatoms (nitrogen or oxygen, Figure 3)
directly linked to the meso position led to the searched spectral hypsochromic shift (Figure 4)
[29]. Such chromophoric position is highly sensitive to the substituent effect since a marked
change in the electronic density takes place there upon excitation (note that in the HOMO,
there is a node at such position, while it contributes much to the LUMO, Figure 2). This kind
of 8-heteroatomBODIPYs can be straightforwardly attained after nucleophilic substitution
at the 8-methylthioBODIPY precursor (provided by “cuantico” enterprise) [29]. Such start-
ing precursor plays a key role in the chemistry of BODIPY since undergoes organic reac-
tions unavailable until recently and open the door to new functionalization routes [32]. Thus,
amines and alcohols can react specifically at meso position via nucleophilic substitution. The
recorded spectral bands show that the hypsochromic shift depends on the electronegativity
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Figure 3. Molecular structure of the reference BODIPY dye and its blue-emitting (8-heteroatoms) and red-emitting
(m-extended) derivatives.

Fluorescence intensity

Molar absoprtion (10° M em™)

400 480 560
Wavelength (nm)

Figure 4. Absorption (bold line) and normalized fluorescence (thin line) spectra of the simplest BODIPY and its
derivatives bearing methylamine and methoxy at meso position in a common solvent (ethanol). The main resonant
structures resulting from the electronic coupling between the 8-heteroatoms and the dipyrrin core are also enclosed.
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(or the electron releasing ability) of the attached heteroatom. Thus, while oxygen induces a
moderate spectral shift (around 50 nm in absorption and 25 nm in fluorescence with regard to
the reference simplest BODIPY), the nitrogen provokes a much more marked spectral shift (90
and 50 nm, respectively) placing the absorption/emission bands of the BODIPY in the blue-
edge (420 and 460 nm, respectively) of the visible spectrum (Figure 4). Quantum mechanics
calculations anticipate a hypsochromic shift upon the presence of heteroatoms, since their
electron donor character raises the energy of the LUMO, increasing the energy gap. However,
the theoretically predicted shift is much lower than the experimentally recorded, suggesting
that additional processes are taking are taking place. Indeed, an electronic coupling between
the heteroatom and one chromophoric pyrrole is feasible. Such resonant interaction seems to
prevail mainly in the ground state and implies a reorganization of the electronic density lead-
ing to the stabilization of new delocalized m-systems, alternatively to the expected cyanine
one; a hemicyanine and merocyanine, formed after electron coupling of the electron donor
amine and methoxy, respectively (Figure 4). Thus, the hemicyanine is the responsible of the
blue absorption, whereas the merocyanine of the greener one, owing to the lower electronega-
tivity (more electron donor ability) of the nitrogen atom.

The BODIPYs bearing 8-methoxy are highly fluorescent regardless of the properties of the
surrounding environment (Figure 5). In contrast, the fluorescent response of the 8-aminated
analogs depends on the solvent polarity, being much lower in polar media. Such fluores-
cence quenching (from 70% in apolar to 15% in polar solvents, Figure 5) suggests that non-
fluorescence intramolecular charge transfer (ICT) phenomena are switched on. The highly
electron donor amine pushed the spectral bands toward the blue edge; however, such electron
releasing ability can induce also the formation of an ICT state where the dipyrrin acts an
electron acceptor. Note that the electron donor ability of the methoxy seems not high enough

I Eewan
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Figure 5. Fluorescent efficiencies of the BODIPYs bearing methylamine and methoxy at meso position in apolar
(cyclohexane) and polar (ethanol) solvents. The corresponding data for their dimethylated derivatives at 3,5-positions
are also included to highlight the ability of this alkylation to regulate the fluorescent response.



Tailoring the Photophysical Signatures of BODIPY Dyes: Toward Fluorescence Standards. ..
http://dx.doi.org/10.5772/intechopen.74848

as to activate ICT since the fluorescent efficiency is always higher than 80% (Figure 5). Such
ICT hampers the behavior of 8-aminoBODIPYs as fluorescent probe or laser dye. However,
the simple methylation at key positions 3 and 5, hinders the population of the fluorescence
quenching ICT and high fluorescent responses are recovered regardless of the media (always
higher than 80%, and even approaching the 100% in apolar media, Figure 5) [29]. Such selec-
tive alkylation decreases the electron acceptor character of the BODIPY and reduces the prob-
ability of formation of ICT, allowing the recovering of a high fluorescent efficiency.

As a result, the laser performance of such dimethylated 8-heteroatomBODIPYs is excellent,
not only in terms of efficiency but also in photostability [29]. We should bear in mind that one
of the main drawbacks of commercially available blue-emitting dyes (such as coumarins, con-
sidered as the benchmark in this spectral region) is their low photostability under prolonged
irradiation. The herein reported blue BODIPYs surpass the laser performance of these dyes
maintaining the 45% and 70% of the laser emission after 40,000 pulses for the dyes bearing
amine or methoxy, respectively, and reaching efficiencies up to 30% at 455 nm and 50% at
490 nm, respectively.

2.2. Red-emitting BODIPYs

The development of red-emitting BODIPYs is an active seeking subject. Fluorophores work-
ing in this spectral region are highly desirable and appealing for bioimaging purposes, owing
to the ability of this kind of irradiation to penetrate deeper into tissues [4, 15]. Besides, the
background autofluorescence of biomolecules (usually blue or green) is avoided, which is
reflected in a more sensitive detection process. Most of the available dyes in the red spec-
tral region are poorly fluorescent or has a low photostability. Thus, and in analogy to the
strategy carried out in the preceding section, there is a great interest to shift the emission
of BODIPYs to the red-edge, and thereby to circumvent in this way such photonic limita-
tions taking advantage of the brightness and robustness of BODIPYs. In the bibliography, four
major strategies have been reported to get the desired bathocromic shift [33]: (1) replacement
of the central carbon at meso position by an aza group (aza-BODIPYs) [34]; (2) arylation of the
dipyrrin core (fused BODIPYs) [35]; (3) extension of the aromatic r-system through aromatic
framework; and (4) attachment of electron rich groups.

In this section, we have chosen the combination of the last two options as the strategy to
develop bright and photostable red-emitting BODIPYs (Figure 3). To this aim, the aforemen-
tioned versatile 8-thiomethylBODIPY was taken again as scaffold. In this way, specific func-
tionalization was added with orthogonal selectivity, which means that we can modulate the
substitution patterns at positions 8, 2 and 6, and 3 and 5 independently, using non-interfering
synthetic routes specific for each functionalization (nucleophilic substitution at meso position,
Liebeskind-Srogl cross-coupling (LSCC) from easily accessible 2,6-halogenated compounds,
and Knoevenagel condensation, from methylated 3,5-positions) [36]. By this synthetic
approach, the dipyrrin core was decorated with a sterically hindered ortho-methylphenyl at
meso position, a styryl arm bearing para-trifluoromethyl at positions 3 and 5, and finally a para
substituted (with electron donor methoxy or withdrawing formyl) phenyl ring at positions 2
and 6 (Figure 3).
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These fully functionalized dyes show absorption and emission bands placed deeply in the
red/near infrared spectral window (absorption centered at around 660 nm, whereas fluores-
cence at around 700 nm, Figure 6). The frontier molecular orbitals reveal that the delocal-
ized m-system is extended through the aromatic frameworks at positions 2 and 6, and mainly
through positions 3 and 5, explaining the huge bathochromic shift recorded (around 160 nm
with regard to the reference simplest BODIPY, Figure 6). Note that the constrained 8-aryl
group does not take part in the delocalization since it is almost orthogonally disposed with
regard to the dipyrrin plane. This an important fact in the molecular design, since it is well
known that meso-aryl moieties with free motion switch on non-radiative deactivation chan-
nels, which drastically quench the fluorescence signal [37, 38]. The steric hindrance provided
by the ortho methyl is enough to avoid such quenching pathway.

As a result of the rational design, high red fluorescent efficiencies are recorded in apolar
media (reaching almost the 90% in cyclohexane, Figure 7). However, the evolution of the fluo-
rescence quantum yield with the solvent polarity drastically depends on the functionalization
at the 2,6-phenyl rings [36]. Thus, upon formylation of such aryl, the fluorescent efficiency
slightly decreases in polar media (down to 73% in methanol, Figure 7). However, the replace-
ment of such group by methoxy implies a clear decline on the fluorescent efficiency (down
to 13%, Figure 7), together with a further bathochromic shift (emission placed at 710 nm,
Figure 6). In the former compound, with the weak electron withdrawing formyl group, the
trend is the expected one with BODIPYs; thus, this compound is an ideal candidate as fluo-
rescent probe or laser dye in the red-edge. However, in the latter compound, bearing the
strong electron donor methoxy, a quenching process is activated in polar media. Considering
the push-pull character of the molecule (from 2,6-methoxy to 3,5-trifluoromethyl), an ICT is
stabilized in polar media limiting the fluorescent response of the dye.
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Figure 6. Absorption (bold line) and normalized fluorescence (thin line) spectra of the red-emitting dyes with regard to
its reference unsubstituted counterpart in cyclohexane. The corresponding frontier contour maps of a representative red
BODIPY is also enclosed.
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Figure 7. Fluorescent efficiencies of the red-emitting BODIPYs in apolar (cyclohexane) and polar (methanol) solvents.

Again, we tested the laser performance of these two dyes, and it was excellent [36]. The laser
efficiencies reached the 60% in the formylated dye, being lower for the derivative bearing
methoxy instead (43%, in agreement with the fluorescence measurements) and the laser
emission is tunable from 700 to 740 nm, remaining high (90-100%) even after 50,000 pulses.
Such performance is much better than that of stiryls (LDS dyes), which provide much lower
efficiencies, or oxazines, which are more unstable. Therefore, these BODIPYs should behave
nicely as red fluorescent probes or laser dyes.

Summing up, and taking into account the herein developed fluorophores in both sections (2.1
and 2.2), we have been able to translate the excellent photophysical signatures of BODIPYs
to both sides of the visible spectral region, leading to fluorophores which can be considered
standards or benchmark in terms of photonic behavior, such as fluorescent and lasing effi-
ciency and photostability.

3. Induction of new photophysical processes

In the preceding sections, we have demonstrated the deep impact of the substitution pattern
in the spectral shift. Moreover, in some cases, such functionalization was able to induce new
photophysical phenomena such as ICT processes, which should be avoided to ensure high
fluorescent response. Indeed, depending on the environmental conditions, it becomes the
low-lying excited state and quenches efficiently the emission from the locally excited state.
Therefore, usually dyes ongoing ICT are not suitable as fluorescent probes for bioimaging or
active media of tunable dye lasers. However, and owing to the sensibility of the ICT to the sur-
rounding environment properties, fluorophores undergoing ICT can be ideal as fluorescent
sensors to monitor a specific characteristic of the media, following the fluorescent efficiency
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(on/off switches, if the ICT is not emissive) or the change in the fluorescence color (colorimet-
ric sensors, if the ICT becomes fluorescence) [23-25]. In the next sections, we describe acidity/
basicity and polarity sensors based on BODIPYs ongoing ICT processes (see molecular struc-
tures in Figure 8).

3.1. Sensor of acidity/basicity

In the previous section, we have shown the chemical versatility of the 8-methylthioBODIPY. For
instance, in Section 2.1, the 8-heteroatomBODIPYs were attained by reaction of such scaffold
with amine or alcohol and the ensuing displacement of the thiomethyl owing to the undergo-
ing S Ar-like reaction. A similar protocol can be used to attach acetylacetonate (acac) groups
to the said meso position of the BODIPY (Figure 8) [39]. These dyes substituted with active
methylene groups offer a wide assortment of post-functionalization opportunities, since it
can act as ligand for metals or semiconductors, and even itself can become a fluorophore after
chelation of the acac with difluoroboron. The acac can exist in the keto or enol form, but in the
herein reported compounds, theoretical calculations suggest that the tautomeric equilibrium
is shifted to the enolic form, thereby providing an ionizable hydroxyl group.

The acac group has a scarce impact in the spectral band positions, being those typical of the
BODIPY. Indeed, the optimized geometry predicts that the acac is disposed perpendicular
to the dipyrrin plane avoiding an electronic coupling. As a consequence, the 8-acacBODIPY
displays a bright green emission with fluorescent efficiencies approaching 100% (Figure 9).
Such orthogonal disposition is a key feature to ensure high fluorescent deactivation. In fact,
those BODIPY derivatives bearing sp? hybridized carbons linked at meso position (such as
vinyl) are non-fluorescent owing to the undergoing planarity distortion in the dipyrrin plane
upon selective electron coupling with one chromophoric pyrrole in the excited state [40-42].
One way to avoid such quenching is to induce high enough steric hindrance, as happens

R = H; Ethyl
8-acacBODIPY 8-pyreneBODIPY

Figure 8. Molecular structure of the herein designed fluorescent sensors based on BODIPY.
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Figure 9. Evolution of the fluorescent efficiency of the 8-acacBODIPYs with the solvent properties described by the
Catalan solvent scale (SP — Polarizability; SdP — Dipolarity; SA — Acidity; SB - Basicity).

with the acac. However, a closer inspection to the evolution of the fluorescent response with
the solvent discloses that in alcohols, the efficiency drops more than expected (down to 47%
in ethanol, Figure 9), whereas the lifetime remained high (around 7 ns). Using the solvent
scales to account for the contribution of each solvent property (provided by Catalan) [43],
we find that there is a correlation between the solvent basicity (SB scale) and the decrease in
fluorescence (Figure 9). This is why we tested the influence of the pH of the media in the fluo-
rescence signatures. Usually, the BODIPY dyes are rather hydrophobic and are not soluble in
water. However, the presence of acac increases its hydrophilic character, and the dye becomes
soluble in water, at least at low concentrations (around puM).

The fluorescence intensity decreases progressively as the pH of the media increases, thus
at pHs more basic than 8 the fluorescence emission is almost completely lost (Figure 10).
From the evolution of the fluorescence quantum yield with the pH a pKa of 6.9 is attained.
Therefore, a quenching process takes place in basic media being reversible since acidification
of basic solution implies a recovering of the fluorescence signal. Therefore, this dye behaves
as an on/off switch to monitor the pH of the environment by measuring the evolution of the
fluorescent response. Thus, at low pHs, the sensor is highly fluorescent (on), but at high pHs,
the sensor is almost dark (off). Such sensing ability should be related with the ionization of the
hydroxyl group of the enolic form of the 8-acac in basic conditions. Theoretical simulations
show that the electronic distribution and energies of the HOMO and LUMO in acid media
(acac as enol) is the typical of BODIPYs, thus being unaltered by attachment of the 8-acac
(Figure 10). However, at basic media (pH higher than the pKa where the hydroxyl is ion-
ized and the corresponding enolate is formed), the contour maps change markedly. The geo-
metrical arrangement of the acac as enolate is no longer orthogonal with the dipyrrin, but it
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Figure 10. Evolution of the fluorescence band and quantum yield (inset) of the 8-acacBODIPY with the pH in aqueous
solutions. The frontier contour maps before and after ionization of hydroxyl of the 8-acac are also enclosed.

becomes more coplanar (twisting dihedral angle around 30°), enabling an electron coupling.
In this state, the negative charge of the enolate interact by resonant with the dipyrrin (see the
electronic density spanned through the whole structure in both frontier orbitals), causing
a planarity distortion in the chromophore (Figure 10). Therefore, the ICT from the ionized
hydroxyl of the enolate to the BODIPY implies a drastic increase in the internal conversion
probability and a loss of the aromaticity explaining the lack of fluorescence signal in basic
media and allowing the sensing ability of this dye.

The effect of the ethylation of positions 3 and 5 is worthy of being outlined [39]. In agreement
with the aforementioned results for 8-aminoBODIPYs in Section 2.1, the sole alkylation at
these key positions enhances the fluorescent efficiency mainly in basic media (up to 76% in
ethanol, Figure 9). It seems that the inductive donor effect of the ethyl groups infers a lower
electron acceptor character to the BODIPY, being less predisposed to accept the electronic
density from the 8-enolate, and hence lowering the quenching ICT pathway in basic media.

The laser measurements correlate well with the photophysical findings [39]. Indeed, the
8-acacBODIPY displays a green laser emission at 550 nm with an efficiency up to 55%, main-
taining the 90% of the laser emission after 50,000 pulses. Ethanol is the solvent with the lower
lasing efficiency (down to 43%) in agreement with the recorded decrease in the fluorescence
quantum yield (Figure 9). Moreover, the 3,5-ethylation implies not only an increase in the
laser efficiency (up to 70%, in concordance with the evolution of the fluorescent efficiency in
Figure 9) but also it becomes more photostable (keeping the 100% of the emission under the
same pumping regime). Therefore, these dyes bearing acac at meso position are rather versa-
tile since they behave as laser dye and as on/off pH sensor as well.
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3.2. Sensor of polarity

Another exploited strategy with BODIPYs is based on the development of multichromophoric
dyes. In particular, that is related with the molecular design of excitation energy transfer (EET)
cassettes [44]. The idea is to link covalently a suitable chromophore acting as energy donor to
a complementary fluorophore playing the role of energy acceptor. This kind of dyads allows
an efficient light harvesting over a broad spectral region, but provides almost exclusively the
emission of the energy acceptor via a highly efficient intramolecular excitation energy transfer
(intra-EET) owing to the short donor-acceptor distance imposed by the covalent linkage. The
most common EET mechanism is mediated by the Forster formalism (FRET, also known as
through-space), which demands a spectral overlap between the energy donor fluorescence
band and the energy acceptor absorption spectrum to enable the required dipole-dipole cou-
pling. Other reported EET mechanisms are Dexter (electronic exchange) or through-space
(TBET, superexchange mechanism) [45, 46]. Following this approach, we tested the photo-
physical signatures of a dyad featuring a pyrene (blue emitting chromophore) linked to the
meso position of the BODIPY (green emitting fluorophore) core (Figure 8). The pyrene was
chosen since it can be grafted to the meso position of the 8-methylthioBODIPY platform via a
LSCC reaction from the adequate boronic acid [47]. Besides its fluorescence profile, it is suit-
able to undergo FRET with the BODIPY since the required spectral overlap is feasible [48].

The absorption profile of the dyad shows the characteristic bands of both chromophores
(Figure 11A). Thus, the typical vibrational resolution of the electronic band of the pyrene
is recorded in the UV, followed by the sharp absorption of the BODIPY at the Vis region.
Therefore, both chromophores contribute additively to the overall broadband absorption cov-
ering the UV-blue-green spectral region. In fact, the electron coupling between both moieties
is disabled in the ground state since the pyrene is twisted around 65° due to steric reasons
[48]. Regardless of the excitation wavelength (directly at the BODIPY Vis absorption or at the
pyrene UV absorption), the Vis emission outcoming from the BODIPY prevails in the fluores-
cence profile, whereas the emission from the pyrene is strongly quenched (Figure 11A). This
experimental finding supports that the dyad undergoes intra-EET from the donor pyrene to
the BODIPY acceptor and final light emitting moiety. Likely, the ongoing mechanism is FRET
due to the available spectral overlap, but also TBET could be viable since both chromophores
are directly linked enabling the required electronic exchange [45, 46]. The fluorescent effi-
ciency (30% in apolar cyclohexane) and lifetime (around 2 ns) of the dyad are lower than the
expected in BODIPYs. This moderate fluorescence loss can be attributed to the free motion
of the bulky pyrene at the key and substituent sensitive meso position, which enhances the
internal conversion probability.

Nonetheless, the above described fluorescence signatures in apolar media dramatically
change in polar media (Figure 11B). Whereas no changes are detected in the absorption
features, the fluorescence profile is deeply altered. The emission at 520 nm (assigned to the
locally excited (LE) state) is strongly quenched, and a new broad and red-shifted emission is
recorded (around 640 nm and reaching 700 nm in the most polar media). Besides, the fluo-
rescent efficiency dramatically decreases in the more polar media where such new emission
becomes rather weak and almost negligible. These experimental findings reveal complex
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Figure 11. (A) UV-Vis absorption (bold line) and fluorescence (thin line, upon UV excitation at 340 nm) spectra of
the 8-pyreneBODIPY in cyclohexane. A sketch of the ongoing energy transfer is also enclosed. (B) Evolution of the
fluorescence profile with the solvent polarity (normalized spectra in hexane-tetrahydrofuran mixtures). The two
detection channels and the corresponding fluorescence images in each mixture proportion are included to highlight the
sensing ability.

molecular dynamics in the excited state (EET still takes place in polar media) since a new low-
lying emitting state in formed upon excitation in polar media. All these trends pinpoint to the
activation of an ICT state from the pyrene to the BODIPY. The high dipole moment of the ICT
owing to its inherent charge separation explain why is further stabilized in polar media. In
the preceding sections, a non-fluorescence ICT was already claimed to explain the recorded
fluorescence quenching in polar media. However, in this case, the ICT becomes fluorescence
displaying a long-wavelength emission very sensitive to the solvent polarity. An increase of
the polarity of the media implies a more efficient quenching of the emission from the LE state,
and also from the ICT as well, since the charge recombination probability is lower and the
charge separation is further favored [49, 50].

Although this dyad is not valuable as laser dye or fluorescent probe, it can be applied as
polarity sensor of the surrounding environment owing to the ICT formation and its high
sensitivity to this solvent property. As a matter of fact, we have systematically varied the
medium polarity using mixtures of apolar solvent (hexane) and a polar one (tetrahydrofu-
ran) (Figure 11B). Thus, in apolar media, just a green emission is recorded from the LE state.
However, a progressive increase of the solvent polarity implies that the emission from the ICT
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is detected in detriment of that from the LE state. Thus, in polar environment, both emissions
are simultaneously detected, leading to a yellow emission. Finally, in the more polar media,
the emission from the ICT exceeds that from the LE and prevails, leading to a purple emission.
Summing up, in this dyad, where the ICT fluorescence deactivation is feasible, two channels
for detection are provided; one at the green part of the visible (around 520 nm) and other at
the red part (around 640 nm). Therefore, the solvent polarity can be monitored by measuring
the change of the fluorescence intensity at these wavelength, or alternatively just by the naked
eye by visualizing the emission color under UV excitation owing to the ongoing intra-EET.

4. Conclusions

The rich and versatile chemistry of the robust boron-dipyrrin core allows the design and syn-
thesis of a myriad of molecular structures with diverse photophysical signatures, which can
be finely modulated depending on the target application field. This tailoring ability is likely
the main reason of the success and reputation of these chameleonic fluorophores. It is not
risky to envisage that nowadays BODIPYs are the most recommended luminophore for opto-
electronics and biophotonics, or whatever utility in which an organic dye could be involved.
After a rational design, a molecule fitting the requirements of a specific application can be
customized, guaranteeing a nice and accurate performance.

In this chapter, we settle some structural guidelines to orient the synthesis of novel BODIPYs
as candidates to be applied as fluorescent probes, laser dyes or fluorescent sensors along the
entire visible spectral region. All the herein tested BODIPY derivatives are attained from the
8-methylthioBODIPY scaffold. This versatile platform is able to undergo different synthetic
routes selectively in orthogonal positions, in particular at meso position, at (2 and 6) and a
(3 and 5) pyrrolic positions. Such reactivity enables a rich and exhaustive functionalization of
the dipyrrin core.

One of the main pursue goals was to translate the excellent stability and fluorescent response
of BODIPYs working usually in the middle part of the visible spectrum (green-yellow) to both
edges (blue and red), giving rise to standard and optimal fluorophores across this spectral
region. On the one hand, to push the spectral bands toward the red-edge aromatic frame-
works bearing electron rich groups were grafted to the BODIPY core, mainly at positions 3
and 5. Push-pull chromophores (bearing electron donor and acceptor functionalities) provide
more pronounced red spectral shift, but the fluorescence emission is damaged owing to the
induced charge separation (ICT). On the other hand, the opposite blue shift was achieved
changing the electronegativity of the heteroatom attached at the meso position. The elec-
tron coupling of these heteroatoms with the dipyrrin switches on new delocalized m-system
responsible of the hypsochromic shift. To ensure high fluorescent efficiencies, it is recom-
mended to alkylate the key positions 3 and 5.

Taking into account that the meso position is the most sensitive one of the backbone to the
substituent effect, it was selected to attach functionalities able to induce ICT processes. These
phenomena should be avoided if a high fluorescent response is required, but it is ideal to
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develop sensors due to its sensitive to specific environmental properties. On the one hand,
the attachment of active methylene at such position leads to bright green dyes. However, such
emission is lost in basic media. Such reversible quenching allows the monitorization of the
pH of the surrounding environment following the change of the green fluorescence intensity
(on/off switch). On the other hand, the grafting of pyrene enables excitation far away from
the emission region owing to energy transfer processes. At the same time, such functionaliza-
tion induces an ICT state characterized by red emission. The ratio between the green and red
fluorescence is very sensitive to the solvent polarity. Thus, this sensor allows to visualize the
polarity of the environment just by the color of fluorescence.

Although the number of reports dealing with BODIPYs is huge and still growing fast, we
foresee that the future of these dyes is far for being over, and still plenty of applications need
to be explored with this marvelous and amazing organic luminophore.
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Abstract

Studied using optical spectroscopy, stationary, and nanosecond laser photolysis (Nd:YAG
laser 355 nm) conversion products in heptane of N-substituted amides of salicylic acid: N-(4-
hydroxyhydro-3,5-di-tert-butylphenyl) amide 2-hydroxy-3-t-butyl-5-ethylbenzoic acid (1), 2-
(4-hydroxy-3,5-hydroxybenzoic ~ acid)-di-tert-butylphenyl) propyl] amide (2), N-(4-
hydroxyphenyl) amide 2-hidroxy benzoic acid (3), and 2-hydroxy-3-t-butyl-5-ethylbenzoic
acid N-[3-(4-hydroxy-3,5-di-t-butylphenyl) propyl] amide (4). It is shown that amides exist
both in the unbound state and in complexes with intra- and intermolecular hydrogen
bonding. Free phenolic groups of amides undergo photolysis, which leads to the formation
of a triplet state and phenoxyl radicals RO, presumably due to the absorption of the second
photon by the excited singlet state. Triplet-triplet annihilation and recombination
(kr = 2.3-10° L. mol ™! s) are the main channels for the decay of the triplet state and radicals
RO-. UV irradiation of the compounds leads to the excitation of amide groups, and radical
products are not formed due to ionization of the NH bond. The process of initiated UV
oxidation of the model substrate (methyloleate) in the presence of amides 1-4 was compared
with the known antioxidants (AO): dibunol (2,6-di-tert-butyl-4-methylphenol) (5) and a-
tocopherol (6-hydroxy-2,5,7,8-tetramethyl-2-phytyl chromane) (6). It has been shown that
all amides of salicylic acid (I-IV) effectively inhibit the oxidation of methyl oleate, initiated
by UV irradiation. The mechanism of the inhibitory effect of compounds has been
established, which is associated with the possibility of direct interaction of phenols with free
radicals (antiradical activity). Testing of antiradical activity of amides (I-IV), estimated by
the method of chemiluminescence, made it possible to determine the range of reaction rate
constants with peroxyl radicals RO’ ky = (0.52-6.86) ® 10* m L' s™'. The interrelation of
antioxidant properties of amides of salicylic acid (I-IV) and features of their structure is
established. It was shown that the introduction of o-tert-butyl substituents and the separa-
tion of aromatic fragments by three methylene groups lead to a significant increase in
antioxidant activity.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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1. Introduction

It is known that UV irradiation is a destructive factor that accelerates the oxidation of organic
materials: polymers, rubbers, fuel, food, and technical oils. The effect of UV rays is the cause of
erythema and skin burns, can cause DNA fragmentation, and leads to melanoma. The mech-
anism of the destructive effect of UV rays is associated with the activation of free radical
oxidation processes as a result of the formation of singlet oxygen [1]. Salicylic acid and its
esters, the characteristic feature of which is maximum absorption in the range of 300 nm [1-3],
are used to protect the skin from ultraviolet irradiation (methyl salicylate) and as promising
photostabilizers of polymeric materials [4] and dyes [5]. Some N-substituted amide derivatives
of salicylic acid serve as inhibitors of oxidation in the photo-irradiation of substrates and
exceed in the efficiency of known synthetic and natural antioxidants [4]. The photochemical
reactions of salicylic and 4-sulfosalicylic acid have been studied [6-8]. Therefore, it is interest-
ing to study the features of the photochemistry of new amide derivatives of salicylic acid and
their antioxidant properties in comparison with known synthetic and natural antioxidants. For
the compounds studied, similar studies have not been conducted previously (Structure I).
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Structure I. Structures of the test compounds.

2. Experimental

Optical spectra were recorded on an H P 8453 spectrophotometer (Hewlett Packard). IR
spectra were measured on a Specord-75IR spectrophotometer. A laser stationary photolysis
technique using excitation with a neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser (355 nm, pulse duration 5, bright area 0.03 cm?, energy at a pulse 2 m]J (66 mJ cm ?)
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was used. The principal scheme of the system is similar to that described earlier [6]. The power
of laser radiation was measured using a known procedure [9] with potassium ferrioxalate as a
chemical actinometer.

Stationary photolysis of solutions of amides in heptane was carried out by a series of laser
pulses for 4 minutes or by irradiation with a DRSh-250-3 mercury lamp (313-365 nm) in a
closed cell (d = 0.4 cm) remote from the source and spherical mirror at equal distances (10 cm).

Deuteration was conducted by the dissolution of the compound in CD;O0D followed by the
evaporation of alcohol at 40-50°C.

Amides 1 and 2 were synthesized at the N. N. Vorozhtsov Novosibirsk Institute of Organic
Chemistry (Siberian Branch of the Russian Academy of Sciences) and used without additional
purification. The scheme of the synthesis and spectral characteristics of the products are
published [9].

Carbon tetrachloride and heptane (reagent grade) were used for the preparation of solutions.
All experiments were carried out at 298 K in a cell with an optical path length of 1 cm, except
for specially indicated cases.

Oxygen was removed from solutions by argon bubbling. The kinetics of oxidation of
methyloleate (0.67 mol L") in the presence of amides of salicylic acid was studied in modified
Warburg-type installations, fixing the amount of absorbed oxygen along the course of the
reaction [4, 10]. As inert to the oxidation of the solvent, chlorobenzene purified by the simple
distillation method was used. The temperature of the experiments is (60 & 0.2)°C [3, 10]. From
the kinetic curves, the period of induction (t) was determined as a segment on the time scale,
cut off by a perpendicular dropped from the point of intersection of the tangents. Initiation was
carried out by preliminary irradiation of the substrate with a mercury lamp (A = 313-365 nm)
for 20 min at room temperature. The initiation rate was determined by the inhibitor method
[11] using 6 as the control AO. The antiradical activity of salicylic acid amides was estimated
from the rate constants in the elemental reaction with peroxyl radicals (k) by the chemilumi-
nescent (CL) method with the initiation of cumene (isopropylbenzene) oxidation [12]. Chemi-
luminescence occurs as a result of the recombination of peroxyl radicals (RO,"), since this
reaction is very exothermic to excite luminescence in the visible region. When the antioxidant
reacts with RO,", the intensity of chemiluminescence (CL) decreases to zero, which leads to a
decrease in CL intensity. The consumption of antioxidant (AO) leads to an increase in the
intensity of CL to the initial level. From the slope of the kinetic curves of CL, the rate of
consumption of the antioxidant was determined [12]. The studies were carried out at a con-
stant rate of generation of RO," due to the thermal decomposition of azobisisobutyronitrile.
The initiation rate was determined using a reference chromane inhibitor C; (2,2,5,7,8-
pentamethyltocol). Oxidation of the substrate was carried out in a glass cell located in a light-
tight chamber of a photometric block equipped with a photomultiplier FEU-29. The emitted
light was focused on a photomultiplier using a system of spherical mirrors. To enhance the
luminescence, 9,10-dibromanthracene was used in a concentration of 5-107* M L™, which did
not affect the kinetics of oxidation. The value of the constant k; was determined with the help
of dependencies [12]:
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Vi I=1+ [k7 x [InH]/+/ke % wi] 1)
[d(1/T0) /dt] e = (0,22 £0,02) x k7 x /Wi/v/ke )

where I and Ij are the luminescence intensity in the presence of the antioxidant and without it,
respectively, Wi is the initiation rate, and kg is the rate constant of the chain termination in the
known liquid-phase oxidation scheme of hydrocarbons [1].

To avoid the influence of antioxidant conversion products and the possibility of disturbance of the
stationary process, the value was extrapolated [d(I/Io)/dt],,,, to zero antioxidant concentration.

3. Results and discussion of IR spectra of native compounds for examples
1 and 2 and their photolysis products

It is known that salicylic acid and its derivatives in organic aprotic solvents form both intramo-
lecular and intermolecular hydrogen bonds between the phenolic hydroxyl and the neighboring
carbonyl group [13-16]. We note that the intramolecular hydrogen bond is predominantly
formed at low concentrations and the intramolecular hydrogen bond at high concentrations
[14-16]. During the presence of an intramolecular hydrogen bond in salicylic acid, the stability
of monomeric complexes was confirmed by molecular modeling. A comparative analysis of IR
spectra of salicylic and acetylsalicylic acids and methyl salicylate showed that the absorption
band of OH groups participating in intramolecular hydrogen bond is 3230 cm ™' and the com-
plex spectrum in the range 2500-3300 cm ' characterizes the absorption of dimers [14-17]. The
mechanism of formation of dimeric products from an intermediate reactive compound obtained
as a result of disproportionation is discussed [17].

The formation of intra- and intermolecular hydrogen bonds was previously proven by several
independent methods for the derivatives of salicylic acid [18-21].

The formation of an intramolecular hydrogen bond for salicylic aldehyde and o-nitrophenol (-O-
H ... O=C-and -O-H ... O = N-, respectively) was demonstrated. This coupling exhibits an
intense maximum at 3200 cm™' and a fairly strong shift of the v (OH) band to low frequencies.
The vibration band v (OH) on an intermolecular hydrogen bond usually has a complex structure
with a maximum in the 3400-3560 cm ' range and is characterized by a half-width of ~ 400 cm ™!
(see 10 and 13). Intermolecular hydrogen bond (O-H ... O =) between phenol (a-tocopherol) and
quinone (ubiquinone Q10) appears in the IR spectrum as a band with a maximum at 3545 cm ™'
(see 14) [22].

To reveal specific features of the molecular structures of amides 1 and 2, we examined the IR
spectra of solutions in CCl, in a range of 1600-4000 cm ™' (Figure 1). The indicated range
contains the band of stretching vibrations of the unbound phenol group (v(OH) = 3644 cm ™)
and the band with a maximum at 3454 cm™!, which is due to the presence of the v(NH)
amide group usually observed near 3450 cm ™. For stationary photolysis of amide 1in CC1,,
the IR spectra exhibit a decrease in the intensity of stretching vibration bands of isolated OH
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Figure 1. IR spectra of amide 1 (10 2 Mol L-") in CC1,: (1) initial compound and (2) initial compound partially deuterated
at the OH and NH groups.

(v(OH) = 3644) cm " and NH groups (v(NH) = 3454) cm " (Figure 2). Upon the irradiation of
the solution for more than 3 min, a band with a maximum at ~3424 cm ™ assigned possibly to
the absorption band of the product appears and increases in the spectrum of amide 1.

We studied the possibility of formation of hydrogen bonds of different natures in structures 2
and 3. The IR spectra of amides 1 and 2 exhibit a broad complicated band at 2300-3400 cm .
According to literature data, the phenol group (v(OH)) involved in intra- and intermolecular
hydrogen bonds can absorb in this range. However, the identification of hydrogen bonds is
impeded by the fact that an intense absorption of =C-H and C-H bonds is observed in a range
of 2800-3100 cm ™. The most intense absorption concerns just this range in the spectra studied.
It is noteworthy that a broad doublet band with maxima at 3045 and 3150 cm ™" appears in the
spectrum at a shoulder of the absorption band of the =C-H and C-H bonds in a range of
2300-3400 cm ™.

To reveal the question about the existence and nature of hydrogen bonds, amides 1 and 2 were
deuterated, and then a comparative analysis of the spectra of the initial and partially deuter-
ated molecules was carried out. It is seen upon the superposition of the indicated spectra (for
amide 1; see Figure 1) that the absorption bands of the unbound OH (3644 cm ') and NH
(3454 cm ™) groups do not change their position, but their intensity decreases. At the same
time, new bands assigned to the unbound OD and ND groups (frequencies 2686 and
2561 cm ™!, respectively) appear in the spectrum of the deuterated molecules. The low-
frequency spectral range contains a new doublet band with maxima at 2250 and 2175 cm™".
The appearance of this band indicates hydrogen OD bonds and is due to the resonance Fermi
interaction and totally difference transitions involving low-frequency vibrations of the D bond
[23]. It is known that the ratio between positions of the bands of the OH groups involved in the
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Figure 2. IR spectra for stationary photolysis of salicylic acid amides 1 (a) and 2 (b) (5 - 10~> Mol L") in CC1, after 1, 2, 3,
4, and 5 min (curves 1-5, respectively) of irradiation.

formation of structures with a hydrogen bonds and the OD group in a similar complex is
v(OH) = \2v(OD). It follows from the calculation by this formula that in the initial non-
deuterated structure the OH groups involved in the hydrogen bond absorb at 3045 and
3150 cm ™. These results coincide with experimental data: as indicated above, two maxima
are observed in this range at the shoulder of the intense absorption of the =C-H and C-H
groups. As a result of deuteration, the intensity of this doublet decreases, which additionally
proves the presence of hydrogen bonds. The band intensity remains nearly unchanged with
the temperature change in a range of 25-70°C, indicating a high strength of the formed intra-
and intermolecular hydrogen bonds.

The change in the concentration of amides 2 and 3 in the range 1.0 ® 102-25 » 10~* mol ' did
not affect the shape of IR spectra. To correctly compare the intensities of the absorption bands
of solutions of different concentrations, they were normalized per unit concentration and unit
thickness of the absorbing layer:

In"%; )

cel
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where C is the concentration of the substance in the solution and 1 is the thickness of the
absorbing layer. As a result, there was an insignificant decrease in the intensity of the absorp-
tion bands v (= C-H, -C-H) and v (OH), referred to complexes with hydrogen bond, which also
indicates the strength of the formed complexes.

It is known that amides and secondary amines are weaker proton donors in hydrogen bonding
than hydroxyl-containing compounds. The v(NH) band is shifted over the band of the mono-
mer from 14 to 74 cm ™ ' upon the formation of a complex of the N-H...O=C- type [10]. It is seen
from Figure 1 that no substantial shift of the v(NH) bands is observed in the spectral of the
studied compounds. It is most likely that no hydrogen bond is formed at the amide groups and
carbonyl of the N-H...O=C type in amides 1 and 2.

Thus, an analysis of the spectral absorption distribution suggests that the following structures
are most probable for the studied amides. Amides 1 and 2 exist predominantly as complexes
with the structure I) and intermolecular hydrogen bond (Structure II) formed by the phenol
and carbonyl groups. The phenolic OH groups arranged in the adjacent position with the C=0
group are involved in complexes. It is most probable that sterically hindered phenol groups
are free in both complexes with an intramolecular hydrogen bond and in structures with an
intermolecular hydrogen bond. Therefore, our investigations were continued by the study of
the kinetics of phototransformation of the studied amides at the absorption bands of the
unbound v(OH) and v(NH) groups.

Analysis of IR spectra for stationary photolysis of amides 1 and 2. An analysis of stretching
vibrations for stationary photolysis of amides 1 and 2 shows that the intensity of the band v
(OH) = 3644 cm ™' regularly decreases under UV radiation. These changes indicate the ioniza-
tion of free phenolic hydroxyls.

The intensity of the band in the range of stretching vibrations of the NH group (v(NH)
3454 cm ™! (1) and 3442 cm ! (2) decreases with an increase in the UV irradiation time (see
Figure 2). The band with a maximum at 3424 cm ! which can be attributed to the v(NH)
vibration of long-lived intermediates appears and increases in the spectrum of amide 1 (see
Figure 2a). For amide 2, the indicated band is smoothened and exists as a shoulder (see
Figure 2b).
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Structure II. Intramolecular (a) and intermolecular (b) hydrogen bonds, on the model, amide structure 4.



50 Photochemistry and Photophysics - Fundamentals to Applications

The position and intensity of bands at 3534 and 3469 cm ™' remain almost unchanged after UV
irradiation. They can be assigned to stretching vibrations of the C-H bonds of the aromatic
fragments of amides 1 and 2, respectively. The bathochromic shift of the indicated component
of the spectrum related to a higher degree of delocalization is observed for amide 1. In
structure 1 both benzene rings, amide group, and phenolic hydroxyls are involved in the
general system of conjugation, whereas in structure 2, the residue of salicylic acid amide and
the fragment of sterically hindered phenol are separated by three methylene groups.

An analysis of the IR spectra allows one to conclude that during photolysis amides transform
into the excited state, but no radical products are formed upon the cleavage of the N-H bond.
Free phenolic hydroxyls that do not participate in hydrogen bonding undergo ionization.
Thus, the formation of phenoxyl radicals should be expected for the photolysis of the studied
structures. Most likely, no radical products at the amide groups are formed.

4. Analysis of UV: Vis spectra for stationary photolysis of amides 1 and 2

The UV spectrum of amide 1 (Figure 3a) exhibits absorption maxima at 225 and 325 nm
responsible for the m-7* and n-nt* transitions, respectively. For stationary photolysis (irradia-
tion with a mercury lamp, 313-365 nm), the intensity of the absorption bands at 325 and
225 nm decreases, and new bands with maxima at ~255 and ~295 nm appear in the spectrum.
An absorbance at 370-400 nm in the form of a shoulder also increases.

These new absorption bands belong to the products of phototransformations of amide 1. The
band of the r-m* transition (225 nm) undergoes the bathochromic (“red”) shift (AA = 25 nm),
and the band of the n-n* transition (325 nm) experiences by the hypsochromic (“blue”) shift
(AA = 39 nm) (see Figure 3a, b).

In amide 2 (see Figure 3b), the bands of electron transitions of the native and phototransformed
molecules experience the hypsochromic shift compared to amide 1 caused by a lower degree of
electron density delocalization. After irradiation, the intensity of the absorption bands of mole-
cule 2 at 311 nm (n-7t* transition) and 220 nm (7t-7t* transformation) decreases, and new bands
with maxima at ~250 and ~ 300 nm and a shoulder in a range of 330400 nm appear in the
spectrum.

The pattern of spectral change in solutions of amide 1 in heptane upon irradiation with pulses
of a neodymium laser (for 4 min) is nearly identical to that observed upon lamp photolysis
(Figure 4a). The UV spectra also demonstrate a decrease in the absorption band intensity of the
initial compound at 325 nm (band of the n-mt* transition) and 226 nm (band of the m-r*
transition) and the appearance of new bands with maxima at 255, 285, and 370 nm, which can
be assigned to photoproducts (Figure 4a, curve 5). The band of the m-7t* transition experiences
the bathochromic (“red”) shift (AA = 9 nm), whereas the band of the n-7* transition undergoes
the hypsochromic (“blue”) shift (AA = 39 nm).

These new absorption bands belong to the products of phototransformations of amide 1. The
band of the m-rt* transition (225 nm) undergoes the bathochromic (“red”) shift, and the band
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Figure 3. Optical absorption spectra for stationary photolysis of salicylic acid amides 1 (a) and 2 (b) (5 * 10-* mol L")
before (1) and after (2) irradiation in heptane for 5 min.

(AA = 25 nm) of the n-rt* transition (325 nm) experiences by the hypsochromic (“blue”) shift
(see Figure 3a, b) (AA = 39 nm).

In amide 2 (see Figure 3b), the bands of electron transitions of the native and phototransformed
molecules experience the hypsochromic shift compared to amide 2 caused by a lower degree of
electron density derealization. After irradiation, the intensity of the absorption bands of molecule
2 at 311 nm (n-1t* transition) and 220 nm (7-7t* transformation) decreases, and new bands with
maxima at ~250 and ~ 300 nm and a shoulder in a range of 330-400 nm appear in the spectrum.

The pattern of spectral change in solutions of amide 2 in heptane upon irradiation with pulses
of a neodymium laser (for 4 min) is nearly identical to that observed upon lamp photolysis
(Figure 4a). The UV spectra also demonstrate a decrease in the absorption band intensity of the
initial compound at 325 nm (band of the n-rt* transition) and 226 nm (band of the rn-r*
transition) and the appearance of new bands with maxima at 255, 285, and 370 nm, which can
be assigned to photoproducts (Figure 4a, curve 5). The band of the r-7* transition experiences
the bathochromic (“red”) shift (AA # 9 nm), whereas the band of the n-rt* transition undergoes
the hypsochromic (“blue”) shift (AA = 39 nm).
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Figure 4. (a) Optical absorption spectra of a solution of amide 1 (3.45°10-* Mol L™ 1) in heptane after 0 (1), 50 (2), 110 (3),
180 (4), and 250 (5) laser pulses. (b) Change in the absorbance at the wavelengths 255 (1) and 325 nm (2) during photolysis.

It should be mentioned that during photolysis of amide 1 isosbestic points at 238, 290, and
357 nm are retained, indicating a low photoactivity of the final products compared to the initial
compound. The mentioned qualitative changes in the spectra of the substances under irradia-
tion with a mercury lamp and a neodymium laser indicate the phototransformation of mole-
cules accompanied by the formation of fairly stable products with the electron density
redistribution in the system of (7-7*) and (n-7t*) conjugation.

We also studied the dependence of the absorbance of amide 1 at 255 and 325 nm attributed to
the photolyzed and native molecules, respectively, on the number of laser pulses fed to the
sample (see Figure 4b). It is seen from Figure 4b that after 650 pulses 100% of the initial
compound transform into photolysis products.

The combined interpretation of the data on pulse and stationary photolysis suggests the
structure of the main final photochemical products and reactions of its formation (Scheme 1).

The formation of the compound with the quinoid structure (iminoquinone) corresponds to the
disappearance of stretching vibration bands of the OH and NH groups (see Figure 2) and the
disappearance of the absorption bands at 240290 nm characteristic of quinones and
iminoquinones [23-24]. The presence of bulky substituents in the ortho- and para-positions of
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Scheme 1. The formation reactions and structure of the main products of the photochemical conversion of salicylic acid
amides.

the iminophenol fragment prevents the recombination of phenoxyl radicals with the formation
of dimeric products.

Laser pulse photolysis of amide 1. The excitation by a laser pulse (308 nm) of deoxygenated
aqueous solutions of salicylic acid amides results in an intermediate absorbance consisting of
two bands with maxima at 380 and 510 nm (Figure 5a), which disappear with significantly
different rates (Figure 5b). These data indicate the formation of several intermediate species
after a laser pulse. The lifetime of the band at 510 nm decreases substantially in the presence of
oxygen, which indicates that the band belongs to the absorbance of amide 1 from the triplet
T: state. The main channel of triplet state decay is triplet-triplet annihilation. It is known that
the triplet-triplet absorption band of salicylic acid in cyclohexane has a maximum at 440 nm.’
The bathochromic shift of the absorption band of amide 1 at 70 nm is caused, most likely, by an
additional conjugation due to the introduction of the phenol substituent at the amide group of
salicylic acid and to other types of the solvent.

In the presence of oxygen, the triplet state of amide 1 rapidly disappears during quenching,
which makes it possible to detect one more, longer-living intermediate, whose optical spec-
trum consists of two absorption bands with maxima at 480 and 380 nm (Figure 6a). The
kinetics of the disappearance of this absorbance is presented in Figure 6b. The absorbance
amplitude at 380 nm (AA**) depends nonlinearly on the laser pulse intensity (Figure 7a) and
can be expressed by the following equation:
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Figure 5. (a) Intermediate absorption spectra for stationary photolysis of a deoxygenated solution of amide 1 (3.45 ¢
10~* Mol L") in heptane; 1-5 spectra in 0, 1.6, 4, 10, and 48 lis after a laser pulse (2.2 m] pulse "), respectively. (b) Kinetic
curves of a change in the absorbance at 380 (1) and 510 nm (2).
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where I is the laser pulse intensity, mJ] cm”. These data indicate that the long-lived intermediate
is formed in both one- and two-quantum processes. The product of the quantum yield of the
one-quantum process (cp) by the absorption coefficient of the long-lived intermediate at
380 nm (g°*") can be estimated as (g*° =80 mol L") cm™":
ROH—hv — RO® +e¢_, + H" (5)
Phenoxyl radical can also be formed upon the absorption of the second quantum of light by the
excited singlet or triplet states of phenols. For example, two-quantum photoionization for the
absorption of the second quantum by the excited singlet state of these compounds to form a
pair hydrated RO" electron-organic radical was observed [5-7] in the study of photochemistry
of aqueous solutions of salicylic and sulfosalicylic acids. These data suggest that the long-lived
intermediate observed for photolysis of amide 1 is the phenoxyl radical formed in the one- (3)
and two-quantum processes (4):
SIX—hv — RO" +¢_,;, + H' (6)

solv

ROH—hv — 5'X—hv — RO* +¢_, +H" 7)

solv

The solvated electron in heptane absorbs in the IR range (a maximum at 1600 nm [8]) and
cannot be detected using the system used in the work. It should be mentioned that the
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Figure 6. (a) Intermediate absorption spectra for stationary photolysis of a solution of amide 1 (3.45¢10-* Mol L") in
heptane at an oxygen concentration in the solution of 3¢10~> Mol L™ (1-4) spool ra in 3, 12, 90, and 380 (is after a laser
pulse, respectively. (b) Kinetic curve of a change in the absorbance at 380 nm. It is known that one of the intermediate
products of photoionization of phenols (ROH) is the corresponding phenoxyl radical (see refs. 17 and 18) Formed in the
reaction.

absorption band maxima of radical RO® of amide 1 (380 and 480 nm) are shifted to the red
range compared to the unsubstituted phenoxyl radical (290 and 400 nm) [25, 26]. This is due to
the iminophenol substituent in molecule 1. It is known that the introduction of aromatic sub-
stituents results in the bathochromic shift of the absorption bands of phenoxyl radicals, in
particular, ongoing from the unsubstituted phenoxyl radical to radicals of 4-phenylphenol and
4,4'-biphenol, the long wavelength band maximum shifts from 400 nm by 560 and 620 nm,
respectively [27].

It should be mentioned that phenoxyl radicals decay predominantly in recombination reac-
tions [26, 27]. The kinetics of the disappearance of the absorbance of radical RO® (380 nm) is
described rather well by the second-order law. The linear dependence of the observed rate
constant (kapp380) on the absorbance amplitude (Figure 7b) makes it possible to determine the
ratio of the recombination rate constant of phenoxyl radicals, ZkPek/e380 =1.6-10° cm s-'. The
kinetics of radical decay was determined in solutions containing oxygen (to accelerate the
disappearance of the absorbance of the triplet state of amide 1), and, therefore, the section cut
in the ordinate (see Figure 7b) corresponds, most likely, to the reaction of RO* with oxygen.
Under normal conditions, the concentration of oxygen in a heptane solution is 3- 0> mol L™
[24], which makes it possible to estimate the rate constant of the reaction with oxygen,
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Figure 7. (a) Absorbance amplitude (2a>*%) u laser pulse intensity (the initial absorbance at the wavelength 355 nm is

equal to 0.44). (b) Reaction rate constant (A’,ps) for the disappearance of the absorbance of radical RO® of amide 1 (3.45 ¢
10~* Mol L") from signal amplitude at 380 mil.

koo = 3.4-10° L mol ' s~ . The value of rate constant is more than three orders of magnitude
lower than the diffusion rate constant in this solvent. Low rate constants for the reaction with
oxygen are characteristic of phenoxyl radicals [19, 27]:

PappNabs (A — Ag)

A=A
0t TNV

N, pulse (8)

At the initial stage of photolysis, the change in the absorbance of the sample can be expressed
by the equation where ., is the apparent quantum yield of photolysis of amide 1 at a given
intensity of a laser pulse, N,ps is the number of quanta absorbed by the sample, N, is
Avogadro’s number, V is the volume of the sample, N5 of laser pulses, C; is the initial
concentration of amide 1, and Ay and A.. are the initial and final absorbances of the sample.
The latter value can be estimated from the data of Figure 4b assuming 100% conversion of
amide 1 to photolysis products. Accordingly, knowing the value of A.., one can estimate the
apparent quantum yield of photolysis of amide 1 by Eq. (8). For a laser pulse intensity of
60 m]J cm-?, the apparent quantum yield of photolysis of amide 1 is 0.09.

Assuming that at this intensity the main mechanism of RO® decay is recombination, the
absorption coefficient of RO* at a wavelength of 380 nm and, correspondingly, the recombina-
tion constant of radicals can be estimated from the value of the signal of intermediate absor-
bance at 380 nm at the given intensity. The obtained value of the absorption coefficient of
phenoxyl radicals of 1 (e**° = 2.9 ¢ 10° cm s ™) is close to that presented for RO® of salicylic acid
(e = (2.5 + 0.3) » 10> cm s~ ! in an aqueous solution).” It is known that the absorption
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coefficients of phenoxyl radicals depend slightly on their structure and in a range of 2.9-4.0
10 cm s !. The recombination rate constant of RO® radicals of 1 was 2k, ~ 4.6 ® 10 L mol 's~ L.
The obtained value corresponds to literature recombination constants for phenoxyl radicals
that form relatively unstable dimers [28]. The recombination rate of unsubstituted salicylic acid
is substantially higher than 2k, = (1.8 + 0.3) ® 10° L mol 's™* (in an aqueous solution) [7], and
the order of magnitude of the rate constant is typical of the bimolecular decay of phenoxyl
radicals [24, 29]. The decrease in the activity of phenoxyl radicals of UV-substituted amides in
dimerization processes is due to steric factors and the use of other solvents.

Thus, UV irradiation of UV-substituted salicylic acid amides organized in complexes with
intra- and intermolecular hydrogen bonds induces the phototransformation of free phenolic
hydroxyls with the formation of phenoxyl radicals RO, which decay in recombination follow-
ing the second-order law with the rate constant kr =~ 2.3-10® L mol ™ s~'. The NH groups
undergo excitation, but no radical products are formed. The dimerization products of amides
1 and 2 are relatively stable under the photolysis conditions. With phenoxy radicals, oxygen
reacts at a relatively low rate [29, 30].

5. Study of the kinetics of inhibition of the oxidation process by
N-substituted amides of salicylic acid

In the present work, the inhibitory and photostabilizing properties of compounds that are
amide derivatives of salicylic acid, characterized by the conjugation of the electron density
and the degree of spatial screening of the phenolic hydroxyls (structure 1) are investigated.

It is known that salicylic acid and its derivatives are capable of absorbing UV rays in the range
of 301-305 nm [3, 8]. It can be assumed that the modified structures studied by us can also
absorb UV rays in this range, which is dangerous for the development of skin cancer. The
compounds can potentially exhibit antioxidant and antiradical activity, due to the presence of
two phenolic groups in their chemical structure.

It is known that ultraviolet irradiation leads to the formation of singlet oxygen O,", which joins
the double bond of unsaturated lipids [11, 12]. As a result of further isomerization of cyclic
peroxides and photochemical decomposition of hydroperoxides, hydroxyl (OHe) and alkoxy
radicals (rOe-) are formed which react with the substrate RH in an oxygen atmosphere to form
peroxyl radicals RO,® (Scheme 2).

To study the possibility of photostabilization of oxidation processes caused by the action of UV
rays, it was considered necessary to study the electronic spectra of N-substituted amide deriva-
tives of salicylic acid (1-4) in comparison with 5 (Figure 3). The presence of intense absorption
bands in the UV range (190-350 nm) for all amides of salicylic acid has been established. The
most effective UV rays absorb compounds 1 and 2. This absorption is absent in 5. Thus, the
absorption of UV rays that initiate the process of lipid oxidation is one of the mechanisms of
photostabilizing action of N-substituted amides of salicylic acid (Figure 8).
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Scheme 2. Scheme of peroxyl radical RO," formation during UV irradiation during the reaction of singlet oxygen O,"
with unsaturated compounds.
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Figure 8. UV spectra of amides: (a) I is 3, I is 4, and V is 5; (b) Il is 2, IV is 1, and in heptane ¢ =5 - 107* Mol L7},
d=02cm.

The mechanism of the complex multistage process of free radical oxidation of the substrate is
described by a conventional scheme [11, 12]. The oxidation process is carried out by.

peroxyl radicals reacting with a substrate with a rate constant k; [29].

RO» k2 % 9)
»+ RH —= ROOH . R

In the presence of an antioxidant (InH), free radicals are killed according to reaction 7 to the
conventional scheme [24, 25].
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M k
RO, + InH— = ROOH ., In (10)

In the presence of an antioxidant, induction periods (t) appear, and the magnitude of which
depends on their number. In this paper, the photostabilizing effect of N-substituted salicylic
acid derivatives, differing in electron density conjugation and the degree of spatial screening of
phenolic hydroxyls (structure 1), was studied. The antioxidant activity of amides of salicylic
acid was evaluated by the value of induction periods (t) with UV-induced oxidation of the
model substrate, methyloleate. The kinetic curves of oxygen absorption by methyl oleate in the
presence of test compounds are shown in Figure 9. As can be seen from Figure 9, all the
amides (1-4) studied effectively inhibit the oxidation of the substrate. With comparable con-
centrations of AO, the magnitude of induction periods provided by different amides is signif-
icantly different. Differences in the inhibitory effect of compounds are determined by the
peculiarities of their chemical structure. The most effective oxidation inhibitors are amides 1
and 2, which are sterically hindered diatom phenols, in the structure of which the conjugated
fragments are separated by three methylene groups. In this case, both phenolic groups can
interact with free radicals independently of each other. The presence of bulk tert-butyl sub-
stituents prevents the possibility of adverse reactions that reduce the effectiveness of the
antioxidant. Compared with amides 1 and 2, amides 3 and 4 exhibit a lower inhibitory effect.

In these compounds, both aromatic moieties form a general conjugation system with an amide

group. The difference between amides 3 and 4 is the degree of spatial screening of phenolic

groups (-OH). In structure 3 there is no tert-butyl substituents, which significantly increases

the activity of oxidation products of phenols in the side processes of oxidation, in particular, in

reaction with the substrate. This reaction leads to the continuation of the oxidation chains and
VO |

i
a0 1]
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Figure 9. Kinetic curves of oxygen absorption of MO in the chlorobenzene medium upon initiation of the oxidation
reaction by UV irradiation: I, substrate (S) (control); II, S + 3; Il, S + 4; IV, S + 1; V, S + 2. Concentration of AO is 1.5 ¢
10~*mol L™7, T=60°C.

59



60 Photochemistry and Photophysics - Fundamentals to Applications

significantly reduces the effect of the antioxidant [31, 32, 34-36]. In the amide structure 4, one
of the two phenolic groups is spatially screened with bulky substituents, which provides a
higher inhibitory effect 4 compared to 3.

The kinetics of oxygen absorption in the oxidation of methyl oleate in the presence of amides
1-4 was studied in the range of concentrations (0.5-2.0) -10~* mol L™"; the effectiveness of the
antioxidants studied was compared with dibunol (5) and a-tocopherol (6) (Figure 9). The
linear character of the dependence of the period of induction on the concentration of amides,
described earlier for most synthetic antioxidants, is established. For natural antioxidants,
extreme dependence on concentration is observed; at relatively high concentrations, the inhib-
itory effect may decrease and a prooxidant effect may be observed [33]. It has been shown that
the action of N-substituted amides of salicylic acids 1 and 2, which are spatially hindered
diatomaceous phenols, is comparable to the efficiency of monohydric phenol-5 and exceeds
the gross inhibitory effect of a natural antioxidant 6. Amide 1, which includes in its structure
two phenolic groups, exceeds the monatomic phenol 5 in terms of the induction period by no
more than 20%. Amides 3 and 4, which differ in the highest degree of conjugation of the
electron density, are significantly inferior to amides 1 and 2 and also amide 5 (Figure 10).

It is known that the chemical structure has a significant effect on the antioxidant properties of
oxidation inhibitors. An important stage of the present study was the establishment of the
relationship between the features of the chemical structure of a series of amides of salicylic acid
and the mechanism of their antioxidant action.

Tnp, MHI

1200 Tind, MiN
1000
800
600

400

200

0 05 1 1,5 2
[AO]*1 0*, Mo/

Figure 10. Dependence of the period of induction on the concentration of amides: I-3, II-4, III-2, IV-1, V-5, and VI-6 under
UV-initiated oxidation of MO (w;=0.6 *10 Mol L™ s7%).
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The relatively low values of induction periods for N-substituted amides of salicylic acid
(diatom phenols 1-4) are found in comparison with monatomic phenols 5 and 6. These
differences are explained by the fact that compounds (1-4) form intra- and intermolecular
hydrogen bonds (structure 2), in which some OH groups cannot participate in the reaction
with peroxy radicals.

The effectiveness of amides of salicylic acid in the elemental reaction with peroxyl radicals RO, *
is determined by the rate constant of the elementary reaction (k;) (antiradical activity) estimated
by the chemiluminescence method [12].

It has been established that all the derivatives of salicylic acid exhibit a high antiradical activity
(Table 1).

Table 1 shows that the highest antiradical activity is found in natural antioxidant 6 (a-tocoph-
erol), the efficacy of which is more than 400-460 times higher than that of compounds (1-4). The
absence of bulky substituents in structure 5 provides this compound the highest antiradical
activity. Note that all amides of salicylic acid have k; values of the same order as the known
synthetic sterically hindered antioxidant (dibunol) (5). In the group of amides of salicylic acid,
the highest values are characteristic for 3 and 4, in the structure of which phenolic OH groups are
included in the common conjugation system, which binds both benzene rings. For amides 1 and
2, the conjugation system is “destroyed” by a bridging fragment containing three methylene
groups, which contributes to a decrease in the value of k;. The antiradical activity of amides of
salicylic acid is comparable with the antioxidant activity of most known sulfur-containing and
nitrogen-containing bifunctional oxidation inhibitors [36, 37].

It is known that the presence of phenolic OH groups with ortho-t-butyl substituents leads to a
significant decrease in antiradical activity. Thus, the greatest value of k; was observed for
compound 3, which in its structure has two unsubstituted phenolic hydroxyls. The substituted
analogue (amide 4) is inferior to the 3 amide in 4, 1 times, which is explained by the spatial
difficulties in the interaction of antioxidant molecules with peroxy radicals. It is known that
classical oxidation inhibitors interact, as a rule, with two free radicals (the stoichiometric
inhibition coefficient for 5 and 6 is 2) [12, 36, 37]. The presence of two phenolic hydroxyls in
N-substituted amides of salicylic acid theoretically should lead to an increase in the value of f
to 4.0. However, the stoichiometric inhibition coefficient f approaches 4 only in two com-
pounds (1 and 2) (f = 3.6-33), which kinetically reflects the presence of two OH groups in the
molecule and indicates that both phenolic hydroxyls are interdependent during oxidation, and
the difference in the value (f = 3.3-3.6) from 4.0 kinetically reflects the partial participation of

The subject compound 1 2 3 4 5 6
ky x 10, M~! x ¢! 0.85 0.52 6.86 1.69 1.40 360.0
f 3.6 33 24 2.6 2.0 2

T=333K Wi=23210"% molL's™,,C=1¢10"°mol L!

Table 1. The values of the constant k; in the reaction of N-substituted amides of salicylic acid with peroxyl radicals
(RO,").
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phenolic groups in the formation of complexes with a hydrogen bond, which cannot partici-
pate in the reaction with free radicals. For amides 3 and 4, a high degree of m-n and n-mnt
conjugation and a low degree of screening of the phenolic groups with tert-butyl substituents
reduce the inhibition rate to (f = 2.4-2.6). It is known that spatially uncomplicated phenols
easily penetrate into side reactions, which significantly reduces their overall antioxidant effect.
One of the most significant adverse reactions is the interaction of phenoxy radicals with the
substrate. Therefore, the weaker inhibitory ability of amides 3 and 4, as well as the lower
stoichiometric inhibition coefficient, indicates the occurrence of side reactions, in particular
the possibility of the interaction of phenoxy radicals with the oxidation substrate.

6. Conclusions

1. Comparative analysis of the spectral absorption of native and partially deuterated molecules
showed that amides of salicylic acid exist as complexes with an intramolecular hydrogen
bond or an intermolecular hydrogen bond. Complexes are formed with the participation of
phenolic and carbonyl groups located in neighboring positions. Spatially hindered phenolic
groups, in all likelihood, do not participate in the formation of complexes.

2. During photolysis, N-substituted amides of salicylic acid pass into an excited state, which
leads to the appearance of triplets and the formation of phenoxy radicals, presumably as a
result of absorption of the second quantum of light by the excited singlet state. The triplet-
triplet state is the main channel for the death of the triplet state of annihilation and
recombination of phenoxy radicals (kyex = 2.3 - 10® L mol ! s_l). With UV irradiation of
N-substituted amides of salicylic acid, amide groups also become excited; however, radical
products are not formed in this case.

3. On the basis of a joint interpretation of pulsed and stationary photolysis data, stable
photochemical conversion products of amides are established, which are compounds of
the quinoid structure (iminoquinones). The presence of bulky substituents in the ortho-
and para-positions prevents the recombination of phenoxy radicals with the formation of
dimers. Iminoquinones are the final products of the photolysis reaction.

4. It is shown that all amides of salicylic acid are highly effective inhibitors of UV-induced
oxidation of the model substrate (methyloleate). The inhibitory effect is directly propor-
tional to the concentration of the compound, as for most known synthetic antioxidants.

5. Investigation of the relationship between the chemical structure and the antioxidant prop-
erties of a number of N-substituted amides of salicylic acid showed that the greatest
inhibitory effect is manifested in compounds 1 and 2, in the structure of which the aro-
matic fragments are separated by three bridging groups —CH,- and in ortho-position with
respect to the phenolic group there are tert- butyl substituents.

6. It was found that the mechanism of photostabilizing action of N-substituted amides of
salicylic acid is due to their ability to absorb ultraviolet rays in the range (190-350 nm),
which creates prospects for using these compounds to protect the skin from melanoma
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and to prevent the destruction of various materials under UV irradiation. It is shown that
in the presence of amides of salicylic acid, the rate of initiation of the oxidation process is
significantly reduced.

It is proven that the mechanism of action of N-substituted amides of salicylic acid is deter-
mined by their high activity in the reaction with free peroxy radicals. The value of the death
constant for the radicals is (k; = 0.52-6.86 - 10*, L mol ¢ ). The highest antiradical activity in
amides 3 and 4 is noted, in the structure of which phenolic OH groups are included in the
general conjugation system, covering both benzene rings. For amides 1 and 2, the conjuga-
tion system is “destroyed” by a bridging fragment containing three methylene groups,
which contributes to a decrease in the value of k.

The inhibition factor f, showing the amount of free radicals dying on the antioxidant
molecule, for compounds 1 and 2 approaches 4.0 (f = 3.6-3.3), reflecting the presence of
two OH groups in the molecule, and indicates that both phenolic hydroxyls in the oxida-
tion process act independently. Some of the phenolic groups are linked to complexes with
a hydrogen bond and do not participate in the reaction with free peroxide radicals.
Amides 3 and 4 show a high degree of -1t and n-mt conjugation and a lower screening
effect of bulky substituents. As a result, the inhibition coefficient decreases to (f = 2.4-2.6),
and a significant role is played by side reactions, in particular the possibility of incorporat-
ing phenoxy radicals into the reaction with the substrate.
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Abstract

Xenobiotics in the environment include a wide variety of compounds, e.g. pesticides,
drugs, textile dyes, personal care products, stabilisers, and many others. These com-
pounds enter natural waters by rain washing of treated areas, via leaching through soil
from places of application and via waste waters of manufacturing facilities or municipal
waste waters (excretion of unmetabolised drugs, disposal of unused drugs). In natural
waters, physical, chemical, and biological processes contribute to the decrease of xenobi-
otics concentrations. For substances resistant to biological degradation processes and the
chemical reactions such as hydrolysis, photoinitiated processes may represent important
degradation pathways. Photochemical processes can be categorised in connection with the
environmental fate of xenobiotics into two fundamental groups: those that may occur in
natural waters and those that have been tested for decontamination of waste waters. The
first group is focused mainly on photosensitization and homogeneous photocatalysis. The
second class comprises advanced oxidation processes (AOPs) of which especially hetero-
geneous photocatalysis on semiconductors is the most investigated technique. The chapter
covers all these processes and brings examples of their applications.

Keywords: natural waters, xenobiotics, emerging pollutants, photochemical degradation,
advanced oxidation processes

1. Introduction

While most water assessments emphasise water quantity, water quality is also critical to
satisfying basic human and environmental needs. The quality of the world’s water is under
increasing threat as a result of population growth, expanding industrial and agricultural
activities, and climate change. Poor water quality threatens human and ecosystem health,
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increases water treatment costs, and reduces the availability of safe water for drinking and
other uses [1]. It also limits economic productivity and development opportunities. Indeed, the
United Nations find that “water quality is a global concern as risks of degradation translate
directly into social and economic impacts” [2].

Human society relies on rivers for many functions and services including drinking water,
irrigation, navigation, transport, recreation, and waste disposal. It has been estimated that
despite accounting for just 0.4% of the Earth’s surface area and 0.006% of the Earth’s freshwater,
rivers contain 6% of all described species and provide 5.1% of global ecosystem services [3, 4].

Water quality concerns are widespread, though the true extent of the problem remains
undisclosed. In developing countries, an estimated 90% of sewage and 70% of industrial waste
are discharged into waterways entirely untreated [5].

In recent times, anthropogenic activities, namely the production and consumption of chemi-
cally manufactured products, have been linked to growing environmental pollution and
resulting health challenges. Currently, the pollution of the global water cycle with persistent
organic contaminants appears to be one of the most important challenges of the twenty-first
century. The majority of these organic substances are only partially removed by conventional
wastewater treatment plants; hence they enter the environment and spread across different
ecological compartments.

Most of the persistent contaminants are unregulated or in the process of regulation, yet they
possess possible toxic effects in long-term exposure or potent endocrine disrupting properties,
which lie in their interference with the hormonal function of living organisms including
humans [6, 7].

Therefore, the studies of many scientists are focused on getting information on the environ-
mental occurrence of the compounds belonging to this vast family of species. Other studies
investigate the environmental fate of these compounds as well as the feasibility of their
degradation in wastewaters. Among these studies, those concentrating on the photochemical
processes and techniques have recently acquired a particular attention.

2. Organic micropollutants in the environment

Chemicals of emerging concern have no clearly stated definition; therefore, no comprehensive
list of them exists. Kiimmerer [8] defined emerging micropollutants as unregulated com-
pounds or those with limited regulation which are present in the environment at low range
(ug/l and below), irrespective of their chemical structure, and which thus require monitoring.
Marcoux et al. [9] summarised emerging micropollutants as newly detected substances in the
environment or those already identified as risky and the use of which in manufactured items is
prohibited, or substances already known but the recent use of which in products may cause
problems during their future treatment as waste. According to the US Geological Society [10],
emerging contaminants are any synthetic or naturally occurring chemical or any microorgan-
ism or metabolite that is not commonly monitored in the environment but has the potential to
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Family/use Emerging contaminant Prescription 2012 (kg)  Surface waters (ng/l)
Antibacterial Amoxicillin 158,231 2.5-245
Erythromycin 41,057 0.5-159
Metronidazole 12,300 1.5-12
Ofloxacin 219 _
Oxytetracycline 17,143 —
Trimethoprim 10,998 1.5-108
Non-steroid anti-inflammatory drug ~ Paracetamol (acetaminophen)  >2,000,000 1.5-1388
Ibuprofen 108,435 1-2370
Naproxen 126,258 1-59
Ketoprofen 243 1-4
Lipid regulator Simvastatin 49,198 <0.6
Bezafibrate 7966 10-60
Beta blocker Propranolol 9076 0.5-107
Atenolol 20,725 1-487
Metoprolol 2311 0.5-10
Calcium channel blocker Diltiazem 21,922 1-17
Hypertension Valsartan 6484 1-55
Antidepressant Venlafaxine 16,211 1.1-35
Amitriptyline 10,171 <0.6-30
Fluoxetine 5319 5.8-14
Dosulepin 3270 0.5-25
Nortriptyline 439 0.8-6.8
Antiepileptic Gabapentin 104,110 0.6-1879
Hypnotic Temazepam 883 3.2-34
Diazepam 335 0.6-0.9
Oxazepam 85 2.4-11
Sunscreen agent 1-benzophenone 0.3-9
2-benzophenone 0.5-18
3-benzophenone 15-36
4-benzophenone 3-227
Preservative Methylparaben 0.3-68
Ethylparaben 1-13
Propylparaben 0.2-7
Butylparaben 0.3-6

Table 1. Examples of emerging contaminant occurrence for wastewaters and surface waters in the United Kingdom—
based on the review by Petrie et al. [12].

69



70 Photochemistry and Photophysics - Fundamentals to Applications

enter the environment and cause known or suspected adverse ecological and/or human health
effects.

An overview of micropollutants, their sources and effects, and their occurrence in different
types of water including analytical detection techniques and concentration ranges is provided
by an outstanding review by Tijany et al. [11]. Another comprehensive review by Petrie et al.
[12] presents information about contaminants occurrence in wastewaters and surface waters in
the United Kingdom, spatial distribution and seasonality, possibilities of microbial transfor-
mation, and possible ecotoxicological effects, together with some recommendations for the
environmental monitoring of these substances. As can be seen from the lists of the substances
covered in the above-mentioned studies as emerging xenobiotic compounds, categories such
as pharmaceuticals (antibiotics, antidiabetics, antiepileptics, anti-inflammatories, analgetics,
antidepressants) and personal care products (disinfectants, preservatives) are the most abun-
dant representatives. Selected substances from the study of Petrie et al. [12] which represent
the highest load on the environment are presented in Table 1. According to recent studies,
more the 200 different pharmaceuticals alone have been reported in river waters globally to
date, with concentrations mainly in the ng/l to ug/l range in surface waters [13-17], but in some
cases, concentrations of even several orders of magnitude higher have been reported. Effluent
concentrations from pharmaceutical formulation facilities in the USA (New York) reached
1.7 mg/1 for the analgesic oxacodone and 3.8 mg/l for the muscle relaxant metaxalone [18]. Li
et al. [19] found very high concentrations of tetracycline derivatives up to 800 and 2 mg/l in the
effluent and receiving waters, respectively, from a sewage treatment plant serving an antibiotic
manufacturing facility in China.

Besides these emerging contaminants, there are other organic pollutants, e.g. pesticides, chiefly
herbicides, the presence of which in the aquatic environment has been known for a long time
[20-23].

Most of the xenobiotics detected in natural waters are persistent compounds that are
recalcitrant to microbial decay and resist chemical degradation through hydrolysis or other
chemical reactions. Many of them contain aromatic rings, heteroatoms, and functional
groups that can either absorb solar radiation or react with photogenerated transient species
in natural waters (e.g. reactive oxygen species and/or photoexcited natural organic matter).
Some of these compounds carry functional groups and structures such as phenol, carboxyl,
nitro, and naphthyloxy that have been found to undergo photodegradation [24]; many of
the pesticide compounds are chlorine derivatives, which predispose them to dechlorination
and hydroxyderivative formation [25].

3. Photoinitiated reactions related to the organic xenobiotics degradation

Each reaction started by absorption of radiation may be classified as a photochemical or
photoinitiated reaction. According to the mechanism of the photoinitiated reaction related to
the degradation of xenobiotics, photolytic, photosensitized, and photocatalytic reactions can
be distinguished.
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3.1. Photolytic reactions

A photolytic reaction is usually understood as a reaction in which the absorbed quantum of
radiation has enough energy to cause the breaking of a covalent bond in the substrate com-
pound. Usually, highly energetic UV radiation (254 nm) is necessary for this purpose. The
reaction includes only one reactant, the molecule that undergoes photolysis; therefore, the
reaction follows first-order kinetics.

3.2. Photosensitised reactions

A photosensitised reaction needs a sensitizer molecule. This is a molecule that can absorb
radiation and transfer the absorbed excitation energy onto another molecule. The energy can
be transferred either onto an organic molecule, substrate (xenobiotic compound), or onto an
oxygen molecule, which results in the formation of singlet oxygen. The possible reactions are
illustrated in Egs. (1)—(5).

'Sens + hv — !Sens* 1)

1Sens* + !Substrate — Substrate* + 'Sens — Product + Sens (2)
Sens* — through ISC — 3Sens* @)

3Sens* 4 %0, — 10, (4)

10, + 'Substrate — Oxidised product (5)

Eq. (1) represents excitation of the sensitizer from the ground state (which is always a singlet
state, i.e. all electrons in the molecule are paired) to the first excited singlet state. Eq. (2)
represents energy transfer onto the substrate and its subsequent reaction into a product.
Eq. (3) shows the possible conversion of the sensitizer from the first excited singlet state into
the first triplet state (where two electrons are unpaired) through so-called intersystem crossing
(ISC). The sensitizer in the triplet state is able to react with molecular oxygen dissolved in the
reaction mixture (Eq. (4)) because the ground state of molecular oxygen with its two unpaired
electrons is a triplet state. The reaction provides an excited form of oxygen, singlet oxygen,
which is a powerful oxidative species; singlet oxygen then can react with organic substrate
molecules and oxidise them (Eq. (5)).

Humic substances are considered to be the most common naturally occurring sensitisers.

Humic substances, comprising two major classes, humic acids and fulvic acids, are organic
constituents of not only soil humus and peat but also streams, dystrophic lakes, and ocean
water. They are produced by the biodegradation of dead organic matter as products of micro-
bial metabolism although they are not synthesised as a life-sustaining carbon structures or
compounds serving as energy storage. A typical humic substance is not a single, well-defined
molecule, but a mixture of many molecules which typically include aromatic nuclei with
carboxylic and phenolic groups as demonstrated in the structure proposed by Stevenson [26],
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Figure 1. Proposed structure of humic acids [26].

which is illustrated in Figure 1. Their molecular weight ranges from a few hundred to several
million of daltons [27].

The distinction between humic and fulvic acid is based on their solubility: humic acids are
soluble in water at neutral and alkaline pH values and insoluble at acid pH, while fulvic acid is
soluble in water across the full range of pH. Fulvic acids have usually smaller molecules and
less extent of aromaticity, which results in less content of phenolic groups and more hydroxylic
groups in side chains.

These functional groups contribute most to the surface charge and reactivity of humic sub-
stances. Humic and fulvic acids behave as mixtures of dibasic acids with a pK; value of around
4 for protonation of carboxyl groups and around 8 for protonation of phenolate groups [28].

In natural waters, myriads of other sensitisers can be found—natural pigments such as
heme/porphyrine-based molecules (chlorophylls, bilirubin, hemocyanin, haemoglobin), carot-
enoids, or flavonoids (anthocyanins), but all of these are present in extremely low concentra-
tions in the water environment and are therefore not considered to be of real significance for
photochemical transformation of organic xenobiotic compounds.

3.3. Photocatalytic reactions

Photocatalysis may occur as a homogeneous process or as a heterogeneous process.

In homogeneous photocatalytic reactions, light contributes to the production of a catalytically
active form of a catalyst. One example of such a reaction is the photochemically induced
reduction of ferric ions in the presence of an electron donor to ferrous ions that exhibit much
higher catalytic activity in comparison with the oxidised form [29, 30]. The subsequent cata-
lytic reaction of a substrate is a “dark’ reaction, i.e. not photochemical, since the reaction does
not need light. The active form of the catalyst enables the otherwise spin-forbidden reaction
between a singlet substrate and triplet dissolved molecular oxygen.

Homogeneous photocatalytic reactions also include the so-called photo-Fenton reactions.
Fenton’s reagent is a solution of hydrogen peroxide with ferrous ions as a catalyst of an
oxidative reaction with organic substrates. The reagent was described by H. J. H. Fenton in
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1894. The sequence of reactions leading to the formation of reactive oxygen species (hydroxyl
radicals and superoxide radicals) is represented in Egs. (6)—(9).

Fe** + H,0, — HO® + Fe’** + HO™ (6)
Fe** + H,0, — HOO® + Fe?* + Ht 7)
Fe’™ + HOe — Fe’* + HO™ (8)

Since ferrous ions are quickly reoxidised in a Fenton reaction mixture, the photochemical
variant is used; in the photo-Fenton reaction, the ferric ions are photochemically reduced in
situ. Additional sources of OH radicals through photolysis of H,O, and through the reduction
of Fe** ions under UV light (Egs. (9) and (10)) are thus obtained.

H;O; + hv — 2 HOe® )

Fe’* + H,O + hv — HO® + Fe?* + HF (10)

Heterogeneous photocatalysis is usually understood as any photochemical reaction on a semi-
conductor.

Semiconductor photocatalysis uses solid catalytic systems while the substrate to be degraded
is dissolved or dissipated in the solution (or in the gaseous phase) around the catalyst. Five
distinct steps in the process of the reaction on a semiconductor are involved:

*  The transfer of liquid or gaseous phase reactant to the catalytic surface by diffusion.
*  The adsorption of the reactant on the catalyst surface.

*  The reaction of the adsorbed molecules.

*  The desorption of products.

*  The removal of products from the interface region by diffusion.

The initiation of the photocatalytic process involves the photochemical formation of an
electron-hole pair after the absorption of a photon of sufficient energy for the excitation of an
electron from the valence band of the semiconductor to its conduction band. The holes and
electrons react with the solvent (water) and dissolved oxygen to produce oxidative species,
mainly OH and superoxide radicals by the sequence of reactions presented in Egs. (11)—(16).

h* +H,0 — HO" + H* (11)
h* +OH™ — HO' (12)
Orte — 0y (13)
0,"” +H' = HO,' (14)
2HO," — H,0, + O, (15)

H,0, + 0, — HO" + O, + OH" (16)
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Various metal oxides were tested in semiconductor photocatalytic reactions. The most fre-
quently used is not only TiO, [31-33] but also other materials such as ZnO [34, 35], ZnS [36],
Fe,O3 [37], and many others including semiconductor composites as well as semiconductors
doped with precious metals or modified semiconductors [31, 38-41].

Heterogeneous photocatalytic reactions are usually described by first-order kinetics though
actually pseudo-first order kinetics (with OH radicals in excess to the reactant) is the relevant
kinetic model.

4. Photochemistry of organic xenobiotics

4.1. Environmental relevance of the study approaches

Generally, three types of photochemical studies of xenobiotic compounds can be recognised:

*  Environmental photochemical studies, i.e. field or laboratory studies under natural con-
ditions (sun irradiation or irradiation with the source simulating as much as possible the
solar spectrum, concentrations of substances the same as in natural aquatic systems).

¢  Studies relevant to environmental conditions (irradiation sources simulating part of the
solar spectrum, concentrations of organic substrates usually higher than those found in
natural waters).

*  Other photochemical studies, using short wavelengths not relevant to environmental
conditions, addition of chemicals such as O3, H;O,, additional components such as semi-
conductors acting as photocatalysts.

The first two approaches enable us to quantify transformation rates, identify photoproducts,
and estimate the importance of the photochemical reactions to the mass balance of pollutants
in the natural environment or at least (in the second case) make an extrapolation to the
environmental conditions relatively straightforward.

The third approach is not aimed at the elucidation of environmental processes; its goal lies in
the removal of polluting substances remaining in wastewaters after the application of the
classical procedure consisting of microfiltration, ultrafiltration, reverse osmosis, activated car-
bon absorption, and sand filtration [42]. To achieve this goal, techniques involving advanced
oxidation processes (AOPs) are usually applied [43, 44].

For environmental photochemical studies or for those relevant to the environmental condition,
solar spectrum radiation must be considered. UV region represents only a small part of the
solar spectrum; it is estimated that the region from 290 to 380 nm forms ca 5% of the overall
ultraviolet plus visible range [45]. Although UV solar radiation reaching the Earth’s surface
represents a small part of the solar spectrum, it plays an important role in its photochemical
effects since it contains the radiation of highest energies. Nevertheless, considering photo-
chemical reactions of xenobiotics, it is necessary to keep in mind that these compounds often
exhibit negligible or none absorption in the region of wavelengths longer than 290 nm, since
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their absorption lies in the shorter UV wavelength range; therefore, many of the compounds
cannot react directly under sun irradiation. Homogeneous photocatalytic degradation in the
presence of dissolved metal ions, photosensitized reactions, or heterogeneous photocatalytic
degradation on particulate metal compounds may contribute to the photochemical degrada-
tion of xenobiotics.

4.2. Examples of xenobiotic photodegradation studies

Pharmaceuticals and personal care products have been increasingly detected in aquatic field
samples not only in Europe—e.g. in Italy [46, 47], Spain [48], United Kingdom [12, 49], Poland
[50], and a EU-wide monitoring survey [16], but also in the USA [51, 52], China [53], and Japan [54].

The ecological impact of xenobiotics of the families of pharmaceuticals and personal care
products is presently not sufficiently understood, partially because the environmental persis-
tence of nearly all of these compounds has not yet been investigated. There are several indica-
tions that photochemical degradation may be a central factor in determining the environmental
fate of these compounds. One of the supporting evidence lies in the structure of these sub-
stances —they often contain structural features that have been found photodegradable in other
categories of compounds such as pesticides [30, 55].

As pointed out by Boreen et al. [24], the pesticides, carbaryl and napropamide, which
photodegrade readily [55], contain the naphthoxy chromophore group that is found in phar-
maceuticals, such as the non-steroid anti-inflammatory drugs, naproxen and nabumetone, and
the beta-blocker, propranolol. The structure of carbaryl and naproxen is shown in Figure 2.

Because many of the pharmaceutical pollutants in surface waters have already eluded the
biodegradation procedures of wastewater treatment, photochemistry in sunlit surface waters
may be expected to play a much larger role than any naturally occurring biodegradation
processes. Nevertheless, some compounds may evade photochemical degradation through
sorption to suspended particles, which may be the case for substances such as the tetracyclines
that have a high affinity for soil particles [56].

Many studies concerning emerging contaminants are focused on antibacterials, especially
those used in both human and veterinary medicine, such as fluoroquinolones. Several repre-
sentatives of fluoroquinolones are illustrated in Figure 3. Photochemical degradation of three
representants of this group, norfloxacin, enrofloxacin, and ciprofloxacin, was studied, e.g., by
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Figure 2. Chemical structure of the pesticide carbaryl (A) and anti-inflammatory drug naproxen (B).
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Figure 3. Examples of fluoroquinolone antibiotics: A—norfloxacin, B—enrofloxacin, and C—ciprofloxacin.

Babi¢ et al. [57]. The source of radiation used in the study was a xenon lamp (emitting
radiation in the 300-800 nm range); experiments were done in three matrices—MiliQ water,
river water, and synthetic wastewater. It has been demonstrated that solar irradiation contrib-
utes significantly to the degradation of all three fluoroquinone derivatives—the mother com-
pounds were degraded in 10 min after exposition to the radiation. Similar results were
provided by the study of Sturini et al. [58] in which the reaction mixtures of two other
fluoroquinolones, marbofloxacin and enrofloxacin, were investigated. The degradation was
completed in about 1 h by exposure to solar light (Pavia, Italy, summer-noon time). The
structure of the primary photoproducts showed that the degradation pathway proceeds via
oxidative degradation of the piperazine side chain, reductive defluorination, and fluorine
solvolysis.

Another important group of pharmaceutical products in connection with water pollution is
antidepressants. Antidepressants are a class of pharmaceuticals used primarily to treat the
symptoms of depression but can also be used to treat a wide variety of other medical condi-
tions including sleep and eating disorders, alcohol and drug abuse, post-traumatic stress
disorders, panic, and chronic pain. They are commonly prescribed for long-term use, leading
to an increasing production volume compared to many other types of pharmaceuticals.
According to Kessler et al. [59], almost 15 million American aged 18 and older suffer from a
diagnosable major depressive disorder, thus giving rise to a market for branded antidepres-
sants estimated to be worth US $14 billion [60].

Jeong-Wook Kwon and Armbrust [61] studied the laboratory persistence of fluoxetine (Figure 4),
an antidepressant known under the brand names Prozac or Sarafen, which belongs to the
selective serotonin reuptake inhibitor (SSRI) class of antidepressants. In the study, fluorescent
lamps with a wavelength output of between 290 and 400 nm were adopted. In the experiments,
fluoxetine was photochemically stable in buffered solutions as well as in two lake waters, the
half-lives being greater than 100 days. This is not surprising since fluoxetine has a negligible
absorption of radiation with wavelengths longer than 270 nm. The only exception was synthetic
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Figure 4. Structure of fluoxetine (A) and sertraline (B).

humic water in which the half-life was 21 day. Therefore, a photosensitised reaction with humic
substances as sensitisers either for direct energy transfer or for reactive oxygen species (singlet
oxygen) production can be hypothesised to be responsible for photoinitiated degradation in
synthetic humic water.

The environmental fate of another SSRI antidepressant representant, sertraline, known under
the brand name Zoloft, was explored by Jakimska et al. [62]. Simulated solar radiation (xenon
lamp) was used for the experiments in eight different matrices: wastewater influent and
effluent, untreated and treated water, river water, ultrapure water (pH 3 and 10), and metha-
nol. The half-lives fell in the range of several days for most of the samples (from 4.9 days for
wastewater effluent to 16.8 days for treated water); the only exceptions were ultrapure water
with pH adjusted to 3 (127 days) and methanol (129 days). Since the authors observed a delay
time in several cases, they proposed an autocatalytic mechanism as a plausible explanation for
this observation.

Advanced oxidation treatment and the photochemical fate of three selected antidepressants in
a solution of river humic acid was the subject of a study by Santoke et al. [63]. They focused on
two antidepressants from the class of serotonin-norepinephrine reuptake inhibitors, SNRIs,
duloxetine (brand name Cymbalta) and venlafaxine (brand name Effexor), which act on the
two named neurotransmitters in the brain and are therefore more widely used than the older
selective serotonin reuptake inhibitors, SSRIs, which act on only one neurotransmitter. The
third substance, bupropion (brand name Wellbutrin or Zyban), is a norepinephrine-dopamine
reuptake inhibitor, used both as an antidepressant and as a smoking cessation aid [64]. A
Rayonet RPR-100 photochemical reactor with sixteen 350 nm fluorescent lamps and a solar
simulator with a xenon lamp were employed for irradiation, commercially available Suwannee
River humic acid was used as a sensitiser. In this study, concentrations of individual reactive
species (singlet oxygen, hydroxyl radicals, hydrated electrons, and triplet excited state
dissolved organic matter) were evaluated through specific probe reactions. Of the three anti-
depressant studied, only duloxetine was susceptible to direct photoreaction; venlafaxine and
bupropion underwent indirect photoreaction to only a limited extent. The hydroxyl radicals
were proven to be more important in the degradation of all three compounds in water to
which humic acid had been added, compared to singlet oxygen or the hydrated electron.
Pathways for the reaction of the antidepressants with hydroxyl radicals include hydroxylation
and fragmentation. In the case of duloxetine, excited triplet state dissolved organic matter
accounts partially for the photodegradation.
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A significant group of organic xenobiotics in aquatic systems is parabens, p-hydroxybenzoic
acid esters (Figure 5), widely used as preservatives in food products, cosmetics, toiletries, and
pharmaceuticals. Parabens were first used as antimicrobial preservatives in pharmaceutical
products in the mid-1920s and remained as preservative favourites for almost a century since
they met several of the criteria of an ideal preservative: they exhibit a broad spectrum of
antimicrobial activity, they have been considered safe to use, and they are stable over the
broad pH range and sulfficiently soluble in water to produce the effective concentration in the
aqueous phase. In recent years, concern has been raised about their safety since several
parabens have been reported to have estrogenic activity in experimental cell systems and
animal models. Several studies, e.g. studies of Gomez et al. [65], Thuy et al. [66], and Chuang
and Luo [67], investigated the photocatalytic degradation of parabens, namely ethylparaben
and butylparaben, on TiO,, focusing on operational parameters such as pH values and the
initial concentration of parabens. Ethylparaben and butylparaben were demonstrated to have
similar properties in terms of the values of adsorption constants and intrinsic reaction rates.
The pH dependence was not significantly pronounced, but the reaction rate was slightly
higher at pH = 4 than at other values (6, 9, 11). A study of transformation product led to a
proposed pathway including an attack of the hydroxyl radical on the alkyl chain and the
opening of the aromatic ring through hydroxylation to form alkyl carboxylic acid.

Klementova et al. [68] studied a set of pharmaceuticals of different classes including three
parabens: methylparaben, ethylparaben, and propylparaben—both in homogeneous
photocatalytic reaction mixture irradiated in the Rayonet RPR reactor with fluorescent lamps
emitting wavelengths 300-350 nm and on TiO, with the lamps emitting in the region of 350
410 nm. Parabens were the most resistant substrates of all studied compounds. In the homo-
geneous reaction mixture, methylparaben exhibited mild photodegradation (40% of the sub-
strate degraded in 90 min of irradiation) only in an extremely high, environmentally irrelevant,
concentration of added Fe(Ill) —25 mg/l. Ethylparaben and propylparaben were more reactive
than methylparaben —40% of ethylparaben and 60% of propylparaben were degraded after 90
min of irradiation in the presence of 5 mg of Fe(Ill) per 1 L of the reaction mixture. The
measurement of the reduced form of iron (i.e. of the active catalytic form) in the reaction
mixture revealed that steady state concentration of Fe(Il) was attained in less than 5 min of
irradiation; the steady state concentration of Fe(Il) reached values between 60 and 70% of the
total added ferric ions in the reaction mixtures of all parabens.

On TiO,, methylparaben was again the least reactive substrate of the parabens studied —its
degradation does not reach more than about 20% of the original amount in 120 min of
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Figure 5. General chemical structure of a paraben.
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irradiation. Ethylparaben and methylparaben reactivity was similar—48 and 52% of degraded
ethylparaben and propylparaben, respectively.

An additional measurement of total organic carbon (TOC) in the reaction mixture [69] revealed
that although the extent of the substrates degradation on TiO, is lower than in the homoge-
neous photocatalytic reaction, the decrease of organic carbon is higher in the reaction on TiO,
compared with the homogeneous catalytic reaction. It means that mineralisation to CO, is
more efficient with TiO, as the catalyst.

As accentuated earlier, organic xenobiotics reported in natural waters represent not only an
extremely variegated, complex chemical system, including the above-mentioned drugs and
preservatives, but also all groups of pesticides, chemicals used in the dye industry, explosives
(TNT and its derivatives), solvents, and many others. For all these categories of compounds, the
photochemical degradation processes, especially AOPs techniques, have been investigated. To
mention just several of them, let us start with the photo-Fenton process. Yardin and Chiron [70]
and Kroger and Fels [71] used it for the mineralisation of TNT and its derivatives. Haseneder
et al. [72] and Santos et al. [73] employed the process for the degradation of polyethylene
glycol, a substance with a wide range of application in both the industrial and pharmaceutical
sectors. Gonzadlez et al. [74] and Dias et al. [75] achieved a significant mineralisation of the
antibiotic sulfamethoxazole in wastewaters with this technique. Peternel et al. [35] and Sohrabi
[76] conducted studies on the elimination of the persistent, non-biodegradable dyes, textile dye
Red 45 and edible dye Carmoisine, respectively, by the photo-Fenton process.

A combination of ozone and UV radiation was shown to be effective in the degradation of
dinitrotoluene and trinitrotoluene [77] as well as for some insecticides of the carbamate group
such as carbofuran [78], for an industrial solvent N-methyl-2-pyrolidone [79], and for the
reduction of trihalomethanes formation during drinking water treatment [80].

Heterogeneous photocatalysis with TiO, as the photocatalyst has been used for the degrada-
tion of sulfosalicylic acid in effluent [81]; the plant growth regulator 2,4-dichlorophenoxyacetic
acid [82]; neonicotinoid insecticides [83]; the textile fibre reactive azo dye Procion Red MX-5B
[84]; the extremely recalcitrant dye C.I. Reactive Red 2, RR2 [85]; and drugs such as paraceta-
mol [86, 87]; tetracycline and beta-blockers [87], the calcium channel blocker verapamil, the
corticosteroid cortisol, and the female sex hormone 173-estradiol [68].

5. Conclusions

The photochemical reactions of pharmaceutical compounds as well as of many other contam-
inants are likely to play a major role in their fate in the aquatic environment. More information
on their photodegradation pathways and on the degradation products and their persistence in
the environment is essential for a better understanding of the impact of these contaminants on
aquatic organisms and humans. The newly designed and quickly developing current advanced
oxidation techniques are expected to help in the safe, efficient, and economic removal of the
majority of these contaminants from wastewater effluents.
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Abstract

The topics about prevention against sunlight-induced damages and a secure threshold to
light exposition have reached a bigger number of specialists in basic science and medical
care. It has been accepted that ultraviolet light is very hazardous and visible light is safe,
but recent studies from our group has shown that human keratinocytes exposed previ-
ously to ultraviolet A (UVA) light can generate an endogenous visible light-sensitive
photosensitizer (lipofuscin), leading to higher levels of singlet oxygen, DNA damages
and a wide-range of cellular insults due to intracellular lipofuscin accumulation. Disrup-
tion of cell death pathways and on essential metabolic processes, as autophagy and redox
signaling, can collaborate to increase light-induced damages. We also discuss the impor-
tance of considering not only UVA but visible light too in protection against solar expo-
sure as a way to prevent future pretumoral lesions.

Keywords: sun care, UVA radiation, visible light, lipofuscin, singlet oxygen, DNA
damage

1. Introduction

The solar electromagnetic spectrum is composed of three main regions: ultraviolet (UV)
(100400 nm), visible (400-800 nm), and infrared (>800 nm). The UV range is subdivided into
UVC (100-280 nm), UVB (280-315 nm), and UVA (315-400 nm), which show uneven ability to
penetrate through the skin layers. UVC is broadly blocked by the ozone layer and has low
penetration in epidermis rather than UVB and UVA. The UVB photons are directly absorbed
by DNA, generating pyrimidine dimers which are well-known to promote carcinoma skin [1].
UVA and visible light are able to reach the deepest skin layers, as melanocytes layer. UVA has

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



90 Photochemistry and Photophysics - Fundamentals to Applications

been thoroughly studied and implicated in carcinogenesis, especially, melanomas [2]. UVA
and visible light are well-known to promote the oxidative stress by photosensitization reac-
tions, generating reactive oxygen species, and oxidatively damaging biomolecules and organ-
elles [3]. Among these biomolecules is the DNA, which exposed to photosensitization, can
induce premutagenic lesions, as 8-oxo-dG, leading to mutagenesis if not repaired by DNA
repair system [4]. Visible light has similar photosensitization mechanisms to UVA and high
penetrability in the skin, but poor attention has been given to this light source in relation to
skin carcinogenesis processes.

The harmful effects of exposure to ultraviolet (UV) radiation are widely known nowadays and
it depends on the time of exposure (chronic or acute) [5]. The excessive exposure to ultraviolet
radiation reflects much more serious effects: premature aging of the skin, immunosuppression,
damages to the eyes, and it can be also associated to different types of skin cancer [6-8]. Our
society is becoming aware that sun exposition to other wavelengths of light (not UV only) has
important consequences to the skin health [9-11]. However, the molecular mechanisms
involved are only starting to be uncovered.

The Scientific Committee on Emerging and Newly Identified Health Risks published an opinion
on light sensitivity, which identified ultraviolet radiation as a risk factor for the aggravation of
the light-sensitive symptoms in some patients bearing the chronic diseases actinic dermatitis and
solar urticaria [12]. Moreover, scientific evidence relies on the potential impacts on public health
caused by the artificial light, including the visible light spectrum, like in jaundice and other
photosensitizing conditions [13, 14]. It is necessary to study further the impacts of visible and
invisible ranges of light as well as characterizing some molecules that can act as photosensitizing
agents and reduce side-effects of UV radiation from sunlight or from another light source.
Additionally, several parts of the known visible spectrum can generate photosensitivity. How-
ever, the severity of the effect depends on the wavelength, intensity, and time of exposure.

Lipofuscin is a subproduct of cross-link reactions among oxidized lipids, proteins, and organ-
elles, accumulated mainly in lysosomal compartment during oxidative stress [15]. Lysosomal
hydrolases cannot digest lipofuscin that accumulates, progressively, inside the cells as electron-
dense granules around the nucleus, especially during the post-mitotic period. Besides that,
lipofuscin granules can incorporate transition metals, such as iron and copper, catalyzing Fenton
or like-Fenton reactions, which generate the hydroxyl radical, a highly reactive oxygen specie
that attacks DNA, protein, and lipids [16]. Many studies have investigated the properties and
photochemistry of lipofuscin in retinal pigment epithelium (RPE) cells [17-21]. The lipofuscin of
RPE cells has absorption peaks in the ultraviolet B range (280-330 nm) with emission in
570-605 nm [19, 20] and also absorbs blue light (A = 420 nm), generating singlet oxygen [21].
However, the cellular composition of lipids and proteins change among different cell types,
assigning different photochemistry properties. Few studies have been done about lipofuscin in
the human skin cells and its exact role in phototoxicity has never been described for that tissue.

In a recent publication by our group [22], we described that lipofuscin can act as an endogenous
photosensitizer and lead to a higher sensitivity of human epidermal keratinocytes (HaCaT) to
visible light. We observed that UVA dose of 12 J.cm > stimulates autophagy inhibition and
lipofuscin accumulation in keratinocytes, which promote singlet oxygen production and induce
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photodamage in cells when exposed to the visible light source. Here, we revised the main
publications in this area and we show why lipofuscin indeed act as an additional photosensitizer
to visible light in primary and immortalized human skin keratinocytes (NHK and HaCaT,
respectively). This photosensitization of lipofuscin was able to increase the photooxidative pro-
cesses inside the cell, generating singlet oxygen and promoting important damages in nucleic
acids (FPG and Endo III in comet assays to identify DNA lesions).

1.1. UVA radiation followed by visible light causes higher cytotoxicity

Harmful effects caused by UVA radiation to eukaryotic cells have been thoroughly described
[23]. Here, we quantified cell viability based on the reduction of 3 (4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reagent, using different UVA radiation doses over
immortalized human epidermal keratinocytes (HaCaT) and keratinocytes isolated from neo-
natal foreskin (NHK). Cells were exposed to increasing doses of UVA light and 48 h after
irradiation we observed that HaCaT and NHK cell survival were around 50% at doses of 12 J.
cm 2 and 6 J.cm ™2, respectively (Figure 1). Depending on the light dose and cellular proper-
ties, such as the level of labile iron, cells will die mainly by necrosis and/or apoptosis [24].
However, live cells previously irradiated by UVA were then exposed to visible light and their
survival rates were even lower than those ones obtained when we employed single light
sources or inverted irradiation protocol (visible light - UVA) (Figure 2). This result led us to
investigate whether UVA radiation could turn keratinocytes highly sensitive to visible light.

1.2. UVA radiation causes inhibition of autophagic flux and consequent lipofuscin
accumulation

Profiles of apoptotic and necrotic cell death are very common in response to UVA exposure
and they occur due to the prooxidant condition that severely decreases cell viability [25, 26].
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Figure 1. Viability curves as a function of UVA dose. Cell viability was measured 48 h after irradiation and is expressed as
a percentage of MTT reduction by HaCaT (a) and NHK (b) cells. HaCaT and NHK cells reached survival of 50% at doses
of 12 J.em 2 and 6 J.cm 2, respectively. Bars indicate mean 4 standard deviation (SD) for three independent experiments.
Statistical analysis was performed using SigmaStat v.3.5 (Abacus Concepts, Berkeley, CA), performing one-way ANOVA
test followed by Holm-Sidak posttest. Statistically significant differences are shown for p < 0.05 (*), p < 0.01 (**), and
p <0.001(**). From [22] with permission.
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Figure 2. Viability of HaCaT (a) and NHK (b) cells after different light treatments based on MTT reduction (Visible = 36 J.
em 2, UVA = 12 J.em~?). They were considered statistically significant differences for p-values <0.05 (*), <0.01(**) and
<0.001(***) in one-way ANOVA analysis. From [22] with permission.

There are few reports describing that redox misbalance and the formation of oxidized bio-
molecules can activate autophagy in normal and autophagy-deficient cells [27]. Lamore and
co-workers showed that inactivation of lysosomal enzymes, such as cathepsins B and L, causes
autophagic inhibition, with a consecutive accumulation of lipofuscin in dermal fibroblasts [28].
Therefore, UVA can lead to an efficient cell death concomitantly with autophagy or a sequen-
tial and temporal accumulation of lipofuscin in the survival cells, as previously suggested by
Terman et al. [29] and Lamore and Wondrak [30].

We confirmed that lipofuscin accumulation in HaCaT cells after 48 h from exposure to UVA
radiation at 12 J.cm 2. Tt was possible to observe a five-fold higher values to the autofluorescence
emission of lipofuscin in UVA-treated HaCaT. Figure 3 shows this increment in both populations
of cells (small and large ones). The scatter-plot contour of lipofuscin autofluorescence (FL1 Log)
according to the cell size (FSC), obtained by flow cytometry in control cells and irradiated ones
with UVA light. Average values of the population are represented in quadrant Q2 that character-
ize lipofuscin accumulation in UVA-treated cells (18 J.cm™?) (Figure 3b) in relation to non-
irradiated ones (dark) (Figure 3a).

The light absorption of lipofuscin in human skin keratinocytes extends from blue to green
range of the visible spectrum. In fact, we detected a typical perinuclear fluorescence of
lipofuscin (> 515 nm), when we excitate live cells with 450-490 nm. This fluorescence increased
when primary and immortalized keratinocytes were exposed to growing doses of UVA, in a
dose-dependent manner. Besides, lipofuscin-loaded keratinocytes showed a higher level of
singlet oxygen generation when excitated at 490 nm instead of another wavelengths (Figure 8).
Therefore, lipofuscin granules from human skin keratinocytes seem more sensitive to blue
light. Performing the time-resolved fluorescence microscopy, we detected the fluorescence
lifetime (FLT) for lipofuscin granules, indicating a fluorescence emission lifetime around to
1.7 ns (Figure 4).

Lipofuscin FLT was already related as the fastest lifetime component of typically 190 ps in the
retinal pigment epithelium [31]. Considering histograms of lifetimes after fluorescence excitation
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Figure 3. UVA radiation induces lipofuscin accumulation. (a) Scatter-plot contour of lipofuscin autofluorescence (FL1)
versus forward-scattered light (FSC height), obtained by flow cytometry for dark control (upper diagram) and UVA-
irradiated cells (18 J.cm ™2, lower diagram). (b) Mean values + SD of cell subpopulations for dark control and UVA-
irradiated represented in the quadrant Q2 {lipofuscin was accumulated [Lipofuscin (+)] and increased cell size [FSC (+)]},
and quadrant Q3 {lipofuscin was accumulated without increasing cell size [FSC (—)]}. Lipofuscin was excited at 488 nm
and emission detected at 630 nm. Statistically significant differences were considered for p < 0.001(***). From reference
[22] with permission.

and determined at the living human eye ground in the parapapillary region, a very low lifetime
was calculated most frequently in the long-wavelength emission range (A > 500 nm) [32]. Our
experiments showed that lipofuscin-loaded HaCaT cells (irradiated with UVA 12 J.em ™) can
accumulate higher and perinuclear lipofuscin granules than those cells experimenting apoptosis
(irradiated with 18 J.cm 2, data not shown). Different lipofuscin composition can be conceived
from FLT analysis since three lifetimes were obtained from cells irradiated at 6 and 12 J.cm 2,
and four lifetimes from irradiated cells at 18 J.cm > of UVA light. A similar decrease of fluores-
cence lifetime has been observed for fixed and live cells [33]. No differences were found between
FLT in artificially induced lipofuscin by another photosensitizer or by previous UVA light

exposition (data not shown).

Accumulation of lipofuscin was also reported in dermal fibroblasts after UVA exposition [28].
We quantified lipofuscin fluorescence in HaCaT and NHK cells 48 h after the exposure to UVA
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Figure 4. Lipofuscin accumulation and fluorescence lifetime in NHK cells. (a) Dark control. (b) NHK UVA-irradiated cells
(6 J.cm ™). White arrowheads indicate perinuclear aggregates of lipofuscin. (c) Visible light-irradiated cells (36 J.cm™?).
Images were obtained using a single molecule lifetime confocal microscope (Picoquant’s Microtime 200). Samples were
excited at 509 nm and emission was captured with a long-pass filter at 519 nm. Fluorescence decay curves of lipofuscin
fluorophores were recorded by TCSPC mode. n = nucleus. From [22] with permission.

radiation (Figure 5), and we identified lipofuscin accumulation in the perinuclear region using
Sudan Black B staining in both cell lineages (Figure 6).

Additionally, using transmission electron microscopy, we visualized electron-dense lipofuscin
granules in the perinuclear region of HaCaT cells after 48 h from exposition to UVA radiation
(Figure 7).

Although the accumulation of lipofuscin after UVA is evident, we needed further controls
to definitively prove that it was lipofuscin photosensitization that caused an extra reduction
in cell viability and not another mechanism induced by UVA. Note that UVA without
formation of lipofuscin (inhibited by iron chelator) does not lead to a higher reduction in
cell viability by visible light. The chemical induction of lipofuscin, employing a chemical
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Figure 5. Lipofuscin fluorescence in HaCaT and NHK cells. Autofluorescence of HaCaT (a) and NHK (b) cells 48 h after
exposure to UVA. Cell fluorescence was measured from TIF images, converted to 16-bit, and delimiting fluorescent area
with polygonal selection, obtaining data per area, mean gray value, and integrated density from different images for each
sample (HaCaT dark, 6 and 12 ].cm’z; n =11, n =25, n = 20, respectively; NHK dark, 3 and 6 ].cm’z; n=5n=8 n=8,
respectively). Total cell fluorescence (TCF) was normalized using the following formula: TCF = integrated density —
(selected area x mean fluorescence of background readings). Statistical analysis was performed using SigmaStat v.3.5.
(Abacus Concepts, Berkeley, CA), performing one-way ANOVA test and Holm-Sidak posttest, considering statistically
significant difference for p <0.01 (**) and p < 0.001(***). From [22] with permission.
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Figure 6. Lipofuscin identification by Sudan Black B staining in HaCaT and NHK cells. Both HaCaT and NHK cells were
stained with Sudan Black B (SBB) 48 h after UVA radiation. Images were obtained using bright-field transmitted light
microscopy. Whitehead arrows indicate lipofuscin stained by SBB. n = nucleus. For HaCaT cells are shown (a) Dark, (b)
UVA 6 J.em ™2, (c) 12 J.em ™2 and for NHK cells (d) Dark, () 3 J.cm 2 and (f) 6 J.cm 2. Quantification of SBB staining in
HaCaT (g) and NHK (h) cells. Images were converted to 8-bit grayscale. The sbb-stained area was delimited by adjusting
cutoff levels of gray values in order to obtain area and mean gray value. Integrated intensity was divided by area from
different images for each sample (HaCaT dark, 6 and 12 Jem % n=3n=10,n=10, respectively; NHK dark, 3 and 6 J.
em % n=6,n =7, n =4, respectively). One-way ANOVA analysis followed by Holm-Sidak posttest was performed in
SigmaStat (v.3.5). Statistically significant differences are shown for p < 0.001 (***). From [22] with permission.

inhibitor of autophagy (chloroquine), causes this additional cell death, even without UVA
irradiation (Figure 8).

1.3. Lipofuscin acts as a photosensitizer and causes pre-mutagenic lesions after the visible
light exposition

Recently, we have shown that DNA of melanocytes suffers direct oxidative damage by mela-
nin photosensitization with visible light [34]. We tested other skin lineages to verify if these
damages can also occur from excessive exposition to visible light in response to the presence of

95
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Figure 7. Lipofuscin accumulation in HaCaT cells after exposure to UVA by TEM. Lipofuscin was identified in the
perinuclear region of HaCaT cells using transmission electron microscopy 48 h after exposition to UVA radiation. (a) Dark
control. (b) UVA-irradiated cells (6 J.cm™?) showing the typical accumulation of electron-dense granules of lipofuscin. (c) and
(d) show lipofuscin in details. Whitehead arrows indicate lipofuscin granules. (n = nucleus). From [22] with permission.

natural photosensitizers as lipofuscin. To perform that, we calculated singlet oxygen production
in HaCaT cells. For these cells, it was possible to identify that accumulated lipofuscin presented
singlet oxygen phosphorescence emission after exposition to UVA light (data not shown) and
increasing in DCF oxidation, indicating higher levels of chemical oxidizing species in UVA + Vis
group (Figure 9). Moreover, if we treat previously HaCaT keratinocytes with a known UVA dose
able to induce autophagy inhibition and lipofuscin accumulation (i.e. 12 J.cm ™), after sequential
irradiation with visible light (36 J.cm ), it is only possible to observe significant reduction on cell
viability and concomitant higher levels of DNA damage after the second irradiation step
(increase in olive tail moment—OTM) (Figures 10 and 11). Control cells were irradiated with
36 J.cm 2 of visible light only, and they did not show phototoxicity.
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Figure 8. Cell viability based on the reduction of MTT in HaCaT cells. UVA radiation or by treatment with 60 uM
chloroquine (a) UVA-treated cells (12 J.cm?) were immediately incubated with 30 uM deferiprone (DFP), an iron-
chelator, avoiding lipofuscinogenesis. Forty-eight hours after initial challenge, cells were photosensitized with visible
light (Vis) (36 J.cm2). (b) Cells incubated in the presence (chlor”) or absence (chlor™) of chloroquine (an autophagic
inhibitor). Forty-eight hours after cells were photosensitized with visible light (Vis). MTT assay was measured after 48 h
from the last irradiation. Bars indicate mean + standard deviation. Statistical analysis was performed using SigmaStat
v.3.5 (one-way ANOVA followed by Holm-Sidak posttest). Statistically significant differences are shown for p < 0.05 (*)
and p <0.01 (**). From [22] with permission.

Lipofuscin is a pigment that absorbs visible light and generates enough amounts of triplet and
singlet oxygen [21]; therefore, it is likely that this pigment will engage in photosensitization
reactions if cells were exposed to specific light sources, as sunlight. Interestingly, lipofuscin
that has accumulated in keratinocytes-induced DNA damage, trigging type I and II photosen-
sitization reactions when we employed visible light (see FPG and Endo III data in Figure 10).
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Figure 9. Dichlorofluorescein (DCF) assay for detection of oxidizing species in NHK cells measured immediately after the
exposure to visible light. The increasing percentage of fluorescence per cell was calculated by %Fluorescence =
[(Ftso — Fty)/(Fto+100)], where Ft3 is the fluorescence at 30 min and Fty is fluorescence at 0 min. After 48 h from the first
irradiation, cells were exposed to visible light (Dark+Vis and UVA + Vis). Bars indicate mean + SD obtained from three
independent cell culture experiments (n = 3). Statistical analysis was performed using SigmaStat v.3.5 (one-way ANOVA
followed by Holm-Sidak posttest). Statistically significant differences are shown for p < 0.05 (*) and p < 0.01 (**). From [22]
with permission.
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Figure 10. Visible light is phototoxic to lipofuscin-accumulating keratinocytes and causes oxidative DNA damage. Comet
assays were performed after light treatment (UVA 6 J.cm 2 and visible light 8 J.em™?) in the absence (a and c) and

presence of FPG (b) and Endo III (d) enzymes. Quantification of olive tail moment (OTM) for (a) and (b) are shown in
(e) and for (c) and (d) in (f). Statistically significant differences are shown for p < 0.001 (**). From [22] with permission.
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Figure 11. DNA fragmentation (comet assay) after irradiation protocols employing UVA and visible light sources. HaCaT
cells were exposed to protocols with isolated light sources (UVA or visible light only) and a sequential protocol of irradiation
(previous irradiation with UVA followed by visible light exposure). The graph shows the quantification of cumulative DNA
damage when light sources are combined (see the figures right below the graph). Statistically significant differences were
considered after one-way ANOVA analysis and Holm-Sidak posttest (**p < 0.01). From [22] with permission.
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2. Conclusions

In this chapter, we reported that lipofuscin-loaded human skin keratinocytes presented higher
sensitivity to visible light after their exposure to UVA radiation. Photosensitization of lipofuscin
by visible light reduces cell viability, generating singlet oxygen and premutagenic lesions in
nuclear DNA, as 8-oxo-dG. Here, we have indicated that lipofuscin can absorb the blue light
more than other wavelengths, emitting fluorescence above 515 nm.

We consider that the exposure to risk factors like sunlight, which contain UVA and visible
light, might have more attention as a public health problem and as a medical/dermatological
alert for consumers, especially children. UVA radiation from not only sunlight can potentially
increase the risk and incidence of skin cancer. UVA fingerprints are present in the majority of
deeper-layer skin tumors and nowadays we have a similar situation occurring with the visible
part of the light spectrum. The scientific community is clearly showing that this region of the
solar spectra can have hazardous effects on the skin, but there are still few mechanistic
explanations. Our results indicate that effects of UVA and visible light can amplify each other,
and therefore, it is critical to start considering visible light in terms of human sun protection.
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Abstract

The mechanism of the photochemical fragmentation reaction is investigated theoreti-
cally using the model system, hydantoin, using the CAS(22,16)/6-31G(d) and MP2-CAS-
(22,16)/6-311G(d)//CAS(22,16)/6-31G(d) methods. The model investigation demonstrates
that the preferred reaction route for the photofragmentation reaction is as follows:
hydantoin — Franck-Condon region — conical intersection — fragment photoproducts
(i.e., CO, isocyanic acid, and methylenimine). The theoretical finding additionally sug-
gests that no organic radicals exist during the fragmentation reaction. Moreover, due to
the high activation energy, the theoretical evidences suggest that it would be difficult to
yield the three fragments under the thermal reaction. All the above theoretical observa-
tions are consistent with the available experimental results.

Keywords: hydantoin, 2,4-imidazolidinediones, photofragmentation, conical
intersection, CASSCF

1. Introduction

Hydantoins (or 2,4-imidazolidinediones, 1) are known to be useful chemicals in various phar-
maceutical and agrochemical fields [1]. In order to examine the electronic structure, infrared
spectrum, and unimolecular UV-induced photochemistry of the parent hydantoin monomer,
Ildiz and co-workers recently reported that upon irradiation at A = 230 nm, photochemical
transformation of matrix-isolated 1 took place leading to formation of CO, isocyanic acid, and
methylenimine (Scheme 1) [2]. However, since then neither experimental nor theoretical work
has been devoted to the study of the photofragmentation mechanism of such five-membered
ring heterocyclic molecule. In order to obtain more understanding of the photochemical

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Scheme 1. The experimental result. See ref. [2].

behaviors of the transformation of hydantoin and their related heterocyclics to various pho-
toproducts, the potential energy surfaces on its both singlet ground state and singlet excited
state were investigated by CASSCF and MP2-CAS calculations. It will be shown below that
the conical intersection (CI) [3-8], whose geometrical structure is fragments-like, plays a cru-
cial role in the unimolecular photochemistry of hydantoin.

It is well established that most photochemical reactions begin from an excited potential sur-
face and then cross over to a lower surface along the reaction route. They subsequently arrive
on the ground state surface through a series of radiationless transitions (i.e., Cls). Eventually,
they generate the photoproducts on the ground state surface [3-8]. That is to say, it is the
presence of minima and transition states on the ground and excited state that controls the
photochemical reactions [3-8].

2. Methodology

The theoretical results of the ab initio complete active space multiconfiguration self-consistent
field (CASSCEF) level of theory were achieved using the Gaussian 09 software package [9]. In
this work, six o, six 7, and four nonbonding orbitals were selected as active orbitals. In addi-
tion, the optimization of ClIs was achieved in the (f-2)-dimensional intersection space using the
method of Robb et al. implemented in the Gaussian 09 program [9]. As a result, the 22 electrons
in 16 orbitals CASSCF method was utilized with the 6-31G(d) basis sets (CAS(22,16)/6-31G(d))
for geometrical optimization.

The multireference Moller-Plesset (MP2-CAS) algorithm [10], which is given in the program
package GAUSSIAN 09 [9], has also been utilized to compute dynamic electron correlations.
In this work, the relative energies mentioned in the text are those determined at the MP2-
CAS-(22,16)/6-311G(d) level using the CAS(22,16)/6-31G(d) (hereafter designed MP2-CAS
and CASSCF, respectively) geometry.

3. Discussion

The central feature of the photochemical mechanism of 1 is the location of CI in the ground
and excited electronic states. In this work, we shall use the molecular orbital (MO) model as
presented in Figure 1 as a basis for the interpretation of the phototransformation mechanism
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Figure 1. A  molecular orbital diagram for hydantoin (1).

of 1. From Figure 1, one may see that two node planes (dashed lines) existing on the lowest
molecular orbital (LUMO) are between N,C,, C)N,, and N,C; atoms, whereas only one node

plane exists on the highest molecular orbital (HOMO). These phenomena strongly imply the
photofragmentation behaviors of hydantoin (1).

Figure 2 contains all the relative energies of the key points with respect to the energy of the
reactant, 1. Moreover, the geometrical structures of these points on the possible mechanistic
pathway of Figure 2 are demonstrated in the same figure.

At the beginning, 1 is promoted to its excited singlet state by a vertical excitation as shown in the
left-hand side of Figure 2. Our MP2-CAS vertical excitation energy to the lowest excited S, state
of 1 was computed to be 127 kcal/mol. However, according to the available experimental report
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Figure 2. Potential energy surfaces for the fragmentation reaction of hydantoin (1). The abbreviations FC, TS, CI, and
Pro stand for Franck-Condon, transition state, conical intersection, and products, respectively. The relative energies were
obtained at the MP2-CAS-(22,16)/6-311G(d)//CAS(22,16)/6-31G(d) and CAS(22,16)/6-31G(d) (in parentheses) levels of
theory. The selected geometrical parameters (A) of CASSCF optimized structures of the stationary points are also given.
Hydrogen is omitted for clarity. The heavy arrows in the TS indicate the main atomic motions in the transition state

eigenvector. For more information, see the text.

shown in Scheme 1, the experimental wavelength A =230 nm (=124.3 kcal/mol in energy) [2] is
somewhat lower than our computational data. Nevertheless, it is believed that the present calcula-
tions should provide a good estimate of the relative energies for the parent hydantoin (1) system.
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As seen in Figure 2, after the vertical excitation process, 1 is located on the excited singlet
surface but still possesses the S, (ground state) geometry (FC). From the point reached by
the vertical excitation, 1 relaxes to reach an S /S, CI, where the photoexcited system decays
nonradiatively to S,. Examining the geometrical structure of CI given in Figure 2, it is
noteworthy that its N —C,, C.—N,, and C,—C, bond distances were calculated to be 1.439,
3.375, and 1.893 A, respectively, which strongly imply that these chemical bonds are eas-
ily broken due to the node planes appeared between these atoms in the LUMO, as already
schematically illustrated in Figure 1. The computational results predicted that the energy of
S,/S, CI lies 106 kcal/mol above 1 and 21 kcal/mol below FC at the MP2-CAS level of theory.
Funneling through S /S CI, different reaction pathways on the ground state surface may be
anticipated by following the derivative coupling vector or the gradient difference vector direc-
tions.? Figure 2 shows that the derivative coupling vector is mainly related to the N1C2, C2N3,
and C,C; stretching modes that give three kinds of fragment products (i.e., CO, isocyanic acid,
and methylenimine) on the S, surface. On the other hand, gradient difference vector gives the
asymmetric C,N,C,C, bending motion that may lead to a vibrationally hot 1-S; species. It has
to be noted that this photoreaction path is a one-step process (the direct mechanism), which
only involves the S,/S; CI point. Besides, this work predicts that the reaction pathway for the
photofragmentation of 1 should be a barrierless route. In consequence, the process of the pho-
tochemical reaction path can be represented as follows (Figure 2):

1 - FC - §,/S,Cl - CO+H-N=C=0+H-N=CH,

This work also examined the thermal reaction (Scheme 1) on the ground state (S)) potential
energy surface using the same levels of theory. In spite of the fact that photoexcitation elevates
1 into an excited electronic state, it was already emphasized that the products of the photo-
chemical reaction are influenced by the S potential surface [2]. If one searches for transition
states on the S surface near the structure of S,/S; CI, one may obtain TS. From Figure 2, the
energy of the TS connecting 1 and Pro on the S surface lies about 20 kcal/mol below that of
the S,/S, CI. It should be mentioned here that the calculated results reveal the energy barriers
for 1 — Pro and Pro — 1 are estimated to be 86 and 6.0 kcal/mol, respectively. This theoretical
evidence indicates that it would be difficult to generate the three fragments (i.e., CO, isocy-
anic acid, and methylenimine) under the thermal (dark) reaction, which agrees well with the
experimental observations [2].

Besides these, one may argue that it is possible to have radical formation in such a photofrag-
mentation reaction. In fact, the CAS(22,16)/6-31G(d) method has been used to calculate the
energies of some radicals (such as HN=C=Oe and COe¢). Their relative energies, however, are
higher than that of the CI (121 kcal/mol, at most 133 kcal/mol). Therefore, the radical mecha-
nism is not considered in this work.

4, Conclusion

In conclusion, the present theoretical computations demonstrate that upon absorption of a
photon of light, the hydantoin (1) is excited vertically to S, (FC) via a (7t — 7*) transition.
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Subsequently, the excited 1 can enter an extremely efficient channel. From the CI point, 1
continues its development on the ground state potential surface to yield the photoproduct
through either the radiationless path or return to 1 at the singlet ground state. Additionally,
the theoretical examinations suggest that no other radicals exist in such a photofragmenta-
tion reaction. Also, the theoretical findings indicate that under the thermal procedures, the
fragmentation reaction of 1 should be failed. All these theoretical findings can give successful
explanations for the available experimental finding [2].
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Abstract

The three aryl rings of triarylmethanes are free to rotate. However this free rotation can be
restricted on either by bridging the aryl rings through covalent bonds or through hetero-
atoms resulting in the formation of Conformationally Restricted Triarylmethanes (CRT).
The photophysics and photochemistry of these CRTs, like 9-arylxanthenes (oxygen bridg-
ing), 9-arylthioxanthenes (sulfur bridging), 9, 10-dihydro-9-arylacridines (nitrogen bridg-
ing), 9-arylfluorenes (bridging through carbon—carbon covalent bond) have recently been
the subject of number studies. Various applications of CRT molecules have been devel-
oped out of which application as photoredox catalyst is undoubtedly the most important.
In this chapter, we have highlighted recent development of various CRT molecules, their
photophysics, photochemistry and an application in the field of photoredox catalysis.

Keywords: conformationally restricted triarylmethanes (CRTs), 9-arylfluorenes,
9-arylxathenes, 9-arylthioxanthenes, photophysics, photochemistry,
photoredox catalysis

1. Introduction

Triarylmethanes are compounds in which a carbon atom is linked to three aryl rings (both
aromatic as well as heteroaromatic) which may be same or different. The most simple triaryl-
methane namely, triphenylmethane was first synthesized by August Kekule in 1872 by heat-
ing diphenyl mercury and benzal chloride [1]. Currently, more than thousand references can
be found citing this molecule [2]. The development in the synthesis as well as application of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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these molecules have attracted various scientists with diverse field of research on this molecu-
lar scaffold leading to further high-end applications of these molecules. For example, simple
triarylmethane derivatives have shown significant bio-activity against intestinal helminthes,
filariae, trichomonads and trypanosomes [3]. Moreover, hydroxy substituted triarylmeth-
anes are known for their antioxidant properties, antitumor activities as well as inhibitors of
histidine protein kinases [4, 5]. Letrozole, Vorozole are effective Non-Steroidal Aromatase
Inhibitors used commercially for the treatment of breast cancers [6-10]. (Tram-3), (Tram-4)
are common organic dyes based on triarylmethane used in industry (vide Chart 1). Further,
(Tram-1), (Tram-2), are common acid-base indicators [11], (CRT-2) and (CRT-10) are triaryl-
methane derivatives widely used as photoredox catalysts to synthesize various useful mol-
ecules (vide Chart 2) [12-14]. Various thermosetting condensed polynuclear aromatic resins,
polymers, materials, drugs are also prepared based on this molecular scaffold (Figure 1) [15].

Through various non-covalent interactions, extended networks of hydrogen bonds, steric
interactions, cycles/polycycles present in a molecule, the rotation of groups attached to the
central carbon are restricted thereby decreasing the conformational mobility enjoyed by the
molecules. This change in the conformation of the molecule in general not only modulates
different physical properties of the molecule but also influences different photophysical and
photochemical properties of the molecule [16, 17]. For example in open chain molecules due
to rapid rotation of various bonds the vibrational relaxation of these molecules from the
excited state to the ground state through non-radiative pathways are very rapid and these
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Chart 1. Some common conformationally flexible triarylmethanes molecules.
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Chart 2. Some common conformationally restricted triarylmethanes molecules.

compounds are seldom fluorescent while in cyclic molecules due to the restriction of free rota-
tion in the molecules there is a decrease in the vibrational relaxation through non-radiative
pathways and hence there is a increase in the fluorescent quantum yield. To study the effect
of this decrement in the conformational freedom and the properties that arise due to this
restriction scientists term the molecules with such reduced conformational mobility as “con-
formationally restricted analogues” [18].

Due to the various non bonded interactions among the ortho protons/substituents in triaryl-
methanes, the triarylmethanes exhibit ‘molecular propeller conformation’ in the ground state
[17-21]. However, the three aryl rings attached to the central carbon atom rotate freely. This
free rotation is restricted as shown in Figure 2, on bridging the two aryl rings with heteroat-
oms or bridging the aryl rings through bonds forming various types of molecules like 9-arylx-
anthenes (oxygen bridging) [22], 9-arylfluorenes (bridging through C-C bond) [23].
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Figure 2. Restricting conformational flexibility through covalent bonding or bulky substitution to produce CRT molecules.

The presence of three aryl rings as well as the non-fluxional nature of the molecule results in
easy abstraction of the corresponding methine hydrogen and thus faster generation of the cor-
responding free radicals; carbocations as well as carbanions [24]. In fact, Arnett and cowork-
ers have described 9-arylxanthenes (a typical example of CRTs) as a subset of triarylmethanes
[25, 26]. Both triarylmethanes, and 9-arylxanthenes are therefore can be considered as amphi-
hydric compounds. These CRT compounds are reported to exist in two forms; one benzenoid
and other quinoid structures due to this amphihydric nature as shown in Figure 3 [27].

This benzenoid and quinoid structures along with the conformational restriction results in
various interesting photophysical properties namely, the benzenoid form in the 9-arylxan-
thene derivatives being colorless while the quinoid form is intensely colored. In the benzenoid
form the 7 electron delocalization in the chromophore is interrupted causing the absorption
to be in the ultraviolet region and hence colorless while in the quinoid system this is uninter-
rupted causing the absorption to be in the visible region and hence is colored [28]. In the pres-
ence of base in (Tram-1), (Tram-2) and their derivatives intramolecular lactonization occur
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Figure 3. Two structural forms of CRTs.

thus reverting to a benzenoid structure and hence becoming colorless, which has been aptly
used to develop various pH indicators as well different dye stuffs [29]. Moreover, in the CRTs,
due to the rigid structure, the rate and extent of different relaxation processes involved in the
relaxation of the excited molecules to the ground state differs thus showing different fluores-
cence quantum yield. For example, the CRT molecule (CRT-1), displays very high fluores-
cence (fluorescence quantum yield = 0.92, A excitation = 485 nm) whereas the corresponding
flexible analogue, (Tram-1) is almost non-fluorescent [30].

2. Photophysical studies of CRTs: effect of conformational restriction
on the photophysical properties

2.1. Photophysics of unrestricted triarylmethanes

The UV-Vis spectrum of the conformationally flexible triarylmethanes are very interesting with
predominately two types of absorption bands being observed namely, the x band and the y band
as shown (Figure 4). The x band arises through the transition of electron from the nonbonding
molecular orbital of the molecule to the lowest unoccupied molecular orbital while the y band
arises through the transition of the electron from the second highest occupied molecular orbital of
the dye to the lowest unoccupied molecular orbital of the dye. This UV-Vis spectrum is found to
depend strongly depends on various factors like the structure of the molecule [31-35], concentra-
tion [36], pH of the solution [37] as well as temperature [38]. Further due to the conformational flex-
ibility and synchronous rotation among the attached aryl rings, the relaxation of the vibronically
excited triarylmethanes to the ground state can occur through various radiation less processes. Due
to this vibrational cascading the luminescence intensity and lifetime decrease in conformationally
flexible triarylmethanes. However, this vibrational cascading is strongly affected by various factors
like concentration, presence of other molecules (proteins/polymers, etc.), pH of the solution, as well
as temperature thereby affecting the intensity of various luminescent processes [39].

2.2. Photophysics of conformationally restricted triarylmethanes

Decreasing the synchronous rotation of the aryl rings and hence the conformational flexibility in
triarylmethanes has a profound influence in the observed photophysics of the triarylmethanes.
The most significant change observed is the increase in the intensity of various luminescence
processes. This is due to the fact that on conformational restriction, the relaxation of the excited
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Figure 4. The absorption spectra of triarylmethane (Tram-5) showing the a, B and also the u band at three different
concentrations. Taken from Chem. Rev., 1993, 93, 381 with permissions from American Chemical Society.

state molecule to the ground state through various radiation less transitions decreases causing
an increase in the intensity of the various luminescent processes [30]. Furthermore, the rate of the
intersystem crossing also increases [40] thereby increasing the population of the triplet state [41].

2.2.1. Effect of structure

The functional groups/ the substituent atoms attached to a molecule modulate the photophys-
ical properties of the molecule to a large extent. For example electron withdrawing groups
like nitro groups affects the intramolecular charge transfer processes in the molecule [42],
a tertiary amine group increase the rate of relaxation to the ground state through various
non-radiative transitions arising due to the rapid rotation around the substituents attached
to nitrogen and hence causes a decrease in fluorescence quantum yield [43, 44], heavy atom
substituents like iodo, bromo increase the rate of intersystem crossing [45] through efficient
spin-orbit coupling decreasing the fluorescence lifetime and quantum yield and concomi-
tantly increasing the triplet emission yield [44].

In the CRTs the substituted aryl rings have a strong influence in the absorption-emission spec-
tra of these compounds. For example depending on the pH of the solution the hydroxy xan-
thene dyes like (CRT-1), (CRT-2), (CRT-3) and (CRT-4), remain either in the protonated form
or in the anionic form and the dianionic form. (Figure 5) [46], At low pH the protonated form
predominates, while at higher pH the anionic form predominates. At still higher pH the dian-
ionic form predominates. In the hydroxy xanthene dyes the emission quantum yield of the
protonated form is the lowest while the emission quantum yield of the dianionic form is the
highest [47]. Moreover, the greater conjugation observed in the dianionic form causes a red shift
in the absorption as well as emission spectra. The intermediate mono anionic species forms a
contact ion pair interaction and hence has a blue shift in the absorption-emission spectra [47].
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Figure 5. Fluorescent and non-fluorescent form of CRT-1 at different pH.

2.2.2. Effect of solvent, concentration and temperature

The different structural forms of the hydroxy xanthene dyes have different hydrogen bonding
ability with the solvent molecules which is reflected by the change in the UV-Vis absorption
spectra on changing the hydrogen bonding ability of the solvent. For example, as observed by
Martin and coworkers, with the increase in the hydrogen bonding effect of the solvent both
the absorption as well as the fluorescence spectra of hydroxy xanthene dyes shows a blue
shift [48]. This is due to the fact that hydrogen bonding interactions between the dye molecule
and the solvent stabilizes the ground state of the hydroxy xanthene molecules more than the
excited state causing an increase in the HOMO-LUMO energy gap and hence a blue shift in
the UV-Vis absorption spectra is observed (Figure 6). Also the fluorescence quantum yield
of these hydroxy xanthene dyes increase in such hydrogen bonding solvents. Moreover, in
polar aprotic solvents in which no solute solvent interaction can take place through hydrogen
bonding a red shift in the absorption-emission spectra is observed [49].

The hydrogen bonding interactions between the solute and the solvent molecules also stabi-
lizes the singlet as well as the triplet energy states of the solute molecules with the solvent
stabilization energy being most in the singlet ground state of the solute followed by the first
excited singlet state. The triplet excited state, is least stabilized through hydrogen bonding.
Thus the energy gap between the singlet excited state and the triplet excited state decrease in
the hydrogen bonding solvent thereby increasing the rate of intersystem crossing. This inter-
action also organizes the dye molecules in a particular order changing the distortion required
for internal conversion. This influences the rate constants as well as quantum yields for the
internal conversion [50, 51].

Various non-covalent interactions between the dye molecule and the solvent as well as
between the dye molecules result in the formation of dimer and/or higher order aggregates.
These aggregates modulate the absorption-emission spectra CRTs strongly depend on the
concentration of the CRT molecules. In fact, at higher concentration, the fluorescence spec-
tra of many CRT molecules like CRT-1, CRT-2 is self quenched [52]. For example dilute
solution of (CRT-1) and (CRT-2) (concentration less than 5 x 10° M) is in the monomer state
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and displays the fluorescence spectra of the monomer form while at concentration range
5 x 10° M to 10® M the fluorescence maxima shifts toward higher wavelength (smaller
energy). At very high concentration (above 2 x 10° M) with the concentration change there
is no change in the fluorescence maxima [52].

Temperature has a profound influence on the fluorescent as well as phosphorescent proper-
ties of the CRT molecules [53-56]. This is not only due to the dependence of the population
of molecules in a particular electronic state in a molecule depends on the temperature of
the molecule (according to Boltzmann distribution factor) but also due to the change in the
probability of de-excitation from various vibrational levels through non-radiative transitions
changing the fluorescent quantum yield on change in the temperature. Moreover, at low tem-
perature, CRT-5, CRT-6, CRT-7 show a decrease in the rate of photo degradation showing a
strong dependence of the photophysical properties on temperature as shown by Nagano and
coworkers [57].

2.2.3. Photoinduced electron transfer (PET) in CRTs

Excitation of molecules from the ground state to the excited state increases the redox activ-
ity of the compound. This is due to the fact that on excitation of an electron from the ground
state creates an “electron hole” in its highest occupied molecular orbital as well as equivalent
amount of electron occupancy in the lowest unoccupied molecular orbital. However, the elec-
trons in the LUMO energy level are loosely bound and hence can be easily detached (hence
greater reducing ability) while the electron hole in the HOMO results in greater electron affin-
ity (hence greater oxidizing ability).
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The fluorescence quantum yield of the 9-arylxanthenium ion type of CRT derivatives have
been found to be high (fluorescence ®= 0.45) [53]. However, this high fluorescence quan-
tum yield is effectively quenched in various CRTs molecules having electron-rich aromatic
substituents due to a PET from the electron-rich aryl rings to the fluorophore takes place,
quenching the observed fluorescence [54]. For example the fluorescence quantum yield
of (CRT-6) is 0.90 while when the carboxy group of (CRT-6) is replaced with an electron
donating methyl group (CRT-9) the fluorescence quantum yield of the resulting compound
reduces to 0.35 [55]. Similarly, the fluorescence quantum yield of (CRT-1) is 0.92 while the
derivative of (CRT-1) formed by adding an electron-rich amino group in the 4’ position
has fluorescence quantum yield of 0.015 [56]. This effect has been proved through direct
flash photolysis studies as well as through directly isolating the radical/radical ion species.
Moreover, this fluorescence quenching strongly depends on the electronic nature of the aro-
matic donors, the oxidizing potential of the aromatic donors, as well as on the orientation
of the electron donors. Thus O-arylated derivatives of (CRT-1) have very low fluorescent
quantum yield compared to (CRT-1) molecules and on oxidizing with highly reactive oxy-
gen species revert back to the (CRT-1) molecule thus increasing the fluorescence quantum
yield (Scheme 1) [57]. However in molecules with electron poor aromatic substituents this
photoinduced electron transfer process is shut down due to the electron deficient aryl rings
and hence CRTs with electron poor aryl rings has higher fluorescence quantum yield com-
pared to the CRTs with electron-rich substituents. Moreover, due to higher excitation energy
of the singlet state the singlet excited state is more oxidizing compared to the triplet excited
state [58].

2.2.4. Photophysics of molecules formed through replacement of the bridging atom of CRT with
Si atom and other groups 14 and group 16 elements

Molecules formed through the replacement of the bridging heteroatoms in the CRT mol-
ecules with Si atom or other groups 14 elements such as Ge, Sn, modulate the energy levels
of the parent CRT molecules through various stereoelectronic effects causing a high batho-
chromic shift in the U.V-Vis absorption spectra. This is because the substituents attached to
the group-14 atom has a strong electron pushing inductive effect as well as has a strong o*-7*
conjugation between the group 14 atom substituent o* orbital and 7* orbital of the fluoro-
phore modulating the HOMO as well as LUMO energy levels. Moreover, this bathochromic
shift in the absorption maxima among the group 14 substituted CRTs decreases down the

. O .
LA coo” , .
O LT

o o o

R=0OH & NH;

Scheme 1. Photoinduced electron transfer between aryl rings and electron deficient xanthene rings.
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group opposite to that observed when the oxygen atom is replaced by group 16 elements.
This is due to the fact that in case of group 16 elements the resonance effect takes place
between the lone pair of electrons in the chalcogens and the fluorophore with the positive
charge being efficiently delocalized throughout the fluorophore resulting in a concomitant
decrease in the energy gap between the frontier orbitals. For example, the absorption max-
ima, fluorescence maxima, fluorescence quantum yield for (CRT-8) are respectively 552 nm,
575 nm and 0.84 whereas the same for (CRT-14) and (CRT-15) formed through the replace-
ment of the bridging oxygen atom with S and Se are 571 nm (A, CRT-14), 582 nm (A
CRT-15), 599 nm (A, CRT-14), 608 nm (A, CRT-15), 0.44 (@, CRT-14) and 0.009 (P, CRT-15)
respectively. The absorption maxima, fluorescence maxima, fluorescence quantum yield for
(CRT-9) are 549 nm, 575 nm and 0.35 respectively. For compound (CRT-12) and (CRT-13)
formed through the replacement of the bridging oxygen atom with Si and Ge the absorption
maxima, fluorescence maxima and fluorescence quantum yield are 646 nm (A, CRT-12),
635 nm (A,  CRT-13), 660 nm (A, CRT-12), 649 nm (A, CRT-13), 0.31 (@, CRT-12) and 0.34
(@, CRT-13)respectively [55].

3. Photochemistry of CRTs

3.1. Photooxidation and photoreduction

CTRs with photocleavable appendages dissociate into corresponding cations on irradiation of
ultraviolet light. The corresponding ions display a quinoid structure (vide supra, Figure 2) and
are highly colored. The resulting carbocation takes part in various photooxidation or photore-
duction processes. The photooxidation process involves ejection of an electron from the excited
state to form the respective triarylmethane carbocation (presumably in the triplet state) which
may further react with molecular oxygen to form organic peroxides. It may proceed to further
oxidized products or may lose an electron to the solvent molecule to form the respective triaryl-
methane radical ion or solvated electrons which further reacts with molecular oxygen to form
the peroxides (vide Scheme 2). The photoreduction process involves either hydrogen atom
abstraction or electron abstraction process through a photoexcited triplet state.

Radical dication pathway
(CRTs) M= ('CRTs) —= (*CRTsf”

[QCF'.TST:‘} + Solvent —= (CRTs) + & (Solvated)
(*CRTs] + 0, — = (peroxides)—= products
Radical pathway

(*CRTs}" + & (Solvated) —» (*CRTs) + solvent

EI:ECRTS]IL 4 HO ——————= {CRTs)H [3CRT5]?:+ (8] 3]

Scheme 2. Different photooxidation processes of CRTs.



Photophysics and Photochemistry of Conformationally Restricted Triarylmethanes: Application...
http://dx.doi.org/10.5772/intechopen.76351

3.2. Photoredox catalysis

For practitioners of synthetic chemistry in the pharmaceutical industry, materials industry
as well as in the academia the ultimate goal is to develop practical, scalable processes with
minimum impact on the environment. On this line, if different sources of energy available to
humanity are compared then the light is the most abundant, endless, renewable, clean form
of energy and using light to transform raw materials to value-added products will always be
of high demand. Moreover, this mode of catalysis provides various new reactions through the
facile generation of reactive intermediates which are otherwise difficult/ impossible to obtain.
Though transition metal chromophores were used initially as photoredox catalysts, recently
organic dyes are being used.

3.3. CRTs as photoredox catalysts

The rich photophysics of CRT derivatives (e.g., facile intersystem crossing due to heavy atom
effect, photooxidation, photoreduction, PET, etc.) allow these molecules to be efficiently used
as photocatalysts. Especially, the hydroxy xanthene dyes (CRT-2), (CRT-3), (CRT-10) and
(CRT-11) are noteworthy.

3.3.1. (CRT-2) as a Photoredox catalyst

Due to the heavy atom effect in the (CRT-2) molecule, rapid intersystem crossing to the
triplet state can take place causing a high triplet quantum yield [59]. Moreover, a photo-
induced electron transfer from the benzoate ring to the xanthene fluorophore results in
efficient modulation of the redox properties if the dye molecule. The redox potentials of the
triplet excited state of (CRT-2) indicates that it becomes more oxidizing as well as reducing
on photoexcitation, thus photoexcited (CRT-2) can act as an electron donor (reducing prop-
erty) or electron acceptor (oxidizing property) under suitable conditions. Another property
of this molecule that is worth mentioning is the fact that due to significant triplet quantum
yield (CRT-2) can act as triplet energy transfer agent and thus can generate singlet oxygen
from air. [60].

3.3.2. Use of (CRT-2) in reduction reactions
3.3.2.1. Nitrobenzene to aniline

Under green light irradiation and in the presence of sacrificial reducing agents like trieth-
anolamine, strong electron acceptors like nitrobenzenes are reduced to aniline derivatives
(Scheme 3) [61]. Through flash photolysis experiments the mechanism of the reaction was
established. (CRT-2) loses an electron to the strong electron acceptor nitro group which is
converted to the intermediate radical anion. The photocatalyst returns to the ground state
through an electron acceptance from the sacrificial reductant triethanolamine which is con-
verted to the aminyl radical cation. This radical cation intermediate then reduces the nitro
intermediate radical anion to aniline derivative.
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NO, NH-
N CRT-2 (1 mol%) N
R ~ R
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EtOH/H,0, 98-100% conversion
visible light, RT

Scheme 3. (CRT-2) catalyzed photoredox conversion of nitrobenzene to aniline.

3.3.2.2. Desulfonylation

A metal-free green protocol for the removal of sulfonyl group was reported by Wu and
coworkers (Scheme 4) [62]. Blue light irradiation to bis tetrabutylammonium (CRT-2) salt
excites it to its excited state which is oxidatively quenched by {-arylketosulfones resulting
the (CRT-2) radical cation and the radical anion of B-arylketosulfones which then undergoes
desulfonylation to the aryl ketone radical. The sacrificial reductant closes the catalytic cycle
by reducing the (CRT-2) radical cation to (CRT-2) photocatalyst and its radical cation which
releases a hydrogen atom to the ketone radical.

0
R
!S0,Ar TBA-CRT-2(1 mol%) N R,
- RE_I
iPr,NEt, CHaCN, @ R
3W, 450 nm LED 55-99% yielc

Scheme 4. Reductive desulfonylation of B-keto sulfones catalyzed by CRT2.

3.3.3. Use of (CRT-2) in oxidation reactions
3.3.3.1. Benzylic oxidations

In a formal Kornblum oxidation, when benzyl bromides are heated at 80°C in the presence
of (CRT-2) as the photocatalyst in the presence of oxygen in DMSO solvent moderate to high
amount of arylaldehydes are formed (Scheme 5) [63]. However, interestingly, benzyl chlo-
rides were inert to this oxidation reaction. Moreover, both oxygen, as well as DMSO, was
found to be essential for the success of the reaction.

CRT-2 (5 mol%) CRT-2(5 mol%) o
A Br = Ar” OH - N/J\ H

RT, DMSO, air 80 °C, DMSO, air

24W CFL 24W CFL 31-67% yielc

Scheme 5. (CRT-2) catalyzed conversion of benzyl bromides to benzaldehydes.
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3.3.3.2. Oxidative iminium ion formation

Single electron transfer from tertiary amines to the excited state of the (CRT-2) leads to the for-
mation of aminyl radical cation and the radical anion of eosin. The radical anion of (CRT-2)
further loses an electron to oxygen molecule to form the reactive superoxide radical anion which
further abstracts a proton from the aminyl radical cation to form the imine intermediate resulting
in the oxidative imminium ion formation [64]. The high electrophilicity of the iminium ion can
be further exploited for the efficient construction of C-C and C-P bonds by treating the formed
iminium ions with the nucleophilic partners like indole, dialkyl malonates, dialkyl phospho-
nates, etc. (Scheme 6).

i CRT-2 (2 mol%) o
| N + HMu - N
= “Ph 530 nm LED, RT, air = *Ph
MNu o
HMu = Nitromethane, Diethylmalonate, 53-93 % yielc

Diethyl phosphonate, etc.

Scheme 6. C-C and C-P bond formation through oxidative iminium ion formation.

3.3.3.3. Benzylic bromination

Using carbon tetrabromide as an efficient source of bromine, morpholine as a reducing agent
and (CRT-2) as a photocatalyst, Tan and coworkers developed an efficient process for the selec-
tive bromination of aliphatic and benzylic C-H bonds (Scheme 7) [65]. The authors suggested
an intermediate formation of N-morpholino radical for the crucial C-H functionalization step.

CRT-2 (1 mol%)
i CBr, (0.2-1 equiv.) Br
- - -
R morphaling (0.4-1 equiv.) R R
DCMMH,0 (1:5) upto 76 % yielc
11W lamp

R

Scheme 7. Photoredox C-H bromination of alkanes catlyzed by (CRT-2).

3.3.4. Use of (CRT-2) in redox neutral transformation
3.3.4.1. Arylation reaction using aryldiazonium salts

Excited (CRT-2) molecules take part in a SET with aryldiazonium ions to form aryl radicals and
(CRT-2) radical cation. The formed aryl radical then adds to the double bond of the heteroarenes
to form the corresponding radical intermediate which further undergoes a SET to either the (CRT-
2) radical cation to close the catalytic cycle or to the aryldiazonium ions to form aryl radicals. The
corresponding carbocations so formed further aromatizes to give the C-H arylated product. Thus
aryldiazonium salts can be used as a source of aryl radicals for redox neutral arylation (Scheme 8).
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Scheme 8. Redox neutral arylation of heteroarenes.

3.3.4.2. (CRT-11) as photoredox catalyst

The, (CRT-11) a class of triarylmethane derivatives, with electron-rich aryl rings in the
9th position, display a unique ability to form a donor-acceptor type of dyad where the
electron-rich aromatic ring acts as electron donor while the acridinium ring acts as an
electron acceptor. Moreover, the presence of sterically hindered aryl group in the 9th
position shields the benzylic position from any nucleophilic attack and also shifts the
absorption maxima to the visible range through electron delocalization with the aryl ring.
When irradiated with light of suitable frequency (approx. 450 nm absorption maxima)
an intramolecular electron transfer from the electron-rich aromatic nucleus to the singlet
excited state of the acridinium ring takes place (PET) leading to the formation of the
long lived electron transfer excited state. As evident from the reduction potential of the
excited state of this molecule, this molecule can easily accept electrons to oxidize organic
substrates to its radical cations which can further react with nucleophiles to form the rad-
ical adducts while the dye molecule itself loses electrons to electron acceptors like oxygen
to form hydroperoxide radical. This radical may further react with the adduct to form
its hydroperoxide and further to its oxidized species and hydrogen peroxide (Figure 7).
Thus in the presence of air (CRT-11) can act as an efficient oxidizing agent reducing oxy-
gen molecule (in air) to hydrogen peroxide [13]. For example, this class of dyes has been

R R™
}
e - Reductive quenching
P

i -os-Acr i:s_mﬂ__h:.j

B-Mes-Acr-ED =2, 18V [singhst)
=145V (triplet)

R

Cradatwe quanching

Figure 7. PET, reduction potential, reductive quenching and oxidative quenching of 9-Mes acridinium ions.
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effective photocatalysts in the oxygenation of aromatic hydrocarbons to aromatic alde-
hydes, in C-H oxidation of cycloalkanes and also in the alkene hydrofunctionalization.

3.3.4.3. Use of 9-Mes acridinium ions as oxidizing agent
3.3.4.3.1. Oxidation of toluene to benzaldehyde

In the presence of (CRT-11) as photocatalyst and under oxygen atmosphere methyl arenes
are converted to their respective aldehydes in high yields (Scheme 9) [66]. Remarkably in
substrates with multiple methyl groups only single methyl group is oxidized thus showing
high selectivity of the method. The acridinium photocatalyst oxidizes the arenes to the cor-
responding arene radical cation, which further yields a benzylic radical through loss of a
proton. Aerial oxygen may oxidize the benzyl radical to peroxyl radical which disproportion-
ate to the observed product. A SET from the oxygen molecule regenerates the acridinium ion
catalyst to the ground state.

CHO
CRT-11 ({5 mol%)

Me

@ e
w H,50./MeCMN/H-0 Sy
Mea

Oy, 1= 310 nm Ma

100% yielc

Scheme 9. Selective oxidation of p-xylene to p-tolualdehyde.

3.3.4.3.2. C-H oxidation of cycloalkanes

Fukuzumi and coworkers reported a photocatalytic process to oxidize the inert C-H
bonds of cycloalkanes [67]. Using the photoredox catalyst (CRT-11) in the presence of
oxygen and hydrochloric acid a mixture of cycloalkanols and ketones could be obtained
(Scheme 10). Though low yields of the product were obtained, the high TON could be
achieved. Moreover, the ability to functionalize an inert C-H bond is the utility of the
process. The mechanism of the reaction involves oxidation of the chloride ions to chlorine
radicals which abstract a hydrogen atom from the C-H bond of the cycloalkanes to form
the alkyl radical. The alkyl radical reacts with oxygen to form alkyl peroxyl radical which
disproportionate to the products. The involvement of the alkyl peroxyl radical is deter-
mined through EPR spectra.

O CRT-11 (< 10 mol%) :j/o’ij‘:
HCI (0.04-0.2 equiv.)
MeCN, 1 atm O, 5% yield 8 % yield
»> 380 nm

Scheme 10. Photoredox C-H oxidation of cycloalkanes.
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3.3.4.4. Use of (CRT-11) for alkene hydrofunctionalization reaction

The regioselective alkene hydrofunctionalization is an essential yet challenging task in syn-
thetic chemistry. Nicewicz developed an efficient protocol for alkene hydrofunctionalization
using the (CRT-11) as the photocatalyst (Scheme 11) [68-70]. Thus in the presence of (CRT-11)
alkenes can be oxidized to their corresponding radical cations, which react with the nucleo-
philes at the less substituted position to produce the more stable nucleophile cation radical
adduct thus giving rise to the observed regioselectivity. Further, a HAT from added HAT to
the produced radical gives the observed product and the corresponding radical of the HAT
agent. This radical then regenerates the (CRT-11) ions catalyst in the ground state, the HAT
agent being converted to its anion. The so produced anion of the HAT agent deprotonates the
nucleophile cation radical adducts to regenerate the HAT agent. This transformation allows
efficient construction of C-C, C-O, C-N, etc. bonds through the use of nucleophilic arenes,
carboxylic acids, alcohols and amines. Of special note is the fact that through the use of pho-
toredox catalyst, addition of hydrochloric acid can take place in anti Markovnikov fashion.

CRT-11 (5 mol%:)

H
- -
R™™S “PhsH (20 mol%), DCE R o
Blue LED (~ 455 nm) Nu
HMu= Amines, Alcohols,
Carboxylates efc

Scheme 11. (CRT-11) catalyzed alkene hydrofunctionalization.

4. Conclusion

The free rotation among the three aryl rings of the triarylmethane molecule is restricted on bridg-
ing the aryl rings with heteroatoms or through bonds. The resulting conformationally restricted
triarylmethane molecules have very rich photophysics which is the topic of this chapter. This
conformational restriction decreases the rate of relaxation of the excited molecules through vibra-
tional cascading increasing the fluorescent intensity of the resulting compound. Heavy atom
substituted CRTs shown a high rate of intersystem crossing thus increasing the triplet quantum
yield and also gives rise to unique photochemistry which is discussed. This property is used
currently to develop small organic molecules catalyzing the conversion of light energy to value-
added products which is also discussed. We anticipate that this chapter will benefit readers inter-
ested to develop novel photocatalytic systems to synthesis various value-added products.
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Abstract

Laser-assisted metallic nanoparticle synthesis is a versatile “green” method that has
become a topic of active research. This chapter discusses the photochemical reaction
mechanisms driving [AuCly] ™ reduction using femtosecond-laser irradiation, and reviews
recent advances in Au nanoparticle size-control. We begin by describing the physical
processes underlying the interactions between laser pulses and the condensed media,
including optical breakdown and supercontinuum emission. These processes produce a
highly reactive plasma containing free electrons, which reduce [AuCl] , and radical
species producing H,O, that cause autocatalytic growth of Au nanoparticles. Then, we
discuss the reduction kinetics of [AuCly]~, which follow an autocatalytic rate law in which
the first- and second-order rate constants depend on free electrons and H,O, availability.
Finally, we explain strategies to control the size of gold nanoparticles as they are synthe-
sized; including modifications of laser parameters and solution compositions.

Keywords: femtosecond laser pulses, nanocolloids, optical breakdown, gold
nanoparticles, in-situ spectroscopy, photochemical reduction mechanisms

1. Introduction

The unique chemical and physical qualities of metallic nanoparticles have attracted the atten-
tion of researchers. Their size- and shape-dependent optical properties make them especially
appealing due to the potential technological applications [1-4]. In particular, gold nanoparticles
(AuNPs) have strong absorptions in the visible spectrum that come from the collective oscilla-
tions of surface conduction-band electrons as they interact with light, which is called the surface
plasmon resonance (SPR). The dependence of the SPR absorption on particle size and shape
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opens a range of application possibilities for AuNPs, including surface enhanced Raman spec-
troscopy [5]; non-invasive diagnostic imaging [2]; photothermal cancer therapy [3, 6]; plasmon-
enabled photochemistry; and catalytic reactions such as water-splitting [7, 8]. It is necessary
to these ends that the NP sizes and shapes are controllable during synthesis [9, 10]. Control
can be achieved chemically, by modifying experimental conditions like temperature, reac-
tion time, metal-ion concentration, and the absence or presence of reducing agents and
surfactants [2]. Laser-assisted approaches to AuNP fabrication allow the manufacture of
“pure” NPs which lack chemical reducing agents or surfactants, making this synthesis
method ideal for NPs intended to be used in catalysis, and other electronic, biological or
medical applications [11, 12].

There are two common approaches to colloidal AuNP synthesis using laser-assisted methods.
The first is bulk-metal ablation, in which metal atoms are ejected from the target material and
form nanoparticles in solution [13]. The second is by irradiating a metal-salt solution to
produce reducing agents via solvent-molecule photolysis [14-16]. Controlling nucleation and
growth of the nanoparticles during metal-salt reduction by changing laser parameters (focus-
ing conditions, pulse duration, pulse energy, irradiation time), and chemical parameters
(metal-ion concentration, solvent composition, presence of capping agents), determines the
size, shape, and stability of the colloidal products [14-30]. Laser-assisted AuNP fabrication
requires a simple setup, which facilitates experimentation [12].

Section 2 of this chapter examines [AuCly]” reduction under femtosecond-laser irradiation,
specifically the microplasma formation that arises from optical breakdown (OB) and super
continuum emission (SCE). We review both theoretical models for OB and SCE, and provide
experimental measurements of both OB and SCE to show which dominates each set of exper-
imental conditions. In Section 3, we describe the chemical reactions that cause photochemical
[AuCly]” reduction and AuNP formation, and compare them with the observed autocatalytic
reduction kinetics. We relate observed first- and second-order autocatalytic rate constants to
the availability of reducing species in the microplasma. Lastly, in Section 4, we review recent
literature that describes control over AuNP size- and shape-control through manipulation of
laser conditions and chemical composition of the solution.

2. Background: interactions of ultrashort laser pulses with condensed
media

In a dielectric medium with a band gap that exceeds the laser photon-energy, ultrashort laser
pulses can produce quasi-free electrons in the conduction band by two processes: (1) nonlinear
multiphoton ionization and tunneling photoionization [31], and (2) high-kinetic-energy free
electron collisions with neutral molecules, causing cascade ionization, also called avalanche
ionization [32]. The formation of free electrons initially generates a localized, weakly-ionized
plasma [32-34], which can initiate optical breakdown (OB), supercontinuum emission (SCE),
or both [35-37]. This section provides an overview of the theory behind both processes, and
some experimental measurements.
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2.1. Optical breakdown

Optical breakdown (OB) of a transparent dielectric medium occurs when the free-electron
density p, in plasma exceeds a critical value, and depends on the peak intensity I of the
excitation pulse [32-34]. Recent experiments in water have quantified the critical value for p,
as the threshold for cavitation-bubble formation at p, = 1.8 x 10%° cm~2 [38]. In order to
calculate the electron density resulting from the laser-medium interaction, media such as
water and other solvents are typically modeled as a dielectric, with band gap A. For water,
the band gap is usually specified as A = 6.5 eV [33, 34], although some recent experiments
have placed the effective band gap as high as 9.5 eV for direct excitation into the conduction
band [39, 40].

Conventionally, the laser pulse propagates in the z direction with a time-dependent Gaussian
intensity envelope based on the focusing conditions [41],

z _Pthz) B exp [(—4In t—z/e 2' w(z) =w 2
et =50 = s p[( n2) (= )] G=m1+E 0

where P(t,z) is the time-dependent power density, A(z) the cross-sectional area, E, the pulse

energy, 7, the pulse duration, ¢ the speed of light, wy the beam waist at the focus, and zg the
Rayleigh range.

The time evolution of the free-electron density p, produced by the laser-water interaction is
governed by the differential equation [33]

op
a_te = thoto + Wcascpe - Wdiffpe - Wrecpz- (2)
Free electrons are produced according to the photoionization rate Wphoto and cascade ioniza-
tion rate W ., while electrons are lost from the focal volume at diffusion rate Wy, and
recombination rate Wye.. The specific formulas describing each rate are reviewed elsewhere
[33, 34].

At a given laser wavelength, the peak-intensity needed to reach critical electron density for OB is
highly dependent on pulse duration, due to the interplay between the photoionization and
cascade ionization rates [33, 34]. To illustrate this effect over a wide range of pulse durations
used in recent [AuCl,]” photochemical reduction studies [14-30], Eq.(2) coupled to the appropri-
ate formulas for each rate [33, 34] was solved using the Runge—Kutta integrator ode45 incorpo-
rated into MATLAB, as in our previous work [16]. The critical electron density threshold was
taken to be the recently reported experimental value p, = 1.8 x 10% cm ™ [38]. Figure 1(a) shows

the calculated time-dependent electron density p, (t) for pulses at intensity I = 10> W cm ™2 with
durations of 30 fs (dark blue), 100 fs (light blue), 200 fs (green), 1.5 ps (orange), and 36 ps (red).
The value of zero on the abscissa corresponds to the center of the pulse, and the time is
normalized to the respective pulse durations. The dashed line at p, = 1.8 x 10*° cm ™ indicates
the OB threshold. The rise in peak electron density with pulse duration results from the increased
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Figure 1. (a) Electron density vs. time for 1 x 10" W cm~2 pulses with a series of durations from 30 fs to 36 ps. Inset:
Threshold intensity required to achieve OB as a function of pulse duration. (b) Electron density vs. time for 1 m] pulses. (c)
Electron density vs. propagation distance z from the geometric focus for 1 mJ pulses.

contribution of cascade ionization to the formation of free electrons as the pulse lengthens [33,
34]. As a result, the threshold intensity to achieve OB decreases by two orders of magnitude as
the pulse duration is increased from 30 fs to 36 ps (inset, Figure 1(a)).

The high pulse-energies of up to 5 mJ and tight-focusing conditions often used in [AuCly]™
reduction experiments [14-21] produce peak intensities that significantly exceed the OB
threshold. For instance, irradiation with 1 m] pulses under the conditions described above
results in a peak electron-density that surpasses the OB threshold by at least factor of 50 and
even exceeds the maximum electron-density of 4 x 102 cm~2 achievable in liquid water [42]
for shorter pulses (dotted line, Figure 1(b)). Thus, to model the availability of electrons for
[AuCly]™ reduction, it is of primary importance to estimate the plasma volume in which the
electron-density exceeds the OB threshold. The plasma volume may be estimated by calculat-
ing the critical distance zq; in front of the focus where the OB threshold is exceeded. The value
of z.jt for a given pulse energy, duration, and focusing-geometry may be calculated by solving
Eq. (2) for a Gaussian beam in Eq. (1) at a series of propagation distances z < 0 cm (i.e., before
the focal spot at z=0 cm) in order to determine the highest electron density achieved. The
resulting peak electron-density as a function of z is shown for the series of 1 mJ pulses from
Figure 1(b) in Figure 1(c). As the pulse duration decreases, OB begins farther from the focus,

with zy increasing from 0.1 cm for 36 ps pulses to 0.3 cm for 30 fs pulses. This result shows

3

that the plasma volume, which is proportional to z7;,, depends strongly on both pulse energy

and duration in a given experiment. Our earlier simulations have shown that for a series of
pulse durations with the same focusing-geometry, z. grows with peak-intensity as zqit o« I 12

meaning that the plasma volume grows as I°/? [16]. As discussed below, the growth of plasma
volume is directly proportional to the [AuCly]™ reduction rate.

2.2. Supercontinuum emission and filamentation

The filamentation process leading to SCE arises from self-focusing of the laser pulse in a
nonlinear Kerr medium. A full discussion of the details of nonlinear light propagation leading
self-focusing is beyond the scope of this work and may be found in Refs. [35-37]. Briefly,
filamentation depends on the laser power P and is initiated when P exceeds the critical power
Pcrit [37/ 43]
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where A is the laser’s wavelength, 1y is the refractive index of the medium, and n, character-
izes the intensity-dependent refractive index n = ny + n,1. In water, P has been measured at
4.2 x 10° W for 800 nm pulses [44], which translates into very modest pulse energies of 0.13
and 0.42 uJ at 30 and 100 fs. Filamentation causes spectral broadening to both the red and blue
of the laser wavelength. A red-shift is caused by rotational and vibrational motion of the
molecules in the medium, and a blue-shift happens when the power P is high enough to form a
shockwave at the trailing temporal edge of each pulse [36]. Blue-shifts produce a broad pedestal
as far as 400 nm in the output-spectrum for pulses shorter than 100 fs [16, 27, 28, 35-37, 45] (see
also Figure 2). Because SCE depends on power instead of peak intensity, filamentation may
occur at intensities below the OB threshold; especially when the laser beam is weakly-focused
or collimated [35-37, 45-49]. For laser beams with peak-intensities on the order of 10'> W cm2,
the filament electron-density has been measured at 1 — 3 x 10" cm~3 [48, 49]. Such weakly-
ionized SCE plasmas can drive [AuCly]~ reduction even in the absence of OB [26-28], while the
white light from the SCE has been shown to induce AuNP-fragmentation by resonant absorption
and Coulomb explosion [45-47].

2.3. Experimental measurement of OB and SCE

The presence of OB and SCE may be measured with a spectrometer arranged as shown in
Figure 2(a) [35, 36]. To detect OB from light that has scattered off of the OB plasma, the fiber
mount is placed at a 90° angle to the laser beam (geometry (i) in Figure 2(a)) and a series of
lenses focuses the light into the fiber mount. For SCE detection, the fiber mount is placed along
the beam path, behind the sample (geometry (ii) in Figure 2(a)). A diffuser is attached to the
fiber mount to avoid saturating the spectrometer. For tightly focused beams, OB is expected at
any pulse duration, and SCE may also be present if the pulse is short. When the beam is
loosely-focused or collimated, only SCE is expected.

To illustrate the conditions in which OB, SCE, or both are present, tightly focused pulses [16] and
unfocused, collimated pulses [28] were measured using the setup in Figure 2(a). Figure 2(b)
shows spectra obtained at detector (i) for tightly focused 30 and 1500 fs pulses at 0.3 and
0.03 m] pulse energy. The broadened spectrum for 30 fs pulses indicates the presence of SCE
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Figure 2. (a) Setup for OB and SCE measurements. (b) OB spectra for tightly focused 30 fs and 1500 fs pulses. (c) SCE
spectra for tightly focused 30 fs pulses. (d) SCE spectra for collimated 30 fs pulses.
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along with OB, while the narrow spectrum with 1500 fs pulses indicates that no SCE occurs.
Figure 2(c) and (d) show SCE spectra obtained for 30 fs pulses at a series of pulse energies for
tightly focused and collimated pulses. Under both conditions, asymmetric broadening towards
the visible region of the spectrum grows with increasing pulse energy. The spectral broadening
saturates for tightly focused pulses at energies above 1.2 m] (Figure 2(c)), while greater pulse-
energies would be needed to saturate the spectral width for unfocused pulses (Figure 2(d)). No
OB is observed when the beam is collimated, indicating that a low-density plasma (LDP) with
Pe ~ 10" em 3 is present in the filaments [48, 49]. LDP conditions have been used by research
groups to control the synthesis of AuNPs [26, 28, 45, 50].

3. Mechanisms of [AuCl;]™ reduction

3.1. Reactions of water

The key role that water photolysis plays, in the photochemical reduction of [AuCly]~ and other
metal salts, is well-established [14-22, 26, 27], and supported by the presence of H,, O,, and
H,0, as water is irradiated with high-intensity femtosecond laser pulses [14, 19, 51]. Two
common mechanisms proposed to explain the reduction of aqueous [AuCly]” under high-
intensity laser irradiation are (a) direct homolysis of the Au-Cl bond by multiphoton absorp-
tion to form Au(ll) and Au(l) intermediates, and (b) chemical reduction of Au(Ill) ions by the
reactive species formed from water photolysis [15-19, 26]. Since the number of water mole-
cules far surpasses the number of [AuCly]” molecules in solution, the second proposed mech-
anism is more likely for [AuCly]” reduction to Au(0) in aqueous solutions. The photolysis
reactions involved include [27, 52-55]

nhv

H,0 ™, e~ + H' + OH. )
e ——ey ©)

e;, + OH-—— OH" ©6)
H,0 ™, H. +OH. @)
20H - —H,0, ®)

H- +H0—H;0" +e,. 9)

Although both hydrated-electrons and hydrogen radicals are capable of reducing [AuCly]”, the
fast consumption of H. via Eq. (9) observed in water photolysis using picosecond pulses [53]
suggests an inconsequential contribution by H. to [AuCly]™ reduction. In contrast, hydrated
electrons may be formed from both the free electrons generated in OB plasma via Eq. (5) within
several hundred femtoseconds [54, 55], and from the reaction of water with H. via Eq. (9).
Hydrated electrons have lifetimes of up to hundreds of nanoseconds in pure water [56] and
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react with [AuCly]~ with a diffusion-controlled rate constant of 6.1 x 10'° M~! s~1 [57]. There-
fore, hydrated electrons are the dominant [AuCly]” reducing agent through the reaction [27]

[AuCly]™ + 3e,, — Au(0) +4Cl". (10)

Another product of water photolysis, H,O,, is generated from the recombination of two
hydroxyl radicals via Eq. (8) and drives [AuCly]~ reduction and AuNP formation [15, 16, 19,
20]. Tangeysh et al. explored the role that H,O, played in [AuCly]™ reduction by monitoring
the UV-vis absorbance of [AuCly]~ samples after laser-irradiation termination, but before all of
the [AuCly]” had been consumed [19]. They explained the post-irradiation [AuCly]™ reduction
and SPR absorbance-peak growth by proposing that the H,O, produced during irradiation
reduced the remaining [AuCL] ", in the presence of the existing AuNPs [19]. This hypothesis
was developed further by Tibbetts et al. [15], using previous work showing that H,O, reduces
[AuCly]™ in the presence of AuNPs via the reaction [58, 59]

3 3
[AuCly]™ + EHZOZ + Aup — Aumygr + 502 +3HCl+CI, (11)

where the existing AuNPs act as a catalyst for [AuCly]” reduction. This process underlies the
observed autocatalytic reduction kinetics of [AuCly] ™.

3.2. Kinetics

Controlling the sizes and shapes of AuNDPs starts with kinetic control of their nucleation and
growth. LaMer’s nucleation theory, developed in 1950 [60], was used to describe AuNP formation
first [4, 9, 61], but Turkevich’s studies [62] on reduction of HAuCl, using sodium citrate yielded
more appropriate AuNP formation-mechanisms, including autocatalysis [62-64] and aggregative
growth [65, 66]. In 1997, Watzky and Finke described the reduction of transition metal salts using
H,, undergoing slow, continuous nucleation accompanied by fast, autocatalytic surface growth to
form nanoparticles. They described this mechanism using a quantitative, two-step rate law [67],
dfa] _ d[B]

_F = F = kl [A] + k2 [A} [B] (12)

where [A] is the precursor (metal salt) concentration, [B] is the metal nanoparticle concentra-
tion, k; is the rate constant of metal-cluster nucleation (slow) and k; is the rate constant of
autocatalytic growth of the nanoparticles (fast) [67, 68]. Integration of Eq. (12) gives the time-
dependent precursor and metal nanoparticle concentrations [A(t)] and [B(t)] [67]

Ay = — BT O "
_Hﬂ%wmmmﬂ (13)
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k
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where [A(0)] is the initial precursor concentration. The rate law in Eq. (13) has been used to
describe AuNP formation from reducing ionic precursors via wet chemical routes [67-69] and for
femtosecond laser-induced [AuCly]™ reduction under a variety of laser conditions and solution
compositions [15, 16, 26, 28]. Eq. (14) follows if it is assumed that the conversion of Au(lll) to
Au(0) is fast enough that no significant concentration of intermediate species like Au(I) builds up.

The time-dependent concentrations of [AuCly]” and AuNPs needed to determine the reaction
kinetics may be obtained from in situ UV-vis spectra recorded during laser irradiation [15].
Figure 3(a) displays representative absorbance spectra of [AuCly]™ after different irradiation
times. The arrow labeled 250 nm corresponds to the decrease in the LMCT band of [AuCly]~,
while the arrow labeled 450 nm corresponds to the growth of AuNPs [15, 16, 70]. To obtain the
time-dependent [AuCly]~ concentration in Eq. (13), the absorbance of [AuCly]™ is monitored at
A =250 nm. Because AuNPs also absorb across the UV range, the absorbance at 250 nm corre-
sponds to the absorbance contributions from both the [AuCly]™ precursor and AuNP product
species. The [AuCly| ™ contribution can be isolated from the 250 nm absorbance by subtracting off
the AuNP contribution, as described in previous work [15, 16]. Alternatively, monitoring the
absorbance at A = 450 nm where only the AuNPs absorb [70] allows direct monitoring of the -
time-dependent AuNP growth. Both representations of the reaction kinetics are shown in Fig-
ure 3: (b) normalized absorbance of [AuCly]™ at 250 nm and (c) 450 nm as a function of laser
irradiation time for focused 30 fs laser pulses at a series of pulse energies [16]. The dots denote
the experimental data, and the solid lines are fits to Eq. (13) (Figure 3(b)) or Eq. (14) (Figure 3(c)).
The disappearance rate of [AuCly]” and growth rate of AuNPs mirror each other, showing that
the rate constants may be extracted from fitting either spectral absorbance. In practice, small
amounts of intermediate species such as Au(l) are present during photochemical reduction [15],
so the rate constants extracted from fitting the normalized 450 nm absorbance to Eq. (14) are
20 — 50% lower than those from fitting the normalized 250 nm absorbance to Eq. (13).

Under certain experimental conditions where the [AuCly]™ reduction rate is slowed, the exper-
imental kinetics are more accurately modeled by adding a linear component to Eq. (13) [15, 28],

it [AQ)]
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Figure 3. (a) UV-vis spectra of [AuCly]™ solution irradiated for different times. Representative plots of normalized
absorbance at 250 nm (b) and 450 nm (c), (d) (dots) as a function of irradiation time for the pulse energies labeled in the
legend, with fits to Eq. (13) (b), Eq. (14) (c), and Eq. (16) (d) (solid lines). Data taken from refs. [16, 28].
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The third rate constant, ks, is zeroth order with respect to the [AuCly]” concentration, and was
suggested arise due to limited availability of reducing species from photolysis of the solvent
[15]. This rate equation more accurately fits the reduction kinetics when the laser beam is
collimated such that LDP conditions are present [28], as shown in Figure 3(d). When the pulse
energy is sufficiently low (2.4 mJ), the AuNP growth was significantly slower due to agglom-
eration of the formed nanoparticles; therefore, only the first portion of the experimental data
was fit to Eq. (16). Similar agglomeration has been observed in other experiments conducted
under LDP conditions, in which the initial portion of experimental data was fit to Finke-Watsky
kinetics [26].

Extracting the rate constants at a series of experimental conditions (e.g., solution pH [15], pulse
energy [16, 28]) provides significant insight into the roles that the reactions in Eqs. (4)—(9) play
in the conversion of [AuCly]” to AuNPs. Figure 4(a) and (b) show the rate constants k; and k,
extracted from fits to Egs. (13) and (16), respectively, for tightly focused and collimated 30 fs
pulses, as a function of pulse energy (proportional to peak intensity I) [16, 28]. In the log-log
plots, the slopes of the least squares fit lines denote the power law dependence of each rate
constant on the peak intensity. For the tight focusing geometry in Figure 4(a), the nucleation

rate constant grows as kj ~ [ <1'6i0'2), a factor of three faster than the growth of the autocatalytic
rate constant ky ~ [ (056+0.02) 1y contrast, under LDP conditions, ki, k», and k3 all grow approx-
imately as I* (Figure 4(b)).

The power law dependence of k; under tight-focusing conditions corresponds to the growth of
the OB plasma volume V with peak-intensity I as V ~ I'® calculated via Eq. (2) (c.f., Section
2.1) [16]. Figure 4(c) shows that k; ~ V for pulse durations ranging from 30 to 1500 fs under
tight-focusing conditions. This result demonstrates the that the production of hydrated elec-
trons an OB plasma controls the rate of nucleation of [AuCly] . The higher sensitivity of k; ~ I*
under LDP conditions [28] is consistent with the electron density in LDP conditions being
proportional to the multiphoton order required for ionization of the medium [37], where 5
photons at 800 nm are needed to ionize water [34]. The importance of hydrated electrons to
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Figure 4. Rate constants for 30 fs laser pulses (blue, k;; red, k»; green k3) as a function of pulse energy for (a) tight focusing
geometry and (b) LDP geometry. (c) Correlation between k; rate constant and calculated OB plasma volume for tight
focusing geometry. (d) Correlation between k; rate constant with H,O, production for tight focusing and LDP geometries.
Data taken from refs. [16, 28].
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[AuCly]™ reduction has been demonstrated in two other works [15, 26]. The addition of N,O as
a hydrated electron scavenger to aqueous [AuCly]™ significantly lowers the value of k; in
Eq. (14) with respect to ky, thereby isolating the contribution of hydrated electrons to
[AuCL]™ nucleation [26]. Increasing the solution pH of aqueous [AuCly]™ through addition of
KOH significantly increases k; [15], which is consistent with previous findings that the life-
times of hydrated electrons are suppressed in acidic solution [55].

Under both tight-focusing and LDP conditions, the power law dependence of k, corresponds
to the formation rate of H,O, from water. Under tight-focusing conditions, the formation rate
of HO, is [H,0;] ~ I, so the lower dependence of k, ~ I 12 tesults in the relationship
ky ~ [HyOy] 12 [16]. The same correlation was found under LDP conditions, where the formation
rate of HyO; is [HyO;] ~ Bandk, ~I* [28]. Both correlations between [H,O,] and k; are shown
in Figure 4(d). These results are consistent with other work in which the addition of the OH.

scavenger 2-propanol [26] resulted in increased k; values relative to k, values and slower growth
of AuNDPs.

The kinetics results quantifying the dependence of both nucleation and autocatalytic growth
rate constants demonstrate the importance of both short and long-lived reducing species to
control the formation of AuNPs via photochemical reduction of aqueous [AuCly| ™. The reac-
tive species produced during water photolysis can be controlled by changing both the laser
irradiation conditions [16, 28] and the chemical composition of the [AuCly]™ solution [15, 26].
The following section will review how changing both of these reaction conditions can control
the size and shape of the synthesized AuNPs.

4. Controlling Au nanoparticle sizes

Several recent articles have reported some degree of control over the size of AuNPs synthe-
sized by photochemical reduction of [AuCly]” through the manipulation of experimental
conditions: broadly, the laser parameters and solution composition. The focusing-geometry,
pulse energy, and pulse duration determine the generation of OB and SCE, which direct AuNP
growth [16, 20, 28]. Adding scavengers and modifying the solution pH also change the
[AuCly]™ reduction kinetics, and therefore, particle size [15, 26]. Finally, adding capping can
produce smaller AuNPs [14, 19, 20, 29, 30].

4.1. Laser parameters

4.1.1. Focusing-geometry

Focusing-geometries influence the nature of the nonlinear interactions between the laser and
solution (c.f., Section 2). Without strong-focusing, SCE yields a LDP environment containing
electron-densities on the order of p, ~ 10'® cm 3. This setup has been used for photochemical
[AuCly]™ reduction [26, 28] experiments and Au ablation [45, 50] experiments. LDP conditions
seem well-suited to applications like AuNP synthesis, because second-order reactions are
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suppressed, including those that yield H,O, [26, 50]. Without abundant reducing species,
[AuCly]” to AuNP conversion is slow. Many research groups opt to use a focused-geometry
[14-20], which yield electron densities that exceed the OB threshold, ~ 10%° cm~3. Low numer-
ical aperture (NA) geometries produce SCE through self-focusing and filamentation processes.
These processes can cause intensity-clamping, which stops the intensity from exceeding
I ~ 10" W ecm 2 [37], and limits the number of reactive species available for reduction [20]. In
contrast, tight-focusing (high-NA) geometries, simultaneous spatial and temporal focusing
(SSTF) [71], or spatial beam-shaping [72] can avoid excessive filamentation and intensity
clamping. In Au nanoparticle synthesis, tight-focusing [14, 16, 18] and SSTF [15, 19, 20], where
the frequency components of the laser pulse are spatially separated prior to focusing, have
both been used for this purpose. Figure 5 shows schematic diagrams (top) and photographs
(bottom) of fs-laser irradiation of water using (a) collimated beam geometry [28], (b) low-NA
focusing [20], (c) high-NA focusing [16], and (d) SSTF [19]. The absence of visible filaments in
panels (c) and (d), compared to (b), suggest less intensity-clamping, and so a higher peak-
intensity at the focal spot.

Another phenomenon to consider when experimenting with focusing-conditions is cavitation
bubble formation, which happens when the OB electron-density threshold is exceeded [38].
The generated cavitation bubbles are sensitive to the shape of the laser-plasma [20, 72]. Under
low-NA focusing-conditions with filamentation and SCE, the bubbles are ejected from the
focus with low kinetic energy, seen as a small stream of bubbles rising from the center of the
cuvette in Figure 5(b). This condition results in inefficient and asymmetrical mixing-dynamics
of the reactive species throughout the solution, but can be improved with the addition of a
magnetic stir-bar [20]. Similarly, a stir bar is needed when operating under LDP conditions to
ensure that the solution is being mixed [26, 28]. Both high-NA focusing and SSTF produce
more spherical plasmas, which eject high kinetic energy bubbles into solution radially [72],
causing turbulent mixing of the reactive species into the solution (evident in Figure 5(c)) and
removing the need for stirring [16, 20].

55mm T 1 mmI '1, 29mm} !} - iﬁ

Figure 5. Diagrams (top) and photographs (bottom) of irradiated water using (a) collimated beam, (b) low-NA focusing,
(c) high-NA focusing, and (d) SSTF.
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Ref. Condition Energy (m]) Size (nm)
[26] LDP 1.35 2914173
[28] LDP 2.7 27.1+7.0
[20] Low-NA 1.8 13.6 £8.0
[18] High-NA 5.6 40+17
[16] High-NA 24 35+1.9
[20] SSTF 1.8 102+4.1
[15] SSTF 25 92+41

Table 1. Reported laser focusing conditions and resulting AuNP sizes.

The complex interactions between high-intensity fs laser pulses and aqueous solution result in
the particle size being sensitive to different focusing-conditions. Table 1 summarizes the results
of AuNP syntheses prepared in aqueous solutions without capping agents across focusing
conditions. Of the reported sizes, the largest AuNPs resulted from the LDP conditions [26, 28],
which limits production of the reducing species, driving AuNP formation through aggregative
growth and agglomeration. Smaller AuNPs were formed with the high-NA focusing conditions
[16, 18], which produces high electron-densities because of tight laser-focus; filamentation is
suppressed, and the reducing species (electrons and H,O,) are thoroughly mixed throughout
the solution by the OB plasma. In combination, these conditions generate many Au(0) seeds but
limit Au(IIl) ions. SSTF and low-NA focusing-geometries create intermediate AuNP sizes. The
SSTF focusing-geometry improves size-distribution because it mixes the reactive species well
with its spherical plasma [20]. Adjusting the laser’s focus-geometry has a strong influence on
both the production rate and spatial distribution of the reducing species required for AuNP
formation, and yields another dimension of control over particle sizes.

4.1.2. Pulse energy and duration

Several studies on focusing-conditions have demonstrated that increasing the pulse energy
reduces AuNP size [16, 20, 28]. When tight-focusing geometry was used, increasing the energy
of a 30 fs pulse from 0.15 m] to 2.4 m] decreased AuNP size from 6.4 + 5.6 nm to 3.5+ 1.9 nm
[16] (Figure 6(a) and (b)). This trend was also seen when LDP conditions were used: increasing
the energy of 30 fs pulses from 2.7 to 3.3 m] reduced AuNP size from 27 £ 7 to 14 + 6 nm [28]
(Figure 6(c) and (d)). These results are consistent with earlier reports using SSTF with 36 ps
pulses to irradiate solutions of [AuCly]” and polyethylene glycol (PEG), a capping agent.
Increasing the pulse energy from 0.45 mJ to 1.8 m]J reduced the average particle size from
9.6+2.7t058+1.1nm [20].

While the pulse energy strongly influences the size of the AuNPs from photochemical reduc-
tion of [AuCly]~, the pulse duration, or linear frequency chirp, has at most a modest effect on
the AuNP size at a fixed pulse energy and focusing condition [16, 20]. Under tight focusing
conditions, stretching the pulse duration was stretched from 30 to 1500 fs (negatively chirped) at
a 0.15 m] pulse energy slightly decreased the AuNP sizes from 6.4 + 5.6 to 4.4 + 4.0 nm [16].
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Figure 6. Representative TEM images and AuNP size distributions synthesized with 30 fs pulses under the following
conditions: (a) tightly focused, 2.4 mJ; (b) tightly focused, 0.15 m]J; (c) LDP, 3.3 m]J; and (d) LDP, 2.7 m].

When the experiment was repeated at a high pulse energy (2.4 m]), the AuNP size increased
from 3.5 £ 1.9 nm for 30 fs pulses to 6.3 + 2.4 nm for 1500 fs pulses [16]. In a separate experiment
using low-NA focusing conditions, 1.8 mJ pulses with chirp coefficients of +20, 000 fs?, 0 fs?, and
—20,000 fs* (corresponding to 35 fs unchirped pulses and 2 ps chirped pulses) produced
8.2+35,81+34, and 8.1 £ 6.5 nm AulNPs, respectively [20]. Collectively, these results suggest
that that for sufficiently high peak intensities generating OB conditions, the pulse duration does
not significantly affect the size of AuNPs produced by photochemical reduction of [AuCly] ™.

4.2. Chemical composition

4.2.1. Scavengers

Water photolysis produces reactive species, which govern [AuCly]  reduction and therefore
AuNP formation. To manage particle growth, radical scavengers can be added to solution. As
summarized in Section 3, it is primarily the hydrated electrons that reduce [AuCL]™ (Eq. (10)).
H,O; (formed by the recombination of two hydroxyl radicals (Eq. (8)), facilitates autocatalytic
particle growth (Eq. (11)). Scavengers can selectively hinder the production of water photolysis
byproducts such as H,O, [73], so they have been used to control reduction kinetics [26].

The hydrated-electron scavenger N,O, and hydroxyl radical scavengers 2-propanol and ammo-
nia, were originally studied in water radiolysis using X-rays and y rays [74]. More recently, they
have been used to control the photochemical synthesis of Au and Ag nanoparticles in
femtosecond-laser plasmas [21, 26, 73, 75]. The addition of N,O to aqueous [AuCl] ™ is expected
to limit the availability of hydrated electrons and slow the [AuCl]™ reduction rate, forming
fewer Au(0) nuclei in solution. This situation would result in a significant number of Au(Ill) ions
being reduced on the surface of the Au(0) nuclei in the presence of H,O,, promoting the surface-
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mediated autocatalytic growth into larger AuNPs. In contrast, the addition of a hydroxyl radical
scavenger such as 2-propanol should not only limit the production of H,O, via Eq. (8), but also
prevent the quenching of hydrated electrons via Eq. (6). As a result, [AuCly]” reduction should
be fast and autocatalytic AuNP growth should be limited, resulting in smaller AuNPs. These
predictions have been laid out in recent literature [21, 26].

Belmouaddine et al. [26] investigated the effect of adding N,O or 2-propanol to aqueous
[AuCly]™ solutions they irradiated with 1.35 m], 112 fs pulses. They monitored the reduction
kinetics to determine the k; and k, rate constants in Eq. (13). By comparing the ky/k; ratios
obtained in the two scavenger experiments, they were able to relate each scavenger to its role
in the reduction and autocatalytic growth processes. In the presence of the hydrated-electron
scavenger N,O, the ky/k; ratio was two orders of magnitude higher than it was when the
radical scavenger 2-propanol was used. This is consistent with the dependence of k; and k, on
hydrated-electrons and H,O,, discussed in Section 3. The resulting AuNPs synthesized in the
presence of N,O and 2-propanol were 54.4 + 9.8 nm, and 28.5 + 5.9 nm. These results are
consistent with the predictions that (1) slow nucleation and significant autocatalytic growth
in the presence of N>O will produce large AuNDPs, and (2) fast nucleation and limited autocat-
alytic growth in the presence of 2-propanol will produce small AuNPs.

In another study, Uwada et al. [21] investigated the effects of alcohols (1-propanol, 2-propanol,
ethanol) on aqueous [AuCly|” solutions irradiated with 120 fs pulses, using a series of pulse
energies from 1 to 50 pJ. At low pulse energies, with intensity below 7x10" W em™2, no
AuNPs formed if there were no alcohols. AuNP size-dependence on the pulse energy followed
the opposite trend to that observed in Refs. [16, 20] and discussed in Section 4.1.2: the AuNPs
formed in solutions containing 1-propanol increased in diameter from 24 to 37 nm when the
intensity increased from 2 x 10" to 7 x 10" W ecm™2 [21]. The authors proposed that the

alcohol radicals formed from the OH. scavenging reaction

ROH + OH- — RO - +H,0 17)

act as the primary reducing agents of [AuCly]™ at low laser intensities where few hydrated
electrons are formed. These results suggest that radical scavengers not only manage the AuNP
size, but also boost photochemical reduction of [AuCly]™ into AuNPs at lower laser intensities
by providing an additional free-radical reducing agent.

42.2.pH

Changing the pH of irradiated aqueous [AuCly]™ solutions by adding either HCl or KOH
affects both the reduction kinetics and the resulting AuNP sizes [15]. Solution pH is well
known to affect Au(Ill) complex speciation: [AuCly]” dominates under acidic conditions,
[Au(OH) 4] ~ dominates under basic conditions, and mixtures of [AuClx(OH) 4_X] ,x=1-3,
species exist under neutral conditions [76, 77]. Different complex stabilities were thought to be
the driving force for Au(Ill) reduction with chemical reducing agents, where [Au(OH),|  was
less reactive because of stronger Au-OH bonds, compared to Au-Cl bonds [76, 77]. With increas-
ing pH, as solution was irradiated with 36 ps, 2.5 m] pulses under SSTF focusing conditions, the
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reverse trend occurred, and higher [AuCly|™ reduction rates formed smaller AuNPs [15]. At low
pH, the hydrated-electron lifetime is reduced [55] and H,O, oxidizes AulNPs [78], causing a slow
[AuCly]™ reduction rate that produced large, polydisperse 19.4 £7.1 nm AuNPs (at pH 2.5).
When pH was higher (pH 5.4), the hydrated-electron lifetime is longer [55] and the oxidation
potential of H,O, increases as it is deprotonated to HO,™ [59], leading to faster reduction of
[AuCly]” and small AuNPs with size distributions of 4.8 + 1.9 nm. Slightly larger 6.6 £ 3.1 nm
AuNPs were formed at pH 8.4 due to the acceleration of the autocatalytic growth rate constant k,
in Eq. (13).

For comparison with the results in Ref. [15], experiments performed in our laboratory using
the tight-focusing conditions in Ref. [16] also showed that the AuNP size depends on solution
pH. Aqueous solutions (0.1 mM KAuCly) with varying amounts of KOH (up to 0.75 mM,
pH 4.0-9.3) were irradiated with 50 yJ, 30 fs pulses for 10-33 min, sufficient to convert all
[AuCly]™ to AuNPs. The UV-vis spectra recorded when the conversions of [AuCly]” to AuNPs
were completed are shown in Figure 7(a). As the solution pH increases, the SPR feature blue-
shifts and decreases in intensity, indicating the production of smaller AuNPs [70]. TEM analy-
sis of the AuNPs synthesized at pH 4.0, 5.2, and 9.3 (Figure 7(b)-(d)) agreed. At pH 4.0, there is
a distinct bimodal size-distribution, with a number of small (< 4 nm) AuNPs and a broad
distribution of particles to as large as 65 nm. As a result, a meaningless statistical size-
distribution of 8.6 & 12.4 nm is obtained. At pH 5.2, there is a bimodal distribution centered
at 3 and 18 nm, with a size-distribution of 8.6 & 6.7 nm. The most monodisperse AuNPs are
seen at pH 9.3, with a size-distribution of 9.2 & 4.5 nm. The slightly larger average AuNP size
is because there are very few < 4 nm particles compared to what had been seen at lower pH.
This absence of extremely small particles is likely due to the high concentration of H,O,
produced in the plasma, as discussed in Ref. [15].

4.2.3. Capping agents

One of the most widely used strategies for controlling AuNP size during chemical synthesis is
the addition of capping agents, including polymers and surfactants, to stop particle growth [2].
Increasing the molar ratio of a capping agent to Au(Ill) salt typically results in smaller AuNPs
in chemical syntheses [79]. A similar trend is observed for femtosecond laser-based syntheses
of AuNDPs, as shown in Table 2. Nakamura et al. [14] found that addition of polyvinylpyr-
rolidone (PVP) to aqueous HAuCly decreased AuNP size and gave a tighter size-distribution,
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Figure 7. UV-vis spectra (a) and TEM images with size distributions (b)-(d) of AuNPs synthesized at different solution
pH using the experimental setup in ref. [16].
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Ref. Laser condition Capping agent Capping agent: Au Size (nm) Size range (nm)
[14] High-NA PVP? 0.001 2,7 1-77
0.01 4.5 1-17
0.1 3 2-7
[19] SSTF PEGys 0.05 11424 5-18
0.1 6.0+14 3-11
0.25 39+07 2-7
0.5 41+08 2-7
[45] Ablation, Dextran® 0.0002 76 £19
Low-NA 0.002 306
0.007 85+17
0.05 3.0+0.8
0.2 37+1.1

“Median size estimated from reported histogram.
PStandard deviation values estimated from 20 to 30% reported.

Table 2. Capping agents effect on AuNP size.

up to a 0.1:1 PVP:Au ratio. Tangeysh et al. [19] used poly(ethylene glycol) (PEGys, n = 45)
and found an optimal PEGys:Au ratio of 0.25:1. The same trend is observed when femtosecond
pulses are used to ablate an Au target [45], where the smallest particles made from irradiating
AuNPs in solutions of varied dextran concentrations were optimized at a dextran:Au ratio
of 0.05:1.

In addition to controlling AuNP size in femtosecond laser-based syntheses, capping agents like
PEGys [19], chitosan (a cationic polysaccharide) [29], and (2-hydroxyethyl) trimethylammonium
glycinate ((HETMA][Gly], an ionic liquid) [30] accelerate the conversion of [AuCly]~ to AuNPs. It
was proposed that fragmentation of PEG,s in the laser-generated plasma produces alcohol
radicals (analogous to Eq. (17)) that can reduce [AuCly|” and accelerate AuNP formation [19].
The formation of AuNPs in the presence of chitosan correlates with the oxidation of hydroxyl
groups on the chitosan [29], indicating that the chitosan contributes to [AuCly]™ reduction. The
[HETMA][Gly] forms a complex with [AuCly]”, which facilitated its reduction under OB condi-
tions with tight-focusing [30]. These results suggest the potential of selective control over both
[AuCly]™ reduction kinetics and AuNP size through careful choice of capping agents and their
concentrations.

5. Conclusion

Photochemical reduction of [AuCly]” using femtosecond laser irradiation is a simple, green
method for controlling the growth of AuNPs. This chapter presented a review of the physical
and chemical mechanisms of aqueous [AuCly]™ transformation to AuNPs, from the physical
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processes occurring in plasma to AuNP size-control through selective tailoring of the solu-
tion composition. In Section 2, we discussed the physical processes of OB and SCE that occur
because of ultrafast laser irradiation of water. The time-dependent electron density gener-
ated in OB plasma was modeled in relation to laser intensity, and the role that electrons play
in [AuCly]” reduction were explained in Section 3. Reactive species produced in OB plasma
were identified, and their roles in the kinetically controlled photochemical reduction of
[AuCly]™ (electrons o« ki) and surface-mediated autocatalytic growth into AuNPs (H,O, pro-
duction « k;) were quantified and discussed. Finally, in Section 4, these approaches to control
the size of AuNPs were reviewed. Both laser parameters (focusing-geometry, pulse energy, and
duration) and solution modifications (pH, adding scavengers or capping agents) were discussed
in how they affected the chemical system and reaction mechanism, allowing for size-control of
AuNPs. Laser parameters and solution composition both play significant roles in the formation
and resulting size of AuNDPs, and this chapter highlights these considerations to direct future
research.
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Abstract

This chapter describes some recent studies and applications of photochemistry in the
physical-chemical characterization of two acrylic paint materials based on phthalocya-
nines and the study of the photodegradation (photobleaching) processes which could
occur, caused by exposure to artificial irradiation, similar as in the museum. The studies
in this paper has been conducted on phthalocyanines, these compounds being known as
organic colorants in painting. Their color depends not only on the chemical nature of the
colorant, which play an important role in the kinetics and degree of aging, but also on the
compounds added to the paints (TiO,, micas, arylamide yellow). The techniques used in
such studies involve UV-Vis spectroscopy, gloss, and colorimetric measurements, com-
paring our results with similar ones from the literature.

Keywords: phthalocyanine, absorption, photobleaching, artifacts

1. Introduction

Photochemistry is the science that deals with the study of physical and chemical processes that
arise from the interaction between radiation used for irradiation and absorbing molecules [1].

The light radiation together in the presence of oxygen induces photooxidative reactions on
synthetic organic materials, mostly based on chain scission and cross-linking reactions of
polymers used as binders in artists” paints, such as acrylics [2]. Photodegradation reactions
cause changes in the physical and mechanical properties of the materials such as yellowing
phenomena, cracking, embrittlement, and stiffening of the paint films as well as changes in sol-
ubility. The general photodegradation processes on polymers are initiated by the absorption

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNNN
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Pigment CI Pigment chemical name
name

Paint marketing name Structure

PB15:1 Alpha copper phthalocyanine
(1935)

PB15:3 Beta copper phthalocyanine
(1933, 1935)

PB15:6 Epsilon copper
phthalocyanine (1935)

PB16 Metal-free phthalocyanine

(1936)

Winsor Blue RS
Phthalo Blue RS
Phthalo Blue Red
Phthalo Blue

Berlin Blue

Phthalocyanine Blue
Phthalo Blue

Blockx Blue

Winsor Blue GS
Phthalo Blue Green
Phthalo Blue GS
Primary Blue
Primary Blue-Cyan

Manganese Blue Hue

Phthalo Blue (red
shade)

Helio Blue RS

Turquoise Green
Phthalo Turquoise
Marine Blue

Caribbean Blue
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Pigment CI Pigment chemical name
name

Paint marketing name Structure

PB17 Trisulphonated copper
phthalocyanine (1935)

PG7 Chlorinated copper
phthalocyanine (1927, 1938)

PG36 Chlorobrominated copper

phthalocyanine (1938)

Peacock Blue ™
[discontinued in 2005]

(SOsH):

Winsor Green BS c Cl
Phthalocyanine Green

Phthalo Green BS ci

Cupric Green Deep
Phthalo Green

Blockx green

Phthalo Green YS ™
Cupric Green light
Bright Green

Bamboo Green e [ Bre

Winsor Green YS *
C

N

!
N ——Clin
g

Phthalocyanine Green
(yellow shade)

Table 1. The structure of the Phthalocyanine blue and Phthalocyanine green pigments.

of photons by the molecules [3]. The excited molecule loses the absorbed energy through
initiation, propagation, and termination reactions. In case of acrylates, two processes, chain
scission and crosslinking, are competing, depending on the length of the side groups [4].

The carbonyl groups from the acrylic structure are also sensitive to secondary photodegrada-
tion reactions, such as Norrish reactions [5]. The photooxidation takes generally place at first
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in the uppermost layer of the paints and proceeds toward the bulk, depending on the radia-
tion, oxygen diffusion, time of exposure, and the characteristics of the materials exposed to
the radiation. The additives present in the paint formulations might interfere with the photo-
oxidative reactions and could act by catalyzing and promoting or preventing photodegrada-
tion reactions, depending on their chemical properties and color [6].

In the present chapter, the influence of different types of phthalocyanines, such as Phthalo
Blue and Phthalo Green (Table 1), on the photostability of acrylic paints [7] is studied.
Investigations were carried out on unaged and artificially aged self-made and commercially
available acrylic paints. Thus, paints were exposed to artificial accelerated aging using a Hg
medium-pressure lamp, with spectral range comparable to outdoor solar radiation.

For the identification and characterization of acrylic films could be mentioned some non-
invasive techniques, as: infrared spectroscopy Fourier-transformed (FTIR) in the attenuated
total reflection (ATR) mode, UV-Vis spectroscopy, gloss and colorimetric measurements, all
these techniques being useful for color changes and ageing processes investigations.

Taking into account that Phthalo Blue and Phthalo Green are the trade names for phthalocya-
nine pigments which are widely found in original modern and contemporary artworks [8], in
the present work, phthalocyanines containing copper (CuPc), having Color Index (CI) name
Pigment Blue 15 (PB15), and metal-free phthalocyanine (H,Pc), PB16, are discussed. The PB15
can present polymorphism (PB15:x), and each crystalline form is characterized by different
chemical and color properties [9]. The green phthalocyanines are copper-based phthalocya-
nines which are completely chlorinated (Pigment Green 7) or chlorinated and brominated
(Pigment Green 36) (Table 1).

2. General aspects about phthalocyanines

In 1935, the Imperial Chemical Industries began to manufacture copper phthalocyanine,
and such compounds were introduced in the commerce with the name of “Monastral
Fast Blue” at a London fair in November 1935, and from 1936 produced also in the USA,
under other names [10]. In 1936 IG Farbenindustrie began to produce copper phthalocya-
nine at Ludwigshafen, and in the late 1930s, the DuPont Company, at Deepwater Point,
New Jersey, began to produce copper phthalocyanine; the Standard Ultramarine and Color
Company started its production in 1949 [11]. Particularly, since the end of the Second
World War, phthalocyanine pigments became widely used [12]. Commercially, available
pigments of different producers (Maimeri, Winsor & Newton, Lefranc & Bourgeois, etc.)
containing phthalocyanines PB15:1, PB15:3, and PG7 were chosen and applied on different
kinds of supports, as cardboard. Samples of pigment were prepared using acrylic colors.
Phthalocyanine molecules (Pc) are composed of four indole units—pyrrole rings linked
by nitrogen atoms conjugated with benzene rings. They have an extensively conjugated
aromatic chromophore, exhibit UV-Vis absorption spectra with intense m-m* transitions
[13]. They have an increased aromatic character which explains the intense near-infrared
absorption of these compounds. Metalation reduces the electron density at the inner nitro-
gen atoms and in UV-Vis spectra produces a hypsochromic shift which depends on the
electronegativity of the metal.
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The stability of metal phthalocyanines is due to formation of four equivalent N — metal bonds
involving filling of vacant ns, np, and (n — 1)d or nd orbitals of the cation with electrons of the
central nitrogen atoms.

Dyes and pigments are used in the mixture with polymer materials to provide color-changing
properties. Under such context, Cu-phthalocyanine dye can help stabilize against degrada-
tion but in other situations such as photochemical aging can actually accelerate degradation.
The excited Cu-phthalocyanine may abstract hydrogen atoms from methyl groups in the Pc,
which increase the formation of free radicals. This acts as the starting points for the sequential
photooxidation reactions leading to the degradation of the phthalocyanine [14].

Electron transfer sensitization is a mechanism where the excited Cu-phthalocyanine abstracts
electrons from Pc to form Cu-Pc radical anion and Pc radical cations. These species in the
presence of oxygen can cause oxidation of the aromatic ring [15].

3. Light effects on pigments

3.1. Photophysical aspects

Light is the electromagnetic radiation released by an external source of energy. Photochemistry
uses radiation that has an energy between 1 eV and 1 KeV, corresponding to visible radiation
with A = 400-700 nm and ultraviolet radiation with A = 200—400 nm. Radiation used in photo-
chemistry is selectively absorbed by the molecules with which it interacts.

To initiate a photochemical reaction, the formation of an electronically excited state in a mol-
ecule is decisive. Such an excited molecule can be regarded as a new species, characterized
by properties other than those of the same basic molecule. The excited-state molecule has a
certain electronic distribution responsible for the specific chemical reactivity compared to the
fundamental chemical state. The essence of an organic photochemical reaction is the activa-
tion of the molecules produced by the absorption of a photon. The main processes that occur
during the light action on paints are identified in Jablonski diagram (Figure 1):

(a) Non-radiative processes, where the excited-state species release the excess of energy as
heat by three different processes: vibrational relaxation (VR), through which the excited mol-
ecule decreases its vibrational energy within a single electronic state, internal conversion (IC);
meaning a transition between two electronic states with the same spin multiplicity, generally
followed by vibrational relaxation; and infersystem crossing (ISC), which involves the tran-
sition between two electronic states with different spin multiplicity, generally followed by
vibrational relaxation.

(b) Radiative processes. The excited-state species release the excess of energy as electromag-
netic radiation. There are two known processes: fluorescence (F), as spontaneous emission of
radiation upon transition between two electronic states with the same spin multiplicity, and
phosphorescence (P), known as a spontaneous emission of radiation upon transition between
two electronic states with different spin multiplicity.

(c) Other deactivation processes, identified by photochemical or photophysical reactions
which compete the excited-state molecules.
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Figure 1. Jablonski diagram.

3.2. Photooxidation reaction

The photooxidation is a degradation of a compound in the presence of oxygen or ozone. The
initiation of photooxidation reactions is due to the existence of chromophore groups in the
molecules. For example, in a polymer case, by photooxidation, aldehydes, ketones, and car-
boxylic acids along or at the end of polymer chains are generated. The photooxidation reac-
tion induces a chemical change that reduces the polymer’s molecular weight. The material
will become more brittle, with a reduction in its tensile, impact, and elongation strength. Also,
a discoloration and loss of surface smoothness accompany photooxidation. High temperature
significantly increases the effect of photooxidation.

The photooxidation reactions include chain scission, cross-linking, and secondary oxida-
tive reactions, which obey the following process steps that can be considered [16], as follows
(Figure 2):

1. Initial step: Free radicals are formed by photon absorption.

2. Chain propagation step: A free radical reacts with oxygen to produce a polymer peroxy
radical (POOe). This reacts with a polymer molecule to generate polymer hydroperoxide
(POOH) and a new polymer alkyl radical (Pe).

3. Chain branching: Polymer oxy radicals (POe) and hydroxy radicals (HO®) are formed by
photolysis.

4. Termination step: Cross-linking is a result of the reaction of different free radicals with
each other.

From mechanistic point of view, during the photooxidation two main reaction types occur
(Figure 3):

Type I mechanism: a photosensitizer (PS) in its singlet or triplet excited state reacts with a
substrate via (a) electron transfer or (b) hydrogen abstraction to yield free radicals, which will
readily react with oxygen to form peroxide radicals and in turn start a radical chain reaction.
These radicals react with oxygen to form reactive organic species (ROS).
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Type II mechanism: in this process, the sensitizer in its excited state (commonly in its triplet
state) transfers its energy to ground-state molecular oxygen, giving rise to the PS in its ground
state and singlet oxygen ('O,), a very reactive oxygen species. On type II reaction, an energy
transfer during a collision between the excited photosensitizer and molecular oxygen occurs,
as it is reported in the literature’s report. Usually, a photosensitizer, not degraded through
photobleaching by 'O, or other processes, can produce 10°-10° molecules of singlet oxygen [19].

~ CHg-CH2-0~  PH
.'_L
w CH2-CH-O
%Y N
PH
«=CHg-CH-Q =~ — =~ CH2-CH-0

00- O0OH
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Figure 2. Adopted after [17, 18].
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Figure 3. Mechanism of the photo-oxidation reaction.
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4. Mechanism of phthalocyanine oxidative photobleaching

The main factors, which affect the photobleaching, are:

* Triplet excited state with long-lived triplet states and high triplet quantum yields induce a
higher rate of photobleaching [20].

¢ Radiation type, the ultraviolet light being more effective in promoting phthalocyanine pho-
tobleaching than Q-band excitation [21].

The presence of oxygen favors the bleaching of metallic phthalocyanines (MPcs) predomi-
nantly due to photooxidation [22]. The oxygen concentration in oxygen-saturated solutions is
[O,] = 10°-107 mol/l. The reaction between *Pc* and oxygen is diffusion-controlled reaction,
so that it is very rapid (k,, = 10°~10" I/(mol. s)). A type I photooxidation reaction occurs only
if k,[A] has a value of 10°-107 s If k, or [A] has small values, then type II reaction occurs (if
oxygen is present in small concentration). If k, has a great value, then type III reaction occurs
(the oxygen is completely absent in the system).

4.1. Photooxidation study case

The tested compounds in this chapter were Phthalo Blues (CI names PB15:1, PB15:3, PB15:6,
and PB16) and Phthalo Green (PG7) with the chemical structure shown in Table 2; all these
structures have been exposed to irradiation with polychromatic light generated by a Hg
medium lamp 375 nm.

Acrylic Market name Pigment

paints

143 Phthalo Blue Phthalocyanine Blue PB15

159 Primary Blue Phthalocyanine Blue PB15

718 Metallic Blue Titanium dioxide-coated mica PW6; Phthalocyanine Blue PB15
335 Emerald Green Arylamide Yellow 10G PY3;

Phthalocyanine Green PG7

375 Sap Green Arylamide Yellow 5GX PY 74; Phthalocyanine Blue PB15
719 Metallic Green Titanium dioxide-coated mica PW6; Phthalocyanine Green PG7
154 Phthalo Turquoise Phthalocyanine Blue PB15;

Phthalocyanine Green PG7
343 Hookers Green Phthalocyanine Green PG7; Iron oxide PR101; Arylamide Yellow 5GX PY 74

386 Phthalo Green Phthalocyanine Green PG7

Table 2. The composition of the tested acrylic paints.
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The tested samples are shown in Figure 4.

A low photostability of Phthalo Green compared with Phthalo Blue has been observed, simi-
lar with the photodegradation study of the Heliogen Blau 6900 and Heliogen Griin L8730
standard solutions (Figures 5 and 6).

For all tested samples, measurements of gloss degree and optical parameters (AEx* and Abx*)
were performed. The variation of these parameters was also measured during the photodeg-
radation process with polychromatic light irradiation provided by an artificial light source
similar to solar radiation spectrum. After analyzing the obtained results, it was possible to
assign that the gloss degree decreases gradually after irradiation with polychromatic radia-
tion (at the samples 375, 335, 154, 343, and 386), while at the other samples (718, 719, 143, 159),

Figure 4. The cardboard painted with blue and green pigments.
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Figure 5. Photodegradation kinetics of Heliogen Blue 6900 and Heliogen Griin L8730 standard solutions.
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Figure 6. Photodegradation kinetics of some acrylic paints.

there is a significant decrease in this parameter recorded in the first 30 min, followed by a

new slight increase of gloss degree. In the case of acrylic paints containing TiO, and micas, a
decrease of the gloss parameter after the first 30 min of irradiation was observed, most prob-
ably due to the role of TiO,, recognized as photocatalyst which generates OH radicals and, in
this case a good contributor to photocatalytic degradation processes (Figures 7 and 8). In the
case of the paints that contain arylamide yellow, a limited stability of these paints is observed,
due to this pigment light sensitivity. This behavior is proven by a low increase gloss index for

the paints that contain arylamide yellow (Figure 7).
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Figure 8. Gloss parameter variation in case of acrylic paints containing TiO, and micas.

The same trends are recorded for the AEx* and Abx* optical measurements, Figures 9 and 10
for AEx* and Figures 11 and 12 for Abx*.

With regard to the change of the sample yellowness (Ab* = |b*-b*!), the following classes
are specified: stable for Ab* <3 points of absolute increase, moderately stable for Ab* >3 and
Ab* < 8 points of absolute increase, and unstable for Ab* > 8 points of absolute increase. In
this way, at the samples 143, 159, 718, and 719 (samples that contains TiO,, micas, arylamide
yellow), the yellowness corresponds to an increase of the unstability (Ab* > 8), obeying the
abovementioned rule, while for the samples 375, 335, 154, 343, and 386 (Ab* > 3 and < 8),
the yellowness corresponds to a moderate stability, as shown in Figures 11 and 12. For all
the paints, subsequent light exposure resulted in a more severe degradation with large dete-
rioration in optical properties. However, this tendency is the same as for Ab* parameter:

moderately stable for all the samples, except the samples 143, 159, 718, and 719, with a high
instability.



172 Photochemistry and Photophysics - Fundamentals to Applications

AEX*
|'

Omin

Sample

Figure 9. Changes of AEx* for irradiated samples at different times.

60
% 10
|
20
ra
719
0 ' /
0 min Ha
30 min .
90 min
Sample

Figure 10. Changes of AEx* for irradiated metallic samples at different times.

M-

EEL]

b= ’ /90 i
K - S & H " S
L — " - ':'m:“'
3 T —s
1. S
Sample

Figure 11. Changes of Abx* for irradiated samples at different times.



Photochemical Degradation Processes of Painting Materials from Cultural Heritage
http://dx.doi.org/10.5772/intechopen.76169

40
30
20

Ab*

90 min
Irradiation time (min)

Figure 12. Changes of Abx* for irradiated metallic samples at different times.

During the irradiation with polychromatic light, in the UV-Vis spectra of these pigments,
either in solution or painted on cardboard, some minor changes evidenced in the spectral
region between 480 and 840 nm could be observed, as follows:

* An insignificant decrease of Heliogen Blau 6900 absorbance, both at 660 and 860 nm, con-
comitant with a small increase of absorbance at 472 nm (Figure 13).

* A strong decrease of Heliogen Griin L8730 absorbance, visible both for Soret band from
447 nm and for the bands from 690 and 805 nm, most probably due to the high number of
chlorine atoms present as substituents in the pigment structure, responsible for new gener-
ated species. The irradiation with Hg lamp (which contains a high level of UV radiation)
causes dissociation of the chlorine substituents, leading to free radical formation [23] and
new species visible by the new wideband from 495 nm (Figure 14).

¢ This behavior is exhibited for the cardboard painted with Heliogen Griin L8730, the spectral
changes and absorbance decrease being observed most predominantly in the visible area
(the absorption bands from 690 and 805 nm); in the near UV area, the changes attributed to
Soret band are not visible, due to the presence of TiO, in the paint composition, this metal-
lic oxide being responsible for the wide and not defined band from this area (Figure 15).
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Figure 13. Spectral changes of Heliogen Blau 6900 in solution during light irradiation.
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Figure 14. Spectral changes of Heliogen Griin L8730 in solution during light irradiation.
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Figure 15. Spectral changes of cardboard painted with Phthalo Green during light irradiation.

If the Pc oxidative photobleaching occurs via singlet oxygen species, the unsaturated bonds of
phthalocyanine chromophoric system are oxidized [24], singlet oxygen being responsible for
the phthalocyanine photobleaching [25]. There are some limited studies about photobleach-
ing of MPcs in solution; because of its complex reaction, the product isolation is very diffi-
cult; and the final photooxidation products are obtained in insufficient amount (phthalimides
and phthalonitriles) [26, 27]. Similar results have been described for porphyrin structures,
which are related compounds with phthalocyanines [28-30]. Formation of highly toxic hydro-
gen cyanide upon ruby laser irradiation of the tattoo pigment Phthalocyanine Blue has been
reported [31] (Figure 16).
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5. Conclusions

By means of the abovementioned experiments, the following has been observed:

¢ In solution the green pigment is more degradable than the blue pigment.

¢ In acrylic paints containing these pigments, the photodegradation is more intense in the
first 20-30 min of irradiation; after that, depending on the presence or absence of other
compounds (TiO,, micas, etc.), an increase of the optical parameters is observed.

Since the photodegradation results for pigments and acrylic paints are not fully correlated, some
additional studies are needed in order to elucidate the photodegradation mechanism and products.

However, it is necessary to strictly observe that some protective measures regarding the
uncontrolled exposure of paintings using these acrylic paints are necessary, in order to avoid
the irreversible degradation processes of artworks.
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Abstract

Cyanides being highly poisonous to living beings and pollutants to our environment are
among the most important anions studied over the years. As cyanide usage continues
to sky-rocket, it is extremely important and high time that chemists devised methods
for their detection to ensure harmless usage and safer working conditions for people
coming into contact with cyanide and its compounds, day in day out. In this book, an
attempt has been made to provide an in-depth commentary of literature for the synthe-
sis of fluorescent dyes and mechanisms for the molecular recognition and detection of
cyanide ions. It also covers some current entropy on colorimetric and fluorescent organic
chemical probes for the detection and quantification of cyanide anions via fluorogenic
and chromogenic procedures.

Keywords: fluorescent dyes, molecular recognition, fluorogenic, chromogenic
procedures, cyanide detection, sensing mechanisms

1. Introduction

The design of protocol for selective optical signaling probes for anions has received much
attention over the years as a result of the significant roles they play in biological and envi-
ronmental procedures [1]. The recognition of cyanide has become an area of increasing sig-
nificance in supramolecular chemistry as a result of the vital role it plays in environmental,
clinical, chemical, and biological applications, and the fact that much attention has been given
to the preparation of artificial probes that have the capability of uniquely recognizing and
sensing anion species [2, 3]. Cyanide is famous for being one of the most toxic materials and
is very dangerous to the environment and human health [4]. As a result of the extreme toxic-
ity of cyanide ions in physiological [4-6] and environmental [7] systems, many investigators
have designed optical probes [8, 9] for the sensitive and bias detection of cyanide. Till date,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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many strategies have been designed and developed for the detection of cyanide, including
the formation of cyanide complexes with transition metal ions [10-14], boron derivatives
[15, 16], CdSe quantum dots [17, 18], the displacement approach [19], hydrogen-bond interac-
tions [20-22], deprotonation [23], and luminescence lifetime measurement [24]. For the inter-
ferences of competing anions to be curtailed in the sensing of cyanide, the nucleophilicity of
the cyanide ion has been utilized, which includes its nucleophilic reactions with oxazine [25—
27], pyrylium [28], squaraine [29], acyltriazene [19], acridinium [30], salicylaldehyde [31-33],
trifluoroacetophenone [34-38], trifluoroacetamide derivatives [39—43], and other highly elec-
trophilic carbonyl groups or imine [22, 44-48].

A lot of chemosensors for cyanide ion have been developed [49], chromogenic and fluoro-
genic probes for the detection of cyanide by the naked eye have attracted much interest as a
result of the facile, fast usage, and their high sensitivity. As it is well-known, the probes are
normally designed by the combination of a luminophore and an anion binding unit. Mostly,
the anion binder is basically composed of H-bonding donors [50]. Herein, concise literature
reports have been made on some strategies employed in the sensing of cyanide ions, dating
from 2008 to 2017.

2. Sensing mechanisms and synthesis of cyanide sensors (CS)

The official methods of determining cyanides include titration [51, 52], spectrophotometry [65,
66], potentiometry with cyanide-selective electrodes [51, 53], flow injection (FI)-amperometry
[54]. Analysis of cyanide in various matrices including water, soil, air, exhaled breath, food,
and biological fluids (blood, urine, saliva, etc.), have been reviewed in official documents
[55, 56], books [57] and journal articles [58, 59-61]. Quiet recently, Xu et al. [62] and Zelder
and Mannel-Croise [63] have respectively written reviews on optical sensors and colorimetric
measurement of cyanide. Herein, different sensing strategies have been discussed.

2.1. Cyanide sensing via aggregation induced emission (AIE)

This uncommon fluorescence phenomenon was perceived by Luo et al. [64] in 2001 via a
solution of 1-methyl 1,2,3,4,5-pentaphenylsilole, and the term aggregation-induced emission
was given to it. Tang et al. gave an explanation on the AIE phenomenon through a series of
experimental analyses. They realized that the main cause of the AIE phenomenon was due to
restriction of intramolecular rotation in the aggregates.

Sun et al. [65] have prepared a turn-on fluorescent probe CS1 based on terthienyl for the
detection of cyanide through the aggregation-induced emission (AIE) behavior of terthienyl
units in aqueous solutions (Scheme 1). They confirmed the AIE behavior of CS1 using the
dynamic light scattering (DLS) measurements and the scanning electron microscopy (SEM)
studies. The UV-vis titration of the free CS1 showed absorption at 530 nm with a distinct
color. Upon adding CN, the absorption was quenched and eventually disappeared when the
concentration of CN™ reached 40 uM. In the fluorescence studies of the solution of the probe,
it showed non-emissiveness in the absence of CN~. Upon addition of cyanide to the solution
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Scheme 1. Sensing mechanism of cyanide employing CS1.

of CS1, an increase in its intensity at 491 nm was observed, and the fluorescence intensity
further increased by the addition of more than 170 times. As the concentration of CN™ reached
40 uM, a bright green fluorescent emission was observed which can easily be noticed by the
naked eyes.

Another AIE probe CS2hasbeen prepared by Chen et al. [66]. The sensor was synthesized using
2-benzothiazoleacetonitrile and 4-(diphenylamino)-benzaldehyde in 73% yield. The investi-
gators synthesized the probe by placing equimolar (10 mmol) of 2-Benzothiazoleacetonitrile,
ammonium acetate, and 4-(diphenylamino)benzaldehyde in ethanol (30 mL). The reaction
was stirred at room temperature overnight. Then obtained product was filtered and recrystal-
lized from dichloromethane (5 mL) and ethanol (50 mL) to afford the product. The absorption
and fluorescence titrations of the probe (5 uM) were used to ascertain its AIE properties in
acetonitrile/water (1: 99, v/v) solvent mixture at room temperature. The researchers employed
different anions including CN-, HSO,, SO,*, HSO,", CH,COO", CI, Br, I, F;, NO,” and H,PO,
in the analysis. All the anions, with the exception of cyanide, exhibited almost no changes
in the fluorescence intensity. However, the addition of cyanide led to 99% decrease in the
fluorescence intensity of CS2, which confirmed that CS2 could significantly sense cyanide.
When CS2 was dissolved in acetonitrile, a weakly fluorescent was seen. The authors found
CS2 to be non-emissive in acetonitrile. However, upon addition of large amounts of water
(fw > 80 vol%) to acetonitrile, an orange fluorescence (A, =580 nm) was observed under
identical measurement conditions (Scheme 2). However, the group found the absorbance of
the solution to be weak as the fraction of water was below 80%. Additionally, the fluores-
cence intensity with 90% water content was a bit intense than that with 99% which may be
attributed to a more perfect aggregation state. Nonetheless, the characterizations were carried
out in CH,CN/water (1:99, v/v) (almost 100% aqueous solution) in consideration of practical
use and environment protection. They therefore proposed cyanide sensing mechanism using
probe CS2 as illustrated in Scheme 2.

2.2. Cyanide sensing via the chemodosimeter approach

The special nucleophilic character of cyanide has been utilized for the preparation of different
chemodosimetric sensors for cyanide, mostly in aqueous solutions.

In 2009, Kim and Kim [67] prepared, through the condensation reaction of nitromethane and
a coumarinyl aldehyde, a new fluorescent chemodosimeter CS3, and investigated it for the
detection of cyanide ions. The sensor has a coumarin moiety as the fluorescent signaling unit
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Scheme 2. Synthesis and sensing mechanism of probe CS2.

and a Michael acceptor unit being an unsaturated nitro group toward the cyanide. The authors
proposed, using spectroscopic and chromatographic evidence, a plausible mechanism for the
Michael acceptor type chemodosimeter CS3. Because the unsaturated nitro group of CS3 is
one of the good Michael acceptors, cyanide can be added to the (3- or d-position of the unsatu-
rated nitro group, where the d-position is doubly activated. The chemical reaction of CS3
with a cyanide nucleophile was reported to be capable of causing a change in the electronic
structure of the sensor thereby inducing a color change from light orange to pink at 468 nm
(Scheme 3).

Hu et al. [68] have successfully synthesized and reported a 1,3-indanedione-based chemo-
dosimeter that could be employed in sensing cyanide ions via both aggregation-induced
emission enhancement (AIEE) and intramolecular charge transfer (ICT) in 90% aqueous
medium. They prepared a solution of the chemodosimeter (1.0 x 10 M) in aqueous solution
(THF:HZO =1:9 [v/v], containing 10 x 10° M HEPES, pH = 7.3). In the aqueous medium, the
chemodosimeter showed a strong ICT absorption band at 425 nm, and upon adding CN-, the
ICT band was said to have disappeared and the color of the solution changed from yellow to
colorless.

2.3. Cyanide sensing via the excited state intra- and inter-molecular proton transfer
(ESIPT)

In 2017, Huo and co-workers [69] reported the synthesis of a novel isophorone-based red-
emitting fluorescent probe CS4 that can be used in signaling cyanide ion through hampering
of its ESIPT (Scheme 4). With the addition of cyanide ions, as reported by the investigators,
the absorption spectrum of CS4 (5 mM) exhibited an obvious peak at 419 nm. Upon further
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Scheme 4. Sensing mechanism for cyanide using CS4.

addition of CN, the absorption band gradually weakened followed by a rapid step-up in the
peak at 506 nm, intimating that CS4 has involved in a nucleophilic reaction with the CN-,
which led to a distinct color change from orange to red. The authors observed the fluores-
cence spectra of CS4 (5 mM) without CN™ to have shown an emission at 616 nm with orange
color under a handheld UV lamp. After adding CN, the emission at 616 nm was said to have
attenuated sharply and then followed by a peak increased at 657 nm, which induced a fluo-
rescence chromogenic change from orange to red (Scheme 4).
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Shymaprosad Goswami and co-researchers [70] have reported an ESIPT exhibiting benzothia-
zole receptor possessing two aldehyde groups; one ortho and the other para to an OH group.
The ortho aldehyde group being very reactive, was reported to have undergone a nucleophilic
reaction with CN™ selectively, thereby hampering an ESIPT. The investigators confirmed the
process via DFT and TD-DFT computations. The affinity of the benzothiazole receptor toward
different competing ions was investigated using UV-vis absorption and emission spectrom-
etry in aqueous acetonitrile solution. The probe showed a green emission at 521 nm, a peculiar
benzothiazolyl phenol ring emission. Upon adding CN-, the emission was reported to have
drastically decreased, followed by an increase at 436 nm. This suggested that, as thought by
the authors, a chemical reaction between the cyanide and the aldehyde group has interrupted
the conjugation and thereby hampering the ESIPT process leading to a color change from
green to blue. In the UV-vis absorption study, they found that, only CN~ had induced the
perturbation of the electronic behavior of benzothiazole receptor.

2.4. Cyanide sensing via the excimer/exciplex form

Wang et al. [71] have successfully designed and reported the synthesis of a novel probe CS5
comprising diketopyrrolopyrrole and indanedione-based Michael receptor. The sensor could
be employed in the recognition of cyanide anion. The researchers realized that, as an aqueous
solution of cyanide was added to CS5 in THF, it induced a sudden color change from purple
to yellow, as well as a large blue shift from 553 to 480 nm, without any interference from the
other interfering ions (F-, CI, Br-, I, H,PO,,, SO,*, CO*, PO,*, and OAc). They also studied
the binding of CN~ with CS5. Therein, they found out that, the absorption spectra of CS5 in
THF changed upon addition of an aqueous solution of cyanide. This led to absorption peaks
of CS5 at 359 and 553 nm, which gradually attenuated following the formation of two new
bands centered at 314 and 480 nm with color change from purple to yellow (Scheme 5).

Shahid et al. [72] have prepared and described a new simple organic scaffold based on ace-
naphthene. The fluorogenic and chromogenic properties of the probe were investigated for
signaling metal cations and anions in H,O/CH,CN (8:2, v/v) solvent mixture. The authors
employed a metal chelate based sensing strategy of copper complexes for fluorescent sensing
of cyanide.

2.5. Cyanide sensing via the Forster/fluorescence resonance energy transfer (FRET)

Goswami et al. [73] investigated a chemosensor CS6 having a naphthalene and fluorescein
chromophores acting as an energy donor and an acceptor, respectively. The authors reported
that, the emission of the naphthalene chromophore and the absorption of the ring-opened
fluorescein dye indicated that, there was an overlap between these two spectra, implying
that the FRET from the naphthalene chromophore to the fluorescein moiety had occurred.
Additionally, they found out that, the probe CS6-Zn* complex for signaling cyanide was
generated in situ by adding 1 equiv of ZnCl, to CH,OH/H,0O (3:7, v/v) solution of probe
CSé6. They conducted the UV-vis and fluorescence studies at pH 7.1, and realized that there
was the disappearance of yellow color of the C56-Zn* with increased concentration of CN™.
The researchers suggested that, the observed decrease of yellow coloration of the solution
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Scheme 5. Structure of CS5 and its cyanide sensing.

containing the CS6-Zn* complex was a result of the ring opened amide form of CS6-Zn* has
been converted to the spirolactam form of CS6 in the presence of CN". Again, the authors
investigated the selectivity of cyanide through the UV response of CS6-Zn*" in the presence of
competing anions such as Br-, Cl, I', F-, ADP, ATP, PPi, OAc, Pi, SH, SCN-, and N,". As cya-
nide solution was added to the solution of the CS6-Zn*" complex, there was a reverse change
in the fluorescence spectra due to the occurrence of a reverse FRET phenomenon (Scheme 6).

In 2009, Chung and co-workers [74] successfully developed a cyanide sensor for fluorescence
study. In the fluorescence study, different anions, such as CN-, SCN-, AcO, F, CI;, Br, I,
H,PO,, HSO,, NO;, and CIO,” were evaluated at pH 7.4 (0.02 M pH 7.4 HEPES). Using 100
equiv. of each of these anions, and 6 mM of the probe in the presence of Cu* (1 equiv.), only
CN~ was observed to have shown a large fluorescence enhancement.

2.6. Cyanide sensing via H-bonding

In 2015, our group [75] designed and reported the synthesis and application of chemo-
sensor CS7 as cyanide sensor. The signaling performance of CS7 was investigated using
UV-vis absorption and fluorescence spectroscopy in DMSO against F-, CI-, Br", I, AcOr,
CN-, HSO,” and CIO,” anions with tetrabutylammonium (TBA) as the counter cation. The
absorption maximum of CS7 was observed at 405 nm in DMSO. This absorption band
shifted hypsochromically upon addition of one equiv of CN~ to the solution of the probe,
and a new band at 392 nm was observed. Apparently, the electrostatic interaction between
probe CS7 and CN- deprotonated the amide -NH function and negative charge accumu-
lated around the amide function giving rise to the observed hypsochromic shift. To gain,
an insight into the binding of CS7 with anions and fluorescence titrations were performed

185



186

Photochemistry and Photophysics - Fundamentals to Applications

HO O O
CS6 Zn(CN), L/
Light Blue color Green color
- FRET or

Aex =371 nm FRET off Aem =524 nm

Scheme 6. Structure of CS6 and cyanide sensing on the via a Zn-complex.

H CHs
- M,
hl,..-\_.::,:. [ "
My NG
|.-"'-";~_\,,_,.-"¥Q],--’”ﬂ'~;:/ s
P H.__:;.'-"-"‘--.O.- ~'-e-_~D
e /“"N C O
cs7 A
Highly Fluorescent _ Dull Fluorescent
Blus Aasbeax = 405 nm, Aemomax = 479 nm u 'I'Bu“mll'

Scheme 7. Binding mode of CS7 for cyanide sensing.

in DMSO with excitation wavelength of 405 nm. Free sensor, CS7 displayed an emission
maximum at 479 nm in DMSO with a high intensity. Upon addition of CN~ (>1 equiv)
to the solution of CS7, the fluorescence intensity gradually decreased and emission color
changed. Addition of 20 equiv of CN~ almost wiped out the fluorescence of CS7. Similar
results were observed for the competing anions (Scheme 7).

A group of researchers [76] reported the synthesis of two receptors of specific signaling of
cyanide ions in sodium cyanide solution. The authors associated the visual detection of CN-
via color changes, with the formation of hydrogen bonded adducts. They found the probes
to have limited solubility in water, and therefore employed mixed solvent, such as CH,CN/
HEPES buffer (1:1, v/v), for the sensing studies. The fluorogenic and visually detectable chro-
mogenic changes of the receptors were verified using aqueous solutions of the sodium salt
of all the employed common anionic analytes such as F, CI, Br’, I, CN", SCN", CH,COO-,
H,PO,, PZO73‘, HSO, , NO,, and NO, present in excess (0.1 mM). For the contending anions,
no spectral changes in their spectral patterns was observed by the investigators. However, the
researchers observed changes in spectral pattern, naked-eye color, and fluorescence, only in
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the presence of added CN". Interference studies conducted by them revealed that, the spectral
response for CN™ remained unaffected in the presence of 10 equiv of all interfering anions.

2.7. Cyanide sensing via the inter- or intra- molecular charge transfer (ICT)

In 2017, Hao et al. [77] designed and synthesized a probe CS8 having a naphthalimide unit
as the fluorophore and a methylated trifluroacetamide moiety as the acceptor part, which can
be employed for selective and ratiometric signaling of cyanide. The group also employed the
probe to study the sensing recognition of cyanide using HPLC, UV-vis, and emission spec-
troscopic analyses. The regioselective nucleophilic attack of cyanide ion to the methylated
trifluroacetamide unit in the sensor was reported to induce an enhanced ICT process, and
therefore causing a sudden red shift in both absorption and emission spectra of the sensor at
450 nm and 535 nm, respectively (Scheme 8).

Mashraqui and co-workers [78] have developed a novel chemodosimeter that has the struc-
tural capabilities to convert the CN-binding event into an enhanced ICT process, inducing
absorbance red shifts and a high fluorescence turn-on response. The use of the probe toward
sensing different anions was investigated by the group via optical spectral analysis. The
group realized that, the absorption spectra of the chemosensor (28 uM) in DMSO-H,0O (7:3,
v/v) in tris-HCl buffer pH 7.0, was insensitive to each of the competing anions (F-, AcO,
SCN-, HSO47, NO,, Br-, CI, I', and H,PO,") up to 75 mM. On the contrary, the concentration
of cyanide (7.6 mM) which was at a 10-fold lower that of the interfering anions, was noticed
to have elicited a monumental interaction, which was followed by an instant color change
from colorless to deep yellow, an event that allowed selective visual detection of cyanide by
the naked eye.

2.8. Cyanide sensing via the nucleophilic approach

Kwon et al. [79] successfully introduced a fluorescent chemodosimeter CS9 which exhibited
a green fluorescence coloration upon adding cyanide ions. The investigators analyzed the
probe in aqueous solution and noticed that the probe showed an ‘OFF-ON’ type of emission
change which could be utilized as a monitoring device for cyanide over 500 nm (Scheme 9).

ICT OFF auﬂﬂ"“"‘w::a#
red'> e M ICT ON
\ Hue
&EF,
/-__,_/\ /--...,/‘\
CH3 Qﬁ@p - - CH3
c-‘
11*5
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Scheme 8. Mechanism for the signaling of CS8 with cyanide.
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Scheme 9. Signaling of CS9 upon addition of cyanide.

For the fluorescent analysis, 100 equiv of different anions (CN-, AcO-, F-, CI, Br, I, H,PO_,
HSO,, NO,, and CIO,") were investigated in acetonitrile—HEPES (9:1, v/v, 0.01 M pH 7.4
HEPES), containing probe CS9 (3 uM). The authors attributed the selective recognition of
cyanide as a result of the high nucleophilic nature of CN" in aqueous solution. Finally, they
further studied the practical application of the sensor by applying it for the selective detection
of cyanide in the living cells.

Li et al. [80] reported the development of selective and sensitive red-emitting fluorogenic and
colorimetric dual-channel sensor for detection of cyanide. The group realized that, adding
cyanide ion to the probe led to the display of huge blue-shift in both fluorescence (130 nm)
and absorption (100 nm) spectra. The authors found that, the probe could be capable of selec-
tive signaling of cyanide by the naked-eye. They therefore concluded that, the mechanism
for the detection of cyanide was due to the nucleophilic attack of cyanide toward the benzo-
thiazole group of probe, which could block conjugation between benzothiazole unit and the
naphthopyran moiety, resulting in both color and spectral changes.

Aab =500 nm, Aem = 500 nm.

2.9. Cyanide sensing via the photoinduced electron transfer (PET)

Quetal. [81] described the synthesis of a fluorescent and colorimetric chemosensor C510 derived
from a naphtho[2,1-b]furan-2-carbohydrazide and 2-hydroxy-1-naphthaldehyde, through a
straightforward reaction, from inexpensive reagents, for a swift signaling, superior selectivity,
and superb sensitivity toward cyanide ions. The researchers observed that, the mechanism for
the recognition of cyanide ions was as a result of the photo-induced electron transfer (PET)
(Scheme 10). The investigators found the probe CS10 to possess a strong anti-interference
toward other common anions (F,AcO", H,PO, , and SCN"). The authors applied the sensor for
detection of CN" in food samples, which they found to be an easier and selective platform for
on-site monitoring of CN" in agriculture samples. The investigators carried out both UV-vis and
the fluorescence spectroscopy experiments in EtOH/H,O (7:3,v/v) HEPES solution of sensor
CS10. A significant color change from colorless to yellow, which was visible to the naked eyes,
and it was accompanied by a strong and broad absorption red shift from 373 nm to 477 nm in
the UV-visible spectrum of solution of the sensor in EtOH/H,O (7:3, v/v) HEPES solution. When
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Scheme 10. Mechanism for the recognition of cyanide using sensor CS10.

50 equivalents of CN~ was added to the solution of the probe, the fluorescence intensity of the
sensor CS10 increased rapidly and the observed change in coloration from dim blue to blue-
green was said to be distinguishable by the naked eye under the UV-lamp.

A group of researchers [82] successfully prepared a Co(II)-salen based fluorescent sensor that
is applicable for selective recognition of cyanide anions in 1:2 binding stoichiometry. The sci-
entists related the fluorescence enhancement of the solution of the probe, upon the addition of
cyanide, to an interruption of photoinduced electron transfer from the coumarin fluorophore
of the sensor to the cobalt(Il) ion. In order to address the origin of the fluorescence enhance-
ment of the sensor by the coordination of cyanide anions, the authors measured the HOMO
and LUMO energy levels of the cobalt-salen complex of the chemosensor in the absence and the
presence of cyanide anions via cyclic voltammetric and UV-vis spectroscopic measurements.

3. Conclusion

In summary, this chapter is limited to literature reports that have been published from 2008 to
2017. Some papers that have been published pre-2008 may have been used to illustrate important
points. Some of the schemes for the synthetic pathways of the reported literature have not been
illustrated in this chapter due to the limited space available to the authors. There are also a few
papers that have been published within the period captured herein but could not be included. The
omission of such literature does not in any way connote that such papers are of lesser importance.

Acknowledgements

We appreciate, with kind regards, the support and sponsorship of this endeavor by Gazi
University and TUBITAK for the grant (Grant numbers; 111 T106, 1132704, 1147980, and
2157567).

189



190 Photochemistry and Photophysics - Fundamentals to Applications

Conflict of interest

There is no conflict of interest, whatsoever, in publishing this piece.

Author details

Issah Yahaya and Zeynel Seferoglu*

*Address all correspondence to: znseferoglu@gazi.edu.tr

Department of Chemistry, Gazi University, Ankara, Turkey

References

(1]

(a) Lee C-H, Miyaji H, Yoon D-W, Sessler JL. Strapped and other topographically non-
planar calixpyrrole analogues. Improved anion receptors. Chemical Communications.
2008;(1):24-34 (b) Yoon ], Kim SK, Singh NJ, Kim KS. Imidazolium receptors for the
recognition of anions. Chemical Society Reviews. 2006;35(4):355-360 (c) Gunnlaugsson
T, Glynn M, Tocci GM, Kruger PE, Pfeffer FM. Anion recognition and sensing in
organic and aqueous media using luminescent and colorimetric sensors. Coordination
Chemistry Reviews. 2006,250(23-24):3094-3117 (d) Gale PA. From anion receptors
to transporters. Accounts of Chemical Research. 2011;44(3):216-226 (e) Koskela SJM,
Fyles TM, James TD. A ditopic fluorescent sensor for potassium fluoride. Chemical
Communications. 2005;(7):945-947 (f) Kim SK, Kim HN, Xiaoru Z, Lee HN, Lee HN, Soh
JH, Swamy KMK, Yoon ]. Recent development of anion selective fluorescent chemosen-
sors. Supramolecular Chemistry. 2007;19(4-5):221-227 (g) Martinez-Méfiez R, Sancanén
F. Fluorogenic and chromogenic chemosensors and reagents for anions. Chemical
Reviews. 2003;103(11):4419-4476 (h) Czarnik AW. Chemical communication in water
using fluorescent chemosensors. Accounts of Chemical Research. 1994;27(10):302-308 (i)
Lee HN, Xu Z, Kim SK, Swamy KMK, Kim Y, Kim S-J, Yoon ]. Pyrophosphate-selective
fluorescent chemosensor at physiological pH: formation of a unique excimer upon addi-
tion of pyrophosphate. Journal of the American Chemical Society. 2007;129(13):3828-3829

Beer PD, Gale PA. Anion recognition and sensing: The state of the art and future per-
spectives. Angewandte Chemie, International Edition. 2001;40(3):486-516

Amendola V, Esteban-Goémez D, Fabbrizzi L, Licchelli M. What Anions do to N-H-
containing receptors. Accounts of Chemical Research. 2006;39(5):343-353

Bianchi A, Bowman-James K, Garcia-Espana E. Supramolecular Chemistry of Anions.
New York, NY, USA: Wiley-VCH; 1997

Timofeyenko YG, Rosentreter JJ, Mayo S. Piezoelectric quartz crystal microbalance sensor
for trace aqueous cyanide ion determination. Analytical Chemistry. 2007;79(1):251-255



(%]

(10]

[11]

(12]

[15]

[16]

(17]

(18]

(19]

(20]

Fluorescence Dyes for Determination of Cyanide
http://dx.doi.org/10.5772/intechopen.75090

Vennesland B, Comm EE, Knownles CJ, Westly ], Wissing F. Cyanide in biology. London:
Academic; 1981

Young C, Tidwell L, Anderson C. Cyanide: Social, Industrial, and Economic Aspects,
Minerals, Metals, and Materials Society. Warrendale; 2001

Xu Z, Chen X, Kim HN, Yoon J. Sensors for the optical detection of cyanide ion. Chemical
Society Reviews. 2010;39(1):127-137

Cho DG, Sessler JL. Modern reaction-based indicator systems. Chemical Society Reviews.
2009;38(6):1647-1662

Kim YH, Hong JI. Ion pair recognition by Zn—-porphyrin/crown ether conjugates: Visible
sensing of sodium cyanide. Chemical Communications. 2002;(5):512-513

Liu H, Shao XB, Jia MX, Jiang XK, Li ZT, Chen G]. Selective recognition of sodium cya-
nide and potassium cyanide by diaza-crown ether-capped Zn-porphyrin receptors in
polar solvents. Tetrahedron. 2005;61(34):8095-8100

Chow CF, Lam MH, Wong WY. A heterobimetallic ruthenium (ii)-copper (ii) donor-
acceptor complex as a chemodosimetric ensemble for selective cyanide detection.
Inorganic Chemistry. 2004;43(26):8387-8393

Zelder FH. Specific colorimetric detection of cyanide triggered by a conformational
switch in vitamin B12. Inorganic Chemistry. 2008;47(4):1264-1266

Zeng Q, Cai P, Li Z, Qin ], Tang BZ. An imidazole-functionalized polyacetylene: Convenient
synthesis and selective chemosensor for metal ions and cyanide. Chemical Comm-
unications. 2008;(9):1094-1096

Badugu R, Lakowicz JR, Geddes CD. Enhanced fluorescence cyanide detection at physi-
ologically lethal levels: Reduced ICT-based signal transduction. Journal of the American
Chemical Society. 2005,127(10):3635-3641. DOI: 10.1021/ja044421i

Ros-Lis JV, Martinez-Manez R, Sato J. A selective chromogenic reagent for cyanide
determination. Chemical Communications. 2002;(19):2248-2249

Jin W], Fernandez-Argiielles MT, Costa-Fernandez JM, Pereiro R, Sanz-Medel A.
Photoactivated luminescent CdSe quantum dots as sensitive cyanide probes in aqueous
solutions. Chemical Communications. 2005;(7):883-885

Touceda-Varela A, Stevenson EI, Galve-Gasion JA, Dryden DT, Mareque-Rivas JC.
Selective turn-on fluorescence detection of cyanide in water using hydrophobic CdSe
quantum dots. Chemical Communications. 2008;(17):1998-2000

Chung Y, Ahn KH. N-acyl triazenes as tunable and selective chemodosimeters toward
cyanide ion. The Journal of Organic Chemistry. 2006;71(25):9470-9474

Sun SS, Lees AJ. Anion recognition through hydrogen bonding: a simple, yet highly
sensitive, luminescent metal-complex receptor. Chemical Communications. 2000;(17):
1687-1688

191



192

Photochemistry and Photophysics - Fundamentals to Applications

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[31]

[32]

[33]

[34]

Miyaji H, Sessler JL. Off-the-shelf colorimetric anion sensors. Angewandte Chemie,
International Edition. 2001;113(1):158-161

Saha S, Ghosh A, Mahato P, Mishra S, Mishra SK, Suresh E, Das S, Das A. Specific rec-
ognition and sensing of CN- in sodium cyanide solution. Organic Letters. 2010;12(15):
3406-3409

Gimeno N, Li X, Durrant JR, Vilar R. Cyanide sensing with organic dyes: Studies in
solution and on nanostructured ALO, surfaces. Chemistry - A European Journal.
2008;14(10):3006-3012

Anzenbacher P, Tyson DS, Jursikova K, Castellano FN. Luminescence lifetime-based
sensor for cyanide and related anions. Journal of the American Chemical Society.
2002;124(22):6232-6233

Tomasulo M, Sortino S, White AJ, Raymo FM. Chromogenic oxazines for cyanide detec-
tion. The Journal of Organic Chemistry. 2006;71(2):744-753. DOI: 10.1021/jo052096r

Ren J, Zhu W, Tian H. A highly sensitive and selective chemosensor for cyanide. Talanta.
2008;75(3):760-764

Tomasulo M, Raymo FM. Colorimetric detection of cyanide with a chromogenic oxa-
zine. Organic Letters. 2005;7(21):4633-4636. DOI: 10.1021/01051750m

Garcia F, Garcia JM, Garcia-Acosta B, Martinez-Mafiez R, Sancendn F, Soto J. Pyrylium-

containing polymers as sensory materials for the colorimetric sensing of cyanide in
water. Chemical Communications. 2005;(22):2790-2792

Ros-Lis JV, Martinez-Manez R, Sato J. A selective chromogenic reagent for cyanide
determination. Chemical Communications. 2002;(19):2248-2249

Yang Y, Tae J. Acridinium salt based fluorescent and colorimetric chemosensor for
the detection of cyanide in water. Organic Letters. 2006;8(25):5721-5723. DOI: 10.1021/
01062323r

Lee KS, Kim HJ, Kim GH, Shin I, Hong JI. Fluorescent chemodosimeter for selective
detection of cyanide in water. Organic letters. 2008;10(1):49-51

Kwon SK, Kou S, Kim HN, Chen X, Hwang H, Nam SW, Yoon J. Sensing cyanide ion via
fluorescent change and its application to the microfluidic system. Tetrahedron Letters.
2008;49(26):4102-4105

Lee KS, Lee JT, Hong JI, Kim HJ. Visual detection of cyanide through intramolecular
hydrogen bond. Chemistry Letters. 2007;36(6):816-817

Kim YK, Lee YH, Lee HY, Kim MK, Cha GS, Ahn KH. Molecular recognition of anions
through hydrogen bonding stabilization of anion-ionophore adducts: A novel trifluoro-
acetophenone-based binding motif. Organic Letters. 2003;5(21):4003-4006

Chung YM, Raman B, Kim DS, Ahn KH. Fluorescence modulation in anion sensing by
introducing intramolecular H-bonding interactions in host-guest adducts. Chemical
Communications. 2006;(2):186-188



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Fluorescence Dyes for Determination of Cyanide
http://dx.doi.org/10.5772/intechopen.75090

Ryu D, Park E, Kim DS, Yan S, Lee JY, Chang BY, Ahn KH. A rational approach to fluo-
rescence “turn-on” sensing of a-amino-carboxylates. Journal of the American Chemical
Society. 2008;130(8):2394-2395

Kim DS, Chung YM, Jun M, Ahn KH. Selective colorimetric sensing of anions in aque-
ous media through reversible covalent bonding. The Journal of Organic Chemistry.
2009;74(13):4849-4854

Kim DS, Ahn KH. Fluorescence “turn-on” sensing of carboxylate anions with oligo-
thiophene-based o-(carboxamido) trifluoroacetophenones. The Journal of Organic
Chemistry. 2008;73(17):6831-6834

Niu HT, Jiang X, He J, Cheng JP. A highly selective and synthetically facile aqueous-
phase cyanide probe. Tetrahedron Letters. 2008:49(46);6521-6524

Niu HT, Su D, Jiang X, Yang W, Yin Z, He ], Cheng JP. A simple yet highly selective colo-
rimetric sensor for cyanide anion in an aqueous environment. Organic & Biomolecular
Chemistry. 2008;6(17):3038-3040

Ekmekci Z, Yilmaz MD, Akkaya EU. A monostyryl-boradiazaindacene (BODIPY)
derivative as colorimetric and fluorescent probe for cyanide ions. Organic Letters.
2008;10(3):461-464

Yu H, Zhao Q, Jiang Z, Qin ], Li Z. A ratiometric fluorescent probe for cyanide: con-
venient synthesis and the proposed mechanism. Sensors and Actuators B: Chemical.
2010;148(1):110-116

Peng L, Wang M, Zhang G, Zhang D, Zhu D. A fluorescence turn-on detection of cya-
nide in aqueous solution based on the aggregation-induced emission. Organic Letters.
2009;11(9):1943-1946

Sessler JL, Cho D. The benzil rearrangement reaction: Trapping of a hitherto minor
product and its application to the development of a selective cyanide anion indicator.
Organic Letters. 2008;10(1):73-75. DOI: 10.1021/017027306

Miyaji H, Kim DS, Chang BY, Park E, Park SM, Ahn KH. Highly cooperative ion-pair
recognition of potassium cyanide using a heteroditopic ferrocene-based crown ether-tri-
fluoroacetylcarboxanilide receptor. Chemical Communications. 2008;(6):753-755

SunY, Liu Y, Chen M, Guo W. A novel fluorescent and chromogenic probe for cyanide
detection in water based on the nucleophilic addition of cyanide to imine group. Talanta.
2009;80(2):996-1000

Sun Y, Liu Y, Guo W. Fluorescent and chromogenic probes bearing salicylalde-
hyde hydrazone functionality for cyanide detection in aqueous solution. Sensors and
Actuators, B: Chemical. 2009;143(1):171-176

Cho D, Kim JH, Sessler JL. The benzil-cyanide reaction and its application to the
development of a selective cyanide anion indicator. American Chemical Society.
2008;130(36):12163-12167. DOI: 10.1021/ja8039025

193



194 Photochemistry and Photophysics - Fundamentals to Applications

[49]

[50]

[51]

[52]

(53]

[54]

[55]

Kim HJ, Ko KC, Lee JH, Lee JY, Kim JS. KCN sensor: Unique chromogenic and ‘turn-
on’ fluorescent chemodosimeter: Rapid response and high selectivity. Chemical
Communications. 2011;47(10):2886-2888 (b) Lee JH, Jeong AR, Shin S, Kim HJ, Hong
JI. Fluorescence turn-on sensor for cyanide based on a cobalt (II)~ coumarinylsalen
complex. Organic Letters. 2010;12(4):764-767 (c) Saha S, Ghosh A, Mahato P, Mishra S,
Mishra SK, Suresh E, Das S, Das A. Specific recognition and sensing of CN- in sodium
cyanide solution. Organic Letters. 2010;12(15):3406-3409 (d) Chen X, Zhou Y, Peng X,
Yoon J. Fluorescent and colorimetric probes for detection of thiols. Chemical Society
Reviews. 2010;39(6):2120-2135

(a) Lee KS, Kim HJ, Kim GH, Shin I, Hong JI. Fluorescent chemodosimeter for selective
detection of cyanide in water. Organic Letters. 2008;10(1):49-51 (b) Kumara V, Kaushika
MP, Srivastavaa AK, Pratapa A, Thiruvenkatamb V, Rowb TG. Thiourea based novel
chromogenic sensor for selective detection of fluoride and cyanide anions in organic
and aqueous media. Analytica Chimica Acta. 2010;663(1):77-84 (c) Li H, Li B, Jin LY,
Kan Y, Yin B. A rapid responsive and highly selective probe for cyanide in the aque-
ous environment. Tetrahedron. 2011;67(38):7348-7353 (d) Martinez-Marfiez R, Sancen6n
F. Chemodosimeters and 3D inorganic functionalised hosts for the fluoro-chromogenic
sensing of anions. Coordination Chemistry Reviews. 2006,250(23-24):3081-3093. DOI:
10.1016/j.ccr.2006.04.016 (e) Chung SY, Nam SW, Lim J, Park S, Yoon ]. A highly selective
cyanide sensing in water via fluorescence change and its application to in vivo imag-
ing. Chemical Communications. 2009;(20):2866-2868 (f) Shang L, Jin L, Dong S. Sensitive
turn-on fluorescent detection of cyanide based on the dissolution of fluorophore func-
tionalized gold nanoparticles. Chemical Communications. 2009;(21):3077-3079 (g) Zeng
Q, Cai P, Li Z, Qin ], Tang BZ. An imidazole-functionalized polyacetylene: Convenient
synthesis and selective chemosensor for metal ions and cyanide. Chemical communica-
tions. 2008;(9):1094-1096 (h) Zhang P, Shi BB, Wei TB, Zhang YM, Lin Q, Yao H, You XM.
A naphtholic Schiff base for highly selective sensing of cyanide via different channels in
aqueous solution. Dyes and Pigments. 2013;99(3):857-862

Federation WE. American Public Health Association. Standard methods for the exami-
nation of water and wastewater. Washington, DC, USA: American Public Health
Association (APHA); 2005

United States Environmental Protection Agency (EPA), Titrimetric and manual spectro-
photometric determinative methods for cyanide, Method 9014, 1996, http://www.epa.
gov/waste/hazard/testmethods/sw846/pdfs/9014.pdf [Accessed January 9, 2010]

United States Environmental Protection Agency (EPA), Potentiometric determination of
cyanide in aqueous samples and distillates with ion-selective electrode, Method 9213. 1996.
www.epa.gov/waste/hazard/testmethods/sw846/pdfs/9213.pdf [ Accessed January 9, 2010]

United States Environmental Protection Agency (EPA), Available cyanide by flow injec-
tion, ligand exchange and amperometry, Method OIA-1677. 2004. http://www.epa.gov/
waterscience/methods/method/cyanide/1677final.pdf [Accessed January 9, 2010]

World Health Organization. Concise international chemical assessment document 61,
Hydrogen cyanide and cyanides: Human health aspects, Geneva. 2004. pp. 4-5. http://
www.who.int/ipcs/publications/cicad/en/cicad61.pdf [accessed January 09, 2009]



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Fluorescence Dyes for Determination of Cyanide
http://dx.doi.org/10.5772/intechopen.75090

The Agency for Toxic Substances and Disease Registry, Toxicological profile for cya-
nide, Atlanta, GA, US Department of Health and Human Services. Analytical Methods
for Determining Cyanide in Biological Samples. pp. 201-219. http://www.atsdr.cdc.gov/
toxprofiles/tp8-c7.pdf [Accessed January 9, 2010]

Mudder TI, Botz M, Smith A. Chemistry and treatment of cyanidation wastes. London,
UK: Mining Journal Books. pp. 21-46

Mak KK, Yanase H, Renneberg R. Cyanide fishing and cyanide detection in coral reef
fish using chemical tests and biosensors. Biosensors and Bioelectronics. 2005;20(12):2581-
2593. DOI: 10.1016/j.bios.2004.09.015

Singh HB, Wasi N, Mehra MC. Detection and Determination of Cyanide—A Review.
International Journal of Environmental Analytical Chemistry. 1986,26(2):115-136

Out EO, Byerley ]J, Robinson CW. lon chromatography of cyanide and metal cyanide
complexes: A review. International Journal of Environmental Analytical Chemistry.
1996;63(1):81-90. DOI: 10.1080/03067319608039812

Lindsay AE, Greenbaum AR, O’'Hare D. Analytical techniques for cyanide in blood and
published blood cyanide concentrations from healthy subjects and fire victims. Analytica
Chimica Acta. 2004;511(2):185-195. DOI: 10.1016/j.aca.2004.02.006

Xu Z, Chen X, Kim HN, Yoon J. Sensors for the optical detection of cyanide ion. Chemical
Society Reviews. 2010;39(1):127-137

Zelder FH, Ménnel-Croisé C. Recent Advances in the colorimetric detection of cya-
nide. CHIMIA International Journal for Chemistry. 2009;63(1):58-62. DOI: 10.2533/
chimia.2009.58

Luo J, Xie Z, Lam JW, Cheng L, Chen H, Qiu C, Kwok HS, Zhan XW, Liu YQ, Zhu
DB, Tang BZ. Aggregation-induced emission of 1-methyl-1, 2, 3, 4, 5-pentaphenylsilole.
Chemical Communications. 2001;(18):1740-1741

SunY, Li Y, Ma X, Duan L. A turn-on fluorescent probe for cyanide based on aggrega-
tionof terthienyl and its application for bioimaging. Sensors and Actuators B: Chemical.
2016;224:648-653. DOI: 10.1016/j.snb.2015.10.057

Chen X, Wang L, Yang X, Tang L, Zhou Y, Liu R, Qu J. A new aggregation-induced emis-
sion active fluorescent probe for sensitive detection of cyanide. Sensors and Actuators B.
2017,241:1043-1049

Kim G, Kim H. Doubly activated coumarin as a colorimetric and fluorescent chemo-
dosimeter for cyanide. Tetrahedron Letters. 2010;51(1):185-187. DOI: 10.1016/j.tetlet.
2009.10.113

Hu J-W, Lin W-C, Hsiao S-Y, Wu Y-H, Chen H-W, Chen K-Y. An indanedione-based
chemodosimeter for selective naked-eye and fluorogenic detection of cyanide. Sensors
and Actuators B. 2016;233:510-519

Huo F, Zhang Y, Yue Y, Chao J, Zhang Y, Yin C. Isophorone-based aldehyde for “ratio-
metric” detection of cyanide by hampering ESIPT. Dyes and Pigments. 2017;143:270-275

195



196  Photochemistry and Photophysics - Fundamentals to Applications

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

[82]

Goswami S, Manna A, Paul S, Das AK, Aich K, Nandi PK. Resonance-assisted hydrogen
bonding induced nucleophilic addition to hamper ESIPT: Ratiometric detection of cya-
nide in aqueous media. Chemical Communications. 2013;49:2912

Wang L, Jiging D, Cao D. A colorimetric and fluorescent probe containing diketopyrro-
lopyrrole and 1,3-indanedione for cyanide detection based on exciplex signaling mecha-
nism. Sensors and Actuators B. 2014;198:455-461

Shahid M, Razi SS, Srivastava P, Ali R, Maiti B, Misra A. A useful scaffold based on ace-
naphthene exhibiting Cu* induced excimer fluorescence and sensing cyanide via Cu*
displacement approach. Tetrahedron. 2012;68:9076-9084

Goswami S, Paul S, Manna A. FRET based selective and ratiometric ‘naked-eye’ detec-
tion of CN" in aqueous solution on fluorescein—Zn-naphthalene ensemble platform.
Tetrahedron Letters. 2014;55:3946-3949

ChungS-Y, Nam S-W, Lim ], Park S, Yoon J. A highly selective cyanide sensing in water via
fluorescence change and its application to in vivo imaging. Chemical Communications.
2009:2866-2868

Yanar U, Babiir B, Pekyilmaz D, Yahaya I, Aydiner B, Dede Y, Seferoglu Z. A fluores-
cent coumarin-thiophene hybrid as a ratiometric chemosensor for anions: Synthesis,
photophysics, anion sensing and orbital interactions. Journal of Molecular Structure.
2016;1108:269-277

Saha S, Ghosh A, Mahato P, Mishra S, Mishra SK, Suresh E, Das S, Das A. Specific rec-
ognition and sensing of CN" in sodium cyanide solution. Organic Letters. 2010;12(15)

Hao Y, Nguyen KH, Zhang Y, Zhang G, Fan S, Li F, Guo C, Yuanyuan L, Song X, Peng
Q, Liu Y-N, Maotian X. A highly selective and ratiometric fluorescent probe for cyanide
byrationally altering the susceptible H-atom. Talanta. 2018;176:234-241

Mashraqui SH, Betkar R, Chandiramani M, Estarellas C, Frontera A. Design of a dual
sensing highly selective cyanide chemodosimeter based on pyridinium ring chemistry.
New Journal of Chemistry. 2011;35:57-60

Kwona SK, Kou S, Ha NK, Chen X, Hwang H, Nama S-W, So HK, Swamy KMK, Park S,
Yoon J. Sensing cyanide ion via fluorescent change and its application to the microfluidic
system. Tetrahedron Letters. 2008;49:4102-4105

LiJ, Qi X, Wei W, Zuo G, Dong W. A red-emitting fluorescent and colorimetric dual
channel sensor forcyanide based on a hybrid naphthopyran-benzothiazol in aqueous
solution. Sensors and Actuators B. 2016;232:666-672

Qu W-J, Li W-T, Zhang H-L, Wei T-B, Lin Q, Yao H, Zhang Y-M. A rational designed
fluorescent and colorimetric dual-channel sensor for cyanide anion based on the PET
effect in aqueous medium. Sensors and Actuators B. 2017,241:430-437

Lee JH, Reum Jeong A, Shin I-S, Kim H-], Hong J-I. Fluorescence turn-on sensor for cya-
nide based on a cobalt(II)-coumarinylsalen complex. Organic Letters. 2010;12(4)



Chapter 11

Catalytic Degradation of Organic Dyes in Aqueous
Medium

Muhammad Saeed, Muhammad Usman and
Atta ul Haqg

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75008

Abstract

Water pollution by the textile industry is an emerging issue. Textile industry is the major
industrial sector which contributes to water pollution. Textile industry releases a huge
amount of unfixed dyes in wastewater effluents. About 20% of the dye production all over
the world is discharged as waste in industrial effluents by textile industry. These dyes are
highly stable and colored substances which disturb the aqueous ecosystem significantly.
Therefore, there is a need for methods to remove organic dyes from textile industrial
effluents. Photo catalysis and catalytic wet oxidation are best practices for degradation of
dyes in wastewater. In photo catalysis, the dye molecules can be completely degraded into
inorganic non-toxic compounds by irradiation of the dye solution under visible or ultra-
violet light in the presence of semiconductor metal-oxide photo catalysts. In catalytic wet
oxidation, various metal-based catalysts in supported or unsupported form can be used as
heterogeneous catalysts for degradation of dyes in the presence of oxygen or hydrogen
peroxide. These processes have several preferences like easy separation of the catalyst
from reaction mixture and recycling of the catalyst.

Keywords: catalysis, degradation, dyes, Langmuir-Hinshelwood mechanism

1. Introduction

Water is an important resource in our society. In our planet, Earth, less than a 0.7% of the
total of water is fresh water and only 0.01% is available to be used. Today, some of the most
discussed issues around the world are sanitation, soil, air and water pollution [1]. Wastewa-
ter can be divided into four broad categories, according to its source, namely domestic,
industrial, public service and system loss/leakage. Among these, industrial wastewaters
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occupy a 42.4% of the total volume and households a 36.4% of volume. Industrial effluents
are the major sources of water contamination. These industrial effluents contain a wide
variety of complex, biodegradable and non-biodegradable organic substances like dyes,
pesticides and herbicides and dyes with different concentrations [2]. A large amount of
water is being used in the textile industry for preparing fabric and dyeing process. Other
industries like plastics, pharmaceutical, pulp, leather and food industries also use dyes;
however, textile industry is considered as a major water consumer as well as the largest dye
consumer sector. The wastewater coming out of these industries contains a huge amount of
dyes. Textile industry releases about 20% of the total world production of dyes in wastewater
effluents.

Dyes are complex organic compounds which are used to impart color to materials. Dyes are
categorized into different classes like anthraquinone, azo, reactive, disperse, acidic, basic
and neutral dyes. Most commonly employed dyes are anthraquinone and azo dyes and
more than 60% of these dyes are reactive dyes [3]. Reactive azo dyes are extensively used in
the textile industry. Azo dyes consisting of a diazotized amine coupled to an amine or a
phenol and contain one or more azo (-N = N-) linkage comprise about half of all textile
dyes used in the present textile industry. The concentrations of these dyes in textile waste-
water are significantly high, as about 20% of dye residues are released into effluents [4].
These industrial effluents are released directly into receiving waters without much effective
treatment. The dye discharge into the environment poses serious threat to sustainability
of ecosystems because they are highly resistant to natural degradation. These dyes have
been declared as carcinogenic and tumorigenic material by the International Agency for
Research on Cancer (IARC) and National Institute for Occupational Safety and Health;
however, these dyes are still in use in textile dyeing processes. These dyes possess a comp-
lex nature due to a large degree of aromatics and synthetic origin. These dyes are highly
stable, resistant towards photo and biological degradation and refractory against chemical
oxidation. These characteristics make conventional biochemical and physiochemical tech-
niques ineffective. Therefore, elimination of such dyes from textile effluents is of consider-
able interest and importance. Hence the textile effluents should be effectively treated before
final disposal [5-7].

2. Photo catalytic degradation

Increase of recalcitrant organic pollutants in industrial effluents developed the law and regu-
lations related to environment more forceful. As a response, advancement in new, more
powerful and eco-friendly protocols for degradation of organic pollutants in industrial efflu-
ents turned into an important task. For the treatment of industrial effluents, various physical
and chemical processes, such as ion exchange, adsorption, flocculation, UV radiation, electro-
chemical reduction, ozonisation and so on, have been used for elimination of dyes in the past
few decades [8-12]. However, most of these processes face secondary pollution problems,
complicated procedures and high cost. Hence, the development of an effective and eco-
friendly protocol for treatment of industrial effluents is needed.
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Ultimately, researchers focused on advanced oxidation processes (AOPs) to eliminate these
stable pollutants from the aqueous medium. Advanced oxidation processes involve the pro-
duction of active radicals like OH. These active radicals take part in decomposition of macro-
molecules of pollutants into less harmful and smaller substances [13-14]. Fenton process,
sonolysis, ozonation process, radiation-induced degradation, biodegradation and heteroge-
neous photo catalysis are techniques which are employed in the AOP approach [15-19]. The
heterogeneous photo catalysis, which can be used for degradation of organic pollutants by
initiation of redox transformations, has been proved as an efficient tool for degradation of
aqueous as well as atmospheric organic pollutants. This technique involves the initiation of
photo reactions in the presence of a semiconductor photo catalyst. A number of photo-
sensitive semiconductors such as ZnO, V,0s, ZnS, CdS, TiO,, ZnO, oxides of Mn and so on
can be employed as photo catalysts for aqueous-phase photo degradation of organic pollutants
due to their environmental-friendly benefits [20-25].

3. Mechanism of photo catalytic degradation

Irradiation excites an electron from valence band to conduction band of the semiconductor
photo catalyst leaving behind a positive hole in valence band. Electron from the conduction
band is taken up by oxygen adsorbed at the surface of photo catalyst and produces superoxide
anion (O%"). This super oxide anion further reacts with water and produces the OH radical.
Similarly, the positive hole moves to the surface of catalyst and reacts with water and produces
OH radical. These OH radicals take part in decomposition of the pollutants. This mechanism
has been illustrated in Figure 1.

H20 .
02 —>02—>H202-> OH

Dye

Sun Products

Dye

F++++ 4 OH
VB

H20

Figure 1. Mechanism of photo catalytic degradation of dyes.
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The catalytic activities of photo catalysts towards degradation of dye molecules can be
enhanced by doping of semiconductor metal-oxide photo catalysts with metal nanoparticles
of low fermi level like Ag. These metal nanoparticles doped on semiconductor photo catalysts
prevent the recombination of the electron-hole pair by the well-known Schottky barrier effect
which results in an increase in quantum efficiency of the photo catalysts [26, 27]. It has been
reported, for example, that doping of Ag greatly enhanced the photo catalytic activities of the
manganese oxide photo catalyst for degradation of rhodamine B dye in aqueous medium as
shown in Figure 2 [28]. It was observed that 11% (in 15 min of reaction) and 45% (in 120 min of
reaction) of 40 mL (200 ppm) solution of rhodamine B degraded when using manganese oxide
as the photo catalyst at 40°C. In the presence of Ag-doped manganese oxide, 28% (in 15 min)
and 91% (in 120 min) degradation of rhodamine B dye were achieved under similar reaction
conditions. The pH of the solution also affects the catalytic activities of photo catalysts. Higher
pH favors the production of OH radicals; therefore, the photo catalytic activities of photo
catalysts increase with pH. Figure 3 shows the effect of pH on photo catalytic activities of Ag-
doped manganese oxide [28]. Similarly, Ansari et al. [29] have reported that TiO, and Ag-
doped TiO, catalyzed photo degradation of methyl orange and methylene blue dyes. It was
found that 42% and 88% degradation of methyl orange and methylene blue dye was achieved
after 6 h of reaction. In the presence of Ag-doped TiO,, the degradation achieved was 78 and
96% for methyl orange and methylene blue dyes.

3.1. Kinetics of photo catalytic degradation

Eley-Rideal (E-R) mechanism, one of the three mechanisms of heterogeneous catalytic reac-
tions (Langmuir-Hinshelwood, Mars van Krevelen and Eley Rideal), can be used to describe
the kinetics of the photo catalytic degradation of dyes in the presence of oxygen. Eley-Rideal
(E-R) mechanism states that surface-catalyzed reaction proceeds in two steps. In the first step,
the gaseous reactant, oxygen, gets adsorbed at the surface of the catalyst followed by a reaction

100
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Figure 2. Effect of doping of Ag on photo catalytic activities of manganese oxide for photo degradation of rhodamine B
dye in aqueous medium [28].
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Figure 3. Effect of pH on photo catalytic activities of Ag-doped manganese oxide for photo degradation of rhodamine B
dye in aqueous medium [28].

with a fluid phase reactant, the dye in second step. The adsorbed oxygen scavenges the
electrons generated in the conduction band by the irradiation of catalyst and yields superoxide
anions (O%"). Super oxide anions transform to OH radicals by protonation. The positive holes
in valence band also generate OH radicals by reaction with water. These OH radicals play a
significant performance in the mineralization of B dye [29]. The rate expression for the Eley-
Rideal mechanism can be written as:

dR

——=kR0O 1

dt rANUO02 ( )
R, 60, and k, indicate concentration of dye, surface concentration of oxygen and rate constant
of reaction, respectively. Rate of reaction becomes independent of oxygen under constant flow
of oxygen; hence

dR

- E = kApR (2)

kap is the apparent rate constant,
Equation (2) can be expressed in integral form as

R,

In 22
nRt

kap t ®)

Ry and R, is the concentration of dye at time zero and time t, respectively. The plot of In(R¢/R)
versus t gives a straight line. The slope of this straight line gives the apparent rate constant for
photo catalytic degradation of dyes in the aqueous medium.
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The time-profile data of Ag-doped manganese oxide catalyzed photo-degradation of rhoda-
mine B dye and was subjected to kinetics analysis according to Eq. (3). It was noted that fitting
Eq. (3) to experimental data gave the best straight lines as given in Figure 4. The apparent rate
constants determined from the slopes of straight line were 0.0136, 0.0151 and 0.0216 per
minute at 303, 313 and 323 K, respectively [28]. Similarly, we studied the ZnO-catalyzed photo
degradation of methyl orange in aqueous medium [30]. The data obtained was subjected to
kinetics analysis according to Eq. (3). The data gave a best fit to kinetics expression as given in
Figure 5. The rate constants determined from the slopes of straight lines were 0.0098, 0.0128
and 0.0163 per minute at 303, 313 and 323 K, respectively. In another study [31], ZnO was used
as a photo catalyst for degradation of rhodamine B dye in the aqueous medium. The experi-
mental data was analysed according to expression 3. It was found that the data gave best fit to
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Figure 4. Kinetics of Ag-doped manganese oxide catalyzed photo degradation of rhodamine B dye in aqueous medium.
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Figure 5. Kinetics of ZnO catalyzed photo degradation of methyl orange in aqueous medium.
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Figure 6. Kinetics of ZnO catalyzed photo degradation of rhodamine B dye in aqueous medium.

kinetic expression as given in Figure 6. The rate constants determined were 0.0148, 0.0174 and
0.0199 per minute at 303, 313 and 323 K, respectively.

4. Wet catalytic oxidation/degradation

In the recent years, the field of wastewater treatment and reuse of industrial processed water,
for the suitable development of human activities, has achieved much attention. Chemical
oxidation of organic wastes in water is one of the recommended and environmental-friendly
methods to improve water quality. The wet-air or thermal liquid-phase oxidation process is
known to have a great potential for the treatment of effluents containing organic toxic contam-
inants. The efficient removal of pollutants via the wet-air oxidation process requires very high
temperature and pressure, typically in the range 473-573 K and 7-15 MPa, respectively, which
leads to high installation costs, and practical applications for this process are limited. There-
fore, the development of heterogeneous catalytic wet oxidation using various types of catalysts
and oxidants has been attempted in order to reduce the severity of the oxidation conditions.
The use of heterogeneous catalysts makes the process more attractive by achieving high
efficiency for oxidation of organic wastes at considerably lower temperature and pressure.
Compared to conventional wet oxidation, catalytic wet oxidation has lower energy require-
ments in which organic compounds are oxidized to inorganic compounds such as CO, and
H,0 [32-34].

The catalytic degradation of dyes is a slurry-phase reaction having reactants in liquid phase
and catalysts in solid phase. It is generally assumed that surface-catalyzed reactions occur by a
reaction between reactants adsorbed at the surface of the catalyst. The surface-catalyzed
reaction can be broken down into the following basic five steps. Any one of these steps can be
the rate determining step:
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1. Transport of reactants to the catalyst
Adsorption of reactants at the catalyst surface
Reaction between adsorbed reactants on the surface of catalyst

Desorption of the products from the catalyst

AT o

Transport of products away from the catalyst

Steps 2, 3 and 4 are chemical in nature. These steps jointly are regarded as the catalytic
reaction. If any of these steps is slow step, that is, rate determining step, the reaction is said to
be taking place in the kinetic-controlled region. Step 1 and 5, on the other hand, are physical
processes which involve no chemical change. When either of these is slower, the reaction is
said to be diffusion controlled or the rate is said to be diffusion limited. The diffusion control or
kinetic control nature of the heterogeneous reaction can be confirmed by studying the effect of
stirring on the rate of reaction [35, 36].

4.1. Kinetics of wet catalytic oxidation/degradation

As stated earlier, degradation of dyes takes place at the surface of catalyst. The kinetics of
surface-catalyzed reaction can be described by one of the three possible mechanisms of heter-
ogenous catalysis [37]:

1. The Langmuir-Hinshelwood mechanism (L-H)
2. The Mars-van Krevelen mechanism (M-K)
3. The Eley-Rideal mechanism (E-R)

According to Langmuir-Hinshelwood (L-H), the reaction proceeds in two steps. In the first
step the reactants get adsorbed on the surface of the catalyst and in the second step the
adsorbed reactants react and give the final products. This whole process can be summarized
in the following steps.

1. R+* — R* Adsorption of dye on the surface of the catalyst
2. O;+* — O; Adsorption of oxygen on catalyst surface

3. R"+ O; — P} Reaction at the surface of catalyst

4. P; — P;+ * Desorption of the products

According to the Langmuir-Hinshelwood (L-H) theory, the rate of reaction can be given by
following equation.

Rate = k,0r00, 4)

where O and O, represent the surface covered by dye, R and molecular oxygen, respectively.
Adsorption of dye, R and oxygen on the surface of the catalyst may take place according to
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¢ Langmuir adsorption isotherm
¢ Temkin adsorption isotherm
¢ Freundlich adsorption isotherm

Langmuir adsorption isotherm may be either competitive or non-competitive. If adsorption of
dye and oxygen takes place according to the competitive Langmuir adsorption isotherm, then
fraction of the surface covered by reactant R and oxygen can be represented by expressions 5
and 6, respectively.

_ Kg([R]
T KGR + Ko, O] ©
o, FolO2) ©)

- 1+ Kr[R] + Ko, [Oz};
Kg and Kq, represent adsorption coefficient for dye R and oxygen, respectively. The value of n
can be taken as 1 or 0.5 for molecular or dissociative adsorption of oxygen, respectively.
Putting the values of Og and O, from Egs. (5) and (6) in Eq. (4), we get Eq. (7).
Kr[R]Ko, [0

Rate =k, 3 ()
(1 + Ke[R] + Ko, [02]; )
At constant flow of oxygen, the expression 7 transforms to.
T .
(¢ + b[R])

where a, b and c are k, Ko, [O,], Kg and 1 + Ko, [O5], respectively.

If the adsorption of reactant R and oxygen at the catalyst surface is taking place according to
the non-competitive Langmuir adsorption isotherm, then fraction of the surface covered by
reactant R and oxygen may be represented by expression 9 and 10, respectively.

Kr[R]

Or = T+ KelR] )
Ko, [0
0, = m (10)

Putting the values of Og and O, from Egs. (9) and (10) in Eq. (4), we get.

K[R]Ko,[O2]g

Rate =k, (1 + KR[R])<1 + K02 [OZD
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At constant flow/pressure of oxygen, the expression 11 transforms to Eq. (12).

ab[R]

R =
=T BR]

(12)

Similarly, if adsorption of dye and oxygen at the surface of catalyst follow Temkin or
Freundlich isotherm, then the rate expression becomes Egs. (13) and (14), respectively.

Rate = k,(K1InK,[R]) (13)
Rate = k,Kg[R]" (14)

Like Langmuir-Hinshelwood mechanism, Mars-van Krevelen mechanism also comprises of
two steps. In the first step, the lattice oxygen of the catalyst oxidizes the substrate molecule and
hence produces a partially reduced catalyst. In the second step, the reduced catalyst is
reoxidised by molecular oxygen. The rate equation for Mars-van Krevelen can be given by
expression 15.

Rate = £ [R]kZ[OZ]g (15)

1
Bki[R] + k2 [0

kq, k, and f3 is the rate constant for degradation of dye, R is the rate constant for reoxidation of
catalyst and stoichiometric coefficient of oxygen (0.5), respectively. At constant flow of oxygen,
expression 15 changes to expression 16.

_ _aR]
Rate = b+ Rl (16)

According to the Eley-Rideal mechanism (E-R) mechanism, the gaseous reactant gets adsorbed
on the surface of the catalyst while the second reactant, dye, reacts with the adsorbed reactant
from the fluid phase. In the present case, oxygen is adsorbed at the surface while reactant R
remains in the fluid phase.

Rate expression for the Eley-Rideal mechanism (E-R) can be given by Eq. (17) as below:
Rate = k,00,[R] (17)
In case of constant pressure of oxygen, the above equation can be transformed to Eq. (18) by
lumping all the constants together as given below.
Rate = a[R] (18)
All these equations can be applied to experimental data of heterogenous catalytic degradation

of dyes in the aqueous medium by linear and non-linear method of analysis. We studied the
degradation of rhodamine B and methylene blue dyes catalyzed by CoFe,O, in aqueous
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medium [38]. Th data obtained was subjected to kinetic analysis according to above equations
using Curve Expert software. It was found that Eq. (12) was best applicable to the data
indicating that reactions were taking place according to the Langmuir-Hinshelwood mecha-
nism. The constants determined using Curve Expert are given in Table 1. In another study [39]
we employed nickel hydroxide as catalyst for degradation of black dye in aqueous medium.
The experimental data was analysed according to kinetics discussed above. It was found that
the reaction followed the Langmuir-Hinshelwood mechanism. The constants determined by
Curve Expert software are listed in Table 2. Similarly, the degradation of methylene blue dye
catalyzed by nickel hydroxide was also investigated [40]. The experimental data was analysed
using the Curve Expert software. The Langmuir-Hinshelwood mechanism was applicable
in this study as well. The rate constants and adsorption equilibrium constants are listed in
Table 3.

T (K) k; (/min) k, (L/mol)

RhB MB RhB MB
303 0.028 0.031 1.61 1.74
313 0.066 0.069 1.60 1.71
323 0.098 0.098 1.58 1.69
333 0.128 0.131 1.55 1.67

Table 1. Kinetics parameter determined by application of Langmuir model (Eq. 12) to time profile data of CoFe,O,
catalyzed degradation of rhodamine B and methylene blue dyes dyes using Curve Expert software.

T (K) kK, (/min) k, (L/mol)
313 0.051 0.153
323 0.093 0.125
333 0.218 0.079

Table 2. Kinetics parameter determined by application of Langmuir model (Eq. 12) to time profile data of nickel
hydroxide catalyzed degradation of direct black dye using Curve Expert software.

T (K) k, (/min) k, (L/mol)
313 1.12 0.0112
323 1.55 0.0093
333 2.05 0.0084

Table 3. Kinetics parameter determined by application of Langmuir model (Eq. 12) to time profile data of nickel
hydroxide catalyzed degradation of methylene blue dye using Curve Expert software.
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5. Conclusion

Water pollution by textile industry is an emerging issue. Textile industry releases about 20% of
the total world production of dyes in wastewater effluents. Photo catalysis and catalytic wet
oxidation are best techniques for elimination of these dyes from aqueous system. In photo
catalysis, the dye molecules are degraded to inorganic non-toxic compounds by irradiation of
dye solution under visible or ultraviolet light in the presence of semiconductor metal-oxide
photo catalysts. In catalytic wet oxidation, various metal-based catalysts in supported or
unsupported form can be used as heterogeneous catalysts for degradation of dyes in the
presence of oxygen or hydrogen peroxide. These processes have several preferences like easy
separation of catalysts from the reaction mixture and recycling of the catalyst.
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