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Abstract

The work presented in this thesis was carried out at the Department of Chemistry
& Biomolecular Sciences, University of Ottawa, Canada. It primarily addresses the
hitherto unexplored photochemistry of decatungstate (DT) using a laser-based
time-resolved techniques. As a member of the polyoxometalate family, the DT
anion has attracted a lot of attention for the purpose of photocatalytic C—H
functionalization. This is due to its remarkable photochemical activity, which holds

great promise for future applications in photochemistry.

Firstly, based on the extensive literature survey, a basic introduction to
photochemistry related to DT, hydrogen atom abstraction reaction, and the role of
DT in photocatalysis is provided. Details of the experimental techniques and

instruments involved in the research work are also given.

A detailed investigation characterizing the triplet state of decatungstate with a
laser-based technique by studying the near-infrared emission is presented. The
discovery of near-infrared (NIR) phosphorescence with a lifetime of around 100
ns, from the transient described as wO allows its unequivocal identification as the
triplet state of DT in acetonitrile. Quenching of triplet DT with various hydrogen
donors is also studied, and the rates are determined, allowing an understanding of
the role of DT as a catalyst. Our results explain hitherto unclear phenomena, i.e.,

the absence of oxygen quenching of decatungstate triplet (DT*).

Further, to understand the role of DT as a photocatalyst, the quenching behaviour
of the first excited triplet state of decatungstate (DT) using various peroxides,
namely cumene hydroperoxide, tert-butyl hydroperoxide, and hydrogen peroxide,

is examined and compared.
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Chapter 1: Fundamentals of photochemistry as applied

to decatungstatechemistry

1.1 Opening remarks

This chapter is focused on the principle and theories of the photochemistry
related to the investigation carried out in the thesis. When a molecule
transitions to an electronic excited state through photon absorption, it
exhibits distinct chemical and physical characteristics compared to its initial
ground state, effectively transforming into a unique chemical entity with
altered properties. The chemical and physical properties of a molecule vary
between its excited state and ground state. Certain physical properties like
dipole moment, pK values, redox potentials and polarizabilities also differ in
the excited state. Following the absorption of light, the excited molecule
may relax with radiative or by means of variety of non-radiative processes or
may undergo a chemical transformation in form of a stable product. This
chapter also describes the basic principle of hydrogen atom transfer (HAT)
and electron transfer reaction and decatungustate as photocatalyst for HAT

reaction.
1.2 Lambert-Beer's Lawand Absorbance

The rate of absorption can be determined using the Lambert-Beer law. It can

be expressed as?:

A=¢lc (1)



Where: A - is the absorbance at a particular wavelength; € - is the molar
extinction coefficient; | - is the optical path; c - is the concentration of the

absorbing species;

Usually the spectrum is a plot of light transmitted against wavelength, but
chemist prefer to use absorbance because it’s connected to concentration.

Absorbance is connected to transmittance (T) by expression:

A = —logT (2)

AN

N

—2 —> _—
®< uq P = .
B N

Figure 1.2.1: Optical arrangement for measuring absorbance by a collimated beam of radiation.
LS = light source, L = lens, F = filter, C = sample cell, | = optical path length, 10 = incident light

intensity, | = transmitted light intensity.

When there is more than one absorbing species in the solution, which don’t
interact with each other, assuming path length to be same, the measured total
optical density (OD)for the solution is*:

OD =0OD; + OD,+ OD3 +.......... (3)



1.3 Types of electronic transition in organic molecules

When a molecule absorbs UV-vis radiation, it undergoes electronic
excitation, causing an electron to move from its electronic ground state to a
higher energy state, typically transitioning from the Highest Occupied
Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital
(LUMO) (Figure. 1.3.1).

LUMO S —
hv
E _
—t4—— HOMO S S
—— —r—
—— —r—
GROUND STATE EXCITED STATE

Figure 1.3.1: Electronic transition from HOMO to LUMO, including the change of the spin

Electronic transition typically originates from valence electrons within a
molecule, known as the chromophore, comprising nonbonding (n) or n-
electrons. These transitions are categorized into various types based on the
molecular orbital they involve, such as n »n*, t—»n*, n »>c*, c—>c™*, and
o—n* (Figurel.3.1). These transitions appear in certain regions of the
electromagnetic spectrum. The shifts associated with n —x* and n—>n*

commonly detected in the UV-visible regions of organic compounds?.



When all bonding orbitals are repeatedly occupied in their state, the Pauli
principle indicates a singlet state, but when excitation occurs, the electrons
are separated into orbitals and the spin restrictions are relaxed. Then both

singlet and triplet states are possible®.

Thus, in organic molecules, the potential shared energy levels include (n,
n*), 3(n, n*), (x, #*) and 3(x, ©*) which are determined by the

characteristics of the molecule itself (Figure 1.3.2).

o* o C Antibonding
* 'y -+— Antibonding
k3
t * b *
*
[
% 2 s IS
Z T 1
c o] (] <
[NN]
n Nonbonding
T Bonding
G Bonding

Figure 1.3.2: Different electronic transitions according to the molecular orbital involved.

Hund's rule states that the lowest-energy excited state is the triplet state. In
Jablonski diagrams (Figure 1.3.3), singlet levels are usually depicted on the
left as horizontal lines, forming each other above the sequences of energy
levels, and triplet levels are slightly shifted to the right.

The initial energy state of a system is referred to as the ground state and is
assigned a zero-energy value. A Jablonski diagram (shown in Figure 1.4.1)

Is a useful tool for representing various photophysical and photochemical
4



processes which may take place after radiation absorption. We will discuss

this diagram in detail later.

s, '(m, )

m, ) T,

s, H(n, m¥)
3(n, *) T,

Figure 1.3.3: Energy level diagram for (n, n*) and (r, ©*), singlet and triplet states.
1.4 Jablonski Diagram

The after light absorption processes are usually described using the
Jablonski diagram, which serves as the main tool for explaining the

phenomena of absorption and emission of light.

This diagram is used in a variety of formats to describe the many molecular
interactions possible in excited states. In the diagram, the ground singlet
state and the first and second electronic states are denoted as So, S1 and S,
respectively, and the initial triplet electronic state is denoted as T;. At each
of these electronic energy levels, fluorophores can occupy different

vibrational energy levels, designated 0, 1, 2, etc?.
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Figure 1.4.1: Jablonski diagram: Abs — absorption; IC — internal conversion; ISC - intersystem

crossing; FI — fluorescence; Ph — phosphorescence.

When a molecule becomes excited, it releases energy through radiative and
non-radiative processes. Radiative processes involve the molecule returning
from a higher to a lower electronic state by emitting a photon, which is
known as luminescence. Luminescence can be divided into fluorescence
(relaxation from higher energy state to the ground state, a transition between
the states of same multiplicity) and phosphorescence (relaxation from higher
triplet energy state to the singlet ground state, a transition between the states
of different multiplicity). Non-radiative transitions can occur through
internal conversion (IC) and intersystem crossing (ISC). IC occurs between
energy states of the same spin multiplicity, while ISC occurs between energy

states of different spin multiplicity.



Large polyatomic molecules dissipate energy through intramolecular
vibrational relaxation (IVR), while in small molecules, collisional
interaction may lead to relaxation. The surrounding environment (solvent
medium) acts as a heat bath. The molecule may cross to a different
electronic state by I1C or ISC. ISC is responsible for populating the triplet
state, and the emission from triplet to singlet appears as phosphorescence. In
most cases, emission takes place exclusively from the lowest vibrational

level of first excited singlet state (Kasha’s rule)?.

1.5 Lifetime (decay time) of excited electronic states of

molecules

By absorbing a quantum of radiation, an electron moves to a higher energy
level, which makes us wonder how long its excited state will last before
returning to a stable ground state. In systems consisting of many molecules,

the rate of decay obeys a first-order rate law and can be expressed as’:
I = Iye ot (4)

Where lp and | are intensities of the emitted radiation at zero time and at any
time t after the exciting radiation is cut off respectively; k.. is the rate

constant for the emission process and has the dimension of reciprocal time.

If
k, = Tlo,thenl = Jye"t/7 (5)
At t=r



=D (6)

Therefore, the lifetime is the duration required for the intensity to decrease

to 1/e of its original value.
1.6 Photo-induced hydrogen atom transfer (HAT)

Hydrogen atom transfer (HAT) is a common one-step reaction that involves
the transfer of a proton and an electron between two substrates or molecules.

The overall HAT reaction is shown in Equation (7).
AiH + A = Al + A,H (7)

HAT is a key step in many organic reactions such as aerobic oxidation,
hydrocarbon combustion, enzymatic catalysis or atmospheric processes.
HAT reactions are widely studied by various research groups that study the
mechanisms of HAT in various substrates as well as the rates of their
reactions. Quite a few HAT reactions occur via the alternative proton-
coordinated electron transfer (PCET) pathway. It involves the abstraction of
a proton by the atomic center of the abstractor molecule and at the same time
the transfer of an unpaired electron through an orbital that does not

participate in the bond creation®.

HAT reactions are divided into direct and indirect. Direct HAT describes
HAT in which the excited photocatalyst directly carries out the HAT. Such
photocatalysts include ketones in the triplet state or decatungstate
photocatalysts. Hydrogen atom transfer reactions provide great advantages
in organic synthesis, allowing the activation of aliphatic C-H bonds with
high selectivity. In this way, reaction conditions can be easily adjusted

8



without introducing directing or protecting groups into the substrates.
Recently, photocatalysis has become increasingly used. In this case, the
excited catalyst initiates the start of the reaction, forming reactive

intermediates from the reactants, and then returns to its normal state.

The direct HAT method is based on the ability of the excited state of the
photocatalyst to directly remove a hydrogen atom from the substrate (Figure
1.6.1.a). In indirect HAT, the radical abstractor of the hydrogen atom is
generated in situ. Photocatalyst can generate a thermal hydrogen abstractor
by interaction with a suitable species. A reverse hydrogen atom transfer
which undergoes the energy transfer from the photocatalyst to the substrate
can occurs leading to formation of thermal hydrogen abstractor which
abstracts hydrogen from the molecule(Figure 1.6.1.b). The photocatalyst can
promote proton-coupled electron transfer (PCET) with the participation of
an appropriate base, which leads to the formation of a radical that abstracts a
hydrogen atom from the substrate (Figure 1.6.1.c). Alternatively, a
sequential electron/proton transfer mechanism may occur. First, the
photocatalyst can cause a single electron transfer (SET) to create a radical
ion, which either directly abstracts a hydrogen atom from the substrate or

loses a charge to form a hydrogen radical (Figure 1.6.1.d)3.
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Figure 1.6.1: Activation of the substrate by hydrogen atom transfer (HAT) facilitated by either a
direct (a) or indirect: (b) — Energy transfer; ¢ — Proton-coupled electron transfer; d — Singlet-

electron transfer).Ref.2

The range of photocatalysts that are capable of reacting via the direct HAT
mechanism is not very large. These mainly include polyoxometalates such as
the decatungstate anion [W10Oz.]* or the uranyl cation [UO]?*. They also
include aromatic ketones. Highly electrophilic oxygen centers, which imitate

the behavior of an alkoxy radical, are responsible for the reactivity.

Since its discovery, the decatungstate anion has been widely used in various
photocatalytic synthetic processes aimed at activating organic substrates
through the hydrogen atom transfer, for example, for the formation of C-C*
% C-0Y, C-N12 C-St3 C-DMand C-halogen bonds®, fluorination

reactions!’, dehydrogenation®® and others.
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1.7 Laser Flash Photolysis (LFP)

The flash photolysis method was introduced in 1949 by Manfred Eigen,
Ronald George Norrish and George Porter, who won the Nobel Prize in
Chemistry in 1967. The LFP technique is used to study transient species
generated during photo-induced reactions by measuring the absorption of
transient species. After light is absorbed by a molecule or material, the
resulting photophysical and photochemical reactions occur quickly, taking
only femtoseconds to a few microseconds. Pulsed laser systems are an
excitation source that enables the real-time investigation of photophysical
and photochemical reactions?. The typical LFP setup is shown on Figure
1.7.1.

Laser

Lamp DeEeFFor

Figure 1.7.1:Typical LFP system. Reproduced from ref?® with permission. Copyright © 2004
John Wiley & Sons, Inc.

Under normal conditions, molecules in a solution tend to remain in their

ground state with minimal energy. However, when a photon is absorbed, it

11



boosts the molecule's energy by promoting one of its electrons to a higher
orbital. Following this excitation, the molecule can return to its ground state
through several intermediate stages, including singlet and triplet excited
states, or it might undergo a photochemical reaction. In either case, the
excited and transient states display unique absorption spectra, which can be

tracked by observing alterations in absorption at specific wavelengths.

Pulsed excitation through flash photolysis allows for the monitoring of rapid
reactions, enabling a thorough reconstruction of the entire reaction pathway.
The initial flash induces the formation of a notable population of
intermediates in the sample, which subsequently absorb light from the laser
flash. This absorption correlates with the concentration of the intermediates
according to the Lambert-Beer law. Changes in absorption spectra over time
can elucidate alterations in the concentration of photoinduced intermediates
and, thus, the kinetics of the processes involved. However, flash photolysis
is limited to transparent samples. For opaque samples the diffuse reflectance

IS used.

In order to understand the process that occurs during the LFP experiment,
let’s look on the example of an excited triple state. lllustrated in Figure 1.7.2
Is an energy diagram depicting a species being stimulated to the S; state by a
laser pulse, subsequently transitioning to the triplet T, state through
intersystem crossing. The duration of the triplet state can be determined by
its phosphorescence lifetime. Monitoring the signal post-laser excitation
enables the tracking of changes in T; phosphorescence over time as the
population of the excited state diminishes from T; to the ground state So,

leading to a corresponding reduction in phosphorescence levels. The signal

12



from the LFP is normally a plot of the optical density(AOD) versus time at a

given wavelength. The intensity of the signal depends on different

parameters??,
S, SA Transient Absorption
L4 " 1 g st 27N,
’ \' 1, ' ‘I = - -
S, t A 2' . T (1)&{q'}: singlet to singlet
] v =3 .
o5 : 2)& (2'): triplet to triplet
s . i m=t

Fls.

PUMP

PROBE

\4 (WHITE LIGHT)

So

Figure 1.7.2: Schematic energy diagram for transient absorption of a triplet states, with a pump

laser (blue) and white light probe (red).

The signal intensity depends on the pulse energy delivered by the laser, but
if the laser intensity is too high then other problems associated with very
high laser doses may arise. Absorbance is independent of light monitoring
intensity. However, if the light intensity is too high, noise may appear that
distorts the signals. As well, many reactive intermediates can decompose
through self-reactions. In such cases, it is better to stick to low

concentrations to minimize adverse reactions.

13



1.8 Polyoxometalates (POMs)

Recently, a lot of attention has been given to the study of polyoxometalates.
These cluster compounds exhibit unique properties that are useful in
different fields such as catalysis, photocatalysis, electrocatalysis,
development of energy carriers, research of supramolecular and self-

assemblies, and the creation of drugs for fighting viruses and cancer.

The first phosphomolybdate [PMo1,040]* was reported by Berzeliusin in
1826, which initiated the chemistry of polyoxometalates (POM).
Subsequently, Marignac identified two isomeric forms of [SiW12040]*, and
Keggin elucidated the structure of [PW1,040]* in the early 1930s. These
early discoveries laid the foundation for the synthesis and characterization of

numerous POM structures?.

Polyoxometalates (POMSs) are molecular oxides that are formed by a
combination of oxygen and early transition metals such as V, Nb, Ta, Mo,
and W at their highest oxidation states. They can also include a variety of
heteroatoms such as P, As, Si, and Ge. POMs are different from most metal
oxides as they can have a range of tens to hundreds of metal atoms in a

single cluster molecule, forming nanoparticles,

POMs are 4-fold- or 6-fold-coordinated and lie in the center of the MOy
shell. Depending on the presence of atoms other than oxygen and transition
metals, two types of POM species can be identified?*:

Isopolyanions (IPAs) [MnOy]"~

Heteropolyanions (HPAS) [X;M,Oy]?", with z<n

14



Polyoxometalates (POMSs) are stable under irradiation, which makes them
excellent photocatalysts. Decatungstate is a member of the POM family, it's
often used as sodium or tetrabutylammonium salts (Scheme 1.8.1). While
other POMs find applications in different fields, decatungstate is widely

used as photocatalyst due to its exceptional reactivity?.

i 0

Figure 1.8.1: The structure of decatungstate (DT)
1.9 Decatundstate photocatalysis

Hill et al.?®and numerous other groups?”?® have extensively studied the DT
excited state dynamical behavior in the condensed phase using nanoseconds
to femtoseconds transient absorption spectroscopy, yielding a

comprehensive understanding of its photo-reaction network.

There is consensus on the fundamental aspects of its mechanism, in
particular, the lowest-energy transition leads to the occupation of an excited
state denoted as [W1003,]*", which fast decays to intermediate called as
“wO”. The [W1032]* " species is formed by intramolecular O-to-W ligand
to metal charge transfer (LMCT) and exists around 10 ps. The wO is a great

hydrogen atom abstractor and react with many different molecules creating

15



the one-electron redused form. Figure 1.9.1 summarizes the photoreaction

network of DTZ.

gHOT
[Wi0O32l* * 1 <1 ps
375 (strong) nN ISC
R b S tca. 10 ps
[W10032]4- * n ca. 0.5 wO
T ———— 3 4-
370-600 (broad) nm  d [W10032]
370, 750 (strong) nm
MeCN
(Organic
Substrate)| T €& 90 ns
4 (H*) [W1003]>
[W100z2] 370, 750 (weak) nm

Figure 1.9.1:Absorption regions for each state are marked in red letters. a: photoexcitation and
the population of a hot S, state, b:evolution of relaxed Si(geometry minimum), ¢: S; depopulation
(ground state recovery), d:S: depopulation with the formation of a new state, wO, e:wO interacts
with the solvent acetonitrile and led to the mono-reduced form (H*)[W10032]®, ref?.Copyright ©
2016 American Chemical Society.

The wO species is highly electrophilic and displays partial radical character
on the oxygen center. Its predicted redox potential E (WO/[W1003,]°") is
around +2.44 VV*'. Depending on the redox properties of the substrate, it can
undergo two different types of reactions. On one hand, when the substrate
possesses an oxidation potential exceeding +2.44 V, hydrogen-atom transfer
(HAT) may take place, leading to the formation of a radical intermediate. On
the other hand, if the substrate has an oxidation potential of less than or
equal to +2.44 V, then a single-electron transfer (SET) event may occur,

leading to the formation of a radical cation (Figure 1.9.2). The oxidation

16



process leads to the formation of a reduced decatungstate, which can be

either protonated or not. In first case the one-electron reduced form (DTH.)
particle is formed, and it has a very characteristic blue color. Then, reduced
form can regenerate the catalyst back, or it can undergo disproportionation,

resulting in the formation of a further reduced and oxidized form?’.

[W10032]4-
‘ Back hydrogen
Oxidation donation
hv
] A
. + _ HAT
[WigOsl5~  [W1o0s2l4 ™" H'[W;003]5
R-X"* $=~06 R
1
wO
244V

(E®* < 244V) (E°* > 244 V)

Figure 1.9.2:The structure of decatungstate anion and its photocatalytic cycle which includes
single electron transfer (SET) and hydrogen atom transfer (HAT) pathway. Adopted with
permission from ref!’. Copyright © 2023 Royal Society of Chemistry.

The HAT process in decatungstate catalysis shows good site-selectivity.
Fagnoni and colleagues have extensively investigated polar and steric effects
in decatungstate photocatalysis on the example of C-H bound
fictionalization (as shown in Figure 1.9.3). Polar effects control the breaking
of C-H bonds and are influenced by highly electrophilic oxygen centers

present in tungstate anions that are radical in nature. Steric effects affect site
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selectivity in transition states, and in this case they are important due to the

large size of the decatungstate anion332,

HAT controled by polar and steric effects
O O 0
0
@ p
Abstractable Impacted by steric and polar effects
C-H bond
0 ) * i o=, |
e 10— —
Ejl-H-O_W'— © H-02W2
b O— O—
0— O—
Sy2 TS: polarity matched Sy2 TS: polarity mismatched
O—- F 0 oF
o JO 0 7.0
H G_Wr -H_O_W_
n0O— o
00— 0 O—
Sy2 TS: stericaly hindered Sy2 TS: stericaly unhindered

Figure 1.9.3:HAT in decatungstate controlled by polar and steric effects (Su2: homolytic
bimolecular substitution; TS: transition state). Ref®!.

The absorption spectrum of the decatungstate anion (W1003,) is centered
around 324 nm, with absorption band disappearing around 420 nm (Figure
1.9.4)%,
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Figure 1.9.4:Structure and absorption spectrum of the decatungstate anion in acetonitrile.
Reproduced from ref® with permission from the Royal Society of Chemistry.

The decatungstate anion [W1003,]* demonstrates effective photocatalytic
properties under ultraviolet (UV)light!917:2531.33-35 The primary excited state
created after the absorption of a UV photon by sodium or
tetrabutylammonium decatungstate is chemically unreactive and decays
approximately in 30 picoseconds. However, the initial excited state quickly
decays to produce an intermediate that absorbs strongly around 780 nm and

exists for around 55 + 20 ns in acetonitrile (ACN)?® and 37 ns in water®.

Yamase demonstrated the formation of a blue species having Amax ~ 630
nm?” (Figure 1.9.5).The ion [W,O3,]* can accept up to two electrons in
long-term photolysis®. During the duration of the photoflash, a blue particle
exhibiting a A max = 780 nm emerged and underwent partial decay with a
half-life of approximately 1 ms. At longer irradiation times under deaerated

conditions, a new band appeared at 630 nm, which corresponds to much

19



longer lived species. In presence of water (solvent mixture ACN:H,0O with

1:1 rate) this species was not observed.

1-:5r

—
.
o
T iy

Absorbance

<
W

300 400 500 600 700 800
Alnm

Figure 1.9.5:Absorption spectra of a deaerated solution containing 9.5 x 10> mol dm
tetrabutilammonium decatundstate (TBADT) in CHsCN upon irradiation with 365nm light at
room temperature. Times (s) are indicated on the curves. Reproduced from ref®” with permission

from the Royal Society of Chemistry.

Later Tanielian established that the formation of this species is proportional
to wO decay. The long-lived nature of this particular species undergoes
degradation through second-order kinetics, with an initial half-life lasting
700 nanoseconds. The existence of minimal amounts of O, reduces the
productivity of this long-lived species and shortens its lifetime. Oxygen
appears to prevent the creation of long-lived species by competing and

reacting with it?®. The one-electron-reduced form and the two-electron-
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reduced form, can be easily identified by their visible spectra, by

characteristic peaks at 780 and 635 nm, respectively®.

The assumption that this long-lived species could potentially be produced
through electron transfer was formulated based on the similarities observed
in the absorption spectrum of this entity to those of the one-electron-reduced
form of decatungstate. ACN can exist in reduced form (CH3CN"), which
decays quickly at a rate constant of 3.5x10° s*. However, in the presence of
decatungstate the decay rate of CH3CN- is accelerated and the one-electron-
reduced form of decatungstate ([W10032]*) is produced with a rate constant
of 5.5x10°M*1s1.28[W1,03,]* - creates a complex with the solvent due to

which the oxygenation of acetonitrile occurs*.

More reactive substrate is propan-2-ol. The addition of increasing amounts
of propan-2-ol into an acetonitrile solution containing decatungstate leads to
a rise in the production of the one-electron-reduced species with a reaction
rate constant of 1 x 108 Ms. (Figure 1.9.6)%.
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Figure 1.9.6:Effect of propan-2-ol [XH] on the decay of wO in an air-saturated acetonitrile
solution of 5 x 10 M tetrabutylammonium decatungstate observed at 760 nm following 355 nm
excitation with a 15 ns laser pulse: (a) [XH]=0.01 M, (b) [XH] =0.10 M, (¢) [XH] =0.30 M,
and (d) XH/CH3CN (1/1). Reprinted with permission from ref?, Copyright © 1997, American

Chemical Society.

Although O does not react with wO, it does react all species derived from
interaction between wO and an organic substrate, so that the yield of O,
consumption can be equated to the yield of formation radicals formed from
wO. A small consumption of O, was also found in pure acetonitrile, which
maintained its reaction with wO, although under normal conditions it’s
preferred to consider acetonitrile an inert substrate. With the addition of

propanol, the consumption of O, increased sharply.

When oxygen is not present, wO decays and forms a species that has one

less electron, as oxygen prevents the formation of the one-electron-reduced
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species, W1oOz,> reacts with oxygen to produce a peroxy species. Irradiation
in the presence of both propan-2-ol and O results in the formation of
acetone and hydrogen peroxide, which can further decay under reaction

conditions.

The reaction between wO and alcoholic substrates involves hydrogen-atom
abstraction. It has been observed that propan-2-ol reacts faster than
acetonitrile, suggesting a hydrogen atom abstraction mechanism. Light-

induced hydrogen-atom abstraction are consistent as well?.

Other solvents such as acetone or methanol were also investigated. The
degradation of wO in various alcohols and acetone was studied after
excitation by a 15 ns laser pulse (Figure 1.9.7). For acetone, the decay
profile of wO at 780 nm turned out to be similar to the profile for
acetonitrile: in acetone, wO has a lifetime of 62 £ 5 ns, which is almost
identical to the value in acetonitrile, but the yield of one-electron-reduced
species was higher in acetone, which showed its greater reactivity towards

Wo4l
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Figure 1.9.7:Kinetic profiles, normalized to the initial absorbance, observed at 780 nm showing
decay of wO as generated following 355 nm excitation with a 15 ns laser pulse of 1.1 x 10* M
sodium decatungstate air-saturated acetonitrile (a), acetone (b), and methanol (c) solutions.
Reprinted with permission from ref*:.Copyright © 2006 Elsevier.

DT appears to exhibit especially interesting properties as a photocatalyst.
Tetrabutylammonium decatungstate (TBADT), which has a high
photocatalytic activity, has found widespread application in synthetic
reactions involving the C—H bond activation in organic molecules such as

alcohols*?, aldehydes, or alkanes?®3%:%,

In photocatalytic C-H bond functionalization processes promoted by DT, the

rate of hydrogen abstraction (k;) is greatly influenced by two factors: the
24



polarity of the C-H bond in the transition state and the level of steric
hindrance. The excited DT species is highly electrophilic, which leads to a
certain degree of selectivity in the hydrogen abstraction process.
Specifically, DT tends to abstract more hydridic and sterically accessible C-

H bonds preferentially?%,

Dondi et al. have demonstrated that TBADT photocatalysis is viable and a
rather general method for the mild functionalization of aliphatic C-H bonds.
Their results also suggest that, besides oxygenation, TBADT photocatalysis
offers the added benefit of being a convenient method for forming C-C

bonds®.

Reactivity of wO is usually explained by diffusion-controlled dynamic
guenching and static quenching processes. When quenched with alkanes (k ~
106-10" M1s1)404445 "hydroperoxides are formed in a quantitative manner
through the hydrogen-atom abstraction from wO followed by reaction with
oxygen. Alkenes, on the other hand, can react through both hydrogen-atom-
transfer at the allylic position of alkene to form the allyl radical, while
electron transfer would lead to oxidation of the double bond, yielding the
cation radical product. It was also shown that the reaction of wO with
alkenes leads to the formation of longer-lived complexes*. For cycloalkanes
quenching rate constants were measured between 107 and 108 M-1swith
increase with the ring size increasing*. As a stronger oxidant, TBADT has a
broader photocatalytic scope, enabling activation of alkanes and their simple

derivatives.
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Chapter 2: Materials and methods

2.1 Introduction

This chapter provides a detailed description of the experimental techniques
and methods used during the study. The primary techniques employed were
steady-state absorption and nano-second transient absorption techniques, i.e.,
laser flash photolysis. These techniques were usedunder different

environmental conditions.
2.2 Instrumentation

2.2.1 Steady state absorption measurements

Depending on the type of experiments, the ground state electronic absorption
spectra were recorded at room temperature on the Cary 50, Cary 100, Cary
60 coupled with optical fiber, or Cary 7000 spectrometer using a 1 cm path
length quartz cuvette. The sample was compared to a background measured
using a matched cuvette containing pure solvent in each measurement and

the background was subtracted.

Instrument Mode Spectral )
Light Source
range (nm)
Single
Cary 50 190-800 Xenon flash lamp
beam
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Dual- Tungsten halogen: Visible

Cary 100 190-800 _
beam and Deuterium arc: UV
Cary 60 with Dual-
_ ) 190-1100 Xenon flash lamp
Optical Fiber beam
Dual- Tungsten halogen: Visible
Cary 7000 175-3300 _
beam and Deuterium arc: UV

Table 2.2.1: Brief technical details of the used UV-Vis instruments

2.2.2 ns-Transient Absorption/Laser Flash Photolysis (LFP)

Laser photolysis is a technique in which a laser pulse causes the formation of
transient species, such as a radical intermediate or a short-lived excited state,
within a sample. Subsequent changes, as the sample returns to its original
state or final product, are recorded over time. A laser photolysis
spectrometer is capable of monitoring changes in absorbance over time by
switching on a secondary light source (monitor beam) near the excitation
pulse passing through the sample. This approach, also called transient
absorption (TA), allows studies to be performed on various time scales, from

picoseconds to seconds?.

Application of complex transient absorption experiments spanning from
nanoseconds to seconds, facilitating the identification of free radicals, triplet
excited states and intermediates involved in charge transfer reactions. This
technique plays a critical role in studying reaction kinetics and determining

the lifetime of non-emissive triplet states, as well as in detecting elusive
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intermediates in light-induced reactions. Consequently, it serves as an
Important tool in advancing basic research in photochemistry, materials

science, and photobiology?.

Our laboratory has a custom-built LFP setup controlled by Luzchem
Research Inc. software. The schematic diagram of LFP is shown in Figure
2.2.2.1.

At our lab, for LFP experiments, nanosecond to millisecond time scales are
performed with a Q-switched Nd:YAG laser (Continuum Surelite 11 -10) as a
pump source. The laser operated in the frequency tripled mode at 355 nm (6
ns, 1 Hz) and the energy is kept between ~ 10-15 mJ per pulse. The transient
absorption was monitored in transmission mode using white light (probe)
from a 300W xenon CW lamp. Pump and probe beams are spatially

overlapped to generate a transient signal.

Further, the transmitted probe beam is re-imaged at the entrance slit of the
monochromator. The monochromatic light, also known as the transient
signal, is collected by a photomultiplier tube (PMT) powered by a high
voltage source. The PMT signal is subsequently corrected in real time
through a compensation circuit to remove any DC offset before being sent to
the oscilloscope. The oscilloscope then processes the signal by averaging it

over a predetermined number of pulses.
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Figure 2.2.2.1:Schematic diagram of LFP setup. THG: Third harmonic generator.

Data were collected using Luzchem Inc. software. The kinetic profiles were
obtained by collecting data at one particular wavelength and averaging over
a determined number of shots. Transient UV-vis absorption spectra are

acquired for a chosen kinetic curve of a particular time scale, usually every

10 nm in 280-800 nm spectral intervals.

The change in absorbance at time t is given by:
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(Absorbancechange) = AA = —logj—‘) = log (1 — Si‘glnal) (1)
t 0

Where |y and I, are explained with the help of Figure 2.2.2.2. The laser fires
at t=0 and causes an increase in absorbance in the sample. In Figure 2.2.2.2,

the reference signal is acquired before laser excitation and leads to I°.

Laser pulse causes
absorbance increase

Voltage t=0 1
ok I |
g
Time
Il
Iy
Products absorb light,
signal does not return
to pre-excitation level
v

Signal

Figure 2.2.2.2: Time evolution of the photomultiplier output as an absorbing transient is
generated and decays. Reproduced from ref? with permission. Copyright © 2004 John Wiley &

Sons, Inc.

2.2.3 Singlet Oxygen and NIR measurements:

Singlet oxygen, referred to as an electronically excited form of molecular
oxygen, is a less stable state compared to its ground electronic state. Its
sensitization often involves the transfer of energy from a photocatalyst's
excited state to the oxygen molecule (Figure 2.2.3.1). In singlet oxygen

investigations, emission is usually detected around 1270 nm. These studies
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pose challenges due to the significantly weaker emission of singlet oxygen

in comparison to sensitizers?.

+ 30, — + 10,

Figure 2.2.3.1:Mechanism of singlet oxygen production.

Singlet oxygen measurement is performed in our lab with a Q-switched Nd:
YAG laser (Continuum Surelite 11 -10) as an excitation source. The laser
operated in the frequency tripled mode at 355 nm (6 ns, 1Hz) and the energy
Is kept between ~ 10-15 mJ per pulse. The emission signal is monitored at

the right angle to the excitation beam (Figure. 2.2.3).

Further, the emission signal is passed through the entrance slit of a
monochromator. The monochromatic light (transient signal) is fed to a NIR
photomultiplier tube (PMT) operating with a high-voltage supply. The PMT
signal is subsequently corrected in real time through a compensation circuit
to remove any DC offset before being sent to the oscilloscope. The
oscilloscope then processes the signal by averaging it over a predetermined
number of pulses. To prevent any damage to the NIR PMT from the residual
of fundamental wavelength (1064 nm) of the Nd:Yag laser, a cut of filter
(1150 nm) is placed in front of monochromator (not shown in Figure
2.2.3.2).
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Figure 2.2.3.2:Schematic diagram of singlet oxygen measurement setup.

2.3 Reagents

Tetrabutylammonium decatungstate (TBADT) and other compounds were
purchased from Sigma-Aldrich and used as received if not indicated
otherwise. All solvents, cumene hydroperoxide, tert-Butyl hydroperoxide,
hydrogen peroxide were bought from Fisher Chemicals.

Sodiumdecatungstatewere synthesized by a procedure described below.
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2.4 Sodium Decatungstate synthesis

The decatungstate was reported as versatile and inexpensive hydrogen atom
transfer (HAT) catalyst®. This was intriguing as Sigma-Aldrich set high
prices on decatungstate molecule. Looking further we discovered that
decatungstate with different counter ions can be easily synthesized and the
reagents are comparably cheap. There are few different methods of

decatungstate synthesis reported®=.

Synthesis of Nas[W1003.]: Sodium tungstate dihydrate (15 g, 45.5 mmol)
was dissolved in deionized water (85 ml) and heated to 95 °C. Then a hot
(95 °C) 1 M HCI solution was poured into a solution of sodium tungstate
dihydrate and the reaction mixture was heated at 95 °C for 1 min. The
yellowish solution was poured into a pre-cooled 1 L Erlenmeyer flask and
left covered in an ice bath to cool for 10 min. After cooling the mixture to 10
°C, sodium chloride (60 g) was added. The mixture was kept in an ice bath
for 1 hour and a white suspension formed. The suspension was filtered under
vacuum through a large porous glass frit, the solid was washed with cold
deionized water (20 ml), ethanol (20 ml) and diethyl ether (20 ml) and air

dried for 30 min. Sodium decatungstate (7.51 g) was obtained®.
2.5 Sample preparation

TBADT in ACN:1.6 mg of TBADT was dissolved in 10 ml of ACN; 3 ml
of solution were transferred to the 1 cm cuvette with a syringe; The
concentration was 0.05 mM. NIR emission measurements were taken at

1330 nm following 355 nm laser excitation.
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TBADT in CD3CN:1.6 mg of TBADT was dissolved in 10 ml of CDsCN; 3
ml of solution were transferred to the 1 cm cuvette with a syringe; The
concentration was 0.05 mM. NIR emission measurements were taken at

1330 nm following 355 nm laser excitation.

TBADT in 1:9 ACN/H20:1.6 mg of TBADT was dissolved in 9 ml of ACN
mixed with 1 ml of milliQwater; 3 ml of solution were transferred to the 1
cm cuvette with a syringe; The concentration was 0.05 mM. NIR emission

measurements were taken at 1330 nm following 355 nm laser excitation.

NaDT in 1:9 ACN/H20:4.8 mg of NaDT was dissolved in 9 ml of ACN
mixed with 1 ml of milliQwater; 3 ml of solution were transferred to the 1
cm cuvette with a syringe; The concentration was 0.2 mM. NIR emission

measurements were taken at 1330 nm following 355 nm laser excitation.

NaDT in 1:9 ACN/D.0:4.8 mg of NaDT was dissolved in 9 ml of ACN
mixed with 1 ml of deuterated water; 3 ml of solution were transferred to the
1 cm cuvette with a syringe; The concentration was 0.2 mM. NIR emission

measurements were taken at 1330 nm following 355 nm laser excitation.

Quenching of TBADT by isopropanol (IPA):1.6 mg of TBADT was
dissolved in 10 ml of ACN; 3 ml of solution were transferred to the 1 cm
cuvette with a syringe. The concentration was 0.05 mM. IPA was injected
with a syringe in the cuvette by portions to total concentration of 0.172,
0.339, 0.502, 0.662 M. NIR emission measurements were taken after each

injection at 1330 nm following 355 nm laser excitation.

Quenching of TBADT by ethanol (EtOH):1.6 mg of TBADT was
dissolved in 10 ml of ACN; 3 ml of solution were transferred to the 1 cm
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cuvette with a syringe. The concentration was 0.05 mM.EtOH was injected
with a syringe in the cuvette by portions to total concentration of 0.028,
0.057, 0.084, 0.112, 0.168, 0.225, 0.335, 0.552, 0.815 M. NIR emission
measurements were taken after each injection at 1330 nm following 355 nm

laser excitation.

Quenching of TBADT by methanol (MeOH):1.6 mg of TBADT was
dissolved in 10 ml of ACN; 3 ml of solution were transferred to the 1 cm
cuvette with a syringe. The concentration was 0.05 mM. MeOH was injected
with a syringe in the cuvette by portions to total concentration of 0.325,
0.797,1.170, 1.544 M. NIR emission measurements were taken after each

injection at 1330 nm following 355 nm laser excitation.

Quenching of TBADT by triethylamine (TEA):1.6 mg of TBADT was
dissolved in 10 ml of ACN; 3 ml of solution were transferred to the 1 cm
cuvette with a syringe. The concentration was 0.05 mM. TEA was injected
with a syringe in the cuvette by portions to total concentration of 0.00955,
0.019, 0.028, 0.038 M. NIR emission measurements were taken after each

injection at 1330 nm following 355 nm laser excitation.

Quenching of TBADT by 1,4-cycloxehadiene:1.6 mg of TBADT was
dissolved in 10 ml of ACN; 3 ml of solution were transferred to the 1 cm
cuvette with a syringe. The concentration was 0.05 mM.1,4-Cycloxehadiene
was injected with a syringe in the cuvette by portions to total concentration
of 0.070, 0.170, 0.270, 0.470, 0.630 M. NIR emission measurements were

taken after each injection at 1330 nm following 355 nm laser excitation.
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Quenching of TBADT by triethylamine(TEA) and further protonation
by trifluoroacetic acid (TFA):1.6 mg of TBADT was dissolved in 10 ml of
ACN; 3 ml of solution were transferred to the 1 cm cuvette with a syringe.
The concentration was 0.05 mM. TEA was injected with a syringe in the
cuvette in concentration of 33 mM, after that trifluoroacetic acid was
injected to the cuvette by portions to total concentration of 33, 50, 100 mM.
NIR emission measurements were taken after each injection at 1330 nm

following 355 nm laser excitation.

Quenching of Xanthone by tetrabutylammonium decatungstate
(TBADT): Solution of Xanthone in ACN (OD= 0.5) was prepared, 3 ml of
solution were transferred to 1 cm cuvette with a syringe and degassed under
Ar for 30min. The solution of ImM TBADT in ACN was injected with a
syringe to the cuvette to the total concentration of 0.66, 1.3, 1.9, 3.2 mM,;
NIR emission measurements were taken after each injection at 610 nm

following 355 nm laser excitation.

Quenching of Rose Bengal by tetrabutylammonium decatungstate
(TBADT): Solution of Rose Bengal in ACN (OD= 0.45) was prepared, 3 ml
of solution were transferred to 1 cm cuvette with a syringe and degassed
under Ar for 30min. The solution of ImM TBADT in ACN was injected
with a syringe to the cuvette to the total concentration of 0.33, 0.66, 1.3, 1.6,
1.9, 2.3, 3.2 mM; NIR emission measurements were taken after each

injection at 610 nm following 355 nm laser excitation.

Quenching of NaDT by cumene hydroperoxide: 1.6 mg of NaDT was
dissolved in 10 ml of ACN; 3 ml of solution were transferred to the 1 cm
cuvette with a syringe. The concentration was 0.05 mM. Cumene
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hydroperoxide was injected with a syringe in the cuvette by portions to total
concentration of 3.50, 7.10, 10.60, 14.00 mM. NIR emission measurements
were taken after each injection at 1330 nm following 355 nm laser

excitation.

Quenching of NaDT by tert-Butyl hydroperoxide: 1.6 mg of NaDT was
dissolved in 10 ml of ACN; 3 ml of solution were transferred to the 1 cm
cuvette with a syringe. The concentration was 0.05 mM. Tert-Butyl
hydroperoxide was injected with a syringe in the cuvette by portions to total
concentration of 47.00, 95.00, 141.00, 232.00 mM. NIR emission
measurements were taken after each injection at 1330 nm following 355 nm

laser excitation.

Quenching of NaDT by hydrogen peroxide:1.6 mg of NaDT was
dissolved in 10 ml of ACN; 3 ml of solution were transferred to the 1 cm
cuvette with a syringe. The concentration was 0.05 mM. Hydrogen peroxide
was injected with a syringe in the cuvette by portions to total concentration
of 108.00, 214.70, 343.00, 423.00 mM. NIR emission measurements were

taken after each injection at 1330 nm following 355 nm laser excitation.
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Chapter 3: Characterization of triplet decatungstate

behavior and its Kinetics using NIR phosphorescence

3.1 Review

The photochemistry of decatungstate is a subject of interest due to its
electron and hydrogen transfer reactions creating free radicals. These free
radicals are used for many organic syntheses, including photoredox
catalysis!, gas-phase reactions?, "window ledge" chemistry®. Decatungstate
can be excited by laser flash photolysis creating short lived intermediates

with reported lifetimes 50-100 ns depending on solvent used*.

The mechanism of decatungstate transformation after being excited by a
laser pulse was reported by Tanielian in 1998°. After excitation
decatungstate anion W1003,*" turns into a very short lived charge-transfer
excited state of decatungstate W10Oz* ", which transforms to intermediate
w0358, This intermediate can react with different substrates by hydrogen-

transfer or electron-transfer mechanisms.

/\ —» W03 +R +H  (a)

~ hv = RH
W1003," —= W05, — = w0 ——

‘\—// —— [-WwOH,R'] — = Ww()ﬂs' FR'+H (b)

Figure 3.1.1: The mechanism of creating wO and it’s reaction with substrates RH by electron-

transfer (a) and hydrogen-transfer (b) mechanisms,ref®

The intermediate wO is quite similar in reactivity with triplets of ketones

and alkoxyl radicals. It was reported that after excitation this intermediate
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can abstract hydrogen atoms from different substrates such as alcohols®%°,

amines*®, hydrocarbons®!! and ethers?2,

In the presence of alcohols as a substrate the quantum yields of formation of
radicals were measured by the consumption of O, as the wO itself does not
react with oxygen. The yields for propan-2-ol, butan-1-ol and 2-
methylpropan-2-ol for 0.1M f substrate in 0.55mM sodium decatungstate
were 0.065, 0.23 and 0.05, respectively®.

In the presence of amines the decay of DT signal was also observed. The
guantum yield was calculated using the intermediate wO transient
absorbance as an internal actinometer standard at 780 nm. Texier and others
used the wO transient as a reference to determine the quantum yield of the
reduced form of decatungstate. They reported the quantum yields for
phenylamine, diphenylamine, triphenylamine, triethylamine, diethylamine

and ethylamine®.

Oxidative reaction with hydrocarbons could occur by a mechanism that
involves the interaction of an excited state of sensitizer with the substrate,
creating active radicals. These radicals react with oxygen, regenerating the
sensitizer and forming peroxyl radicals or superoxide radicals. The
guenching constants were reported: 1-hexene, trans-3-hexene, 2-methyl-2-

pentene, 2,3-dimethylbutene, cyclohexene!!.

Intermediate wO was suggested to be triplet. There was no significant
evidence to support this theory. Unlike most triplets, wO cannot be
quenched by oxygen. This is probably the reason scientists were hesitant of

calling wO the triplet.
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In this chapter we will show that decatungstate intermediate wO actually is a
triplet and why it does not make singlet oxygen. This work was done in
collaboration with another member of our research group, Saba Didarataee,

and with the support of Dr. Neeraj Joshi, and based on the published paper®:.
3.2 Results and discussion

We studied DT lifetime in acetonitrile (Figure3.2.1). There were some
reports on DT lifetime was around 65-75 ns monitored by LFP at 780nm?*,
but the quality of signals were poor, it had bad signal-to-noise ratios and

were overlapping with the reduced form of decatungstate DTH".

We were interested if the wO is DT triplet, so we can expect it to be
guenched by oxygen and form singlet oxygen with a characteristic emission
signal at 1270nm. In ACN, which we used as a solvent, it should live around
80ust.

When we irradiated the DT sample with a 355nm laser, we saw a broad
emission signal with lifetime around 100 ns. This signal was the same
whether the solution was under air, oxygen or argon. To ensure that our
instrument was performing correctly, we performed a control experiment
with Rose Bengal, which is a good sensitizer to make singlet oxygen (*0,).
Just acetonitrile gave the instrument response function (IRF) signal (~25 ns,
weak) as shown in Figure 3.2.1(A). An overlap of the two spectra (1O, and
3DT* emission) is shown in Figure 3.2.1(B). Notice that the long wavelength
edge of the emission of NaDT is shifted about 60 nm with respect of the O,
signal. The lifetime for decatungstate triplet(3DT*) is around 800 times

shorter than for 10,%°,
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Figure 3.2.1:Decay of the TBADT phosphorescence monitored at 1330 nm in acetonitrile, along
with the signal/noise recorded for acetonitrile alone, effectively an Instrument response function
(IRF) which is far weaker than the emission observed for *3DT*, and B:Emission spectra for 3DT*
(red) and singlet oxygen (blue) in acetonitrile; the former was sampled about 30 ns after the 355
nm laser pulse and the longer lived singlet oxygen about 2 us after excitation, other parameters
being identical. The singlet oxygen emission was sensitized by RB (®,=0.85). Reproduced from

refls,
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Singlet oxygen energy is around at 23 kcal/mol while the energy of the
decatungstate triplet (Figure3.2.1(B)) is around 21kcal/mol. So 3DT* just

does not have enough energy to make singlet oxygen.

With the help of phosphorescence, 3DT* can be easily studied using a
reduced laser exposure. We measured lifetimes of sodium and

tetrabutylammonium decatungstate under different conditions (Table 3.2.1).

Concentration, -
DT Solvent Lifetime, ns
mM
TBADT 0.05 CH3CN 101
TBADT 0.05 1:9 CHsCN:H,O |43
NaDT 0.2 1:9 CH;CN:H,O | 34
NaDT 0.2 1:9 CH3CN:D,O | 80

Table 3.2.1: Lifetimes for *3DT* in different solvents measured by NIR phosphorescence at 1330

nm.

The measured lifetime for TBADT in ACN was a little bit longer than for
LFP because of bettersignal-to-noise ratio. NIR is a better tool to study
decatungstate kineticks than LFP, as there is no offset which appears in LFP

absorbance studies.

It is interesting to note that the triplet lifetimes for NaDT are 34 and 80

nanoseconds in 1:9 CH3CN:H,0 and 1:9 CH3CN:D,0 respectively, which
50



decays via firs-order kinetic, are showing a significant isotope effect (ku/kp
=2.4), as seen in (Figure 3.2.2). This is similar to the isotope effect observed
for singlet oxygen, where the explanation involves an electronic to
vibrational relaxation. This relaxation is enabled by a good matching of the
excited state energy with C-H or O-H vibrations, predominantly the latter®.
Recently, this explanation has been expanded by Ogilby and coworkers!’ to
accommodate strong and weak coupling between the chromophore and the
solvent molecules. We tentatively assign the observed behavior to weak
coupling. However, a detailed analysis would require temperature-dependent
studies in the solvents of interest. In contrast, for TBADT, the lifetimes in
CH3CN and CD3CN are essentially the same, and any isotope effect is

within our experimental error (Figure 3.2.3).
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Figure 3.2.2:Emission from 3DT* from NaDT in 1:9 CH3CN:H,O (a) and in 1:9 CH3CN:D,0
(b).
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Figure 3.2.3:Emission from 3DT* in CH3sCN (a) and CDsCN (b).

For TBADT in CH3CN/CD3CN there were no significant difference and
isotope effect was not observed. The difference was observed only for
OH/OD case, even for singlet oxygen the effect of C-H/C-D bonds is weaker
than for O-H/O-D ones'®?°,

We also studied the quenching of 3DT* by five different hydrogen donors
(Figure 3.2.4).
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Figure 3.2.4:Quenching for TBADT in acetonitrile at room temperature for five quenchers:
isopropanol (red), ethanol (blue), methanol (gray), triethylamine (black), 1,4-cyclohexadiene

(green). Data are based on emission kinetics monitored at 1330 nm.

There are rate constants for many different quenchers reported in the
literature; these are included in Table 3.2.2 along with our own
measurements. The constants we got looked pretty comparative with those

from the literature, they are at the same order of magnitude.
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RH DT Solvent k, 10" M1st |k, 10" Mist
(literature) (this work)
2-butanol NaDT ACN 9.9°
194
2-propanol TBADT ACN 1010 2.9
2-propanol NaDT ACN 8.9%
2-propanol NaDT acetone 4.9%
methanol NaDT ACN 1.9
methanol TBADT ACN 0.9
ethanol NaDT ACN 520*
ethanol TBADT ACN 2.1
Benzyl alcohol | NaDT ACN 281
triethylamine TBADT ACN 60
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triethylamine NaDT ACN 420*
Diethyl aniline | NaDT ACN 620°
1-hexene NaDT ACN 4.2
cyclohexene NaDT ACN 11.91
cyclohexane TBADT ACN 410
cyclohexane NaDT ACN 3.25°
cyclohexane TBADT ACN 410
cyclohexane-dy, | NaDT ACN 1.09°
cycloheptane NaDT ACN 5.6°
1,4- TBADT ACN
cyclohexadiene

Tetrahydrofuran | TBADT ACN 23%
CH3;CH(OH)Ph | NaDT ACN 14.4%

Table 3.2.2: Constants for the reaction of *DT* with different hydrogen donors.
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It is interesting that the quenching of DT by triethylamine can be reversed by
the addition of trifluoroacetic acid. For [DT] = 0.05 mM, addition of 50 mM

TFA returns the lifetime to the original unquenched value (Figure 3.2.5).
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Figure 3.2.5:Quenching of TBADT triplet in acetonitrile with 33 mM triethylamine (TEA) with
further addition of trifluoroacetic acid (TFA). Data was monitored at 1330 nm. The emission of
3DT* is in black, with addition of 33 mM TEA (red), and further addition of 50 mM and 100 mM

of TFA (yellow and blue respectively).
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We were curious if 3DT* can quench other triplets. For this we chose two
molecules with high energy triplets: Xanthone (Et ~ 74 kcal/mol)? and
Rose Bengal (Et ~ 41 kcal/mol)?. The Xanthone triplet quenching
experiment had its own difficulties since the DT and Xanthone absorb light

at the same laser wavelength at 355 nm (Figure 3.2.6).

Absorbance

300 350 400 450 500 550 600

Wavelength (nm)

Figure 3.2.6:The comparison of absorption of DT (a), Rose Bengal (b), Xanthone (c) and the

molecular structures of Rose Bengal (B) and Xanthone (C).

We had to use minimal amounts of DT to eliminate competitive absorption
as much as possible. We obtained a rate constant of 9.3 x 10° Ms for

Xanthone quenching by DT. We also observed the sensitized emission of
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3DT* in NIR region due to energy transfer between Xanthone and DT.
However, this particular experiment cannot give very reliable results as DT

also absorbs the 355nm wavelength (Figure 3.2.7).
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Figure 3.2.7:Decay of Xanthone triplet in absence (a) and presence (b) of 0.4mM DT, monitored
at 610 nm.

We also performed similar experiments with Rose Bengal. This dye is well

known as singlet oxygen sensitizer, so we performed this experiment under
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argon with DT as a quencher. RB was excited by laser pulse at 532nm,
which DT cannot absorb, thus we did not have a problem with competitive
absorption(Figure 3.2.8). We obtained the rate constant 1.8 x 10° M-1s?,
although the lifetime of DT observed were longer than around 100ns (typical
DT lifetime), because of the long lifetime of RB triplet, which continued to
transfer energy to DT. The corresponding slopes for rate constants can be

found in the appendix.
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Emission intensity

Time (us)

Figure 3.2.8:Decay of Rose Bengal triplet in the absence (a) and presence (b) of 0.4mM DT,

monitored at 610 nm.

We also performed an experiment at low temperatures for NIR kinetics,
using liquid nitrogen to refrigerate the sample. The lifetime at 77 K was 6.8
us, which meant that even at this low temperature there is some reactivity.

You can see some blue colour formed from DTHe (Figure 3.2. 9).
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Figure 3.2.9:Top:Experimental low-temperature setup for NIR kinetics. Below: Decay kinetics at
77 K monitored at 1330 nm for a fresh sample (red) and for a sample exposed to ~200 laser

pulses (blue) at 355 nm. Reproduced from ref3,
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3.3 Conclusions

In this chapter we showed that DT intermediate wO is actually a triplet, but
it cannot be quenched by singlet oxygen because its energy is too low (21
kcal/mol). NIR data proves the triplet nature of wO. With a lifetime of 100
ns it is possible to study quenching by different substrates. In this chapter
we showed five different substrates. The decay of the triplet state is
facilitated by an electronic to vibrational conversion, which is particularly
prominent in solvents containing O-H groups. This phenomenon is
reminiscent of analogous processes observed in the case of singlet oxygen.
By itself DT can act as a quencher, accepting energy from higher energy
triplets such as Xanthone and Rose Bengal. The data presented, along with
the discovery of NIR luminescence, represent powerful tools for discovering

new catalytic pathways involving decatungstate.
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3.5 Appendix
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Figure 3.5.1:Decay kinetics at 77K monitored at 1330 nm for a fresh sample (a) and for a sample

exposed to ~200 laser shots (b), laser wavelength is 355 nm.
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Figure 3.5.2:The slope corresponds to quenching Xanthone by DT, rate constant kq = 9.3 x 10°
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Figure 3.5.3:The slope corresponds to quenching Rose Bengal by DT, rate constant kq = 1.8 x
10° M1s?,
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Chapter 4: Decatungstate triplet quenching by

peroxides

4.1 Introduction

There are numerous reports on the application of decatungstate in selectively
activating and functionalizing aliphatic compounds at activated C—H
positions. This includes benzylict, allylic?, aldehyde C—H bonds?, and o to
ethers*®. An interesting article was published describing a novel method for
the direct conversion of aliphatic amines to ketone products via oxidation of
a methylene group, using decatungstate as a photosensitizer and
hydroperoxide as the terminal oxidant®. But we wondered whether the
peroxide might have quenched the decatungstate before it reacted with the

pyrrolidine, resulting in a competing reaction.

Photochemists have long been captivated by the quenching behavior of the
triplet excited states of a photosensitizer by peroxides and hydroperoxides’®.
This fascination stems from the potential to glean mechanistic insights into
the quenching phenomenon of triplet states. The application of quenching of
triplet states by peroxides and hydroperoxide mechanisms spans a wide
range of fields. These compounds have been shown to quench excited triplet
states, thereby preventing the formation of harmful reactive oxygen species
(ROS) such as singlet oxygen®°, By quenching excited triplet states and
scavenging ROS, these compounds help maintain cellular redox balance and
protect against oxidative damage to biomolecules such as proteins, lipids,
and DNA, Peroxides and hydroperoxides can scavenge reactive oxygen

species (ROS) generated by photosensitized reactions!?13,
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Further, it is worth mentioning that DT-catalyzed oxidations have been
found to use oxygen as the primary oxidant. However, studies have also
explored the potential of hydroperoxides as a sole oxidant or in combination
with oxygen®. Despite this, there is still a lack of understanding regarding
the kinetics of the interactions between 3DT* or wO and peroxides and
hydroperoxides. Therefore, further research is needed to determine the
mechanisms and kinetics involved in the reaction of wO with peroxides and
hydroperoxides. The rate constant obtained from such investigation can help
in deciphering the critical steps in competing photocatalytic reactions

involving DT as a photocatalyst.

In this chapter, we examined and compared the quenching behavior of the
first excited triplet state of Decatungstate (DT) using various peroxides,
namely cumene hydroperoxide, tert-butyl hydroperoxide and hydrogen

peroxide. The structures of used quenchers are shown in Figure 4.1.1.

(a) (b) (c)
CH
oo 4\ @_(
—0 OH
0—0 ~
{:HﬁI g 0 SoH

Figure 4.1.1:The structure of hydrogen peroxide (a), tert-butyl hydroperoxide (b) and cumene
hydroperoxide (c).

Based on our experimental results and observations and in light of already

proposed theories for triplet quenching, we shed light on the mechanism of
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triplet quenching of DT by peroxides. In this chapter we use time resolved

NIR luminescence to determine these important rate constants.
4.2 Results and discussion

We measured the quenching of decatungstate triplet by three different
peroxides (Figure 4.2.1). A solution of 0.2 mM sodium decatungstate in 1:1
ACN:H,0 was prepared. The peroxides were added in portions to the
cuvette with NaDT solution, and the emission was monitored at 1330 nm.
Following the absorption profile of the DT, the laser excitation with 355 nm
was chosen for the present study. For the quenchers we used, no significant
absorption at 355 nm was noticed. The quenching constants can be found in
Table 4.2.1.

R DT Solvent k,10'M1st
cumene NaDT 1:1 CHsCN:H,O | 126
hydroperoxide

tert-butyl NaDT 1:1 CH;CN:H,O | 9.67
hydroperoxide

hydrogen peroxide | NaDT 1:1 CHsCN:H,O |3.71

Table 4.2.1: Rate constants for reaction of 3DT* with different peroxides.
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Figure 4.2.1:Quenching for NaDT in 1:1 acetonitrile:H,O at room temperature for three
peroxides: cumene hydroperoxide (black), tert-Butyl hydroperoxide (red) and hydrogen peroxide

(blue). Data are based on emission kinetics monitored at 1330 nm.

Figure 4.2.2 shows the quenching of the phosphorescence decay of DT by
cumene hydroperoxide, (decays for two other quenchers are in appendix).
Similar quenching behavior was observed with other quenchers. From Table

4.2.1, it is clear that the quenching rates are higher for hydroperoxides in
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comparison to hydrogen peroxide; this is associated with hygrogen bonding,

which makes it harder to abstract hydrogen from peroxide.
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Figure 4.2.2:Quenching for NaDT in 1:1 acetonitrile:H.O at room temperature by cumene
hydroperoxide of different total concentrations: 0 mM (black) 3.5 mM (red), 7.1 mM (yellow),
10.6 mM (blue), 14 mM (purple); emission was monitored at 1330 nm following 355 nm laser

excitation.
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The experimental rate constant or triplet decay, k¢, can be related to the

bimolecular rate constant for triplet quenching, kg, according to eq. 1.

kexp = ko + kq [Q] (1)

Where, Kk, is the first-order rate constant for triplet decay in the absence of

guencher (Q) and in the plot corresponds to the interception the y-axis.

As mentioned in the introduction, the quenching analysis of wO with
peroxides and hydroperoxide can help explain why, as quenchers of wO,
peroxide and hydroperoxide may serve as co-catalysts in a photocatalytic

reaction.

The activation of C-H bonds via oxidation has been investigated in the
presence of hydroperoxides®. The study found that hydrogen peroxide was a
more effective co-catalyst than tert-butyl hydroperoxide. These results are
surprising and exciting, as our quenching experiments (Table 4.2.1)

demonstrate that hydrogen peroxide is the slowest quencher for 3DT*.

Although we note that the quenchers under investigations are relatively good
quenchers, in our research group, Julia Ong, investigated the effect of H,0,
In conjunction with O, for the photooxidation of 1-phenylethanol. The
chemical structure of 1-phenylethanol in Figure 4.2.3 (3). Her results show
that H,O; has a significant effect in the early stages of the reaction, but its

impact diminishes as the reaction progresses.

Our kinetic studies show that hydroperoxides are excellent quenchers of
3DT*, and the results support HAT as the quenching mechanism. Thus,
reaction of DT with hydrogen peroxide (Figure 4.2.3 (2)) is expected to
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quench, yielding two of the intermediates already involved in the oxidation

of 1-phenylethanol and 1,4-cyclohexadiene(Figure 4.2.3).

hv 15C

DT > = 3OT* (1)
DT* + Hy03 — DTH+ + HOO- (2)
OH OH
3T 4 CH; —— DTH* + *"CH; (3)
OH

0
*“CHy + 0y —» @ACH;; F HOO-  (4)

T 4 @ ——= DTH+ + @ (5)
@ b Qy —= @ + HOOQO- (6)

Figure 4.2.3:The proposed mechanism for HAT and the subsequent reaction of the radicals with
oxygen: (1) — decatunstate photoexitation; (2) — reaction of 3DT" with hydrogen peroxide; (3) —
reaction of 3DT" with 1-phenylethanol; (4) — reaction of 1-phenylethanol radical with oxygen; (5)
- reaction of 3DT" with 1,4-cyclohexadiene; (6) - reaction of 1,4-cyclohexadienyl radical radical

with oxygen.

Given that DTHe and HOO-« are already generated through the proposed
mechanism, we wondered how the addition of H,O, could facilitate C-H
activation. The lifetime for 3DT* in the water-rich solvent used can be

estimated as 40 ns. With a rate constant for 1-phenylethanol of 1.5 x 108M-
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1s-1, Our calculation suggests that the fraction of DT triplets quenched by 1-

phenylethanol can be calculated with equation 2.

kox[Q] 1.5 x 108 x 0.1
T4+ kyx[Q] 25%107+1.5x 108 x 0.1

fo = fraction quenched =
= 0.375(2)

That is, only 37.5% of the DT triplets are quenched by the concentration of
1-phenylethanol used. Thus, adding hydrogen peroxide, a good *DT*
quencher, will increase the fraction of 3DT* that can generate reaction
intermediates. Beyond this it is necessary to establish is DTHe and HOOe,
generated in reaction (2) are also capable or promoting the oxidation of 1-
phenylethanol or 1,4-cyclohexadiene. In the presence of two quenchers
(both, 1-phenylethanol and H,0,), the equation changes as shown below,
giving foo= 0.573 for 0.5M H,0., that is, more triplets are quenched when
0.5 H,0, M is present.

ko X [Q] + kpaoz X [Hy 0, ]
T+ ko X [Q] + kyzp2 X [H2 03]
1.5%x 10% x 0.1 +3.71 x 107 x 0.5
T 25x107 +1.5x 108 x 0.1 + 3.71 x 107 x 0.5
= 0.573(3)

foo = fraction quenched =

The efficiency of the reaction will decrease as both concentration terms are
reduced during the progress of the oxidation. The efficiency can be
increased slightly by replacing water with D,0, where the 3DT* lifetime is

roughly twice as long*.
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Regarding the reactivity of DTHe and HOO-e, Figure 4.2.4 suggests the
reactions that may be involved including reactions 7 and 8 where DTHe
transfers hydrogen atom (or electron) to the peroxide bond in Fenton-like
chemistry (Figure 4.2.4 (9) and (10)).

DTHs + O3 —= DT + HOO- (7)
OH OH

HOO+ + CHs e 0, *"CH: (8)

DTHs + Hy0; —= DT + H,O + HO- (9)

DTH+ + ROOH — DT + ROH + HO- (10)

Figure 4.2.4:Reactions that may be involved due to a reactivity of DTHe and HOOs»: (7) —
reaction of DTHe with oxygen; (8) — reaction of HOO- with 1-phenylethanol; (9) — reaction of
DTH- with hydrogen peroxide; (10) - reaction of DTHe with hydroperoxide.

That some of these reactions must be taking place is unequivocally
demonstrated by the fact that addition of hydrogen peroxide increases the
initial rate of oxidation. Further, the intermediates involved are capable of
propagating a chain reaction as illustrated in Figure 4.2.5 for the case of 1,4-

cyclohexadiene.

79



O e

DTHs + O, —> HOO- @ -~ 3DT* + @
o

Figure 4.2.5:Proposed chain reaction for 1,4-cyclohexadiene in the presence of oxygen (no
hydroperoxides) where DTHe can act as an initiator via reaction (7). Similarly, reaction (5) can
feed directly the chain by supplying cyclohexadienyl radicals. In the presence of hydroperoxides,

additional peroxyl radicals and DTHe would be formed via reaction (7).

While Figure 4.2.5 shows a viable chain reaction, we may wonder if it
actually occurs, particularly considering that the initiation via 3DT* HAT
reactions with 1-phenylethanol or 1,4-cyclohexadiene are much faster than
typical HAT reactions involving peroxyl radical attack on C-H bonds. For
example, HOO- reacts with 1,4-cyclohexadiene with a rate constant of 350
M-s? in acetonitrile®®, compared with 3.0 x 108M1st for 3SDT*4;

hydroperoxyl rate constants are also very solvent dependent?®,

We can easily calculate which is the minimum quantum yield to support a
chain reaction. We know that DT> is formed with a quantum yield of 0.6%°
and that only 37.5% of the triplets are quenched by 0.1M 1-phenylethanol.

Primary® of radical formation = ®p = O5cxf, = 0.6 X0.375
= 0.225(4)
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Since quantum yields measured exceed 0.225, then a chain is required, likely
a short chain, but enough to support the mechanism of Figure 3.2.5. The
value of quantum yield for 1-phenylethanol &g = 0.93 £ 0.10, suggests a
chain length of at least 5. There is also evidence that oxidative C-H
oxidations work better under oxygen than under air. This suggests that
reactions (5), (6) or (7) may not be quantitative under air, somewhat
surprising given the fast rate constants that characterize radical trapping by
oxygen'’. With H,O, the triplet DT capture triples, the product yield

Increases.

Primary® of radical formation = ®p = O5cxfoo = 0.6 X0.573
= 0.344(5)

4.3 Conclusions

In this chapter, we illustrate the quenching of decatungstate triplet by three
different peroxides, the rates of quenching range from 10° to 10’'Ms, The
insights gained from our study are essential for developing new and effective

strategies for harnessing the potential of DT in various applications.
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4.5 Appendix

Emission intensity

0mM
23.9 mM

47 mM
95 mM

Figure 4.5.1:Quenching for NaDT in 1:1 acetonitrile:H-O at room temperature by tert-Butyl
hydroperoxide of different total concentrations: 0OmM (black), 23.9 mM (red), 35.9 mM (yellow),
47mM (blue), 95mM (purple),141mM (light blue),187mM (gray); emission was monitored at

1330 nm following 355 nm laser excitation.
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Figure 4.5.2:Quenching for NaDT in 1:1 acetonitrile:H,O at room temperature by hydrogen
peroxide of different total concentrations: 0OmM (black) 108 mM (red), 214 mM (yellow), 343
mM (blue), 423 mM (purple); emission was monitored at 1330 nm following 355 nm laser

excitation.
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Chapter 5: Future Directions

In this work the DT intermediate wO was shown to be a triplet, what opens
up many directions for further research in this area. Investigations of such
Important data as rate constants for different quenchers will allow to better
understand the mechanisms of reaction which includes DT as a

photocatalyst.

The quenching of 3DT* with hydroperoxides shed light on the
photooxidation of 1-phenyl ethanol in the presence of hydrogen peroxide
and help explain why H,O, has a significant effect in the early stages of the
reaction but decrease as the reaction progresses. As addition of hydrogen
peroxide increases the initial rate of oxidation, the intermediates involved

are capable of propagating a chain reaction.

Decatungstate has shown potential in reactions involving hydrogen atom
transfer (HAT) mechanisms. Decatungstate ([W1003,]*") is a powerful
photocatalyst known for its ability to activate a wide range of substrates
through single-electron transfer processes and can be a good choice to
induce polarity reversal in various organic substrates. Polarity reversal
catalysis is a concept in organic chemistry where a catalyst reverses
functional group or molecule's inherent reactivity (or polarity). This
technique of catalysis to facilitate the use of radicals from electron-poor
substrates. The basis of polarity-reversal catalysis (PRC) is to replace a
single-step abstraction, which is slow, with a two-step process mediated by
radicals which is faster. Polarity reversal catalysis is a promising approach
for selective oxidation reactions, where the oxidation state of a substrate is

reversed.
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The oxidation of benzyl alcohol to benzaldehyde using decatungstate under
light irradiation involves several steps (Figure 5.1). These steps primarily
feature the formation of radicals through hydrogen atom transfer (HAT). The
process involves the excitation of decatungstate by light, facilitating the
hydrogen atom transfer from benzyl alcohol, forming a benzyl radical. This
radical subsequently oxidizes to produce benzaldehyde, while decatungstate
Is regenerated, completing the catalytic cycle. The role of decatungstate is
crucial as it acts both as a catalyst and facilitator of the hydrogen atom

transfer process, making the overall reaction efficient and selective.
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Figure 4.5.1: The oxidation of benzyl alcohol to benzaldehyde: (1) — photoexitation of
decatungstate; (2) - reaction of 3DT" with benzyl alcohole; (3) - reaction of DTHe with oxygen;

(4) — reaction of benzyl radical with oxygen.

This investigation will show the advanced capabilities of decatungstate and
laser flash photolysis to unlock new avenues in polarity reversal catalysis,
offering significant advancements in synthetic chemistry. The findings will
deepen understanding of decatungstate's catalytic capabilities and expand the
toolbox for synthetic chemists, facilitating the creation of novel compounds

and materials.
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