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Preface

This book entitled “Photophysics, Photochemical and Substitution Reactions -
Recent Advances” represents a modern branch of science. Photophysics and
photochemical reactions are as old as our world. Working on the principle of
light-matter interaction, they are present at the crossroads of several disciplines
such as chemistry, physics, material science, biology, and medicines. The same is
true for substitution reactions as well. To the best of our knowledge, this fantastic
combination of topics, substitution reaction clubbed with reactions initiated by
photons (i.e., photochemical reactions), appears for the first time in book literature,
representing the importance of gross understanding of organic chemistry, materials
science, just a few areas to mention. A combined understanding will also help us to
expand the development of new molecules, new materials, as well as understanding
new photon-initiated processes. The goal of this book is to familiarize both research
scholars and postgraduate students with recent advancements in various fields
related to reactions initiated by photons and substitution reactions.

This book is broadly divided into three sections: Section I “Photophysics and
Application”; SectionlI “Photochemical, Photocatalysis and Applications”; and
Section IIT “Substitution Reactions”. Each part provides a unique aspect of its
headings.

Section I titled “Photophysics and Applications,” contains three chapters and

it starts with an in-depth photophysics details of a popular pyran dye and its
application in optical sensing. The second chapter deals with another popular and
important dye, BODIPY dye. The DNA interaction studies of ferrocenyl ureas and
thioureas have been presented in Chapter 3. Section II of this book comprises six
chapters under the heading of “Photochemical, Photocatalysis and Applications™.
This section starts with a very important topic, carbon dioxide reduction on Cu/
Ti02, while the second chapter discusses the recent development of hydrogen
evolution reaction. Third chapter of this section discusses the photocatalytic
degradation of various organic dyes by using arsenomolybdates, while the fourth
describes the visible-light-induced photocatalysis of aldehyde. The potential
photocatalysis of metal oxide nanoparticles is presented in fifth chapter. The last
chapter in this section deals with the ferrocene unimolecular rectifier. The final
section of this book consists of two chapters on substitution reactions. Substitution
reactions are a type of reaction where one functional group or ligand is substituted
by another. They could be electrophilic or nucleophilic, depending upon whether
the reagent is involved. However, whether it is organic or inorganic chemistry, there
are two mechanisms of substitution reactions: dissociative or SN1 and associative
mechanism or SN2. Many factors such as solvent, ionic strength, concentration,

or hardness of metal ions in inorganic reactions could gain great importance on
substitution reactions. The special class of organometallic compounds is ferrocenes.
This type of compound, including its derivatives, has shown to be bio-applicable.
Two chapters in this book bring us the newest research in this field.

Last but not the least, the future of photophysics, photochemical, and substitution
reactions, like any other burgeoning field, is more exciting than the past. This is



particularly due to the increase in the number of young researchers and the devel-

opment of the instrumentations.

We thank all the contributors for their excellent chapters and the publishing process
managers of IntechOpen, especially author service manager, Mr. Josip Knapic, for
keeping us on our toes to publish this book on time. It has been another extremely
nice experience to work with this dynamic publishing house, IntechOpen.
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Chapter1

Photophysical Properties of
4-(Dicyanomethylene)-2-Methyl-
6-(4-Dimethylaminostyryl)-4H-
Pyran (DCM) and Optical Sensing
Applications

Ravi Kumar Kanaparthi, Satyen Saha, Manjeev Singh
and Akhila M

Abstract

4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM) is, commonly known as red dye, an electron donor-acceptor molecule that
exhibits very interesting photophysical properties such as high molar absorption
coefficients, tunable electronic absorption and fluorescence emission energies, and
high fluorescence quantum yields. Several DCM analogous have been synthesized
and explored for various practical applications that include solid-state lasers,
organic light-emitting diode (OLED), fluorescent sensors, logic gates, photovolta-
ics, nonlinear optics (NLO), and bioimaging of cells. In recent years, a significant
amount of research work has been devoted for developing optical sensors based on
DCM dye for detection of various guest analytes. The first part of this book chapter
describes comprehensive photophysical properties of the DCM dye which include
the results of steady-state and time-resolved absorption and fluorescence studies.
The second part of the book chapter summarizes the recent developments of DCM-
based optical sensors that exhibit colorimetric, ratiometric, and fluorosensing
towards selective detection of metal cations, anions, and neutral species.

Keywords: red dye, electron donor-acceptor molecules, photophysical
properties, optical sensors, NIR fluorescence, dicyanomethylene-4H-benzopyran,
dicyanomethylene-4H-pyran, chemosensors

1. Introduction

The molecule, 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl) -
4H-pyran (DCM) belongs to the merocyanine dye category and is well-known in
the literature as red fluorescent dye. The DCM dye consists of N,N-dimethylaniline
group, electron donor and dicyanomethylene, and electron acceptor which are
covalently attached by a n-conjugated moiety, 4H-pyran-4-ylidiene, in the form
of electron donor-acceptor (D-n-A) architecture. The DCM was first reported
by Eastman Kodak Company and initially used as dopant in developing red laser
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materials [1]. However, in subsequent years it was found that DCM exhibit high
fluorescence quantum efficiency, large Stokes shift, and solvatochromic behavior.
Further, the absorption spectrum of DCM dye has minimum overlap with its
fluorescence spectrum which was utilized in lasing action, for developing red lasers,
and organic light-emitting diode (OLED) materials [2, 3]. Because of their interest-
ing photophysical and optoelectronic properties, several research groups actively
involved in developing DCM analogues not only for OLED application but also for
logic gates, lasers, bioimaging, sensors, photovoltaics, and NLO applications. Way
back in 2004, Chen reviewed how red emitting DCM derivatives have evolved as
dopants for OLED device applications [4]. Later in 2012, Tian has published one
review article which describes not only OLED applications of DCM-type materials
but also fluorescent sensors, logic gates, photovoltaic sensitizers, nonlinear optical
materials, bioimaging dyes, etc. [5]. Considering simple synthetic procedures of
DCM derivatives [6], many optical sensors were reported based on DCM derivatives
for recognizing various guest analytes, and the number of publications is rapidly
increasing day by day. However, on the other hand, a comprehensive summery of
DCM photophysical behavior has not been reported till date. Moreover, to the best
of our knowledge, there is no single report that describes optical sensing behavior of
DCM and its derivatives. The book chapter describes both the fundamental photo-
physics of DCM and recent progress on DCM derivatives as optical sensors.

2. Photophysical properties of DCM
2.1 Absorption

Electronic absorption spectrum of DCM in polar medium, dimethylsulphoxide
(DMSO) was reported for the first time by Hammond in 1979 [7]. Later on, the DCM
dye absorption spectra in different medium were studied in various contexts, and it
is observed that the electronic absorption behavior is quite similar to many charge
transfer (CT) dyes [7-16]. The DCM dye has very broad absorption, typically in
between 200 and 600 nm, and the nature of the absorption strongly depends upon
polarity of the medium (Figure 1 and Table 1) [11, 12, 15, 16]. The DCM exhibits
two absorption bands where the longer-wavelength band is found to be more intense
than the shorter-wavelength band. In non-polar solvents, the shape of the longer-
wavelength band is found to be more structured (vibronic structure) like any other
CT dye molecules, and in polar solvents the structured nature disappears [17]. For
example, the electronic absorption spectrum of DCM in cyclohexane shows two
bands: structured longer-wavelength band with a maximum at 451 nm and shoulder
at 340 nm [11]. However, when the same DCM dye is present in highly polar solvent
like DMSO, a structureless longer-wavelength band is observed with maxima at
482 nm with a shoulder at 350 nm. Interestingly, the electronic absorption maximum
of DCM undergoes a redshift upon increasing with the polarity of the medium which
is commonly known as solvatochromic shift of the absorption. The solvatochro-
mic behavior is more prominent in polar aprotic solvents than that of polar protic
solvents with that of non-polar solvents. For example, the absorption maxima of
DCM in cyclohexane and DMSO in the solvatochromic shift is found to be ~30 nm,
which is relatively less (~20 nm) when compared to cyclohexane and ethanol
absorption maxima. From the Lippert-Mataga theory [18-20], ground-state dipole
moment (p,) of the DCM was estimated to be 5.6 D which suggests that the DCM
is a dipolar molecule [11]. It is well-known in the literature that an electronic state
of a dipolar molecule is more stabilized in polar solvents rather than in less polar or
non-polar solvents. So, the observed solvatochromic behavior in different solvents

1
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Figure 1.
Molecular structure of DCM (left). Right side, experimental (a) fluorescence and (b) absorption spectra
of DCM dissolved in hexane (continuous lines), CHCI, (dashed lines), and DMSO (dotted lines) and (c)
fluorescence and (d) calculated absorption spectra. Reproduced with permission from ACS [16].
Sl.no Solvent A, (nm) A Aq - A (nm) 1% T (ns)
(nm)
1 n-Hexane 451 530 79 0.05 0.015
2 Cyclohexane 454 533 79 — —
3 1,4-Dioxane 456 566 100 — —
4 Toluene 461 567 106 0.08 0.022
5 Chloroform 471 565 94 0.35 —
6 Tetrahydrofuran — — — 0.49 1.24
7 Dichloromethane 468 587 109 — —
8 Acetonitrile 463 617 154 0.45 1.95
9 DMF 475 626 151 — —
10 DMSO 481 644 163 0.80 2.25
11 Methanol 466 623 157 0.3 136
12 EtOH 470 614 144 — —
13 n-Propanol 472 614 142 0.57 2.10
14 PMMA 453 550 97 0.76 2.00

Ao absorbance maxima (nm); A, fluorescence emission maxima; h, — Ag, Stokes shift; z, fluorescence lifetime; ¢y
fluorescence quantum yield.

Table 1.
Photophysical parameters DCM [7-16].

is attributed to the extent of dipole-dipole interactions in the respective solvents.
Dipole—dipole interactions are prominent in polar solvents and aromatic solvents,
and corresponding energy state will be relatively more stabilized; thereby a red-
shift of the absorption maxima is quite obvious. Similarly, the structured longer-
wavelength absorption band, observed in non-polar solvents, is primarily due to the
vibronic coupling where the vibrational energy levels are well separated and thus
their vibrational transitions become prominent. The vibronic coupling is even more
prominent at the low-temperature (77 K) experiments and can be attributed to the
absence of dipole—dipole interactions [15]. Molar absorption coefficients of DCM in
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ethanol are estimated to be 4.2 x 10* mol ! cm™! at its absorption maxima (470 nm)
and 1.2 x 10* mol ’cm ™ at the shoulder (337 nm).

2.2 Steady-state fluorescence

Fluorescence emission behavior of DCM laser dye in a variety of solvents has
been measured [11, 16]. DCM dye molecule exhibits a single structured fluorescence
band in non-polar aprotic solvents. For example, the fluorescence maxima of DCM in
isooctane and cyclohexane are found to be at 533 nm and 530 nm, respectively (Stoke
shift of ~80 nm), which shifts its maxima (to 566 nm) upon increasing polarity of the
solvent (1,4-dioxane). On the other hand, in dipolar aprotic and protic solvents, the
fluorescence maxima shift towards the red region of the visible light, undergo a little
change in shape of the band, and are accompanied by a new fluorescence band with
its maximum above 610 nm. Similarly, the DCM emits at 635 and 626 nm in DMSO
and DMEF, respectively, that gives rise to ~150 nm Stokes shift. Furthermore, from
the systematic fluorescence study, it was observed that the short-wavelength fluores-
cence intensities depend upon solvent polarity and that the intensity of the longer-
wavelength band enhanced monotonically with increasing polarity of the solvent.
The structured fluorescence emission band in non-polar solvent is attributed to the
Franck-Condon or locally excited (LE) state where the DCM molecular structure/
configuration is almost same as the ground-state configuration. The dynamic Stokes
shift of the fluorescence emission maxima in polar solvents indicates that the nature
of the emitting state is changing to a highly polar state and the solvation of DCM
molecules further stabilizing the emitting state. From Stokes shift values obtained
in different solvents and by using Lippert-Mataga theory, the excited-state dipole
moment (p.) was estimated to be 26.3 D [16], which further supports the high dipolar
nature of DCM emitting state. A large change in dipole moment (~20 D) from ground
state to the excited state resulted in a large Stokes shift (~150 nm) from non-polar sol-
vents to the polar solvents. The estimated p. and large change in dipole moment upon
photoexcitation also explain why Stokes shift is more than the solvatochromic shift.
Since . is very high, it is likely that the DCM molecule mostly exists in the planar
confirmation in charge-transfer (CT) state which will be relatively more stabilized by
polar solvents rather than non-polar solvents. Further, it was observed that both the
spectral shifts are correlating with Lippert-Mataga solvent parameter, Af.

In order to understand the nature of the emitting state, titration experiments
were carried out in which aliquots of pure ethanol solvent are added gradually to
DCM and dioxane solution [9]. It was observed that the original fluorescence band
in pure dioxane is redshifted upon gradual addition of ethanol to the DCM-dioxane
solution and concurrently produces initially a longer-wavelength fluorescence band
with a maximum at 610 nm which reduces its intensity beyond certain ethanol
concentration (10~* M) and emerged to a new fluorescence band with a maximum
at 630 nm. However, further increase of ethanol concentration beyond this limit
did not shift the position of the longer-wavelength fluorescence maximum but
increases intensity of fluorescence band despite the fact that there is significant
increase in the polarity of the binary solvent mixture. Fluorescence quantum yield
(¢¢) of DCM highly depends upon the polarity of the solvent. For example, in
n-hexane solvent, DCM quantum yield is calculated to be 0.05, and in polar DMSO
solvent, quantum yield is estimated to be 0.81 [15]. Therefore, the quantum yield
of DCM in non-polar solvents are less and in polar solvents high (Table1). The
observed high fluorescence quantum yields in polar solvents can be understood in
terms of the CT character of the DCM dye. From the initial steady-state fluores-
cence studies, it was proposed that the DCM dye molecule emits a single fluores-
cence, and a three-state model was proposed in order to explain the fluorescence
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spectral behavior, and all the solvents and the emitting state would be either LE
state. Therefore, solvatochromic behavior of DCM was attributed to the change
in their dipole moment of the ground state and excited state where fluorescence
spectral shift increases due to an increased dipole moment upon excitation and to
the interaction of this dipole with the polar solvent cage.

As can be understood from the molecular structure (Figure 1), the DCM dye can
present in either cis-confirmation or trans-configuration because of n-spacer. So,
the photophysics of cis- and trans-isomerization of DCM were studied by Drake and
co-workers [10]. The DCM solutions were analyzed by high-pressure liquid chro-
matography (HPLC) and nuclear magnetic resonance (NMR), and they found that
in the freshly prepared solutions, the DCM exists in trans-configuration (in dark).
However, DCM solution when exposed to ambient light, trans-DCM converts in to
cis-DCM whose ratio depends on the solvent. From HPLC study, absolute absorption
cross sections for both isomers were measured for the first time. The fluorescence
quantum yield of trans-isomer is found to be more than that of the cis-isomer
because of the less non-radiative rate of the trans-DCM. Temperature dependence of
the fluorescence emission spectra of both isomers in methanol, dimethylsulphoxide
(DMSO), and lipid bilayers was studied [14]. These results suggest that the fluores-
cence spectral behavior of the two isomers is almost overlapping while their fluo-
rescence decay times are found to be distinct. Furthermore, cis-DCM fluorescence
was measured for the first time in DMSO solvent along with the trans-DCM, and it is
observed that the cis-isomer fluorescence quenches to give the trans-DCM.

Based on the steady-state absorption and fluorescence studies in a variety of
solvents, a mechanism has been proposed to understand photophysical proper-
ties (Figure 2) [9]. The DCM dye may be thought of an ionic merocyanine-like
electron donoracceptor (EDA) dye molecule in which an electron-donating
N,Ndimethylaniline moiety is covalently connected with a conjugated mt-electron
spacer and an electron-accepting dicyanomethylene moiety. Electronic excitation of
DCM molecules leads to the formation of locally excited (LE) state immediately after
photoexcitation. So, the fluorescence emission of DCM in non-polar solvents pre-
dominantly occurs from LE state, formed via n-7* transitions, and has an electronic
configuration similar to that of the ground state, which is evident from the vibronic
fluorescence emission band. However, in polar solvents, excited DCM molecules
emitted from ICT state, which are characterized by a planar molecular conformation,
are formed immediately after photoexcitation under the influence of the electric
polarization of the surrounding solvent molecules, and it is argued that the short-
wavelength fluorescence primarily originated from ICT state. This also explains why
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Figure 2.
Schematic diagram of the dynamic behavior of low-lying singlet states of DCM.
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a gradual shift in the position of the fluorescence band is observed from a non-polar
aprotic solvent to a polar solvent. Further, interpretation of the additional long-wave-
length fluorescence was not that easy as expected; however, the preliminary fluores-
cence lifetime data suggest that it is generated from excited DCM in a new ICT state
which is formed during the lifetime of the lowest excited singlet state and equilibrates
with the ICT state emitting at 610 nm. It was suggested that the dual fluorescence
originates from the excited DCM in the ICT state with a twisted conformation formed
by internal rotation of the donor moiety with simultaneous ICT from this group

to a suitable acceptor orbital. The new state is commonly known as twisted intra-
molecular charge transfer state (TICT) which was first reported by Grabowski and
co-workers [21] to explain dual fluorescence of structurally different compounds such
as p-cyano and p-(9-anthryl) derivatives of N,N-dimethylaniline in polar solvents

[17, 22]. Typically, the TICT state is characterized by a perpendicular conformation

of donor and acceptor moieties which is responsible for dual fluorescence of p-N,N-
dimethylaminobenzonitrile (DMABN). However, unlike DMABN molecule, it should
be noted that the difference between the short- and long-wavelength maxima of the
dual fluorescence of DCM is somewhat smaller than that calculated for DMABN. This
may be because the larger separation between the D and A moieties in DCM leadsto a
smaller fraction of charge transfer than that of DMABN.

Contrary to the above three-state model, a combined experimental and theoreti-
cal study revealed quite different results from the measured absorption and steady-
state emission spectra of DCM dye upon its comparison with Nile red in a series
of aprotic solvents with similar refractive index and different polarity [16]. Unlike
many other studies reported earlier, the observed spectral behavior is interpreted to
two-state electronic model accounting for the coupling to internal molecular vibra-
tions and to an effective solvation coordinate. This study pointed out that change
in band shapes upon varying solvent cannot be accounted as an evidence for two
different emitting states and explained all the observed solvatochromic behavior of
absorption and fluorescence spectra. Based on the consistency between experimen-
tal and calculated spectral data, a two-state model was suggested for understanding
DCM photophysical properties which is generally also valid for most of the of the
electron donor-acceptor (EDA) molecules.

2.3 Fluorescence lifetimes

Fluorescence lifetimes of DCM were measured in six different solvents for the
first time, and it is found that the fluorescence times (t) depend upon the polarity
of the solvent [8]. Later on, wavelength dependent fluorescence decay profiles of
DCM in protic-polar solvent (ethanol) and other solvents were measured, and it is
found that all the decays profiles are fitting with single exponential function despite
the strong overlap between the two fluorescence bands [9]. Moreover, these stud-
ies clearly reveal that the fluorescence lifetime value of DCM in a given solvent is
independent of the fluorescence wavelength at which the measurement was made.
In order to obtain more information about the nature of the emitting states of DCM
in polar solvents, the fluorescence spectra of DCM in DMSO were recorded at vari-
ous times after excitation. From typical time-resolved emission spectral data, it was
observed that both short- and long-wavelength fluorescence bands appear within
the 0.75 ns after excitation. Further, their relative intensities change with time
until a time-independent intensity ratio is reached, at about 2.25 ns. Wavelength-
dependent time-resolved fluorescence measurements also suggest that DCM exhib-
its dual fluorescence in polar solvents which is assigned to the two well-separated
different emitting states. Based on the steady-state and time-resolved fluorescence
data, Hsing-Kang and co-workers suggested two different intramolecular charge
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transfer (ICT) emitting states for DCM which are in dynamic equilibrium with each
other, where a short-wavelength emission was assigned to a planar conformation
and a longer-wavelength emission to a twisted (TICT) conformation.

Fluorescence decay measurements of cis- and trans-isomers of DCM were carried
out in six solvents using PRA photon counting system [10]. The fluorescence decays
of DCM are fitting with mono-exponential despite the presence of two isomers. On
the contrary, quite different results were observed when lifetime measurements are
carried out using picosecond time-correlated single photon counting technique [23].
The fluorescent decay profiles in methanol, acetonitrile, and chloroform are fitting in
bi-exponential. A short component (~25-48 ps) is having longer lifetime in methanol
and acetonitrile solvents than that in chloroform. On the other hand, long component
has a lifetime (t) of 1.38 ns in methanol and chloroform solvents and t ~1.94 ns in ace-
tonitrile. Furthermore, fluorescence decay is fitting with single exponential function
in DMSO with a lifetime ~2.25 ns. Thus, it is proved that solvent plays an important
role in the non-radiative decay processes of the DCM in excited state which ultimately
changes the fluorescence lifetimes. Bi-exponential nature of DCM clearly suggests the
presence of two fluorescent species, and similarly, single exponential decay fitting in
DMSO indicates single fluorescence species. The long-lived species are predominant
in methanol, and acetonitrile solvent attributed to a trans-isomer which is produced
while synthesizing DCM. From the relative weight component ratio (a,/a; + a,) analysis
at a fixed excitation wavelength, it was observed that the relative contribution of the
cis-DCM increases in the order methanol, acetonitrile, and chloroform which is incon-
sistent with the cis-DCM percentages obtained by Drake et al. [10] Further, a short
component is attributed to cis-DCM with fluorescence lifetime in picoseconds and low
fluorescence efficiency. The cis-DCM is having steric hindrance that inhibits planarity
and rigidity of the molecule and thereby favors electronic to vibrational energy conver-
sion. The decay behavior in highly polar DMSO solvent medium is attributed to relaxed
fluorescence state from LE state, and it was pointed that TICT model is not necessary to
describe single exponential decay [24]. Based on steady-state and time-resolved fluo-
rescence studies, photoisomerization mechanism was suggested as follows: excitation
of the trans-DCM followed by a nonadiabatic curve crossing process in which a surface
crossing leads directly to the photoisomer. Another possible scheme would involve
production of an intermediate, twisted internal charge transfer (TICT) state from the
excited trans-configuration followed by partitioning to the cis and trans ground state
which is similar to the Rulliére model [25]. Solvatochromic absorption and emission
behavior and the fact that the molecule possesses well-separated donor (amino) and
acceptor (cyano) groups are consistent with the well-known charge-transfer proper-
ties. Therefore, it is likely that the geometrical configuration is skewed and interme-
diate between the cis and trans excited states. On the other hand, non-exponential
fluorescence decay of DCM was observed at low temperature (5 and —35°C) in dibutyl
ether, and the main fluorescent state was attributed to a TICT state [26].

2.4 Ultra-fast spectroscopic studies of DCM

As described in previous sections, since steady-state absorption and fluorescence
studies were not conclusive about the nature of emitting state, one would always ask
whether fluorescence emission is from direct charge-transfer state (CT) or relaxed
CT state which is originated from locally excited state as shown in Figure 3. To answer
this question, it is not necessary to have ultra-fast spectroscopy data; in fact simple
steady-state fluorescence data would be sufficient to explain the nature of the emit-
ting state. Suppose if it is encountered that the transition dipole moments for absorp-
tion (CT « Sy) and emission (CT — S;) are the same, one can conclude that the DCM
photophysics are involved in two states (ground and CT states) [27]. Further, in such
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Figure 3.

Potential energy curves against generalized coordinates which include intramolecular and solvent modes for
(A) direct vertical excitation to CT-state (B) population of LE state followed by LE — CT transition from
ground state.

a case, the solvatochromism of absorption and emission should be consistent with
ground- and excited-state dipole moments and their difference. On the other hand,
if fluorescence anisotropy of DCM is substantially smaller than 0.4, then it is possible
that the fluorescence emission could be from a different state than that of populated
by photoexcitation, perhaps it is direct indicative of a three-state system (ground,
LE, and CT states). Therefore, explicit evidence of such a three-state system can only
be obtained by time-resolved spectroscopy through the direct observation of the
LE — CT transition. However, because of the interference of both population transfer
and relaxation (solvent, vibration) in spectral dynamics, the interpretation of the
transient spectra can sometimes be sensitive and may to lead confusion. Easter et al.
have investigated ultra-fast dynamics of DCM for the first time and observed tem-
poral evolution of its stimulated emission in methanol and ethylene glycol at several
wavelengths using sub-picosecond pump-probe spectroscopy [28]. The observed
temporal changes of the fluorescence intensity measured during the first 100 ps after
excitation were assigned to the dynamic Stokes shift of the fluorescence emission
from the CT state following its direct optical excitation. Time-resolved transient
absorption spectroscopic studies of DCM solutions in weakly polar and polar were
carried out by Martin and co-workers, and corresponding data exhibits an isosbestic
point in the net gain spectra within a few picoseconds after excitation which suggest
rapid evolution of an emissive intermediate state from the initial excited S; state [29].
Solvatochromic behavior of the gain spectral position and its time-resolved redshift in
slowly relaxing solvents support the CT character of the emissive intermediate state.
Further, the overall intramolecular CT process is observed to take place within 30 ps
in all solvents, and solvent relaxation time appears as an important parameter in the
observed kinetics. Moreover, it was also found that the time constants associated with
these changes depend upon the solvent polarity and vary from 2 ps (in acetonitrile)
to 8 ps (in methanol). All these dynamics of DCM were interpreted to a transition
that occurs from optically populated LE state to the CT state. However, there was no
evidence of the twisted nature of this CT state which was suggested earlier [26].
Population relaxation within the fluorescent state was selectively monitored by
Glasbeek and co-workers using femtosecond fluorescent up-conversion technique
with a time-resolution of ~150 fs which does not permit to probe any influence of
the dynamics within the electronic ground state [30]. It has been shown that intra-
molecular charge separation is taking more than 300 fs after the pulsed excitation.
Following the pulsed excitation of the molecule, the integrated intensity of the
spontaneous fluorescence decreased to approximately 50% of its initial value within
few picoseconds. Moreover, it was observed that a significant portion of the charge
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separation trajectory (~30%) is controlled by the solvation process on a picosecond
time scale. Therefore, it is inferred that LE and CT states of photoexcited DCM
strongly coupled adiabatically in the inverted region where a large extent of the
charge separation process occurs on a picosecond time scale controlled by the excited
state solvation process. However, subsequent high-resolution (<100 fs) fluorescence
up-conversion studies of the DCM dye molecule in methanol and chloroform reveal
that there is no change of the integrated spectral intensity during the first 25 ps after
vertical excitation for the LE — CT transition [31]. Besides, for all times only one
fluorescent excited state was noticeable, and the observed dynamic Stokes shift is
attributed to solvent relaxation. Mean position of the time-resolved fluorescence
spectrum of DCM in methanol shifts towards the red side with bi-exponential (175 fs
and 3.2 ps) behavior, while in chloroform the spectral position remains practically
unchanged for all times. The collected time-resolved data concluded that DCM has a
single emitting state, which is directly populating upon photoexcitation.

A binodal dynamic Stokes shift was observed with time constants, one is about
100 fs, and another is of few picoseconds, respectively, when DCM is present in
highly polar solvent media (methanol, ethylene glycol, ethyl acetate, and acetonitrile)
[32]. The initial fast component is attributed to the free streaming motions of the
solvent molecules and the second slow time component to the rotational diffusion
motions of the solvent molecules. However, from the rapid sub-picosecond rise of the
integrated emission intensity, it was suggested that the excited state electron transfer
is preferentially taking place within about 100 fs from a higher-lying less emissive
state to a lower-lying more emissive CT state. That is, the charge separation process in
DCM is completed within about 100 fs. The LE and CT states are pictured as strongly
coupled in the inverted region which is already reported earlier by Gustavsson et al.
[31], and the gradual charge separation is treated as diffusional motion on the result-
ing barrierless potential. On the other hand, transient absorption spectra of DCM
dye in methanol were measured using pump-supercontinuum probe technique with
40 fs time resolution and also revealed two components [33]. Initially (before 70 fs), a
prominent spectral structure is observed which is primarily due to resonance Raman
processes. At longer times (>70 fs), the spectrum undergoes a significant redshift,
and shape of the band changes with a well-defined isosbestic point, and these obser-
vations are quite similar to earlier study done by Martin and co-workers [29]. The
early transient component has been assigned to the locally excited state of DCM.
Further, it was found that LE — CT transition is much faster than that suggested by
Martin et al. and concluded that a substantial fraction of the intramolecular charge
separation (>70%) is completed within 300 fs of the pulsed excitation.

Later, time-resolved visible pump and infrared (IR) probe transient absorption
measurements of the DCM and its isotopomer DCM-d6 were studied by Fleming
and co-workers to probe the ultra-fast charge-transfer state formation in polar
solvents: dimethylsulphoxide (DMSO) and acetonitrile (MeCN) [34]. Transient
infrared absorption bands at both a fingerprint region between 1440 and 1620 cm™
and the CN stretching region, ~2208 cm™", were probed. The IR band at 1440 cm™
is assigned to the LE state of DCM, while the higher-frequency absorptions (1495,
1520, and 1590 cm™) are assigned to the CT state. The results reveal that excited-
state absorption bands in the fingerprint region (1495 cm™) are exhibiting a
frequency upshift and/or changes in band shape on a few ps time scale (~1-2 ps)
which was attributed to the formation of the excited state and charge-transfer state
via twisting and pyramidalization of the C-N(Me), group and associated changes
in C-C bonding character throughout the molecule. That is the fast rise in the CT
bands was assigned to the rapid evolution of the LE state into the CT state.

Excited state non-radiative relaxation dynamics of DCM in hexane have been
investigated using femtosecond fluorescence up-conversion technique at three

1
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excitation wavelengths [35]. The S1 lifetime was observed to be 9.8 ps which is
found to be independent of the excitation wavelengths. The observed S1 lifetime
of DCM is less by one order of magnitude as compared to julolidyl DCM dyes
DCJT and DCJTB, indicating the significance of the twisting motion of the N,N-
dimethylamino group affecting the S1 non-radiative dynamics. Further, TDDFT
calculations suggest that an intersystem crossing is responsible for the observed S1
dynamics of DCM in non-polar solvent.

2.5 What is understood about DCM dye?

The ground state and dipole moments of DCM are estimated to be very high (5.6
D and 26.6 D) which suggests that the charge is highly polarized even in the ground
state. The steady-state absorption and fluorescence spectra of DCM reveal that
the molecule exhibit solvatochromic shift and large Stokes shifts depending on the
polarity of the solvent [10, 16, 24]. Solvatochromic shift of the electronic absorption
is due to high ground-state dipole moment. The dramatic Stokes shift is attributed
to the change of the dipole moment upon photoexcitation and fluorescent emitting
state to a charge-transfer (CT) state [23, 24]. The fluorescence lifetime of DCM is
measured to be of the order of a few nanoseconds, and the solvent relaxation occurs
in between sub-picoseconds and picoseconds [9, 10, 23, 28-33]. Both fluorescence
lifetime and relaxation depend on the solvent polarity.

Photoexcitation of DCM to its first absorption band put the excited molecule
in the S;/LE state, and subsequently two conformational changes may happen.
Firstly, -C=C bond rotation leading to trans and cis isomerization via a phantom
singlet state which is a typical photochemical process occurring on trans-stilbene
[36] and many olefin molecules [37]. Secondly, twisting of the N,N-dimethylamino
group may give rise to a highly polar twisted intramolecular charge-transfer (TICT)
state which can be stabilized in polar media like 4-dimethyl-aminobenzonitrile
(DMABN) molecule [37, 38]. However, the transition from the LE state to the
CT (or TICT) state is under debate, and from both experimental and theoretical
calculations [39], the following widely accepted dynamical behavior has been
proposed to understand the excited-state dynamics of DCM dye. The potential
energy surface (PES) of the LE state (S;) for twisting motion of the central C=C
bond (which bridges N,N-dimethylamino group with pyran group) is calculated
to be very small (0.2 eV), and the barrier height is insensitive to the polarity of
solvent. However, the shape of excited-state PESs of for the twisting motion of the
CN single bond of the N,N-dimethylamino group of DCM is strongly influenced by
the polarity of the solvent [39]. Moreover, in a polar media, the energy of the S;/LE
state increases, whereas the energy of the S,/CT state decreases by twisting the CN
single bond of the dimethylamino group and leads to a nonadiabatic curve crossing
between the two states. Therefore, the formation of an emissive TICT state along
the amino group twisting coordinate is more favored with increasing the polarity
of the solvent. Trans and cis isomerization is dominated in polar solvents because of
the increased the energy barrier in the TICT state along the torsional coordinate of
the C=C double bond when the TICT state is formed at the perpendicular geometry
where the energy of the S;/LE state is higher than that of the S,/CT state.

3. DCM derivatives as optical sensors
A chemosensor can be any organic or inorganic complex molecule that is used for

sensing of an analyte to produce a detectable change or a signal [40-43]. Similarly,
Cambridge defined the chemical sensor as a ‘miniaturized device that can deliver
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real time and online information on the presence of specific compounds or ions
in even complex samples’. The chemical sensors employ specific transduction
techniques to obtain analyte information. The chemical sensors are widely devel-
oped based on optical absorption, luminescence, and redox potential principles.
Moreover, sensors based on other optical parameters, such as refractive index and
reflectivity are also frequently reported in the literature [44].

Any chemosensor consists of three components: a chemical receptor which is
capable of recognizing the analyte/guest of interest; a transducer or signaling unit that
converts recognition event into a measureable physical change; and finally a method
of measuring change and converting it to useful signal/information. An ideal
chemosensor is expected to have high selectivity, sensitivity, prompt response, and
low cost. Various approaches have been developed in the recent past years by vari-
ous groups for designing chemosensors and broadly classified in to three different
approaches [45], which only differ in the arrangement of receptor and signaling unit:

* Binding site-signaling approach
* Displacement approach
* Chemodosimeter approach

These approaches only differ in the arrangement of two units (receptor and sig-
naling) with respect to each other. In the ‘binding site-signalling subunit’ approach,
two parts are linked through a covalent bond. The interaction of the analyte/guest
with the binding site induces changes in the electronic properties of the signaling
subunit that results sensing of the target anion. The displacement approach is based
on the formation of molecular assemblies of binding site-signaling subunit, which in
coordination of a certain anion with the binding site results in the release of the sig-
naling subunit into the solution with a concomitant change in their optical proper-
ties. In the chemodosimeter approach, a chemical reaction results in an optical signal
when a specific anion approaches the receptor. Depending on the type of signals
that are produced upon the recognition event, chemosensors are classified into two
categories: optical sensors and electronic sensors. While the former sensors change
optical signals, the latter change electrochemical properties. Based on the type of
optical signal, the optical sensors further can be classified into two categories.

Chromogenic chemosensors change the color upon the recognition event (binding
of analyte/guest into the receptor subunit) and thus show variation in absorption of
signaling unit. Since the color of parent solution is changing after recognition, these
are also known as colorimetric sensors.

Fluorogenic chemosensors change the fluorescence of the signaling unit upon the
recognition event. These are also called fluorosensors.

It has been demonstrated that the colorimetric sensors are simple and low-cost
and offer both qualitative and quantitative information without any need of sophis-
ticated spectroscopic instrumentation, and most often the colorimetric response
can be visualized with the naked eye. On the other hand, the fluorescence measure-
ment is a bit expensive but relatively more sensitive and versatile and offers micro-
to nanomolar estimation of guest species. A wide variety of optical chemosensors
have been reported for the cation, anion, and neutral molecules. Based on the
nature of analyte being detected, irrespective of the photophysical phenomenon the
receptors follows, the chemosensors may be broadly classified into three categories:
cations sensors, anions sensors, neutral sensors.

The ICT mechanism has been exploited quite extensively in ion sensing and
molecular switching applications [45, 46]. A fluorosensor is generally designed to
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have two units: a signaling unit typically a fluorophore and a receptor (recognition
unit) which are covalently connected with a n-spacer for rendering the recogni-
tion event to the fluorophore that ultimately changes fluorescence signal. A group
of fluorogenic sensors which has either weak fluorescence or no fluorescence (off
state) by nature and that becomes fluorescent (on state) upon the receptor recog-
nizes the analyte/guest molecule, and this type of fluorogenic sensors are called

as off-on sensors. Similarly, on-off sensors can also be designed, where a sensor
initially exhibits fluorescence (on state) and after the recognition event, the sensor
becomes nonfluorescent/weakly fluorescent (off state). A schematic representation
of off—on fluorogenic sensors is shown in Figure 4.

As discussed in the previous section, the DCM molecule and its derivatives are
having unique advantages in terms of their photophysical properties such as red
light emission, high quantum yield, and highly tunable fluorescence that is sensi-
tive not only by solvent polarity but also structure modification. Unlike visible light
fluorogenic sensors, red and NIR fluorogenic sensors (600-950 nm) have received
considerable interest due to minimum fluorescence background, less light scatter-
ing, and less photodamage and are having certain advantages in bioimaging appli-
cations of live cells. Therefore, in recent years, there is a consistent growth of the
colorimetric and fluorogenic sensors based on DCM and its analogues (Figure 5) for
sensing cations, anions, and neutral species, which are summarized below.

3.1 DCM derivatives as metal sensors

Valeur and Bourson designed a DCM derivative, DCM1, which contains a
receptor macrocycle (monoaza-15-crown-5) unit that is covalently attached to
the electron-donating substituent (N,N-dimethylaniline unit) [47]. It was found
that the resulting fluorosensor DCM1 has almost identical photophysical proper-
ties to that of DCM. However, upon complexation with alkaline earth metal cat-
ions such as Li, Na, Mg, and Ca, the absorption spectra of DCM1 undergo either
hypsochromic shift or hypochromic shift. Similarly, with addition of alkaline
metal cations, a substantial decrease in the fluorescence emission intensity and
quantum yield was also observed. It is interesting to note that the fluorescence
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Figure 4.
Schematic diagram of OFF-ON fluorogenic sensing mechanism [45, 46].
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Figures.
Molecular structures of DCM and its derivatives as optical sensors for various analytes.

emission is slightly blueshifted and corresponding fluorescence lifetime is almost
unchanged. It is well established that the ICT from the electron donor to the
electron acceptor can be diminished if the electron-donating character of the
donor moiety is reduced. In the DCM1 fluorosensor, the nitrogen atom belongs
to the crown, and therefore, upon complexation with cations, the donating
ability is reduced and thus hinders the ICT character which more or less depends
upon on the nature of the cation. From the observed sensing changes, it is under-
stood that the charge transfer of the cation plays a key role and the reduction of
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charge-transfer efficiency from a nonemissive locally excited state to an emissive
relaxed intramolecular charge-transfer state (RICT).

A red fluorosensor (DCBP1) was designed by replacing N,N-dimethylamine of
DCM with bis(2-pyridylmethyl) amine (DPA) moiety and benzopyran backbone
[48]. Screening of various alkaline and transition metals reveals that the DCBP1 has
more binding affinity towards Cu”" ions than that of any other cations. The bind-
ing affinity is evident not only from the absorption spectrum but also colorimetric
response where light pink color of free DCBP1 solution changes to yellow color after
coordinating with copper ions (DCBP1-Cu2+), which is visible even to the naked eye.
Free DCBP1 shows a characteristic emission band around 650 nm (with fluorescence
high quantum efficiency, ¢pcpps = 0.40) which is redshifted 55 nm as compared to flu-
orescence emission of DCM (Ae = 595 nm) due to insertion of a conjugated benzene
unit onto the dicyanopyran backbone. Fluorescence behavior of DCBP1 in presence
of various metal ions was studied in a mixture of ethanol-water (60:40, v/v), and it
is observed that only the addition of Cu”* to DCBP1 causes a significant decrease in
fluorescence intensity. Surprisingly, when pyrophosphate (PPi) anion is added to the
in situ generated DCBP1 meatal complex (DCBP1-Cu2+), the absorption at 505 nm
increases with a isosbestic point at 447 nm, and the color of the solution also changes
from pale yellow to pink (original color of DCBP1). Similarly, fluorescence emission
of the DCBP1-Cu2+ is turned on, and fluorescence emission intensity at 650 nm
is also enhanced. From the fluorescence measurements, it is observed that DCBP1
forms a 1:1 complex with pyrophosphate (PPi) anion, and association constant (K,)
is estimated to be very high at 4.6 x 10° M. Further, an investigation of a series of
other anions reveals that the DCBP1 probe molecule is highly selective and sensitive
only towards PPi anion. The observed colorimetric response and on-off fluorescence
response of DCBP1 were attributed to the inhibition of the ICT because of decreased
the electron-donating ability of the amino group upon binding with Cu®* ion. On the
other hand, turn-on fluorescence is due to electrostatic interaction between PPi and
DCBP1-Cu2+. Since, the two oxygen atoms of PPi somewhat strongly coordinated
with the copper, and the nitrogen-copper bond gets weakened which restores the
ICT; thereby fluorescence emission is enhanced. Therefore, the DCBP1 molecule is
demonstrated as both fluorescence on-off and off—on sensor when it is binding with
Cu*" ions and PP, respectively.

In general, most of the fluorosensors exhibit on-off sensing behavior in solution
phase because quenching of fluorescence emission is quite easy. However, developing
off-on fluorosensor with processible technology is relatively a tedious and chal-
lenging task. Such fluorescence off-on sensors can be tailored to meet the specific
needs via rational design approaches and have been paid much attention in recent
years due to growing demand of various chemical and biological species detection
by exploiting energy transduction principles such as radiant, electrical, mechanical,
and thermal processes [49, 50]. Tian and co-workers have extended their previous
research work [48] and developed a polymeric DCM2 sensor based on a hydrophilic
copolymer bearing the DCM moiety in the form of a fluorescent film which senses
Cu”* and PPi anion works based on off-on fluorescence mechanism (Figure 6) [51].
The sensor DCM2 is decorated with a hydrophilic copolymer, poly(2-hydroxyethyl
methacrylate) (PHEMA), that exhibits high hydrophilicity but insoluble in water. The
hydrophilic chain segment was chosen mainly to improve the permeability of ions
into the polymer backbone, and the DCM fluorophore is also grafted into the polymer
backbone as metal ion-sensing units. The copolymer DCM2 and the corresponding
metal complex, DCM2-Cu2+, exhibit turn-off fluorescence for the selective targeting
of Cu** (Figure 6). However, interestingly, upon adding PPi anion, the fluorescence of
the copolymer is turned on with high sensitivity both in solution and in thin film over
other anions such as AMP, ADP, ATP, and phosphate (Pi). Furthermore, the low-cost
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Figure 6.
Fluorescence on—off and off-on mechanism of DCBP1 (above) DCMz2 copolymer (below).

hydrophilic copolymer film of DCM2-Cu2+ on a quartz plate shows a very rapid
response towards PPi anion with turn-on orange-red fluorescence due to high perme-
ability of its side chains. Recently, a new DCM-based NIR fluorescent probe (E)-4-
(2-(4-(dicyanomethylene)-4H-chromen-2-yl)vinyl) phenyl picolinate (DCBP2) was
designed and synthesized for Cu®* ions with improved performance [52]. As shown

in Chart 5, the sensor molecule DCBP2 consists of DCBP-OH as a fluorophore and
electron-withdrawing 2-pyridinecarbonyl group as the receptor for Cu** ions. The
reaction between DCM-OH and 2-pyridinecarbonyl gives rise to picolinoyl ester of
the DCM. Since 2-pyridinecarbonyl group is covalently anchored to the fluorophore,
the ICT is blocked, and no fluorescence can be observed. At this stage when Cu*is
added to the probe, the copper ions coordinate with nitrogen and oxygen atoms of
2-pyridinecarbonyl group fluorescence emission quenches. However, upon hydrolysing
DCBP2 with water, Cu®* releases from coordination, and subsequently a phenolate ion
(DCBPO-) is produced, which is a better electron-donating group and thus restores
its ICT property which ultimately leads to a dramatic increase in fluorescence intensity
at 676 nm. The sensing behavior of the probe DCBP2 towards Cu** ions can also be
conveniently followed by naked eye inspection and measuring absorption under

mild conditions. The color of the solution appears yellow in absence of copper ions,
which, however, changes to pink color upon adding copper ions and clearly visible

to the naked eye. The free DCBP2 gives absorption 558 nm upon, and binding with
copper ions, the absorption shifts 415 nm (blueshift). Furthermore, this probe was
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successfully applied for the quantitative estimation of Cu** in various types of water
samples and also demonstrated its utility in imaging living cells.

DCBP3 is designed based on the Pd(0)-catalyzed Tsuji-Trost allylic oxidative
insertion reaction and dicyanomethylene benzopyran moiety [53]. Photophysical
properties revealed that the probe DCBP3 exhibits high sensitivity and selectivity
towards the detection of both Pd(0) and Pd(II) under reducing conditions. The
probe DCBP3 shows a major absorption band with a maximum at 450 nm, and
after treating with palladium, another new absorption peak started appearing
around 560 nm. On the other hand, DCBP3 displays no fluorescence at 700 nm
when excited at 560 nm. However, upon the addition of palladium, the fluorescence
emission peak at 700 nm increases gradually. Additionally, marked color changes
were also noticed. All the photophysical properties have been explained based on
palladium-triggered cleavage reaction that produced a free DCBP-OH. Moreover,
the probe DCBP3 is little affected with pH variation and has low cytotoxicity.

3.2 DCM derivatives as anion sensors

As discussed in Section 3.1, the molecules DCBP1 and DCM2 form copper com-
plexes (DCBP1 Cu2+ and DCBP1-Cu2+), and their fluorescence emission quenches
drastically [48, 51]. In situ generated DCBP1 Cu2+ and DCBP1-Cu2+ recognize PPi
anion which can be tracked from spectrophotometrically and fluorescence mea-
surements. Later, the molecule DCBP1 was modified by decorating with a lithium
iminodiacetate group in place of N-aryl group [54]. The synthesized NIR fluoro-
phore, DCBPA4, selectively binds with Cu?* ions because of lithium iminodiacetate
receptor and found to have very good solubility in aqueous water. The photophysical
properties of metallated fluorophore (DCBP4-Cu2+) were found to be modified
upon interacting selectively with pyrophosphate (PPi) anion. When PPi is gradually
added to the solution of DCBP4-Cu2+, a new redshifted peak at 503 nm appeared
and increased gradually with an isosbestic point at 450 nm. The absorption spectral
changes are very much evident to the naked eye where the pale brown color of
the DCBP4-Cu2+ solution changes to red color. On the other hand, simultane-
ously turned on fluorescence and emission intensity in the NIR region (675 nm)
are enhanced gradually and stabilized upon the addition of 15 equiv. of PPi. The
fluorescence off-on switching and the colorimetric response of DCBP4-Cu2+ are
interpreted in terms of ICT variations upon sensing the receptor.

A near-infrared (NIR) fluorescent chemosensor, DCBP5, was developed on the
basis of dicyanomethylene-4H-benzopyran derivative for detecting fluoride anions
[55]. Chemodosimeter DCBP5 was synthesized by the Knoevenagel condensation
of 4-dicyanomethylene-2-methyl-4H-pyran and 4-(tert-butyldiphenylsilyloxy)
benzaldehyde. With the addition of F~ ions to the DCBPS5 sensor, absorption band
cantered at 447 nm slowly decreases, and at lower F~ concentration (<30 pM),

a new absorption emerges at 454 nm gradually. When the F~ concentration was
further increased beyond 50 pM, the new absorption band at 454 nm decreases,
and a concomitant increase of a new band at 645 nm was observed with an isos-
bestic point at 510 nm. The large redshift (190 nm) is also noticeable to the naked
eye in which the initial pale yellow color of the DCBP5 solution changes to blue
color upon adding fluoride ions. It should also be noted that the sensing process is
very fast, and within 30 s the sensing is noticeable to the naked eye. The observed
isosbestic point of DCBPS5 sensor upon addition of the F~ ions clearly indicates
formation of a new species which is attributed to phenolate group generation due
to Si~O cleavage. Similar supporting results were also observed from fluorescence
measurements. The DCBP5 molecule is non-fluorescent due to the presence of silyl
group. However, the sensor DCBP5 turn-on fluorescence with gradual addition of
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F~ ion which is evident from the fluorescence emission measurements in which a
new fluorescent band started emerging in the NIR region (at 718 nm). Since the in
situ generated phenolate group is a much stronger electron-donating group than
the silyl group, the ICT efficiency restored after DCBPS5 interaction with that of
F~ ions. Further, the results also revealed that the DCBP5 is not just an off-on
fluorescent sensor, but it is also a ratiometric and colorimetric sensor which is the
ideal characteristic of any sensor.

3.3 DCM derivatives for detection of neutral species
3.3.1 Hydrogen sulphide (H,S)

Hydrogen sulphide (H,S) is involved as a signaling molecule in various physi-
ological processes that include modulation of neuronal transmission, regulation of
release of insulin, relaxation of the smooth muscle, and reduction of the metabolic
rate [56, 57]. From the animal model study of critical illness, it was realized that
the H,S donor protect from lethal hypoxia and reperfusion injury and exert anti-
inflammatory effects [58]. Physiological H,S concentration is estimated to vary from
nano- to millimolar levels [59], and once this limit is crossed, the cells release H,S
that can cause certain diseases, such as Alzheimer, Down syndrome, diabetes, and
other diseases of mental deficiency [60]. Hence, a reliable in vivo study is essential
to measure accurately H,S concentration thereby preventing deceases. A NIR probe,
DCBP6, that comprises dicyanobenzopyran and 4-azidostyryl group as receptor was
developed for selective detection of H,S [61]. The probe DCBP6 selectively reacts
with H,S and reduces the azido group (-N3) to amine (-NH,), and the corresponding
molecule becomes highly fluorescent than the parent DCBP6. Upon H,S detection,
the DCBP6 probe solution changes which is visible to the naked eye and causes a large
Stokes shift (>100 nm in different solvents). Besides, the reduced probe DCBP6NH2
exhibit two-photon absorption (TPA) which is having more advantages than tradi-
tional one-photon absorption probes in fluorescence microscopy such as less photo-
toxicity, better three-dimensional spatial localization, deeper penetration depth, and
lower self-absorption. Further, the probe molecule DCBP6 was successfully used as
fluorescent probe for monitoring H,S in living cells and tissues and in vivo in mice via
fluorescence bioimaging investigations. More or less at the same time, Xu and co-
workers have reported the same molecular probe for in vivo detection of H,S [62].

3.3.2 Dopamine

A catecholamine compound dopamine is known as a neurotransmitter that regu-
lates a wide range of cognitive functions such as behavior, learning, motivation, and
memory [63-65]. The dopamine content in the human brain is an important factor
that can cause various diseases that include Parkinson’s disease, and in fact it is
used as a marker in the diagnosis of several conditions related to neurotransmitters.
Therefore, there is a strong quest for developing efficient and rapid methods that
can selectively determine and continuously sense the dopamine levels on a real-time
basis. The DCM fluorosensor (DCM3-Fe2+) was developed for selective detection
of dopamine based on on—off sensing mechanism [66]. The electron-donor part of
DCM fluorophore is modified with a ligand, diethyliminodiacetic acid, such that
it selectively complexes with iron(II) ions. In the absence of dopamine, the sensor
molecule DCM3-Fe2+ is weakly fluorescent due to inhibition of ICT because of
Fe?* complexation with the donor moiety (off-state fluorescence). However, a much
stronger fluorescence emission was observed upon gradual addition of dopamine
owing to the release of Fe’* from DCM complex. A good linear relationship was
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observed between the dopamine concentration and the fluorescence intensity. That
means the observed fluorescence enhancement which is observed after addition of
dopamine serves as an indicator to monitor dopamine content in a given sample.
Besides, the fluorosensor does show any fluorescence response against other foreign
substances, thereby allowing selective detection of dopamine.

3.3.3 Hydrogen peroxide (H,0,)

Zhang et al. have synthesized a new NIR and colorimetric fluorescent molecular
probe, DCBP7, by covalently attaching dicyanomethylene-4H-benzopyran and
phenylboronic acid for rapid detection of H,O, [67]. The boronic acid functional
group is attached primarily to have NIR fluorescence off-on switching. The sensing
of H,0, was successfully demonstrated by UV-visible absorption and fluorescence
measurements. DCBP7 exhibit a structured absorption band at 450 nm, and its
solution appears pale yellow in color. However, with gradual addition of H,0, (>20
equiv.), apparently, the absorption at 450 nm decreases, and a new absorption band
starts evolving at 560 nm. Due to the large redshift (110 nm) of the absorption, the
color of the solution (yellow) changed to purple, and colorimetric detection of H,0,
is visible even to the naked eye. The fluorescence measurements were also carried
out to confirm the H,0, sensing behavior of the probe molecule. The free probe
molecule is non-fluorescent primarily because of phenylboronic group. However,
after adding H,0,, the boronic acid group gets cleaved and generate a phenolate ion
which is evident from the new fluorescent emission band at 670 nm. The Stokes
shift (110 nm) of the phenolate band in the NIR region has been exploited further
for detecting H,0, and imaging live cells. Unlike the most conventional fluorescent
probes, the developed DCBP7 has been shown to have unique advantages such as
deeper tissue penetration ability, lower background autofluorescence, and less dam-
age to biological samples which ultimately allowed to in vivo studies of live cells.

3.3.4 Hydrazine (N,H,)

Hydrazine is used as a common precursor in synthetic chemistry of many
polymers, pharmaceutical intermediates, hydrazine fuel cells in power genera-
tion sector, and materials science [68, 69]. It is often used in rocket propulsion
systems as an important propellant for its flammable and detonable characteristics.
Moreover, hydrazine serves as an important metal corrosion inhibitor because of
its strong reducing properties; hydrazine scavenges oxygen in water boilers that
are used for feed and heating systems. However, hydrazine and its aqueous solu-
tions are highly toxic to all living organisms when inhaled or in contact. It has been
shown that hydrazine is mutagenic and carcinogenic which causes serious damage
to the human central nervous system, kidneys, liver, and lungs [70]. Therefore, it is
of great interest and importance to develop a reliable method for hydrazine detec-
tion with selectivity and sensitivity. With a view to develop efficient DCM-based
NIR fluorophore for selective detection of hydrazine, a phenyl ring baring O-acetyl
moiety was introduced onto the into dicyanomethylene-4H-benzopyran backbone
and synthesized DCBP8 [71]. The absorption and fluorescence properties of DCBP8
were measured in PBS solution (pH = 7.4) containing 50% of ethanol. DCBP8 has
absorption in between 300 and 450 nm region with a maximum at 434 nm. After
treatment of DCBP8 with N,H,, gradually new absorption peaks started appearing
at 551 nm at the expense of 434 nm absorption band. The absorption maximum
shifted from 434 nm to 551 nm which indicates the efficiency of DCBPS for colori-
metric detection of N,H, when absorption intensity ratio (Ass;/A434) and concen-
tration of N,H, ranging from 0 to 40 uM are plotted against each other, there isa
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good linearity suggesting a ratiometric response. On the other hand, free DCBP8

is almost no fluorescent upon excitation at 560 nm, which showed a dramatic
fluorescence enhancement at 680 nm upon addition of N,H,. The fluorescence
enhancement is found to be more than 110-fold. Mass spectrometry data along with
photophysical properties revealed that the N,Hs-medicated acetyl deprotection of
DCBP8 generates DCBPO—, a highly fluorescent product because of ICT character.

3.4 DCM derivatives for sensing biothiols and selecysteine
3.4.1 Biothiols

There is quest for developing molecular probes for rapid, selective, and sensi-
tive detection of the highly toxic thiophenols which are of great importance in
both environmental and biological science. James and co-workers have developed a
novel near-infrared (NIR) and colorimetric fluorescent molecular probe, DCBP9,
based on a dicyanomethylene-4H-pyran chromophore for selective detection of
glutathione in living cells [72]. The molecular probe DCBP9 was synthesized by
Michael’s addition of 2-(2-(4-hydroxystyryl)-4H- chromen-4-ylidene) malononitrile
and 2,4-dinitrobenzene-1-sulphonyl chloride (DNBS) in the presence of pyridine
at room temperature. Molecular probe has an intense absorption centred at 414 nm
in a DMSO-PBS buffer solution; upon the addition of glutathione (GSH), the color
of the solution turned to pink from slight yellow and clearly visible to the naked
eyes. In addition, a new absorption band emerged at 560 nm with an isosbestic point
at 446 nm which is assigned to the specific O-S cleavage, and the generation of
phenolate ion with a distinct 146 nm redshift in absorbance is observed. Since the
phenolate group is a much stronger electron donor than the sulphonate group, the
ICT efficiency is significantly enhanced by the interaction of DCBP9 with GSH and
thus shifts the absorption to a longer wavelength region. Subsequent fluorescence
experiments showed that the molecular probe alone is nonemissive (turn-off) in
absence of GSH. However, when the probe is excited at 560 nm in presence of GSH,
turn-on fluorescence and the intensity at 690 nm were dramatically enhanced. The
turn-on fluorescence is due to the release of electron-withdrawing DNBS moiety
via a GSH-induced O-S bond cleavage and produces phenolate ion, which possesses
a strong ICT character and induces a turn-on NIR fluorescence. Having known
chemical properties of thiophenols that are able to cleave sulphonamide selectively
and efficiently under mild conditions, a dicyanomethylene-benzopyran-based NIR
fluorescent probe DCBP10 is designed for detection of thiophenols [73]. Upon
adding thiophenols to the DCBP10 solution, the DNBS moiety is cleaved and forms
amine (-NH,) functional group at the phenyl ring. Since the amine is an electron-
donating group, the ICT of the fluorophore is restored, and as a result, absorption
and fluorescence emission properties of the probe were changed. This probe features
remarkable large Stokes shift and shows a rapid, highly selective, and sensitive
detection process for thiophenols with significant NIR turn-on fluorescent response.
Therefore, DCBP10 was successfully demonstrated as a potential NIR fluorescent
probe that can be mitigated not only for quantitative detection of thiophenol in real
water samples but also fluorescence imaging of thiophenol in living cells [73].

Slightly similar molecular structure DCBP11 is redesigned by Li et al. that
consists of dicyanomethylene-benzopyran scaffold and 2,4-dinitrophenyl (DNP)
connected by ether linkage for probing for thiophenols [74]. It was demonstrated
that DCBP11 shows both colorimetric and rapid turn-on fluorescence sensing
process for thiophenols with high selectivity and better sensitivity (DL = 70 nm).
Moreover, it should be noted that a dual colorimetric and selective NIR fluorescence
sensing phenomenon is also visual to the ‘naked eye’ without the need of advanced
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instrumentation. In addition, quantitative detection of thiophenol in real water
samples and fluorescent imaging of thiophenol in living cells and zebrafish were
successfully demonstrated which suggests that this probe has a great potential for
in vitro and in vivo applications. Another NIR probe, which contains a conjugated
dicyanomethylene-benzopyran moiety as the NIR fluorophore DCBP12 and an
acrylate moiety as a receptor, is found to be promising for biothiols: cysteine (Cys),
homocysteine (Hcy), and glutathione (GSH) detection. DCBP12 itself almost
non-fluorescent due to alkene-induced quenching of photoinduced electron-
transfer (PET) process; however, it becomes fluorescent upon sensing biothiols. It
has been proven that the NIR fluorescence enhancement of DCBP12 is due to Cys
sensing originating from cleavage of acryloyl group of DCBP12 that simultaneously
releases a NIR fluorescent DCM-OH. A feasible sensing mechanism was proposed to
understand the sensing process of Cys. The reaction of Cys with DCBP12 involves
two steps. Initially, a Michael addition reaction of the thiol functional group of
Cys with the acryloyl group has taken place and then followed by a spontaneous
intramolecular cyclization to release the NIR fluorescent, phenolate ion (DCMO-).
Further, the detection limit for Cys was estimated to be 81 nm. In addition, imaging
of biothiols by DCBP12 was also successfully demonstrated in living cells which
indicates that this probe is suitable for imaging biological samples [75]. Therefore,
DCBP12 shows rapid response and high-selectivity and high-sensitivity biothiols
particularly for Cys and Hcy, accompanied by distinct color changes seen by the
naked eye and significant NIR turn-on fluorescence responses.

Recently, a red-emitting fluorescent probe DCM4 was developed for
selective detection of cysteine (Cys) over glutathione (GSH) and homocys-
teine (Hcy) by incorporating acryloyl group as the recognition unit into the
2-(2-(4-hydroxystyryl)-6-methyl-4H-pyran-4-ylidene) malononitrile (P-OH) fluo-
rophore [76]. Selective detection of Cys is very important because, among biothiols,
Cys is considered as the most significant biothiols of living organisms and plays a
crucial role in multiple physiological processes that include mitochondrial protein
turnover, protein biosynthesis, detoxification administration, and metabolism
regulation [77]. Further, because of crucial physiological and pathological signifi-
cance of Cys in biological systems, it is essential to develop a rapid and promising
analytical tool for selective detection of Cys so as to unravel hidden physiological
processes of Cys and understand the specific pathogenesis of Cys-related diseases.
Basically, the probe design is almost similar with DCBP12 used for thiol detec-
tion and DCBP3 used for palladium detection. The DCM4 molecule is almost
non-fluorescent due to acryloyl group that blocks ICT and promotes non-radiative
processes. Upon the addition of Cys, DCM4 undergoes Michael addition of Cys
and the acryloyl group to afford a transient intermediate, followed by the intramo-
lecular cyclization to give highly fluorescent oxide anion. Therefore, accordingly
by monitoring fluorescence intensity variations before and after the addition, the
Cys can be detected. The fluorosensor DCM4 has certain advantages. Firstly, probe
DCM4 has good selectivity for Cys over Hcy and GSH. Secondly, the probe senses
Cys in the solution and responds in a short time (4 min) towards Cys. Thirdly, this
probe exhibits high signal-to-noise ratio (~147-fold) and ultralow detection limit
(41.696 nm). Thus, the DCM4 was successfully demonstrated as off—on fluorosen-
sor to monitor the Cys level in living cells with low cytotoxicity.

3.4.2 Selenocysteine
Selenocysteine (Sec) is a cysteine (Cys) analogue which consists of selenol
group in place of the thiol group in Cys and considered as a major form of biologi-

cal selenium and known as the 21st proteinogenic amino acid that is specifically
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incorporated into selenoproteins (SePs). More than 50 human proteins are known
to contain Sec [78]. Therefore, detection of Sec in physiological conditions is very
important. In order to achieve NIR turn-on fluorescent detection of Sec selectively,
the molecule DCBP11 was designed which was originally used for thiol detection
[74]. DCBP11 senses the presence of Sec and shows colorimetric and NIR turn-on
fluorescence response upon cleavage of ether bond and subsequent formation of
DCM-OH [79]. Similar to many other DCM-based ICT molecules, DCBP11 also
shows a remarkable large Stokes shift at 146 nm. Besides, DCBP11 is highly sensi-
tive to Sec and exhibits a very small detection limit of 62 nm over a wide linear
range (0.2-80 pM) of selenocysteines which allows quantitative estimation of the
Sec. Moreover, it was further demonstrated that this NIR fluorescent probe can be
employed to image both exogenous and endogenous Sec in living cells, indicating
that DCBP11 has great potential for biological applications.

3.5 DCM derivatives as pH sensor

A pH-sensitive fluorescent chemosensor, DCBP-OH, was designed based on
dicyanomethylene-4H-benzopyran scaffold by employing D-z-A architecture [80].
At neutral pH, the DCBP-OH shows absorption at 450 nm which is attributed to
the typical ICT band of DCM chromophore and very weak fluorescent (~ 574 nm).
Interestingly, as the pH of the solution increases (from 7.15 to 11.00), the weak
fluorescence emission band at 574 nm decreases, and simultaneously a new band
at 692 nm started increasing. The evolution of new fluorescence band at 692 nm
is assigned to the increase of the ICT process from the oxygen anion of phenolate
group. That means the strong change in fluorescence intensity is a clear indication
for determining pH of any solution from 7 to 11. Acid dissociation constant pK,
value is calculated to be 7.21. Moreover, it was found that the fluorescence signal
ratio (Ige2/Is74) is found to be ratiometric induced by a large Stokes shift of about
118 nm. Furthermore, from the absorption and fluorescence measurements, it was
proved that the pH response of DCBP-OH is reversible which makes DCBP-OH a
simple naked-eye sensitive NIR fluorescent chemosensor for pH measurement. In
a very recent work, the DCBP-OH probe has been slightly modified with triphe-
nylphosphate and shown as NIR sensor for lysozyme detection in urine sample [81].

3.6 DCM derivatives as polarity sensor

Kwak et al. developed different types of copolymers by decorating with the
DCM moiety into a certain polymer chain which are sensible to external envi-
ronment and useful to probe dye molecules [82]. The photophysical properties
in solution, solid film, and aggregation revealed that ICT characteristics of the
copolymers are modifying. More interestingly, it was observed that the fluorescent
properties of DCM-type dyes within the polymers are significantly dependent upon
the polarity of the polymer matrix. Three copolymers (P(St-co-2), P(MMA-co0-2),
and P(AN-co0-2)) have shown quite unusual photophysical properties which are
completely different from the corresponding DCM-type monomer. The copolymers
show a blueshift in fluorescence emission relative to the monomer. The aggregates
of copolymers prepared in polar medium (DMF) by adding methanol showed
a significant blueshift in fluorescence emission, and aggregates prepared from
non-polar medium (1,4-dioxan)/methanol exhibit a prominent redshift. Similarly,
it was also observed that the fluorescence intensity of P(St-co-2) and P(MMA-co-2)
decreased by aggregation while that of P(AN-co-2) increased. Such interesting
solvatochromism and unusual aggregation behavior of the three copolymers were
exploited further for selective sensing of volatile organic compounds (VOC).
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Chapter2

Photophysics of BODIPY Dyes:
Recent Advances

Seda Cetindere

Abstract

BODIPY dyes are unique fluorophores that can be used in numerous application
areas because of their interesting photophysical properties such as high molar absorp-
tivity, tunable absorption and emission energies, and high fluorescence quantum
yields. They show impressive photophysical property changes upon substitution
of functional groups on the main core structure. Exchange of the meso-carbon
on dipyrrin core with nitrogen produces an analog class of BODIPY called aza-
BODIPY. Up to now, various kinds of BODIPY and aza-BODIPY derivatives have
been developed and applied in science and industry. In this chapter, recent studies on
photophysical properties of BODIPY derivatives are summarized.

Keywords: BODIPY, aza-BODIPY, fluorescence, fluorophore, photophysical
property

1. Introduction

In the constantly expanding multi-disciplinary science world, fluorescent dyes
attract the attention of researchers. 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene
(abridged as BODIPY) dyes are compounds that are rapidly increasing in impor-
tance among fluorescent organic dyes [1]. BODIPY core is formed from the com-
plexation of a dipyrromethene ligand with a disubstituted boron moiety, typically
in the form of BF, [1-4]. The first BODIPY was synthesized by Treibs and Kreuzer
in 1968 by accident through the combining of 2,4-dimethylpyrrole and acetic
anhydride in the presence of BF;.OEt; [5]. Although the basic procedure for the
synthesis of BODIPY core usually starts from a simple pyrrole condensation with a
highly electrophilic carbonyl compound (e.g., aldehyde, acid anhydride, and acyl
chloride), the three major routes of BODIPY synthesis are from pyrroles and acid
chlorides or pyrroles and aldehydes or ketopyrroles [1]. BODIPY derivatives absorb
strongly visible region, have relatively sharp emission peaks, possess high fluores-
cence quantum efficiencies (® ca. 0.5-0.8), high molar absorption coefficients
(e >7x10*M ' cm™), and have relatively small Stokes’ shift (around 10 nm) [1-4].
Besides, most BODIPY dyes indicate thermal and photostability in solid and solu-
tion phases are highly soluble in most organic solvents and are insensible to solvent
polarity and pH [6, 7]. The BODIPY core (see the core structure and numbering in
Figure 1) can be easily modified to bear desired functionalities at a-, -, and meso-
positions as well as through substitution of the fluorine. The addition of functional
groups to the BODIPY core can have varying effects depending upon the placement
and symmetry of the substituent [8, 9]. Symmetrical BODIPYs (substitution from
1,7- or 3,5-positions) appear to produce more red-shifted absorptions compared

31 IntechOpen



Photophysics, Photochemical and Substitution Reactions - Recent Advances

Figure 1.
Chemical structure and numbering of BODIPY core.

to either equally substituted asymmetric counterpart (substitution from 1,3- or
5,7-positions). However, the greater substitution of the BODIPY core does not
necessarily produce a larger bathochromic shift, as depicted upon the comparison
of the penta-substituted BODIPY (substitution from 1,3,5,7- and 8-positions) to the
tetra-substituted BODIPY (substitution from 1,3,5,7-positions) [8, 9]. Red to near
infrared (NIR) shifts are generally attained owing to the straightforward modi-
fication to the BODIPY core with the extension of the degree of n-delocalization.
Also, the emissive behavior of BODIPY fluorophores is much affected by steric and
electronic interactions of substituent moieties. Rotation of pendant components

as well as their electron-donating or withdrawing effects on the conjugated core
greatly influences both the brightness and absorptive and emissive properties of
BODIPY [10].

Due to these excellent photophysical characteristics, BODIPY dyes increase their
potential using in different applications such as fluorescent labels for biomolecules
and cellular imaging [11-15], light-emitting devices [16-18], drug delivery agents
[19-21], photosensitizers [22-24], fluorescent switches [25], chemosensors [26-29],
energy transfer cassettes [30-33], and solar cells [34-37]. In this chapter, general
photophysical properties of BODIPY and aza-BODIPY derivatives and recent stud-
ies on the photophysical properties of these dyes are presented.

2. Photophysical properties of BODIPY dyes

BODIPY dyes possess interesting photophysical properties such as high fluores-
cence quantum yields and narrow emission bandwidths with high peak intensities,
elevated photostability, relatively high absorption coefficients, and the extra feature
of excitation/emission wavelengths in the visible region. The absorption and fluo-
rescence properties of BODIPY dyes are highly influenced by the extent of electron
delocalization around the core and through conjugated substituents, and as such,
may be tuned to have photophysical characteristics. BODIPY dyes show a strong,
narrow absorption band in the visible region signifying the So-S; (n-7*) transition
with a shoulder of high energy around 480 nm assigned to the 0-1 vibrational
translation. A broad, much weaker band around 350 nm denotes the S-S, (n-1*)
transition [38]. Upon excitation to either the S1 or S2 states, an equally narrow
emission band of mirror image to the absorption spectra is observed from the S1
state. Most of the BODIPY dyes emit at wavelengths less than 600 nm, routinely
providing yellow to green emissions (500-590 nm) [2, 39]. The fluorescence emis-
sion wavelength of BODIPY can be controlled by suitable substitution of chemical
fragments such as aliphatic carbon, aromatic ring, pi-bond conjugation, halogens,
and electron-withdrawing or donating groups. The pi-bond prolongation on 3 and
5 positions of BODIPY core gives the red-shifted fluorescence emission wavelength
[1]. On the other hand, the substitution of electron-donating groups such as amine
or alkoxy groups on the 8-position (so-called meso-position) of BODIPY gives

32



Photophysics of BODIPY Dyes: Recent Advances
DOI: http://dx.doi.org/10.5772/intechopen.92609

the blue-shifted fluorescence emission wavelength [1]. Unsubstituted BODIPY
typically absorbs near 500 nm and emits around 510 nm. Small Stokes’ shifts are
routinely seen and indicate a modest change in the core structure following So-S;
transition and vibrational relaxation [40].

The groups that substituted onto the BODIPY scaffold can adjust the photo-
physical properties of BODIPYs [1]. The addition of functionality at any position
of the aromatic core alters the photochemical profile to varying degrees, dependent
upon the groups added. BODIPY based dyes containing methyl groups at positions
3- and 5- can be functionalized with aromatic compounds with the help of the
Knoevenagel reaction [41]. The 2,6-positions of the BODIPY core tend to give an
electrophilic substitution reaction. Decorating the BODIPY skeleton from 3,5-posi-
tions generally produces a greater bathochromic shift (ca. 50-100 nm) than adding
conjugation through the 2,6-positions, displaying the greatest shift when all four
methyls have converted to styryl groups [42]. Although the tetra-styryl BODIPY has
been synthesized by activation and subsequent condensation of the 1,3,5,7-methyls
[43], an extension of n-conjugation and addition of functionality is most frequently
accomplished through the 3,5-methyls. Thus, the visible region of different BODIPY
derivatives can be largely scanned, resulting in a wider range of use.

From past to present, many research groups have been studying BODIPY and its
derivatives. Consequently, there are many reported papers about the photophysical
properties of BODIPY derivatives, especially in recent years. In 2014, Majumdar
et al. [44] reported the synthesis of four styryl-BODIPY-containing Ir(III) com-
plexes which show strong NIR absorption (644-729 nm), strong NIR fluorescence
(700-800 nm), and long-lived triplet excited states (92.5-156.5 ps). Investigations
of the photophysical properties of these complexes showed that they were strongly
fluorescent, although the p-conjugation is present between the BODIPY ligands and
the Ir(IIT) coordination center. Moderate intersystem crossing (ISC) was observed
for the complexes, proved by the population of the long-lived intraligand triplet
excited state (’IL) and the singlet oxygen ('0,) photosensitizing property. Based
on the property of NIR absorption/fluorescence and the reasonable '0, quantum
efficiency, the complexes were used as multi-functional materials as luminescent
bioimaging reagents and in intracellular photodynamic studies. Also, they reported
that their results are useful for the preparation of NIR absorbing cyclometalated
Ir(III) complexes, and the relevant application of these complexes as multi-
functional materials such as a luminescent bioimaging reagent, in photodynamic
therapy (PDT) and photocatalysis. At the same year, a 2,6-distyryl-substituted
BODIPY dye and a new series of 2,6-p-dimethylaminostyrene isomers containing
both a- and p-position styryl substituents were reported by Gai et al. [45]. They
used styrene and p-dimethylaminostyrene with an electron-rich diiodo-BODIPY
in the synthesis of these compounds. They indicated that the absorption spectra
contain red-shifted absorbance bands due to conjugation between the styryl
moieties and the main BODIPY fluorophore. Besides, very low fluorescence quan-
tum yields, and significant Stokes shifts were observed for 2,6-distyryl-substituted
BODIPYs, concerning like 3,5-distyryl- and 1,7-distyryl-substituted BODIPYs. In
spite of the fluorescence of the compound with B-position styryl substituents on
both pyrrole fragments and one with both p- and a-position substituents was fully
quenched, the compound with only a-position substituents displays weak emission
in polar solvents, but strong emission with a quantum yield of 0.49 in hexane. They
enounced that 2,6-p-dimethylaminostyrene isomers can be used as sensors for
changes in pH. Two novel azomethine-BODIPY dyads were reported by Pan et al.
[46]. These two dyads have been synthesized by covalent tethering of tautomeric
ortho-hydroxy aromatic azomethine moieties including N-salicylideneaniline (SA)
and N-naphthlideneaniline (NA) to a BODIPY fluorophore. Both two dyads showed
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enol-imine (OH) structures dominating in the crystalline state. For the first dyad,
in the enol state is the most stable form at room temperature in most environ-
ments, while enol-keto prototropic tautomerism of the NA fragment in solution is
maintained in the second dyad, which can be reversibly modified between enol and
keto forms in the environment’s polarity. Visible lighting of the second dyad in the
enol case excites selectively the BODIPY moiety and then counteracts radiatively
by emitting green light in the form of fluorescence, while the emission intensity of
the second dyad in the keto case is quenched based on the proton-coupled photo-
induced electron transfer (PCPET) mechanism. This permits to large fluorescence
modulation among the two states of the second dyad and creates a new tautomeris-
able fluorescent switch. Photophysical properties of a pyrene-based tetramethyl
difluoroborondipyrromethane (PYBDP) were investigated by Yang et al. [47]. The
PYBDP showed a higher fluorescence quantum efficiency and Stokes shift than
other phenyl-substituted laser dyes in the green region. Under transversal pumping
conditions, this new dye exhibited highly effective and stable emissions centering
at 531 nm. The PYBDP dye exhibited a maximum narrow band amplified sponta-
neous emission (ASE) lasing yield of 10.86% with an extensive adjustable range
(525-560 nm) under demanding transversal pumping at 355 nm in toluene. The
lasing efficiency remains unaffected in 1 h but a dramatic decrease or even the loss
of the laser action is observed in intermediate or highly polar solvents. The combi-
nation of excellent photostability and tunability of ASE makes PYBDP a potentially
green-emitting laser dye in the green-orange region. In a reported study from our
working group [48] was about the treatment of boron (IIT) subphthalocyanine
chloride with borondipyrromethene derivatives containing either one or two
[4-(N,N-dimethylamino)phenyl]ethenyl groups in toluene gave the corresponding
axially substituted boron(III) subphthalocyanine dyes (Figure 2). Methyl groups
on 3- and 5-positions have acidic hydrogens due to electron-withdrawing property
of heterocyclic BODIPY ring. This acidic property can be taken advantage of, in the
synthesis of other BODIPY fluorophores for example with aromatic aldehydes. For
this reason, N,N-dimethyl-4-aminobenzaldehyde was reacted with BODIPY, result-
ing in extension of conjugation in our study. This extension of conjugation allowed
us to shift the absorption and emission spectra to longer wavelengths. The reaction
was performed in a solution containing acetic acid and piperidine. The solvent was
toluene because any water forming in the reaction should be removed. Dean-Stark
apparatus is a good choice because water can be removed azeotropically during
reflux. The photophysical properties of these compounds were examined utiliz-
ing absorption and fluorescence spectroscopy in dilute benzene solutions. They

Figure 2.
Chemical structure of (a) mono-styryl and (b) distyryl-BODIPY substituted subphthalocyanines.
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exhibited a highly efficient energy transfer process from the excited subphtha-
locyanine (SubPc) unit to the BODIPY unit. Increased o, production was noted
for BODIPY substituted SubPc compounds relative to their BODIPY precursors; a
feature that may be useful for PDT application of these dyes.

The effect of the substituent side groups like phenyl (Ph), phenylethynyl
(Ethyn) and styryl moiety at the 2-, 3- or 8- position of the BODIPY scaffold was
reported by Orte et al. [49]. A large number of solvents (methanol, acetonitrile,
diethyl ether, acetone, ethyl acetate, 2-propanol, isobutyronitrile, dibutyl ether, tet-
rahydrofuran, 1-pentanol, 1,4-dioxane, dichloromethane, cyclohexane, 1-octanol,
chloroform, cyclohexanone, toluene, chlorobenzene) were used for investigation of
the photophysical properties of these compounds. A substitution from 3-position
is beneficial for producing BODIPYs with sharp absorption bands and high fluores-
cence quantum yields. Contrarily, substitution at the 2-position yielded BODIPY
dyes with large Stokes shifts and broad bands. Substitution at the meso-position
produced dyes with features like the 3-substituted ones, except for meso-phenyl
BODIPY (8-Ph). Between the phenyl-substituted BODIPY dyes, some differences in
absorption behavior were observed. The presence of the p-tert-butylphenyl moiety
shifts the absorption maximum, A,ps(max) from 516 to 530 nm when this group is at
the 2-position (2-Ph) to 513-527 nm and when it is at the 3-position (3-Ph). In these
two statuses, Aps(max) is more red-shifted in the more polarizable solvents toluene
and chlorobenzene. Conversely, the values of A,ps(max) of 8-Ph are blue-shifted
concerning those of 2-Ph and 3-Ph and are close to those of unsubstituted BODIPY
[50, 51], ranging from 489 nm in acetonitrile to 497 nm in toluene and chloro-
benzene. This absorption energy range is in good agreement with that of other
BODIPYs substituted at the meso-position with a weak electron acceptor or donor
[52, 53]. For the phenylethynyl BODIPYs, the absorption spectra show also the
characteristic properties of typical BODIPYs. 2-Ethyn possessed an absorption max-
imum between 503 and 525 nm, whereas the A, (max) of 3-Ethyn changes between
525 and 545 nm. For the two dyes, the lowest A, (max) value was founded in ace-
tonitrile and the highest in cyclohexane. The influence of the substitution positions
(2 vs. 3) on A,ps(max) is much higher for the phenylethynyl fragment than for the
phenyl moiety and moving the p-tert-butylphenyl substituent from the 2-Ph to the
3-Ph causes a 3 nm blue shift of A,,s(max), while the similar change from 2-Ethyn
to 3-Ethyn results in a ca. 20 nm red shift of A,,s(max). 8-Ethyn is bathochromically
shifted for 2-Ethyn and 3-Ethyn, with A,;,;(max) ranging from 537 to 547 mm which
is parallel with an increasing refractive index [54]. Styryl-substituted BODIPYs
(2-Styryl, 3-Styryl and 8-Styryl) displayed different absorption properties. The
Aabs(max) values range from 549 to 561 nm, with a typical redshift from acetonitrile
to chlorobenzene. The extended conjugation ensured by the styryl functional group
reasons an extra bathochromic shift of around 20 nm for 3-Ethyn, and ca. 30 nm
for 3-Ph. Conversely, 2-Styryl and 8-Styryl show clear dual-band absorption and
emission behavior. The photophysical reaction of two BODIPY-based D—A and A—
D—A molecules, where D is the donor and A is the acceptor was reported by Hendel
etal. [55]. A BODIPY fragment was given as the A component and was attached
through the meso position using a 3-hexylthiophene linker to an N-(2-ethylhexyl)
dithieno[3,2-b:2',3’-d] pyrrole (DTP), which was given as the D component. An
A—D-A molecule was compared to its corresponding D — A dyad counterpart.

This showed a potential advantage to the A—D—A molecule over the D—A dyad in
creating longer-lived excited states. A—D—A possess slightly longer excited-state
lifetimes, 42 ps nonradiative decay, and 4.64 ns radiative decay compared to those
of D—A, 24 ps nonradiative decay, and 3.95 ns radiative decay. These results show a
full picture of the electronic and photophysical properties of D—A and A—D—A that
provide contextualization for structure-function relationships between molecules
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and organic photovoltaic (OPV) devices. A type of fluorescent chemosensor based
on tethered hexa-borondipyrromethene cyclotriphosphazene platform (HBTC)
(Figure 3) linked via triazole groups reported by our working group [56]. Its
sensing behavior toward metal ions was investigated. Addition of a Fe** ion to a
tetrahydrofuran (THF) solution of HBTC gave a visual color change as well as a sig-
nificantly quenched fluorescence emission, while other tested 19 metal ions (Fe*,
AP, Ba®*, Ca®*, Co™, Ag*, Cd*, Cr’", Cs*, Cu”', Fe’*, Hg*", K*, Li*, Mg*", Mn*",
Na*, Ni**, Pb**, and Zn?") induced no color or spectral changes. This compound
was found to be highly selective and sensitive for Fe** with a low limit of detection
(2.03 pM). HBTC is a potential selective and sensitive fluorescence chemosensor for
imaging Fe" in the living cells.

A synthetic approach for palladium-catalyzed direct C(sp’)-H arylation of
the methyl group at the 8-position of BODIPY reported by Chong et al. [57].
This approach permitted attaching electron-donating/withdrawing, halogen-
substituted aryls and a heteroaryl with a yield running from 55 to 99%. Novel
pH sensors, which in the lack of acid demonstrated the photoinduced electron
transfer (PET), were synthesized by linking dimethylaniline to the methyl at the
C8-position of BODIPY. The reference compounds with dimethylaniline directly
linked to the C8-position were also synthesized and PET showed a charge-transfer
emission. Addition of trifluoroacetic acid (TFA) onto toluene and ethanol, the
fluorescence intensity was at least an order of magnitude more effective with the
synthesized sensors compared to the traditional reference sensors. The developed
sensibility of these BODIPY-based pH sensors was connected to less effective
proton-coupled electron transfer of the protonated types. This approach could pave
a new way for the convenient syntheses of functional BODIPY molecules. Two
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Figure 3.
Chemical structure of HBTC.
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cyclotriphosphazene compounds bearing mono- and distyryl BODIPY substituents
reported in 2017 (Figure 4) [58]. The photophysical properties of these cyclotri-
phosphazene compounds were examined in THF solutions. All these heavy atom
free compounds indicated very limited fluorescence emission and 'O, generation
owing to the internal charge transfer (ICT) that occurred between BODIPY core
and dimethylaminobenzyl groups. These properties were also investigated by the
protonation of the studied compounds. Fluorescence emission and 'O, generation
attitudes of these compounds were dramatically increased after the addition of acid
because the ICT effect was blocked owing to the protonation of the nitrogen atoms
on the dimethylamine groups. These compounds can be used as potential photosen-
sitizers that can be used as efficient singlet oxygen generators.

Six different molecules including 3,5-distyryl-BODIPY backbones were reported
by Kang et al. [59] and the 'O, photosensitizing experiments of dibromo substituted
BODIPY compounds and two boronic acid ester substituted BODIPY compounds
were investigated. The 'O, quantum yields of dibromo substituted BODIPYs were
calculated as 0.075 and 0.44 and the 'O, quantum yields of boronic acid ester
substituted BODIPYs were not more than 0.07. It was indicating that halogena-
tion on the benzene rings of 3,5 distyryl-BODIPYs or boronate esterification of
BODIPY had no positive effect on 'O, production, while halogenation on the 2/6
position resulted in seemingly increased 'O, efficiencies. The results would enrich
the research of BODIPYs and would provide a useful envision for the preparation
of powerful BODIPYs drugs for the PDT process. An excited-state intramolecular
proton transfer (ESIPT) meso linked BODIPY dyad (Bn-OH-BDY) was reported
by Mallah et al. [60]. The fluorescence lifetime of Bn-OH-BDY dyad was recorded
5.71 ns. A large shift of 255 nm has been monitored between excitation and emit-
ted light. Excitation (Aexc = 290 nm) of the Bn-OH-BDY dyad leads to emission
(Aemi = 545 nm) directed by the BODIPY subunits pointing to excitation energy
transfer (EET) from the ESIPT to BODIPY core. Two cyclotriphosphazene (Cpz)
compounds bearing mono- and distyryl(pyrene) BODIPY dyes (Figure 5) reported
in 2019 [61]. These compounds indicated intense fluorescence emission even at very
low concentrations. In accordance with absorption and emission spectra of Cpz
compounds, di-styryl pyrene BODIPY containing Cpz indicated redshift more than

(@ (b)

Figure 4.
Chemical structures of (a) mono-styryl and (b) distyryl-BODIPY substituted cyclophosphazenes.
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mono-styryl pyrene BODIPY containing Cpz because of mono- and di-styryl bond-
ing positions of pyrene molecules. These Cpz compounds revealed different color
and spectral changes throughout reduction and oxidation reactions as compared to
BODIPY derivatives and newly synthesized BODIPY molecules, which might have
potential applications for electrochromic materials. Extreme properties of these
compounds also illustrated probable utilization of these as functional materials for
use in electrochemical and photovoltaic applications.
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Figure 6.
Chemical structures of (a) BODIPY and (b) distyryl-BODIPY substituted cyclophosphazenes.
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Synthesis, photophysics, and photobiological activities of a series of neutral
heteroleptic cyclometalated iridium (III) complexes including BODIPY substituted
N-heterocyclic carbene (NHC) ligands reported by Liu et al. [62]. The effect of the
substitution position of BODIPY on the NHC ligands, either on C4 of the phenyl
ring or C5 of the benzimidazole unit, and its linker type on the photophysical
properties was investigated. All complexes showed BODIPY-localized intense 'IL
(intraligand)/'MLCT (metal-to-ligand charge transfer) absorption at 530-543 nm
and “’IL/%*CT (charge transfer) emission at 582-610 nm. However, the lowest
triplet excited state of these complexes is the BODIPY-localized *x,x* states. It
was demonstrated that the position of the BODIPY pendant on the NHC ligand
impacted both the 'IL/'MLCT absorption and "’IL/>*CT emission bands. This
study indicated that the substitution position of BODIPY on the NHC ligand plays
an important role in the cytotoxicity and photocytotoxicity of this new type of
complexes. BODIPY-substitution at C5 of benzimidazole compared to C4-phenyl
substitution leads to lower 'O, quantum efficiencies but more efficient phototoxic
effects. The effect of BODIPY substitution position at the NHC ligand is more
cleared on the photobiological activities than on the photophysical properties.
Two water-soluble cyclotriphosphazene derivatives by “click” reactions between
cyclotriphosphazene derivative with hydrophilic glycol side groups and BODIPYs
(Figure 6) were reported in 2019 [63]. The photophysical properties of these com-
pounds were examined inside the water and many organic solvents such as acetone,
THEF, dichloromethane, dimethyl sulfoxide, etc., and the results were compared
with each other. These compounds have good solubility in many different organic
solvents and especially acetone: water systems that are suitable to use in environ-
mental and biological applications.

3. Photophysical properties of aza-BODIPY dyes

Replacement of the meso-carbon with nitrogen creates a similar class of com-
pounds mentioned as aza-BODIPYs (Figure 7). In contrast to the well-known
BODIPYs, aza-BODIPYs have not been extensively studied. Aza-BODIPY skeletons
are generally prepared from nitromethane adducts to the corresponding chalcone,
but butanol, rather than methanol or solvent-free conditions, are the preferred
medium. The syntheses are completed by adding BF;.OEt; at room temperature [1].
Like BODIPY derivatives, aza-BODIPY derivatives also have high molar extinction
coefficients and moderate fluorescence quantum yields (ca. 0.20-0.40). The addi-
tion of the lone pair on the nitrogen properly affects the HOMO-LUMO energy gap
owing to stabilization [1]. This improved stability causes a red-shift in the absorp-
tion and emission profiles into the 650-850 nm range [64]. Aza-BODIPY core
offers several advantages including ease of synthesis and an inherent bathochromic
shift in the absorption maxima in comparison to the carbon analog. Aza-BODIPY
dyes have a marked red shift of the absorption and emission bands relative to
traditional BODIPY dyes can be accomplished without modifying the key proper-
ties of BODIPY dyes, such as their high molar absorption coefficients, narrow and
structured absorption and emission bands, small Stokes shifts, high fluorescence
quantum yields, and photostability. The UV absorption maxima of the aza-BODIPY
dyes are comparatively insensible to solvent polarity; only small blue shifts tend
to be observed (6-9 nm) when switching solvents from toluene to ethanol. Their
absorptions are strong, with a full width at a half-maximum height changing from
51 to 67 nm in aqueous solution and 47-57 nm in chloroform indicating that the dyes
do not aggregate under those conditions. The extinction coefficients range from
75x10% t0 8.5x10* M™! cm™. Fluorescence emission spectra of the aza-BODIPY
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Figure 7.
Chemical structure and numbering of aza-BODIPY core.

dyes are also relatively insensitive to the solvent polarity [1]. Aza-BODIPYs are

of great interest due to their appealing optical properties of strong absorbance
and emission in the NIR region and easy structural modification. For this reason,
this class of BODIPY has found use as photosensitizers [65, 66], near-IR emitting
chemosensors and imaging probes [67-70], and as fluorescent labels [71, 72].

The synthesis and photophysical properties of a NIR absorbing acenaphtho-
fused aza-BODIPY dye with using 1,2-dicyanoacetonaphthylene as a precursor
[73] were reported by Majumdar et al. [74]. In contrast with its naphtho-fused
analog [75], a stable complex was obtained due to the differing effects of the fused
ring moieties on the energies of the frontier 7 molecular orbitals (MOs). The ®f
values obtained for this aza-BODIPY are comparatively low in a set of solvents with
different polarities, limiting the benefit of this compound for sensor and bioimag-
ing applications, but the comparatively broad absorption band at the red end of
the visible region may make the compound appropriate for use in solar cells. The
synthesis and photophysical properties of two NIR absorbing con]ugates based on
orthogonally arranged rhodium (III) tetrakis-4-tolylporphyrin [Rh" (ttp)] and
BF,-chelated aza-BODIPY linked by a covalent Rh—C(aryl) bond were reported by
Zhou et al. in 2016 [76]. These conjugates display intense absorption and moderate
fluorescence bands around 700 nm, which do not correspond with those of their
aza-BODIPY precursors, due to the strong ground-state interaction between the
aza-BODIPY and metal porphyrin moieties. Minor changes in the linkage position
on the aza-BODIPY moiety can alter the relative energies of MOs and hence have
a significant impact on the optical and photophysical properties. This study sheds
light on the actual role of the heavy atom in excited-state processes that cannot be
separated from its ligands. Besides, this approach gives promise as a strategy for
overcoming the two main problems that have been encountered throughout dye
research in the NIR region: the first one is the relatively weak absorption of transi-
tion-metal porphyrins in this spectral region, and the second one is the relatively
weak 'O, yields of organic fluorophores. The influence of halogen atom substitu-
tion (Br and I), in different amounts and positions on an aza-BODIPY skeleton,
was investigated by De Simone et al. The heavy atom effect on excitation energies,
singlet-triplet energy gaps and spin-orbit matrix elements has been investigated.
The maximum absorption within the therapeutic window has been approved for
all the aza-BODIPY derivatives. Possible intersystem spin crossing pathways for
the population of the lowest triplet state, which will depend on the values of the
spin—orbit matrix elements, the energy gaps as well as the orbital combination of
the concerned states have been found to most likely concern the S; and T; or T,
states. The potential therapeutic use of these compounds as photosensitizers in
PDT was reported [77]. The comparison of optical and electrochemical properties
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of aza-BODIPY dyes that differ under the substituents at 1,7- and 3,5-positions of
the aza-BODIPY backbone was reported by Gut et al. [78]. Especially, the influence
of highly electron-withdrawing nitro substituents on these properties was investi-
gated. The aza-BODIPYs studied display a broad absorption band extending from
ca. 600 nm to ca. 700 nm, a spectral region that is highly searched after for bio-
medical applications, and have high molar absorption coefficients (¢) ranging from
6.4x10* (Mt em™) to 8.5x10* (M cm™) in THF. These compounds were weakly
emissive as non-radiative decay is the overpowering route of the excited state
energy spreading. The fluorescence quantum efficiencies (®g) measured in THF
was between 0.03 and 0.06 for the aza-BODIPYs. Transient absorption experiments
divulged T;—T, absorption extend from ca. 400 nm to ca. 600 nm and allowed
determination of the triplet state lifetimes. The estimated triplet lifetimes (tT) in
deaerated THF ranged from 77 to 130 ps. As predicted by the CV/DPV measure-
ments, all aza-BODIPYs displayed one irreversible oxidation and two quasi-revers-
ible reductions. Prediction of the Eyomo gave a value of ca. 5.8 eV while the Eyymo
was found to be located at ca. 4.5 eV. Exceptionally high photostability and thermal
durability up to near 300°C were found for the nitro-substituted aza-BODIPYs.

In 2019, Obloza et al. [79] reported a series of aza-BODIPY dyes substituted
with meta-(dimethylamino) phenyl groups. Highly attractive photophysical and
photochemical properties were induced in meta-(Me,N) Ph-substituted aza-
BODIPY by bromination of the aromatic rings at the 3 and 5 positions. High values
of '0, quantum yields were measured, ranging from 0.36 to 0.58. The photo-
sensitized oxygenation process of a sample compound, diphenylisobenzofuran
(DPBF), continuous over a Type II mechanism for the di-bromo derivative, while
for the tetra-bromo derivative a mixed mechanism including both '0, and other
forms of oxygen formation (Type I and/or Type III) was assigned. Nanosecond
laser photolysis (NLP) experiments of the brominated aza-BODIPYs divulged
T;—T, absorption extending between ca. 350 nm and ca. 510 nm with T ranged
between 15.6 and 26.0 ps. The brominated aza-BODIPYs studied displayed an
absorption band therein so-called “therapeutic window”, with A, placed among
620 and 636 nm. As predicted by cyclic voltammetry (CV)/ differential pulse
voltammetry (DPV) measurements, the meta-(Me,N) Ph-substituted aza-
BODIPYs studied displayed a multi-electron oxidation process at a relatively low
oxidation potential (E,y), pointing to the very good electron-donating features
of these molecules. These compounds showed high photo- and thermal stability.
The synthesis of a series of aza-BODIPY dyes substituted with p-(dimethylamino)
phenyl groups was also reported by Obloza et al. [80]. Especially, the effect of
p-(Me;N) Ph-moieties on these characteristics was of importance. For two aza-
BODIPYs studied, a near-IR absorption band was monitored at ca. A,ps = 796 nm.
Owing to the prominent ICT applied by the existence of strongly electron-donat-
ing p-(Me,N) Ph-substituents, the compounds studied were weakly emissive with
the singlet lifetimes (tg) in the picosecond range. NLP experiments of the bromi-
nated aza-BODIPYs divulged T;—T, absorption extending between ca. 350 nm
and ca. 550 nm with tT ranged between 6.0 and 8.5 ps. The optical features of the
aza-BODIPYs studied were pH-sensitive. Upon protonation of the dimethylamino
groups with TFA in toluene, a stepwise extinction of the NIR absorption band
at Aaps = 790 nm was monitored with the accompanying view of a blue-shifted
absorption band at A,ps = 652 nm, which was accompanied by an important emis-
sion band at A.pi = 680 nm. The conversion from a non-emissive to an emissive
compound is concerned with the prevention of the ICT. CV/DPV measurements
were showed that these aza-BODIPYs displayed two irreversible oxidation and
two quasi-reversible reduction processes. All these studied compounds displayed
extremely high photo and thermal stability.
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4, Conclusion

In this chapter, the basic photophysical properties of BODIPY and aza-BODIPY
derivatives are introduced briefly. Unsubstituted BODIPY absorbs near 500 nm
and emits around 510 nm. Substitution of amino- or alkoxy-moieties at the meso-
position of BODIPY core is expected to provide a shorter excitation and emission
wavelength at the blue region with high quantum yields. Substitution of styryl- or
distyryl moieties from 3,5-positions is expected to produce more red-shifted emis-
sions. Aza-BODIPY derivatives also show red-shift in the absorption and emission
profiles, because of the lone pair on the nitrogen. According to the recent advances
on BODIPY dyes, it has seen that they have many application areas especially on
bioimaging, laser-dyes, OPV devices, chemosensors, and PDT, because of their
superior photophysics. It seems that BODIPY derivatives still will remain popular in
the future.
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Abstract

In this chapter, we have discussed the characteristics and bioapplicabilities of
different ferrocene derivatives, for example, amides, amines, sulfonamide, and
polymers, focusing mainly on urea and thiourea derivatives due to their autono-
mous and widespread spectroscopic action and bioactivities. Supramolecular
chemistry of ferrocenyl ureas and thioureas is described owing to exploring their
mode of interactions within and among the molecules and the role of these supra-
molecular structures in enhancing the DNA intercalation. DNA interaction studies
of these ferrocenyl-based ureas and thioureas are explored with approaches like
electrochemical study, viscosity measurements, molecular docking, electronic
spectroscopy, dynamic light scattering (DLS), and radical scavenging activity.
Attachment of ferrocene moiety to ureas an thiouereas closer to DNA is very prom-
ising strategy which most possibly boosts the probability of DNA damage and cell
apoptosis which is responsible for enormous biological activities.

Keywords: thioureas, ferrocene, medicinal chemistry, supramolecular chemistry,
ureas, DNA interaction

1. Introduction

Soon after discovery of ferrocene in 1951 [1], the main focus of scientists was to
determine its accurate structure. Its correct elucidation was carried out individually
by Fischer and Hafner and Wilkinson et al. [2, 3]. Woodward et al. termed this iron-
containing compound as ferrocene due to resemblance of its reactivity with benzene
[4]. The structural determination of ferrocene proved a revolutionary discovery and
a progressive revelation in the historical backdrop of chemistry which directed new
dimensions in organometallic chemistry. Today, terms like metallocenes and sand-
wich compounds are used for ferrocene and ferrocenyl derivatives due to significantly
more extensive scope of these compounds that assimilate other metals also [5].

Due to impressive stability of ferrocene in aerobic medium and water, its
promising electrochemical properties and openness of an extensive assortment of
subordinates have made ferrocenyl derivative compounds widespread molecules
for biological applicabilities [6-8]. The promising applications of ferrocene in the
field of medicine proved a vigorous research area nowadays [9]. Many reports have
revealed that some ferrocenyl derivatives are extremely active in vivo and in vitro,
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against various diseases, for example, bacterial and fungal contagions [10, 11],
malaria [12], cancer [13], and human immunodeficiency virus (HIV) [14].

2. Ferrocene derivatives

Extensive applications of ferrocene and its derivative compounds in material
science, homogeneous catalysis [15], nonlinear optics [16], and molecular sensors
are observed [17]. Furthermore, an unexpected biological activity is often witnessed
upon incorporating a fragment of ferrocene into a molecule of an organic compound
[18]. Many ferrocene derivative compounds exhibit stimulating cytotoxic, antima-
larial, antitumor, antioxidant, antifungal, and DNA-cleaving activity [19-21].

The anticancer [22] perspective of ferrocenyl derivative compounds was first
premeditated around the 1970s. Brynes and collaborators explored the counter
tumor action of ferrocenyl compounds containing amide or amine moieties against
leukemia P-388 of the lymphocytic system [23]. They administrated these derivative
compounds to mice intraperitoneally using either water or surfactant with water
as Tween-80: water. The anti-tumor action of these compounds was considerable
enough to show that the incorporation of the ferrocenyl moiety into an appropriate
bearer could provide a drug with elevated antitumorous activity (Figure1) [23].

Extensive study is carried out about ferrocene and its derivative compounds as
efficient chemotherapeutic agents [24]. Stability, electroactivity, and extraordinary
spectroscopic actions of ferrocene-incorporated organometallics are reasoned for being
auspicious contenders for various biological applicabilities [25-27]. With reversible
redox characteristics and elevated cell penetrability owing to its extensive lipophilicity,
ferrocenyl moiety is responsible for pronounced characteristics of ferrocenyl derivative

-

Figure 1.
Structure of ferrocene.

Figure 2.
Ferrocenyl derivative verified against lymphocytic leukemia P-388.
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compounds [28]. For example, enhanced anticancer activity was observed when fer-
rocene was incorporated into tamoxifen which is a potent anticancer drug i.e. Ferrocenyl
derivative verified against lymphocytic leukemia P-388 (Figure 2) [29].

3. Ferrocenyl ureas and thiourea

Among the various ferrocenyl derivative compounds are i.e. amides, amines, poly-
acids, polymers, ureas, thioureas, and sulfonamide derivatives [30]. A lot of work is
happening on the applications of ferrocenyl urea and thiourea compounds due to their
pronounced interactions, supramolecular chemistry, electrochemical characteristics,
and DNA interactions. Following are some examples of ferrocenyl urea and thiourea
derivative compounds checked for their various activities depicted in Figure 3 [30].

3.1 Ferrocenyl ureas

Urea (R{R,NC—ONR;R,) is a striking building block in consequence of its
widespread bioactivities and extensive bioavailability from natural products [31].
Among the urea derivative compounds, urea derivatives having aromaticity in them
such as N-phenyl-N-(2-chloroethyl)urea and heterocyclic urea derivatives illustrate
potential anticancer activities because of their efficient inhibitory effect against the
receptor tyrosine kinases (RTKs) [32].

Urea is ascertained to be an appealing building obstruct for receptors of anion
as it contributes two comparatively robust H-bonding positions [33]. The two N=H
groups in urea are able to make a bond with the only acceptor atom to form a ring
structure comprising six-membered chelate or bind with two nearby oxygen atoms
in an oxy-anion to give a ring structure consisting of eight-membered chelate as

Fe
i HN
Rl
4a-4e, 5a-5e
X R, X R,
4a | O -H 5a | S -H
b | O -Cl 5b | S -Cl
4c | O -Br 5 |'S -Br
4d | O -CHj4 5d | S -CH;
4e (8] —()(.:H], 5¢ S 'O(:H\

Figure 3.
Some representative ferrocenyl ureas and thioureas.
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Figure 4.
Ferrocenyl urea [34].

Figures.
Molecular structure of 1-(3-bromobenzoyl)-3-(4-ferrocenylphenyl)urea.

depicted in (Figure 4). These N-H groups are modified to supplement target anion
and minimal intramolecular H-bonding to observe strong and selective binding
characteristics [34] (Figure 4).

Over the past few years, assortment of urea-based hosts comprising one or more
than one urea subunits is premeditated and tested for anion recognition and for being
capable of sensing [35]. New perceptions into characteristics of interactions between
urea and anionic moiety providing structural measures for considered designing of
novel anion-selective receptors which contain two or additional urea binding groups
have also been discovered in recent times [36]. On the other hand, there are few
instances of ferrocenyl urea derivatives as redox active anionophores [37]. The molecu-
lar structure of a representative ferrocenyl urea derivative is presented in Figure 5 [38].

3.2 Ferrocenyl thioureas

Replacement of an oxygen atom in urea moiety by a sulfur atom results in thio-
urea formation, the characteristics of which are significantly diverged than those
of urea due to the variation in electronegative character among sulfur and oxygen
atoms [39]. Thiourea-based compounds and complexes have also been explored for
several biological activities because of the thio-carbonyl group, which influences
biochemical activity by lipophilic or hydrophilic character and electronic properties
of derivative compounds [40].
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Figure 6.
Molecular structure of 1-(2-florobenzoyl)-3- (2-chloro,4-fervocenylphenyl)thiourea.

The lipophilicity/hydrophilic characters and the electronic properties of thiourea
derivative compounds are greatly inclined due to the presence of thio-carbonyl
moiety which in turn affects the labile nature of leaving substituents, hence regulat-
ing the biochemical activity. Various ferrocenyl thiourea derivative compounds have
been discovered, which are significantly important for various features of antitumor-
ous agents due to their inhibitory rejoinder against receptor tyrosine kinases (RTKs),
protein tyrosine kinases (PTKs), and NADH oxidases [41, 42]. Various thiourea
derivatives exhibited bioactivities against different infectious diseases, leukemias,
and solid tumors, for example, aroylthioureas, diarylsulphonylureas, N-nitrosoureas,
and benzoylureas [43]. The molecular structure of a representative ferrocenyl urea
derivative compound is depicted in Figure 6 [40].

4. Supramolecular chemistry of ferrocenyl ureas and thioureas
4.1 Supramolecular chemistry

Supramolecular chemistry [44] focuses on the design and synthesis of
“Supramolecular Entities” [45], i.e., compound elements held together by noncova-
lent connections including hydrogen bonding, bonds with halogens, forces of coor-
dination, or n-w connections (Figure 7) [46]. Research in supramolecular chemistry
and crystal engineering is principally centered around host-guest arrangements,
binding of anion and cation, coordination polymers, developments of self-assembly
networks, biological simulators, gels, fibers, liquid polymers, crystals, and other
various types of materials [47].

Supramolecular chemistry objects to the considerations of interactions between
molecules and packing patterns in molecular crystals and, consequently, usage of infor-
mation spawned for potential novel material designing gathered with targeted structures
and proficient characteristics [48-50]. From this objective, one can consider assembling
molecular crystals having a multitude of noncovalent interactions among which a
prominent position is occupied by H-bonds owing to their noticeable directionalities
and reasonably high strength [51]. Hydrogen bonds are characteristically much weaker
in comparison to covalent bonds though and hence have minimum predictability, which
often destabilizes the crystal designing process utilizing these interactions [52].

While considering the molecular synthesis, synthetic schemes are confidently
planned by researchers for molecules comprising very complex framework. In
synthesizing crystalline organic solids, the term engineering can be invoked infre-
quently in its true sense. Taking from supramolecular structure to design a crystal
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Figure7.
Noncovalent intevactions in supramolecular synthesis.

structure, the whole process considers experiential observations and a posteriori
structure of crystal and analytical measurement [53].

4.2 Supramolecules of ureas and thioureas

Urea group is one such powerful building obstruct that formulates obstinate
chains that bind through hydrogen bonding in various surroundings, from solu-
tions [54] to gels and fibrous materials [55], also with crystals [47]. An approach
that has been comprehensively discovered since the initial research in crystallog-
raphy of disubstituted ureas in the late 1960s is the use of symmetrical or asym-
metrical N,N’-di-substituted ureas that can deliver widespread multiple building
congers for designing of organic solids of crystalline nature. N,N’-di-substituted
ureas have the ability to act as H-bond donors by using their two N==H protons,
and play the role of acceptors through utilizing the presence of the lone electron
pairs of CO group [36]. Robust one-dimensional hydrogen bonded chains hav-
ing self-association reinforced promising complementarity between both groups
(Figure 8) [56], which have been reconnoitered for developing the crystalline
networks repeatedly.

Nanostructured materials on the basis of cylindrical or columnar constructions have
been innovated more recently. Thioureas, despite the fact that they can also practice
comparatively robust H-bonded motifs [57], have not been as much searched out for the
coherent assemblage of solids of crystalline nature as compared to ureas [58, 59].

4.2.1 Example illustrating the supramolecular intevactions of fervocenyl thiourea

Dr. Bhajan Lal Bhatia and coworkers synthesized ferrocenyl-based thiourea
compounds, i.e., 1-benzoyl-3-(4-ferrocenylphenyl)thiourea (B16) and
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(@) (b)

Figure 8.

The contrast of N,N’-disubstituted ureas functioning as: (a) building blocks for the assemblage of H-bonded
chains, as depicted by the crystal structure of di-phenylurea [59] or (b) anion binding groups, as represented by
calculated di-phenylurea:nitrate complex, optimized with DFT at B3LYP/6-31G™ level [56].

Figure 9.
Supramolecular structures of B16 intervened by secondary bonding.

Figure 10.
Supramolecular structures of B3 intervened by secondary bonding.

1-acetyl-3-(4-ferrocenylphenyl)thiourea (B3) [60]. Finding displayed two self-
regulating molecules which are present in an asymmetrical component in struc-
tures of B16 and B3 linked interchangeably to each other through intermolecular
NH-:-O and NH---S types of hydrogen bonding and secondary interactions
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Figure 11.
Novel redox active fervocenyl urea veceptors for the purpose of binding and sensing the chival carboxylate anions
and their molar equivalents of (S)-(blue) (R)-(pink) [66].

non-covalent in nature (x---H), which intervene supramolecular structures for
B16 and B3 as shown in Figures 9 and 10 [60].

Determination of some important biological activities usually depends upon
these types of secondary nonbonding interactions between the molecules. Greater
ability of compounds to associate with macromolecules such as DNA and proteins
is observed due to having an ability to make stronger nonbonding interactions
[61]. Among the compounds studied, B16 was reported to be associated with more
secondary interactions that were apparent from H-bonding data and formation of a
supramolecular structure. Therefore, it can be predictable that B16 can have better
strapping interaction with DNA that will transform into more elevated biological
activities [60].

4.3 Chiral recognition of ferrocenyl derivatives

Now a days, main focus in supramolecular chemistry is chiral recognitions [62]
hence designing of enantioselective sensors growing quickly. The encouragement
directed us to search for appropriate ways of ascertaining one enantiomer of a
specific chiral target board regarding its mirror image [63-65] (Figure 11).

The productions of chiral urea’s series attached to the ferrocene group which is
redox active are discovered [62]. These are able to bind through hydrogen bonding
interactions with chiral carboxylates in organic solvents confirmed by spectroscopic
and cyclic voltammetric measurements. Cyclic voltammetric measurements have
shown that these guests can be sensed via electrochemical approaches in solution. For
example, enantioselective nature is prominent enough in the association of protected
amino acid, i.e., N-benzenesulfonylproline, through a ferrocenyl-benzyl host that
permits the contrary enantiomers to be distinguished in an electrochemical way as
depicted in (Figure 11) [66].

5. DNA interaction of ferrocenyl ureas and thioureas

DNA is relatively the key target within cells for research work having small molec-
ular entities important biologically, i.e., steroids, cancer-causing agents and other
various modules of drugs [67]. The exploration of interactions of drug with DNA is
far more imperative for consideration of characteristic molecular drug action mecha-
nisms to its peculiar target and for fabrication of definite DNA-targeted drugs [68].
Usually, three binding approaches, intercalative mode of binding, groove binding,
and electrostatic type of interactions, are involved in the noncovalent interactions

58



Supramolecular Chemistry and DNA Intevaction Studies of Fervocenyl Ureas and Thioureas
DOI: http://dx.doi.org/10.5772/intechopen.84412

of small molecules with DNA [69]. The intercalative binding mode is resilient than
the other two modes of binding due to the surface of intercalating molecule, which is
sandwiched among aromatic and heterocyclic DNA base pairs [70-72].

5.1 Activity of ferrocenyl moiety

The introduction of a ferrocenyl group to molecules like urea and thiourea
that bind with DNA is an auspicious strategy to take the ferrocene moiety in close
proximity of DNA which most possibly boosts the probability of DNA damage and
cell apoptosis. The above-discussed anticancer character of ferrocenyl derivatives is
found to be reliant on mainly oxidation state of Fe in ferrocene moiety as approxi-
mate results clearly exhibited that the Fe(II) ferrocenyl derivative compound is
found to have more activity than Fe(III)-containing compounds [73].

One of the Fe(II) compounds, ferrocifen, performs its action by altering the con-
formation of protein having receptor site as indicated by the results of the study carried
out [74]. Binding of ferrocifen to estrogen receptor (ERp) is considered to result in its
dimerization, which is followed by attachment of the dimerized species to a particular
targeted area of DNA. Reactive oxygen species (ROS), such as hydroxyl radicals («OH)
produced as a result of electron transfer reactions, result in in-vivo formation of ferro-
cenium ion or formation of ferrocifen-ERf complex. ROS produced can be responsible
to damage DNA [75, 76] and may also control the anticancer activity by forming the
radical metabolites that carry the biological impairment in cancerous regions [77].

5.2 DNA binding studies through cyclic voltammetry

To demonstrate the approach of interaction and the DNA binding constraints,
different techniques are employed. Cyclic voltammetry is proved to be one of the
most sophisticated and sensitive techniques to carryout DNA binding studies.
Investigation of mode of interaction between DNA and derivative compounds is
determined through shift in peak potential. Indication of intercalation of derivative
compounds into double helix structured DNA comes from slightly positive shift
of the peak potential. The ratio of binding of oxidized and reduced molecules is
calculated using the following equation Eq. (1) [78, 79]:

Eb - Ef - 0.05916 log( s ) (1)
where £ and & are proper potentials of bound and free drug candidates, cor-
respondingly. Positive shift is indicative for intercalation of derivative compounds
with DNA. The formation of a supramolecular complex due to drug diffusion
into DNA results in dropping of current in electrochemical analysis. Drop off in
current is observed depending upon the number of transferred electrons, which
is decreased upon formation of a supramolecular complex. Binding constant is
calculated using the following equation Eq. (2) [80]:

1 _K[a-4)
[DNA] =~ 1-ili, -K )

where K is the binding constant, i and i, represent peak currents in the presence
and absence of DNA, and A is the proportionality constant. The plot of 1/[DNA]
versus 1-i/i, produces binding constants.

Following are the examples of cyclic voltammetric results in Figures 12 and 13 for
the characteristic ferrocenyl thioureas discussed in Section 3.2 and their molecular
structures in Figures 9 and 10.
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Figure 12.

Cyclic voltammograms of 1 mM B16 at a 0.05 V s~ potential sweep rate on a glassy-carbon electrode at 298 K
with and without incorporation of 1 mL of CT-DNA by its increasing concentrations (i.e. 10, 20, and 60 uM)
in a 20% aq. DMSO buffer at pH 6.0; supporting electrolyte 0.1 M TBAP [60].
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Figure 13.

Cyclic voltammograms of 1 mM B3 at a 0.05 Vs~ potential sweep rate on a glassy-carbon electrode at 298 K
with and without incorporation 1 mL of CT-DNA by its increasing concentrations (i.e. 10, 20, and 60 uM) in a
20% aq. DMSO buffer at pH 6.0; supporting electrolyte 0.1 M TBAP [60].

Cyclic voltammetric analysis of 1 mM of B16 and B3 was carried out incorporat-
ing and without incorporating calf-thymus DNA (CT-DNA). After the addition of
CT-DNA, an obvious positive shift in formal potential was observed for B16, which
indicated the intercalative mode of interaction, whereas for B3, a formal potential
shift toward negative side was observed, which is credited to electrostatic interac-
tions among compound and DNA [60].

5.3 DNA binding studies through viscometry
Viscosity measurement is another beneficial technique to demonstrate intercala-
tion of derivative compounds with DNA. It is sensitive to change in DNA length

as base pair active pockets are broadened to provide lodging to binding molecule
that ultimately results in lengthening of DNA helix. This technique is considered
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Figure 14.
Relative viscosity versus [Drug]/[DNA] representative plot for mode of interaction determination.
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Figure 15.
Effect of increasing concentration of compound 1,1’- (4,4 -di-ferrocenyl )di-phenylthiourea on relative viscosity
of DNA at 25°C. [DNA] = 30 uM and [compound] = 5-25 uM.

as a least abstruse and utmost precarious test for binding mode determination in
solution phase under suitable conditions, i.e., constant temperature at 25.0 + 0.1°C
in a thermostatic bath [81].

Following is the representative plot (Figure 14) [82] which exhibits the rela-
tive viscosity (n/no) against [compound/[DNA] concentrations to examine the
mode of interaction. Derivative compounds have shown that upon increasing
binding ratio, relative viscosity decreases which is a representative for electrostatic
interactions [82].

Figure 15 [81] is another example of a viscosity measurement result of a fer-
rocenyl urea derivative compound that shows the consequence of increment in
concentration of derivative compound on viscosity [81].

5.4 Molecular docking

Molecular docking approach is one of the most frequently employed approaches
in structure-based drug designing, owing to its capability to predict conformation
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Figure 16.

(a) Docked conformation of representative P3Cl compound with 1-BNA; P3Cl is shown in green color while
1-BNA exhibited a vibbon structure, (b) surface outlook of docked-P3Cl with 1-BNA (color code: grey-carbon,
red-oxygen, and blue-nitrogen) and (c) 3D-model representing interactions of P3Cl and DNA [82].

responsible for binding of small molecular entities, i.e., ligands to a suitable target
active binding site [83].

The example illustrated in Figure 16(a) exhibits the representative docked
conformation of compound 1-(3-chlorobenzoyl)-3-(4-ferrocenylphenyl)urea
(P3Cl) with DNA attributed to have the lowest binding energy, recommended by
AutoDock [84], whereas Figure 16b depicts the surface view of docked confor-
mation of the represented compound and it is clearly indicated from Figure 16b
that ferrocenyl group of docked P3Cl is in close interaction with O-atom which is
linked to sugar phosphate DNA backbone. This, in another way, suggested that
electrostatic interaction force exist among Fe and O-atoms of sugar and phosphate
backbone [82]. Figure 16c¢ is the close view of DNA atoms that clearly interact
with the active surface of the P3Cl compound, and O-atom of the sugar-phosphate
backbone can be seen, which prevails among deoxyadenosine (DA)-18 and DA-17,
showing electrostatic interactions with ferrocenyl group [85]. The presence of
hydrogen bond is also observed in the structure among one of the O atoms of P3Cl
and H-atom attached to N-atom of DA5 [86].

5.5 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) approach is employed to govern size distribu-
tion of small particles in suspension or polymers in solution. This method is used in
medicine to detect molecular changes in the cornea in biology to measure the rate of
diffusion on proteins, and in material science to study the orientational fluctuation
in the liquid crystals [87].

DLS is, in principle, capable of distinguishing whether a protein is a monomer
or dimer; it is much less accurate for distinguishing small oligomers than is classical
light scattering or sedimentation velocity. The advantage of using dynamic scatter-
ing is the possibility to analyze samples containing broad distributions of species
of widely differing molecular masses (e.g. a native protein and various sizes of
aggregates), and to detect very small amounts of the higher mass species (<0.01%
in many cases) [88].
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For example, expansion of DNA helix occurs upon intercalation of a small mol-
ecule into DNA helix, as cavities are created to lodge small molecules between the
bases which minimize the hydrodynamic radius (Rh) as shown in Figure 17 [61].

5.6 UV-vis spectroscopy

UV-vis spectroscopy is used frequently for studying ferrocene and ferrocenyl
derivative compounds owing to their fairly high stability under visible irradiation,
and hence, they are widely used in luminescent systems. They are classical quench-
ers of excited states. Both energy and electron transfer may be involved, depending
on the nature of the excited species [89]. The color of the ferrocene greatly changes
upon oxidation, hence permitting spectroscopic measurements in the visible range.
UV-vis spectroscopy is proved to be an effective approach for calculation of binding
strength of DNA with derivative compounds. Figure 18 depicts a representative
UV-vis plot of ferrocenyl urea depicting a noticeable hypochromic and a slender
blue peak shift representing adducts of drug-DNA comparative to free drug entities,
which approves the electrostatic nature of interactions (Figure 18a) [38].

5.7 Free radical scavenging activity

Substantial binding of derivative compounds with DNA can be observed via electro-
static type of interactions and remarkable free-radical scavenging capability [90].

2Rn

Intercalation of

Small Molecule

Re' < Rn

Figure 17.
Decrease in hydrodynamic vadius (Rh) upon intercalation of complex in DNA helix.
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Figure 18.

(a) Representative plots of absorbance versus wavelength of 25 uM 1-(3-bromobenzoyl)-3- (4-fervocenylphenyl)
urea in ethanol with DNAS increasing concentration from (4.5-17 uM) and (b) plot of A°/A A° versus
1/[DNA] for determining binding constant of DNA attached to the compound [38].
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Figure 19.
Electronic absorption spectra of [1-(2-florobenzoyl)-3- (2-chlovo, 4-ferrocenylphenyl)thiourea (2F)]
(3.125-100 pg mL™") representing free-vadical scavenging outline.

The free-radical scavenging activity of compound [1-(2-florobenzoyl)-3-(2-chloro, 4-
ferrocenylphenyl)thiourea (2F)] molecular structure is given in Section 3.2 in
Figure 6, which exhibits a sheer increment in % inhibition by increment in its concen-

tration. It had been found that with increasing concentration of ferrocenyl thioureas, the
% inhibitory activity is increased as depicted in the representative plot in Figure 19 [40].
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Chapter 4

CO, Reduction Characteristics of
Cu/TiO, with Various Reductants

Akira Nishimura

Abstract

Cu-doped TiO, (Cu/TiO,) film photocatalyst was prepared by combination of
sol-gel and dip-coating process and pulse arc plasma method. The effect of Cu/TiO,
photocatalyst on CO, reduction performance with reductants of H,O and H, or NH;3
was investigated. In addition, the overlapping two Cu/TiO, coated on netlike glass
discs were also investigated. The CO, reduction performance of Cu/TiO, film was
tested under illumination of Xe lamp with or without ultraviolet (UV) light,
respectively. As to the condition of CO,/H,/H,0, the best CO, reduction perfor-
mance has been achieved under the condition of CO,/H,/H,0 = 1:0.5:0.5 with UV
light illumination as well as without UV light illumination. The theoretical molar
ratio of CO,/H,0 or CO,/H; to produce CO is 1:1. Since the molar ratio of CO,/H,/
H,0 = 1:0.5:0.5 can be regarded as the molar ratio of CO,/total reductants = 1:1, it is
believed that the results of this study follow the reaction scheme of CO,/H,0 and
CO,/H,. On the other hand, as to the condition of CO,/NH3/H,0, the best CO,
reduction performance has been achieved under the condition of CO,/H,/

H,0 = 1:1:1 with UV light illumination as well as without UV light illumination.

Keywords: CO; reduction, Cu/TiO, photocatalyst, reductants combination,
visible light, overlapping effect

1. Introduction

Paris Agreement adopted in 2015 sets the goal that the increase in average
temperature in the world from the industrial revolution by 2030 should be kept less
than 2 K. However, due to the increase in the averaged concentrations of CO, in the
atmosphere to 410 ppmV in December 2019 [1], CO, reduction or utilization
technologies to recycle CO, are urgently required.

There are six vital CO, conversions: chemical conversions, electrochemical
reductions, biological conversions, reforming, inorganic conversions, and photo-
chemical reductions [2, 3]. Recently, artificial photosynthesis or the photochemical
reduction of CO; to fuel has become an attractive route due to its economically and
environmentally friendly behavior [2].

The application of CO, as a raw material can produce chemicals and energy to
diminish the CO, accumulation in the atmosphere [2]. If we consider energy pro-
ducing possibilities, one possibility is the photochemical conversion of CO, into
value-added chemicals which could be used as fuel [4].

The most widely used photocatalyst for the photocatalytic reactions is TiO, due
to its availability, chemical stability, low cost, and resistance to corrosion [5]. It is
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well known that CO; can be reduced into fuels, e.g., CO, CH4, CH;0H, H,, etc. by
using TiO, as the photocatalyst under ultraviolet (UV) light illumination [6-9].
However, pure TiO; has the limitation. It is only active when irradiated by UV light,
which is not effective under sunlight. Since the solar spectrum only consists of
about 4% of UV light, sunlight is not able to active the TiO, effectively for
photocatalytic reaction. In addition, TiO, has a high electron/hole pair recombina-
tion rate compared to the rate of chemical interaction with the absorbed species for
redox reactions [10].

Recently, studies on CO, photochemical reduction by TiO, have been carried out
from the viewpoint of performance promotion by extending absorption wavelength
toward visible region. It was reported that a transition metal doping is useful
technique for extending the absorbance of TiO; into the visible region [11-15].
Noble metal doping such as Pt, Pd, Au and Ag [11], Au, Pd-three dimensionally
ordered macroporous TiO, [12], composition materials formed by GaP and TiO,
[13], nanocomposite CdS/TiO, combining two different band gap photocatalysts
[14], and carbon-based AgBr nanocomposited TiO, [15], had been attempted to
overcome the shortcomings of the pure TiO,. They could improve the CO, reduc-
tion performance; however, the concentrations in the products achieved in all the
attempts so far were still low, ranging from 1 to 150 pmol/g-cat [11-16].

Though various metals have been used for doping [11-16], Cu is considered as a
favorite candidate. Cu can extend the absorption band to 600-800 nm [17, 18],
which covers the whole visible light range. Cu-decorated TiO, nanorod thin film
performed 10 times yield as large as TiO, for C;HsOH production [19]. Cu-loaded
N/TiO; also showed the good performance which yielded eight times as large as
TiO, for CH,4 production [20]. Noble metals such as Pt and Au are too expensive to
be used in industrial scale. Therefore, Cu is the best candidate because of its high
efficiency and low cost compared to noble metals. Due to its availability as well as
above described characteristics, Cu is selected as the dopant in this study.

Since a reductant is necessary for CO, reduction to produce fuel; H,O and H, are
usually used as reductants according to the review papers [7, 9]. To promote the
CO; reduction performance of photocatalyst, it is important to select the optimum
reductant which provides the proton (H*) for the reaction scheme of CO, reduction
with H,0 is as follows [21-23]:

<Photocatalytic reaction>

TiO, +hv — h' + ¢ 1)
< Oxidization>
H,0 +h" — -OH+HT (2)
-OH+H,0+h" — O, +3H" 3)
<Reduction>
CO, + 2H" +2¢~ — CO + H,0 4)
CO +8H" + 8¢~ — CH, (5)

The reaction scheme of CO, reduction with H, is as follows [24]:
<Photocatalytic reaction>

TiOy +hv — bt + e (6)
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< Oxidization>

H, + 2kt — 2H' + 2¢” @)
<Reduction>

CO; +e= — -CO,~ (8)
.CO,” +H' +¢~ — HCOO™ 9)
HCOO +H™ — CO + H,0 (10)
H +e¢ —-H (11)
CO, +8 +8-H — CH4 + 2H,0 (12)

The reaction scheme to reduce CO, with NH; can be summarized as shown
below [24, 25]:
<Photocatalytic reaction>

TiOy +hv — h™ + e (13)

< Oxidization>
2NH; — N, + 3H, (14)
H, — 2H" +2¢~ (15)

<Reduction>

H"+¢ — -H (16)
CO; +e — -COy~ (17)
.CO,” +H' +¢~ — HCOO™ (18)
HCOO™ +H"™ — CO+ H,0 (19)
CO, +8H' + 8¢~ — CH, +2H,0 (20)

There are some reports on CO, reduction with either H,O or H; [7, 9]. However,
the effect of using H,0 and H, or NHj; together as reductants is not investigated
well. Though a few studies using pure TiO, under CO,/H,/H,0 condition were
reported [24, 26], the effect of ratio of CO,, H, and H,0 or NHj as well as the effect
of Cu doping with TiO, on CO, reduction performance of photocatalyst were not
investigated previously.

Consequently, the purpose of this chapter is to clarify the effect of molar ratio of
CO, to H,0 and H, or NHj; on the performance of CO, reduction with Cu/TiO,. The
CO, reduction performance with H,O and H, or NH; using Cu/TiO, coated on
netlike glass fiber as photocatalyst under the condition of illuminating Xe lamp with
or without UV light was investigated. Cu is loaded on TiO,-coated netlike glass fiber
by pulse arc plasma method which can emit nanosized Cu particles by applying high
electron potential difference. The amount of loaded Cu can be controlled by the
pulse number. Cu/TiO, prepared was characterized by Scanning Electron Micro-
scope (SEM) and Electron Probe Micro Analyzer (EPMA), Transmission Electron
Microscope (TEM), Energy Dispersive X-ray Spectrometry (EDX), and Electron
Energy Loss Spectrum (EELS) analysis. The CO, reduction performance with H,O
and H, or NH; under the condition of illuminating Xe lamp with or without UV
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light was investigated. The molar ratio of CO,/H,/H,0 was changed for 1:1:1, 1:0.5:1,
1:1:0.5, 1:0.5:0.5 to clarify the optimum combination of CO,/H,/H,0 for CO, reduc-
tion with Cu/TiO,. According to the reaction scheme to reduce CO, with H,O or
NH; as shown above, the theoretical molar ratio of CO,/H,0 to produce CO or CH,
is 1:1 or 1:4, respectively, while that of CO,/NHj to produce CO or CHy, is 3:2, 3:8,
respectively. Therefore, this study assumes that the molar ratio of CO,/NH3/

H,0 = 3:2:3 and 3:8:12 are theoretical molar ratio to produce CO and CHy, respec-
tively. Moreover, the effect of overlapping two layers of Cu/TiO,-coated netlike
glass fiber on CO; reduction performance with H, and H,0 was investigated.

2. Experiment
2.1 Preparation of Cu/TiO, film

The combination of sol-gel and dip-coating process was used for preparing TiO,
film. TiO, sol solution was made by mixing [(CH;),CHO],4Ti (purity of 95 wt%,
Nacalai Tesque Co.) of 0.3 mol, anhydrous C,HsOH (purity of 99.5 wt%, Nacalai
Tesque Co.) of 2.4 mol, distilled water of 0.3 mol, and HCl (purity of 35 wt%, Nacalai
Tesque Co.) of 0.1 mol. Netlike glass fiber was cut like a disc, and its diameter and
thickness were 50 mm and 1 mm, respectively. The netlike glass fiber disc was dipped
into TiO; sol solution at the speed of 1.5 mm/s and pulled up at the fixed speed of
0.2 mm/s. Then, it was dried out and fired under the controlled firing temperature
(FT) and firing duration time (FD), resulting that TiO, film was fastened on the
netlike glass fiber. FT and FD were set at 623 K and 180 s, respectively. Cu was loaded
on TiO, film by pulse arc plasma method. The pulse arc plasma gun device (ULVAC,
Inc., ARL-300) having Cu electrode whose diameter was 10 mm was applied for Cu
loading. After the netlike glass fiber coated with TiO, was set in chamber of the pulse
arc plasma gun device which was vacuumed, the nanosized Cu particles were emitted
from Cu electrode with applying the electrical potential difference of 200 V. The
pulse arc plasma gun can evaporate Cu particle over the target in the circle area
whose diameter is 100 mm when the distance between Cu electrode and the target is
160 mm. Since the difference between Cu electrode and TiO, film was 150 nm in the
present study, Cu particle can be evaporated over TiO, film uniformly. The amount
of loaded Cu was controlled by the pulse number. In the present study, the pulse
number was set at 100. Since the netlike glass fiber is transparent, the light can pass
through the netlike glass fiber. The present study has also investigated if two layers of
two Cu/TiO, coated on netlike glass fiber put on the top of the other (with certain
distance, i.e., overlapping), what impact/improvement would be on the CO, reduc-
tion performance. The overlapping two layers of Cu/TiO, coated on netlike glass fiber
is expected to utilize the light effectively as well as to increase the amount of
photocatalyst used for CO, reduction.

2.2 Characterization of Cu/TiO, film

The structure and crystallization characteristics of Cu/TiO, film were evaluated
by SEM (JXS-8530F, JEOL Ltd.), EPMA (JXA-8530F, JEOL Ltd.), TEM (JEM-2100/
HK, JEOL Ltd.), EDX (JEM-2100F/HK, JEOL Ltd.), and EELS (JEM-ARM2007
Cold, JEOL Ltd.). Since these measurement instruments use electron for analysis,
the sample should be an electron conductor. Since netlike glass disc was not an
electron for analysis, the carbon vapor deposition was conducted by the dedicated
device (JEE-420, JEOL Ltd.) for Cu/TiO; coated on netlike glass disc before analy-
sis. The thickness of carbon deposited on sample was approximately 20-30 nm.

76



CO, Reduction Characteristics of Cu/TiO, with Various Reductants
DOI: http://dx.doi.org/10.5772 /intechopen.93105

The electron probe emits the electrons to the sample under the acceleration
voltage of 15 kV and the current of 3.0 x 108 A, when the surface structure of
sample is analyzed by SEM. The characteristic X-ray is detected by EPMA at the
same time, resulting that the concentration of channel element is analyzed
according to the relationship between the characteristic X-ray energy and the
atomic number. The spatial resolutions of SEM and EPMA are 10 pm. The EPMA
analysis helps not only to understand the coating state of prepared photocatalyst but
also to measure the amount of doped metal within TiO, film on the base material.

The electron probe emits the electron to the sample under the acceleration
voltage of 200 kV, when the inner structure of sample is analyzed by TEM. The size,
thickness, and structure of loaded Cu were evaluated. The characteristic X-ray is
detected by EDX at the same time, resulting that the concentration distribution of
chemical element toward thickness direction of the sample is analyzed. In the
present study, the concentration distribution of Ti and Cu were analyzed.

EELS can be applied not only for element detection but also determination of
oxidization states of some transition metals. The EELS characterization was performed
by JEM-ARM?200F equipped with GIF Quantum having 2048 ch. The dispersion of
0.5 eV/ch can be achieved for the full width at half maximum of the zero loss peak.

2.3 CO;, reduction experiment

Figure 1 [27, 28] shows the experimental set-up of the reactor composing of
stainless tube (100 mm (H.) x 50 mm (I.D.)), Cu/TiO, film coated on netlike glass
disc (50 mm (D.) x 1 mm (z.)) located on the Teflon cylinder (50 mm
(H.) x 50 mm (D.)), a quartz glass disc (84 mm (D.) x 10 mm (¢.)), a sharp cut
filter cutting off the light whose wavelength is below 400 nm (SCF-49.5C-42 L,
SIGMA KOKI CO. LTD.), a 150 W Xe lamp (L2175, Hamamatsu Photonics K. K.),
mass flow controller, and CO, gas cylinder. The volume of reactor to charge CO, is
1.3 x 10~ * m®. The light of Xe lamp which is located inside the stainless tube
illuminates Cu/TiO, film coated on the netlike glass disc through the sharp cut filter
and the quartz glass disc that are at the top of the stainless tube. The wavelength of
light from Xe lamp is ranged from 185 to 2000 nm. Since the sharp cut filter can
remove UV components of the light from the Xe lamp, the wavelength of light from
Xe lamp is ranged from 401 to 2000 nm with the filter. Figure 2 [29] shows the
performance of the sharp cut filter to cut off the wavelength is below 400 nm. The

100 100

1. Xe lamp. 2. Sharp cut filter, 3. Quartz glass dise, 4. Stainless pipe.

5. Gas sampling tap. 6. Photocatalyst. 7. Teflon eylinder, 8. Valve, 1. Xe lamp, 2. Sharp cut filter, 3. Quartz glass disc, 4. Stainless tube,
9, Mass flow controller, 10. CO, gas eylinder (99.995 vol®4), 5. Gas sampling tap, 6. Photocatalyst, 7. Teflon cylinder, 8. Valve,

. 9. CO, gas cylinder (99.995 vol%)
11. H, gas eylinder (99.99999 vol%)

Figure 1.
Schematic drawing of CO, reduction experimental set-up (left: CO,/H,/H,O system; right: CO,/NH;/H,0
system).
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Figure 2.
Light transmittance data of sharp cut filter.

average light intensity of Xe lamp without and with the sharp cut filter is 58.2 and
33.8 mW/cm?, respectively.

In the CO; reduction experiment with H, and H,0, CO, gas with the purity of
99.9 vol% which were controlled by mass flow controller was mixed in the buffer
chamber and introduced into the reactor which was pre-vacuumed by a vacuum
pump. The mixing ratio of CO, and H, was confirmed by TCD gas chromatograph
(Micro GC CP4900, GL Science) before introducing into the reactor. After
confirming the mixing ratio of CO, and H,, the distilled water was injected into the
reactor through a gas sampling tap by syringe and Xe lamp illumination was turned
on the same time. The amount of injected water was measured and controlled by the
syringe. The injected water vaporized completely in the reactor. The molar ratio of
CO,/H,/H,0 was set at 1:1:1, 1:0.5:1, 1:1:0.5, 1:0.5:0.5. Due to the heat of Xe lamp,
the temperature in reactor was attained at 343 K within an hour and kept an
approximately 343 K during the experiment.

In the CO, reduction experiment with NH; and H,0, after purging the reactor
with CO, gas of 99.9 vol% purity introduced in the reactor, which was pre-vacuumed
by a vacuum pump, for 15 minutes, the valves located at the inlet and the outlet of
reactor were closed. After confirming the pressure and gas temperature in the reactor
at 0.1 MPa and 298 K, respectively, the NH; aqueous solution (NH3; 50 vol%), which
was changed according to the planed molar ratio, was injected into the reactor
through gas sampling tap, and Xe lamp illumination was turned on the same time.
The NHj3 aqueous solution injected was vaporized completely in the reactor. Due to
the heat of Xe lamp, the temperature in the reactor was attained at 343 K within an
hour and kept at approximately 343 K during the experiment. The molar ratio of CO,/
NH3/H,0 was set at 1:1:1, 1:0.5:1, 1:1:0.5, 1:0.5:0.5, 3:2:3, 3:8:12, respectively. The gas in
the reactor was sampled every 24 hours during the experiment. The gas samples were
analyzed by FID gas chromatograph (GC353B, GL Science). Minimum resolution of
FID gas chromatograph and methanizer is 1 ppmV.

3. Results and discussion
3.1 Characterization analysis of Cu/TiO, film

Figure 3 shows SEM image of Cu/TiO, film coated on netlike glass disc [28]. The
SEM image was taken at 1500 times magnification. Figure 4 shows EPMA image of
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Cu/TiO, film coated on netlike glass disc [28]. EPMA analysis was carried out for
SEM images taken by 1500 times magnification. In EPMA image, the concentration
of each element in observation area is indicated by the different colors. Light colors,
for example, white, pink, and red indicate that the amount of element is large, while
dark colors like black and blue indicate that the amount of element is small.

From these figures, it can be observed that TiO, film was coated on netlike glass
fiber. During firing process, the temperature profile of TiO, solution adhered on the
netlike glass disc was not even due to the different thermal conductivities of Ti and
Si0,. Their thermal conductivities of Ti and SiO, at 600 K are 19.4 and 1.8 W/(m-K)
[30], respectively. Due to thermal expansion and shrinkage around netlike glass
fiber, it can be considered that thermal crack is formed on the TiO, film.

In addition, it is observed from Figure 4 that nanosized Cu particles are loaded
on TiO; uniformly, resulted from that the pulse arc plasma method can emit
nanosized Cu particles.

To evaluate the amount of loaded Cu within TiO, film quantitatively, the obser-
vation area, which is the center of netlike glass disc, of diameter of 300 pm is
analyzed by EPMA. The ratio of Cu to Ti is counted by averaging the data obtained
in this area. As a result, the weight percentages of elements of Cu and Ti in the Cu/
TiO, film are 0.6 and 99.4 wt%, respectively.

Figure 3.
SEM image of Cu/TiO, film coated on netlike glass disc.

Figure 4.
EPMA image of Cu/TiO, film coated on netlike glass disc.
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Figures 5 and 6 show TEM and EDX images of Cu/TiO; film, respectively [27].
ESX analysis was carried out using TEM image taken by 150,000 times magnifica-
tion. According to Figure 6, it is observed that Cu particles are distributed in TiO,
film. Though many Cu particles are loaded on the upside of TiO, film, it is not
confirmed that the Cu layer is formed.

Figure 7 shows EELS spectra of Cu in Cu/TiO; film [27]. From this figure, the
peaks at around 932 and 952 eV can be observed. Compared to the report investi-
gating peaks of Cu, Cu,0, and CuO [31], the EELS spectra of Cu,O matches with
Figure 7. Therefore, Cu in Cu/TiO, prepared in this study exists as Cu* ion in Cu,O.
It was reported that the heterojunctions between CuO and TiO, contributed to the
promotion of the photoactivity [32]. In addition, it was reported that Cu” was more
active than Cu®* [33]. Therefore, it is expected that Cu* would play a role to
enhance the CO; reduction performance in this study. Figure 8 shows EELS spectra
of TiO, referred from EELS data base [34]. Comparing Figure 8 with Figure 7,
EELS spectra of TiO; is very different from EELS spectra of Cu in Cu/TiO,.

3.2 Effect of molar ratio of CO,, H,, and H,0 on CO, reduction characteristics

Figures 9 and 10 show the concentration changes of CO and CH,4 produced in
the reactor along the time under the illumination of Xe lamp with UV light,

l";rvmm»

Figure 5.
TEM image of Cu/TiO, film.

o —

Figure 6.
EDX images of Cu/TiO, film.
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EELS spectra of TiO, referred from EELS data base [34].
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Figure 9.
Change of concentration of CO with time for several molar ratios of CO,/H,/H,0 under illumination condition
with UV light.

respectively. Figures 11 and 12 show the molar quantities of CO and CH, per weight
of photocatalyst in the reactor along the time under the illumination of Xe lamp
with UV light, respectively. The amount of Cu/TiO, is 0.2 g. In this experiment, a
blank test, that was running the same experiment without illumination of Xe lamp,
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had been carried out to set up a reference case. No fuel was produced in the blank
test as expected.

According to Figures 9-12, the CO, reduction performance is the highest for the
molar ratio of CO,/H,/H,0 = 1:0.5:0.5. Since the reaction scheme of CO,/H,/H,0 is
not fully understood, this study refers to the reaction scheme of CO,/H,0 and CO,/
H, as shown by Egs. (1)-(12). It is known from the reaction scheme that the
theoretical molar ratio of CO,/H,0 and CO,/H, to produce CO is 1:1. On the other
hand, the theoretical molar ratio of CO,/H,0 and CO,/H, to produce CO is 1:4.
Since the molar ratio of CO,/H,/H,0 = 1:0.5:0.5 can be regarded as the molar ratio of
CO,/total reductants = 1:1, it is believed that the results of this study follow the
reaction scheme presented in Eqs. (1)-(12). Comparing the CO production with the
CH, production, CO is produced first. According to Eq. (5), it is believed that some
CO might be converted into CH,. Therefore, the start of CH4 production is slower
than that of CO production. Producing CH, needs four times H* and electrons as
many as producing CO needs. Therefore, it is revealed that the optimum molar ratio

= 700
Z 600 4 CO2:H2:H20=1:1:1
[="
=500 ® CO2:H2:H20=1:0.5:1
S 400
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Figure 10.

Change of concentration of CH, with time for several molar ratios of CO,/H,/H,0 under illumination
condition with UV light.
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Figure 11.
Change of molar quantity of CO per unit weight of photocatalyst with time for several molar ratios of
CO,/H,/H,0 under illumination condition with UV light.
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Change of molar quantity of CH,, per unit weight of photocatalyst with time for several molar vatios of
CO,/H,/H,0 under illumination condition with UV light.
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Figure 13.
Change of concentration of CO with time for several molar ratios of CO,/H,/H,0 under illumination condition
without UV light.

of CO,/H,/H,0 is decided by the CO production scheme. Though CO decreases
after reaching the peak, CH, increases gradually.

According to Hinojosa-Reyes et al. [35], TiO, and Cu,O formation leads to the
photocatalytic activity since Cu,O is a semiconductor with small band gap energy.
In addition, Cu performs to avoid the electron and hole recombination and pro-
motes the charge transfer. In this study, it seems that the effect of Cu and Cu,0 on
photoactivity is performed.

Figures 13 and 14 show the concentration changes of CO produced and the
molar quantity of CO per weight of photocatalyst in the reactor under the illumi-
nation of Xe lamp without UV light, respectively. In this experiment, CO is the only
fuel produced from the reactions.

According to Figures 13 and 14, the CO, reduction performance is also the
highest for the molar ratio of CO,/H,/H,0 = 1:0.5:0.5 in this case. It is considered
that the same reaction mechanism as mentioned above is conducted. The CO,
reduction performance of Cu/TiO, under the illumination condition without UV
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Change of molar quantity of CO per unit weight of photocatalyst with time for several molar ratios of
CO,/H,/H,0 under illumination condition without UV light.
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Figure 15.
Change of concentration of CO for Cu/TiO, overlapped with time for several molar ratios of CO,/H,/H,0
under illumination condition with UV light.

light is lower than that under the illumination condition with UV light. Therefore, it
can be claimed that Cu/TiO, obtains the main photoenergy from UV light.

3.3 Effect of overlapping of Cu/TiO; film with H, and H,0 on CO, reduction
characteristics

Figures 15 and 16 show the concentration change of CO and CH,4 produced in
the reactor under the illumination of Xe lamp with UV light, with two Cu/TiO,
films coated on netlike glass discs overlapped, respectively. The photocatalyst is
coated on both upper and lower surfaces of the top disc and only the upper surface
of the bottom disc.

Figures 17 and 18 show the molar quantities of CO and CH,4 per weight of
photocatalyst in the reactor along the time under the Xe lamp with UV light,
respectively. The total amount of Cu/TiO; on two discs is 0.4 g.
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Change of concentration of CH, for Cu/TiO, overlapped with time for several molar ratios of CO,/H,/H,0
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5 180

2 160 @ CO2:H2:H20=1:1:1
I 140

=~ 120 B CO2:H2:H20=1:0.5:1
PR

o2 100

O i 20 4 CO2:H2:H20=1:1:0.5
BE E

zs 0 - C0O2:H2:H20=1:0.5:0.5
S5 40 <]

58 20

52

& 0=

=% 0 24 48 72

IMumination time of Xe lamp (h)

Figure 17.
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Change of molar quantity of CH,, per unit weight of photocatalyst for Cu/TiO, overlapped with time for several
molar ratios of CO,/H,/H,0 under illumination condition with UV light.
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According to Figures 15-18, the CO, reduction performance is the highest for
the molar ratio of CO,/H,/H,0 = 1:0.5:0.5, the same as that in the case of single Cu/
TiO, disc. In addition, the order of CO, reduction performance of Cu/TiO,
overlapped is the same as that of single Cu/TiO,. However, comparing Figures 15
and 16 with Figures 9 and 10, the concentrations of CO and CH, for two Cu/TiO,
discs overlapped are higher than those for single Cu/TiO, disc under every molar
ratio of CO,/H,/H,0. The highest concentration of CO for Cu/TiO, overlapped is
7273 ppmV, which is 1.4 times as large as that for single Cu/TiO,. On the other
hand, the highest concentration of CH, for Cu/TiO, overlapped is 516 ppmV, which
is 1.7 times as large as that for single Cu/TiO,. In the case of two discs overlapped,
the following things are believed: (i) the amount of photocatalyst used for
photocatalysis reaction is increased, (ii) the electron transfer between two Cu/TiO,
films promotes the activity of photocatalysis reaction, and (iii) the lower positioned
Cu/TiO, disc utilizes the light passing through the top disc.

However, comparing Figures 17 and 18 with Figures 11 and 12, the molar
quantities of CO and CH,4 per weight of photocatalyst in two discs case are lower
than those for single Cu/TiO, disc case under every molar ratio of CO,/H,/H,0. The
highest molar quantity of CO per weight of photocatalyst in two discs overlapped
case is 82 pmol/g, which is 54% of that in single disc case. Similarly, the highest
molar quantity of CH, per weight of photocatalyst in two discs overlapped case is
5.8 pmol/g, which is 65% of that in single disc case. The reasons of this result are
considered to be: (i) some parts of the Cu/TiO, film on the lower positioned disc
cannot receive the light, (ii) if the produced fuel remains in the space between two
discs, the reactants of CO,, H,, and H,O would be blocked to reach the surface of
photocatalyst, resulting that the photochemical reaction could not be carried out
well even though the light is illuminated for photocatalyst.

Figures 19 and 20 show the concentration changes of CO produced and the
molar quantity of CO per weight of photocatalyst in the reactor with two
overlapped Cu/TiO; film coated on netlike glass disc under the illumination of Xe
lamp without UV light, respectively. In this experiment, CO is the only produced
from the reactions.

According to Figures 19 and 20, the CO, reduction performance in two discs
case is the highest for the molar ratio of CO,/H,/H,0 = 1:0.5:0.5 which is the same as
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Figure 19.
Change of concentration of CO for Cu/TiO, overlapped with time for several molar vatios of CO,/H,/H,0
under illumination condition without UV light.
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Figure 20.
Change of molar quantity of CO per unit weight of photocatalyst for Cu/TiO, overlapped with time for several
molar ratios of CO,/H,/H,0 under illumination condition without UV light.

that in the single disc case. The order of CO, reduction performance in two discs is
the same as that in the single disc case. However, comparing Figure 19 with
Figure 13, the concentrations in two discs case are higher than those in single case
under every molar ratio of CO,/H,/H,0. The highest concentration of CO in two
discs case is 271 ppmV, which is 2.8 times as large as that in single disc case. The
same reasons explained in the case of illumination with UV light can be thought to
cause the results.

In addition, comparing Figure 20 with Figure 14, the molar quantity of CO per
weight of photocatalyst in two Cu/TiO, discs overlapped case is singly higher than
that in the single disc case under every molar ratio of CO,/H,/H,0. The highest
molar quantity of CO per weight of photocatalyst is 3.1 pmol/g in two disc cases,
which is 1.1 times as large at that in the single disc case. Though the effect of
overlapping layout is not obtained under the illumination condition with UV light,
the effect of overlapping layout is confirmed under the illumination condition
without UV light. Since the photochemical reaction rate and the amount of pro-
duced fuel are small under the no-UV illumination condition compared to that with
UV light, it would be beneficial to the mass transfer between produced fuels and
reactants of CO,, H,, and H,O on the surface of photocatalyst in no-UV cases [36].
As a result, the mass transfer and photochemical reaction are carried out effectively
in no-UV cases. Therefore, the effect of overlapping layout is obtained in no-UV
cases. According to the previous reports [37, 38], the mass transfer is an inhibition
factor to promote the CO, reduction performance of photocatalyst, and it is neces-
sary to control the mass transfer rate to meet the photochemical reaction rate.
Figure 21 illustrates the comparison of mass and electron transfer within
overlapped two photocatalysts in UV and no-UV illumination cases [27].

3.4 Effect of molar ratio of CO,, NH; and H,0 on CO, reduction characteristics

Figures 22 and 23 show the concentration changes of formed CO and CHy, along
the time under the Xe lamp with UV light, respectively. The amount of Cu/TiO, on
the netlike glass disc is 0.1 g. Before the experiments, a blank test, which was
running the same experiment without illumination of Xe lamp, had been carried out
to set up a reference case. No fuel was produced in the blank test as expected.
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Comparison of concentration of formed CO among several molar ratios of CO,/NH;/H,0 under the
illumination condition with UV light.

According to Figures 22 and 23, the CO, reduction performance is the highest for
the molar ratio of CO,/NH3/H,0 = 1:1:1.

According to the reaction scheme to reduce CO, with H,O or NH;3 as shown by
Egs. (1)-(5), (13)-(20), the theoretical molar ratio of CO,/H,0 to produce CO or
CH, is 1:1 or 1:4, respectively, while that of CO,/NHj to produce CO or CHy is 3:2,
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3:8, respectively. Therefore, this study assumes that the molar ratio of CO,/NH3/
H,0 = 3:2:3 and 3:8:12 is theoretical molar ratio to produce CO and CH,, respec-
tively. However, the molar ratio of CO,/NH;3/H,0 = 1:1:1 is not matched with these
theoretical molar ratios to produce CO and CHy. Since the ionized Cu doped with
TiO, provides free electron for the reduction reaction process [39], the reductants
of NH3; and H,O which are less than the values indicated in the theoretical scheme
are enough for producing CO and CHy in this study. The highest molar quantities of
CO and CH, per weight of photocatalyst in the reactor, which are obtained for the
molar ratio of CO,/NH;3/H,0 = 1:1:1, are 10.2 and 1.8 pmol/g, respectively.

In addition, it is confirmed from Figure 22 that the concentration of formed CO
is increased from the start of illumination of Xe lamp and decreased after attaining
the peak concentration. However, the concentration of formed CO increases again
after 48 hours. It is believed that the decrease in the concentration of formed CO is
resulted from the oxidization reaction between CO and O, which is by-product as
shown in Eq. (3) [40]. Since the produced CO might be remained near the
photocatalyst due to high absorption performance of netlike glass fiber, this
oxidization reaction is thought to be occurred. The increase in the concentration of
formed CO after 48 hours might be due to the difference in reaction rates between
CO,/H,0 and CO,/NH; condition. It is also revealed that the maximum concentra-
tion of formed CO is higher when the molar of NH3 is higher than that of H,O. Since
the number of H* which can be provided is 3 and 2 for NH; and H,O, respectively, it
is considered that NHj is effective for promoting the reduction performance of Cu/
TiO,. Furthermore, it is found from Figures 22 and 23 that the concentration of
formed CHy, starts to increase after the decreasing of CO concentration. According
to the reaction schemes, the more H* and electron are needed to produce CHy,
resulting that the production of CH, starts later.

Figure 24 shows the concentration changes of formed CO along the time under
the Xe lamp without UV light. In this experiment, CO is the only fuel produced
from the reactions, that is, no CH, was detected. Before the experiments, a blank
test, which was running the same experiment without illumination of Xe lamp, had
been carried out to set up a reference case. No CO or CH, was produced in the blank
test as expected. According to Figure 24, the CO, reduction performance is the best
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Comparison of concentration of formed CO among several molar ratios of CO,/NH;/H,0 under the
illumination condition without UV light.

for the molar ratio of CO,/NH3/H,0 = 1:1:1. In addition, it is confirmed from
Figure 24 that the concentration of formed CO is increased from the start of
illumination of Xe lamp and decreased after reaching the maximum concentration.
However, the concentration of formed CO is increased gradually again after a while.
It can be considered that the same reaction mechanism under the illumination
condition with UV light as mentioned above occurred.

3.5 Proposal to improve the CO, reduction performance with H,O and
H2 or NH3

Under the condition of CO,/H,/H,0, the highest molar quantity of CO per
weight of photocatalyst is 153 pmol/g in a single disc case with UV light illumina-
tion. The CO production performance achieved in this study is approximately 500
times as large as that reported in [24, 26] which is owing to Cu doping. The CH,
production performance achieved in this study is almost the same as that reported
in [24]. Since the doped Cu provides the free electron preventing recombination of
electron and hole produced as well as the improvement of the light absorption
effect, the big improvement of CO, reduction performance is obtained in this study.

One way to further promote the CO, reduction performance may be that differ-
ent metals should be doped on the higher and the lower positioned photocatalysts
discs. The co-doped such as PbS-Cu/TiO,, Cu-Fe/TiO,, Cu-Ce/TiO,, Cu-Mn/TiO,,
and Cu-CdS/TiO, would promote the CO, reduction performance of TiO, under the
CO,/H,0 condition [7, 9]. When the combination of CO,/H,/H,0 is considered, the
ion number of dopant is important to match the number of electron emitted from
the dopant with H" as shown by the reaction schemes of CO,/H,0 and CO,/H,. The
same number of electron and H" are necessary for fuel production. Though Cu" ion
is applied to promote the CO, reduction performance with TiO, in this study, it is
expected that the co-doping of Cu and the other metal having larger positive ion
might have positive effect for CO, reduction with H, and H,O. In addition, the
dopant like Fe, which can absorb the shorter wavelength light than Cu [17, 41, 42],
should be used at the higher positioned layer. The wavelength of light becomes long
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after penetrating the higher positioned photocatalyst [36]. Therefore, it may be an
effective way for utilization of wide wavelength range light that the higher posi-
tioned Fe/TiO, which absorbs the shorter wavelength light and the lower positioned
Cu/TiO, which absorbs the longer wavelength light are overlapped. This idea is
similar to the concept of hybridizing two photocatalysts having different band gaps
[13, 42, 43].

On the other hand, under the condition of CO,/NH3/H,O0, the highest molar
quantities of CO and CH,4 per weight of photocatalyst in the reactor, which are
obtained for the molar ratio of CO,/NH3/H,0 = 1:1:1, are 10.2 and 1.8 pmol/g,
respectively. Compared to the previous research on CO, reduction with H, and
H,O0 over pure TiO,, the CO, reduction performance of photocatalyst prepared in
this study is approximately 35 times as large as that reported in Refs. [24, 39],
which is owing to not only Cu doping but also the combination of NH3 and H,O.
The CO production performance over the Cu/TiO, prepared in this study is
approximately 3 times as large as that reported in the reference [44]. However,
the CH, production performance of Cu/TiO; prepared in this study is one twenti-
eth as large as that of Cu/TiO, reported in the other reference [45]. Therefore, it is
necessary to promote the conversion from NHj3 into H, in order to improve the
reduction performance according to the reaction scheme to reduce CO, with NHj.
One way to promote the conversion from NHj into H; is thought to be using Pt as
a dopant. It was reported that Pt/TiO, was effective to dissolve NH3 aqueous
solution into N, and H, [25].

4. Conclusions
The conclusions on this chapter are as follows:
i. Cuin Cu/TiO, prepared by this study exists in the form of Cu" ion in Cu,O.

ii. Under the condition of CO,/H,/H,0, the highest concentrations of CO and
CH, produced as well as the highest molar quantities of CO and CH, per
weight of photocatalyst for Cu/TiO, are obtained for CO,/H,/H,0 ratio of
1:0.5:0.5. Since the molar ratio of CO,/H,/H,0 = 1:0.5:0.5 can be regarded as
the molar ratio of CO,/total reductants = 1:1, it is believed that the results of
this study follow the reaction scheme of CO,/H,0 and CO,/H,.

iii. Under the condition of CO,/H,/H,0, the highest concentration of CO in
two discs case is 1.4 times as large as that in the single disc case, while the
highest concentration of CH, is 1.7 times with UV light illumination. Under
the illumination condition without UV light, the highest concentration of
CO with two Cu/TiO, disc is 2.8 times as large as that with single Cu/TiO,
disc.

iv. Under the condition of CO,/H,/H,0, the highest molar quantity of CO per
weight of photocatalyst with two Cu/TiO, discs overlapped is 54% of that
with single Cu/TiO, disc with UV light illumination. The highest molar
quantity of CH, per weight of photocatalyst with two Cu/TiO, discs
overlapped is 65% of that with single Cu/TiO, disc.

v. Under the condition of CO,/H,/H,0, the molar quantity of CO per weight

of photocatalyst with two Cu/TiO, discs overlapped is slightly (1.1 times)
higher than that with single Cu/TiO, disc without UV light illumination.
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vi. Under the condition of CO,/NH3/H,0, the molar ratio of CO,/NH3/H,0 is
1:1:1 under the illumination condition with UV as well as without UV. The
highest molar quantities of CO and CH,4 per weight of photocatalyst
obtained in this study are 10.2 and 1.8 pmol/g, respectively.
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Abstract

The design and modification of metal-organic complexes for hydrogen (H,) gas
production by water splitting have been intensively investigated over the recent
decades. In most reported mechanistic pathways, metal hydride species are consid-
ered as crucial intermediates for H, formation where the metal present at the active
site plays an imperative role in the transfer of electron and proton. In the last few
decades, much consideration has been done on the development of non-precious
metal-organic catalysts that use solar energy to split water into hydrogen (H,) and
oxygen (O;) as alternative fossil fuels. This review discussed the design, fabrication,
and evaluation of the catalysts for electrocatalytic and photocatalytic hydrogen
production. Mechanistic approach is addressed here in order to understand the
fundamental design principle and structural properties relationship of
electrocatalysts and photocatalysts. Finally, we discuss some challenges and
opportunities of research in the near future in this promising area.

Keywords: redox-active-ligand, first-row transition metals, hydrogen evolution,
catalytic cycle, electrocatalyst, photocatalyst

1. Introduction

Climate change and increasing energy demand have emphasized research on
sustainable energy source [1, 2]. Day-by-day increase of human population and
global requirements has compelled researchers to develop new renewable sustain-
able energy sources in replacement of hydrocarbon deposits [3]. Renewable sources
such as solar power, wind, and water, storage of these energies for on-demand
utilization, and transportation are the major challenges for researchers. To develop
a clean and eco-friendly environment, splitting of water into hydrogen and oxygen
is a tremendous way to produce sustainable energy. Hydrogen gas emerged as a
green energy fuel due to its high-energy density and zero carbon dioxide (CO,)
emission [4-6]. In this regard, electrocatalytic and photocatalytic H, generation
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from water has been considered as one of the most striking approaches [7-9]. In
recent years, a substantial number of artificial photosynthesis have been developed,
exploited solar power as electron and proton source to make a clean renewable fuel
[10-14]. Light-induced splitting of water is a suitable process because the produc-
tion of hydrogen is used as green fuel in future and even used for the synthesis of
other chemicals [15-18].

Literature reports suggested more than 500 billion cubic meters (44.5 million
tons) of hydrogen gas is produce yearly worldwide [19, 20]. In the current scenario,
steam methane refining, coal gasification, and water electrolysis are the major way
for hydrogen production. Nowadays 95% hydrogen gas is produced from steam
methane reforming and coal gasification, however only 4% hydrogen from water
electrolysis. Steam methane is a high-energy-intensive process maintained at
high temperature with the formation of carbon dioxide and carbon monoxide:

(i) CH4 + H,O = CO + 3H, (ii) CO + H,0 = CO, + H,. Hence, it is not an eco-friendly
method for hydrogen production. Water electrolysis is the most sustainable and
clean approach for hydrogen production because its source is abundant. Since the
most suitable way of light-driven energy conversion is water electrolysis, artificial
photosynthesis (PS II) has been considered as primary goal to produce electron and
proton [21, 22]. Water splitting is a redox reaction in which aqueous protons are
reduced into H, at cathode and water is oxidized to O, at anode [23]. Both H, (HER)
and O, (OER) reactions are rigorously coupled, which may lead to the formation of
explosive H,/O, mixtures due to gas crossover [24-26]. By far, only a few stable
metal complexes as catalysts are achieved that can decompose water into H, and O,
[27-31]. Water-splitting reactions are split into two half-reactions: water oxidation
to O, evolution and water reduction to H, production:

H,0 —2H, + 0, E°=123V 1)
2H,0 — 4H" +4e~ + 0, E°=1.23Vys. NHE )
4H" + 4e~ —2H, E°=0Vs. NHE 3)

The limitation of OER is that it takes place after the successive accumulation of
four oxidized electrons and protons in Kok cycle (catalytic cycle of the water
oxidation in PS II) that require much higher overpotential input than that of HER
[32]. Thermodynamic potential is different for H*/H, (0 V vs. NHE) and OH /O,
(1.23 V vs. NHE), and the overall solar energy conversion efficiency is only ~15% in
OER [33]. The hydrogen evolution reaction (HER, 2H" + 2e” = Hj,) is the cathodic
reaction with the two-electron transfer in one catalytic intermediate and offers the
potential to hydrogen production. However, hydrogen production technology
requires proficient electrocatalysts and photocatalysts which support two key
electrode reactions (OER and HER) at lower overpotentials.

Moreover discussion on the mechanism of HER, H* adsorption on the hydrogen
evolution catalyst surface is the first step, known as Volmer step, followed by
Heyrovsky or Tafel steps shown in Figure 1. A suitable HER catalyst always binds
H* very fast and releases the product. Hence, electrochemical hydrogen evolution
reaction (HER) facilitates for H, production on large-scale.

Afterwards, H; evolution may occur via two different reaction mechanisms
depending on the action of catalyst [34]. Hydronium cation (H;0") is the proton
source in acidic solution, and in alkaline condition H,O is the proton source. In
Volmer-Tafel mechanism, two protons absorbed on the catalytic surface can com-
bine to form H-H bond to yield H,. In Heyrovsky reaction route, a second electron
and another proton from the solution are transferred to the catalyst surface which
reacts with the absorbed H atom and generate H,. This is an electrochemical
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Volmer-Tafel mechanism Volmer-Heyrovsky mechanism

Figure 1.
The inside mechanism of H, evolution of electrocatalyst in acidic solution.

desorption pathway. Precious metal like Pt-based electrocatalysts is highly reactive
for HER and is usually pursuing Volmer-Tafel mechanism. Lately few literatures
[35-37] have been reported on Ni-based electrocatalysts which follows
Volmer-Heyrovsky path.

1.1 Fundamental aspects of photocatalytic and electrocatalytic hydrogen
production process

Electrocatalytic water splitting is driven by passing the electric current through
the water; conversion of electrical energy to chemical energy takes place at elec-
trode through charge transfer process. During this process, water reacts at the
anode form O, and hydrogen (proton) produce at the cathode as we mentioned
earlier. Suitable electrocatalysts can maximally reduce the overpotential which is
highly desirable for driving a specific electrochemical reaction. However, the pro-
cess of surface catalytic reactions in electrocatalysis is very similar to photocatalysis
[38]. Photocatalytic is a simple water-splitting reaction in which H; and O, are
produced from water by utilizing the energy of sunlight. Figure 2(a) shows the
process of photocatalysis in which a metal catalyst contains chromophores that

o [1T]----@1T]
Yy, /,/'"—__"' n*[—_ ’,’ N‘r n‘m
& L L] //J e e‘/"' 7IJ
£ A [y E-_Lc i MLCT
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o Y Wi 4 - ﬂﬂm’ E@.ﬂ
= " 2
— Free d* ion 3d¢,0, a,,'s.:if",{:.h Photoexcited 4/5d®
(a) (b)

Figure 2.
(a) Photocatalyst system for water splitting. (b) Molecular orbital diagram for d° metal complex
chromophores.
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immersed solar energy and triggered the electron transfer reaction. The most
important criteria for the solar-driven water-splitting reaction are electronic band
gap matching of the photosensitive material to the redox potential of water [39].
Metal complexes act as chromophore associated with mainly three types of electron
transfer: metal center (MC), ligand center (LC), and metal-ligand center transition
(MLCT). The MLCT state of the metal complex plays a crucial role in photocatalytic
reactions. In octahedral complexes with conjugated ligand system, the highest
occupied molecular orbital (HOMO) corresponds to the metal-localized ty,-orbitals,
and the lowest unoccupied molecular orbital (LUMO) is associated with anti-
bonding n*-orbital localized on the ligands. On the absorption of UV-visible light,
an electron is promoted from one of the metal-centered t,, orbitals to a ligand-
centered * orbital, resulting in the MLCT state shown in Figure 2(b). As a result,
the redox properties of the metal complexes are dramatically changed. The excited
metal complexes behave as better oxidants and better reductants than their elec-
tronic ground state and can hold more thermodynamic driving force for the charge
transfer reactions. Based on the photo-induced redox potential changes and the
long-lived lifetime of the excited state, many metal complexes have been inten-
sively investigated as chromophores for this photocatalytic H, production purpose
[40]. Zou and coworkers have described various photocatalytic systems for H,
production, which exposed that most of the photocatalytic systems suffer photode-
composition and instability [40]. Hence, for long-term use, it is imperative to build
up highly proficient H, generation systems with long lifetimes and high durability.
Many reviews have been published on solar H; evolution systems based on
photocatalysts [41-44].

1.2 Mechanistic pathway

So far, extensive theoretical study has been revealed, the possible mechanistic
process of proton reduction to hydrogen evolution through transition metal molec-
ular catalyst. A generalized mechanistic scheme depicting the homolytic and het-
erolytic path is shown in Figure 3. The homolytic mechanism involves bimetallic
route, where a metal hydride species ([M"*-H]) react with another metal hydride to
release one H, via reductive elimination. Instead, heterolytic is a monometallic

H, 0

Heterolytic

H H
wh € (-1 H* | n+ € Afl -1
[M"™] — = [M = M"™] [M1
Homolytic
H, T
M

Figure 3.
Proposed homolytic and hetevolytic mechanisms for H, evolution via the formation of a metal hydride (M-H)
intermediate.
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pathway, where the metal hydride [M"*-H] is further reduce and protonated for H,
evolution [45]. Both pathways function simultaneously, two protons and two elec-
trons are delivered to the metal center, and in few cases, the pH, catalytic concen-
tration, and proton source decide the dominant route [46]. During the past decade,
a number of review articles emphases on the structural property relationship and
mechanistic study [45, 47-49]. Among all research on catalyzed H; evolution, the
mechanistic investigation on proton reduction catalysis is essential because it can
give us a significant idea to design better molecular catalysts in the future [49].

1.3 Metal and redox-active ligands for HER

Here we start by describing the fundamental concept of metal and organic ligand
system which gives a strong influence on the performance of H, evolution. Transi-
tion metal cations with partial filled d-electronic configurations are considered as
catalyst. The characteristic feature of this type of catalyst is that the metal ions can
exist in higher oxidation state [44]. There are several literatures reported with
partially filled d-orbital which show high stability toward water-splitting reactions
[50-53]. However, the most catalytic system requires very high temperature and
precious metal at the active site; therefore, it will be a challenge for researchers to
develop a photocatalytic and electrocatalytic system at low temperature with low-
cost metal [54-57]. Indeed, first-row transition metal complexes (Co, Ni, Cu, Zn)
have been exploited in the last few decades for this purpose. Beyond the reactivity
of metal, the redox activity of organic ligands has also received continuous atten-
tion. The redox-active ligand works as electron sink in the complexes and maintains
the metal in its original oxidation state. Redox-active ligands convey a novel reac-
tivity to the complex by loss or gain of electrons [58]. In addition, the redox-active
property of the ligand can also be influenced by the modification of the substituents
by o and n donating ability, & accepting ability, and conjugation [59]. A highly
conjugated system such as bpy, porphyries, and ortho-phenylenediamine (opda)
having anti-bonding n*-orbital localized on the ligands is considered for hydrogen
production due to its multielectron or multiproton pooling ability which is respon-
sible for dramatically changing the potential of redox properties [60, 61]. Substitu-
ents attached to redox-active ligands, electron density, and charge on the metal ions
also effect the standard electrode potential.

So far, considerable advancement has been done in the field of electrocatalytic
and photocatalytic water-splitting reaction for hydrogen production, and several
advance review papers have been reported by scientists [40, 51, 62-64]. However,
very limited comprehensive tutorial has published on only first-row transition
metal-based catalysts. This chapter describes electrocatalytic as well photocatalytic
properties of inorganic catalysts and their structural and mechanistic features. Here
we put an effort elucidate the direction of fundamental mechanistic aspects during
electrocatalytic and photocatalytic hydrogen (H,) production reaction (HER).

2. Photochemical hydrogen production from a series of 3D transition
metal complexes bearing o-phenylenediamine ligand

Masaki Yoshida et al. [65] developed a series of 3D-transition metal complexes
with o- phenylenediamine (opda) ligands for hydrogen production due to the fol-
lowing properties: (a) aromatic amine undergoes homolytic N-H bond cleavage by
photoexcitation [66] which is applicable for hydrogen production under mild con-
dition, and (b) opda complexes have extensively been obsessed as reversible
multielectron or multiproton pooling ability because of its multistep redox
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processes between o-phenylenediamine(opda), semibenzoquinodiamine (s-bqdi),
and o-benzoquinodiimine (bqdi) which is useful for reversible hydrogen produc-

tion. [M(opda)3], M = Mn?*, Fe**, Co**, Ni**, and Zn*? complexes (1-5) shown in
Table 1 have photochemical hydrogen production ability.

a. Photochemistry of aromatic amine (opda)

Aromatic aming N-H bond homolysis

b. Redox properties of opda complex

. H
-H+ '_lél. /N"--..
—_— M
T =
+H* \ =
+e” H
opda complex s-bgdi complex bqdi complex
o-phenyldiamine semi benzoquinodiiminebenzoquinodiimine

In the past M. Yoshida and coworkers proposed [Fe-opda] for photochemical
HER mechanism at photoirradiation of A = 298 nm; nin* excitation occurred in
complex with N-H bond homolysis process, followed by H, elimination [67]. After
this process, the opda ligands in the complex were partially oxidized to bqdi or s-
bqdi ligands. This mechanism is based on the deep-rooted photochemical N-H bond
activation of aromatic amines. Theoretical study and ultrafast spectroscopic studies
of amino benzene support that the photochemical N-H fission occurs by the photo-
excitation to higher-lying nn* level which leads to the formation of the nc* state
[68]. Photochemical mechanism for HER of all complexes is shown in Figure 4.

All opda-based metal complexes display photochemical HER activities with the
formation of almost one equivalent of H, gas. However, the HER was not observed
at all in the dark in all complexes, which suggests that the HER was obsessed by
photochemical reaction. Moreover, they observed remarkable decrease in hydrogen
evolution reaction, while the ligand is replaced with aromatic amines. This experi-
ment suggested that the photo-induced HER activities of the complexes in this case
are weakly dependent on the central metal ion and strongly dependent on the
redox-active ligand. Further to check the metal ion dependency, examine the cata-
lytic hydrogen production in the presence of hydroquinone (HQ; 10 equiv) as a
sacrificial electron-proton donor. The photochemical H, production from [M-opda]
(7.98 x 10~2 mmol) with HQ (7.98 x 10~ * mmol) in THF (4 mL) under an N,
atmosphere at 20°C for 190 h turns over the number for all the complexes given in
Table 2. Difference in TON may be caused by the stability of each complexes.

2.1 Cobalt diimine-dioxime complexes for HER
V. Artero and coworker synthesized cobalt diimine-dioxime complexes as

molecular catalysts for H, evolution [69, 70]. This synthesized ligand (N?,
N”_propanediylbis-butan-2-imine-3-oxime) has emerged many years ago through
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Schiff base condensation of butanedione-monoximeon diamine compounds but not

widely used for HER. Cobalt diimine-dioxime catalysts are active for H, evolution
in aqueous solution, both after immobilization on electrode materials and in light-

driven homogeneous conditions. The electrocatalytic activity of complexes (6) and
(7) for hydrogen evolution was supported gas chromatography and by cyclic

voltammetry study illustrated in Figure 5 with the appearance of an irreversible

wave. In the case of the BF,-associated complex (7), the electrcatalytic wave which
developed toward negative potentials corresponds to the Co"/Co' couple in contrast

to the H-bridged complex (6), electrocatalytic H, evolution occurs at potentials
positively shifted with regard to the Co''/Co' couple.
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Table 1.

Structure of redox-active ligands, electrocatalysts, and photocatalysts.
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Figure 4.
Plausible mechanism for photochemical HER with [M-opda] complexes.

2.2 Electrocatalytic cycle for H, evolution

In the electrocatalytic cycle, V. Artero and coworker observed that in acetoni-
trile medium, halide ligands are banished with reduced oxidation state from Co" to
Co". Upon reduction, the coordination in number decreases from six in Co'' state to
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Catalysts Redox-active organic Catalytic potential  Solvent TON(H, mol Ref.
ligands (Ep) cat™?)
[1]* o-Phenylenediamine _ THF 5.5 [65]
[2] o-Phenylenediamine J— THF 29 [67]
[3] o-Phenylenediamine — THF 0.99 [65]
[4] o-Phenylenediamine _ THF 0.51 [65]
[5] o-Phenylenediamine R THF 0.73 [65]
[6]° Diimine-dioxime —0.68 V vs. Fc*/° H,O0/CH;CN 300 [70]
[7] Diimine-dioxime —0.96 V vs. Fc*/° H,0/CH,CN 50 [70]
[8] Bis(thiosemicarbazone) = —1.7 V vs. Fc/Fc* CH;CN 37 [74]
[9] Bis(thiosemicarbazone) =~ —1.7 V vs. Fc/Fc* CH3;CN 73 [75]
[10]° Diamine-tripyridine —0.90 V vs. Fc*/® acidic-H,0 1.4x 10* [70]
(114 TMPA ~1.81V vs. SCE CH,CN/H,O 6180 [76]
[12] Cl-TMPA —1.72 V vs. SCE CH;CN/H,0 10,014 [76]
[13] Bis(benzenedithiolate) —2.25V vs. SCE CH3;CN 0 [77]
[14] o-Aminobenzenethiolate —1.64 V vs. SCE CH3;CN 6190 [77]
[15] o-Aminobenzene —2.03 Vvs. SCE CH5CN 900 [77]
[16] 2-Mercaptophenolate —1.62 V vs. SCE CH;CN 5600 [77]

a = photochemical H, production from [M-opda 1-5] (7.98 x 102 mmol) with HQ (7.98 x 10" mmol) in (4 mL)
under an N, atmosphere at 20°C for 190 h in the presence of 4 AMS (irradiation with 300 W Xe lamp, 250-385 nm,).
b = in light-driven condition of TEA and a cyclometalated ividium-based photosensitizer; CV was done in glassy
carbon electrode (100 mVs ™) in the presence of p-cyanoanilinium tetrafluoroborate. ¢ = the controlled potential
electrolysis of complex 11 was measured at pH 2.5 under N, atmosphere at a scan vate of 50 mVs tin phosphate
buffer, over 2 hours using a glassy carbon electrode. d = conditions, 0.1 M n-BusNPFg, scan rate 100 mV/s, in
Avr-saturated CH3CN/H 0.

Table 2.
Electrochemical data and catalytic efficiency of metal complexes for water-splitting hydrogen evolution reaction.
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Figure 5.

Cyclic voltammograms of (6) Br, and (7) Br, (1 mM, black traces) recorded in CH;CN at a glassy carbon
electrode at a speed of 100 mV-s™" (the figure is reproduced from Ref. [69], with permission from the
publisher).

five in Co' state; this characteristic was supported by DFT calculations [71]. In the
catalytic cycle (Figure 6), the first step is the transfer of electron and proton by
proton-coupled electron transfer (PCET) process. PCET is a chemical reaction that
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involves the transfer of electron and proton in which the oxidation number changes
by Co" to Co'. In the second steps, further electron and proton transfer takes place
by PCET process, and the oxidation number changes from Co' to Co". In the last
step, H; is produced in dihydrogen bond through an intramolecular mechanism.
The authors also confirmed cobalt diimine-dioxime catalysts 6 and 7 active for H,
evolution under light-driven conditions in the presence of photosensitizers,
associated with Ru, Ir, or Re derivatives. The photocatalytic activity of 6-Br, was
observed in mixed H,O/CH;3CN solvent in the presence of TEA and cyclometalated
iridium-based photosensitizer [72]. Turnover numbers (TON) determined after
continuous 4 h UV-visible light irradiation 6-Br, showed 300 (H, mol cat 1),
whereas 7-Br, complex shows only 50 (H; mol cat™!) as shown in Table 2.

Similarly, cobalt bis(iminopyridine) complex 8 was prepared for electrocatalytic
water-splitting reaction [73]. The ligand-centered redox activity was observed dur-
ing the cyclic voltammetry, suggesting the considerable role of redox-active ligand
which is completely involved to stabilize the cobalt metal in higher oxidation state.
The two reduction potentials were observed for the Co™'/Co" (quasi reversible) and
Co"/Co' (reversible) couples at —0.34 V and —0.86 V (vs. Ag/AgC), respectively.
The improved water reduction was attributed to the assimilation of a redox-active-
ligand to cobalt which facile reduction of [Co-H]™" species.

2.3 Zn" and Cu" complexes for HER

Grapperhaus et al. [74] recently reported two homogeneous electrocatalysts for
H, production. They derived bis(thiosemicarbazones) ligand from 1,2-diones, con-
sidered as a kind of multitalented redox non-innocent system. Tetra-coordinated
N,S, is able to bind with low-valent transition metals centered and formed to stable
neutral complexes (9, 10) (Table 1). Zn" complex 9 containing a redox-active
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Figure 6.
Possible pathway for catalytic hydrogen evolution, involving PCET processes.
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moiety diacetyl-bis (N-4 methyl-3-thiosemicarbazide) exhibits the homogeneous
catalysis of electro-driven H, evolution through proton reduction with a maximum
of TOF 1170 s~ " in CH30H and 11,700 s~ in CH5CN at an overpotential of 0.756 V
and 1.074 V, CH3COOH used as proton source. Bulk electrolysis showed that the
TON of H, evolution of Zn" is 37 in over 2.5 h experiments. To make this more
comparative, Grapperhaus and coworker synthesized another Cu" complex with
similar ligand diacetyl-bis(N-4-methyl-3-thiosemicarbazide) and examined H,
evolution reaction. Cu'' complex 10 exhibits a maximum TOF of 10,000 s " in
CH3CN and 5100 s~ ' in DMF at an overpotential of 0.80 and 0.76 V, respectively.
Controlled potential electrolysis confirmed Cu" complex act as an excellent
electrocatalyst to produce H, with a minimum faradic efficiency of 81% and TON as
high as 73 during experiment over 23 h. They examined HER mechanism of com-
plex 10 through DFT computational studies. In the proposed mechanism, initially
the protonation occurs at the hydrazino nitrogen ligand. This was followed by an
electrochemical step as a formation of reduced Cu' species [Cu'(HL)]. The second
protonolysis occurs at the opposite hydrazine nitrogen of the ligand to yield
[Cu'(H,L)]". Further one-electron reduction of [Cu'(H,L)]"* leads to the formation
of the H, evolution illustrated in Figure 7. Hence, here it is worth to mention that
the identity of metal ions at the active site affects the HER mechanism.

Professor Wang and group proposed [75] a significant homogeneous mononu-
clear copper electrocatalyst for H, production attributed to diamine-tripyridine
ligand; complex 11 attains trigonal bipyramidal geometry. According to the author,
this ionic copper complex [Cu(bztpen)]** with a five coordinating nitrogen atom
shows a Jahn-Teller effect. Electrochemical and spectroscopic studies supported
that the H, generation reaction takes place by two successive proton-coupled
reduction processes. On the experimental observations of DPV, CV, UV-vis, and
"H-NMR spectroscopic study, the authors proposed two possible pathways: path
(A), protonation takes place at the Cu' centered in the first step (Egs. (4) and (5)),
and path(B), protonation occurs at one of the nitrogen atoms of the ligand
(Egs. (6), (7), and (8)). H, generation reaction in path B takes place by two
successive proton-coupled reduction processes. Protonation occurs at the ligand
centered in the first reduction step, followed by the Cu' centered in the second step.
This provides [(bztpenH)CuH(H)]2+copper hydride species, which release H, and
regenerate Cu' catalyst.
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Figure 7.
Plausible mechanism for proton reduction in complex [CuL].
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Path A:
[(bztpen)Cu(IN)** + e + HY ~22Y [(bztpen)Cu(IIN)H]** (4)
[(bztpen)Cu(IINH]*" + e~ + HT Y [(bztpen)Cu(l]*" + H, (5)

Path B:
[(bztpen)Cu(IN)]** + e~ + HY 222V [(bztpenH)Cu(1)]** (6)
[(bztpenH)Cu(1)]* + e~ + H" ~22Y [(bztpenH)Cu(I)H]** @)
[(bztpenH)cu(n)H]“—>[(bztpen)Cu(H)]2+ +H, (8)

According to the author’s studies on the mechanism of this process, the con-
trolled potential electrolysis of complex 11 was measured at pH 2.5 in phosphate
buffer at —0.90 V, over 2 h in a glassy carbon electrode. TON 1.4 x 10* mol H,
(mol cat™ ") cm ™ ? was calculated on a faradic efficiency of approximately 96%, which
corresponds to a TOF of 2.0 molH, (mol cat s lem of [(bztpen)Cu] (BF,),.

Moreover, Wang et al. [76] fabricated and examined two Cu complexes with
TMPA = tris(2-pyridyl) methylamine and CI-TMPA 1-(6-chloropyridin-2-yl)methyl-
N,N-bis(pyridin-2-ylmethyl)methaneamine for photocatalytic H, evolution behavior.
They observed both in Cu(II) complexes [Cu(TMPA)CI]CI (12) and [Cu(CI-TMPA)
Cl,] (13) that (13) is far efficient for photocatalytic H, production than (12), due to the
presence of more labile Cl ligand with longer Cu-Cl bond length and a dangling Cl-
substituted pyridyl unit in the second coordination sphere, which both contribute to a
higher photocatalytic activity of complex (13). TMPA acts as a tetradentate ligand and
coordinate with Cu(II) in a distorted trigonal manner; CI-TMPA acts as a tridentate
ligand coordinate to Cu(II) with two chloride ions in a distorted square pyramidal
manner, leaving one Cl-substituted pyridyl group in the second coordination sphere
structure which is given in Table 1. ESI-Ms data favor the formation of Cu-hydride
intermediate for hydrogen evolution. The authors investigated the photocatalytic H,
production activities in the presence of a multicomponent [Ir(ppy),(dtbpy)]Cl
(ppy = 2-phenylpyridine, dtbpy = 4,4’-di-tert-butyl-2,2’-bipyridine) and triethylamine
(TEA) photosystems as sacrificial reductant (SR) under optimal condition upon 6 h of
irradiation of UV-visible light, the turnover number (TON) of which is calculated as
6108 for complex (12) and 10,014 for complex (13).

Based on the control potential electrolysis experimental data, the authors pro-
posed photocatalytic hydrogen evolution mechanism. In the first step, excited PS
system takes out one electron from TEA and donates to Cu' center of complex (13).
The protonated Cl-substituted pyridyl unit accepts that electron and kicks out the
Cu-Cl center for the dissociation of CI ligand which is substituted at the apical
position which is more labile (longest bond length Cu-Cl). After that, the Cu'
species accept one e~ and one H* from the reduced Cl-substituted pyridinium
moiety; Cu'-H center is formed as a key intermediate which lead to H, evolution.
This executive mechanism provides us guidelines to design more efficient Cu-based
catalysts for WRCs in the near future (Figure 8).

2.4 Ni electrocatalysts for HER

Professor Richard Eisenberg and coworker [77] synthesized a sequence of nickel
bis(chelate) complexes; all complexes attained square planar geometry and exam-
ined photocatalytic as well as electrocatalytic behavior for hydrogen evolution.
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Figure 8.
Photocatalytic H, evolution mechanism for complex [Cu(CI-TMPA)CL,] 12.

Fluorescein (F1) as the photosensitizer along with triethanolamine (TEOA) as the
sacrificial electron donor was used in water under basic medium (pH = 9.8). Bis
(chelate) complexes (14-17) contain bdt(bisdithiolate) and their derivatives having
S, O, or N as donors for coordination to the Ni center. The photochemical study
reveals that only complexes 15 and 17 exhibited similar activity of hydrogen pro-
duction in terms of TON (6000 mol of H, per mole of catalyst in 100 h). In
contrast, the TON for the sample complex 16 was much lower (~900). Complex 14
was observed to be inactive for hydrogen generation. To understand the better
significant result, the authors pursued electrochemical experiments under a fixed
potential to examine the catalytic activity of complexes. In the absence of acid, both
monoanionic complexes 14 and 17 exhibit only one reversible redox couple at —0.56
and —0.45 V, respectively, which is attributed to the [NiL,] "/ [NiLz]z_ligand—based
reductions. The neutral complexes 15 and 16 exhibit two reversible reduction waves
at —0.11and —0.94 V and at —0.89 and —1.53 V, respectively. However, on
increasing the concentration of acetic acid to these solutions, more negative cata-
lytic waves were observed in cyclic voltammetry study. Complex 14 shows much
more negative reduction potential (—2.25) which suggested this system is inactive
for H, generation (as we discussed earlier). As is the case for complex 14, complex
16 exhibits a catalytic wave potential at —2.03 V which showed poor activity for H,
generation as a consequence of not favorable electron transfer step from F1™ to the
catalyst. Moreover, complexes 15 and 17 show activity for light-driven H, genera-
tion; these two complexes display electrocatalytic wave potential at significantly
less negative at —1.64 and —1.62 V, respectively.

3. Concluding remarks and future scope

Here we present a recent development of molecular catalysts toward clean and
renewable fuels using earth-abundant metals. We have highlighted a series of Co-,
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Ni-, Cu-, Zn-based complexes for HER. We have recapitulated the fundamental
principles of hydrogen and oxygen evolution reactions with molecular complexes.
The designing and fabrication of the molecular complexes with redox-active ligands
have been discussed in details; HER activity of the complexes strongly dependent
on redox-active ligands as well the central metal ions are discussed in detail. A
mechanistic approach and transfer of electron and proton during the homogeneous
electrocatalyst and photocatalysts cycle are given in point. Although reasonable
progress has been made in the development of metal complexes based
electrocatalysts and chromospheres for photocatalytic hydrogen production, still
several issues exist which need further improvement: (i) some photocatalytic sys-
tems suffer from low activities and short life times which is manifested in the
instability of catalytic systems and so concern on the systems with modest water
splitting activity and poor stability of the complexes. (ii) most of the complexes are
not soluble in water leading to the use of organic solvent or mixture of organic-
water solvent. From the future prospective, it is required to develop redox-active
ligands with substituted functional group to increase the solubility of complexes in
water. More experimental, spectroscopic, magnetic, and theoretical investigations is
still needed to be carried out in order to understand the ligand- and metal-centered
electron transfer processes. (iii) In addition, the overpotential requirements for
most of the organic ligands are still very high, a chelating ligands giving much lower
thermodynamic potentials and much smaller oxidation potential that should be
utilized in future. (iv) In the regard of future growth in this field, with the need to
design molecular complexes that can be immobilized on the surface of the elec-
trode, for this purpose addition of suitable functional group in the ligand is neces-
sity. These complexes can also be supported by the development of surface of the
solid photocatalyst, like TiO,, BiVOy, etc. to demonstrate efficient photoelectro-
chemical cell.
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Chapter 6

Arsenomolybdates for
Photocatalytic Degradation
of Organic Dyes

Zhi-Feng Zhao

Abstract

Polyoxometalates (POMs) have fascinating structures and promising properties.
The arsenomolybdates, as an important branch of POMs, are outstanding
photocatalysts for organic dyes. In this work, we selected organic dyes to evaluate
the photocatalytic activity of arsenomolybdates under UV light, containing
compared with photocatalytic activity of different structural arsenomolybdates,
stability, and the photocatalytic reaction mechanism of arsenomolybdates as
photocatalyst. The arsenomolybdates may be used to as environmental
photocatalysts for the degrading of organic dyes and solving the problem of
environmental pollution.

Keywords: arsenomolybdates, photocatalyst, photocatalytic activity, organic dyes,
UV light

1. Introduction

POMs is one of the most outstanding materials in modern chemistry, as the
metal-oxide clusters with abundant structures and interesting properties [1-6],
which render them to potential applications in electrochemistry [7, 8], photochem-
istry [9, 10], catalytic fields [11, 12], and so on (Figure 1). Chalkley reported the
photoredox conversion of H3[PW;,0,0] into a reduced POM by photoirradiation
with UV light in the presence of 2-propanol as a reducing reagent in 1952 [13]. Hill
et al. started systematic investigation of photoredox catalysis using POMs in the
1980s [14]. Accordingly, POMs photocatalysis has been applied to a wide range of
reactions, including H; evolution, O, evolution, CO, reduction, metal reduction,
and the degradation of organic pollutants and dyes [15-20].

POMs are subdivided into isopolyoxometalates, which feature addenda metal
and oxygen atoms, and heteropolyoxometalates, where a central heteroatom pro-
vides added structural stabilization and enables reactivity tuning [21]. In recent
years, the research of POMs is mainly focused on heteropolyoxometalates. The
arsenomolybdates are essential member of the heteropolymolybdates family [22],
because of the redox properties of Mo and As atoms. The discoveries of many
excellent articles on arsenomolybdates for ferromagnetic, antitumor activity,
electrocatalysis properties, and lithium-ion battery performance have been reported
in the last years [23-26]. However, there is no stress and discuss on the progress of
arsenomolybdates for degradation of organic dyes. Arsenomolybdates possess
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The potential application field of arsenomolybdates.

high-efficient proton delivery, fast multi-electron transfer, strong solid acidity and
excellent reversible redox activity [27], which may result to prominent
photocatalytic activities. In particular, the integration of metal-organic frameworks
(MOFs) into arsenomolybdates for photocatalysis has attracted widespread atten-
tion over the past decade, since MOFs combine porous structural and ultrahigh
internal surface areas.

Based on these results, we provide a summary of recent works in the
synthesis, structure, the photocatalytic activity, reaction kinetics and mechanism
mechanisms of arsenomolybdates, which aim at finding the direction followed
with the opportunities and challenges for the arsenomolybdates photocatalysis
to accelerate the step to realize its practical application in degradation of
organic dyes.

2. Syntheses and structure of arsenomolybdates
2.1 Syntheses of arsenomolybdates

Arsenomolybdates crystals reported were almost synthesized via self-assembly
processes using hydrothermal method (Figure 2). Many factors in the synthetic
process should be considered, such as reaction time and temperature, concentration
of staring materials, compactness, pH values, and so on. The some experiments
indicate that the temperatures are in the range of 110-180°C for srsenomolybdates
synthesized, when the pH value of the mixture is adjusted to approximately 3-6.8,
[HxAs,MogO46]® ~ ¥~ (abbreviated {As,Mog}), [(MOg) (As303),MogO1g]*~
(abbreviated {AsgMog}) and [As"™AsYMo09034]® (abbreviated {As,Moo}) types
were easy to formed, when the pH value is within the range of 2.5-5.5 and 2-4,
[AsMo1,040]% (abbreviated {AsMoy,}) and [As,Mo:506,]°~ (abbreviated
{As;Moyg}) types were successfully synthesized. At the same time, the choice of
transition metal, organic ligand, and molybdenic source have also affect for
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The synthesis chart of arsenomolybdates crystal.

arsenomolybdates crystals. Therefore, further exploration of synthetic conditions is
necessary, which can provide more experimental data for arsenomolybdates.

2.2 Structure of classical arsenomolybdates

Up to now, various structures of arsenomolybdates were reported and discussed
in detail. The following types are classical arsenomolybdates clusters: (i) {As,Mog}
type, Pope’s group reported the first {As,Mog} cluster [28], in which the MogOg ring
is constructed from six MoOg octahedra connected via an edge-sharing mode, the
opposing faces have two capped AsO, tetrahedra. Then Zubieta’s group and Ma’s
group reported [Mo,OyRAsO3]"" (RAsO; = organoarsenic acid) and
[MogO15(03AsPh),]*™ (Ph = PhAsO5H,) clusters [29, 30]. (ii) {As¢Mog)} type, which
is derived from the A-type Anderson anion [(MOg)MogO15]*°7, the central {MOg}
octahedron is coordinated with six {MoOg} octahedra hexagonally arranged by
sharing their edges in a plane. The cyclic As;Og trimers are capped on opposite faces
of Anderson-type anion plane. Each As;O¢ group consists of three AsO; pyramids
linked in a triangular arrangement by sharing corners and bonded to the central
MOg octahedron and two MoO6 octahedra via p3-oxo groups. Wang and co-workers
reported the compound (CsHsNH),(H30),[(CuOg)MogO15(As303),] [31], Zhao
groups synthesized the compound [Cu(arg),],[(CuOg)Mog015(As303),]-4H,0
[32]. (iii) {AsMoy,} type, has a AsO, tetrahedron at the center and 12 surrounding
MoOg octahedra, such as [NBuy]¢[Fe(CsHs),] [HAsMo01,040]2 [33]. {As;Moo}) type,
is derived from the trivacant Keggin moiety, which is capped by a triangular pyra-
midal {AsOs} group, e.g., [Cu(en),H,0],{[Cu(en),] [Cu(en),As™AsYMogO3.4]}
2:4H,0 and [Cu(en), (HZO)]4[Cu(en)2(H20)2]{[Cu(phen) (en)]
[As™AsYMo0Y15034],} [34, 35]. (iv) {As,Moqg} type, as a classical Wells—-Dawson
cluster, can be described as two [AsMo0yO34]°~ units derived from an Keggin anion
by the removal of a set of three corner-sharing MoOg octahedra, e.g.,
[Himi]6[A52M018062] 11H20 [36] .

In comparison with the classical arsenomolybdates, many nonclassical
arsenomolybdates have also been prepared in the past of years, such as
Agy; 4Na; gMo1gAs,04; [37], (NHy)11[AgAs;Mo;50s4]3-6H,0-2CH;CN [38],
[As",Fe™sMMo,,0g5 (H,0)]*™ (M = Fe**, n = 14; M = Ni** and Mn?*, n = 15) [39],
{Cu(2,2'-bpy) }{H,As,M0,014} [40], [{Cu(imi),}3As3Mo03015]-H,O [41], and so on.
The novel arsenomolybdate structure is gaining more and more attention.
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3. Photocatalytic activity of arsenomolybdates
3.1 Photodegradation process

In recent years, POMs have attracted a lot of attention as photocatalysts for the
decomposition of wastewater [42]. Organic dyes, such as methylene blue (MB),
rhodamine B (RhB), azon phloxine (AP), and so on, is a typical organic pollutant in
waste water. In this work, the photocatalytic activities of arsenomolybdates are
investigated via the photodecomposition of organic dyes under UV light irradiation
(Figure 3). The photocatalytic reactions were conducted using a common process
[27]: arsenomolybdates and organic dyes solution were mixed and dispersed by
ultrasonic. The suspension was stirred until reached the surface-adsorption equilib-
rium. Then, a high pressure Hg lamp was used as light source to irradiate the
mixture, which was till stirred for keeping the mixture in suspension. At regular
intervals, the sample was withdrawn from the vessel and arsenomolybdates was
removed by several centrifugations, and the clear liquid was analyzed by using
UV-Vis spectrophotometer.

3.2 Photocatalytic degradation of MB

The common arsenomolybdates photocatalysis are shown in Figure 4. The
photocatalytic activities of arsenomolybdates are review via the photodecomposi-
tion of MB under UV light irradiation (Figure 5). Su groups reported six com-
pounds with [H;As,MogOx6] (6 =%~ (lusters and copper-organic complexes. Six
{As,Mog} compounds were irradiated for 135 min under, the photocatalytic
decomposition rates are 94.5%, 93.0%, 92.1%, 92.2%, 93.6%, and 96.5%, respec-
tively [43]. Then the {Co(btb) (H,0),},{H,As,M06026}-2H,0 exhibited better
photocatalytic activity in the degradation of MB at the same process, the
photocatalytic decomposition rate is 94.27% [44]. Su groups synthesized two
{As,;Mog} compounds with [H;As;MogOos] (6 == clusters and free organic ligands,
photocatalytic activities of they are detected, the conversion rate of MB is 91.8%
and 92.2% when adding two {As,Mog} compounds as the catalyst 160 min later,
respectively [45].

arsenomolybdates
+ hy -——y——*COZ+H20+0ther

photocatalysis

. P R R R

Figure 3.
The structure of dyes and photodecomposed product.
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The above data show that the photocatalytic activity of the compound composed
of [HyAs;Mo0g0,6] ¢ ~ ¥~ clusters and metal-organic complexes is higher than
supramolecular assemblies based on isomers [H,;As,M0g056] (6 = %= (lusters in the
degradation of MB under UV irradiation, which maybe that the polyoxoanions can
connect with transition metals in diverse modes, which enhanced the contact area
between catalysts and substrates availing charge-transfer.

The three {AsgMog} compounds, ((phen)(H,0) 4], [(CoOg) (As303),MogO15]-
2H20,{[CO(Phen)z(Hzo)]z[(COO6) (As303),Mo06045]}-4H,0 and {[Zn(biim),
(H,0)15[(ZnOg) (As303),Mo6015]}-4H,0), as catalysts under UV light irradiation
after 180 min [46], the photocatalytic decomposition rates of MB are about 92.64,
93.40, and 94.13%.

Yu groups prepared three Keggin arsenomolybdates, the photocatalytic decompo-
sition rates of MB are 94.2% for (Hbimb) (H,bimb)[AsMog"'V",C0,0.0], 96.1% for
(Hbimb),(H,bimb) 5 [AsMog"'VV,Cuy040]-1.5H,0, 99.8% for [Cu' (imi),]
[{Cu'(imi),}4{AsMog" Mog" 040 (V'V,0,)}] after 90 min irradiation, respectively [47].

Four biarsenate(III) capped Keggin arsenomolybdates with tetravanadium(IV)
substituted were prepared, which exhibit excellent degradation activity for MB
under UV light. The absorption peaks of MB reduced obviously after 120 min in the
presence of four Keggin arsenomolybdates, the degradation rates for MB are 92.9%,
95.8%, 96.6%, and 97.7%, respectively [48].

The photocatalytic decomposition rate of MB is about 96% for [{Cu
(btp)2}3{As,Mo01506,}] after 40 min [26], and the photocatalytic decomposition
rates were 96.32% and 95.57% for [Cu(pyr),]s[As;Mo150¢;] and [Ag
(pyr)2]6[As;Moy06;] after irradiation for 45 min [25]. Yu reported that
(H,bimyb);(As,Mo450¢,) exhibits high-efficient degradation ability for MB under
UV light. After UV light irradiation of (H,bimyb)3(As;Mo;50s;) for 70 min, the
photocatalytic decomposition rate is 95.82% [49].

It is reported that the conversion rate of MB is 94.6% when adding compound
[Cu(imi);]sNa[(AsO4)Moy0,7(AsO3)]-5H,0 as the photocatalyst after 105 min
[50]. {Cu(2,2’-bpy) }>{H>As;M0,014} as photocatalyst was investigated via the pho-
todecomposition of MB under UV light irradiation and the same conditions. The
photocatalytic decomposition rate of MB that is 96.7% after 180 min [40].

3.3 Photocatalytic degradation of RhB

The photocatalytic activities of arsenomolybdates as photocatalysts are review
via the photodecomposition of RhB under UV light irradiation. The photocatalytic
decomposition rates of RhB are about 96.34 and 95.7% for {Co(btb)
(H,0)5}2{H,As,M06056}-2H,0 and [{Cu(abi){H4As"As"Moy05,4}](abi),[Cu
(abi);]-H,O as photocatalysts under UV light irradiation after 135 and 140 min,
respectively [27, 44]. [{Cu(btp),}3{As,Mo1306,}] as photocatalyst was investigated
decomposition rate of RhB after 40 min is about 96% [26]. The photocatalytic
decomposition rates of RhB are 94.42 and 95.07% for [M(pyr).]s[As;Mo1506;]

(M = Cu,Ag) under UV light irradiation after 45 min [25].

The photocatalytic decomposition rates of RhB are 95.9% for (Hbimb) (H,bimb)
[ASMOSVIVV4COZO4Q], 94.3% for (Hblmb)z(szlmb)os [ASMOgVIVV4C112040]’
1.5H,0, 95.8% for [Cu' (imi),] [{Cu'(imi),}4{AsMog'Mog" O40(V'V,0,)}] after
108 min irradiation, respectively [47].

3.4 Photocatalytic degradation of AP

AP, as one of the azo dyes, is relatively difficult to degrade, and so it was used as
target molecules to evaluate the photocatalytic activity of arsenomolybdates under
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UV irradiation. The photocatalytic activity of {pyr}{Hbib}z{Asmz(OH)ZASV2M018062}
was evaluated for the degradation of AP under UV irradiation [51], the degradation
rate is 91.02% after UV light irradiation 90 min. In addition, the photocatalytic
activity of noncapped 0D analog (H,bimyb)3;(As,Mo,30¢,) was also studied under
the same condition. Compared with {pyr}{Hbib}, {As",,(OH),As",Mo0450¢,}, only
32.76% of AP was degraded by (H,bimyb);(As,Mo;506,) after 90 min [49], which
indicates that the photocatalytic degradation effect of the bi-arsenic capped Dawson
compound on AP is much better than that of noncapped analog. The 3D Dawson
organic-inorganic hybrid arsenomolybdate, {Ag(diz),};[{Ag(diz),}3(As;M0:506,)]-
H,O exhibits merit photocatalytic properties for degradation of refractory dyes AP
under UV light [52], the photocatalytic decomposition rate is 93.24% after 80 min.

The photocatalytic activities of (imi),[{Cu'(imi),},{Na(imi),} {As™As,YMo,50¢,}]-
2H,0 and {Cu'y 5(trz) }¢[{Cu'o 5(trz) }6(As,M0150¢,) ] were evaluated for degradation
of AP under UV irradiation. The photocatalytic decomposition rates are 89.06 and
96.38% after 80 min [53]. The photocatalytic decomposition rates are 92.49% of AP for
[Cu(pyr).]s[As;Mo1506,] and 92.25% of AP for [Ag(pyr)2ls[As;Mo1506,] after irradi-
ation 135 min [25].

On the basis of the aforementioned points, {As,Mosg} type arsenomolybdates
with 3D networks possess the highest photocatalytic activities for photodecomposi-
tion of MB, RhB and AP under UV light irradiation. The following factors are maybe
considered: First, quantity of Mo and O atoms in unit cell is a factor, which can
increases the amount of charge-transfer from HOMO of O to LUMO of Mo, gener-
ating more electron-hole pairs. Second, the enhanced photocatalytic activity may
have arisen from the 3D architecture, more extended 3D frameworks favor the
migration of excited holes/electrons to the surfaces of {As,Mosg} type to initiate the
photocatalytic degradation reaction with organic dyes.

3.5 Reaction mechanisms of photocatalytic performance

Experimental and theoretical studies of arsenomolybdates photocatalysis have
revealed that it typically proceeds based on the following mechanism [41, 42,
48, 52]: Irradiated of arsenomolybdates by UV light with energy equal to or greater
than the E, value of itself, which induces intramolecular charge-transfer from the
HOMO of O to the LUMO of Mo, leading to the formation of photoexcited states,
subsequently photogenerated electron-hole pairs were generated. The O, captures
electron to form ‘O, and the hole reacts with H,O or OH™ ions to form "OH. The
*0, and "OH radical decompose organic dyes’ molecules into the final product, the
detail of photocatalytic reaction is shown in Egs. (1)-(4).

arsenomolybdate + hv = arsenomolybdate = (e~ + h™) (1)
e +0,="0; (2)

k" +H,0 = H' 4+ OH ©)

dye + 05 + "OH = H,0 + CO; + other (4)

3.6 Stability

Some research data show that the samples were washed and dried after the
arsenomolybdates as photocatalysis several cycles, and the infrared or X-ray dif-
fraction test were carried out, the infrared spectra or X-ray diffraction data of
arsenomolybdates demonstrate that there are almost unchanged before and after
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photocatalytic reaction [44-48], which indicate that arsenomolybdates
photocatalysis have excellent structural stability.

4, Conclusions

In this chapter, the arsenomolybdates are presented, and the attention is mainly
focus on photocatalytic degradation of organic dyes. Various strategies are summa-
rized and discussed based on the knowledge of synthesis, structure and
photocatalytic properties for arsenomolybdates, which reflects the major directions
of recent research in this field. There are vast research opportunities as new
arsenomolybdates architectures are discovered in future; the great effort to pro-
mote the development of arsenomolybdates is needed to reduce the gap with com-
mercial applications.
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Abbreviations

arg L-arginine

en ethylenediamine

imi imidazole

2,2-bipy  2,2-bipyridine

btb 1,4-bis(1,2,4-triazol-1-y1)butane)
phen 1,10’-phenanthroline

biim biimidazole

bimb 1,4-Bis(imidazol-1-yl)butane

btp 1,3-bis(1,2,4-triazol-1-yl) propane
pyr pyrazole

bib 1, 4-bis(1-imidazoly)benzene
bimyb 1,4-Bis(imidazol-l-ylmethyl) benze
abi 2-aminobenzimidazole

bib 1,4-bis(1-imidazolyl)benzene

diz 1,2-diazole

trz 1,2,3-triazole
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Chapter 7

Visible-Light Photocatalysis of
Aldehyde and Carbonyl

Functionalities, an Innovative
Domain

Alwar Ramani, Shobha Waghmode and Suvesh Iyer

Abstract

The chemistry of aldehydes and resembling chromophores portraits a natural
tendency to undergo chemical reactions through nucleophilic reagents, owing to the
polarization arising from the electronegativity of oxygen atom, and they also can
enolize as a result of the acidic nature of the a-hydrogen of the carbonyl functional
group; thereby the C—C bond forming reactions can be attained either intra- or
intermolecularly. Carbonyl addition reactions, enolate chemistry coupled with their
capability to undergo [2+2] cycloaddition reactions, and the chemistry of carbonyl
compounds are being mind-numbingly exploited in the design and process devel-
opment of industrially, commercially, pharmacologically, and biologically value-
added compounds. Ultimately abundant name reactions were registered, and many
novel reactions endlessly appear; of late, prodigious development has been reported
under the heading of visible-light photocatalysis (VLPC). Fascinatingly, VLPC has
opened a new domain in the synthetic organic chemistry, and this domain paves the
way to access broad spectrum of organic compounds with the ease of operations. In
this chapter the chemistry of carbonyls by VPLC is briefly presented, which is
comprising of not only functional group transformations but also asymmetric
syntheses of complex organic compounds.

Keywords: aldehydes, VLPC, photosensitizers, asymmetric alkylation, enamines

1. Introduction

The periodic table comes to the mind when thinking of elements in chemistry,
while organic chemistry brings to mind substances such as alcohol, aldehydes,
ketones, aromatics, and other compounds based on the functional groups. Alde-
hydes, ketones, and carbonyl moieties are the most popular and routinely exploited
functional groups in synthetic organic chemistry and in the design of organic
synthesis since they render the desired synthetic manipulation and spring an easy
access to complex molecular architecture. Not only in modern times but also from
the times of alchemy, formaldehyde is very well utilized for embalming and pre-
serving dead animal species by biologists; consequently, aldehyde class of com-
pounds ranks to be the parent compounds for many other classes of compounds.
Acetyl coenzyme derived from aldehyde functional group or acetaldehyde moiety is

131 IntechOpen



Photophysics, Photochemical and Substitution Reactions - Recent Advances

responsible for the wide variety of natural products through biosynthesis, while
toward the syntheses and manufacture of chemicals on the laboratory and in indus-
tries, also the aldehyde functional group is very well synthetically manipulated.
They were not only converted into structurally complex compounds through
enzymes, catalysts, and thermal process, but also photons convert aldehydes into
other molecular architectures by means of eminent photochemical-chemical reac-
tions such as Norrish-type photolysis, cyclobutanol formation through Yang reac-
tion, and [2+2] cycloaddition with alkene (Paterné-Biichi reaction). Apart from
conventional catalytic way, traditional synthesis uses name reactions and photo-
chemistry; of late, visible light is being used [1]. Apparently, solar energy is a
benign, benevolent, and renewable source of energy. Visible light emerging from
the source of sun promotes chemical transformations through single-electron
mechanism. Basically using visible light as energy source and in the presence of
catalytic amount of metal photosensitizers or organocatalysts, the chemical reac-
tions are carried out, and this process is termed as visible-light photocatalysis and
abbreviated as VLPC [2, 3]. This opens a new chapter in the textbook of organic
synthesis [4]. Photosensitizers are special molecules which support these light-
induced molecular transformations by electron or energy transfer using its abun-
dant light absorbance and redox property [5]. Aldehydes are subjected to VLPC
conditions either protected as acetals or directly during the course of a reaction [6].
Further transformations such as oxidation to COOH are also essential reaction of
aldehydes [7]. Aldol condensations and enamines are further variations in their
reactions as building blocks in organic synthesis [4]. Thus, the application of alde-
hydes as building blocks is now elaborated with their VLPC reactions adding to its
reaction repertoire. In this chapter we will discuss on the recent developments on
VLPC of aldehydes.

VLPC is advantageous over the conventional catalysis since it employs the clean,
renewable, and readily available visible light from our sun and this state-of-the-art
protocol is convenient in its operation. Bench chemists are fascinated by VLPC due
to the ease of recycling the heterogeneous catalytic material by simple filtration and
because reactions are carried at ambient temperature and the work-up procedure is
quite simple. Eventually, this field and phenomenon of synthetic organic chemistry
have emerged as an innovative subdiscipline over the last decade; the scientists have
made a step forward by carrying out the asymmetric induction [8]; with the
advancement in modern analytical tools and the hard work of enthusiastic chemists,
VLPC of aldehydes is emerging exponentially.

In the visible-light photocatalysis, the catalytic species is activated by the action
of light, and the photocatalytic material is mostly a semiconducting material which
in turn is capable of activating even the small molecules [5]. When the catalytic
material is irradiated with light, it undergoes the absorption of photon, and the
electron (e™) is excited from the valence bond to the conduction band; conse-
quently, a positive electron hole is generated in the semiconducting material (h*),
and this process is termed as photoexcitation. The excited electron then comes to the
ground state through the mechanisms such as recombination and dissipates by
means of non-radiative mechanism; in a sense, following the photoexcitation pro-
cess, the catalytic material excited transfers the energy to the molecules in its close
proximity through an orthodox redox mechanism in a pure chemistry sense, and
the single-electron transfer (SET) occurs. For brevity, the mechanism is provided
succinctly; in a nutshell, light source excites the catalytic material and transfers the
energy to other molecules close by, and the chemical reaction occurs by means of
electron transfer mechanism. This new discipline opened a new science of
photophysics and photochemistry of transition metal coordination compounds. In
this chapter a discussion of visible-light photocatalysis of aldehyde compounds is
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presented; the discussion revolves around the recent developments on the chemis-
try of aldehydes in the domain of VLPC (Figures 1 and 2).

The polypyridyl complexes of Ru and Ir afford unique chemical reactivities due
to their long-lived excited states when excited by visible light [5]. They are chemi-
cally robust and possess redox properties that are further fine-tunable by modifying
the polypyridyl ancillary ligands. The Ru(bpy);Cl, is a widely known and com-
monly used photoredox molecule. The absorption of visible light leads to excited
states that can function both as oxidants and reductants, which allows the genera-
tion of radical cations or radical anions under mild conditions. The amphoteric
redox reactivity of the excited triplet state of Run(bpy) R ( Run(bpy)3)2+, enables
two distinct catalytic cycles, namely, the reductive quenching (RQC) and the oxi-
dative quenching cycles (OQC). In RQC ( RuH(bpy)3)2 first oxidizes a reductant
into a radical cation and reduces into Ru'(bpy);* which subsequently reduces an
oxidant into a radical anion species and converts itself into the ground-state cata-
lyst. OQC starts with the oxidation of the complex ('Ru"(bpy)s)** to Ru™(bpy)**
followed by its reduction into Ru" (bpy)s**.

Based on these viewpoints, cyclometallated Ir complexes have been rapidly devel-
oped due to their superior photophysical and photochemical properties. These
photocatalysts are chemically robust and possess long-lived excited states. Their
favorable redox properties allow redox-neutral reactions to be carried out as both
reductants and oxidants that can be transiently generated during different stages in
the catalytic process. This reactivity pattern thus is beneficial allowing exploration of
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I\{/‘\ﬁ \‘4/ r\l :"\J 'r Bu
2N, ._,|\"

N VD O N O
| \
Nz N
\’) [ ‘j/k" 1By
=
N
[Rubpy);]** [Rufbpz)s 2" fac-(Ir(ppy ;) [1r(ppy ) (dtbbpy )]’

Figure 1.
Photosensitizers: [Ru(bpy) ;]**, [Ru(bpz) ;]**, fac-[Ir(ppy) ;], [TIr(ppy).(dtbbpy)]*. Properties of
[Ru(bpy) ;]** photocatalyst—[MLCT — A = 452 nm].
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Figure 2.
Ru redox cycle: A—sacrificial electron acceptor; D—sacrificial electron donor; S—substrate;
bpy—2,2'-bipyridine; MLCT (metal to ligand chavge transfer) — A = 452 nm.
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alternate reaction pathways under benign reaction conditions. They have thus been
used as photoredox catalysts and serve as photosensitizers in organic synthesis [5].

2. Photoacetalization

Aldehydes are prone to oxidation and amenable to attack by nucleophiles and
can enolize, and as a result the —CHO functional group needs to be protected while
carrying out the complex molecular architecture. Protection, de-protection, and
reversing the reactivity or polarity through umpolung are the rudimentary strate-
gies in the realm of organic synthesis. For these important tactics, recently VLPC
has contributed a protection methodology, and the authors have protected the
—CHO group as acetal [6]. The advantage of this protocol is that it does not employ
the strong mineral, Lewis, and other acidic conditions; consequently the VLPC
strategy presented by the chemists ranks as green technology. The protection was
carried out using an organic dye, Eosin Y, with the use of [light-emitting diode
(LED)] irradiation to promote the reaction under a milder condition. Several alde-
hydes were catalyzed in very high yields under household irradiation to the
corresponding acetals (Figure 3).

O
O O 10 mol %
. _R°
0 S 0
- R
R/U\ H R)\O
R’-OI1 hv

Figure 3.
Photocatalytic synthesis of acetals from aldehydes.

3. Photo-oxidation of aldehydes

The oxidation of organic compounds is being continuously explored since it is an
important functional group modification, and the bench chemists are looking for
environmental compatible and cost-effective methodologies for the same. By means
of commercially affordable catalytic materials, several aldehydes were conveniently
converted into their respective carboxylic acids where the 1[0,] is used as oxidant
catalyzed by Ru and Ir catalytic materials. The reaction is notably chemoselective and
does not distress other oxidizable functional groups assembled within the molecule.
Among the photosensitizers studied, Ir(dFppy); was the most efficient giving 99%
yield of product from p-anisaldehyde. A wide range of aldehydes was studied with
this catalyst and efficaciously oxidized under visible light [7] (Figure 4).

CHO I mol % PC, O, COOH
10 - 7
McO MeCN. Blue LED. RT MecO

Figure 4.
Photocatalytic oxidation of aldehydes [7].
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4. Direct C—H arylation and alkylation of aldehydes

Direct and catalytic C—H activation or functionalization comprising of
arylation, alkenylation, alkylation, allylation, and annulation reaction is an impor-
tant field in the synthetic organic chemistry in the manufacture and the process
development of pharmacologically and biologically active ingredients. Knowing the
importance of C—H activation, direct arylation of aldehydes has been achieved in a
synergistic manner, where nickel catalyst was employed in combination with VLPC
system. In this outstanding redox system, a hydrogen atom transfer (HAT) was
achieved on the reactions in between commercially available aldehydes and aryl and
alkyl bromides under milder conditions; it is interesting to note that the yields are
excellent [9] (Figure 5).

O 1 mol % Ir PC
- v)_I\ ¢ 10mol % Ni Cat
e H N | = 10 mol % Quinuclidine PN
L X 0. D on e
-t R K,CO;, Dioxane, RT, 20 h S

34 W Blue LED
Aryl Ketone

Figure 5.
Direct C—H arylation and alkylation of aldehydes [9].

The mechanism is based on the photoexcitation of the Ir photocatalyst which
gives rise to the highly oxidizing species Ir* Ir[dF(CF3)ppy]2(dtbbpy) which oxi-
dizes quinuclidine to form a cation radical. This radical cation then engages in a
HAT event with any aldehyde to generate the acyl radical. Simultaneously oxidative
addition of aryl bromide to LnNi (0) generates the aryl-Ni (II) species which is
intercepted by the acyl radical to form the acyl-Ni complex. Both the Ni and the Ir
photoredox catalysts then turn over in a critical reductive elimination step to the
desired ketone product while regenerating the Ir and Ni catalysts. It is interesting to
note that using this protocol, a pharmacologically active ingredient, namely, halo-
peridol, a typical antipsychotic drug, was synthesized [9] (Figure 6).

O

W Br Ir. Ni, 1" cl
F

LED, K,CO4 I

77 % Yield

Haloperidol

Figure 6.
Synthesis of haloperidol.

A two-step synthesis of haloperidol was achieved by this photoredox methodol-
ogy. 1,4-Chlorobutanal was merged with 1-bromo-4-fluorobenzene using the
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photoredox protocol to yield the ketone in high yield. Further exposure of this to the
piperidine nucleophile thus gave haloperidol in short steps.

5. C—C bond formation enhanced by VPLC and alkylation of aldehydes
through alkenes as alkylating agents

The a-alkylation of carbonyl compounds is a routine affair for synthetic chem-
ists both for making substituents and also to synthesize pharmaceutically active
ingredients (Figures 7 and 8). In the case of a-alkylation of aldehydes, the acidic
methylenic (CH,) hydrogen atoms are acidic in nature, and they can be removed; as
a result an enol form is produced which directs the alkylating agents attached to the
a-alkylation. A skillful execution of three catalytic materials together in a synergis-
tic fashion enables an enantiomeric a-alkylation of aldehydes; mechanistically, the
triple catalytic process is sequenced to deliver a hydrogen atom transfer, electron

O 0
= _
HJ-H .\ /\@ Cat-1,2,3 3 H
—>.
W W
DME, 10°C
SH
Ar t-Bu t-Bu

N T
OTMS

Ar - 3,5-(CF;),CgH; L Bu

Cat- 1 Cat 2 Cat-3

Figure 7.
Intermolecular alkylation with alkenes.
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Figure 8.
Intramolecular alkylation.
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borrowing tendency, and chirality induction through chiral imidazolidinones or
prolinols with a thiophenol where the iridium catalyst transfers the activation of
molecules by means of light energy (). The a-alkylation is carried out both by
inter- and intramolecularly where the alkenes are alkylated at the a-position to the
aldehyde functional group to furnish cyclic and acyclic products. The process is
atom economical with a stereoselective process, allowing the production of value-
added molecules from feedstock chemicals in a single step while consuming only
one photon [10].

The mechanistic pathway is based on the excitation of Ir complex, and simulta-
neously the chiral reagent adds to the aldehyde compound through elimination of
water and forms an enamine. The excited iridium complex oxidizes the enamine
present in the reaction medium through a single-electron transfer mechanism; thus
formed enaminyl radical adds to the alkene substrate producing a carbon radical
which is finally trapped by the hydrogen atom transfer catalyst. During the work-
up procedure, the iminium ion is hydrolyzed to get the enantiomerically enriched
product, and the organocatalyst is regenerated. Finally the reduction of the thiyl
radical by the Ir(I) species regenerates the thiol catalyst as well as the Ir(III) catalyst
to complete the redox cycle.

With the success in the a-alkylation protocol, its intramolecular version also
achieved where an intramolecular cyclization with tethered alkenes was first
attempted to determine the feasibility of enantioselective ring formation reaction.
Interestingly, carbocycles and heterocycles were synthesized with high yield and
enantiocontrol. Tosamide- or carbamate-protected N-tethered aldehydic alkenes
gave rise to the corresponding piperidines, ether-linked systems provided trans-
substituted tetrahydropyrans, and carbocycles were also attained. Pyrrolidines were
also formed as well as seven-membered rings such as azepanes or cycloheptanes.
High stereocontrol was obtained with trisubstituted alkenes, and where multiple
alkenes were available, only proximal alkenes reacted to provide the corresponding
cyclic molecule.

Following this successful reaction, intermolecular reactions with styrene was
attempted. A variety of substituted aldehydes provided the alkylated products in
high yields and selectivity. Terminal alkenes were suitable substrates though
1,1-disubstituted alkenes reacted with moderate efficiency.

6. Enantioselective a-trifluoromethylation and a-perfluoroalkylation
of aldehydes

The fluorinated hydrocarbons possess unique physical properties and are so
useful in dyes, polymers, agrochemicals, and drugs. In pharmaceuticals the
perfluoroalkylated compounds which impart valuable physiological properties that
enhance binding properties elevate lipophilicity and/or improved metabolic stabil-
ity. The enantioselective incorporation of the CF; and perfluoroalkyl groups has
thus been a challenging task for the synthetic chemists, and the enantioselective
a-alkyl trifluoromethylation of ketones and aldehydes has been elusive. First the
enantioselective and organocatalytic a-trifluoromethylation and a-perfluor-
oalkylation of aldehydes have been successfully achieved using a commercially
available iridium photocatalyst and imidazolidinone catalyst. MacMillan et al.
describe the enantioselective trifluoromethylation of aldehydes via the successful
merger of enamine and photoredox catalysis [11]. Their reaction is based on the
property of electrophilic radicals to combine with facially biased enamine interme-
diates (derived from aldehydes and chiral amines). The radicals are derived from
the reduction of alkyl halides by a photoredox catalyst (Ir(ppy)2(dtbbpy)). A broad
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Figure 9.
a-Trifluoromethylation of aldehydes [12].

range of perfluoroalkyl halides were found to participate in the enantioselective
alkylation reaction. N-perfluoroalkyl substrates of varying chain length undergo
successfully reductive radical formation and enamine addition with high yields and
enantioselectivity (Figure 9).

The a-alkylation of carbonyl compounds is always an essential tool in the syn-
thetic organic chemistry. It can be carried out both inter- and intramolecularly; the
intramolecular version builds up the cyclic compounds with enhanced stereose-
lectivity. Among the a-alkylation reactions, of late, a-trifluoromethylation reactions
are being much exploited since these compounds are of greater importance in
agrochemical and pharmaceutical compounds. Iodotrifluoromethane is employed as
a trifluoromethylating agent under a VLPC condition where the reaction and optical
yields are highly appreciable. Mechanistically, the light excites the Ir complex,
which oxidizes the enamine compound through a single-electron transfer mecha-
nism; the enamine radical adds with the alkene substrate producing carbon-
centered radical; thus series of reaction provides the desired compound, and the
catalyst is regenerated [12].

7. Reaction of chiral enamine with a-bromocarbonyl compounds

Photoredox catalysis and organocatalysis are two powerful fields of molecule
activation that have found widespread application in the areas of inorganic coordi-
nation and organic chemistry. The merger of these two fields is an important
solution in asymmetric chemical synthesis. Specifically, the enantioselective
intermolecular a-alkylation of aldehydes with a-bromocarbonyls has been accom-
plished using an activation pathway that combines both the photoredox catalyst Ru
(bpy)3;Cl, (where bpy is 2,2'-bipyridine) and an imidazolidinone organocatalyst.
This simple alkylation reaction, which was previously elusive, is now broadly
applicable and highly enantioselective [11].

The initiation of the reaction requires quenching of the photocatalyst excited
state *Ru(bpy)3** by a sacrificial amount of enamine to provide the strongly reduc-
ing Ru(bpy);". Electron transfer to the alkyl bromide induces fragmentation,
affording bromide and the electron-deficient radical. Condensation of the aldehyde
with the imidazolidinone organocatalyst furnishes chiral enamine. The C—C bond
formation then occurs by the radical electrophile addition to the accessible Si face of
the enamine and generates the a-amino radical. The two catalytlc cycles then
intersect with the single-electron oxidation of ‘Ru(bpy)s>* to yield Ru(bpy)s* and
the iminium ion. Hydrolysis of the iminium releases the a-alkylated product and
regenerates the organocatalyst (Figures 10 and 11).
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8. Asymmetric a-amination of aldehydes by means of photoredox and
organocatalysis

The synthetic design and developing methodology on the creation of C—N
bonds within the complex molecular architecture in a stereospecific manner is a
challenging task which is routinely needed in the process development of drug
molecules. Consequently, a-amino aldehydes are the valuable structural motifs in
the process development of drug molecules. However, asymmetric a-amination of
aldehydes poses a plethora of potential challenges since the reaction medium con-
tains reagents and chemicals that can racemize product molecule. In this context, a
VLPC methodology has been demonstrated for a-amination of aldehydes in an
enantioselective fashion using nitrogen-centered radicals which enables the synthe-
sis stable to racemization, a tactful synthetic methodology. N-centered radicals are
easily generated using dinitrosulfonyloxy groups (ODNs) which are capable of
producing the requisite heteroatom-centered radical upon exposure to household
light and in the presence of designed catalyst. The nitrogen-centered radical thus is
produced when treated with a transient n-rich enamine (derived from the coupling
of an imidazolidinone catalyst with the aldehyde); upon photonic excitation, single-
electron transfer reaction produces nitrogen-centered radical. Then the reaction
proceeds to yield an iminium ion, which up on hydrolysis gives rise to
enantiomerically enriched a-amino aldehyde [13] (Figures 12 and 13).

This is an organocatalytic and photoredox-based approach to the asymmetric
a-amination of aldehyde, where a functionalized nitrogen is directly coupled with a
formyl precursor. This protocol provides a ready access to N-substituted a-amino
aldehyde architecture without any racemization with more than 85% enantiomeric
excess.

9. Catalytic a- and y-alkylation of aldehydes and enals, a direct
photoexcitation approach

The a- and y-alkylations of aldehydes and enals, respectively, are an important
C—C bond forming reaction and very important in the building complex molecular
architecture. These alkylations were reported as a photo-organocatalytic reaction
where the product is enantioselective. The procedure is executed utilizing the
commercially available aminocatalyst and carried out under the illumination of
fluorescent light bulb in the absence of photoredox catalyst. The authors have
demonstrated a strategy in which photochemical activation of substrates provides
reactive radical species by the action of visible-light active photoredox catalyst. In
this system the catalyst is chiral that acts as a dual catalytic system and provides an
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Figure 12.
a-Amination of aldehydes.
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Catalytic cycle of a-amination.

easy access to chiral molecules as products in an asymmetric fashion. In a sense, in
the reaction medium, the transiently generated enamines undergo electronic exci-
tation by the action of light form reactive radical species from organic halides,
which, in turn, provide an effective stereochemical induction to yield
enantioselective alkylated products [14] (Figures 14 and 15).

10. Photoredox cross-dehydrogenative coupling (CDC) of aldehydes
with xanthenes (chiral enamines with diaryl compounds)

Aldehydes under the treatment with visible light underwent catalytic asymmet-

ric cross-dehydrogenative coupling reactions with xanthenes and thioxanthenes,
and it is interesting to note that xanthenes are important candidates in the dye stuff
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y-Alkylation of enals.

and drug industries. The coupling reactions are very highly enantioselective with
good reaction and optical yields, and it was found to tolerate many functional
groups under the reaction conditions that are described by the authors. They report
that they were successful in their initial attempt itself on the symmetric cross-
dehydrogenative coupling reaction between xanthene and pentanal employing
Jorgensen’s catalyst. With this protocol they developed the scope of enantioselective
CDC of xanthenes with various aldehydes. Excellent product and optical yields
were obtained with aliphatic aldehydes, while sterically hindered isobutyraldehyde
gave poor yield but with excellent optical yield. Thioxanthenes too are tolerant
under CDC reaction conditions [15] (Figure 16).

o Oxidant

Base
Photocatalyst

CF, CFy

CF,

Figure 16.
Photoredox cross-dehydrogenative coupling of aldehydes with xanthenes.
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11. Continuous flow a-arylation of N,N-dialkylhydrazones under
visible-light photoredox catalysis

The a-arylation of aldehyde-derived N,N-dialkylhydrazones with electron-
deficient aryl and heteroaryl cyanides gives rise to substituted products under
visible-light conditions with the use of photoredox catalysts. These structural motifs
hold interesting pharmacological activities, and by these novel technologies,

a,o -diaryl-N,N-cycloalkylhydrazones were obtained in moderate yields, and it is to
be noted that conventional methods for the same are found to be non-cost-effective
and time-consuming in nature. In this typical methodology, hydrazine and aryl or
heteroaryl cyanides were subjected to 455 nm blue light-emitting diodes with 1 mol
% of Ir(ppy); as photocatalyst at 40°C with LiOAc (2 equiv) as base and DMSO as
solvent to get the desired product [16] (Figure 17).

The mechanism describes that single-electron transfer occurs from Ir(III) to
cyanoarene, then the oxidized Ir(IV) undergoes a second electron transfer mecha-
nism with hydrazine forming a radical cation, and the Ir is ready for the catalytic
cycle. LiOAc deprotonates the proton from hydrazine system; then various steps of
reactions yield the product. Ultimately, structurally complex a,a’-diaryl-N,N-
cycloalkylhydrazones were obtained in moderate yields by the repetition of the
direct arylation protocol. A continuous flow procedure for the preparation of
a-aryl-N,N-dialkylhydrazones on a multigram scale has also been established.

1.4-DCB
[ > Ir(ppy)3 1 mol % &

i 2 Eq { CN
NT AN LiOAc (2 Eq) I\II\ n E
FfN 455 nm Blue LED r/ CN fr
Ph DMSQ, 40 °C, 30 min Ph Ph
Figure 17.

a-Arylation of hydrazones.

12. Rapid access to pharmacophore fragments from f-cyanoaldehydes

Realizing the importance of asymmetric synthesis of the late chemists, they are
making use of photoredox and organocatalysis together, among which C—C bond
forming reactions are very important in the construction of biologically active com-
pounds in a stereoselective fashion. One of the C—C bond forming reactions which
enable the alkylation of aldehydes with a reserved cyanide functional group in the
new bond is useful for synthetic manipulations. The research article presented
describes the generation of C—C bond by making use of a-bromocyanoalkylated
compounds as reagents, and this reaction generated p-cyano alkyls in a single syn-
thetic operation with stereoselectivity. In a typical experimental procedure, an alde-
hydic compound a-bromoacetonitrile, Ru(bpy);Cl,, asymmetric organocatalyst, and
an imidazolidinone catalyst reaction mixture is irradiated by a 26 W CFL light source.
The results are highly appreciable with preparative yield and with excellent enantios-
electivity. More interestingly, this useful methodology has also demonstrated a total
synthesis of a lignin natural product, namely, (—) bursehernin [17].

13. Photocatalytic synthesis of piperazines from aldehydes and ketones

Piperazines are important class of compounds with important pharmacological
properties such as anthelmintic, antiallergic, antibacterial, antihistaminic,
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antiemetic, and antimigrainic activities, and hence developing a working technol-
ogy for the syntheses of piperazine analogues is very important to arrive at struc-
tural activity relationship. To arrive at an array of piperazines, recently a research
article is reported that utilizes silicon-based reagents, and they denote this as silicon
amine protocol (SLAP); in this process a variety of aromatic, heteroaromatic, and
aliphatic aldehydes and ketones were employed to produce an array of piperazines
using iridium-based photoredox catalyst (Ir[(ppy).dtbbpy]PFs) and blue light
radiation. The products obtained do not have any trace metal impurities since this
protocol is tin-free alternative (SnAP—tin amine protocol). The reaction conditions
enforced is mild and tolerates unprotected functional groups and steric hindrance
and very importantly provides an access to wide array of piperazines without any
trace metals for the SAR studies [18].

14. p-Arylation of aldehydes

The direct f-functionalization of carbonyl groups is very little known. MacMil-
lan et al. first reported the combination of organocatalysis and photoredox catalysis
for the direct f-C—H arylation of carbonyl compounds using benzonitrile as aryl
donor (Figure 18). The proposed mechanistic rationale is shown in Figure 19 and
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p-Arylation of aldehydes.
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p-Arylation of aldehydes—organocatalytic cycle.
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follows an oxidative quenching cycle pathway, starting with the formation of a
cyclohexadienyl radical anion [19].

15. Enamine, direct p-alkylation

Saturated aldehydes can be alkylated at the beta position directly by a synergistic
combination of photoredox catalysis and organocatalysis [20]. Enamine oxidation
by visible-light LED provides an activated $-enaminyl radical which readily com-
bines with a wide range of Michael acceptors to produce p-alkyl aldehydes effi-
ciently. Both inter- and intramolecular C—H functionalizations are possible in an
atom economical redox-neutral process (Figure 20).

o 1 mol % It PC 0
Ph

20 mol % Cy,NH

H + }\ ’ H Ph

CO,Bn
R DABCO, TFA, H,O R CO,Bn

DME, 23°C, 12 h

aldehyde acceptor Blue LED

B - alkyl product

Figure 20.
Direct f-alkylation of enamines.

1,4-Diazabicyclo[2.2.2]octane (DABCO) as an organic base and DME as solvent
were essential for the desired bond formation reaction. Thus a unique 5-re-carbonyl
activation utilizing the synergistic merger of organocatalysis and photoredox catal-
ysis was used to accomplish the direct B-arylation of saturated ketones and alde-
hydes. A catalytically generated enaminyl radical formed via oxidation and p-
deprotonation of an enamine and a radical anion generated by photocatalytic
reduction of cyanoarene couple to form the p-carbonyl products. The generality of
the activation platform was further demonstrated by a p-aldol reaction of ketones
with transiently generated aryl ketyl radicals to form y-hydroxy ketone adducts.
The reaction was then further extended to intramolecular cyclization via formation
of cyclic molecules through both 6-exo and 5-exo cyclizations with useful efficien-
cies and diastereocontrol. This proves further that the critical step does not involve
radical-radical coupling (Figure 21).
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sme” activation, 6-exo to 5-exo.
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16. Iminium and enamine catalysis in enantioselective photochemical
reactions

Chiral iminium ion photochemistry is an emerging synthetic field; with the
creativity of synthetic chemistry, they utilized [2+2] photocycloaddition to arrive at
complex molecular architecture. In order to execute the [2+2] photocycloaddition,
they have first synthesized an alkene tethered to a chiral iminium perchlorate salt,
to procure the chiral product; the iminium salt is produced using a C2-symmetric
chiral auxiliary. The bench chemists observed that (i) substituents at positions C2
and C5 of the pyrrolidine were crucial, (ii) the reaction process proceeds through
single-electron transfer, (iii) the reaction takes place at the singlet hypersurface,
(iv) this notable [2+2] cycloaddition reaction takes place via a concerted pathway
resulting from the strong =« to n* absorption, and (v) the iminium salt absorbs light
at 280 nm. The reward from this developed protocol was 82% ee and 40% chemical
yield [21] (Figure 22).
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Figure 22.
Iminium catalysis: [2+2] photocycloaddition reaction of iminium salts.

17. Iminium catalysis: §-benzylation of enals and enones

The chemistry of ortho-quinodimethanes is very well exploited for the genera-
tion of six-membered carbocyclic frameworks by reacting with a diene and through
an inter- or intramolecular [4+2] cycloaddition. Under VLPC condition, reports
indicate that the photoexcitation of ortho-alkyl-substituted benzaldehydes and
benzophenones generates the ortho-quinodimethanes, a diene intermediate,
whereas instead of undergoing the [4+2] cycloaddition to yield the carbocyclic
product, it gave solely the B-benzylated products through a Michael-type addition
reaction. The secondary amine employed in this reaction is solely responsible for the
Michael-type product (Figure 23).
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Figure 23.

f-Benzylation of enals and enones.

The reaction mechanism is very interesting for the academic enthusiastic per-
sonalities; the chiral secondary amines react with the a,f-unsaturated compound
that is used in the reaction medium. When the reaction mixture was irradiated with
A = 365 nm, the photons enolize the ortho-alkyl-substituted benzaldehyde or
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benzophenone to (E)-enol and then the iminium salts in close proximity with the
other reactants to deliver the Michael-type addition products rather than [4+2]
cycloadducts. A density functional theory (DFT) computational study was carried
out by the authors to shed some light on this unusual reactivity, and the results
indicated that this transformation proceeds through a water-assisted proton shuttle
mechanism. The optical yields are excellent, and it is worth mentioning that no
photocatalyst was needed in this reaction.

18. Iminium catalysis: p-alkylation of enals and enones

A major breakthrough in the field of asymmetric radical chemistry was
represented by Melchiorre group; they achieved the first enantioselective radical
conjugate addition (RCA) to B,p-disubstituted cyclic enones by a combination of
photoredox catalysis and iminium-based organocatalysis. The organocatalyst and
the primary amine moiety react with a o,p-unsaturated enone forming a chiral
iminium ion as the reactive intermediate; the 1,3-benzodioxole present in the reac-
tion medium upon irradiation by means of an UV light-emitting diode and in the
presence of tetrabutylammonium decatungstate (TBADT) generates a carbon-
centered radical. Thus generated carbon-centered radical being short-lived and
active, it reacts with the chiral iminium ion producing an a-iminyl radical cation.
Then through an intramolecular SET process, the a-iminyl radical cation was
reduced to enamine. A tautomerism reaction, that is, enamine-imine
tautomerization, regenerates photocatalyst TBADT, and finally the work procedure
gives rise to the product with excellent enantio- and diastereoselectivities, and the
chiral amine is recovered [22] (Figure 24).
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Figure 24.

Iminium catalysis: p-alkylation of enals and enones.

19. Enamine catalysis: f-alkylation of enals and enones

Following the footpaths of iminjum catalysis, the twin brothers, namely, the
photoredox catalysis and organocatalysis, fruitfully accomplished the
enantioselective a-alkylation of aldehydes; the photoredox catalyst employed was
0.5 mol% of Ru(bpy);Cl, (bpy = 2,20-bipyridine), and the photocatalyst utilized
was 20 mol% of a chiral imidazolidinone. Under the reaction condition, the
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Enamine catalysis.

substrate aldehydic compound reacts with a chiral enamine (organocatalyst)
forming a chiral enamine intermediate; thereby the substrate is tuned to be nucleo-
philic in nature, and the nucleophilicity arises at the a-position to the aldehydic
chromophore. Simultaneously, in the reaction medium, the photocatalyst is elec-
tronically excited by the visible light; once excited, it accepts a single electron from
the chiral enamine, and the Ru [I] species then reduces the a-bromocarbonyl com-
pound, and in this process the photocatalyst is regenerated. At the work-up the
coupled product is released from the enamine with high stereoselectivity and in
good yields (Figure 25).

20. Enamine catalysis: a-benzylation of aldehydes and ketones,

a-hydroxylation, p-arylation

a-Benzylation and a-alkylation are thematically one and the same; however,
much recent advances in a-benzylation of carbonyl compounds were reported with
stereoselectivity (Figure 26).

A variety of electron-deficient aryl and heteroaryl methylene bromides were
examined as the benzylating agents, and they were coupled with a range of alde-
hydes bearing different functional groups efficiently with excellent enantios-
electivity. The benzylation reaction proceeds via an oxidative quenching cycle, in
contrast to the reductive quenching cycle operation in the a-alkylation reaction. The
hybrid organocatalytic cycle and photoredox catalytic cycle are similar to the reac-
tion of aldehydes with alkyl halides described in Figure 11. The Ir photocatalyst fac-
Ir(ppy)3 and imidazolidinone organocatalyst generate the benzyl radical from
electron-deficient benzyl halides. This benzyl radical then couples with the chiral
enamine providing a-amino radical which is oxidized by the intermediate Ir(IV)
species. Hydrolysis of the iminium ion releases the a-benzyl aldehyde. A range of
electron-deficient heteroaromatics such as pyridines, pyrazines, pyrimidines,
quinolines, and benzimidazoles undergo facile reaction (Figure 27).
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Figure 26.
Enamine benzylation.
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A catalytic cycle—enantioselective benzylation of aldehydes.

21. Enamine catalysis: a-hydroxylation of aldehydes and ketones

The a-hydroxylation of carbonyl compounds is a very important class of reac-
tion in the design of drug molecules; mostly the hydroxylation is appended in a
stereoselective fashion. Conveniently it is achieved by enolizing the carbonyl, and
the oxidation is done by oxidizing agents such as epoxides, OsOy4, and so on. Rarely
the singlet oxygen is used for this functional group introduction. In this VLPC
condition, the hardships related to the a-hydroxylation reactions are tackled with
ease; an amine-catalyzed enantioselective a-hydroxylation of aldehydes under pho-
tochemical condition was achieved where (L)-a-Me proline-based organocatalyst
was exploited and singlet oxygen is employed instead of explosive oxidizing agents.
Mechanistically the amino acid-based organocatalyst activated the aldehyde, and
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05, 0 °C (DMF) no” Ol &
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Figure 28.
Enamine hydroxylation.
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the a-position is ready for reactivity. Photosensitizer tetraphenylporphyrin (TPP)
sensitizes >0, to 10, by the action of visible light, which then reacts with the
substrate enamine through an ene-type reaction, forming a-hydroperoxide which is
then reduced using NaBH, to get 1,2-diols. Later this methodology was extended to
cyclic ketones and yielded appreciable enantioselectivity (Figure 28).

22. Enamine catalysis: f-arylation of ketones

The a-functionalization of carbonyl compounds is easily carried out, whereas
functionalizing at the B-position is not easy and requires multiple synthetic opera-
tions. With creativity and with clear understanding of radical chemistry using a
VLPC protocol, these authors have enolized the cyclic ketones; thereby a double
bond is formed, and the radical chemistry created an allyl radical at the p-position.
In the reaction medium, the iridium-based catalyst generated arene radical cation
from cyanoarenes, which reacts with the allyl radical and forms the p-substituted
ketones with the elimination of the cyanide group from the arene (Figure 29).

hv

20mol % Cat D
o CN 1 mol % Lr (L11)
é \ 20 mol % HOAe, H,0
DABCO (IIMPL)
N

Figure 29.
Ketone p-arylation.
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23. Relay visible-light photocatalysis

A relay visible-light photocatalysis strategy using formal 4+1 annulation and
aromatization was achieved. Three successive photoredox cycles (one oxidative
cycle and two reductive quenching cycles) were engaged in a reaction with one
photocatalyst. Multiple quenching cycles could be demonstrated in a single reaction
involving formal 4+1 annulation of hydrazone with 2-bromo diethylmalonate [23]
(Figure 30).

PC, Base
@ ji 4A, MS, 16 h, RT
N
N\Nl + E0,C7 “COEt  Ar,Blue LED (N
PMP Et0:C  pmp
Figure 30.
Relay VLPC.

24. Conclusion
Photosynthesis has attracted biologists, physicists, and chemists for centuries;

chemists by understanding how the plants synthesized chemicals using sunlight
have been inspired, and that resulted in this new domain. Ultimately these new sets
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of reactions under VLPC are photosynthesis mimic reactions, and the chemists
brought the process into action at the laboratories.

VLPC strategies developed by chemists in recent years portrait the esthetic taste
and the design of energy-saving and environmentally compatible and benign fea-
tures in this innovative domain of organic synthesis.

Among all the subdisciplines of catalysis, the newly emerged gifted child,
namely, visible-light photoredox catalysis, has grown rapidly and has made a great
of deal of interest in both academia and industry; in the near future, we will be
witnessing the process development of drug molecules.

The twin catalysis comprising a chiral agent and the transition metal catalyst
brought forward the asymmetric synthesis in a one-pot synthetic fashion in this
neoteric protocol which portraits the highest level of creativity of synthetic chem-
ists. Consequently, it can be construed that from the catalytic professionals, more
VPLC protocols will emerge to attain pharmaceutically active ingredients through
industrial manufacturing processes, especially in enantiomerically enriched forms.

In terms of kinetics, not much work is done, and such research articles are
expected in the pipeline; much work has to be done on the recyclability and reus-
ability of catalytic materials including the studies on leaching.

It is interesting to note that only in this domain the methodology quickly
reached to the stage of asymmetric synthesis in a rapid way, implying the success in
the process development of drug molecules; subsequently, more process develop-
ments are expected as the industrial process.
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Chapter 8

Supported-Metal Oxide
Nanoparticles-Potential
Photocatalysts
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Abstract

Recently, nanosized metal oxides play an essential role in the photocatalytic
system due to their ability to create charge carriers during the light irradiation.
Metal oxide nanoparticles display excellent light absorption properties, outstanding
charge transport characteristics, which are suitable in the photocatalytic system
for the treatment of wastewater. Most of the photocatalysts found in the literature
are in the form of powders. Only a few supported photocatalytic systems have been
reported. The advantages of supported photocatalysts, such as that they produce a
small pressure drop, have good mechanical stability and are easily separated from
the reaction medium, make them superior to conventional powder photocatalysts.
In this chapter, the definition of supported-metal oxide nanoparticles as the photo-
catalyst and their synthesis methodology are detailed discussed.

Keywords: photocatalysis, metal oxides, thin film, semiconductor, substrate

1. Introduction
1.1 General description about photocatalysis

Photocatalysis by semiconductors, such as those indicated above, is a well-
established method for degrading organic contaminants in wastewaters. When the
photon with energy greater than the band gap of the semiconductor is absorbed
by the solid, an electron is excited from the valence band to the conduction band,
resulting in an electron-hole pair. These exciting state conduction band electrons
and valence band holes have several possible fates [1]:

a.they can combine and disperse the energy as heat while still in the bulk matrix
of the crystal;

b.they can become trapped in defect traps;
c.they can migrate to the surface, where they recombine;
d.they may take part in redox reactions with electron donors or acceptors

adsorbed onto the surface, which is the desirable pathway if degradation of
organic contaminants is to occur.
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In aqueous systems, these adsorbed species will correspond to water molecules,
hydroxide ions, and oxygen molecules.

It is clear to know that in semiconductors, the generation of electrons and holes
depends on the position of the energy levels. Besides, the redox potential of a donor
species on the surface of the photocatalyst needs to be more negative (higher in
energy) than the valence band position of the semiconductor to fill the electron
vacancies. Similarly, acceptor molecules must have a more positive redox potential
(lower in energy) than the conduction band. In view of this, one of the advantages of
TiO; and ZnO compared to other semiconductors is that their electronic structure is
such that it allows both the reduction of protons and the oxidation of water [2]. This
phenomenon can be appreciated in the redox potential diagram shown in Figure 1.
Recently, the use of TiO, and ZnO as photocatalysts has been thoroughly investigated.

Numerous conditions of a photocatalyst are required to achieve high photo-
catalytic efficiency. Firstly, the bandgap of the semiconductor must be higher than
the redox potential of the H;O/OH’ couple, and the material must be photo-stable.
Secondly, the recombination of electron-hole pairs must be minimized. In other
words, they need to be kept apart to allow time for the redox reactions to occur.
Separation can be achieved by trapping electrons or holes in defects [4] or by using
electrically conductive supports [5].

The holes in the photocatalyst valence band can oxidize the adsorbed water or
hydroxide ions, while electrons in the conduction band can reduce molecular oxygen
to superoxide anions [6]. These processes are summarized in the following equations:

Semiconductor+hv —e” +h” (1)
h"+H,0,, > OHe_, +H" 2
h* +OH ,, »>OHe 3)

e +0, >0, “)

O,* +H" ->HO, )

0O, +HO,*+H" - H,0, +0, 6)

The degradation of organic contaminants is commonly attributed to oxidation
by hydroxyl radicals. This process is schematically described in Figure 2. This has
led to the use of the term “Advanced Oxidation Processes,” although there is evi-
dence that in some systems, reductive pathways also operate [7].

Among Advanced Oxidation Processes, the photocatalytic processes are focused
on the conversion of highly toxic organic to either less toxic organic compounds or
CO; and H,0 [8]. When the photocatalytic reaction is implemented in the presence
of O,, the catalyst plays two main roles: to scavenge the photogenerated electrons
and to produce active oxygen species [9]. We already know that metal oxides can
respond to both UV-light and visible light, depending on the energy band gap of the
materials. Newly, the photocatalytic process used visible light is widely employed
for environmental cleanup [10].

Recently, many metal oxides (TiO,, ZnO, SnO,, and WOs) have been widely
used for the photocatalysis process. This is due to their abundance in nature,
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Figure 1.
Band gaps (eV) and redox potentials for several semiconductors referred to the normal hydrogen electrode
(NHE). Reproduced from Ania et al. [3].
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Figure 2.
Schematic diagram showing the processes involved in semiconductor photocatalysis. Reproduced from
Gratzel et al. [2].

stability in many conditions, and the capability to create charge carriers when they
were exposed under UV or visible light. The advantageous combination of the elec-
tronic structure, light absorption capacities, and excited lifetimes of metal oxides
have provided of metal oxides has provided them possible for their application as
photocatalyst. The photocatalysis employing metal oxides such as TiO,, ZnO, SnO,,
and WO; has demonstrated their efficiency in the degradation of various harmful
pollutants into carbon dioxide and water.

The vast majority of the photocatalysts studied are in powder form with all
the difficulties in handling and recovering that implies. Consequently, supported
photocatalysts are nowadays an important research area.
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2. Supported TiO, photocatalysts

When the light is irradiated to the surface of the semiconductor, its absorp-
tion of photons provokes the photocatalytic reaction at the surface of the catalyst.
Among many semiconductor materials, titanium dioxide (TiO,) nanoparticles
have been widely studied for photocatalytic applications over the last two decades
[11, 12]. TiO; is relatively inexpensive, insoluble in water, and non-toxic. It can
provide photogenerated holes with high oxidizing power because of its wide
bandgap (3.2 eV) [13].

The common mechanism of the photocatalytic process of TiO, material consists
of the interfacial redox reactions of the generated holes and electrons when the TiO,
materials are irradiated by light with appropriate energy (Figure 3) [14, 15].

Most of the photocatalysts found in the literature are in the form of powders.
Only a few supported photocatalytic systems have been reported, even though they
have clear advantages from a practical point of view [16-18]. The most important
benefit is that the separation of the supported photocatalysts from the reaction
medium is simple, which minimizes the power requirements. In addition, they
can be adapted to operate in flow-type continuous reactors [19-21]. Most recently,
research was described by Fernandez et al. [21]. They reported two methods of
deposition of TiO, powders on different substrates (glass, quartz, and stainless
steel) and evaluated the photocatalytic activities of these supporting materials
through the degradation of organic compounds (Figure 4).

The authors demonstrated the influence of coating methodology and photocata-
lytic activities. The results showed that titania deposited on quartz displays a similar
photocatalytic activity to that of the powder form. Therefore, the result opens a new
feature for a new advantage route to immobilize catalyst for flow reactor or batch
reactor. Because filtration step to recover the catalyst always causes many draw-
backs in water treatment.

Then some authors [22, 23] developed a new type of supported photocatalyst
that consists of mixtures of noble metal nanoparticles and commercially available
TiO; nanoparticles (P25, Degussa-Evonik) deposited by dip-coating procedure
on quartz substrate. The photocatalytic activity of the immobilized catalyst was
evaluated by the degradation of malic acid. A comparison of the photocatalytic
activity between supported TiO, with the powder TiO, Degussa P-25 shows
slightly lower catalytic activity. This phenomenon could be explained by the
total surface exposed of the catalyst to the light during the irradiation. However,

Red

Figure 3.

Tl':ge mechanism of photocatalysis process of TiO,. Reproduced from Hoffman et al. [15]. (1) The formation

of the electrons and holes by photon absorption. (2) The recombination of the genevated electrons and holes.
(3) The electron trapping of Ti (IV) at the conduction band to form Ti (III). (4) The hole trapping of titanol
group at the valence band. (5) The oxidative pathways at the conduction band. (6) The reductive pathways at
the valence band. (7) Photocatalytic oxidation reactions to form harmless compounds.
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the result could be compensated by the advantage of eliminating the recovering
catalyst after the treatment.

Lately, several works also reported the preparation of thin TiO, film on quartz
substrates (Figure 5) by coating the TiO, sol using rotary evaporator [24], by dip-
coating [25], by spin coating [26].

Recently, Borges et al. [27] supported commercial TiO, (Degussa P25) on glass
spheres as a photocatalyst to treat the wastewater (Figure 6).

Figure 4.
SEM micrographs for the three TiO,/quartz samples. Reproduced from Hoffman et al. [15].

Figures.
Schematic representation of photocatalytic reactor using TiO, supported on quartz. Reproduced by
Natarajan et al. [25].
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Figure 7 shows the surface morphology substrate of the glass spheres without
TiO, particles. Figure 7b shows the TiO, supported on the substrate and the homo-
geneous distribution of TiO, on the surface of the glass sphere. The authors showed
that photocatalytic treatment in photoreactor displays more advantages than in
batch system for high volumes of industrial wastewater.

Later, several authors also used poly-vinylidene fluoride (PVDF) dual layer
hollow fiber membrane as a support to immobilize TiO, to treat pharmaceutical
compound in wastewater (Figure 8) [28, 29].

Figure 6.
Packed-bed photoreactor system and glass spheres photocatalytic bed in photoreactor. Reproduced by Borges
etal. [27].

1 mm

R P
2 28gum

Figure7.
SEM image of the glass sphere (a), SEM image of TiO, supported on the glass sphere (b). Reproduced by
Borges et al. [27].
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(d)

Figure 8.
Images of the PVDF membranes: (a) outer surface, (b) full cross section, (c) partial cross section, and (d) EDX
images of TiO, nanoparticles at the outer layer. Reproduced by Paredes et al. [29].

The author demonstrated that the TiO, supported catalyst on PVDF membranes
improved the photo-transformation rate of wastewater compounds during the
photocatalytic treatment. The author also claimed that the supported catalyst could
be easily recycled without any separation systems or catalysis recovery technologies.

It is already to know that TiO; is used as a photocatalyst in the ultraviolet light
region due to its wide bandgap. To improve its photocatalytic efficiency in the
visible light, efforts have been made such as, doping TiO, with anionic species
(Fluorine, Sulfur, Nitrogen), or combining TiO, with other metal oxides. The
combination of TiO, with other metal oxides can reduce the recombination effect
of the electron-hole before they migrate to the surface of the material [30]. In
addition, the composite of TiO, with other metal oxides can be generated in the
surface hydroxyl groups, which can trap holes after the irradiation process, which
improve the separation of the electron-holes. In some cases, the composite of TiO,
with other metal oxides can enhance the crystallinity degree of TiO, and increases
the specific surface area of the composite which are two important properties for a
photocatalyst.

Recently, TiO; is widely combined with other metal oxides, such as ZrO,, SnO,,
WO;, CeO,, ZnO, to improve the photocatalytic activity of TiO, in the ultraviolet
light and improving its photocatalytic efficiency in the visible region.

For example, the composite of mixed oxide ZrO,-TiO, material recently gains a
great attention. By combining TiO, with ZrO,, the surface acidity of the composite
can be increased, hence improved the reactivity compared to the TiO; [31]. In
addition, the hydroxyl groups are located on the surface of the catalyst, where the
holes are trapped which could improve the efficiency of the degradation of organic
pollutant [32]. Therefore, the mixed oxide ZrO,-Ti0, has been widely studied for
the photodegradation of toxic organic compounds [31-35]. Many researchers also
focused on the fabrication of ZrO,-TiO, composite thin film and study its photo-
catalytic efficiency under ultraviolet or visible irradiation [36-40].

Luo et al. has fabricated the ZrO,-TiO, composite thin film on glass substrate
using micro-arc oxidation process and used it for the degradation of rhodamine
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B under ultraviolet irradiation [40]. The ZrO,-TiO, composite thin film consists

of three compounds: anatase, rutile, and ZrO, phases, results that the generated
electron can transfer from rutile to anatase. This phenomenon inhibits the recom-
bination of the generated electron-hole pairs, thus improved the photocatalytic
efficiency of the composite. The photodegradation of MB under UV light irradia-
tion shows that the photocatalytic activity of ZrO,-TiO, composite thin film is three
times higher than that of the pure TiO, thin film.

Alotaibi et al. have reported the preparation of ZrO,-TiO, composite thin film
on glass substrate using aerosol-assisted chemical vapor deposition [32]. The
photocatalytic activity of the fabricated composite thin film was evaluated through
the photodegradation of resazurin redox dye under Ultraviolet light irradiation
(Figure 9). The composite shows an enhancement of photocatalytic activity
compared to a pure TiO, thin film fabricated by the same condition.

Tungsten oxide (WOs) is a common dopant in heterogeneous photocatalysis. In
the last decade, WO; was extensively combined with TiO, to improve the photocata-
lytic activity of TiO, in both UV and Visible light. Besides of using the catalyst in
the powder form, the preparation of WO;-TiO, film and its photocatalytic activity
was extensively studied [41-44] due to its advantage of the recuperation way. The
WO5-TiO, film has been fabricated by several methodologies such as sol-gel and dip
coating [45]; spin-coating [46]; solvothermal method combining magnetron sput-
tering [47]; or film on pyrex substrates by casting methodology [48].

For example, Fu et al. have fabricated the WO;-TiO, film on quartz substrate by
dip-coating synthesis [42]. The photocatalytic efficiency was evaluated by the deg-
radation of 4-chlorophenol-4 CP, xenobiotic micropollutants, under the irradiation
visible light. The result shows that by incorporation of WO; into TiO,, the WO;-TiO,
film can shift the absorption band from near UV region to the visible region. Under
visible light, for the degradation of 4-CP, the prepared composite film demon-
strated a higher photocatalytic activity for than that of pure TiO, film.

Recently, Adel et al. have prepared the WO;-TiO, thin film on glass substrate by
reactive chemical spraying and tested its photocatalytic activity under visible light.
The results show that the photocatalytic thin film can degrade completely dye in
textile, wastewater leading to cleaner processes [49].

500 nm 500 nm

Figure 9.

SEM images of the (a) ZrO,, (b) TiO, and (c) ZrO,-TiO, composite films with the high magnification. The
side on images—(d) ZrO,, (e) TiO,, and (f) ZrO,-TiO, composite—shows the film thickness. Reproduced by
Alotaibi et al. [32].
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Spanu et al. have prepared Pt deposited on WO;-TiO, nanotube arrays on Ti foil
by sputtering method in order to improve the photocatalytic activity of the WO;-
TiO, system. The photocatalyst was used for the fabrication of H, by photocatalysis.
The Pt deposited on WO;-TiO, nanotube arrays show highly enhanced photocata-
lytic H; evolution efficiency comparing to other single-photocatalyst system such as
(Pt-TiO, and WO;-TiO,) and pristine TiO, nanotubes [50].

3. Supported ZnO photocatalysts

ZnO is a metal oxide with a broad energy band gap (3.37 eV), which is one of
the best semiconductors in the last decade. Recently, ZnO is extensively used as a
photocatalyst under UV or Visible light irradiation due to its outstanding electrical,
mechanical, optical, and non-toxic properties. In addition, the production cost of
ZnO is low cost comparing to the fabrication of other semiconductors [51].

The mechanism of photocatalysis process of ZnO to degrade organic compounds
under irradiation light can be summarized as follows [52]:

Zn0 — ZnO(e g ) + (h'yy) )
ZnO(h'y; ) + H,0 —> ZnO+ H'+ OH" (8)
ZnO(h'y;) + OH - ZnO+ OH’ )
ZnO(e ¢y ) + O, > ZnO+ O, (10)
0,. + H" —» HO,, (11)

HO,. + HO,. » H,0,+ O, (12)
ZnO(e ¢y ) + H,0, > OH'+ OH" (13)
H,0,+ 0, — OH.+ OH + O,. (14)
H,0, + hv - 20H" (15)

Organic pollutants + OH, — Intermediates. (16)
Intermediates — CO, + H,0. (17)

ZnO shares many similar properties with TiO,, including a similar band gap
(see Figure 1). There have even been several examples of ZnO displaying a higher
photocatalytic activity than TiO, [53]. In addition, ZnO exhibits a better quantum
efficiency because it can absorb a larger fraction of the solar spectrum than TiO,
[54] and its price is even lower than that of TiO, [55]. Compared to TiO,, ZnO can
be easily supported on different types of substrates by means of low-temperature
synthesis methods [56].

We already know that the photocatalytic efficiency of a photocatalyst is
evaluated through the photogeneration of electron-hole pairs and their time-life.
However, the main limitation of ZnO as a photocatalyst is the rapid recombination
rate of photogenerated electron-hole pairs, which decreases the photocatalytic
efficiency of ZnO. In addition, the use of ZnO as a photocatalyst is limited by the
photocorrosion phenomenon. This process occurs because of the action of UV
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radiation. As a consequence, the catalyst is partially dissolved, which gives rise
to a dramatic decrease in catalytic activity [57]. The mechanism of this process is
represented by the following self-oxidation reactions [58-60]:

ZnO+2h* +nH,0 - Zn(OH) “™" +150, + nH’ (18)
ZnO+2h" —Zn> +%0, (19)

where h” is the positive holes created by the action of UV radiation.
Photocorrosion is the main obstacle to the use of ZnO as an effective photocatalyst.
Therefore, significant efforts have been made to reduce the degradation of ZnO.

Beside TiO, using as a photocatalyst, Jung et al. [61] studied the synthesis and pho-
tocatalytic activity of CuO-ZnO nanowires supported on stainless steel wire meshes
(SSWM). They showed that CuO-ZnO structures supported on SSWM exhibit an
enhanced photocatalytic activity with respect to catalysts using other supports, such
as ITO. This result they attributed to the efficient charge separation of the electron-
hole pair favored by the SSWM support [61]. Another advantage of SSWM is its
flexibility, which allows the mesh to be easily shaped to the desired configuration.

In general, the procedures used to achieve this involves the deposition onto the
ZnO surface of: (a) silver nanoparticles [62-66]; (b) polyaniline monolayers [67],
(c) graphitic carbon [68]; (d) Nafion films [69]; (e) AlSi nanoclays [70]; and (f)
Ceo fullerenes which become hybridized with ZnO [59].

Although the above modifications improve the photocatalytic stability of ZnO,
some problems persist. For instance, Bessekhouad et al. [71] have reported that the
photocatalytic activity of the doped materials is impaired by thermal instability and
by an increase in the number of hole/electron recombination centers. Therefore, the
development of novel methods that provide effective protection of the ZnO photo-
catalyst against photocorrosion is required.

An attempt must be made to increase catalytic activity under visible irradiation,
since the solar spectrum contains a large fraction of visible light compared to UV
radiation. Recently, the photocatalytic activity of ZnO in the visible region has
been improved by various techniques, such as: (a) modification of the ZnO surface
by non-metal element doping [72]; (b) transition metal doping [73, 74]; (c) the
combination of ZnO with another semiconductor [75], etc. Of these methods,
the coupling of different semiconductor photocatalysts offers great promise as it
increases the charge separation of the electron-hole pairs, resulting in an increase
in photocatalytic decolorization efficiency [76].

Recently, ZnO has been combined successfully with TiO, [77], CdO [78],

CdS [79], and WO; [80]. CdO is a good candidate for coupling with ZnO due to its
band gap, ~2.2 eV [78], so that Cd,Zn; ;O nanostructures are active in the visible
range. In addition, under visible light the excited electrons from the conduction
band (CB) of ZnO can be easily transferred to the CB of CdO since the Ecg of CdO
is lower than the Ecg of ZnO. These transferal processes increase the excess of elec-
trons in the conduction band of CdO, which shifts in the Fermi level of CdO [81],
increasing its photocatalytic efficiency. To the best of our knowledge, CdO-ZnO
has been always synthesized in powder form. The use of CdO-ZnO supported on a
target substrate (such as SSWM) as a photocatalyst for dye degradation processes
in UV or visible has reported by Vu et al. [82]. They also attempt to demonstrate
in parallel that coupling CdO and ZnO may be also an excellent method to avoid
photocorrosion.
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4. Supported WO; photocatalysts

Tungsten oxide (WOs) is a high-ranking material in photocatalysis [83]. The
WO; presents in several phases such as monoclinic, orthorhombic, triclinic, cubic,
etc., but only the monoclinic phase exhibits the best photocatalytic efficiency. In
addition, WO; is a material with many advantages, such as harmless, high stability
in acidic and oxidative ambient, and its cost fabrication cost is very low compared
with other photocatalysts [84].

It has been shown that the band gap energy of WO; is varied from 2.5 to 3.0 eV
[85, 86], leading WO; can be used as a photocatalyst at the visible region. In recent
times, there are many studies focused on the improvement strategies of the photo-
catalytic efficiency of WO, [84, 87].

Recently, the researchers have proposed many strategies for the fabrication of
WO, thin film [88], such as sputtering deposition [89-92], aerosol-assisted chemi-
cal vapor deposition [93, 94], sol-gel spin-coating [95, 96], hydrothermal-assisted
growth [97, 98], and surfactant-assisted spray pyrolysis [99, 100]. Many works
focused on the photocatalytic efficiency of WO, especially the studying of WO;
thin film as a photocatalyst in the visible region [84, 101].

For example, the author fabricated a WO, thin film with a thickness 500-600 nm
deposited on a quartz substrate by DC reactive magnetron sputtering [102]. The
fabricated film WOj; used for the degradation of CH;CHO (acetaldehyde) under
ultraviolet, standard fluorescence, and visible light. The result shows that WO; film
fabricated by sputtering can be a good photocatalyst under visible light region.

To improve the separation of photogenerated charged and to increase the
photocatalytic activity, many researchers combined other elements with the WO,
thin film. For example, Higashino et al. have fabricated a layer of WO; on the AI-W
allow coatings by selective solution and heat treatment (Figure 10). The formed
thin film WO; exhibits photocatalytic self-cleaning properties under the visible light
irradiation [103].

Takashima et al. have taken advantage of the multielectron reduction of Pt to
improve the photocatalytic activity of WO; thin film on W foil. The author fabri-
cated Pt loaded WO; thin film using a reactive DC magnetron sputtering technique
or low damage reactive gas flow sputtering [104]. The formed Pt-WO; thin film was
used to photodegrade CH;CHO under visible light. The result shows that the fabri-
cated thin film demonstrates excellent photodecomposition rates under visible light.

Another approach to improve the separation of photogenerated charged, C;N,
is combined with WO; film to form a heterojunction composite WO;/C3N,. The

Al-W alloy

Figure 10.
SEM images of the surface and cross-sectional of WO;. Reproduced by Higashino et al. [103].
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fabricated composite was deposited don fluorine-doped tin oxide (FTO) substrate
[105]. The photocatalytic activity of the composite was tested by photocatalytic
degradation of MB and Cr®* in wastewater under UV illumination.

The supported WO;/C;N, composite present higher photocatalytic activity on
the decoloration of MB and the reduction of Cr®* to Cr**, compared to the photo-
catalytic activity of WOs; thin film.

5. Supported SnO, photocatalysts

SnO; is an inorganic compound that is exhibiting high optical transparency,
excellent thermal and chemical stability, and strong oxidizing properties [106]. The
band gap of SnO; is quite large, around 3.6 eV, which leads that SnO, can be used as
a photocatalyst at the UV region. This property makes SnO, becoming an excellent
photocatalyst for the degradation of many organic compounds.

Recently, SnO, played an important role in the photo-oxidation of pollutants
and received a lot of attention despite the outstanding properties of this material.
However, the vast number of researches used SnO; in the powder form as a photo-
catalyst for the degradation of the toxic organic compound, and the experiments
are usually performed using SnO, in the powder form. There are only a few works
describing the use of supported SnO, thin film as a photocatalyst.

In recent times, many methodologies have been applied for the fabrication of
SnO; thin films such as, sol-gel [107], pulsed plasma deposition [108], pulsed laser
deposition [109], reactive evaporation [110], and chemical bath deposition [111]
methods.

For example, Jana et al. used the galvanic technique to fabricate SnO, thin film
on transparent conducting oxide (TCO) [112].

Figure 11 shows the nanoporous flake-like structure, which allows more effi-
cient transport of reactant molecules to the active interfaces and results in a higher
photocatalytic activity for degrading methyl orange (MO) dye than that of P25
under UV light [112].

However, the SnO, in the powder form presents low photocatalytic activity
comparing with other semiconductors due to its wide-band gap, 3.6 eV, and the
rapid recombination of the photo generated electron-hole pairs. Thus, the SnO, thin
film could present lower photocatalytic efficiency comparing with SnO, in the bulk
form. Therefore, the SnO, thin film is widely combined with other metal ions such
as Ni, Co, Fe [113], Cr [114], Zn [115], Sb [116], W [117], or other semiconductors,
such as ZnO [118], TiO, [119], etc.

For example, the W-doped SnO, thin films are fabricated on glass (ITO) sub-
strate by simple chemical deposition techniques [120]. The result showed that the
energy band gap is varied by the doping concentration of W, which is in the range
of 3.46-3.35 eV. In addition, the UV-Visible absorption and Photoluminescence
characterization results demonstrated that W-dopant SnO; could narrow the band
gap, thus enhancing the photocatalytic efficiency of the W-doped SnO, in the
visible light (Figure 12). The author used the fabricated W-doped SnO, for the
degradation of Methylene Blue and Rhodamine (RHB) under the visible region.
The W-doped SnO, thin film presents higher photocatalytic efficiency comparing
to the pure SnO, thin film in the visible light irradiation.

In recent time, Sr-doped metal oxides have great attention in electronic and
optoelectronic applications. Besides, when Sr is combined with SnO,, the crystal
growth rate of SnO; is reduced, making the Sr-doped SnO, to have a higher specific
surface area. Thus, the combination of Sr with SnO, can improve the photocatalytic
activity of SnO,. For example, Haya et al. have prepared Sr-doped SnO, thin film
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Figure 11.
The SnO, thin film and the photocatalytic activity of SnO, thin film. Reproduced by Jana et al. [112].

Figure 12.
Schematic representation for photocatalytic mechanism of RHB in W-SnO, thin films. Reproduced by
Vadivel et al. [120].

on glass substrate by simple sol-gel technique and study its photocatalytic activity
under UV-irradiation [121]. The doping of Sr makes the SnO;, thin film to decrease
its degree of crystallinity, reducing the particle size and increasing the specific
surface area of the thin film. The results show that the Sr-doped (8%) SnO; film has
higher photocatalytic activity compared to undoped SnO, thin film.

In addition, many researchers also combined with other metal elements to
improve the photocatalytic activity of SnO, thin film such as Cu-doped SnO, [122],
Fe-doped SnO, [123], F- or Sr-doped [124], and Cl-doped SnO, [125] on glass
substrate.

Recently, to improve the photocatalytic efficiency of SnO, thin film, B/Ag/F
was doped with the Sn0O,-ZnO composite film on glass by the sol-gel route. The
fabricated composite thin film was used for the degradation of methyl green and
formaldehyde under UV irradiation. The result showed that the synergy of ZnO
and tri-doping B/Ag/F had improved the photocatalytic activity of SnO, thin film
[126]. In addition, Kong et al. also prepared B/Fe co-doped SnO,-ZnO thin film
on glass substrates using the sol-gel technique. The prepared composite thin
film improved the lifetime of the photogenerated charge carriers and optical
absorption properties. The photocatalytic efficiency of the composite thin
film was evaluated through the degradation of organic pollutants such as acid
naphthol red and formaldehyde. The B/Fe co-doped Sn0O,-ZnO film exhibits the
highest photocatalytic activity compared with an undoped or only singly doped
SnO, thin film [127].
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6. Conclusion

In this chapter, an overview of the development of supported catalysts and their
prospects from a scientific point of view is presented. We can see that the field has
experienced major advances in the last 5 years, especially in the area of supported
TiO,, ZnO, WO;, Sn0,, and mixed oxides on several types of substrates (SSWM,
quartz, glass (ITO)). Based on the literature presented here, we believe that there
is still quite a lot that can be achieved in improving the performance of supported
catalysts for photocatalytic applications.
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Chapter 9

Ferrocenes as One-Electron
Donors in Unimolecular Rectifiers

Robert Melville Metzger

Abstract

Ferrocene is a good electron donor, and as such has been used to test asym-
metric conduction (rectification) in molecules that contain ferrocene. Of the five
ferrocene-containing molecules that rectify (structures 11, 15, 19, 20, and 22), the
last (22) exhibits a record rectification ratio, which should be a dramatic incentive
for searching for more high-efficiency rectifiers.

Keywords: ferrocene, unimolecular electronics, rectification ratio,
highest occupied molecular orbital, Aviram-Ratner proposal of 1974

1. Introduction

“Unimolecular electronics” (UME) [1] was born in 1974 with a theoretical
proposal by Arieh Aviram and Mark Ratner (AR) for a one-molecule rectifier
(or diode) of electrical current donor-bridge-acceptor (D-0-A) [1] (Figure 1, struc-
tures 1 and 2): within that molecule D represents a n-electron-rich one-electron
donor (D) moiety, o is a short and saturated bridge of sp>-hybridized C atoms
(between two and maybe eight C atoms long), and A is the electron-poor moiety
that can act a one-electron acceptor. One small correction, AR had suggested that
the first mechanistic step would move electron and hole from metal electrodes to
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) and the second step would involve the relaxation of the excited-
state zwitterion [1]. The experimental direction of rectification for D-6-A molecules
has been shown to be “anti-AR” (Figure 1 structure 3): in step (1), under applied
electric field, the neutral ground-state molecule D-6-A forms an excited-state
zwitterion D*-6-A7; in step (2) the electron and hole are transferred to the metal
electrodes [2].

The first rectifier (4 in Figure 1) was measured in 1990-1993 as a Langmuir-
Blodgett (LB) multilayer between dissimilar metal electrodes by J. Roy Sambles
(University of Exeter) and Geoffrey J. Ashwell (Cranfield University) [3, 4]. The
asymmetric electrical current was confirmed at the University of Alabama (UA) as
a LB monolayer of 4 between Al electrodes in 1997 [5] and then between oxide-free
Au electrodes in 2001 [6, 7].

As of 2015, 53 unimolecular rectifiers had been measured worldwide [8], 15
of which at the UA (Figure 1, structures 4-18 [7-20]). Also, 169 molecular wires
were measured around the world [8]. Several more rectifiers have been published
worldwide since and many review articles on this subject have appeared [21-32].

The present article focuses on the use of one particular powerful one-electron
donor in rectifiers: ferrocene.
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Figure 1.

The Aviram-Ratner proposal of unimolecular rectification [1] with two specific molecules suggested (1, 2).
Structure 3 shows the rectification divection (divection of larger and favored electron flow) seen (i)
experimentally (bottom arrow from left to right, see Ref. [16])) and (ii) the rectification direction predicted by
Aviram and Ratner (top arrow from right to left crossed out). Structures 4-18 are the unimolecular rectifiers
studied at the University of Alabama (1997-2018) [7-20]: listed are the direction of enhanced current (hollow
arrow), the rectification ratio RR = —I1(V,,)/I(= V), and the maximum bias V.. (Volts) measured; the
word “decays” means that RR decreases monotonically as the measurement is repeated, while “persistent” means
that RR does not decrease. The electron donor regions are shown in ved, and the electron acceptor regions are

shown in blue.

2. Results

In the 1980s, UME had hoped to develop useful molecular-scale (~2 nm’)
devices for ultrahigh-density and high-speed industrial electronics. To interrogate
such molecules (or monolayers of molecules), metal electrodes or nanoelectrodes
(Al, Ag, Au, etc.) are used: this is sketched below and explained in detail in many
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AR = 1003 @ 1 Volt [341135] Rft = 50014 @ 1 Vol [34]

EGalr

D
AgTS e D EGaln s - =5
21 <&

No rectification [35] RR =630,000 at 3 Volts [36]

HSM/\/\N? HS ™™~~~ - F&
AgTs % = EGaln AuT® 2 = e
D — D

Figure 2.

Ferrocene-containing unimolecular vectifiers studied by the groups of Whitesides [33-35] and Nijhuis [36]: all
are “asymmetry-type A” rectifiers; the hollow arrow denotes the preferved direction of electron flow through the
“metal | molecule [ metal” sandwich (from electrode far from the electron donor part to the nearest electrode).
Corrigenda for Ref. [8]: (i) the arrows for 19 (i.e., “molecule 193”) and 20 (i.e., “molecule 196”) are drawn
in the wrong direction: they would apply to D-o-A vectifiers); (ii) for 20 (i.e., “molecule 196”), the reference in
Ref. [8] should be [124] instead of [122], [123]; and (iii) for 21 (i.e., “molecule 197”), the reference in Ref. [8]
should be [125] instead of [122], [123].

review articles [8, 21-32]. UME learned how inorganic metals couple (associate
with or bond to) single organic molecules and how one can reliably exchange
electrons and photons with these molecules.

In the meantime the much wealthier and commercially driven electronic industry
has made gigantic strides and has developed high-speed almost-nanoscale electronic
circuits using inorganic semiconductors (Si, Ge, and GaAs). Therefore the original
hope and promise of UME have been defeated. Nevertheless, UME has learned to
interrogate and control individual molecules, and its present challenge is how to
combine and exploit electronic, photonic, and spintronic functions in new ways.

The present review looks at how ferrocene-containing molecules have contrib-
uted valid and promising and most recently also very dramatic UME rectifiers: in
particular molecules 11 [14] and 15 [17] already mentioned in Figure 1 and four
other molecules shown in Figure 2, 19 [33, 34], 20 [33, 34], and 21 [33, 34] studied
by the Whitesides group at Harvard University and 22 [36] studied by the Nijhuis
group at Singapore National University. As discussed below, molecule 21 should
not, and does not, rectify.

Electrical measurements of rectifiers. Rectification can be measured with
some difficulty at the single-molecule level, but more conveniently as a monolayer
between macroscopic metal electrodes as a “metal | molecule | metal” sandwich [32].
All molecules discussed here were studied either as a Langmuir-Blodgett monolayer
(11 [14]) or as self-assembled monolayers (SAMs) with thiol terminations that could
be bound covalently to either super-flat “template-stripped” Ag'® or A™ electrodes
(15 [17], 19 [33, 34], and 20 [34]) or Pt™ electrodes (22 [37]). Most (but not all)
rectifier measurements have been done with direct current [8, 32].

Candidate unimolecular rectifiers can be (i) electron donor molecules,

(ii) electron acceptor molecules, or (iii) D-6-A molecules [8, 32]. The search for
organic rectifiers started in the era of quasi-one-dimensional organic metals with
an enduring synthetic emphasis toward strong (easily oxidized) donor moieties

D and strong (easily reduced) acceptor moieties A, connected by a covalently
saturated and electrically insulating “sigma” (o) bridge, forming a D-6-A molecule.
For instance, the proposed tetrathiafulvalene (TTF)-c-tetracyanoquinodimethane
molecule (Figure 1, structure 1) would have a presumed low barrier to form the
corresponding excited zwitterion D*-6-A". Yet in 1974, a (weak donor)-c-(weak
acceptor) molecule (Figure 1, structure 2) was also proposed [1]. Surprisingly,

the recently studied (and dimensionally very tiny) molecule 18 (that resembles
molecule 2) incorporates a weak electron donor D and a moderate electron acceptor
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Molecule In(g) Ax(g)
Benzene 9.24 -115°
Pyrene 737 0.56
Perylene 6.90 0.97
Pc 6.41 —
TMPD 6.20 —
TTF 6.83 —
Fc = Cp,Fe 6.81° —
1,4-benzoquinone 9.99 191
TCNQ 9.50 330
PBI — 3.93°

“From Ref. [42].

"From Ref. [43].

‘Calculated from Ref. [18].

Table 1.
Gas-phase ionization potentials Ip (eV) and gas-phase electron affinities A, (eV), updated from [8], except
where noted.

A, yet is an excellent rectifier [20]. We have also seen that a strong, easily oxidized
donor like tetramethyl-para-phenylenediamine in molecule 16 blocks the current
across the monolayer between —0.5 and +0.5 Volts (Coulomb blockade) [18].

Table 1 shows some relevant gas-phase ionization potentials I, for electron
donors D and gas-phase electron affinities A 5 for electron acceptors A [8]. It
should be noted that ferrocene (Fc or Cp,Fe, where Cp is cyclopentadienyl) is as
good an electron donor (i.e., has a relatively small I, value) as tetrathiafulvalene
TTF, but not as good as N,N,N’,N’-tetramethyl-para-phenylenediamine (TMPD).
Perylenebisimide (PBI) is as good an electron acceptor (i.e., has a similarly large A
value) as 7,7,8,8-tetracyanoquinodimethane (TCNQ).

Four mechanisms for rectification. Four potential mechanisms for electrical
rectification in molecules have been discussed [38-40]:

1. Schottky barriers (“S” rectifier) [38, 40].

2. Asymmetric placement of the electrophore in the electrode gap
(“A” rectifier) [38].

3.Unimolecular processes depending on molecular energy levels (“U” recti-
fier) [38].

4. A recent fourth mechanism for rectification is asymmetric polarization
(“AP” rectifier), when highly polar solvents can induce an asymmetric con-
ductance of a symmetrical molecule between very asymmetric electrodes in a
scanning break junction (SBJ) [41].

Purists would prefer pure-“U” rectifiers, requiring “S” = 0 and “A” = 0. For many
molecules, for reasons of assembly, “U” and “A” effects are combined [39]
(e.g., Figure 1 for structures 4, 5, 6, 10, 11, 14, 15, 16). For molecules 19, 20, and 22
in Figure 2, only the “A” effect is operative: the chromophore donor moiety (indi-
cated as “D” and shown in red) yields rectifiers because it is asymmetrically placed
within the “metal | monolayer | metal” sandwich. When the D moiety is in the
middle of molecule 21, there can be and is no rectification [33, 34], as predicted [38].
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Reversal of rectification: “Janus effect” The molecules studied routinely at the
UA rectify in the “anti-AR” direction, that is, intramolecular electron flow occurs from
D to A (e.g., Figure 1 structure 3) [2, 8]. However, D--A rectifiers 13, 14, 15, and 16
also show an additional “Janus effect”: at lower bias they rectify one way, and at higher
bias (e.g., at +2.5 V), they rectify the other way [17, 18]! At lower bias, AR rectification
may involve only one energy level (e.g., LUMO); at higher bias, anti-AR rectification
may involve both HOMO and LUMO. Such bias-switchable rectifiers may be useful!

Rectification ratio. The asymmetry in electrical current I is quantified by
the rectification ratio:

RR(Vinax) = ~1(Vinax) '1(~ Vinay) (1)

where V is the applied bias or voltage. Typical RR values span several orders
of magnitude; for the rectifiers 4-18 studied at the UA, RR(Vyy,y) is reported in
Figure 1. The first rectifier, 4, had RR = 26 [7]; 16 has alarge RR = 3000 [19]. Why
is the RR typically seen for unimolecular rectifiers (RR < 10%) [8] so much smaller
than the RR for commercial inorganic pn junction devices (RR = 10°-10°) [8]? If
low RRs were intrinsic to UME rectifiers, then traditional Ge, Si, and Ga As semi-
conductor physicists could safely look down at UME as a harmless curiosity, not as a
competitor. But, as discussed next, a huge increase in RRs was imminent.

We next discuss rectifier 16, in which the electron donor moiety is the powerful
electron donor TMPD instead of ferrocene (Figure 5). Figure 6 shows a surpris-
ingly large room temperature Coulomb blockade [18]: too much of a good thing, the
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Figure 3.

I Vgscans fora “Au | LB - SAM of 15 | Cold Au | Ga,0; | EGaln” sandwich in the bias range from —1.0
to +1.0 Volts for the bias V increasing: (left) I (ampéres) vs. V (Volts). (Center) log,I vs. V. (Right)
RR(V)°-I(V)/I(-V) vs. V: (the average < RR > = 96.3 * 36.7). The horizontal arrows indicate the scan
direction; the vertical hollow arrows show how the ordinate values evolved with repeated scans [18].
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Figure 4.

Current-voltage (IV) curves (I/ampeves vs. V/Volts) for a “EGaln | Ga,0; | Au | Z-type LB monolayer of

11 [ Cold Au | Ga,O; | EGaln” sandwich. (left) I vs. V. (Center) log,[I] vs. V. (Right) RR = 14-28 vs. V. RR
persists for up to 40 measurement cycles, with a minimal decrease in the currents (which ave relatively small).
Rectification was even seen for biases up to +2 Volts [14].
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I Vgsam: for a “EGaln | Au | LB - SAM of 15 [ Cold Au | EGaln” sandwich in the bias vange from —2.5 to

+2.5 Volts for the bias V increasing: (left) I (ampéres) vs. V (Volts). (Center) log,,I vs. V. Note that the position
of minimum current, which for normal tunneling curves of this type should occur at zevo volt bias, as in
Figuves 3 (center) and 4 (center) shown above, is displaced here very significantly to the left by about 0.8 Volts:
This is incipient Coulomb blockade. (Right) RR(V)°-I1(V)/I(-V) vs. V [18].
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Figure 6.

IV scans for a “EGaln | Au | LB —> SAM of 16 | Cold Au | EGaln” sandwich in the bias range from —2.5 to
+2.5 Volts for the bias V increasing: (left) I (ampéres) vs. V (Volts) (average of 50 scans). (Center) log,l vs. V.
True Coulomb blockade. (C) RR(V)°-I(V)/I(-V) vs. V. (right) RR vs. V [18].

TMPD oxidizes too easily and prevents current from flowing for a large bias range
[18]! Beyond where the Coulomb blockade was operative, a relatively impressive
RR =~ 3000 is reached.

The Whitesides group (including Nijhuis) studied the rectification of self-
assembled monolayers of thiol-containing molecules 19 and 20 and the non-
rectification of the symmetric 22 [35], in sandwich “Au | SAM | Ga,0; | Galn” with
a thorough effort to isolate the potential influence of the disordered Ga,0; oxide
that forms at the surface of the Galn eutectic (without completely covering it)
[33-35] (Figure 7).

Recent huge rectification ratio. A very dramatic result was Spublished
recently for the (“A-type”) rectifying monolayer sandwich “Pt"®-S-CysH;0-
Fc-C=C-Fc | EGaln” (Figure 2, structure 22) consisting of a diad of ferrocene
(Fc) donors (linked by an alkynyl-C = C-), with a pentadecanethiol “tail” [36].
This sandwich was studied between a bottom template-stripped electrode M"™
(P€S&fimAg%amhnﬂhhdmﬂamgdquaTanmwmdma
very dramatic RR = 6.3 x 10° at +3 Volts for Pt™ (but much less for Au™ or AgTS)

§ure 8) [36]. Also, the conductance “plateaued” around —2 Volts when the

electrode was used [36].

The key improvements in [36] were (i) using Pt as the “bottom” electrode,
because Pt tolerates a larger bias range than Au™ or Ag"®, (ii) a presumed efficient
van der Waals contact between Fc-C = C-Fc and EGaln, and (iii) a “long enough
alkyl tail” to get a very small reverse-bias current [38].

Also, light emission was measured (with blinking) for 22, with a broad peak
at 1.7 eV (Amax = 730 nm), but only at the large negative bias V that corresponds
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JV scans for “Ag™ | SAM of alkanethiol CH,(CH,).,,SH | Ga,0, | EGaln” sandwich in the bias range from
-1.0 to +1.0 Volts, (A) Jvs. V (B) detail of (A) showing hysteresis (C) log,,] vs. V. RR = 100. From

Ref. [33, 34].
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Figure 8.

I ngata for "Pth/ SAM of 22 | Ga,0; | EGaln” sandwich: (A) log,,J vs. V and (B) rectification ratio RR(V)
vs. V. the curvent densities J = I/A are calculated from the measured currents I and the estimated areas A of
the EGaln drops. The “heat map” shows in false color the number of times that any point in the xy plot was
recorded (see color code on the right of each xy plot) From Ref. [36].
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to rectification: this emission was attributed to surface plasma polaritons excited
distally within the Pt electrode after tunneling. Thus, the electrical excitation

at large negative bias may have accessed the HOMO and HOMO-1 of Fc, but

the energy is emitted neither directly (electroluminescence from Fc* with an
expected narrow energy distribution) nor indirectly (as lattice phonons), but
indirectly and effectively, as surface plasma polaritons with a wide spectral
distribution [36].

3. Conclusion

The frustrating issue of historically low measured RRs [8] has thus been resolved
experimentally [36]: organic monolayer rectifiers may finally challenge the RR of
inorganic pn junction rectifiers.

However, the measured RRs for alkanethiols are hundreds of times smaller than
expected from careful theoretical simulations [42]: this puzzle must be solved,
so that measurements are not victims of unforeseen inefficiencies in the “metal |
molecule” interface. The number of measured unimolecular rectifiers has grown
dramatically, but their preselection as candidate rectifiers has been somewhat
haphazard. Once the “metal | molecule” interface is brought under experimental
control, better measurements may provide valid physical organic criteria to guide
the design of the better unimolecular rectifiers of tomorrow.

There has also been a recent brief review on this exact topic [43]; for the sake
of brevity, we refer the reader to the papers cited for other significant rectifiers
containing the donor ferrocene [43-49].
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Chapter 10

Correlation between HSAB
Principle and Substitution
Reactions in Bioinorganic
Reactions

Tanja Soldatovi¢

Abstract

Substitution reactions are a type of reactions where one functional group or
ligand is substituted by another. They could be electrophilic or nucleophilic,
depending upon whether the reagent is involved. Complex compounds could be
involved in a number of substitution reactions such as ligand exchange, solvent
exchange, complexation or anation reactions, solvolysis, acid and base hydrolysis,
inter- and intramolecular isomerization, racemization, and metal ion reaction.
Hard-soft acid-base principle (HSAB) contributes to better understanding of the
mechanism of nucleophilic substitution reactions of transition metal complexes.
Metal-ligand bonds in transition metal compounds are closely related to the HSAB
nature of metals and their preferred ligands. Also, the principle is qualitatively
useful to predict the preference of the metal for the ligand in bioinorganic reactions.

Keywords: substitution, complexes, hard-soft acid-base principle, metal-ligand
bonds, bioinorganic reactions

1. Introduction

The aim of this chapter is to present connection between hard-soft acid-base
principle with bioinorganic substitution reactions. Bioinorganic chemistry is an
interdisciplinary field which connects inorganic chemistry with different types of
chemistries, physics, medicine, biology, physiology, etc. This field includes studies
of kinetic and thermodynamic of substitution reactions of transition metal ion
coordination compounds and biomolecules such as enzymes, nucleic acids, pro-
teins, peptides, amino acids, and others.

Ligand substitution reactions are the most fundamental type of chemical reac-
tion that can occur when a metal complex is dissolved in solution in the presence of
other nucleophiles. Acid-base properties of central metal ions and ligands are very
important for understanding the mechanism of interactions between metal ions
(Lewis acids) and various biomolecules (Lewis bases) with different donor atoms.
HSAB principle is qualitatively useful to predict the preference of the metal for the
ligand and to predict the stability of M-L bonds. Hard-hard or soft-soft bonds of
acid and base contribute to the stabilization and strength of the bonds between
donor and acceptor. These factors also include the charges and sizes of the cation
and donor atom, their electronegativities, and the orbital’s overlap between them.
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2. Hard and soft metal centers and ligands

From the theory we know that Lewis acid is an electron acceptor and a Lewis
base is an electron donor. In coordination chemistry, we consider the central metal
ions as a Lewis acid which are coordinated (bonded) by one or more molecules or
ions (ligands) which act as Lewis bases. The formed coordinated bonds between the
central atom or ion with ligands have covalent character, which are known under
the name coordinate covalent bond or simple coordinate bond. The acceptor prop-
erties of metal ions toward ligands could be divided into two classes. These two
classes are “hard” acids or class (a) cations and “soft” acids or class (b) cations.
Similar patterns were found for other donor atoms: ligands with O- and N-donors
form more stable complexes with class (a) cations, while those with S- and P-donors
form more stable complexes with class (b) cations.

The terms “hard” and “soft” acids arise from a description of the polarizabilities
of the metal ions. Hard acids are typically either small monocations with a relatively
high charge density or are highly charged, again with a high charge density. These
ions are not very polarizable and show a preference for donor atoms that are also
not very polarizable, e.g., O. Such ligands are called hard bases. Soft acids tend to be
large monocations with a low charge density, e.g., Pd**, and are very polarizable.
Soft metal ions prefer to form coordinate bonds with donor atoms that are also
highly polarizable, e.g., P. Such ligands are called soft bases. Pearson’s classification
of hard and soft acids comes from a consideration of a series of donor atoms placed
in order of electronegativity:

F>O>N>Cl>Br>C~I~S>Se>P>As>Sb

A hard acid is one that forms the most stable complexes with ligands containing
donor atoms from the left side of the series. The reverse is true for a soft acid.
This classification is listed in Table 1.

The applications of the HSAB principle are useful to predict thermodynamically
stable M-L bonds. For example:

* Fe(III) belongs to a class of hard acids and prefers the hard bases, e.g., O.
Thus, it is understandable why the concentration of Fe(III) ions in the body is
controlled by OH™, 0>, and RO~ species. In ferritin protein that stores iron
and releases it in a controlled fashion, Fe(III) ions are bound by the phenolate
group —OPh.

Hard (acids) Intermediate Soft (acids)

(acids)
Li*, Na*, K*, Rb*, Be?", Mgz*, ca’, Pb?*, Fe?*, Co?*, Zero oxidation state metal centers,
Sr**, Sn®*, Mn**, AI*', Ga*, In**, S¢**, Ni**, Cu®", Zn*, TI*, Cu, Ag', Au*, [Hg,]*', Hg™",

CrS*, FeS*, COB*, YS*, Th4*, Pu4*, Ti4*, OSZ+, Ru3*, Rh3*, Irz* Cd2+, sz*, Pt2+, Ruz* TI3*
Zr*, [VO]*, [VO,]*

Hard (bases) Intermediate Soft (bases)
(bases)
F-, Cl7, H,0, ROH, R,0, [OH] ", Br-, [N3], py, I",H,R7, [CN]  (C-bound), CO
[RO]-, [RCO,] 7, [CO5]%, [NO;] -, [SCN]~ (N-bound), (C-bound), RNC, RSH, R,S, [RS] ",
[PO4I*7, [SO41%7, [ClO4] 7, [ox]*",  ArNH,, [NO,]", [SCN]~ (S-bound), RsP, RsAs, RsSb,
NH;, RNH, [SO51* alkenes, arene
Table 1.

Selected hard and soft metal centers (Lewis acids) and ligands (Lewis bases) and those that exhibit
intermediate behavior.
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* Pt(II) a soft acid prefers soft bases S-donor instead of N-donor ligands. Antitumor
activity of platinum (II)-based drugs is explained by the assumption that they
firstly react with S-donor biomolecules, which is kinetically more favorable and
then comes to form thermodynamically more stable Pt-DNA adducts.

Ligands with hard N- or O-donor atoms form more stable complexes with
s- and p-block metal cations (e.g., Na*, Mg**), early d-block metal cations (e.g., Co**,
Cr®*), and f-block metal ions (e.g., Th**). On the other hand, ligands with soft
P- or S-donors have a preference for heavier p-block metal ions (e.g., TI") and later
d-block metal ions (e.g., pd** Ag").

Complex formation involves ligand substitution. If we suppose that metal ion is
a hard acid, the hard-hard bond with ligands is favorable. If ligand is a soft base,
ligand substitution will not be favorable. If metal ion is a soft acid and ligand is a
soft base, soft-soft interaction is favorable.

Although successful, the HSAB principle initially lacked a satisfactory quantita-
tive basis. Today it is possible to use DFT theory to derive electronic chemical
potential values (electronic chemical potential) and chemical hardness values [1].

3. Substitution reactions in transition metal coordination chemistry

Substitution reactions of complexes are divided on electrophilic (Sg) or nucleo-
philic (Sy) depending on the replacement of either central metal ion or ligand. If the
metal ion is substituted during the reaction, i.e., electrophile, the reactions are
electrophilic substitution (Eq. (1)); otherwise if a ligand is replaced, that is nucleo-
philic substitution reaction (Eq. (2)) [2, 3]:

[MI,] + M === [MI,] + M (1)

[MI,] + X ==> Ml X] + I. (2)

Ligand substitution reactions in metal complexes can occur in two ways, either
by a combination of solvolysis and substitution by ligand or simple exchange in
which there is a replacement of one ligand by another without the direct inclusion
of solvent. The direct substitution is more relevant for the square-planar complexes
with regard to octahedral complexes. For other complex geometries, both routes
are used [4].

Nucleophilic substitution reactions, according to Langford and Gray, are carried
out in three different mechanisms: dissociative (D), associative (A), or interchange
mechanism (I) (Figure 1) [2].

In the dissociative mechanism (D), the first step of the reaction is dissociation of
the one ligand L from the inner coordination sphere, whereby an intermediate with
a decreased coordination number forms. In the next step, the entering ligand X
binds to the central metal ion. Since the first step of the reaction is slower, it
determines the overall rate of the substitution reaction.

In the associative mechanism (A), in the first step, the entering ligand X binds to
the central metal ion, forming an intermediate with an increased coordination
number, and then, in the second step, the leaving ligand L leaves the coordination
sphere of the complex. The formation of an intermediate with an increased coordi-
nation number is slower, and it determines the rates of this substitution process.

When an intermediate cannot be detected by kinetic, stereochemical, or product
distribution studies, the so-called interchange mechanisms (I) are invoked. Asso-
ciative interchange mechanisms (I5) have rates dependent on the nature of the
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interchange mechanism (1)

( px )= ML j=== M O
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associative mechanism (A)

( mMLx] "a ( L. )
\ / S dissociative mechanism (D)

( ™LX O ( ™MLx )
\ . / " /'.,.,

Figure 1.
Schematic representation of the mechanisms for substitution reactions.

entering group, whereas dissociative interchange (Ip) mechanisms do not. If the
process of breaking the bond between the central metal ion and the outgoing ligand
L has a greater impact on the rate of reaction, the mechanism is Ip, and if forming a
new bond between the central metal ion and the entering ligand X has a greater
impact on the chemical reaction rate, the mechanism is marked with I, [2, 3].

The associative mechanism is well-known and preferred for four-coordinated
square-planar complexes. Dissociative mechanisms are more common for six-
coordinated octahedral complexes. Five-coordinated complexes could react in both
mechanisms [4]. For investigations of complex-ligand substitution reactions, exper-
imental techniques such as spectroscopic techniques (UV-Vis, NMR, Mdssbauer, IR,
Raman, EPR spectroscopy, MS), rapid cryogenic X-ray structure determinations of
reactive intermediates, matrix isolation of reactive intermediates, fast kinetic tech-
niques, low-temperature kinetics, high-pressure kinetic and thermodynamic tech-
niques to construct volume profiles as compared to energy profiles, and theoretical
methods to analyze and predict reaction mechanisms are widely used [2-4].

3.1 Bioinorganic reactions

Under the classification of bioinorganic reactions, we consider the interactions
of metal ions with biomolecules under physiological conditions. Ligand affinity and
possible coordination geometries of the metal center are important bioinorganic
principles. Metal-ligand bonds are closely related to the HSAB nature of metals and
their preferred ligands. Many factors could affect metal-ligand complex formation
including the formation of competing equilibria-solubility products, complexation,
and/or acid-base equilibrium constants—sometimes referred to as “metal ion spe-
ciation” which all affect the complex formation. Ion size and charge, preferred
metal coordination geometry, and ligand chelation effects all affect metal uptake. In
biological systems, as in all others, metal ions exist in an inner coordination sphere
with ligands binding directly to the metal. The bioinorganic reaction mechanism
includes investigation of all processes which occur during applications of metal-
based drugs. Thus, the determination of mechanism helps to clarify what will
happen after administrations of the drugs and helps to improve medical character-
istics of them.
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4. Substitution reactions of platinum(II) and zinc(II) complexes with
biomolecules in correlation with HSAB principle

4.1 Substitution reactions of platinum(II) complexes

Platinum complexes are in medical use worldwide. Cisplatin or cis-diamminedi-
chloridoplatinum(II), ¢is-DDP is the first generation of antitumor metal-based
complex. Many years of research indicated that preference platinum(II) as soft acid
toward soft bases is responsible for the negative side effect of this drug. From the
moment of injection of the drugs in the body to their binding to DNA molecules, a
large number of secondary processes happen that are responsible for the occurrence
of toxic effects [5, 6]. Thus, platinum(II) possesses high affinity to the sulfur and in
the blood plasma itself reacts immediately with albumin or other biomolecules that
contain sulfur (proteins or peptides in which L-cysteine or L-methionine). Consid-
ering that the concentration of thiol, including L-cysteine and glutathione, in intra-
cellular fluid is about 10 mM, it is presumed that the platinum(II)-based antitumor
reagents first react with sulfur donor nucleophiles, which is kinetically favored and
after that form thermodynamically more stable Pt-DNA compounds.

The monofunctional complexes represent a good model for investigations of
platinum(II) interactions with various biomolecules which contains sulfur and
nitrogens. The structures of complexes disable the bifunctional coordination to the
DNA, because of that, they do not exhibit antitumor properties, but simplify inves-
tigation of substitution reactions of these complexes.

The most studied monofunctional complexes are [PtCl(terpy)]* and [PtCl
(dien)]” and their aqua analog in different reaction conditions. Dien (diethylene-
triamine or 1,5-diamino-3-azapentane) or terpy (2,2":6',2"-terpyridine) are
tridentate ligands, while the fourth coordination place is occupied with labile
ligand, mostly chlorido ligand. Terpy ligand affects nucleophilic substitution reac-
tions which are controlled by strong n-acceptor ability of the tridentate chelate
2,2":6/,2"-terpyridine. The electronic communication between three pyridine rings
causes a decrease in electronic density on the platinum center due to additional
formation of n-back bond and makes it more electrophilic and more reactive.

Considering that platinum as soft acid prefers soft bases such as sulfur-
coordinated biomolecules, we have studied kinetics for the complex formation of
[PtCl(terpy)]* with guanosine-5'-monophosphate (5-GMP) in the presence and
absence of glutathione (GSH) at pH ca. 6, with concentration [Pt(terpy)Cl] :GSH:
5’-GMP ratio of 1:2:10 [7].

The observed pseudo-first-order rate constants, kps, as a function of the total
concentration of nucleophile are described by Eq. (3):

kobs = k1 + k7 [nucleophile] 3)

A least-squares fit of the data according to Eq. (3) resulted in values for the
forward anation rate constants, k,, and the reverse equation rate constant, k4 [2].
The substitution reactions are characterized by almost zero values for k;. Thus, the
complex formation reaction for the GSH goes almost to completion. Linear plots of
the observed pseudo-first-order rate constants ks versus the total concentration of
the GSH pass almost through the origin (Figure 2).

The intercept is very small within the experimental error limits (Figure 2),
illustrating that the solvent cannot effectively displace the coordinated nucleophile.
Thus, no significant solvent or reverse reaction path was observed in the present
systems, such that direct nucleophilic substitution is the major observed reaction
pathway under the selected conditions. The following rate law can be formulated:
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kobsa = k2 [nucleophile] (4)

where k, is a second-order rate constant for the forward reaction. The rate low
indicates that the reactions proceed via a direct nucleophilic substitution pathway.
The second-order rate constants are obtained from the linear least-squares analysis
of the kinetic data.

Obtained data clearly point to a kinetic preference [PtCl(terpy)]* toward the
GSH at pH ca. 6. 5’-GMP is also a very good nucleophile for Pt(II) complexes but at
neutral pH cannot compete with GSH. The second-order rate constant for GSH is
10? times higher for GSH than for the 5’-GMP. This is also reflected in the compe-
tition reactions utilizing mixtures of the GSH and GMP. Also, proton and ***Pt NMR
data did not show any N7 coordination of GMP, in spite of its excess, in the
presence of thiols [8].

However, at or near neutral pH, although less than 10% of thiols are
deprotonated, the N-bonding bases cannot compete with the thiol-containing
amino acids and peptides [8, 9]. Therefore, binding primarily takes place through
the sulfur donor sites.

According to the HSAB principle, the platinum prefers sulfur donor biomole-
cules as soft base, but with nitrogen donors, biomolecules (intermediate) build
thermodynamically very stable complexes. The interactions of anticancer platinum-
based drugs with sulfur thioether biomolecules are more favorable. According to
this we have investigated the competitive reactions of [PtCl(dien)]* (10 mM) with
L-methionine 5°-GMP in a molar ratio: [PtCl(dien)]*:L-methionine:5’-GMP = 1:1:3
[10, 11]. In the initial stage of the reactions (<40 h), H NMR peak for the free
L-methionine (§ 2.142 ppm) decreases in intensity, and new peak of the [Pt(dien)
(S-meth)]** appeared in the spectrum (5 2.544 ppm), whereas a little of the 5’-GMP
reacted. In the later stages (72 h), the peaks for the bounded L-methionine and free
5’-GMP (6 8.208 ppm) decreased in intensity, whereas those for free L-methionine
increased in intensity, as did those assignable to bound 5°-GMP in [Pt(dien)
(N7-GMP)]** (8 8.624 ppm) as shown in Figure 3 [10].

40
GSH
30
20 -
10
5GMP  10°[Nul/M
-
u T Ll T L] L] L]

0.0 20 40 60 80 100 120 140 16.0

Figure 2.
Observed pseudo-first-order rate constants, Koy, as a function of nucleophile concentration at 37°C for 5’-GMP
and GSH without 5°-GMP (open square) and in the presence of excess of 5-GMP (full square) [7].
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Figure 3.

*H NMR spectra of the veactions of [PtCl(dien)]* (10 mM) with mixture of L-methionine and 5’-GMP in the
ratio 1:1:3 (where 1 is the signal for the [Pt(dien) (S-meth)]**, 2 is the signal for the [Pt(dien) (N7-GMP)]**,
3 is the signal for the free L-methionine, and 4 is the signal for the free 5>-GMP [10].

In separated experiments we confirmed that the reactions of [PtCl(dien)]* with
L-methionine is relatively fast, and the complex [Pt(dien) (N7-GMP)]?* can be
formed from [Pt(dien)(S-meth)]** in direct displacement of coordinated
L-methionine by 5’-GMP. Moreover, the 5’-GMP proton signals of the end product
are identical to those belonging to [Pt(dien) (N7-GMP)]?** formed by direct
reactions of 5’-GMP and [PtCl(dien)]* complex [10].

As could be seen, initially there is rapid formation of [Pt(dien) (S -meth)]*
followed by displacement of L-methionine by 5°-GMP (Figure 4). In the later
stages, the concentration of [Pt(dien) (N7-GMP)] 2 s predominant [10].

50

[Pt(dien)(S-Mef)]>*
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Figure 4.
Observed product formation duving the competition veaction of [PtCl(dien)]" with L-methionine and 5’-GMP
in molar ratio [PtCl(dien)]": L-methionine:5-GMP = 1:1:3 [10].
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Figure 5.
Electronic spectra for the starting complex, [PtCl(dien)]*, and for the final product, [Pt(dien)
(N7-GMP)]?* [10].

The spectra of the starting complex, [PtCl(dien)]* and the final reaction product
is presented in Figure 5 [11].

In these experiments we confirmed that the mechanism of interactions of plati-
num (II) complexes as soft acid with soft sulfur bases originating from thiols and
thioethers differs in the presence of an excess intermediate nitrogen bases (e.g.,
DNA constituent), depending on biomolecules that will react. If sulfur is from the
thioether molecule, the resulting Pt-S(thioether) bond may be interrupted in the
presence of the DNA molecule, i.e., the N7 atom from the guanosine-5'-
monophosphate may substitute the molecule of thioether from the resulting
complex. Also, the thiol molecule may substitute the thioether from compound.
However, the bond between the platinum complex and the molecule containing the
thiol group is not favorable. The compounds are extremely stable and nonselective.
The Pt-S(thioether) products are “platinum reservoirs” in the organism; they are
suitable intermediates in platinum complex(II) and DNA molecule reactions, while
Pt-S(thiol) compounds completely deactivate complexes forming the compounds
responsible for toxic effects.

4.2 Substitution reactions of zinc(II) complexes

Transition metal compounds play crucial roles in bioinorganic reactions as
cofactors in metalloproteins; they act mainly as a Lewis acid. The electronic prop-
erties of Zn(II), such as intermediate Lewis acidity, redox inertness, and flexible
coordination geometry, render it a suitable cofactor in several proteins that perform
essential biological functions. Zinc(II) ions are essential cellular components
involved in several biochemical processes.

Zinc is a good Lewis acid, especially in complexes with lower coordination
numbers; it lowers the pK, of coordinated water and is kinetically labile, and the
inter conversion among its four-, five-, and six-coordinate states is fast [12].

The utilization of zinc(II) for synthesis of novel antitumor non-platinum drugs
could be beneficial. The non-platinum antitumor complexes could be alternatives
to platinum-based drugs due to their better characteristics and less negative side
effects.
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We investigated the kinetics and mechanism of ligand substitution reactions
between [ZnCl,(terpy)] and biomolecules [13, 14].

Kinetics and mechanism of the substitution processes of [ZnCl,(terpy)] complex
with tripeptide GSH were investigated under pseudo-first-order conditions with
respect to the complex concentration. Whatever system is considered, the absor-
bance always shows an exponential growth or downtrend versus time indicating the
first-order kinetics with respect to the nucleophile (v = —d[Nu]/dt = kopsa[Nu]) [2].
The kinetics traces showed two reaction steps, but different reaction mechanism for
substitution reactions between [ZnCl,(terpy)] complex and glutathione has been
obtained (Figure 6).

For the substitution reactions between [ZnCl,(terpy)] and glutathione,

first-order linear dependence, kps1, on the complex concentration at low concen-
tration was observed. At higher concentration, saturation kinetics was obtained.
These could be explained by considering that the first step is a very fast pre-
equilibrium formation of intermediate (pseudo-octahedral complex), followed by
rearrangement to final complex, whereas one chloride is substituted by GSH
(Figure 7) [13].

The value of rate second-order constant k, which described the substitution of
the one chloride and pre-equilibrium constant K; could be determinate using
Eq. (5).

kK1 Znl)
Kobs1 = ;H (5)
1+ K]7n"]

The value of pre-equilibrium constant was found to be K; = 1831 mol " L.
The second substitution step is independent of glutathione concentration &ps, = ko,
which indicates that chelation process takes place (Figures 6 and 7). At pH 7.38
GSH is deprotonated [15], the formation of five-membered chelate ring is possible
via O-carboxylate and N-ammine group from y-glutamyl residue [16]. Five-
coordinate metal centers Zn(II) according hard-soft acid nature of metals prefer
O-carboxylate bioligands [17, 18].
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Figure 6.
Pseudo-first-order rate constants as a function of complex concentration for the first and second substitution

reactions of the [ZnCl, (terpy)] and complex with glutathione at pH 7.38 (0.005 M phosphate buffer) in the
addition of 0.010 M NaCl at 22°C [13].
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The proposed veaction pathways for the reaction of [ZnCl, (terpy)] complex and glutathione [13].
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Figure 8.
NMR spectra of the reaction between [ZnCl, (terpy)] and 5-GMP at 295 K, pD 4.5 in D,0 after
1 minute [14].

The nature of the ligand in inner coordination sphere is expected to play an
important role in the binding of the metal complexes to biomolecules and in their
cytotoxic effect. We have made an attempt to the mechanism of substitution
between DNA constituent 5’-GMP and square-pyramidal [ZnCl(terpy)] complex
by 1H NMR method [14]. The reaction reached completion for less than 1 min,
which was visible in NMR tube. The color of the solution after addition of 5’-GMP
in molar ratio 1:1 turns white. '"H NMR spectra were recorded after 24, 48 h, and
during several weeks, but changes in spectrum have not been observed (Figure 6).

The singlet of H8 proton of the coordinated 5’-GMP appeared at 8.70 ppm, while
the doublet of the H1’ proton was at 5.97 ppm. Corresponding to terpy ligand in the
spectrum, six proton patterns have been observed. The doublet of 6,6” appeared at
8.95 ppm, the multiplet formed by covered signals of 3,5 protons, from middle
pyridine; 4,4 protons appeared in the range 8.49-8.42 ppm, the triplets of 4’
proton from middle pyridine ring; and 5,5 protons were at 8.19 and 7.71 ppm,
respectively. The doublet of 3,3” protons seems to be at the same position as H8
proton of 5’-GMP (the signal was broadened) (Figure 8) [17]. The protons in the
aromatic region of the spectra all correspond to signals from known terpy ligand
coordinated to metal ions as is expected [19, 20].

As mentioned before, [ZnCl,(terpy)] reacted immediately with DNA constitu-
ent; the rate of nucleophilic substitution reaction is controlled by strong z-acceptor
ability of the tridentate chelate 2,2":6/,2"-terpyridine. The electronic communication
between three pyridine rings causes a decrease in electronic density on the zinc
center due additional formation of z-back bonding and makes it more electrophilic
and more reactive. The final product [ZnCl(terpy) (N7-GMP)] is also characterized
by DFT calculation in combination with experimental NMR technique. The results
are in good agreement; it confirmed coordination via N7 donor (intermediate
Lewis base) [14].

In order to confirm the geometry around the coordinated center, structural
index t [21] was calculated for both [ZnCl(terpy) (N7-GMP)] and [ZnCl(en)
(N7-GMP)] complexes. For five-coordinated Zn(II) complex, the structural index
75 = (p — ®)/60° (o and P are the two largest angles around the central atom) [21],
which represents the relative amount of trigonality (square-pyramid, 5 = 0;
trigonal-bipyramid, 5 = 1) is 0.32. The coordination geometry around zinc ion
could be best described as somewhat between square-pyramidal and trigonal-
bipyramidal, more like leaned toward distorted square-pyramidal geometry.
Reported structures of three ZnN3S, complexes, namely, [Zn(terpy) (iPrO),PS,],
[22], [Zn(BMIP)] [23], and [Zn(BMAP)] [24], have similar position of the donor
atoms in the ligands resulting in distorted trigonal-bipyramidal geometry of
complex with minor distortion due to the bulky groups.
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5. Conclusions

The theory of hard and soft acids and bases (HSAB) has proven to be a useful
tool in predicting the outcome of bionorganic substitution reactions. According to
this principle, electrophile such as complex compounds of transition metal ions
reacts preferentially with donor atoms of biologically relevant nucleophiles of sim-
ilar hardness or softness. Strong bonds are forming between hard acids and hard
bases, soft acids and soft bases or borderline acids with borderline. Thus, platinum
(IT) belong to soft acid, and prefer soft bases. Kinetically are preferred reactions
with sulfur donor biomolecules but more thermodynamically stable are Pt-N prod-
ucts. On other hand zinc(II) is borderline hard/soft ions and readily complexes with
ligands containing a range of donor atoms, e.g., hard O-, intermediate N- and soft
S-donors according to coordination numbers.
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Protic Reaction Media for
Nucleophilic Substitution
Reactions

Sandip S. Shinde

Abstract

This chapter deals with the unusual substitution reactions in non-aprotic
solvent. Selective protic solvents that are widely being accepted for nucleophilic
substitution reactions not only enhance the reaction rate but also give desire for
selectivity of substituted product. Protic solvents such as tert-alcohol, primary
alcohol, ionic liquids with tert-alcohol and primary alcohol functionality, and bis-
cationic ionic liquid with protic functionality were shown best result in substitution
reactions. Aliphatic nucleophilic substitution significantly developed in protic
reaction medium due to the hydrogen bonding interaction with leaving groups and
nucleophile. The development of substitution reactions from past two decades are
summarised in this book chapter.

Keywords: substitution reactions, nucleophilic, alcohol solvents, phase transfer
catalyst

1. Introduction

Substitution reaction is one of the important classes of organic reactions. The
term substitution itself indicates that the organic reaction process in which the one
moiety/functional group will be replaced by other new group/moiety. Generally,
there are two types of substitution reactions: one is bimolecular substitution reac-
tion and the other is unimolecular substitution (Sy1) reaction. The bimolecular
reaction is a reaction in which the replacing group generates partially a positive
charge on a substrate and a new electron-rich group occupies the position of the
replacing group as shown in Figure 1. In short, it is referred as bimolecular nucleo-
philic substitution reactions (Sy2) [1]. Aliphatic nucleophilic substitution reaction
is generally performed in a non-protic solvent so that the nucleophile will be free

-Q
DX o O
H*-Protic

solvents

Figure 1.
Substitution reactions with metal nucleophile (MNu) in protic solvent.
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and flexible to replace the leaving group. In case of a protic solvent, the electron-
rich species of nucleophile forms the hydrogen bond; thus, it reduces the efficiency
of nucleophile, decreases nucleophilicity, and reduces the reaction rate. By contrast,
some reactive nucleophiles, which show duel characters, may act as a base as well
as a nucleophile; in such case, the possibility to form other side products are more.
To improve the selectivity of the product, hydrogen bonding with reactive nucleo-
phile will play a key role. Thus, a number of nucleophilic substitution reactions

are performed in protic solvents such as tert-butanol, alcohol-functionalized ionic
liquids, ammonium ionic liquids, or polyethylene glycols. In this book chapter, the
recent development of Sy2 reactions in protic solvent to improve the selectivity of
substituted product is covered [2].

2. Protic solvent substitutions
2.1 Alcohol-mediated substitution reactions

Chi et al. developed the nucleophilic substitution reactions using tert-alcohol
solvents such as tert-butanol, tert-amyl alcohol, etc [3]. Nucleophiles such as fluo-
rine gave promising results and an excellent desire for the selectivity of fluorinated
product with low formation of corresponding by-product alkene. Figure 1 shows
the alkyl sulfonate leaving group replaced by fluorine efficiently in the tert-amyl
alcohol-mediated reaction conditions. The extreme effect of protic solvent-medi-
ated fluorination with alkali metal fluoride was demonstrated.

They observed that the alcohol solvent particularly nonpolar such as tert-alcohol
enhances the nucleophilicity of the electron-rich nucleophilic ion, radically in lack
of any type of promoter or phase-transfer catalyst, which significantly enhances the
rate of the nucleophilic substitutions and reduces the generation of corresponding
side products, i.e. alcohols, ethers and alkene, compared with substitution reactions
in dipolar aprotic medium. The importance of this reaction method is that it is use-
ful in radiopharmaceuticals for the synthesis of fluorine-18-labelled imaging agents
for positron emission tomography (PET) [4]. They demonstrated the application
of protic-mediated reactions for radiolabelling of important molecular imaging
agents in good yield and quality in shorter time compared to aprotic-mediated
reaction conditions of nucleophilic substitution reactions [5]. They further studied
the influence of the tert-alcohol solvent conditions for nucleophilic substitutions
with series of alkali metal fluorides. The possible hydrogen bonding interaction of
nucleophile fluorine and the sulfonyloxy substrate promote the rate of reaction [6].
Mechanistically, the hydrogen bonding between alkali metal fluoride and aprotic
solvent, the generation of protic alcohol-solvated ion and the hydrogen bonding
between the leaving group sulfonate and the alcohol solvent seem to favour the
enhancement in the rate of nucleophilic substitutions without PTC. They found
that the fluorination with specific substrates with terz-butylammonium fluoride in
alcohol solvent affords the corresponding fluoroproducts in high yield than that
obtained by the conventional methods using dipolar aprotic solvents. The protic
medium also suppresses the formation of by-products, such as alkenes, ethers and
cyclic adducts.

2.2 Tert-alcohol-functionalized ionic liquid
Shinde et al. exhibited the synergistic effect of tert-alcohol and ionic liquids

in substitution reactions [7]. They merged the two solvents, ionic liquid (IL)
and tert-alcohols, into one molecule for nucleophilic substitution as shown in
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Figure 2.

Synthesis of tert-alcohol-functionalized ionic liquid for substitution reactions.

Figure 2. These hybridised ILs not only increase the nucleophilic reactivity
of the fluoride anion but also reduce the olefin by-product. The preparation
of novel imidazolium salts with counter anion [8]. Imidazole reacted with
isobutylene oxide without or free solvents to give quantitatively yield N-tert-
alcohol-substituted imidazole. N-tert-alcohol-substituted imidazole reacted
with methyl, isopropyl, n-butyl, n-hexyl methane sulphonate in acetonitrile
at 90°C gave the corresponding N;-alkyl-N;-tert-alcohol substituted imidazo-
lium salts (ILs) 1a-1d. All of these imidazolium mesylates are liquids at room
temperature.

In the development of the fluorination process, ILs play both roles, i.e. reaction
media and phase-transfer catalysts. They found that nucleophilic fluorination is
accelerated in 1a and that tert-alcohol solvents show good performance in nucleo-
philic fluorination, thereby side reactions are remarkably suppressed via a weak
F—H hydrogen bond, which maintains the inherent nucleophilicity and reduces the
basicity of the fluoride anion. The new hybridization of ILs and tert-alcohol func-
tionality would provide dual advantages of reaction acceleration and minimization
of side reactions.

Figure 3 depicted the use of protic ionic liquid in nucleophilic fluorination. The
reaction of the primary triflate of R-D-galactopyranose in the presence of 1a asa
protic catalyst yielded the fluorinated product (6a) in almost quantitative yield
with no by-products [7].

The reaction of the secondary mesylate, which could easily be eliminated to the
corresponding olefin, showed a similar trend. Such superior reactivity and selectiv-
ity were obviously due to the previously mentioned synergistic effect of zert-alcohol
functionality and imidazolium salts (Figure 4) [9].

2.3 Protic ethylammonium nitrate

Crosio et al. developed a new protic ionic liquid (IL) ethylammonium nitrate
(EAN) inside toluene/benzyl-n-hexadecyldimethylammonium chloride (BHDC)
as shown in Figure 5 and studied its application on reverse micelles affects [10].
They found the Cl ion nucleophilicity on the bimolecular nucleophilic substitu-
tion (Sy2) reaction between this anion and dimethyl-4-nitrophenylsulfonium
trifluoromethanesulfonate. It was the first study where the polar EAN was used
as a suitable reaction medium for toluene-BHDC reverse micelles as a nanoreac-
tor for performing the kinetic studies. The light scattering experiment discloses
the formation of RMs containing the protic EAN ionic liquid component. Their
experiments demonstrate that the homogeneous reaction medium is low effective
compared to EAN-mediated Sy2 reaction conditions. The protic ionic liquid EAN
acts as a aprotic medium once it is entrapped in BHDC RMs by hydrogen bonding
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Figure 3.

Nucleophilic fluorination by protic ionic liquid 1a.
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Figures.
Structures of ethylammonium nitrate (EAN).

interactions; as a result, nucleophilicity of chloride increases dramatically. Thus,
the protic EAN is found as a suitable reaction solvent for nucleophilic bimolecular
substitution reactions. These experiments demonstrate the flexibility of this kind
of nanoreactor system to alter the polar protic solvent trapping and its impact on
the rate of the reaction.

2.4 Polar protic solvent glycol

Song et al. observed that the alcohol contained polyethylene glycol as good reac-
tion media for various nucleophilic substitution reactions [10]. Achiral polyether
derivatives have shown dramatic acceleration in the Sy2 reactions by the simultane-
ous activation of both the nucleophile and electrophile sites of the leaving group.
They also studied desiylation and found that bis-terminal —OH group plays a key
role that the desilylative kinetic resolution is successively done of the silyl ethers of
racemic secondary alcohols.

2.5 Primary alcohol-functionalized ionic liquid

Further, polyethylene glycol was used for functionalization of imidazolium-
based ionic liquid and studied for Sy2 reactions. Kim et al. [11] synthesised
hexaehtylene glycol chain ILs [hexaehtylene glycol-im][OMs] and [dihexaehtylene
glycol-im][OMs] (hexaehtylene glycol-im = 1-hexaethylene glycolic 3-methylimid-
azolium cation; dihexaehtylene glycol-im = 1,3-dihexaethylene glycolic imidazo-
lium cation; OMs = mesylate anion) by using simple organic reaction process as
shown in Figure 6 [12]. Synthesized various lengths of oligoether was have better
chelation efficiency with metal cation due to presence of oxygen atoms intraction
from both side of imidazolium IL.
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The author described the role of all functional moieties of ionic liquid in nucleo-
philic fluorination by using salts of metal nucleophiles (Figure 7).

The application of di-functional polyether chain-substituted imidazolium ionic
liquids in the synthesis of various bioactive molecules such as fluoro-flumazenil,
fluoropropyl ciprofloxacin, etc., which are useful in molecular probes for PET, is
synthesised using a protic ionic liquid as shown in Figure 8.

2.6 Di-tert-alcohol-functionalized dicationic ionic liquid

The same research group developed another dicationic protic ionic liquid for
substitution reactions. A task-specific hexaethylene glycol bridged bis-cationic
ionic liquid (BFIL) such as bis(2-hydroxy-2-methyl-n-propylimidazolium) dimesyl-
ate (hexaehtylene glycol chain-D‘OHIM) was prepared, and its role in nucleophilic
substitution reactions using an alkali metal nucleophiles was investigated [13].
They also compared their activities with a variety of mono-cationic ILs and found
that the hexaehtylene glycol chain-functionalized IL more effectively enhanced the
reactivity of KX compared with the tert-alcohol-functionalized IL hexaehtylene
glycol chain-D‘OHIM (Figure 9).

The use of bis-functionalized ionic liquid (BFIL) enhances the substitution
reaction rate compared to conventional ionic liquid as well as mono-function-
alized protic ionic liquid due to the higher activity of BFIL by the additional
dicationic moieties compared with the mono-cationic ionic liquid methods.

The author found that the hexaethylene glycol moiety of these hexaehtylene
glycol chain-functionalized ILs enhances the reactivity of alkali metal fluorides
by two effects; one is chelation effect with alkali metal cations, allowing the
fluoride to become necked, and the other is the flexible fluoride influence by
flexible H-bonding between the hydroxyl groups of BFIL, t-alcohol medium
and nucleophile. In the case of t-alcohol-functionalized BFIL, the t-alcohol
moiety showed selectively flexible H-bonding in the process. Subsequently,

A) ,
0 N PN N - 0
Hot ™ }5\/\0[\45 =l ot~ }\/\N,f_,_‘\,N “oms
CH4CN, 24 h,
12 90 °C, 91% [hexaEGmim][OMs]
B)
° N .1’,’,’-‘xNIH O «
13 K,CO; CH;CN, \,
24 h, 90 °C, 45% 14

CH3CN, 48 h,
[dlhexaEGlm][OMs] 90 °C, 80%

Figure 6.
Synthesis of polar-aprotic glycol substituted imidazolium ionic liquids. A) mono-glycol chain substituted IL, B)
bis-glycol chain substituted IL.
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Di-functional polyether chain-substituted imidazolium IL.
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Figure 8.
Fluorination veaction by using bis-glycol substituted ILs catalyst with various leaving groups. A) acyl bromide
B) tosylate C) mesylate substrates.

bi-alcohol-functionalized BFIL, having two imidazolium cations functional-
ized by ethylene glycol chain, showed the excellent catalytic increases in the
reactivity of metal fluoride in the nucleophilic substitution among the mono-
cationic convention ionic liquids. Tert-alcohol-funtionlaized ionic liquid not
only enhances the nucleophilicity of ion but also reduces the formation of
by-products alkene and ether.

The reaction of fluorination on another base-sensitive substrate of secondary
alkyl tosylate using hexaehtylene glycol chain-DHIM with KF in t-amyl alcohol at
80°C got a better yield of the secondary fluoro-product (Figure 10).

2.7 Protic amine tri-tert-butanolamine

Shinde et al. developed novel series of protic amines, i.e. tri-tert-butanol
amine, which can be used as catalyst or media for substitution reactions [14].
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Synthesis of novel bis-functionalized protic ionic liquids: (A) bis(3-hexaehtylene glycol chainyl imidazolium)
dimesylate (hexaethylene glycol-DHIM) and (B) bis(2-hydroxy-2-methyl-n-propylimidazolium) dimesylate
(hexaethylene glycol-D'OHIM).

OTs F
BFIL
oI oI
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Figure 10.
Fluorination on secondary tosylate using KF with hexaehtylene glycol chain-DHIM.

Tert-butanol-functionalized amines were prepared as shown in Figure 11. The easy
synthesis of this amine was solvent-free reaction of isobutylene oxide with respective
amines to afford corresponding tri-fert-butanolamine [ (tri-‘BuOH)A, 1-[Ethyl(2-
hydroxy-2-methylpropyl)amino]-2-methylpropan-2-ol [(di-BuOH)EtA) and
1-(diethylamino)-2-methyl-2-propanol [ (mono-"BuOH)EtA]. These protic amines act
as promoters with alkali metal salts in the nucleophilic fluorination of alkylsulfonates. It
significantly enhances the reactivity of alkali metal salts with the minimum formation of
side products (alkene, ether and alcohol) compared to conventional phase-transfer cata-
lyst. The synergism of tert-alcohol and amine moiety plays a pivotal role in fluorination.

Fluorination reactions on the secondary leaving group of natural steroid
substrate, cholesterol that was successfully converted into 2-fluoro-cholesterol in
reasonable good yield (Figure12).

The reaction of OTf-containing substrate in the presence of promoter t-butanolamine
was much faster in giving the desired fluoro-product. It gave good substitution reactions
with other leaving groups such as O-tosylate and O-nosylate as shown in Figure 13.

Substitution reactions with reactive substrate such as bromoacetophenone to
fluoro acetophenone gave poor conversion of corresponding fluorinated product,
Figure 14. It may be due to the tert-butanolamine that may react with acyl bromide
and form the corresponding quaternary salts.

The reaction could be conducted in acetonitrile on a wide variety of sub-
strates with little alkene formation observed. Further, Lee et al. studied the
quantum chemical calculations of these substitution reactions and suggested
that tris-tert-buntenolamine complexed the fluoride ion through multiple

=
\ 0 H0>|\/ HC')I\/ (
_N. ~N
R' 5u°c 4d J\ J\ J\
. OH OH

,R
R'
R’

AAAD XD

mmzT
=

[(tri-'BuOH)A] [(di-‘BuOH)EtA] [(mono-'BuOH)Et,A]

Figure 11.
Synthesis of various tert-butanol amines.
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Figure 12.
Nucleophilic fluorination on secondary substrate with metal salts using t-butanolamine.
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Figure 13.
Fluorination on primary substrate in the presence of t-BuOH-amine.
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Figure 14.

Acyl bromide substitution reactions in presence of tert-butanol amine.

O-H---nucleophile—hydrogen bonds during the nucleophilic substitution reaction
[15]. The formation of such complex did not have an effect on the reactivity of
nucleophilicity and gave a selective substituted product.

3. Conclusion remark

In conclusion, the book chapter covers the recent development of protic sol-
vents as reaction media of various substitution reactions. Aliphatic nucleophilic
substitution reactions were extensively investigated in protic reaction medium and
were found to be better reaction media compared to conventional aprotic solvents
conditions. The protic solvents such as tert-amyl alcohol, tert-butanol, tert-alcohol-
functionalized ionic liquid and amine are being widely used in fluorination reac-
tions. These solvents are adopted by radiopharmaceuticals for the synthesis of
value-added imaging agents for PET. The use of protic solvents is easy access and
easy handling due to high-boiling points; they can be easily separated from the
product because most of them are water soluble. The primary alcohol and tert-
alcohol ionic liquids are not only used as solvents but also as promoters in various
substitution reactions. These protic ionic liquids are ecofriendly and easy to synthe-
size and recover it after reactions.
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