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Kurzfassung

Die Photokatalyse weckt groBBes Interesse, weil sie als Technik zur Erweiterung des Potenzi-
als der synthetischen organischen Chemie unter milden Bedingungen und zur Gewinnung
der unbegrenzten Sonnenenergie durch Nutzung von Wasser verwendet werden kann. Fort-
schritte in diesem Bereich sind jedoch hauptsédchlich auf empirische Erkenntnisse zuriickzu-
fithren und weniger auf ein griindliches mechanistisches Verstidndnis der zugrunde liegenden
photoinduzierten Prozesse. Zweifellos wird die detaillierte Kenntnis der mechanistischen
Feinheiten eine dominierende Rolle bei der Verbesserung der bestehenden Reaktionseffizi-
enz und dem Entwurf neuer Transformationen spielen. Aus diesem Grund wurden in dieser
Arbeit die besten verfiigbaren Techniken zur Gewinnung mechanistischer Informationen,
d.h. Methoden zur Bestimmung der Quantenausbeute und die Ultrakurzzeit-Spektroskopie,
hervorgehoben. Dariiber hinaus wurden zwei représentative photokatalytische Transformati-
onen mit diesen Methoden untersucht.

Die Experimentellen Methoden werden im ersten Teil der Arbeit beschrieben. Um pho-
toinduzierte Radikalkettenreaktionen zu charakterisieren, wurden der Quantenausbeute-
Bestimmungsautbau (QYDS) und der Lichtpulsgenerator (LED Pulser) kombiniert. Der
QYDS erlaubt die einfache und genaue Bestimmung der Reaktions-Quantenausbeute (QY)
in einem Syntheselabor. Der LED-Pulser stellt eine geeignete Methode zur Abschidtzung der
Lebensdauer der Radikalkette dar. Um die Dynamik des angeregten Zustands zu beobachten,
wurde das transiente Absorptions- (TA) Spektrometer verwendet. Das TA-Experiment er-
moglicht die direkte Beobachtung transienter Zwischenprodukte in mechanistischen Studien.

Die photoinduzierten Prozesse in einer photokatalytischen a-Alkylierung des Alde-
hyde wurden im zweiten Teil der Arbeit untersucht. Der QY wurde in zeitabhdngiger Weise
in einem Bereich von niedrigen bis mittleren Lichtleistungen bestimmt. Mit diesem Ansatz
konnte gezeigt werden, dass der QY der Alkylierungsreaktion als eine Funktion der Licht-
leistung und der Zeit betrachtet werden muss. Daher wurde ein neuer Mechanismus vorge-
schlagen: Bei niedriger Lichtleistung dominiert die Radikalkettenreaktion, wihrend bei ho-
her Leistung die Photokatalyse die Hauptrolle spielt. Die Durchfiihrung der Reaktion unter
gepulster Beleuchtung und die Anderung der Frequenz der intermittierenden Beleuchtung
lieferten eine Abschitzung der Radikalkettenlebensdauer mit 23 ps. Die Konkurrenz zwi-
schen der Radikalkettenreaktion und der Photokatalyse wurde ebenfalls direkt beobachtet,
indem die Loschung des Triplett-Zustandes des Photokatalysators NDI-A und die Bildung
seines radikalischen Anions auf der ns- und ps-Zeitskala verfolgt wurde. Dieser neuartige
Mechanismus wurde bisher bei der Photokatalyse nicht beriicksichtigt.

Die photoinduzierten Prozesse in einer photokatalytischen Wasserspaltungsreaktion
wurden im dritten Teil der Arbeit untersucht. Die Faktoren wurden untersucht, von denen die
Aktivitét der photokatalytischen H, Produktion abhéngt. Eine Reihe von sterisch verwandten
Molekiilen N,-Me wurde als Photokatalysatoren verwendet. Die H, Produktion konnte als
Folge des steigenden Stickstoffgehalts in N,-Me dramatisch gesteigert werden. Die TA-
Experimente zeigten, dass sowohl der QY der Triplett-Zustandsbildung als auch die Triplett-
Zustandslebensdauer entlang der Serie Ny bis N3-Me zunimmt. Dariiber hinaus zeigten die
Berechnungen der freien Energien des Ladungstransfers und die Experimente, dass der
Elektronentransfer vom Opfer-Elektronen-Donator in den N,-Me Triplett-Zustand durch den
Anstieg des Stickstoffgehalts thermodynamisch begiinstigt wird. Deshalb ist es wichtig, die
Eigenschaft der angeregten Zustdnde und die Antriebskraft fiir die Elektrontransfer-Schritte
bei dem Design von neuen Photokatalysatoren fiir die photokatalytische Wasserspaltung zu
berticksichtigen.
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Short summary

Photocatalysis sparks much interest as a technique to expand potential of synthetic organic
chemistry and to harvest the unlimited solar energy by splitting water. However, progresses
in this area have mainly been driven by empirical findings rather than a thorough
mechanistic understanding of the underlying photo-induced processes. Undoubtedly, the
detailed knowledge of the mechanistical intricacies will play a dominant role in the
improvement of existing reaction efficiency and the design of new transformations. For that
reason the best techniques available for acquiring mechanistic information, i.e. quantum
yield determination methods and transient absorption spectroscopy, have been highlighted in
this thesis. Furthermore, two representative photocatalytic transformations, the photoredox
organocatalytic enantioselective o-alkylation of aldehydes and the photocatalytic water
splitting have been investigated using these methods.

The experimental and interpretation methods have been delineated in the first part of
the thesis. In order to characterize photo-induced radical chain reactions, the quantum yield
determination setup (QYDS) and the light pulse generator (LED Pulser) have been used. The
QYDS allows the facile and exact determination of the reaction quantum yield in a synthesis
laboratory environment. The LED Pulser provides a proper method to estimate the radical
chain lifetime. In order to monitor the excited state dynamics of photocatalysts, transient
absorption (TA) spectrometers of our own design have been used. The TA experiment
enables to observe directly transient intermediates in mechanistic studies of photocatalysis.

The photo-induced processes in a photocatalytic a-alkylation of aldehyde reaction
have been investigated in the second part of the thesis. The reaction quantum yield (QY) was
determined in a time dependent way at a range of low to medium light powers. With this
approach it could be shown that the QY of a-alkylation reaction must be considered as a
function of irradiation power and time. Therefore, a new mechanism has been proposed: the
radical chain reaction dominates for low light power, whereas the photocatalytic mechanism
plays the main role for high power. Running the reaction under pulsed LED illumination and
changing the frequency of the intermittent illumination provided an estimate of the radical
chain lifetime with 23 ps. The competition between the radical chain reaction and the
photocatalysis was also directly observed through tracking the quenching of the triplet state
of the photocatalyst NDI-A and the forming of its radical anion on the ns and ps time scale.
This novel mechanism has not been taken into account for photocatalysis so far.

The photo-induced processes in a photocatalytic water splitting reaction have been
investigated in the third part of the thesis. Ultrafast TA spectroscopy has been used to study
the factors that dictate the photocatalytic H, evolution activity. A series of sterically related
molecules N,-Me was used as photocatalysts. The H, evolution could be dramatically
enhanced as a consequence of increasing nitrogen content in these photocatalysts. The TA
data treatment showed that the QY of the triplet state formation as well as the lifetimes of the
triplet state increase gradually along the series N to N3-Me. In addition, the calculations of
charge transfer free energies and the experiments demonstrated that electron transfer from
the sacrificial donor to the N -Me triplet state becomes thermodynamically favored as a
result of the increase in the nitrogen content. Thus, it is important to consider the nature of
excited states and the driving forces for charge transfer steps in the photocatalyst’s design
for photocatalytic water splitting.
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1. Introduction and aim of the thesis

If anyone asks me “How do you know this?”
I can answer: “I know because we measure.”

Confessions, Book XI, Chapter XXI
— Augustine of Hippo, 354—430

Vast amounts of energy are needed to support rising standards of life in a growing world
population. To meet that demand, people make use of the energy released during fossil fuel
combustion, thereby producing inevitably emissions, the majority of which are harmful to
the environment. The increasing challenges in energy shortages and worsening
environmental pollution have invigorated growing awareness of a potential crisis. For the
sustainable development of human society, it is mandatory to develop both pollution-free

technologies and alternative clean energy supplies for environmental protection.

Solar energy is an inexhaustible, environmentally clean, and geographically widely
distributed natural resource. The magnitude of the available solar power striking the earth’s
surface on an hourly basis exceeds the annual global energy consumption [Gol04, Lew07].
Renewable energy techniques that harvest solar energy work as desirable approaches toward
fulfilling the need for clean energy. Among these various renewable energy projects,
photocatalysis has gained considerable attention with its diverse potential in energy and
environmental applications [Mal02, Cie04, Ess07, Fag07, Pal07, Schl4]. Photocatalysis
describes chemical transformations that require light as an energy input to proceed. In
addition, photocatalysis also requires an appropriate photocatalyst to carry out the
thermodynamically uphill reactions. In a typical photocatalytic reaction, the photocatalysts
absorb light energy and are thereby converted into their excited states. The excited
photocatalysts are generally more reactive than before in a chemical reaction and can
therefore undergo electron transfer processes, i.e. an electron transfer to or from a substrate,
generating highly chemically reactive radical anions or cations of the photocatalysts.
Through chemical deactivation processes and various physical decay pathways, the ground
state of the photocatalyst is finally regenerated and the absorbed light energy is stored in
chemical bonds. These processes are also found in natural photosynthesis [Blal14], which
fixes solar energy in chemical bonds and provides an indispensable prerequisite for life on

earth.



The chemical transformations, that take place by the action of light show many
environmental advantages. Photocatalysis features generally mild conditions required for
substrate activation and well suits the requirements for “green reactions”, in which the use
and production of harmful chemicals are avoided and the quantity of raw material that ends
up in the final product are maximized [Fag07, Pal07]. Furthermore, the photocatalytic
generation of storable chemical fuels is regarded as one of the lasting solutions to the

world’s energy and environmental crises in the future [Ongl16].

With all these advantages the field of photocatalysis moves at a very fast pace. A significant
part of the photocatalysis studies concerns extending the range of photocatalysis applications
and developing of highly efficient and stable while still cost-effective photocatalysts
[K6n17]. However, the mechanistic understanding of these complex reactions remains
insufficient for different reasons [Konl7, Buz19]. First, some chemical measurements such
as the determination of the quantum yield have been long regarded as an important tool to
investigate the reaction mechanism [Jul83, Rubl10]. However, the detection of these
quantities has been challenging due to the absence of easily implemented methods in a
synthetic lab [Meg10, Pit15]. Second, all of the photophysical and photochemical processes
in photocatalysis, the dissipation of light energy to heat or the photoinduced-electron-
transfer reactions occur predominantly on the femtosecond to microsecond timescale. For
these more detailed investigations of reaction mechanisms, the use of advanced spectroscopy
such as transient absorption spectroscopy is suggested [Kirl5, Konl7, Buz19]. Nevertheless,
it is widely believed that the photocatalytic reactions are too complex to be studied with

these spectroscopic methods [Maj14].

There is no doubt that a detailed knowledge of the reaction mechanism is an important
prerequisite for the improvement of the existing reaction efficiency and the development of
the next-generation photocatalysts and photocatalytic transformations. In order to gain a
better mechanistic understanding of the processes in photocatalysis, effort has been
dedicated to developing chemist-friendly devises and practical methods for using transient
absorption spectroscopy. First, a LED-based quantum yield determination setup is used to
measure the light intensity dependent quantum yield of a photocatalytic reaction. Second, an
improved LED light pulse generator is used to characterize radical chain processes in the
photocatalysis. Both setups have the advantage that they can be easily implemented in a
synthetic lab. In addition to these setups, the excited state dynamics of photocatalysts in the

liquid phase are directly monitored by transient absorption spectroscopy. This experimental



approach is a pump-probe experiment, in which a short light pulse is used to excite the
sample, and a second delayed light pulse scrutinizes the following dynamics. This enables
the observation of the ultrafast photophysical processes of the photocatalyst and a detailed

probing of the reaction steps in the photocatalysis.

The main goal of this work is to show that the combination of quantum yield determinations
and transient absorption spectroscopy can provide a powerful tool to generate a
comprehensive mechanistic picture of the photocatalysis. To this end, two representative
photocatalytic transformations, photo-redox organocatalytic enantioselective a-alkylation of
aldehydes and photocatalytic water splitting, are investigated. By applying the powerful
tools to these photocatalytic chemical transformations, the following anticipations can be
formed. First, the experiments using our novel quantum yield determination setup shall
provide a window onto determining possible reaction steps, especially onto identifying
photochemical reactions that involve radical chains. Second, the transient absorption
spectroscopy shall provide spectroscopic evidence that supports or improves the

understanding of the concatenated sequence of reaction steps.

The thesis is structured as follows. In Chapter 2 the fundamental aspects of ultrafast pump-
probe spectroscopy are briefly introduced from a technical point of view. Moreover, an
overview on the experimental transient absorption setup used in this thesis is given in this
chapter. Furthermore, the basic aspects of time-resolved spectroscopic data analysis are
discussed. Additionally, two LED-based optical setups for the quantification of

photocatalysis are described and characterized in this chapter as well.

Chapter 3, 4 and 5 describe the mechanistic studies on the photoredox organocatalytic o-
alkylation of aldehydes. The reaction a-alkylation of aldehydes has long been considered as
the “holy grail” reaction in the realm of organocatalysis [Alb09, Mel09, Vesl2]. In the
pioneering work of MacMillan et al., they have accomplished the direct a-alkylation of
aldehydes by merging photoredox- and organocatalysis [Nic08]. However, the understanding
of the reaction mechanism remained insufficient. The underlying mechanisms are not
demonstrated yet and are highly debated in the literature [Megl0, Cis15, Kérl5]. For that
reason, the reaction mechanism of photoredox catalytic a-alkylation of aldehydes is studied
by determining and analyzing the light intensity dependent quantum yield (Chapter 3),
characterizing the radical chains in this photocatalysis (Chapter 4) as well as demonstrating

the reaction steps with spectroscopic evidence (Chapter 5).



Chapter 6 describes the mechanistic investigation into a photocatalytic water splitting
reaction. Direct photocatalytic water splitting is one of the most promising ways to convert
solar energy into hydrogen (H,) as a storable and clean fuel [Chel7a]. Among the various
photocatalysts used in photocatalytic water splitting, covalent organic frameworks (COFs)
have emerged as a new platform due to the fact that their properties can be fine-tuned by
synthesis [Banl8]. The area of COFs-based photocatalytic water splitting has evolved
rapidly, but it is poorly understood why different COFs show very differing photocatalytic
activity. Especially, the reaction mechanism has been proposed to proceed via anionic
radicals [Vyal5], but direct studies of the electron transfer process are still lacking. In the
second part of this thesis (Chapter 6), a series of structurally related photocatalysts with
markedly different hydrogen evolution activities is investigated using transient absorption
spectroscopy. The focus of this study lies on rationalizing the differences in photocatalytic
activity between the photocatalysts in terms of differences in their excited state properties

and the nature of their radical anions.



2. Experimental and interpretation methods

The thesis is based on the collaborative work between physical and chemical research
groups. Therefore, multifarious methods used in chemical and physical labs have been
utilized to characterize samples, to study the excited state dynamics of photocatalysts and to
investigate the mechanism of photocatalysis. Only the quantum yield determination system
(QYDS) and LED Pulser are built according to our own design, the analytical methods from
chemistry are all standard techniques (see section 2.6). Regarding the spectroscopic
experiments in the physics group, a fiber based detection setup for fluorescence light has
been developed in order to match the specific requirements in the study. Moreover and
foremost, the transient absorption (TA) spectroscopy setup in the physical lab is made on our

own design and is one of the fundamental methods in this thesis.

The QYDS and TA spectroscopy setup are detailed in several publications [Meg09, Megl0,
Matl3, Bral4, Xul8, Voll9]. Therefore, only a brief overview of the experimental setup

will be presented in the following.

2.1. Broadband transient absorption spectroscopy

A commonly used and well-developed technique for measuring photoinduced dynamics is
TA spectroscopy. This technique is a direct successor to the flash photolysis technique. In
the method of flash photolysis, an intense burst of light with millisecond duration was
produced to create reaction intermediates, and the absorption spectra of these intermediates
were recorded by using other light. By exposing a chemical sample to heat, pressure or an
electrical shock, this pump-probe technique allowed researchers to study the kinetics with
microsecond temporal resolution [Chel7b]. For their contribution, the developers of the
flash photolysis — Eigen, Norrish and Porter shared the Nobel Prize in 1967 [Nor49, Eig54].
Instead of light bursts, the modern TA spectroscopy uses laser pulses to trigger ultrafast
phenomena. This enables us to investigate the mechanistic and kinetic details of chemical
and biological processes with a temporal resolution spanning the range from microseconds
(us) to femtoseconds (fs). In 1999, Zewail was credited with the Nobel Prize in the context
of this fs-spectroscopic method [Zew00].

The basic idea of TA spectroscopy is illustrated schematically in Fig. 2.1. A laser pulse, so
called pump pulse, is used to excite the sample. The time evolution of the excited sample is

then interrogated with the second laser pulse, so-called the probe pulse. The time delay
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Fig. 2.1:  Schematic depiction of the TA spectroscopy principle to measure photoinduced

molecular dynamics.

between the pump and the probe pulse is achieved by lengthening the pathway of one of the
two pulses. A detector such as photodiode is exploited to record the intensity of the probe

light.

Upon absorption of the pump pulse, the molecule system studied is prepared into the
respective excited state of interest (see Fig. 2.1a). Because the electronic configuration of the
excited state are typically different from that in the ground state, these differences can be
measured by the probe pulses which are delayed in time At relatively to the pump. The
spectral characteristics of the sample can be shown in the optical density OD(A), which is

defined by (via the common logarithm due to the Beer-Lambert law [Tur10]):
OD(L) =—log(T(1))=¢e(Ar)[J]d (2.1)

Here, T(A4) is the spectral transmittance, €(A) is the molar absorption coefficient, [J] is the
molar concentration of the absorbing species J and d is the length of the sample. The
comparison of the transmitted probe pulses through the excited sample T *(/I,At) and the
non-excited sample 7,(4) provides the induced changes of the optical density (AOD)
according to eq 2.2 [Meg09, Bral4]. Generally, this purpose is achieved by blocking every

second pump pulse with a chopper in the pump beam for 1 kHz laser systems.
AOD ( A, At ) = ODexcited ( A, At ) — ODpon-excited ( A )
= —log(T"(2,At) ) + log(To (%)) (2.2)

T" (L. At)

=-lo
ST (%)



Therefore, the temporal information of the photophysical or photochemical processes can be

studied by analyzing these transient absorbance changes (see Fig. 2.1b).

In contrast to the simple concept of TA spectroscopy, the experimental TA setup used in this
thesis is relatively complicated. One reason for the complexity is that many nonlinear optical
processes are required for the generation of different wavelengths with fs duration for the
pump. Another essential improvement that causes the complexity is the combination of a ns-
pulse laser for recording dynamics on the ns-ps timescale. More details can be found in the

following.

The experimental layout of the TA spectrometer is sketched in Fig. 2.2. The TA setup

consists of two commercially available laser systems which are fully electronically
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Fig. 2.2:  Scheme of the fs and ns broadband transient absorption spectrometer. NIR-OPA:
near-infrared optical parametric amplifier; SHG: second-harmonic generation;
THG: third harmonic generation, NOPA: non-collinear optical parametric
amplifier; PC: prism compressor; BBO: [-barium borate crystal; SCG:

supercontinuum generation.



synchronized. One is a Ti:sapphire amplifier system (CPA2001; Clark-MXR) delivering
laser pulses centered at 775 nm with 150 fs duration and a repetition rate of 1 kHz. The other
is a 1 kHz optical parametric oscillator (OPO) (NT242; EKSPLA) providing nanosecond

(ns) light pulses, whose wavelength is tunable from 210 to 2600 nm with 3 ns duration.

To record dynamics on the fs-ps timescale, a fraction of the Ti:sapphire amplifier light is
used to operate a non-collinear optical parametric amplifier (NOPA) [Rie00, Cer03], which
routinely delivers a pump wavelength in the range from 450 to 740 nm. The NOPA output is
then compressed via a fused silica or SF10 prism sequence (prism compressor, PC). After
the compression, the pulse duration of about 30 fs is achieved throughout the visible range.
To match the absorbance bands of sample molecules in the ultraviolet (UV) range, the
compressed pulse is frequency doubled (second harmonic generation, SHG) in a thin
B-barium borate (BBO, type-I) crystal. Together with the SHG, the pump wavelength can be
adjusted from the region of the fundamental at 775 nm down to about 240 nm. These pulses
are routinely characterized by using compact autocorrelators on our own design [Koz04,
Homl 1]. Subsequently, the pump pulse is mechanically delayed in 20 fs steps using a linear
delay stage with sub-10 fs accuracy (M-531 PD; Physik Instrumente GmbH). Before
focusing the pump pulse into the sample, a A/2 waveplate is used to adjust the polarization of
the pump relative to the probe beam. Unless otherwise noted, the polarization between pump
and probe beam is set at the magic angle 6,, = 54.7° to avoid contributions from the
rotational diffusion of molecules in solution [Fle76]. In the end the pump light is focused on

to the sample with a FWHM spot size of ~100 um and the energy of these pulses is about 50
— 70 nJ for the fs-ps experiment.

Due to the physical limitation of the mechanical delay stage, the molecular dynamics on the
ns and ps time scale are not accessible by changing the optical path length of the pump
pulse. Thus, for accessing ns-us dynamics, the fs pump is replaced by an ns pulse generated
by the EKSPLA OPO. The ns pump pulse is electronically delayed by a delay generator
(DG645; Stanford Research Inc.). The delay time can be set up to 790 ps with an accuracy of
100 ps. With a set of a A/2 waveplate and a polarizer the pump energy is adjusted. At the
position of the sample, the FWHM focal size of the pump spot is ~200 pm and the energies
vary between 200 and 300 nJ for the ns-ps configuration.

As probe pulses, a spectral supercontinuum is generated by focusing the Ti:sapphire
amplifier beam into a 5 mm calcium fluoride (CaF,) crystal. To avoid damage of the crystal,

the CaF, plate is translated in a circular pattern without changing the orientation. This
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supercontinuum generation (SCG) provides a white light ranging from 290 to 710 nm
[HubO1, Bra09], which is employed in the present investigations. An appropriate blocking
filter is employed in order to reduce the intensity of the CPA fundamental. Thus in the
region from 700 to 830 nm the number of counts on the CCD is reduced to 40%, leading to a
smaller signal-to-noise ratio. Probing is also possible from 225 up to 1700 nm by using
SHG/THG of the fundamental beam or a NIR-OPA before the SCG [Riel3]. The
wavelength calibration for the CCD channels is conducted before data collection by using a
set of colored glass filters (BG36, Schott AG and short pass filters, Asahi Spectra Inc.) and
dielectric mirrors with characteristic transmission oscillations above and/or below the high

reflection band (HR355-HT532, Laser Components GmbH).

The method “single-shot referencing” is employed to reduce the noise caused by variations
in the light pulse energy so that the sensitivity of the spectrometer is enhanced [Dobl0,
Bral4]. As shown in Fig. 2.2, the probe pulse is split into two roughly equal parts with a
beam splitter: a reference part and a sample part. No sample is placed in the reference arm,
whereas the sample part is guided through the sample to be examined. The FWHM focal size
on the sample is ~ 35 pum for the pulse. To detect these signals, two prism spectrographs
including two identical multichannel CCDs, a reference camera and a signal camera, are

installed.

In the case of two cameras referencing the light induced electronic signals on the reference
detector R(A) are taken into account in the data acquisition. A transmittance difference

AT, .(A,At) as a function of wavelength A and time delay At is defined as

R™ (A, At)

ATref(kaAt) = R()(?\.)

(2.3)

where the signal with pump is denoted as R" and the one without pump is R,. For the sample

light beam the transmittance difference AT, ,(A,A?) is thus calculated according to eq 2.4.

S (A, At)

ATgam (A, At) = S0(%)

(2.4)

%
Here S is the signal with sample excitation recorded on the detector and S, shows the one
without excitation. The changes of the optical density AOD used for the data analysis are

calculated according to the following equation [Bral4]:

AOD (A, At) = AAgam (A, At) — AAref (1, At ) (2.5)



AOD (4, At) = —log( ATsam ) — (—log ( ATref ) )

 oe| ST(rAt)  Ro(2) (2.5)
T TS0 R (man)

To avoid artifacts caused by photodegradation or accumulation of photoproducts, the sample
is exchanged between two consecutive light pulses in a flow cuvette including two fused
silica windows, each of 200 um [Meg09]. The path length is adjusted by a Teflon spacer of
100 pm, 250 pum or 1 mm thickness. All experiments are performed under room temperature

unless otherwise noted.
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Fig. 2.3:  Time-resolved transient absorption measured after 500 nm excitation of Br,-
(PrNH),-cNDI in dichloromethane. a) False color representation of the time and
wavelength resolved data. b) TA spectra recorded at several time delays. For
reference the absorption and fluorescence spectra are shown in addition. c)

Kinetics for the dynamics of different species at selected wavelengths.
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In Fig. 2.3 the transient absorption after 500 nm excitation of Br,-(PrNH),-cNDI in
dichloromethane is shown as an exemplary dataset. The structure of the molecule is shown
in the inset of Fig. 2.3. A false color representation of the TA signal is depicted in Fig. 2.3a,
in which the warm colors indicate high transient absorption and the cold colors show low
absorption. The observed TA spectra consist of various signal contributions caused by

different photophysical and photochemical processes:

e Ground state bleach (GSB): a negative signal contribution at the positions of the steady-
state absorption bands (see Fig. 2.3b). The ground state is partially depopulated after
excitation, which leads to an increased transmitted intensity in the ground state

absorption bands because less absorption occurs at these bands.

e Stimulated emission (SE): a negative signal contribution where the sample fluoresces
(see Fig. 2.3b). Due to the interaction of the probe photon with the excited molecule a
transition from an excited state to the ground state occurs via emission of a photon,
which has the same wavelength as the probe photon. Thus, the light intensity at this

wavelength is increased on the detector.

e Excited state absorption (ESA): a positive signal contribution corresponding to a
transition from an excited state to a higher-lying excited state. The excited state

absorption leads to a decrease in the intensity of the probe light.

e Product absorption: a positive signal contribution at the absorption positions of the newly

formed photoproduct.

In addition, the nonlinear interaction of pump and probe pulses leads to “coherent artifact
(CA)” contributions in the UV-Vis spectral range [Lor02]. These contributions occur about
hundred femtoseconds around the time zero and stem mainly from two photon absorption
(TPA) and cross phase modulation (XPM) [Baul7]. Generally, these CA contributions are
used to determine the time zero by fitting a modulated Gaussian function and/or its first
derivative to the CA signals [Baul7]. This approach also offers the effective time resolution
of the TA experiments [Meg09]. Because sub-ps molecular dynamics signals can
intermingle with the CA and the major part of the CA is generated within the solvent and the
cuvette windows, the data for the CA fitting are measured before the actual experiment in

the pure solvent with the same cuvette.
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2.2. Transient absorption dataset analysis

A 2D dataset obtained from a TA measurement are an absorption difference matrix as
functions of time and probe wavelengths AOD(A, Af). The column of the matrix is a time
trace for a selected detection wavelength and the row presents a TA spectrum at a delay
time. Information about photo induced processes, such as the temporal evolution of excited
states, can be achieved from the TA data when an adequate model is numerically fitted to the
data. The ubiquitous implemented model fits a sum of exponential functions with different
coefficients to the TA data. This is based on the assumption that the complete dynamics can
be described as a set of first-order differential equations. Suppose that the population of a
state is V; and the rate of depopulation of this state (-dNV;/dr) is proportional to its population:

dNj;
dt

= —kj - Nj (2.6)

The coefficient k; is called the rate constant for the process. The reciprocal of the rate
constant is defined as the time constant for the process (z;), which represents the time
required for the population of an intermediate to fall to 1/e of its initial value.

1

If N;(0) is the initial population of the state at time zero (¢ = 0), the solution of the differential

equation 2.6 is given by

Ni(t):Ni(O)-exp(—kit)=Ni(0)-exp[—r—t_j 2.8)

1

For a coupled n-states system, the application of this model is obtained by fitting the TA data
at one detection wavelength with a linear combination of exponential functions with
different amplitudes 4; and time constants 7; [Meg09]. The number of the exponential

functions equals the number of states in the system. The fit function F(¢) is given by

1

F(t) = IRF(t)@{G(t){%Ai .exp(%j”+const.+c/x 2.9)

Here the symbol ® denotes a convolution integral, &¢) is the Heaviside step function, CA4 is
the coherent artifact and /RF(¢) is the instrumental response function assumed to be of

Gaussian shape with a full width at half maximum of the peak (FWHM) gy
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IRF(t) = (2.10)

—41n2
T 2
Jn  TFWHM TEWHM

2JIn2 1 { t2 J
exp —_

This fitting approach is also called “single line analysis”. Because the coherent artifact
occurs at different delay times for different probe wavelengths, the single line analysis offers
the best fit of the time zero position. However, in the absence of any information of the
states in the system, using single line analysis, it is possible to determine more fitting
parameters from the data set than required. Furthermore, in the presence of TA band shifts
due to solvation or vibrational cooling (an example see Chapter 5), the single line analysis
can lead to ambiguities because the obtained rate constants are highly dependent on the

probe wavelength [Megl1].

Since the TA dataset consists of kinetics at different probe wavelengths, a “global analysis”
can be applied to the TA data in order to take the entire spectrally resolved dataset into
consideration [Van04, Fit06, Ruc12]. In global analysis one attempts to extract one common
set of time constants 7; for the kinetics recorded at all probe wavelengths. The fit function is

defined as

1

F(t) = IRF(t) ®{6(t){§:DADSi(k)-exp(%j]}Jrconst. +CA (@11

with a predefined number of discrete exponentials. The global analysis yields the decay
associated difference spectra (DADS;) corresponding to its time constant 7. A positive
contribution in the DADS indicates a decrease in the intensity of ESA or an increase in the
intensity of GSB, whereas a negative signal corresponds to recovery of GSB and SE or

growth of an ESA band.

The data from the global analysis can then be subjected to a specific “kinetic model”, which
is performed according to the literature [Hol96, Cor07]. The kinetic model is a proposed
mathematical description of the population dynamics of each observed state: an arbitrarily
selected state x is populated from a state y with a rate constant k, and decays with a rate

constant k,, into a state z. The temporal behavior of the state population N;(?) is described

d - .
ENi(t): ZlKiij(t) fori=1--n (2.12)
J:
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dt

d —k1 ka1 k3p oo k) [ Ni(t)

dt 2| |ki2 k2 ks o kna || N2(t)

iN3 =| k13 ko3 -k3 -+ kpz |-| N3(t) | withk>0  (2.12)
dt : : Do : :

:d kin kon k3n -+ —kp Nn(t)

a n

by the system of differential equations in matrix formalism (eq 2.12), where Ki; is a matrix
of rate constants. By solving this differential equation system the mathematical terms for

N;(t) are obtained, if the eigenvalues of Kj; (i) are not degenerate (eq 2.13).

n
Ni(t) =y Mj; -exp(—Kj -t)
j=1

(2.13)
- 1
=y Mj; -exp(——-tj fort >0
! T;
J=1 J
Here 7, =1/ &; are the time constants. The coefficient matrix M;; reflects the rate model and
its columns consist of the eigenvectors associated with the eigenvalues x. The M;; is
obtained by applying the specific starting condition, namely the population change of the
state induced by the excitation N;(t = 0).

In addition, the data matrix produced by the TA measurement AOD(t,A) includes a
superposition of different species spectra (which reflect the absorption cross section)

weighted by their population N(¢).

d__ S Ni(t)-SADS; (%) (2.14)

AOD (A, t) = n(10) =

Here d is the optical length of the sample. SADS;(4) denotes species associated difference
spectra (SADS). By inserting the rate model (eq 2.13) into the data matrix (eq 2.14) the
connection between SADS and DADS (DADS;(4)) is found.

d & < t
AOD (A, t) = ln(lo)igljglMlj .exp(—T—j]-SADSI(X)

(2.15)

B

1=

d 2 t ) <
:1n(10)j§16Xp(__] 1Mij-SADSi(k)
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d 2 t
AOD(,t) = ln(lo)jglexp[—r—jj-DADsi(x) (2.15)

Therefore, by applying the M;; to the DADS from the global analysis, the SADS are
eventually constructed (eq 2.16).

SADS(2) = (M)~ - DADS(2) (2.16)

In sum, this analysis involves a simultaneous optimization of the rate constants and the
spectra in order to optimally describe the data with the proposed model. The results are the
rate constants for the kinetic model chosen and the spectra of each species present in the

model.

However, there is an important limitation in this procedure, so-called the identifiability
problem [Hol96b, Cor07]. In general, the unknown rate constants involved in the kinetic
model cannot be uniquely solved only on the basis of global analysis alone, because the
given results from global analysis might not contain enough information inquired. An
example is shown in Chapter 5, in which three rate constants have to be extracted for the
model. Nevertheless, by using global analysis, there exist only two independent time
constants. Thus the number of linearly independent equations is not enough (only two) in
order to determine three rate constants. In order to find a unique solution, the other one must
be fixed on an otherwise determined value. In this case, the purpose is achieved using peak
position evolution, provided a wavelength region can be found where only one excited state
decays into another state. In general cases, the same purpose can be achieved, if the analysis
of'the TA data could be linked to another time-resolved measurement data, e.g., fluorescence

lifetime data [Hol96a].

It is important to note that in all analysis described above, the number of distinct exponential
functions needed to fit the data is chosen by the user's judgement. The fit procedure can
become difficult to perform when different processes exhibit similar time constants.
Therefore, a mathematical method is needed to estimate the smallest number of the
exponential functions which can unambiguously describe a TA dataset. “Maximum entropy
analysis” is chosen to achieve this purpose [Dan92, Kutl3]. In the maximum entropy
analysis, the pre-exponential amplitude is regarded as a probability distribution p(k). This
method determines the distribution p(k) in a sum of a large number of exponential functions
with fixed rate constants for each probe wavelength independently. For a fixed wavelength,

the fit function is shown as
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F(t):off(t,k)p(k)dk
0

t (2.17)

F(tk)= [ exp(-k(t—t'))-IRF(t')dt, k = I/

—00

In order to obtain a distribution p(k) that doesn’t contain more information than required to
fit the data, the entropy S of the distribution p(k), which is a concept in probability theory

and shown in eq 2.18, should be maximized.

S=—'§lp(ki)~ln(p(ki)) (2.18)

The resulting m discrete values p(k;) represent the distribution function p(k). The result of the
maximum entropy analysis is a three-dimensional map p(4;, k;) for the probability of the
presence of rate constants k; at wavelength /lj. Therefore, the rate constant components
present in TA data can be depicted from this map. An example of the maximum entropy

analysis is shown in Chapter 5.

Another useful analysis technique is a spectral reconstruction method known by the acronym
TEM (for Thulstrup, Eggers, and Michl) [Thu68, Thu70, Mic70, Vet17]. A variation of the
TEM method is used in this thesis and has been adequately described in the supporting
information of ref. [Will8]. This method allows us to extract species associated spectra
(SAS) from TA spectra. It is based on the assumption that at a specific delay time the TA
spectra can be exactly described as the sum of one intermediate’s absorption spectrum (SAS)
and the ground state bleach (GSB) (here the contribution of stimulated emission is ignored).
The latter is simply the inverse spectrum of the steady-state absorption (abs). Therefore, the
SAS can be finally retrieved as a linear combination of the AOD at a selected delay time and

the absorption spectra.

SAS(L)=AOD(A)+ o -abs(L) (2.19)

The linear coefficient « is a scaling factor, indicating the amount of ground state molecules
located at the intermediate state. In order to estimate the scaling factor, two constraints are
introduced. Firstly the SAS contains only nonnegative spectral signals. Secondly there must
be a spectral region of the SAS, which shows insignificant vibronic structure, while the
steady-state absorption spectra present a pronounced spectral peak at the same region. This

specific band is then applied as an indicator in the reconstruction procedure. In order to show
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a prominent difference between the SAS and the steady-state absorption spectra at the
indicator band, the second derivative of the band is calculated (eq 2.20) [Art92]. The scaling
factor obtained from the reconstruction procedure will be quite rational, when the second

derivative of the resulting indicator band is approximately equal to zero.
——(AOD(A)+ o -abs(A)) =0 (2.20)

In this thesis, the modified TEM method is used to estimate the quantum yield of intersystem
crossing (ISC) process @g¢ (also used as synonymous with quantum yield of formation of
triplet state). The estimation procedure of the @g- of N)-Me (the molecule studied in

Chapter 6) after 270 nm excitation is shown as an example in the following.

A (nm)
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Ila) I ' | ' '— TAat 1 ps
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S o :/f\\/v
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Fig. 2.4:  Reconstruction of TA spectra of N,-Me after 270 nm excitation into SAS by

adding ground state absorption at selected time delays.
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A representation of the procedure is depicted in Fig. 2.4. At the delay time of 1 ps, the
contributions of coherent artifact are neglected and the entire excited molecules are assumed
in their lowest excited singlet state S;. Moreover, at this delay time, the triplet state T, has
not built up via the ISC process significantly because the lifetime of the S state is 67.40 ps
>» 1 ps. For At = 200 ps the S; state has already entirely decayed and the T, state is
populated. The kinetic traces monitored at 520 and 640 nm show the concomitant growth of

the T, state with the S state decay.

At the selected delay times 1 ps and 200 ps, the amount of ground state molecules located at
these excited states is estimated by applying the reconstruction method. The amplitude of the
GSB in the TA spectra is a measure for the number of molecules found in the excited state.
Therefore, the comparison of the GSB at these delay times delivers the estimation of the
@gc, which is given by

The number of molecules in triplet state
The number of molecules in singlet state

_ o at200 ps 2.21)
~ aatlps '

= 84%

Disc =

where a is the scaling factor mentioned in eq 2.19.
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2.3.  Quantum yield determination setup — QYDS

The detection of the reaction quantum yield is often necessary to characterize the
photoefficiency of photochemical reactions and to understand their underlying reaction
mechanism [Jul83]. The reaction quantum yield describes how many product molecules are
produced from one photon absorbed by the sample. Therefore, the fraction of the number of
photons absorbed by a sample that are transformed into products is termed the quantum yield

of a photochemical reaction &(4) [[UPACI14]:

The number of products formed
The number of absorbed photons of the particular wavelength
_ Nprod
Nph,abs ( A )

® (%)=

(2.22)

This simple definition should be used with caution. It is strictly speaking only valid for small
overall conversion. Any product absorption will falsify the result. For a precise
determination of @(A) both of the quantities, Norod and Nph,abs have to be exactly quantified.
Nyrod can be measured via standard spectroscopic techniques, e.g., NMR spectroscopy
[Fell3] or UV/Vis spectrophotometry [Stal8]. Ny, o5 can be determined per time via our
quantum yield determination setup (QYDS) [Megl0O, Voll9]. Measuring the absorbed

radiant power Pypg and the illumination time &, allows the accurate calculation of Ny, 56

The latter quantity is calculated from the relation as follow:
_ ! i P. 2.23
Nph,abs = 77~ Na tillu - Pabs (2.23)

In eq 2.23 A is the LED peak wavelength, /4 is Planck’s constant, c is the speed of light and

Ny 1s the Avogadro constant.

A schematic diagram of the setup is illustrated in Fig. 2.5. As excitation high power LEDs
are used. The wavelengths of these light sources are available from 255 to 1050 nm from
various manufacturers. Imaging of the LED die into a cuvette is realized by a lens system,
which consists of two best form lenses (Bernhard Halle Nachfl. GmbH) with focal lengths of
25 mm and 100 — 150 mm respectively. These result in a high collection efficiency of the
LED light power. A mechanical shutter, which is electronically controlled, is used to
precisely regulate the illumination time. Since hundreds of pW of light is typically sufficient
for some measurements, optical filters can be employed to further control the amount of

light.
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Fig. 2.5:  Schematic depiction of the QYDS. The LED light is focused into a sample and
the transmitted light is detected either by a commercial available powermeter

(for light power > 10 mW) or a calibrated UV sensitive solar cell (for light power
<10 mW).

After an 8x8 mm’ aperture, the LED light is imaged into the sample. A 10x10 mm’

spectroscopic cuvette is recommended to hold the sample. A magnetic stir bar is used in the

cuvette to ensure that the sample is irradiated homogeneously.

The power of light transmitted through the sample is determined by a powermeter (PS19Q,
Coherent Inc.) for light power > 10 mW or a solar cell detector of our own design for power
< 10 mW. Measuring the power of the transmitted light with sample in the cuvette in
comparison to the transmission with a solvent cuvette renders the absorbed illumination

power.

For further details on the QYDS, please refer to ref. [Megl0, Reil7, Xul8, Vol19].
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2.4. LED light pulse generator — LED Pulser

Free radical chain reactions are recognized as being one of the most important product
pathways in the visible-light photoredox catalytic synthesis [Cisl5]. In the study of such
radical-mediated synthetic transformations it is often necessary to be able to measure the
properties of the radical chain reaction, such as radical lifetimes. However, the detection of
these radical properties has been challenging due to the absence of easily implemented

methods in a synthetic lab [Pit15].

In this section, an accessory of QYDS - a LED light pulse generator will be presented. It is
similar to QYDS, the LED light pulse generator can also be easily applied in chemical labs.
Making use of this pulse generator, the reaction sample can be irradiated intermittently,
which enables us to control the concentration of the free radical generated by light
absorption. Furthermore, by combining with kinetic models, the intermittent illumination

allows the duration in time of the chain to be measured for a chain reaction.

The idea of the use of intermittent illumination in the studies of photochemical reactions
dates back to the 1920s, when Briers, Chapman and Walters initially suggested using this
method to measure the lifetime of free radicals [Bri26]. In 1946, Burnett and Melville
developed this method with particular reference to photo-polymerization reactions. At the
time, a rotating slotted disk was placed in the path of the light for interrupting the light beam.
Their study was successful in proving that such intermittent illumination could be used to
characterize chain reactions, in particular the rate constants for chain propagation [Bur47].
However, this technique eventually faded from view because another powerful tool -
electron spin resonance (ESR) spectroscopy was developed and then widely used to study

radical-mediated reactions.

A major disadvantage of the conventional intermittent illumination technique is that the
adjustment of the period of irradiation is difficult. Different pulse durations require different
sectored disks. The procurement of a functioning disk can unnecessarily extend the
experiment time. This drawback can be easily addressed through using LED technologies.
By controlling with an external pulse input, the LED is turned on and off regularly, which
produces flat-topped light pulses. The light pulse duration is simply adjusted by tuning the
input electric pulse duration. Recently the LED method was demonstrated by Scaiano and
the coworkers to be the new generation of the intermittent illumination approach for

detection of very short-lived chains [Pit15].
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Fig. 2.6: a) LED pulser and b) Schematic diagram of the LED light pulse generation

setup.

The LED pulser is able to generate a pulse that is gated by a logic signal (pulse input), and
whose amplitude is set separately by using a panel knob. Two photos of the LED pulser and
a schematic diagram of the LED pulser combined with the QYDS are shown in Fig. 2.6. The
LED pulser receives pulse input signals from a function generator or a digital oscilloscope
with arbitrary waveform generator (AWG), by connecting the input cable to the “Pulse”
BNC connector on the back side of the box. The parameters of the input, such as pulse
duration and pulse repetition frequency, are defined through the oscilloscope software on a
computer or adjustment dials. According to the pulse input, the LED pulser establishes the
drive current sent to the high power LED in the QYDS. The current maximum is regulated
through the “Level” knob on the front side of the box and monitored on the computer. Due
to different kinds of LED having distinct current limits the “Limit” knob is used to limit the
current to prevent damaging the LED. Finally, the light pulses are detected by a photodiode

and the properties of the light pulses are characterized in the oscilloscope software.

The LED pulser is also designed to operate in the “continuous” mode, i.e. the box delivers
constant current to the LED. By means of the “Pulse/cw” switch, the operation mode of the
box can be easily changed. The circuit diagram of the LED pulser box is shown in detail in
Fig. 2.7. A £12 V power supply is used to operate the circuit. In term of functions, the circuit
is separated into three parts, pulse input modification (a), current level setting (b) and LED

current output (c) respectively.

In part (a), a two-stage amplifier is introduced (AD823ANZ, Analog Devices) for the
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modification of the pulse input voltage. The first stage is a summing amplifier, whose output
voltage is given by

10kQ  47kQ

Vout = _1001(,(2( j and Voyt € [-12V,12V ] (2.24)

The second stage is an inverting amplifier, whose gain is -1.2 (V/V). The output voltage
after this two-stage amplifier will eventually drift into the required voltage for controlling
the amplifier (OPA548T) in part (c). For instance, a square wave works as input signal,
which has the amplitude between 0 and 2 V. The input signal is amplified by the
AD823ANZ, which generates an output square wave with the amplitude between -12 V and
-6.638 V. This is the control input level needed for the enable/disable input of the OPA548.

In part (b), a potentiometer (10 kQ) is used as an adjustable voltage divider in order to adjust
the current applied on the LED. A Zener diode (1N4737A) is connected in parallel with the
potentiometer and acts as a voltage reference. The voltage applied across the series of a 10
kQ potentiometer and a 130 Q resistor is regulated to 7.5 V. The output voltage of the
voltage divider is fed into an operational amplifier (TLO81BCP, Texas Instruments). The
amplifier works as a voltage follower in order to prevent the defined voltage from being

affected by the load.

After setting the LED current level, the output of the voltage follower is connected to the
input pin 1 of the operational amplifier (OPAS548T, Texas Instruments) in part (c). This OPA
can deliver current pulses of up to 5 A. The input signal is amplified by the OPA548T,
which flows through the LED and a resistor (2.4 Q). The load resistor of 2.4 QO works as a

Il'
b).: c) 9
1
L
"
1 100kQ
1 Key=l 50 % 10KQ
1 — 12v
1 —
!
!
. = ._Il_l+ 1N5820
- ourf OPA548T >~ —K]—_L
1 il Level I

TLO81BCP LED

current

—12v

Fig. 2.7:  Circuit diagram of the LED pulser.
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current gauge for the connected LED. Because of the feedback, the voltage across the load
resistor is equal to the input voltage. Thus, the LED drive current is determined by the
following equation

Vievel
I = Level 2.25
LED 2 40 ( )

In order to obtain the LED light pulse, the OPA548T output is switched on and off regularly
using the voltage on the enable/disable pin 7 (E/S pin). As was stated in the description of
part (a), a pulse train with required voltage is fed into the E/S pin. When the voltage of the
pulse is no greater than -11.2 V, the OPA548T output is disabled. Thus, no current flows
through the LED. When the E/S pin is pulled to at least -9.6 V, the OPA548T output returns
to an enabled state. The LED is switched on.

Moreover, the OPAS548T features an accurate current limit by controlling the input to the pin
3. Through connecting a potentiometer (100 kQ) in series with a 10 kQ resistor between the
pin 3 and the negative power supply, the current limit is adjusted according to the equation
as follows

15000 - 4.75V

T = 2.26
lim = 737500 + 10kQ + R1okey (2.26)

where [};;,, is the output current limit of the OPA548T and R ok 1s the value of the load part
of the potentiometer. In this way a maximum current of 4 A can be set. Even LEDs with a
lower nominal maximum current can be driven at much higher levels when the current pulse
is short and the duty cycle low enough. Some reduction of the lifetime of typically 30.000
hours of the LED might result, but this is irrelevant for the experiments described in this

thesis.

The optical properties of the light pulses generated by the LED pulser have been
characterized. The characteristics of a representative blue LED (470 nm, Osram) are
presented. A photodiode (ET-2020, Electro-Optics Technology) and an oscilloscope
(PicoScope 2000, Pico Technology) are used to detect and measure the light pulses. For this
purpose the LED light is imaged onto the photodiode with a large aperture aspheric lens. For
power measurements the photodiode is replaced by a powermeter (Coherent USB19Q). The
pulse repetition frequency is set to 10 kHz. In order to change the pulse duration of the light
pulse, the duty cycle of the input pulse is adjusted, which is defined as pulse duration x

pulse repetition frequency % 100%.
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Fig. 2.8:  a) Relationship between the light intensity and the drive current, b) Relationship
between the pulse duration and the duty cycle of the input pulse.
Table 2.1: Power of 470 nm LED light pulse generated by different LED drive currents.

Input parameters

Pulse repetition LED drive Power of light Peak power
Duty cycle
frequency current

1A 53.4 mW 0.5W

13% (electrical) 2A 88.7 mW 0.9 W

10 kHz o .

10% (optical) 3A 117.7 mW 1.2W

4 A 142.3 mW 1.4 W

The relationship between the light power and the drive current of the LED is established, as
shown in Table 2.1 and Fig. 2.8a. The results show that the peak power increases with the
increase of the drive current. With 4 A supplied to the LED, the integrated power of light is
142 mW and its peak power is ~1.4 W. The reported peak power is available for
spectroscopic experiments in a standard 10x10 mm? cuvette in an area that can be made

smaller than 2x2 mmz.

It is intriguing that, under a fixed drive current, the light pulse duration, which is defined as
the interval between the 50% of the amplitude, is not proportional to the duty cycle, but can
be described as a linear function of the duty cycle. The linear fit result is shown in Fig. 2.8b.
In addition, the light pulse duration is obviously dependent on the drive current. It rises with

the increase of the drive current. The relationship between them is summarized in Table 2.2.
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Fig. 2.9: a) Relationship between the pulse rise/fall time and the duty cycle of the input

pulse, b) Relationship between the pulse rise/fall time and the drive current.

Table 2.2: Characteristics of 470 nm LED light pulse generated by different LED drive

currents.
electrical parameters light parameters
pulse LED drive  Duty pulse rise time pulse fall time pulse duration
repetition current cycle

frequency (A) (%) (us) (1s) (ns)

0.5 1.00 0.33 5.03

1 0.94 0.50 6.48

10 kHz 2 10 0.90 0.78 7.15

3 0.95 1.02 7.47

4 1.07 1.15 7.80

The other two important parameters of the light pulses are the rise and fall time. Pulse rise
time is the time taken by a light pulse to change from 20% to 80% of the pulse amplitude
maximum. And pulse fall time is the time taken for the pulse amplitude to decrease from
80% to 20% of the maximum value. Fig.2.9b shows that the pulse rise time drops first and
then rises with the increase of the drive current. This is an intricate interplay between the
current/voltage curve of the LED and the finite slew rate of the OPA548 OpAmp used in the
pulser. In addition, the pulse fall time increases with the increase of the drive current. With
4 A supplied to the LED, the fall time of the light pulse is approximately 3.5 times higher
than that with 0.5 A. This slowing of the turn-off is due to the large capacitance of the LED
and the resulting “after-glow” when the current is turned off. With just a transistor used to

switch the LED, a ~ 50 ps after-glow was observed. To avoid this, the charge is thus actively
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drawn from the LED. As can be seen in Fig. 2.9a, the influence of the duty cycle on the
pulse rise and fall time is negligible. By optimizing the electrical input pulse, a light pulse as

short as 2.3 ps can be generated. This leads to a maximum frequency of above 100 kHz.
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2.5. Fiber-based fluorescence detection setup

The detection of the fluorescence spectrum of a sample is often necessary to understand its
underlying electronic and vibronic properties. Standard lab equipment is sometimes not
flexible or sensitive enough to match the specific requirements given by the problem in
question. In this section, a home-built fluorescence setup is presented. It can be used to
detect the fluorescence of materials from the UV to the NIR spectral region. Fused silica
lenses are used to collect the emission signal and a flexible, fiber-based detection scheme is

implemented that allows for an easy change of the detector.

The setup consists of a detection scheme based on best form lenses that couple the emitted
light into an optical fiber, connecting to a compact grating spectrometer. A schematic is

given in Fig. 2.10.

0 lens
H mirror mount for
the optical fiber
m filter »D
sample —
G “
n '
] :
fiber \

Fig. 2.10: Optical layout of the fluorescence detection setup.

As excitation, an OPO with a 1 kHz repetition rate is used (EKSPLA NT242). A shortpass
spectral filter removes unwanted “stray” light from the laser, e.g., the fundamental of the
OPO. The beam is focused onto the sample cuvette with a singlet lens f= 350 mm to obtain
a 150 pm spot (FWHM) at a wavelength of 350 nm. This number depends on the
wavelength used due to Gaussian beam optics and slightly changed output characteristics of
the OPO for the different wavelengths. Signal collection is realized by a front (best form)
lens with a diameter of 20 mm and a focal length of 25 mm, resulting in a numerical aperture
of NA = 0.37. A second (best form) lens images the emitted light into an optical fiber. The
focal length of this lens is 50 mm, giving a twofold magnification of the fluorescence spot to
the optical fiber. In the measurement, a FWHM of 316 um was found for 350 nm - without
the sample cuvette. In experiments, the excitation beam size should be chosen such that it

equals half the diameter of the fiber (or fiber bundle) in order to achieve maximum detection
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sensitivity. Residual excitation light is removed by a longpass spectral filter. The optical
fiber in use consists of a fiber bundle of 7 individual fibers with a diameter of 200 um each.
These are arranged in a fashion which is optimized for the entrance slit of a spectrometer by
going from a round to a linear arrangement, thereby enhancing the total signal yield as
compared to a single, larger fiber. As a detector, a compact grating spectrometer (Ocean
Optics QE Pro) is used. The baseline of the experiment is detected at blocked excitation but

with otherwise unchanged measurement conditions to be subtracted afterwards.

The excitation energy that can be used depends on the absorption coefficient and the
concentration of the sample under investigation. To avoid reabsorption it is typically
required that the optical density of the sample is around 0.1 OD or lower and no more than
10 % of the molecules should be excited. The excitation volume can roughly be estimated as
the product of the cuvette’s thickness and a circular spot size with the diameter of the

FWHM of the real laser spot [Sail2].

Due to the various components in a spectrometer with wavelength dependent reflection or
detection efficiency, an intensity calibration of the spectrometer is required. The intensity
calibration allows that an absolute irradiance measurement is performed. That makes a
spectrum accurate in both shape and magnitude. The transform from scope mode (counts)

into irradiance mode (uW/cmz/nm) for each pixel is expressed as follows:

I, =C Sp ~ Dp (2.27)
p Pl tit - Area - dLp

where [, is the intensity in uW/cmz/nm, C, is a wavelength dependent calibration factor in
nJ/count, S, is sample spectrum in counts, D, is the baseline in counts, #, is the integration

1S

time in seconds, Area is the collection area in cmz, specific to the sampling optics, de

how many nanometers each pixel represents.

A NIST-traceable light source (HL-3 plus-CAL-EXT, Ocean Optics) is used to calibrate the
absolute spectral response. The output power of the light source has been measured
precisely. An optical diffuser (CC-3-UV-T, Ocean Optics) is used as sampling optics, in
order to expand the collection of signal to 180° field of view (while a bare fiber has a 25°
full angle field of view). The setting of any optics and fibers in the calibration should be
maintained during the measurements. Therefore, it is best to calibrate the system prior to the

measurement.

The combination of a compact grating spectrometer with a simple, lens based detection
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scheme at a high numerical aperture yields an easy to use way to detect the fluorescence
spectrum of samples with a low fluorescence quantum yield. Key parameters are the
optimization of the signal collection by using best form lenses and a high NA, the use of a
rearranged fiber bundle to transmit maximum signal to the spectrometer, and high quality

spectral filters to block the excitation light.

2.6. Additional chemical and spectroscopic methods

For characterizing chemical samples several chemical and spectroscopic methods have been
used in this thesis. UV-Vis-NIR steady-state absorption data are measured on a Shimadzu
UV-2600 absorption spectrometer. A Horiba Fluorolog fluorescence spectrometer with a
150 W Xe lamp is used for a part of fluorescence measurements. Spectroelectrochemical
measurements are performed using an optically transparent thin-layer electrochemical
(OTTLE) cells purchased from Hartl Research Group at University of Reading. It is
equipped with CaF, windows, platinum mini-grid working and auxiliary electrodes and a
silver wire reference electrode. During the micro-electrolysis procedures, the electrode
potential is controlled by the Gamry Instruments Interface 5S000P potentiostat. Solutions

containing 0.2 M NBu,PF as the supporting electrolyte are used.
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3. Light intensity-dependent quantum yield of the photoredox catalytic
aldehyde alkylation and a detailed Kinetic analysis

3.1. Introduction

The a-alkylation of aldehydes (Scheme 3.1) is one of the fundamental carbon-carbon bond
forming transformations in organic synthesis. Additionally, this reaction has long been
considered as the “holy grail” reaction in the realm of organo-catalysis [Alb09, Mel09,
Vesl2]. In 2008, Nicewicz and MacMillan reported a pioneering work, in which the direct
a-alkylation of aldehydes is accomplished by merging photoredox- and organocatalysis
[NicO8]. Their work has helped to initiate a renewed interest in the utility of photoredox

catalysis to synthetic organic reaction development [Rom16].

0 2,6 - Lutidin, DMF, 0
o) Ar, rt, Light R’
R %R' > H
Br Photocatalyst R O
- Organocatalyst enantioenriched
Ideh Ikyl
aldehyde alkyl bromide a-alkylated aldehyde
Photocatalyst, Ru(bpy)s>* Organocatalyst,
Tris(bipyridine)ruthenium(ll) chloride Imidazolidinone
il o4
i O .~ +HOTf
Cl

TZ 2
N

Scheme 3.1: Procedure of photoredox organocatalytic enantioselective a-alkylation of
aldehydes [NicO8]. R and R’, generic organic substituent; Ar, argon gas; rt,

room temperature; HOTHT, trifluoromethanesulfonic acid.

In the work, they hypothesized that the dual-catalysis aldehyde alkylation is initiated and
terminated through a photoredox catalytic cycle [NicO8]. A detailed description of their
proposed mechanism is illustrated in Scheme 3.2. Ruthenium tris(bipyridine) Ru(bpy)§+ is
used as a visible light photoredox catalyst. After accepting a photon from a household 15W
(electrical power) fluorescent light bulb, the excited catalyst *Ru(bpy)? removes a single

electron from an enamine to initiate the first catalytic cycle by providing the Ru(bpy)g. This
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compound is a potent reductant and reacts with the a.-bromocarbonyl substrate to deliver the
alkyl radical while regenerating the ground state of the photoredox catalyst Ru(bpy)?. The
subsequent addition of the alkyl radical to the enamine produces an electron-rich a-amino
radical. This species has a low barrier to oxidation and reacts next with the *Ru(bpy)? via
single electron transfer to furnish the iminium ion, which upon hydrolysis releases the

requisite a-alkylated product.

In order to test the validity of their mechanistic proposal, they conducted a series of control
experiments and *Ru(bpy)g+ luminescence quenching studies [NicO8]. They confirmed that
the excited catalyst *Ru(bpy)? participates in the chemical transformation. Moreover, the
*Ru(bpyﬁ+ emission quenching by enamine was observed, which supports their proposed
initiation pathway. Unfortunately, they didn‘t report any reaction quantum yield ((PP ), which
plays a very important role in the mechanistic studies [Jul83, Rub10].

The first quantum yield of the ai-alkylation reaction has been determined by the Konig group
and our own lab. Measurements were taken using gas chromatography (GC) and the photon
number determination setup of our own design. They reported that, under irradiation with
20.5 mW (optical power) of a 443 nm LED for 60 min, a reaction quantum yield value of
49% was obtained [Megl0]. This result (@P < 100%) is in agreement with the closed
catalytic cycle hypothesized by the MacMillan group, as according to the photocatalytic

mechanism, every photon absorbed generates one product maximum (@P max = 100%).

o f\])"'tBu Photoredox
R Catalysis  Ru(bpy);2*
R’ )
R O
*Ru(bpy)f*/ Light

Product

Scheme 3.2: Mechanistic proposal for photoredox organocatalytic o-alkylation of

aldehydes by Nicewicz and MacMillan (Initiation part is not shown) [NicO8].
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Scheme 3.3: Mechanistic proposal for photoredox initiated chain propagation manifold o-

alkylation of aldehydes by Cismesia and Yoon [Cis15].

In 2015 Cismesia and Yoon have questioned the validity of the photoredox catalysis
mechanism [Cisl15]. Using NMR and chemical actinometry to determine the reaction
quantum yield, they reported a value of 1800% for the same chemical transformation.
According to their new value (@P > 100%), they proposed an alternative mechanism in
which the free radical chain reaction is the major mechanistic pathway in the a-alkylation

reaction.

The mechanism proposed by the Yoon group is shown in Scheme 3.3. It shares several
similar features to the one of the MacMillan group. First, the reaction is initiated by
reductive quenching of the *Ru(bpy)? by enamine. Second, the final a-alkylated product
arises upon hydrolysis of the iminium ion, which is the result of one-electron oxidation of
the a-amino radical. It was proposed that this final oxidation occurs through the electron
transfer from the o-amino radical to the *Ru(bpy)? [NicO8]. However, the Yoon group
highlighted that this step is more likely a chain propagating reduction of the bromomalonate

by the a-amino radical.

Meanwhile, there is great discrepancy between the reaction quantum yield value of Yoon
group (1800%) and the one of Konig and Riedle groups (49%). Cismesia and Yoon

attributed this to the different setups used, and especially whether oxygen is removed from
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the solution [Cisl15]. Indeed, Konig, Riedle and coworkers performed the measurement
through a LED and optical powermeter based setup [Megl0], while Cismesia and Yoon
employed chemical actinometry to determine the reaction quantum yield. However, the
reaction solution used in the work of Konig and Riedle groups was also purged by nitrogen

gas (N,), which is the same as the Yoon group did (It is not mentioned in ref. [Meg10]).

When these two inconsistent reaction quantum yield values are evaluated, it is important to
have an accurate knowledge of the experimental parameters of the quantum yield
measurements. As was mentioned above, there was no significant difference in sample
preparation. Moreover, the measurements were conducted in standard cuvettes with the same
optical path length (10 mm). In addition, both the reaction solutions were stirred during the

irradiation.

The main difference between the two measurements of reaction quantum yield lies in the
concentration of the reactants and catalysts, as well as irradiation wavelength, power and

time. They are summarized in Table 3.1.

Table 3.1: The difference between reaction quantum yield measurements performed by the

Konig/Riedle groups [Megl10] and by the Yoon group [Cis15].

The amount of the reactants and catalysts

Group Octanal Brz‘:ﬁgw Ru(bpy)3Cly6H,0 (Bf;;‘s’t o DMF
(mmol) (mmol) (mmol) (mmol) (mmol) (mL)

Konig, 1.93 0.963 0.0048 0.193 1.93 7

Riedle (2¢eq) (1 eq) (0.5 mol%) (20 mol%) (2 eq)

Yoon 1.3 0.65 0.0032 0.13 1.3 L3
(2eq) (1eq) (0.5 mol%) (20 mol%) (2eq)

Group Irradiation wavelength Irradiation power Irradiation time

(nm) (mW) (hr)
on 443 20.5 1
Yoon 436 0.183 4

Table 3.1 shows that the samples were irradiated at slightly different wavelengths. But both
of these wavelengths populate the same metal-to-ligand charge transfer (MLCT) excited
state of Ru(bpy)§+ [Kal82]. Especially the molar absorption coefficient of Ru(bpy)§+ at
443 nm (1.30 x 10* M'lcm'l) is almost the same as it is at 436 nm (1.25 x 10* M'lcm'l). On
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the basis of these data, the absorbance is calculated by the Beer-Lambert’s law [Tur10] for
the two experiments. The results show that the absorbance in both cases greatly exceeds 4,
indicating the irradiation light is absorbed completely. Therefore, the influence of the

difference in irradiation wavelength can be excluded.

Table 3.1 also shows that the concentration of the chemicals used by the Konig and Riedle
groups is smaller than that of the Yoon group. But the proportional relations of reactants to
the substrate diethyl-bromomalonate are the same for the two measurements. Moreover, a
significant difference can be found in the irradiation powers, which differ by two orders of
magnitude. Furthermore, the time at which the reaction quantum yield is measured is very
important. The substrate consumption in the course of the reaction for longer irradiation time

decreases the chemical yield rate of product, and then decreases the reaction quantum yield.

In order to distinguish which parameters could account for the disparity of quantum yield,
we have thus performed a series of new quantum yield measurements by using the QYDS.
The concentration of the reactants and catalysts were the same as the Yoon group applied.
The yield of product was quantified via NMR spectroscopy. The reaction quantum yield was
determined in a time dependent way using our device at a range of low to medium light
powers (from 30 pW to 10 mW). Our new results are shown in Fig. 3.4 [Reil7]. The
simulation results based on our new mechanism are also shown in Fig. 3.4, which will be

discussed in more detail later.

It becomes obvious that the quantum yield of a-alkylation reaction must be considered as a
function of irradiation power and time. Our new values are consistent with the reported
reaction quantum yield, which are in particular @ = 49% for 20.5 mW and @ = 1800% for
0.184 mW, respectively (inset spots in Fig. 3.4b2).

Surprisingly, the maximum value of the reaction quantum yield (@iax) in all measurements
is achieved at the lowest irradiation power ((DglaX =3500% for 30 uW). The values of (Diax at
each irradiation power are proportional to the reciprocal square root of the irradiation power
(panel d in Fig 3.4). Furthermore, the reaction quantum yield is not always higher than 100%.
The reaction quantum yields determined at an irradiation power higher than 20 mW are all
below 100%. This means that the irradiation power exerts a decisive influence on the
proceeding mechanism of the reaction. The chain propagation mechanism dominates for low
power, whereas the photocatalytic cycle mechanism plays the main role for high power. Our

new proposed mechanism is illustrated in Scheme 3.5 in detail [Reil 7].
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Fig. 3.4: Influence of the light power and the illumination time on the reaction quantum

yield results. Left: experimental results (lines in al, bl and c1 are added to guide
the eye). Right: simulation results. al,2) Time and light power dependent
chemical yield of a-alkylation reaction. bl,2) @ at various excitation light
powers. c1,2) The observation of a lag phase at the beginning of the reaction,
when the light power is low. d1,2) Maximum values of & (cD;ax) as a function

of the light power. The values (red dots) are compared to Pabs-o'5 (blue solid line).
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Scheme 3.5: Our new mechanistic proposal: Chain propagation in competition with
photoredox catalytic production underlying the mechanism of the a-alkylation

of aldehydes.

The crucial parameter that decides between the two mechanisms is the occurrence of the
malonate radical. Higher concentrations of *Ru(bpy)? upon higher irradiation power suggest
a preferential oxidation of the a-amino radical by the excited photoredox catalyst. This
process controls the formation of the malonate radical in a tightly catalytic cycle. And
therefore, the determined maximum values of quantum yield are reduced. In contrast, lower
concentration of *Ru(bpy)g+ upon lower irradiation power results in a favored a-amino
radical quenching by bromomalonate. This decouples its photocatalytic production from the
organocatalytic reaction by the chain propagation mechanism. Since the latter process is
independent on light, a reaction quantum yield significantly higher than 100% is achieved.
The occurrence of the two different product formation mechanisms can be controlled by the

light power.
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Scheme 3.6: The reaction equations for our proposed mechanism in Scheme 3.5. Oct,

octanal (an aldehyde); OrCat, imidazolidinone (organocatalyst); Ena,
enamine; RuS, singlet excited state of Ru(bpy)?; RuT, triplet excited state of
Ru(bpy)?; BrMal, bromomalonate; Mal, malonate radical; AmiR, o-amino

radical; Imin, iminium ion; P, product; NP, by-product.
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3.2. Kinetic analysis

In order to have a better understanding of the photocatalytic a-alkylation of aldehydes, a
detailed chemical kinetic analysis of our proposed mechanism (Scheme. 3.5) is made based
upon the experimental variables. It is convenient to rewrite our mechanism into a set of

chemical rate equations, which is summarized in Scheme 3.6.

The kinetic analysis section is divided into five parts. The first part deals with the enamine
formation in the dark before the illumination starts. The second part presents the
determination of the light amount absorbed by the sample. The third part describes a
comprehensive mathematical model for the QY simulation. The fourth part presents a
quantitative estimate of the rate constants in the model, which is based on the steady-state
assumption. The final part presents the results of the simulation, focusing on the comparison

of our mechanism with Yoon’s mechanism.

3.2.1. Enamine formation

As all quantum yield determination experiments were performed with a delay of half an hour
after mixing, the considerations begin with the dark reaction of the organocatalyst (OrCat)
with octanal (Oct) to form the enamine (Ena) (reaction 3.1a). A water molecule (H,0) is
split off in addition. The corresponding equilibrium constant (K,,) has been reported in
ref. [Cis15] to be

[Ena][H,0|]
KEna = Toct ] OrCat ]

=8.1x1073 (3.2)

In our case, a cuvette is initially charged with [Oct] of 1 M and [OrCat] of 0.1 M. The
initial concentration of H,O is estimated to be 1 mM, according to the moisture content in
the solvent DMF. On the basis of these data, the initial concentration of Ena of 23.9 mM is
formed when the reaction reaches a chemical equilibrium status. And the concentration of
H;O0 is increased by the same amount and therefore the assumption of the initial water

concentration is not critical.

In addition, the formation speed and the absorption spectrum of Ena are determined via
steady-state absorption spectroscopy. The absorption spectra of a mixed solution containing
1 M of Oct and 0.1 M of OrCat are shown in Fig. 3.7. The absorption spectrum remains
finally stable after approximately 36 hours, revealing that the formation of Ena is complete
after 36 hours without the magnetic stirrer. This result highlights that the formation of Ena is

unfavorable and confirms the reported tiny Kg,, by Cismesia and Yoon [Cis15]. However,
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Fig. 3.7:  Spectral evolution of the absorption spectrum with time (solid line) and molar

absorption coefficient of Ena in DMF (dash line). Inset: the structure of Ena.

they failed to provide how long the solution was kept in the dark to secure equilibration. In
addition, the equilibrium of Ena formation has also been investigated by Bahamonde and
Melchiorre [Bah16]. They contended that the reaction mixtures were kept in the dark for 30
minutes to assure equilibration. They obtained an equilibrium constant of 0.155 for Ena
formation in solvent CD;CN. Their result confirms once again that the equilibrium for Ena
formation is unfavorable. However, the major defect in their experiments is that they don’t

verify whether the Ena formation reaches the chemical equilibrium status in 30 minutes.

Fig. 3.7 also presents that the Ena dissolved in DMF exhibits very weak absorption bands in
the visible light region. The maximum of the molar absorption coefficient of Ena in the

visible range is ~ 4 M lem™ at 400 nm.

3.2.2. Light power and absorbance

In general, the reaction quantum yield measurements are conducted in rectangular cuvettes
with flat optical windows and 10 mm transmitted optical path length. Thus, the absorption of
light by the solution can by described by Beer-Lambert’s law [Turl0]. The light flux at time

t and a distance z from the front window at which the light enters the cuvette is given by
J(zt)=TJo(zt) 1079P(=t) (3.3)

where jo is the incident light flux (photons~cm’2-s'1) and OD is the absorbance, which is
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defined by
N

OD(z,t) = Zsijgci(x,t)dx (3.4)
i=1

In (3.4), the concentration of species i is denoted by c¢; and its corresponding molar
absorption coefficient is &. In our experiments, a blue LED (Roithner Lasertechnik GmbH)

with center wavelength of 441 nm is used as light source, whose spectrum is shown in Fig.

3.8.

The absorption spectrum for Ru(bpy)g+ in DMF solution is also shown in Fig. 3.8. The
molar absorption coefficient at 441 nm of Ru(bpy)§+ is &g, = 1.28 X 10* Mlem™. For the
molar absorption coefficient at 441 nm of Ena, which could act as an alternative
photosensitizer during the QY measurement [Bah16], we use &gy, ~ 2 M 'em™ based on our
absorption measurement (Fig. 3.6). Compared to the Ru(bpy)§+ absorbance of 32, the
absorbance of Ena has been assumed to be sufficiently small (~ 0.05) so that its absorption

may be neglected.

As discussed above, the absorbance is greatly in excess of unity. Thus, the distribution of
excited photocatalysts (RuE) is effectively localized to a thin layer near the front window of

the cuvette. In that event, the rate of the reaction would be highly non-uniform.
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Fig. 3.8:  Absorption spectrum for Ru(bpy)§+ in DMF at room temperature along with the
assignments for the various bands. The inset shows the electronic transitions of
Ru(bpy)?. The blue filled curve represents the emission of the LED (nominal

435nm, measured 44 1nm).

-41 -



However, the solution was rapidly stirred with a magnetic stirrer bar (§ mm x @ 3 mm) in
the course of the measurement. As a result, it is assumed that the photocatalyst is excited
with a uniform rate and the intermediate species have a uniform distribution within the

volume. Thus, the volumetric rate of light absorption jabs (einsteins-L'l-s'l) is given by
Tabs = T0 -Area-(l —10‘8Ru‘[R“]'d)/Vo (3.5)

where Area is the illuminated area (8x8 mmz), d is the length of cuvette along the optical

path, and ¥, is the solution volume.

In our experiments, the absorbed light amount is determined by performing a physical power

measurement of the light with and without sample. Thus, the rate of light absorption is

calculated by
(1 _ IO_SRu[Ru]d)
Tathe = P - L
abs =0 1 TC ' Na Vo (3.6)
A 1 1
= Pote - —— . ——.
®s "1 Na Vo

where Py is the incident light power, P, is the absorbed light power and A is the wavelength
of light source. 4, ¢ and N, are the Planck constant, the speed of light in air and the

Avogadro constant, respectively.

3.2.3. Mathematical model

In this part a comprehensive mathematical model is described. It includes the reaction steps
relevant to our proposed mechanism. Generally, the illumination of an absorbing solution by
a light beam directed in any direction other than parallel to the gravity direction must lead to
buoyancy-driven fluid motion. However, because a magnetic stirrer is employed in the
course of the measurement, it is considered that the stirring speed is fast enough to generate
a uniform distribution of reactants and intermediates in the solution. Therefore, the
buoyancy-driven fluid motion effect is neglected. The conservation equations derived from

reaction 3.1a— 3.11 are

d[OrCat] _ i {orcat][Oct] + k_i[Ena][H20] + ks[min ][ H;0] 67
— k_g[P][OrCat]
d[ti)ta] = —ki[OrCat][Oct] + k_;[Ena][H20] (3.7b)
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d[H20] _ ki[OrCat][Oct] - k_i[Ena][H20] - kg[Imin |[H,0 ]

" (3.7¢)
+ k_g[P][OrCat]
AlEnal _ i [orcat][Oct] - k_y[Ena][H20] - k3[ Ena ][ RuT] .
— k5[ Ena ][ Mal |
@ = —Jabs + ko[RuT] + k4 [ RuC ][ BrMal | (3.7¢)
—d[let“al] - - k4[RuC][BrMal] - k¢ [ AmiR ][ BrMal ] (3.7
@ —  Jabs — ko[RuT] - k3[Ena][RuT] - k7[ AmiR][RuT]  (3.7g)
@ = k3[Ena][RuT] - k4[ RuC][BrMal] + k7[ AmiR ][RuT] (3.7h)
T = [ RuC][BeMal] - ks [Bna ][ Mal] + ko[ AmiR][BeMal]
— ko [Mal |
% = ks[Ena][Mal] - k¢[ AmiR |[ BrMal | — k7[ AmiR |][RuT ]| (3.7j)
dltmin] e[ AmiR [ BrMal] + k[ AmiR ][ RuT] - ks min][ H0] 670
+ k_g[P][OrCat |
% = kg[Imin][H20] - k_g[P][OrCat] (3.71)

Jabs 18 given by eq 3.6 and the rate constants of the reactions are denoted by k; (forward
reaction) or k_; (backward reaction). Furthermore, the long-lived triplet excited state of
Ru(bpy)§+ (RuT) serves as a single-electron oxidant in the reaction rather than its singlet
state (RuS). The reason is that the RuS relaxes to the RuT within 100 fs via intersystem
crossing [Dam97], which is significantly shorter than the lifetime of the RuT (912 ns at
room temperature in DMF [Cas83]). Moreover, the efficiency of intersystem crossing from
RuS to RuT is essentially unity [Cam07]. Thus, the population of the RuT upon light

absorption is described as d[RuT]/df = J .

To the conservation eq 3.7a-3.71, initial conditions are appended. The initial concentration of

bromomalonate (BrMal) and Ru(bpy)32+ (Ru) is

[BrMal], =0.5M, [Ru], =2.5mM (3.8)

It is assumed that the Ena formation reaction (3.1a) reaches the chemical equilibrium status

before the illumination starts. Thus, the initial concentration of OrCat, Oct, Ena and H,O is
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[OrCat], =761 mM , [Oct], = 976.1 mM,

3.9
[Ena], =23.9mM, [H20],=249mM G2

For other intermediates appearing during the reaction and the product, the concentrations are
[RuT], = [RuC], = [Mal], = [ AmiR], = [Imin], =[P], =OM  (3.10)

Eq 3.6 - 3.10 constitute an initial value problem for a nonlinear system of differential
equations. They will be used to calculate time- and light intensity-dependent concentration

profiles. Finally, the reaction quantum yield of a-alkylation product is computed by

oP = LPI(Y) (3.11)

Jabs - t

Eq 3.11 is the time-averaged reaction quantum yield which is determined experimentally. In
our case, the illumination power is constant and the light is completely absorbed by the
photosensitizer, revealing that J abs 1S @ constant. In addition, after the steady state has
become established, the rate of product formation d[P]/dz can be considered as a constant.

Thus

d[P] _ A[P]
= 12
dt At (3-12)
and the reaction quantum yield is expressed as follows:
®P(t)=M-~1 (3.13)
At Jabs

3.2.4. Estimation of the rate constants

The mathematical model in the previous part is highly nonlinear and is unlikely to possess a
closed-form solution. Thus, the primary investigation of the quantum yield properties will be
conducted numerically in the next part. In this part, the estimation method of the rate
constants of the reactions in the model is shown, based on the steady-state assumption and

with particular reference to the behavior of the quantum yield in the measurements.

As the time required for establishing the equilibrium is compared to the overall time scale, it
suffices for the modelling to ensure that the equilibrium (reaction 3.1a) is maintained. This is
also verified by 'H NMR spectroscopic analysis in ref. [Bah16]. Since this situation
corresponds to Arrhenius’s concept of an intermediate in equilibrium, the Ena is called an

Arrhenius intermediate [Lai87]. And the exact condition for this case is
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k_1[Ena][H20] > k3[Ena][ RuT ]

k_1[Ena][H20] > k5[ Ena][ Mal | (3.14)

Furthermore, the solutions are always kept in the dark for half an hour after mixing to secure
equilibration [Cisl5, Bah16, Reil7]. Thus it is assumed that the reversible reaction 3.1a
needs at least 30 min to reach the equilibrium state (with magnetic stirrer). Then upon
illumination, the Ena is consumed through the RuT quenching reaction (3.1c) and the Mal
radical addition reaction (3.1¢). The rate of the RuT quenching by the Ena (3.1¢) has been
reported in ref. [Cis15].

ky=1-10" M~ 157! (3.15)

In addition, according to our quantum yield measurements, the rate of the product formation
increases with time before the substrate exhaustion (see Fig. 3.4a). This indicates that the
Mal addition reaction (3.1e) is more efficient than the quenching reaction (3.1c), because the
reaction 3.1le acts as the key step in the product pathway, while the reaction 3.1c merely
initiates the organocatalytic cycle. Therefore, the rate with which the Ena undergoes

reaction 3.1e is assumed to be faster than the quenching rate 5.

With these assumptions, the rates ky, k_; and k5 are estimated to be
k;=8-10* M7
k.p=01M 71, (3.16)
ks > k3

Another assumption is that the product formation reaction 3.1h remains in equilibrium in the

steady state phase. In this case the following equation applies.

[P][OrCat]
[ H20 |[ Imin |

- Kp (3.17)

Since the concentrations of OrCat and H,O are assumed to be constant, eq. 3.17 then
becomes
Kp-|H
(P]=— 120,
[ OrCat |

<[ Imin | (3.18)
€q

With above described assumptions, a steady-state treatment is applied to the equation system
(3.7a-3.71). They are written as

d[ RuT |

- Tabs — k2[RuT] - k3[Ena][ RuT] - k7[ AmiR ][ RuT] = 0 (3.19a)
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d[RuC] _ k3[Ena][RuT] - k4[RuC][BrMal] + k7[ AmiR][RuT] =0  (3.19b)

dt

d[l:l/:al] = k4 [ RuC ][ BrMal | — k5[ Ena |[ Mal | + k¢[ AmiR ][ BrMal | (3.190)
—kg[H][Mal] =0

% =ks[Ena][Mal] - k¢[ AmiR ][ BrMal ] - k7[ AmiR ][RuT] =0 (3.19d)

The initial concentration of the BrMal can be expressed as
[BrMal], = [BrMal] +[Mal ] +[ AmiR | +[Imin] +[P]+[NP]  (3.20)

If the initial concentration of the BrMal and the concentration of the Mal are much greater
than that of the intermediates AmiR, as well as the amount of the NP is negligible, eq 3.19

therefore reduces to

[ BrMal 0= [BrMal | + [Imin | + [P ] + [ Mal |

]
= [BrMal ] = ([BrMal ], - [Imin] - [P]) - [Mal] (3.21)
= [BrMal | = [ BrMal | — [ Mal |

where [BrMal] is equal to [BrMal])-[Imin]-[P]. And the steady-state rate of the product

formation is then

d[p] Kp-[H20],; d[Imin]

dt ~ [OrCat leg dt (3.22)

=7 -(k¢[ AmiR ][ BrMal ] + k7[ AmiR ][ RuT ])

where the constant y is equal to Kp[H,O].,/[OrCat],. Therefore, the reaction quantum

yield is expressed as

At
abs (3.23)

=7 (ke[ AmiR ][ BrMal ] + k7[ AmiR ][RuT ) Tabs

The explicit solution of the eq 3.19a - 3.19d, combining with the eq 3.21 and the assumed
rate constants in eq 3.15-3.16, is detailed in appendix Al. With this solution, the reaction

quantum yield can be finally expressed as

- JE— N
@P:c0+cl—[BfMal]+\/c2+c3—[Beral]+c4£—[B~rMal]J (3.24)

abs abs Jabs
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where C, Cy, C,, C3 and Cy4 are constants. Moreover, as is described in appendix Al, the

constants C; — Cy4 are only dependent on three variables, namely the ratios k/k-, ratio ko/ks

and the constant y. Therefore, these three variables may be determined through fitting the

experimental data to eq 3.24.

It is apparent from Fig. 3.4a and b that the steady-state treatment is valid when the reaction

quantum yield reaches its maximum value. Thus, a plot of Doy VS. P, / [BrMal] should

display a curve which can be fitted by eq 3.24. Such behavior is observed and the result is

shown in Fig. 3.9. The corresponding data are summarized in Table 3.2.

Table 3.2: Maximum value of the quantum yield of product formation at different pump

light power.
[BrMal] (M) 0435 0428 0395 0359 0342 0317 0341 0314
P,ps (BW) 60 100 250 500 1000 2000 5000 10000
Oy 2524 17.88  10.20 6.72 5.08 4.23 3.07 1.78

: ¢ exp. values

®=Cl+C [BrMal]

204

abs

Puh

abs

X
© :
,9810' . 051
C):-3261.4
C;:0.25
C;: 86551.8
C,:3.3x107

N \/C; iC [BrMal] e [[BrMal

)

100 1000 10000

Pabs/[BrMal] [WW/M]

Fig.3.9: Plotof Doy VS. P,/ [BrMal] for experimental values in Table 3.2 (red dots, the

same data are also shown in Fig. 3.4) and the corresponding fit results by using

the eq. 3.24 (blue solid line).

- 47 -



What is surprising is the fact that the accurate estimates of the rate constants remain
challenging with these fit results. It is plausible that a number of limitations might have
influenced the accurate estimation. First, the illumination time at which @ reaches its
maximum value is not taken into account in fitting. Another possible source is that some
unknown parameters, which are overlooked in the steady-state assumption, may play a role
in the quantum yield determination. To sum up, with the fit results and the relationship

between P, and '}abs (eq. 3.6), the ratios k¢/k7 and ks/kg are roughly estimated as follows

ke - -11
A7 ~1x10

k% < 4x1073 M
5

It will be shown in the following section that the kinetics of the product formation process

(3.25)

crucially depend on the value of k5 (or k¢ = 107 x k7) and the ratio ko/ks. The simulations
described in the following text are performed for several values of rate constants of k; less

than or equal to the diffusion-limited values and different values of the ratio ko/ks.

The fit results also show that C; = 0.51 affords good fits of the calculated value of C
(~0.57), if the constant y = Kp [H,0].,/ [OrCat],, is equal to 1. This indicates that Kp can
be assumed to be 3.0, with the value of the [H,O]., and [OrCat]., in eq. 3.9. A complete

list of the rate constants is given in Table 3.3.

Table 3.3: Summary of the rate constants for the simulation of the QY of a-alkylation

product formation. a) diffusion limited rate constant [Mon06], b) [Reil7].

Rate

constant ky kg ky ks ks ks
Kgpa = kil [Cas83]  [Cisl5]  [Cam07] s < ks<8.3x 10°°
Value
Lo 8x10* 01 1x10%st 1x107  2.7x107 1x108
M7s™)
Rate
constant ks ks kg kg ko
Ko = kolk ¢ = 3.0
<k;x 1011 <83x10°° b kolks < 4 x 10> M
kg < kg
Value 9 3
o ~0.08 8 x 10 ] ~0.3 ~10%s
M's)
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3.2.5. Numerical results

In the first part of this section, the rate constants ks — ko are estimated via matching the
simulated data with the experimental data. The reaction mechanism is discussed with the
help of the simulation in the second part. It is important to note that, unless otherwise

indicated, the rate constants in Table 3.3 are used in all calculation.

To identify the impact of rate constants on & , the maximum values of & (@fnax) and the
time (7,,,,) at which @ reaches its maximum value are used as a specific quantitative
measure of the reaction quantum yield. The simulated values of (Dilax and 7,,,, are generated

from the model described in section 3.2.3 with various values of ks, k7, kg and ko/ks.

With P, = 1 mW, Fig. 3.10a and b show the Doy and Tmax as a function of k5. Within the
possible range of k5 (1 x 10% < ks < 8.3 % 109), the predicted values of @y and Tax are
independent on k5. This is consistent with the result of the steady-state treatment in which
the @ is a function of ky/ks, rather than that of k5. Therefore, to simplify the following

calculations, ks is roughly estimated to be 108 Ml

A similar treatment is made for kg in which the rate constants except kg and k_g are fixed as
well as P,ps = 1 mW. The results are shown in Fig. 3.10c and d. When kg < 1 M5! the
simulated d?;ax increases with kg, while the value of 7,,, decreases. At larger kg, the @iax

and =

nax are independent on kg. This result can be explained if the steady-state

approximation no longer applies when kg < 1 Mgt @ depends on the ratio y = kglk_g,
rather than that of kg. In the simulation, y remains constant, which means that simulated
values of @ should be constant when the steady-state assumption is fulfilled. In addition,
the product formation speed is comparable with that of Ena formation. Thus, kg 1s estimated

to be 1 M'ls'l.

For the same value of P

abs» With the values of the rate constants in Table 3.3 except k7, ko,

Fig. 3.10e and f show the impact of rate constant k7 and the ratio ky/k5 on @y and Tmax- 1he

dashed contour lines show the experimental @;ax and 7, which are 5.08 and 3.3 hr

max>
respectively. Clearly, if the model is correctly specified with k7 and ky/k5 equal to its true
value, then the simulated values of @ﬁm and 7,,,, will be the same as the values that we
observed in the measurement. Working in the reverse order, the best matched simulated
values are obtained at the point where the two dashed contour lines intersect, and k; and

ko/ks are determined to be the values corresponding to the intersection, i.e.
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Fig. 3.10: Simulated values of Dy (left) and Tmax (right) with P, o= 1 mW and the values
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=3.3 hr.

experimental values of @hax = 5.08 and Trmax
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k7 ~8x109Mls7!
(3.26)
k% ~1x1075 M
5

Based on the measured values of the reaction quantum yield, all the rate constants are
reasonably estimated and summarized in Table 3.3. For initial concentrations described in
eq. 3.8-3.10 with these rate constants, the simulation results of reaction quantum yield for a
range of values of illumination power are shown in Fig. 3.11a and b. The rapid decrease of
@ with increasing P, 1s obviously evident. For lower P, @ is much greater than 100%,
whereas @ remains less than 100% for higher P,,,. The results are in good agreement with
the experiment (see Fig. 3.4). Furthermore, the behavior of @ as a function of time is also

clear. & rapidly rises to its maximum value before beginning its slow decay to zero.

In addition, the striking lag phase observed in the measurement with low light power also
appears in the simulation, which is shown in panel a) of Fig. 3.11. In the experiment, this lag
phase is observed as a delayed response of the quantum yield to the light irradiation, when
the light power is lower than 0.5 mW. Nevertheless, at the beginning of the irradiation in the
simulation, @ is not zero with weak light power. This discrepancy can be attributed to the
measuring accuracy of the product concentration. It is very likely that the product
concentration is extremely low at the beginning of the irradiation, when the light is weak.
And this may lead to the difficulty of the accurate determination of the product concentration.

Therefore, the observed lag phase is presented as an initiation phase in the simulation.

In the mechanism suggested by Cismesia and Yoon [Cis15], the chain propagation is the
unique product formation pathway in the reaction (Scheme 3.3). This mechanism can be
expressed as a model without the photocatalytic oxidation of a-amino radical (without eq
3.1g). In other words, the model is modified for use with &7 = 0. The simulation results of the

modified model are shown in Fig. 3.11¢ and d.

Interestingly, for k; = 0, the initiation phase disappears (Fig. 3.11c). The simulated &
doesn’t show any obvious correlation with P, at the beginning of the irradiation. This
simulation result is not consistent with our experiment. Therefore, the presence of the
initiation phase immediately rules out the reaction mechanism proposed by Cismesia and

Yoon.

In order to understand why the initiation phase appeared in the measurement, the result with
k7 =0 is compared with that with k7 = 8 X 10° M's™. In the case of P, = 20 mW, the @

for k7 = 0 reveals a significant deceleration in the rate of product formation (grey dashed line
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vs. black line in Fig. 3.11c). However, in the case of P, = 50 uW, no significant difference
is found within an hour of irradiation between the results with &; = 0 and 8 X 10° Mg
This indicates that the reaction mechanisms are the same for low light power, whereas for
high light power the products are formed in different pathways. Furthermore, when the light
is strong, this pathway is more efficient than the chain propagation pathway. This is in good
agreement with our competitive mechanism. In our explanation, the product formation is

dominated by the photocatalytic pathway in the case of high light power. It results in a

shorter initiation phase and, consequently, @ will reach the steady state faster.

Unexpectedly, for k7 = 0 M'ls'l, @ reaches its maximum value faster than that for

ky=8x10° M's”! (Fig. 3.11f). When P, > 20 mW, 7,

“hax Decomes identical in both cases.

This finding is consistent with previous experimental results in ref. [Cis15]. Upon addition
of N,N-dimethyl-p-toluidine, which can quench *Ru(bpy)g+ at a very fast rate, they observed
an significant increase of the rate of product formation. The reaction conducted with this
quencher was complete faster than that without the quencher. In this case, the *Ru(bpy)?
quenching can be expressed as reduction in the contribution of the photocatalytic pathway to
the product formation. If the quenching rate is large enough, the effect of quencher addition
is similar to removing the photocatalytic pathway from the mechanism. Therefore, their

experiment provides further evidence to support our model.
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4. Effect of intermittent illumination on the photoredox catalytic

aldehyde alkylation

4.1. Introduction

In order to unambiguously demonstrate the occurrence of the radical-chain processes in the
a-alkylation reaction, Cismesia and Yoon performed “light/dark™ experiments [Cis15]. The
sample was alternatively illuminated with light from a 20W (electrical power) CFL bulb and
kept in the dark in 5 minute intervals. The product yield was measured at the start and after
each interval. Unfortunately, it was not possible to observe an increase of the product yield
in the dark period as expected, the product is only formed during the light periods. Similar
results of “light/dark” experiments are also reported in the literature [Miy12, Wall2, Liul3,
Sah13, Oh14].

However, since the average lifetime of a radical-chain is generally in the sub- or millisecond
range, current attempts to disprove the existence of the radical-chain reaction in a
photoredox transformation by performing an intermittent illumination measurement on the
time scale of minutes or even longer are futile. The appropriate experiment on the radical-
chain reactions is the LED based intermittent illumination measurement, where microsecond

to second light pulses can be used.

In this chapter, the intermittent illumination experiments on the photoredox catalytic o-
alkylation will be presented. The first section gives a brief overview of the theory of the
intermittent illumination method. In the second section the results of the intermittent

illumination experiments are presented and discussed.
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4.2. Theory of intermittent illumination method

It has been demonstrated that the intermittent illumination method is very useful in the study
of photo-initiated radical chain reaction exhibiting bimolecular chain termination [Ing97,
Pit15]. Furthermore, the theoretical description of the effect of intermittent light on a chain
reaction has been developed with particular reference to photochemical decomposition
reactions [Dic41, Ric42, She56, Bow79]. In this section the theoretical treatment of the

intermittent illumination method will be briefly reviewed.

Consider a general photo-induced mechanism, which is shown as follows:

M®+Bj = Pcj+M" k¢ chain

2M*® = Py kp,] recombination
2M* = Py kp,2
4.1)
2M" = Pp Kb.i
M®+ A — Pr k1 first order
M*+ Ay — P kf
M® + Aj — Pt j Kf j

In this scheme the first step is known as initiation. Initiating free radicals may be generated
by different methods. In photodecomposition the free radical M which carries the chain is
generated directly from the substrate M, by exposure to light. In a photocatalytic initiation
the substrate M, doesn’t absorb photons, whereas a photocatalyst does. This process
produces a long-lived excited state of the photocatalyst that can react with M, via single-
electron transfer. The overall result is the production of free radicals M". Regardless of how

the free radicals are generated, the rate expression for the formation of M can be given by

d[;\f.J —n-Q-Taps (4.2)

Jabs 18 the volumetric rate of light absorption. Q refers to the probability that absorption of a
photon results in the production of radicals. # is a small number depending on the specific

process. Then, the radical M reacts with B; to give the products P.; and this reaction
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regenerates M. The reproduction of the radical M is known as propagation and this reaction
will proceed until the termination reactions destroy the chain. In this scheme two chain-
breaking steps are considered. One is the recombination of the radicals and the other one is a

first order radical reaction.

Suppose that the system studied is illuminated continuously and reaches the steady-state, the

expression for the concentration of M is expressed by

d‘;\f.- =1n-Q Taps —[M'}Z(kf’j.Ai)—2[M'TZkb,i

] 1
d-j:.— =2®—[M'}Kf—2[M'}2Kb (4.3)
[ M7, - %ﬁ

where the summations are over i or j and the subscript ¢ indicates continuous illumination.
The parameter « is defined as K/ (2K,[M]), which determines the relative importance of

the two chain-breaking steps, i.e. first order reaction and radical recombination.

The rate of destruction of radicals is 2K,[M'],>+K{M’],, so that the average lifetime of M’

(i.e. chain time) during the steady-state condition with continuous illumination is given by

steady state radical concentration
steady state rate of radical disappearance

[1;4}0 (4.4)
2Kb[M‘L +Kf|:M.:|c

|
2Kb[M'L LKy

10 =

In the case of intermittent illumination, each period of light # is followed by an light-off
period fp. The dark to light ratio is defined as p = tp/#; . Apparently, the radical concentration
falls during the periods of darkness, so that the average radical concentration is less than that
which corresponds to continuous illumination with light of the same intensity. Letting
[M']; (¢) refer to the change of [M'] in the light period and [M]p(¢) indicate that in the dark

period, an average quantity of [M'] over the entire intermittent illumination is given by
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p+1 4.5)
1 1

=[€ [M'}L(t)dt+%I[M'JD(t)dt] 1

It has been found that the average radical concentration [M*] is a function of #; /7, [Bow79,

Lai87]. As long as the light intensity and total illumination time are kept constant, the

average radical concentration [M*] for short and long light durations #; will differ. The
change in concentration occurs apparently when the dark period is approximately equal to

the radical lifetime (tp = 7).

The theoretical calculation of the behavior of [M*] as a function of # /7, has been worked

out by Shepp [She56]. If light intensity fluctuations are neglected, Shepp’s treatment leads to

the result that the ratio [M*]/[M’],, for long light period (z, > 7)) is

M
lim } ! (4.6)

ty, > |:M' } p+1

C

For short illumination period (¢} < 7) the ratio [M*]/[M ], is

v :

lim SN N N L (47)
tp, —0 [ M J 2 4 p+1
C

Eqs 4.6 and 4.7 also show that the dispersion of the ratio [M*]/[M], is reduced with the

increase of the parameter o. When the rate of radical recombination is much smaller than the

first-order rate so that a — oo, the ratio [M*]/[M], becomes

lim v = lim v o (4.8)
tLaO[M'JC tL—)OO[M.l; p+1

In a typical experiment, a series of [M*]/[M’], values is measured through the determination

of the rate of a first-order termination step for various values of # . The equation relating

[M*]/[M], to the experiment is

[MJ _ ratem .[Aj}c

[M.L (ratePf’j)C [Aj]

(4.9)
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In eq 4.9 a first-order reaction j is chosen because its reactant A; is almost constant
throughout the experiment. Thus, the ratio [A]. / [A_J] can be easily determined with its
initial concentrations. Eventually, the behavior of M/[M']c is plotted as the rate ratio of
the average product rate rate l3f,j to the rate corresponding to the radical concentration with

continuous illumination (rate Pg;). against #, or log(7). The 7 at which the change of

[M*]/[M], takes place is an indication of the radical lifetime.

In order to validate Shepp’s theoretical treatment of intermittent illumination experiments, it
i1s important to calculate the ratio M/ [M'], with another method. It has been previously
shown in the Chapter 3 that the concentrations of reaction intermediates can be estimated by
using chemical kinetic analysis. Therefore, the ratio M/ [M'], of a test chain reaction will
be determined through the simulation of formation and decomposition of radicals M". The
test chain reaction is a simplified version of the photo-induced chain reaction described in eq

4.1, which is shown as follows:

M+hV—)M. Q'jabs
M® + Bj > P. + M’ k¢ chain
(4.10)
2M* > Py kp recombination
M® + Ena — Pr k¢ first order

In this scheme the free radicals M are generated from photo-induced initiation reactions in
which the substrate M doesn’t absorb photons, whereas another molecule does. The quantum
efficiency (Q) is included in the rate expression (ijabs) to take account of the fact that not
all of the absorbed photon produces a radical. Then, the radical M~ can be regenerated by the
chain propagation process, which is described with the propagation rate constant k.. Finally,
the radical M~ is terminated by a second order reaction and a first order reaction.
Termination by the second order reaction results from the combination of two radicals. And,
in the first order reaction, the radical M reacts with Ena to give the product P;. The Ena is

assumed to stay constant throughout the reaction.

The conservation equations derived from the test mechanism 4.10 are

d;\f ~ Q- Taps ~ 2 ke [ M~ kp - [Ena] [ "] (4.112)
d[(if] - ks .[Ena].[M-} (4.11b)
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The light wavelength A is set to be 441 nm and the light pulse power P,,, = 5 mW is
selected. Thus, the rate of light absorption is calculated by (the solution volume V; = 1 mL)

Tabs = Pabs " " —— (4.12)

The quantum efficiency Q is set to be 0.1 because the initiation process is in fact often
relatively inefficient [Cis15]. Moreover, the dark to light ratio is fixed with p = 9. In addition,
the Ena concentration = 23.8 mM, the rate constants &, = 8.3 x 10°M's™ and k=82 x 10°

M 's™! are chosen via matching the resulted parameter « with a value of 1.9.

A software code for calculating the temporal evolution of the radical M under continuous

and intermittent illumination as well as the corresponding ratio [M*]/[M’], is given in

appendix A3. The simulation values of ratio [M*]/[M’], against various pulse light periods

t; are plotted in Fig. 4.1.

The simulation results are in good agreement with the values estimated via Shepp’s theory.

The behavior of the ratio [M*]/[M’], as a function of light durations #; is clear. The ratios
for long and short light durations #; are different. Furthermore, the maximum and minimum
values of the ratio are fully consistent with the estimated values based on Shepp’s analysis

[She56]. In the limit of low frequency f; gp, it is to show that the ratio [M*]/[M’], — (erl)_1

= 0.1 (eq 4.8). In the limit of high pulse repetition frequency f gp, it is shown that the ratio
[M*]/[M’], — 1.42 by using eq 4.7 with &= 1.9.
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Fig. 4.1:  Simulation results: the ratio of the average radical concentration [M"] under
intermittent illumination to the stationary state radical concentration [M'], under
continuous illumination against #; and f; gp. a) mechanism with bi-radicals

combination (eq 4.10); b) mechanism without bi-radicals combination.
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In addition, it has been mentioned by Shepp that at large o the dispersion of the plot of ratio

[M*]/[M], is reduced (eq 4.8). This argument can be tested by reducing the recombination
rate constant &, to a very tiny value, whose effect is similar to removing the radical
recombination reaction from the mechanism shown in eq 4.10. The simulation results of the

mechanism without the termination by combination are shown in Fig. 4.1b. In this case the

ratios [M*]/[M’], remain constant with the light durations #; and their values are equal to

e+ =0.1.

4.3. Intermittent illumination experiment on a-alkylation

To further characterize the radical-chain reaction, the intermittent illumination experiment is
performed by using our LED pulse generation setup. The experimental conditions are
practically the same as that in our quantum yield determination experiments. The same blue
LED (435nm, Roithner Lasertechnik) is employed and the average light power is set to
be 500 uW. The dark to light ratio is fixed with p = 9:1 and the pulse repetition frequency is
varied, or, what amounts to the same thing, the duration of the light period 7 is changed.
Four illumination experiments are conducted, each for a total of 21 hours (light + dark time).
In each experiment, aliquots are taken from the chemical solution at 30 min intervals up to 2
hours and then at 1 hour intervals up to 6 hours. The final aliquot is taken after 21 hours
intermittent illumination. For further details on the sample preparation and NMR data

analysis, please refer to ref. [Reil7].
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Fig. 4.2: a) Variation with time of the product concentration for the a-alkylation reaction
measured with different light pulse durations, cw is continuous wave. b) the rate
ratio of the average rate to the rate corresponding to the stationary state radical

concentration against ¢ (abscissa Al, log scale); and # /7, (A2, log scale).
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The a-alkylation chemical yields are shown in Fig. 4.2. Due to the large dark to light ratio
(p = 9), the product yields under intermittent illumination are much smaller than that under
continuous illumination (the black curve in Fig. 4.2a). In order to display them in one figure,
the product yield under continuous illumination is scaled by a factor of 0.1. The rate of
product formation is determined through fitting a linear function to the yield data in the

range where the product grows linearly with time.

The rate ratio of the average product rate under intermittent illumination (rate P),, to the
product rate under continuous illumination (rate P), is plotted as a function of the # in Fig.
4.2b). It can be seen from the figure, when the periods of light and dark are long enough
(10 ms in this case), the ratio approaches a constant. Moreover, the ratio seems to reveal a
rising trend as the light period # deceases, which reaffirms that indeed the photoredox
catalytic a-alkylation involves a chain propagation mechanism. Based on the theory
described in the previous section, the maximum of (rate P),,/(rate P), can be estimated by
using the first-order radical reaction rate, the radical recombination rate and the dark to light
ratio p. However, since the radical recombination side-products have not been observed in
the experiments, the recombination rate cannot be measured, leaving the maximum
undetermined. This is probably attributed to the much smaller radical recombination rate
compared to that of the first-order radical reaction [Ing97]. It also accounts for a large

parameter « and an associated small dispersion of the ratio.

Quantitatively, the shape of the (rate P),,/(rate P), curve can be calculated theoretically as a
function of (l+a)'1(tL/ 75), based on Shepp’s analysis [She56]. A software code for
estimating the lifetime 7, and the value of o 1s given in appendix A3. The result is shown in
Fig. 4.2b. The value of a = 1.92 is estimated. The value of 7, can be approximated by
overlaying the experimental and theoretical curves and determining the displacement of the
coordinate that would be required to make both curves coincide [Bow79]. In this experiment

the average lifetime corresponds to 23 us.

Using our LED-based intermittent illumination setup, the evidence is observed for the
occurrence of chain processes in the a-alkylation reaction. In addition, the observed small
dispersion of the ratio confirms the observed extremely small radical recombination rate. For
more mechanistic details, transient absorption spectroscopic studies of the photoredox

catalytic a-alkylation are considered in the next chapter.
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5. Ultrafast transient absorption spectroscopy of naphthalene diimide

in the photoredox catalytic aldehyde alkylation

From the quantum yield studies in the previous chapters, a reaction mechanism incorporating
a competition between the radical-chain process and the photoredox catalysis is highlighted
and demonstrated for the photoredox catalytic a-alkylation of aldehyde reaction. However,
the quantum yield analysis is a typical “black box approach”, i.e. only the behavior of
excitation light intensity (input) and product amount (output) is accounted for. The internal

steps of the mechanism are usually inferred, rather than by direct observations of them.

There is no doubt that detailed knowledge of the mechanistical intricacies would benefit the
improvement of existing reaction efficiency and the design of new transformations.
Therefore, it has been long suggested that the step-by-step mechanism of photoredox
catalysis can be anticipated by using transient absorption (TA) spectroscopy [Kérl5,
Konl17]. Nevertheless, a mechanistic explanation with spectroscopic evidence for
photoredox catalytic a-alkylation of aldehydes is still lacking. It is widely believed that the
dual catalytic systems are too complex to be studied with the TA spectroscopy [Maj14]. This
debate stems from the fact that the interpretation of the TA spectroscopy of transition metal
catalysts without reactants is rather ambiguous, not to mention the great complexity added

on by numerous reactants [McC03, Wan04, Stal5, Wacl5].

This drawback of the transition metal catalysts can be addressed through the use of organic
dyes as alternative photoredox catalysts. In contrast to the transition metal catalysts, the
organic dyes generally feature spectroscopically observable and distinct intermediates
[Rom16]. This enables conveying a clear mechanistic picture of the photoredox catalysis that

should convince the community.

In this chapter, a detailed investigation of the photoredox catalytic a-alkylation of octanal
with the organic photoredox catalyst NDI-A will be presented. It will start with the
photophysical and photochemical properties of NDI-A, which is essential to understand the
photochemical processes during the photoredox catalytic cycle. In the second part, the

chemical steps in the a-alkylation reaction will be studied by using the TA spectroscopy.
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5.1. Photocatalyst — Naphthalene diimide
5.1.1. Structure
Naphthalene diimide, abbreviated as NDI, is the smallest homologue of the rylene diimides.

Its structure consists of a rigid polycyclic aromatic scaffold (naphthalene core), with two

dicarboxylic acid imide groups substitute at the 1,4-and 5,8-peri-positions (see Fig. 5.1).
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Fig. 5.1:  Molecular structure of aromatic diimides. RDI, rylene diimide; PDI, perylene
diimide; NDI, naphthalene diimide; cNDI, core-substituted naphthalene diimide;

R and R’ = H, alkyl or aryl; NDI-A, core-unsubstituted naphthalene diimide

under study.

Through introducing substituents selectively at the imide nitrogen positions (N-position) or
the 2, 3, 6, 7 positions of the hydrocarbon core (core-positon), NDIs with different chemical
and physical properties can be readily obtained [Sak10]. It has been long known from PDI
studies that the introduction of alkyl substituents at the N-positions has very little effect on
the photophysical and electrochemical properties, unless there is a branching at the 1-
position to the imide nitrogen [Dem88]. Therefore, the N-position substitution tends to be

used to improve the solubility of NDIs [Ert05].

Additionally, the functionalization through core-substitution leads to enormous options for
modifying electronic and optical properties of NDI. This ability of NDI was first discovered
by Wiirthner’s group in 2002 [Wiir02]. Since then, there has been growing interest among
researchers in the functionalization of NDI with different substituents, in order to achieve a
molecule with desirable electronic and spectroscopic properties. Nowadays, cNDI have been

developed into one of the most explored subclasses of the rylene family. Our own group has
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investigated the influence of core substituents on the electronic relaxation of NDI via charge
transfer processes [PuglO, Pugll]. The properties of cNDI have also been excellently

reviewed in ref. [Sak10].

The monomeric NDI in solution can form aggregates upon self-assembly [Mil96, Bar97,
AIK16]. The structure of the aggregate shows a slipped face-to-face geometry, according to
the X-ray crystal measurement [CubO1, And04]. Their ability to form face-to-face stacking
is determined by interacting m-systems of adjacent (planar) aromatic core. This energetically
favorable interaction is called m-stacking and is based on several noncovalent forces.
Moreover, as Cubberley and Iverson [Cub01] have reported, the hydrophobic interaction
plays a dominant role in the NDI =n-stacking. They observed that the self-association
constants of the NDI increase with increasing solvent polarity (K, = 1 M for CDCl; and
K, = 245 + 101 M for D,0). Since the flat surfaces of aromatic molecules are usually
considered hydrophobic, the molecules tend to be aromatic stacked in order to minimize the
hydrophobic surface area exposed to polar solvents. Therefore, the trend observed in the
self-association constants indicates that the hydrophobic effect provides the primary driving

force for the NDI n-stacking.

Moreover, cNDI can also produce self-assembled aggregates in solution. This feature is
usually used for the creation of supramolecular functional materials. Since the main
emphasis of this thesis is on the molecular dynamics in photoredox catalytic reactions,
detailed review of the cNDI supramolecular assemblies falls outside the scope of this thesis.

Interested readers should refer to the review of Al-Kobaisi et al. [AIK16].

5.1.2. Photophysics and photochemistry

Steady-state characterization

N,N-dioctyl-1,4,5,8-naphthalene diimide, abbreviated as NDI-A (see Fig. 5.1), is used as the
photoredox catalyst in the investigation. The steady-state absorption recorded for the NDI-A
in different solvents are shown in Fig. 5.2. In all solvents studied (toluene, dichloromethane,
acetone, N,N-dimethylformamide and methanol), the NDI-A exhibits similar absorption
spectra consisting of strong absorbance bands in the UV range. A narrow band at 235 nm is
observed in the case of the NDI-A in CH,Cl, and MeOH. This band is not displayed in the
measurements of the NDI-A in toluene and DMF, due to the UV cut off of the solvents
(284 nm for toluene and 268 nm for DMF). A broad absorbance band composed of a

vibronic progression is visible in the UV-A range (315-400 nm). Two distinct maxima of
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them vary in the rage 358-362 nm and 378-382 nm, and the small shifts do not seem to show
any correlation with the polarity of the solvent used (see Table 5.1). The small solvent
sensitivity indicates that the NDI-A is a rigid molecule, which doesn’t undergo

conformational changes when the polarity of the surrounding is altered.

The calculation studies in the literature show that the UV-A absorption band of NDI-A
presents the S,-S; vibronic progression and consists dominantly of two overlapping
transitions, each of nr* character [Ada95]. Additional nmt* transitions caused by lone pairs
of the heteroatoms are weak and hardly observable because they may be masked by the nn*

absorption in the UV-A range [Ave97].
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Fig. 5.2:  Steady-state absorption and emission spectra of NDI-A in solvents of different

polarity at room temperature (the blue dashed curves in b and d show the
reflection of the corresponding fluorescence spectrum about the intersection of
the absorption and fluorescence spectra). a) 20 uM in toluene, A.,. = 350 nm; b)
20 uM in dichloromethane (CH,Cl,), A, = 360 nm; c¢) 20 pM in N,N-
Dimethylformamid (DMF), A.,. = 360 nm; d) 20 uM in methanol (MeOH), A,
=350 nm.
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Fig. 5.2 also shows the steady-state emission spectra of NDI-A in the different solvents. The
emission spectra recorded in CH,Cl, and MeOH form a mirror image of the corresponding
absorption band, with a small Stokes shift (409 em’! for CH,Cl, and 880 cm’! for MeOH).
The deviations from the mirror symmetry on the high-energy side of the absorption spectrum
result from superimposed transitions to higher lying electronic states. The form of the
fluorescence spectrum is irrespective of the excitation wavelength used (342-380 nm), which
indicates that only one fluorescing species exists (Fig. A4.1 in Appendix A4). The transition
energies of the lowest singlet state (ESO) estimated from the intersection of the absorption and
fluorescence spectra are 3.25 eV for CH,Cl, and 3.23 eV for MeOH. The slight changes of
the emission behavior are observed in the large difference in the polarity of these two
solvents. These results provide further evidence for the rigid structure of the NDI-A

molecule.

In the case of the NDI-A in toluene, the structured fluorescence band observed in CH,Cl, is
replaced by a broad, unstructured, intense emission band, displaying a maximum at
approximately 470 nm. The same phenomenon has been observed by Barros et al. [Bar97].
They attribute this emission behavior to direct excitation of a ground state complex, which is
composed of a NDI and an aromatic solvent molecule. This excited complex with substantial
charge transfer character is referred to as exciplex [Lak06]. The similar emission behavior is
also observed by Barros et al. in the measurements of the NDI in other aromatic solvents,

such as benzene and p-xylene [Bar97].

The spectral behavior of the NDI-A in DMF is quite distinct to that in other solvents, with a
very weak emission. The broad band around 400 nm could be the direct emission from the
lowest singlet excited state. The sharp peaks in the spectrum around 400 nm are assigned to
the Raman scattering of DMF. In addition, a broad band is observed which has a maximum
around 550 nm. This band becomes more obvious when the shorter excitation wavelength of
342 nm is used (Fig A4.2 in Appendix A4). A similar emission spectrum of a NDI analogue
has been observed by Ganesan et al. [Gan07]. In their case a charge-transfer emission band
centered at approximately 550 nm is observed, which is caused by electron-transfer (ET)
between the NDI core and a phenyl ring substituted on the N-position. Likewise, the broad
emission band observed in the case of DMF is attributed to an intermolecular charge-transfer
transition due to an excited NDI-A dimer, or excimer. This is supported by the fs-ps TA

measurements, which will be discussed in more detail later.
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Table 5.1:  Absorption and emission data for NDI-A in solvents of different polarity.

Solvent N Aabs ) sil ; Aemi Stokes_jhift Eﬁo
(nm) (10°M "cm ) (nm) (cm ) (eV)
Toluene 2.4 (25°C) 381.6 22 ~470 - -
CH,(Cl, 9.1 (20°C) 380.0 2.6 386 409 3.25
Acetone  20.7 (25°C) 3774 3.4 387 657 3.25
MeOH  32.6 (25°C) 378.0 3.0 391 880 3.23
DMF 36.7 (20°C) 380.5 2.1 - - -

The self-aggregation of the NDI-A in solution is also studied by absorption and emission
spectroscopy. The effect of increasing the NDI-A concentration in CH,Cl, is shown in Fig.
5.3. The shape of the NDI-A absorption spectrum and the position of the band maximum do
not change in the concentration range 20 uM — 6.7 mM. At a concentration of 13.0 mM, the
intensity of the bands at 340 and 360 nm increases slightly. In contrast to the absorption, in
the emission experiments a new unstructured band with a maximum at about 500 nm is
observed at a concentration of 6.7 mM. This band becomes more intense with increasing

concentration of the NDI-A.

The observation in the emission measurements suggests the formation of NDI-A excimers.
Due to the short lifetime of the NDI-A singlet state (14 ps in CH,Cl,, see TA measurements
below) the formation of the excimer cannot be a diffusional process. Thus, it has been

concluded by Barros et al. that the excimer must be formed by excitation of a self-
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Fig. 5.3: Normalized absorption and emission spectra of the NDI-A in CH,Cl, as a
function of the NDI-A concentration. For emission experiment the excitation

wavelength is 4., . = 360 nm.
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aggregated dimer in its ground state [Bar97]. Additionally, a characteristic aggregation-
induced shift [Kas65] is observed in the absorption spectra at the concentration of 13.0 mM.
The change of the absorption spectrum is consistent with the observation in a study of a
discrete covalently linked NDI dimer [Wul4], in which the absorption spectrum of the NDI
dimer shows a blue-shift of the absorption maximum from 380 nm for the monomeric NDI
to 360 nm. It also indicates that the NDI-A in the dimer are arranged in an “side-by-side” H-
aggregate (H denotes hypsochromic) fashion [Wul4, Hes18].

The lack of any exciton splitting in the absorption spectra at concentrations below 13.0 mM
suggests that the self-association constant K, of NDI-A in CH,Cl, is minuscule. This
confirms previous findings in the ref. [Cub01]. According to their studies, the K, of NDI-A
in CH,Cl, is estimated as 1 M. Thus, a tiny concentration of NDI-A dimer of 45 uM is
obtained in the 6.7 mM monomeric NDI-A solution. This concentration is over 2 orders of

magnitude smaller than of that of the monomeric NDI-A.
Excited-state Kkinetics

Another important feature of the NDI-A is the fluorescence quantum yield. The definition of
the fluorescence quantum yield is the ratio between the number of photons emitted and the

number of photons absorbed (eq 5.1).

N emitted (5 . 1)

Dfluo =
uo Nabsorbed

Excitation of the NDI-A in CH,Cl, at 380 nm results in a very low fluorescence quantum
yield (®gq,, = 0.0016), which is in strong contrast to its brother compound PDI (©g,, = 1)
[Wiirl6]. The low fluorescence quantum yields are also observed for the analogous NDIs in
other common solvents (g, < 0.03 in [Bar97], Og,, ~ 107 in [Yus15]). According to the
Strickler-Berg equation [Str62], the radiative lifetime 1, of NDI-A in CH,Cl, is estimated
from its oscillator strength, yielding a lifetime of 3.5 ns. Then, the fluorescence lifetime 7,

is calculated from @, and 7, by means of [Lak06]

Tfluo = Pfluo * 70 (5.2)

This simple estimation gives an ultrashort fluorescence lifetime of approximately 5.6 ps,
indicating the presence of ultrafast non-radiative deactivation pathways. Further evidence for
the ultrafast excited singlet state decay has been provided by the fluorescence decay
measurements [Gan07, Yusl5]. At room temperature the fluorescence decays of a NDI

analogue in CH,Cl, are bi-exponential with 1 and 10 ps for the wavelength monitored
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between 420 and 450 nm [Yus15], which supports the estimated fluorescence lifetime.

More details of the excited singlet state dynamics of NDI-A are revealed by fs-ps TA
measurements. The first fs-ps TA measurement of a NDI analogue was performed by
Ganesan et al. in 2007 [Gan07]. They reported an ultrafast excited singlet state to triplet state
intersystem crossing (ISC) process with a time constant of 10 ps. After this publication, a
more complex ISC process of the same NDI from the excited singlet state to the triplet
manifold was reported by Yushchenko et al. [Yus15]. They confirmed the ultrashort excited
singlet state lifetime and found that the ISC process was reversible between the excited
singlet state and the triplet state on a few picoseconds timescale. These complex ISC
dynamics are also observed in the fs-ps TA measurements of the NDI-A in CH,Cl,. Such

dynamics are shown in an energy level diagram given in Scheme 5.10.

In the following the results of TA experiments of the NDI-A in CH,Cl,, DMF and a
CH,Cl,/DMF mixture will be discussed in more detail. The NDI-A is excited at 360 or
365 nm for fs-ps measurements and at 380 nm for ns-us measurements. The excited state
dynamics are observed in the UV and visible region (290-710 nm). The experiments are
done under aerated conditions unless otherwise noted. In all TA-spectra, the observed
negative bands at 360 nm and 380 nm are due to ground state bleach (GSB) since the
absorption bands of NDI-A are located at these positions. In the visible region the TA
spectra are dominated by positive bands due to excited state absorption (ESA) or reaction

product absorption.

In CH,Cl, there is a negative band with maximum at 409 nm within the first 10 ps after
excitation, which is due to stimulated emission (SE). On the same timescale a positive band
at 598 nm with a shoulder around 560 nm and a weaker band at 460 nm are clearly visible.
The band at 598 nm can be assigned to the absorbance of the lowest excited singlet state (S;)
and the band at 460 nm is supposed to represent the triplet state (T,) with n* character. The
nature of the T, state is confirmed by quantum chemistry calculations in ref. [Yus15]. The
ESA of S, state loses a part of its intensity within the first picosecond, whereas the ESA of
the T, state rises. Afterwards, they all decay and give rise to a spectrum with absorption
maxima at 452 and 484 nm. This long-lived species hardly decays on the timescale of the fs-
ps TA experiment (up to 1.5 ns) and decreases entirely to zero in the ns-us TA experiment.
This species is identified as the lowest excited triplet state (T;) of NDI-A, because similar T,
state spectra have been reported [Gre95, Ave97, Gan07, Yusl5]. Moreover, in N, purged
CH,Cl,, the TA spectrum in the ns-pus TA experiment is identical to that of NDI-A in air-
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saturated CH,Cl, but the lifetime of the corresponding species in the ns-ups regime is
considerably longer. This observation comforts the assignment of the long-lived species to

the Ty state of NDI-A.

In addition, the peak positions of S state are found to shift from 597 to 598 nm within the
first picosecond (see Fig. 5.5a). This shift is generally due to differential solvation of the
ground and excited state of the chromophore. To determine the temporal evolution of the
peak shift, the TA data are parametrized using a Gaussian function. The resulting peak shift
is depicted in Fig. 5.5a. The time constant for the peak shift is determined via an exponential
fit to the data, which yields a time constant 7 ;s = ~ 200 fs. Therefore, the observed red-shift
can be assigned to the “initial” solvent relaxation with the similar time constant of 250 fs
reported in ref. [Hor95]. After removing the influence of the peak shift, the decay kinetics of
S, state are measured by the peak amplitude and the result is shown in Fig. 5.5b. The decay
of the revised data can be fitted with a bi-exponential function, yielding two time constants
of 800 fs and 14.4 ps. This suggests that the dynamics associated with the S; state of NDI-A

with the time constant of 800 fs is not caused by the solvent relaxation.

In order to retrieve more information from the time-resolved data, the TA data are analyzed
using different methods, which have been described in section 2.2. The fs-ps TA data are
first analyzed using the maximum entropy method [Kutl3]. The resulting matrix of the
distribution p(k, A) is shown in Fig. 5.6. The color map reveals three regions along the
lifetime axis where TA spectral changes occur. They are indicated by the dashed lines in the
color map in Fig. 5.6. Since the peak widths along the lifetime axis measure the uncertainty
of lifetimes, the lifetimes are determined by the “peak position” of the distribution: the first
lifetime is near 800 fs, the second region shows a lifetime of 14.4 ps and the third lifetime is
in the range > 1.5 ns, which can be measured by the ns-us TA. Three lifetime density
distributions selected at 380, 460 and 600 nm are presented in Fig. 5.6b. At 600 nm (blue in
Fig. 5.6b), the decay of S; state dominates with two peaks, indicating a bi-exponential decay
process. The red (460 nm) and black curve (380 nm) show the same lifetime density

distribution around 800 fs and 14.4 ps.

The results of the maximum entropy analysis are confirmed using a single line fit method to
the same data. The kinetic traces and fit results at selected wavelengths are shown in Fig. 5.7.
Except the GSB region (data at 380 nm as an example), approximately the same three time
constants are required for an adequate description of the measured kinetics at all

wavelengths (the third time constant is > 1.5 ns and is not shown in Fig. 5.7).
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5.4a and the corresponding fit results with a multi-exponential decay model.
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The kinetics obtained at 600 nm presents primarily the ESA of the S; state and exhibits a
decay with the time constants of 800 fs and 14.4 ps. Probing at 466 nm (primarily the ESA
of T, state) shows a rise with a time constant of 500 fs and a decay with 17.0 ps. The rise of
the band at 466 nm and the decay of the band at 600 nm have approximately the same time
constant. This result reveals the S; to T, state transition. The kinetics at 410 nm presents
primarily SE and is fitted to a bi-exponential model with the time constants of 1.1 and
13.5 ps, which is in good agreement with the reported time-resolved florescence result in ref.
[Yus15]. In contrast to the ESA and SE, the dynamics of the GSB monitored at 380 nm is
well described with two time constants of 15.4 ps and > 1.5 ns. The first step with a time
constant almost identical to the fluorescence lifetime is assigned to a partial S; — S,
transition. The reason for the absence of the time constant of near 1 ps is likely due to the
tiny fluorescence quantum yield of NDI-A. This leads to a very small ground state recovery

within this delay time, which is hardly resolved using the TA setup employed.

Given that, from all above mentioned analysis, two time constants and one long lasting
component are needed to fit the fs-ps TA data, these data are globally fitted with two
exponentials and a constant offset representing long lasting TA signals from the T, state.
This global analysis can accurately reproduce the TA data with the time constants and decay
associated difference spectra (DADS) in Fig. 5.8. The fast one with a time constant of 800 fs
describes the decay of S; state due to the positive contribution in the DADS around 600 nm.
The negative contribution around 460 nm reflects that the T, state grows with the S; decay
at the same time. In the second step with a time constant of 14.4 ps, the negative peak at 484
nm associated with the S; decay with a positive peak at 598 nm and the T, decay with a
positive peak at 462 nm perfectly matches the known T, signature. It reflects that the long-
lived T, state is populated with the time of 14.4 ps. After these initial transients a long-
lasting absorption change persists in the fs-ps TA, which is caused by the T, state. The
DADS of T, state obtained in the fs-ps TA are the same as the one with a time constant of
641 ns gained from the ns-pus TA. The last DADS (green dash line) from the ns-pus TA show
that the GSB is recovering completely and no characteristic positive bands are observable. It
indicates that all excited NDI-A decays back to their ground state and no photoproducts are

generated.

Assuming a reversible kinetic model, which is shown in Scheme 5.10, species associated
difference spectra (SADS) will be constructed using the DADS from the global analysis. As

mentioned in section 2.2, a unique solution of the SADS and rate constants can be obtained,

-74 -



15[ 800fs, 144ps, | J°L
10 |- Long lasting (fs-ps TA), [\ 1

excitation 1

DADS (mOD)
SADS (mOD)

S | &
FEP P P A PP OSSO S S
S R P E P PSP S PN

Fig. 5.8: a) Decay associated difference spectra (DADS) of a global fit to the data in Fig.
5.4a. b) Species associated difference spectra (SADS) obtained from the analysis

assuming the scheme in the inset (same with the one in Scheme 5.10).

T
! [ ]
| ®
_483F | |
£ 4aol 1 T1=38ps(A<0)
5 | 1p=21.0 ps(A<0)
3 ag1flll | | §
= | | — data
480p° | . — fit a)
S N S
N at(ps) X

Fig. 5.9: a) Temporal evolution of the peak position (data in Fig. 5.4a) and an exponential
fit result. b) Kinetics of the full width at half maximum (FWHM) of the peak

after removing the influence of the peak shift and an exponential fit result.

if the analysis of the TA data could be linked to another time resolved data. This purpose is
achieved for NDI-A in CH,Cl, using the T4—T; transition recorded in the 470-490 nm
range. In this spectral range the contribution of the S; state absorption spectrum can be
treated as background, i.e. it does not contain any spectral peaks in this region. The temporal
evolution of the transition from T, to T, state is determined by tracking the peak shift and
band narrowing. The TA data in the 470-490 nm range are thus parametrized using a
Gaussian function. The resulting peak shift and band narrowing are depicted in Fig. 5.9. The
time constant for the band narrowing is determined via an exponential fit to the data, which
yields a time constant of 22.3 ps. This change is generally due to vibrational relaxation

[Mon06]. A similar time constant with a value of 21.0 ps is obtained by a bi-exponential fit
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to the peak position data (Fig. 5.9a). This time constant is thus also assigned to the
vibrational relaxation process. The other time constant of 3.8 ps is assigned to the T4 to T,
process, which normally occurs on a few picoseconds time scale [Pig07]. This is also in very

good agreement with the 3 ps time constant for the same process reported in ref. [Yus15].

The rate of the T,—T) transition (k, = 1/(3.8 ps) = 2.6 x 10! s'l) is linked to the analysis of
the TA data and allows a unique solution of the kinetic model. The results are shown in Fig.
5.8b. As expected, the SADS of S; state are totally distinct from the SADS of T, state. The
SADS of the S, state is dominated by a band at 598 nm and the distinct feature of the T,
SADS is the band at 460 nm. Additionally, the bi-exponential decay of the S; state is
explained by the forward and backward ISC process between the S| and T, state. The decay
and repopulation rate of the S state are described with two rate constants &y = 3.0 10!
and k| = 6.2 x 10 g respectively. The internal conversion from the T, state to the lower
T, state competes with the backward ISC to the S; state and possesses a time constant of 3.8
ps. The SADS of the T, state of NDI-A can be easily distinguished from the other SADS
because of its structured band with the maximum at 484 nm. And a rate constant k3 = 1.6 x
10° s is used to characterize the backward ISC process from the T; state to the ground state

Sy (it also includes a triplet oxygen quenching contribution).

A = S,(nn*) ISC (k) = T, (nn*)
Liicj e el —— e
b-ISC (k.,) | k,
s >~ T1 (mm*)
Eeo —_— ...
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IC b;LS)C =
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NDI-A in CH,CI,

Scheme 5.10: Energy level scheme of NDI-A in CH,Cl, with the relaxation pathways. The
energies E(S)O and E§0 estimated as described in the text (A: absorption; F:
fluorescence; IC: internal conversion; IVR: intramolecular vibrational

redistribution; ISC: intersystem crossing; b-ISC: back intersystem crossing).
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In DMF a completely different behavior is observed (see Fig. 5.11). After the pump pulse, a
TA band with a maximum at 585 nm and a shoulder around 470 nm is detected, which
shows almost the same profile as that of the S; state observed in CH,Cl,. Thus, this transient
is attributed to the S; state of NDI-A in DMF. In contrast to the lifetime of the S; state in
CH,Cl, of 14.4 ps, the lifetime of the S; state in DMF strikingly decreases by a factor of 16,
which has a value of 900 fs (global analysis result in Fig. 5.14). The decay of the S; state
goes along with an apparent rise of a spectrum with the absorption maximum at 474 nm and
a weak band around 600 nm. This species decays in 5 ps and its spectral features are in good
agreement with the absorption spectrum of the NDI-A radical anion (NDI-A™") recorded in
spectroelectrochemistry (see Fig. 5.12). The appearance of the NDI-A™ would imply that the
singlet state decays via an ET process. This ultrafast S; state quenching process also explains
why the fluorescence of NDI-A in DMF is extremely weak. Following the decay of NDI-A™,
a very weak residual TA spectrum is observed, whose lifetime is longer than the timescale of
the fs-ps TA experiment (up to 1.5 ns). This residual spectrum has a similar profile as that of
NDI-A". However, because the signal intensity of the residual species is comparable to the

intensity resolution of the setup employed, its spectrum is not clearly presented.
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Fig. 5.11: Time-resolved absorption spectra of NDI-A in DMF at 22 °C. a) fs-ps TA:
0.1 mM NDI-A in 1 mm cuvette after 360 nm excitation with pump intensity of
1.8 mJ/cmz; b) Transient absorption spectra recorded at several time delays after
excitation (the spectrum at 1 ns is scaled by a factor of 4); c¢) Kinetics for the

dynamics of different species at selected wavelengths.

=77 -



b! S 'Spe'ctro'ele'ctrécﬁerhiétr'y' '_ 15 ?
— TA at 3 ps (DMF) =
Q —TA at 10 uS (CHZCIZ/DMF) £
2 _ 41105
o =
5 ()
3 - 0509
< o
()
S —0.09
Q Q Q O O 0(&

N W Y P SES,

Fig. 5.12: a) UV-Vis spectroelectrochemical response of the transition NDI-A — NDI-A™
in CH,Cl1,/0.2 M TBAH b) Comparison of the TA spectra of NDI-A in DMF at
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Fig. 5.13: Kinetic traces monitored at selected wavelengths from the data matrix in Fig.

5.11 and the corresponding fit results with a multi-exponential decay model.
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The ns-us TA measurement for NDI-A in DMF can’t resolve any TA spectra and
intermediate lifetimes, since the intensity of TA signals are similar to the instrumental
intensity resolution. There is only one thing certain and that is that all of the signals decay to
the baseline with in the observed time window (up to 500 ps). This indicates a complete

deactivation back to the ground state of NDI-A.

To quantify the dynamics observed in DMF, the fs-ps TA data for NDI-A in DMF are
analyzed using a single line fit method. Fig. 5.13 presents the kinetic traces and fit results at
the selected wavelengths. From the fit results, it can be seen that the same two time constants,
i.e. near 1.0 ps and 3.9 ps are required for an adequate description of the measured kinetics at
the GSB region (370 nm) and at the absorption of NDI-A™ (475 and 484 nm). The time
constant of 1.0 ps describes the population of the NDI-A™ and the time constant of 3.9 ps
presents the decay of the NDI-A™ transient. Moreover, there is a marked increase of the
GSB (more negative) accompanying the increase of the absorption of NDI-A™". This finding
suggests that the NDI-A in the ground state should participate in the ET reaction. Turning to
the data at 585 nm, which present primarily the ESA of the S state and the band of NDI-A™,
the kinetic trace can be well described with two time constants (the third time constant is
> 1.5 ns and is not shown). The second time constant of 3.7 ps is consistent with the decay
time of NDI-A™, whereas the first time constant of 400 fs, which presents the decay of the
S, state transient, is much smaller than the rise time of NDI-A". The cause of the
discrepancy is probable a result of the overlap between the ESA of S and the absorption
spectrum of NDI-A" at the same wavelength. As the increase of the ESA of S, is partly
countered by the decrease of the absorption of NDI-A™, the fit of the resulting TA spectra

can lead to an erroneous result.

Interestingly, after the second time constant of 3.9 ps the GSB is not recovering completely.
Furthermore, an intermediate with a time constant of near 21 ps is observed in the results at
475 and 484 nm, whereas the GSB shows no significant dynamics on this timescale. These
observations suggest an unassigned excited state of the NDI-A in DMF with a lifetime of

near 21 ps, which is formed from the NDI-A™.

In order to gain more information of the NDI-A excited state dynamics in DMF, the TA data
are globally fitted. The analysis gives four different DADS with the corresponding time
constants, which are shown in Fig. 5.14. The first species with an absorption maximum at
585 nm has been assigned to the S; state of NDI-A in DMF. It decays with a lifetime of
900 fs. The negative peak at 475 nm associated with the S, state decay perfectly matches the
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Fig. 5.14: Decay associated difference spectra of a global fit to the data in Fig. 5.11a.

positive part of the second DADS, which has been attributed to the NDI-A™ . This confirms
that the S; state decays via an ET process. Moreover, a positive band with two maxima at
361 and 381 nm is observed, where the absorption bands of NDI-A are located. This implies
that the NDI-A in its ground state is involved in the ET process. Thus, it can be concluded
that the NDI-A™ results from the ET between the ground state and the excited singlet state
of the NDI-A, as shown in Scheme 5.15. This reaction also produces simultaneously the
NDI-A radical cation O\IDI-A°+). However, the similarity of the TA spectra obtained from
the ET reaction with the NDI-A™ absorption spectrum recorded in spectroelectrochemistry
suggests that the contribution of the NDI-A™" to the spectra formed by the ET reaction is
negligible. The very weak absorption of the NDI-A™" is consistent with previous

observations in references [Ave97, Yusl5].

The NDI-A™ formed from the singlet state has a lifetime of 4.5 ps. This is followed by a
new spectrum with a maximum at 468 nm. This spectrum decays in 20.3 ps, and the
spectrum of NDI-A"" appears again. The spectrum of NDI-A™ appeared after the unassigned
state does not decay on the timescale of the fs-ps TA experiment (up to 1.5 ns). The presence
of a long-lived radical anion indicates that the triplet ion pair species is formed since back
electron transfer (b-ET) in the triplet ion pair is considerably slower than that in the singlet
ion pair [Rom16]. Therefore it seems possible that the unassigned state is the triplet state of
NDI-A. A possible mechanism for the formation of the triplet can be through ISC from the
singlet ion pair to the triplet ion pair followed by “triplet recombination” producing the NDI-
A triplet state [Kav93]. On this basis, the excited state dynamics of the NDI-A in DMF is

summarized in an proposed energy level diagram given in Scheme 5.15.
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Due to a high self-association constant in DMF [Cub01], self-aggregated NDI-A dimers are
formed at its ground state. It leads not only to a poor solvation of NDI-A in DMF [Reil7],
but also to a photoinduced ultrafast forward ET (900 fs) followed by a rapid b-ET (4.5 ps)
restoring the NDI-A to the ground state. The latter is a nonproductive cycle because the fast
back reaction rules out any further diffusional ET reaction steps needed to convert the
substrate to the final product. In addition, the minute amount of the triplet and the long-lived
radical anion surviving from the b-ET makes the further analysis very difficult. Thus, to
reduce the polarity of solvent, that is to reduce the probability of dimerization, a mixture of

DMF and CH,(l, is used for the study of the NDI-A excited state properties.

In a CH,Cl,/DMF mixture (volume/volume = 4:1) solution, the evolution of the spectra in
time is similar to the ones in pure CH,Cl,. As shown in Fig. 5.16 and 5.17, they consist
almost of the same signatures, the strong ESA band of the S state around 590 nm at early
delay times and the structured band of the T state with the maximum at 484 nm in the ns-us
range. More information is found by globally fitting the TA data. The global analysis gives
four different components (see Fig. 5.16b). The DADS with a time constant of 300 fs has a
positive band around 590 nm and a negative contribution around 460 nm, which is very
similar to the one with the time constant of 800 fs in pure CH,Cl,. This suggests that the
S| — T4 transition is also observed in the CH,Cl,/DMF mixture. The second DADS with a
time constant of 4.4 ps is similar to the one with the time constant of 900 fs in pure DMF.
The positive contribution around 600 nm shows the decay of S; and the negative band at

476 nm describes the growth of NDI-A™ . The observation of the positive band in the second

-81 -



DADS with two maxima at 360 and 380 nm demonstrates that the NDI-A™ results also from
the ET between the NDI-A ground state and the S; state. Interestingly, in the third step with
a time constant of 13.0 ps, not only the NDI-A™ decay but also the S; decay are observed.
This can be accounted for by the fact that both the electron transfer step and the ISC process
are reversible. After these transients the spectra of the T, state persist in the fs-ps TA

experiment.

The ns-us TA data (Fig. 5.17a) are globally fitted with two exponentials and a constant
offset and the corresponding DADS are shown in Fig. 5.17b. The DADS with a time
constant of 570 ns presents the decay of the T, state. Compared with the lifetime of the T,
state in pure CH,Cl,, the lifetime of the T state in the CH,Cl,/DMF mixture is shorter,
implying a new T state quenching process.
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Fig. 5.16: a) fs-ps TA spectra of NDI-A in CH,Cl,/DMF (4:1) at 22 °C, and results of (b)
global analysis and (c¢) analysis with the model in Scheme 5.19 (1.2 mM NDI-A

in 100 pm cuvette after 360 nm excitation with pump intensity of 1.6 mJ/ cmz).
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Fig. 5.17: a) ns-us TA spectra of NDI-A in CH,Cl,/DMF (4:1) at 22 °C, and results of (b)
global analysis and (c) analysis with the model in Scheme 5.19 (1.2 mM NDI-A

in 100 um cuvette after 380 nm excitation with pump intensity of 1.0 mJ/ cmz).

In the second step with a time constant of 68.6 us, the positive part resembles strongly the
absorption spectrum of the NDI-A™ (also shown in Fig. 5.12b). It is concluded that this
long-lived species is NDI-A" . The formation of the radical anion suggests that the
quenching of the T, state results from a one-electron transfer. Nevertheless, no increase of
the GSB is observed accompanying increase of the absorption of NDI-A™". This indicates
that the NDI-A in the ground state should not participate in the ET reaction. Since the NDI-
A radical anion is only observed in the presence of DMF, it is inferred that the NDI-A™
could be formed by electron-transfer from one of the surrounding DMF molecules to the T,

state of NDI-A, as described by eq 5.3.

3NDI-A® + DMF — NDI-A®~ + DMF** (5.3)

Unfortunately, no absorption of the DMF radical cation (DMF'+) is observed in the TA
measurements. The reason for this could be that the weak absorption of DMF™" expected

around 415 nm [Mel97] is masked by the much stronger NDI-A™ absorption. In order to
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prove that DMF plays a role in the ET process, the formation of the NDI-A™ is monitored at
484 nm as a function of DMF concentration, which is shown in Fig. 5.18a, and the kinetics
of the concomitant decay of the T state is fitted to a dissociative ET model with a pseudo-

first-order rate coefficient.

, 1 1
Kpr =——— = 3kET[DMF] 5.4)
T T

Here 7, and 7 are the lifetimes of the T, state in the absence and presence of DMF. The
resulting kinetic plot (Fig. 5.18b) is linear, and affords a rate coefficient of 3kET =98 x 10*
M'ls'l, which is consistent with Stern-Volmer kinetics [Mon06]. This study confirms that
DMEF is associated with the charge transfer quenching of the NDI-A T; state.

The generation of the NDI-A"™ by the ET from DMF is also supported by a sufficiently
negative free energy change of -0.97 eV, which is calculated using eq 5.5 (a modified Rehm-

Weller equation) [TUPAC14].

AGRy = e-| E(DMF™ / DMF ) - E(NDI-A / NDI-A™ ) |

z(DMF‘+ )z(NDI-A" )e2 (5-5)

4neperdpA

The oxidation potential of DMF (E(DMF'+/DMF) = 0.38 V vs. SCE) was reported in ref.
[Was93]. The reduction potential of NDI-A (E(NDI-A/NDI-A") = -0.69 V vs. SCE) was
determined in CH,Cl, by the co-worker using cyclic voltammetry [Reil 7], consistent with
the values reported in the literature [Mon06]. The energy difference between the T, state and
the ground state ( EOTO = 2.16 eV ) is estimated from the short-wavelength band of the
phosphorescence spectra. Phosphorescence from NDI-A is not observed at room temperature
or in frozen ethanol glasses. Upon addition of 10% ethyl iodide, phosphorescence from NDI
is induced via the heavy atom effect [Kas52] and the result is shown in Fig A4.3 in
Appendix A4. The last term in eq 5.5 accounts for the effect of the Coulombic attraction in
the redox products. Treating the redox products as point charges with the charges located at
the center, the distance of the two charged species (dpa) could be estimated to be of the
order of 10 A. Thus, using the estimated dielectric constant with the value & = 12.1 for the
CH,Cl,/DMF (4:1) mixture [Jou04], the electrostatic interaction term is estimated to be
0.12 eV.
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Fig. 5.18: Rate constant of production of NDI-A radical anions by electron transfer from
DMF. a) TA concentration dependence study for NDI-A (1.0 mM) and DMF in
CH,Cl,. The solid lines represent exponential fits. b) First-order kinetic plot of
DMF concentration dependence study.
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Scheme 5.19: Proposed energy level scheme of NDI-A in the CH,Cl,/DMF mixture with

the relaxation pathways.

On this basis, the excited state dynamics of the NDI-A in the CH,Cl,/DMF mixture is
summarized in the energy level diagram (see Scheme 5.19). Self-aggregated NDI-A dimers
are formed at its ground state. Upon photoexcitation of NDI-A dimers the S, state is formed,
which decays rapidly to form the T, state via a reversible intersystem crossing process. The
decay and repopulation rate of the S; state are described with two rate constants k' = 6.7 x
10" s and k.q=25x 1012 ¢! respectively, both of them are larger than the values in the
measurements for NDI-A in pure CH,Cl,. Meanwhile, the electron transfer connecting the

S, state and the ion pair occurs and this step is also reversible. The rate constant for this ET
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from the equilibrated S; state to the ion pair is lkET =1.1x 10" s'l, with a reverse transfer
rate of lkb_ET =56 x 10'" 5. The lifetime of these ion pairs is 9 ps. The T, state is
generated from the T, state via internal conversion (k'y = k, = 2.6 10! s'l). A fraction of
the T state is diffusionally quenched by DMF to form “free” NDI-A radical anions (SkET =
9.8 x 10 M'ls'l), and some of T, repopulates the ground states via b-ISC (k's = k3 = 1.6 X
10° s'l). This NDI-A" is long lived and repopulates the NDI-A ground state and neutral
DMF via back electron transfer to DMF™. The lifetime of these “free” NDI-A radical anions
1s 68.6 us.

According to this model the SADS are constructed (see Fig. 5.16c and 5.17c). As expected,
the SADS of the S;, T4 and T, state of NDI-A in the CH,Cl,/DMF mixture are very similar
to the spectra obtained in the TA experiment in pure CH,Cl,. Furthermore, the SADS of the
ion pairs and the NDI-A" are in line with the NDI-A™ absorption spectrum obtained in
spectroelectrochemistry. So far, all species detected in the TA experiments in CH,Cl,, DMF
or the CH,Cl,/DMF mixture can be distinguished through their particular spectral features.
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5.2.  Observation of the competitive mechanism of aldehyde a-alkylation by

synergistic photoredox catalysis with NDI and organocatalysis

After the characterization of the ground and excited state properties of NDI-A, the detailed
mechanism of the photoredox catalytic a-alkylation will be elucidated by using NDI-A TA
spectroscopic studies in combination with the data from synthetic experiments in ref. [Reil7].
In this case, NDI-A is applied as the photoredox catalyst for a-alkylation and the other
reactants are the same as that in the Ru(bpy)§+ based catalysis described in Chapter 3. The
reaction procedure is shown in Scheme 5.20. A commercially available 385 nm LED (Nichia
NCSUO034B) was used for the synthetic experiments [Reil7] because it fits perfectly the
absorption spectrum of NDI-A in CH,Cl, or DMF (see Fig. 5.21).

octanal Photocatalyst, NDI-A Organocatalyst
Oct Photocatalyst O CO.Et Naphthalene diimide Imidazolidinone
Organocatalyst 2

0]
HJK/R + /Il3\r FV—— - H?COzEt 0 0 O ,OZLN/ « HOTf
EtO,C° COEL 56 Lutidin, R-N O NR N
H

bromomalonate CH,Cl,/DMF enantioenriched 3 )
BrMal a-alkylated aldehyde

OrCat

R= -~~~ R'= .~~~

Scheme 5.20: Application of NDI-A as photoredox catalyst for enantioselective a-alkylation
of octanal by bromo-diethylmalonate [Reil7].
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Fig. 5.21: Steady-state absorption spectra of NDI-A and the reactants for a-alkylation of
octanal in CH,Cl, or DMF at room temperature. The purple filled curve

represents the emission of the 385 nm LED (nominal 385nm, measured 384nm).
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It can also be seen from Fig. 5.21 that only the catalyst NDI-A can be excited by the LED
light used rather than the other reactants. As was mentioned in the previous Chapter 3, the
enamine (Ena) also shows an absorption in the emission region of the 385 nm LED (see
Fig. 3.7). However, due to the tiny absorption coefficient of Ena at 384 nm (~ 5 M'lcm'l)
the absorption of Ena can be neglected compared to the NDI-A absorption at the same
wavelength (ODypi.a = 47 > ODg,, = 0.1). For the TA spectroscopic studies, the excitation
wavelength is set to 380 nm, which thus dominantly excites the catalyst NDI-A in the

mixture solution.

Table 5.2 compares the properties of NDI-A and Ru(bpy)§+ as well as the results obtained
from the synthetic experiments using as catalyst NDI-A or Ru(bpy)?. Ru(bpy)§+ can absorb
visible light (454 nm) while NDI-A has its absorption maximum in the UV range (380 nm).
But the absorption coefficient of NDI-A at 380 nm (26 mM'lcm'l) is significantly higher
than that of the catalyst Ru(bpy)§+ at the corresponding absorption maximum (14 mM'lcm'l).
This means that NDI-A has greater degrees of opacity. Moreover, these catalysts possess
similar triplet state energy and lifetime. Though NDI-A exhibits a triplet yield of 74% and a
reduction potential of -0.69 V that are less than those of Ru(bpy)§+ (@ =~100% and E, g =
-1.28 V), these values of NDI-A are still large enough to make NDI-A serve as a catalyst for
the considered dual catalysis. This view can be supported due to the sufficient product yield
(60%) and the ideal substance conversion (99%) using NDI-A as a catalyst for the a-
alkylation reaction. Therefore, NDI-A and the catalyst Ru(bpy)? are comparable in acting as

the photoredox catalyst for ai-alkylation.

Table 5.2:  Yield of the a-alkylation product as well as conversion of BrMal in synthetic
experiments with NDI-A or Ru(bpy)?. Reported data of NDI-A are in CH,Cl,
and the data of Ru(bpy)§+ are in aqueous solution [Cam07] unless otherwise
noted. A, peak of absorption; &,,: absorption coefficient; z.,: lifetime of
triplet state; @r;: triplet yield; Egoz triplet state energy; E .4 reduction potential
(vs. SCE). a) in N, purged CH,Cl,; b) in anoxic DMF [Cas83]; c) in anoxic
CH,Cl,/DMF (1:1) [Reil7]; d) in anoxic DMF [Nic08].

Catalyst Mmax (Eabs) Texe P11 Ego E,.q Yield Conversion
mm mMlem)) ms) (%) €V) (V) (%) (%)
NDI-A 380 (26) 1060 74 216  -0.69 60° 99°
Ru(bpy); 454 (14) 912 100 212 -128  92¢ ~100¢
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Since NDI-A has comparability with the established catalyst and features intermediates that
are spectroscopically much better observable than those of transition metal complexes like
Ru(bpy) ? , NDI-A is very appropriate for mechanistic studies of photoredox catalytic
reactions. Through tracking the generation and quenching of the NDI-A singlet state, triplet
state and radical anion under selective influence of the individual reactants in photoredox
organocatalytic a-alkylation of octanal, and combining these data with the results from
synthetic experiments [Reil7], a comprehensive mechanistic picture can be eventually

generated.

In contrast to the catalysis with Ru(bpy)§+ , in which the reduced form of the photoredox
catalyst is initially generated by the enamine initiation step (see scheme 3.5), the NDI-A
radical anion NDI-A"" is already present at the beginning of the light excitation via the ET
process from DMF to NDI-A excited states (eq 5.3). Because the electron transfer process
between NDI-A" and bromomalonate (BrMal) represents the decisive step for product
formation or reproduction of the chain, the quenching of NDI-A" is investigated by tracking
its lifetime in a TA quenching study with BrMal in different concentrations. Moreover,
since the NDI-A"" arises not only from the NDI-A S; state but also from the NDI-A T state,
the role of the S| and T, states of NDI-A in the BrMal reduction is elucidated using this
experiment. The lifetimes of the NDI-A transient species in the presence of BrMal are

summarized in Table 5.3.

Table 5.3: Tracking of NDI-A™ quenching for a series of solutions with different

concentrations of BrMal. g, 7 711 and 7z denote the lifetime of the

on pair»

NDI-A S; state, the ion pair (NDI-A'_---NDI-A°+), the NDI-A T, state and
NDI-A"", respectively.

No. Solution BrMal st Tionpair  TT1 "RA

(mM) (ps) (ps) (ns) (us)
#1 0 6.0 11.5 628 62.7
#2 1.2 mM NDI-A 50 7.6 15.9 578 62.5
#3  CH,Cl/DMF (4:1) 100 7.0 16.6 565 59.9
#4 250 7.3 16.9 560 55.3
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It is observed that the lifetimes of the NDI-A singlet excited state (S;) and of the ion pair
(NDI-A™ - -NDI-A°+), which results from the ET reaction of the S; state, are slightly longer
in the presence of BrMal, but hardly change with the increase in the BrMal concentration.
In contrast, the lifetimes of the NDI-A T, state and of the NDI-A™, which are generated
from the ET reaction of the T, state, decrease significantly with increasing concentration of
BrMal. It can thus be concluded that BrMal undergoes ET only with the NDI-A" arising
from the T, state to generate the important malonate radicals. The rate constant kgr_ga for
this NDI-A" quenching process can be determined to 8.1 x 10° Mg by a Stern-Volmer

analysis.

In further TA studies, the individual reactants are added as possible quencher of the NDI-A
excited triplet state in order to identify competitive processes (see Table 5.4). In the presence
of octanal (Oct), BrMal, 2,6-lutidine (Lut) and organocatalyst (OrCat) respectively, the
lifetime of NDI-A T state is reduced, but no NDI-A™ signal is observed, meaning that no
ET process takes place between these substances and the Ty state (#1 - #5 in Table 5.4).
DMEF reacts with the T, state to form the radical anion (#8 in Table 5.4), but only with a
yield of 8.9%.

Table 5.4: Temporal data on the dynamics of NDI-A in different reactant mixtures of the
photoredox organocatalytic a-alkylation of octanal. ®r(r1y i8 determined by

dividing the radical anion concentration by the triplet concentration.

Oct BrMal Lut OrCat 11 TRA q)RA(Tl)

No. Solution
(mM) (mM) @mM) (mM) (ns) (ps) (%)
#1 - - - - 641 - .
#2 500 - - - 634 - -
#3 - 250 - - 555 - -
” 1.2 mM NDI-A <00 -
CH,Cl, _ _ _ _ _
#5 - - - 50 574 - -
#6 - - 500 50 493  45.0 20.1
#7 500 - 500 50 234 655 41.2
#8 - - - - 572 68.6 8.9
#9 -2 mMANDEA 500 50 296 17.1 52.5
CH,Cl,/DMF (4:1) _ _ i i
#10 500 - 500 50 173 394 56.4
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Furthermore, Lut acts as a base in the reaction and activates the OrCat by deprotonation.
The observation of quenching of the T state and formation of the NDI-A" in the presence
of Lut and OrCat in pure CH,Cl, (#6 in Table 5.4) suggests the availability of an ET
process between the activated OrCat and the NDI-A T, state. Addition of Oct to this
mixture (#7 in Table 5.4) causes the formation of enamine (Ena), which can quench the T,
state to the NDI-A™ (initiation in Scheme 5.22). In the additional presence of DMF in both
mixtures (#9 and #10 in Table 5.4), the ET process from the T, state to NDI-A™ becomes
more effective with a yield of > 50%. In addition, the lifetimes of NDI-A"" in these cases are

also reduced, indicating a reaction of the NDI-A™ with the Ena or the activated OrCat.

More than one of the initially added reactants can quench the T, state of NDI-A. The
formation of the NDI-A™ is concomitant with this T state decay. In order to determine
which reactant dominates largely the T; state quenching process, the rate constant of each
quenching process is determined. The T, state quenching and the NDI-A™ formation are
tracked for a series of solutions with different concentrations of Ena in the presence and
absence of DMF (see Table 5.5). The measurements were performed 20 minutes after
mixing the reactants to ensure equilibrium on the enamine side (Ena formation see Chapter
3). It is observed that in both cases the lifetime of the T, state decreases with increasing
concentration of Ena. The bimolecular rate constant for ET from Ena to the NDI-A T; state,
obtained from the slope of the Stern-Volmer plot, is given as 2.1 x 10° Ml for pure
CH,Cl, solution and 3.3 X 10° M's™! for the CH,Cl,/DMF mixture solution. The results
clearly suggest that the formation of the NDI-A™ can be facilitated by adding DMF in the

solution.

Table 5.5:  Tracking of the NDI-A T, state quenching for a series of solutions with
different concentrations of Ena in the absence or presence of DMF. 2,6-lutidine

with a concentration of 0.5 M is added to the solution.

Oct OrCat Ena 11 TRA  Pra(T)

No. Solution

(mM) (mM) @mM) (ns) (us) (%)

#7 500 11.8 234 655 41.2
1.2 mM NDI-A —

#11 800 50 145 218 544 409
CH,Cl, S

#12 1200 172 199 494 388

#10 500 11.8 173 394 56.4
1.2 mM NDI-A —

#13 800 50 145 149 306 52.3
CH,Cl,/DMF (4:1) ———

#14 1200 172 136 302 52.6
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In addition, the quenching of the T, state by Ena is significantly faster than the quenching
by DMF (2.1 or 3.3 x 10® M!'s™! for Ena > 9.8 x 10* M's™! for DMF), which is why the
initiation of the catalysis is essentially caused by the quenching of the excited photocatalyst
by Ena in the sense of a singly occupied molecular orbital (SOMO) catalysis, although the
Ena is consumed. This mechanism of initiation was proposed in the mechanistic work on the

same dual photoredox organocatalytic a-alkylation [Nic08, Cis15, Bah16].

Under the conditions of synthetic catalysis, i.e. all the reactants with the same concentrations
for the a-alkylation are added in the solution, the TA studies are carried out in the presence
and absence of DMF (Table 5.6). It is observed that in both cases the electron transfer path
to the NDI-A™ is active. This means that in both solvents the conversion to the product,
either via a radical chain or via a catalytic cycle, is possible. Nevertheless, no turnover has
been detected synthetically using pure CH,Cl,. The formation of products is only observed
in the presence of DMF [Reil7]. It is likely that there may be a solubility problem in pure
CH,Cl, due to the observations during the TA studies. In the TA measurements it was
observed that the intensity of the ESA decreases with each run in the case of using pure
CH,Cl, (Fig A4.4 in Appendix A4). However, this phenomenon is not observed in the
presence of DMF. A component, which is generated as a result of the light excitation and is
involved in product formation pathway, obviously fails in CH,Cl,. This reduces the pump
pulse power and gives rise to the intensity decrease of the ESA. This observation explains
why the conversion to product falls in synthetic experiments using pure CH,Cl,. The co-

worker Reifl} has assumed that this component is a derivative of the OrCat [Reil7].

Table 5.6: TA spectroscopic study of NDI-A under synthetic conditions in the presence
and absence of DMF. 2,6-lutidine with a concentration of 0.5 M is added to the

solution.
No. Solution Oct BrMal OrCat TT1 TRA q)RA(Tl)
(mM)  (mM) (mM)  (ns) (us) (%)
1.2 mM NDI-A
#15 500 250 50 214 8.85 47.7
CH,(Cl,
1.2 mM NDI-A
#16 500 250 50 150 6.26 69.9
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Table 5.7:  TA spectroscopic study of NDI-A under conditions of synthetic experiments
with different concentrations of BrMal. 2,6-lutidine with a concentration of 0.5

M is added to the solution.

Oct BrMal OrCat 11 TRA (I)RA(TI)

No. Solution
(mM)  (mM) (mM)  (ns) (us) (%)
#16 500 250 50 150  6.26 69.9
1.2 mM NDI-A
#17 500 500 50 166  4.98 63.1
CH,Cl,/DMF (4:1)
#18 500 800 50 178  3.42 56.2

For a more precise study of the boundary between radical chain and catalysis cycle on the
way to the reaction product, the concentration of BrMal is varied in TA measurements under
the conditions of synthetic catalysis (Table 5.7). It is observed that with increasing
concentration of BrMal the lifetime of the NDI-A T, state increases, while the lifetime of
the NDI-A™™ and the radical anion yield decreases. As described above, in a mixture of NDI-
A and BrMal without the other reactants (Table 5.3), a reduction in triplet lifetime is
observed with increasing concentration of BrMal. This can be explained by the mechanism
proposed in this thesis for Ru(bpy)§+ (Chapter 3, Scheme 3.5), in which the radical chain is
inhibited by the excited photocatalyst. The BrMal and the T, state of NDI-A compete for
the oxidation of the amino radical (AmiR). The increase in the BrMal concentration leads to
higher probability of the oxidation of AmiR by BrMal, which is reflected equally in the
increase in the lifetime of the T, state and in the lower radical anion yield. The increase in
the concentration of BrMal also has a direct influence on the lifetime of the NDI-A™,
because the BrMal can be reduced by the NDI-A™ to repopulate the neutral NDI-A. This
gives rise to the decrease of the NDI-A" lifetime in the TA measurements of synthetic

mixture of all reactants.

According to Yoon’s mechanism [Cisl5, also shown in Scheme 3.3 in Chapter 3], the
lifetime of the excited NDI-A and the radical anion yield should remain unaffected by the
increase in the concentration of BrMal. The high turnover observed in the N,N-dimethyl-p-
toluidine experiment by Yoon is therefore not as they interpreted due to an improvement in
the efficiency of chain initiation, rather than the concentration of the excited photocatalyst
decreases in consequence of the presence of the efficient quencher N,N-dimethyl-p-toluidine.
As a result of this, the AmiR predominantly reacts with BrMal rather than the excited

photocatalyst, whereby the product formation pathway is primarily carried by radical chain
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propagation. Therefore, the observation in the TA studies provides further evidence to

support the kinetic studies in Chapter 3.

The pathways shown in Scheme 5.22 summarize the insights from thorough mechanistic
investigations on the photoredox catalytic a-alkylation of octanal using NDI-A as the

photoredox catalyst.
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Scheme 5.22: Mechanism of the a-alkylation of octanal using NDI-A as the photoredox
catalyst: the chain propagation in competition with the photoredox catalytic

production.
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6. Understanding photophysics-activity relationships in a triphenyl-

arene platform for photocatalytic water splitting

6.1. Introduction

Photocatalytic water splitting is one of the most promising ways to convert solar energy into
hydrogen (H,), which can be used as a storable, environmentally benign and renewable fuel
[Chel7a]. Among the various photocatalysts used in light-induced water splitting, covalent
organic frameworks (COFs) gain significant attention as highly promising H, evolution
photocatalysts due to their unique properties: First, they possess high structural porosity and
high crystallinity, which facilitates charge transport. Second, the covalent bonds in COFs
provide very good chemical stability to the photocatalysts. In particular, the most remarkable
advantage of COFs is that they possess chemical tunability down to the molecular level by
engineering their building blocks [Banl8]. This was exemplified in the recent work
undertaken by Lotsch and co-workers [Vyal5]. They synthesized a series of azine-linked
COFs from N,-aldehydes with a varying number of nitrogen atoms (see Fig. 6.1). As a
consequence of the increasing nitrogen content in the frameworks, H, evolution is
dramatically enhanced from 23 pumol h'lg'l for Np-COF to 1703 pmol h'lg'l for N3-COF.
They demonstrated that the optoelectronic and steric variations in the precursors can be

transferred to the resulting COFs, thus leading to enhanced photocatalytic activity.

To understand why different N,-COFs show very different photocatalytic activities, Lotsch
and co-workers investigated the structure, optical and electronic properties of N,-COFs and
their precursors. They found that substitution of the C-H moiety with N atoms gradually
decreased the dihedral angle between the central aryl ring and the peripheral phenyl rings.
This results in a progressive increase of planarity in the COF building blocks, thus leading to
a gradual increase in crystallinity with increasing N content. As a consequence of the
improved crystallinity, more facile exciton migration is obtained not only within the COF
plane but also along the axial direction. This interpretation agrees with the observed trend in

photocatalytic activity.

In addition, based on the steady-state absorption spectra, they found that the N,-COFs had
essentially identical optical band gaps of 2.6 — 2.7 eV. They attributed this observation to the
increase in electron-deficient character of the central aryl ring (red shift) acting against the

increase in the degree of electronic conjugation (blue shift) along the series Nj to Nj.
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Moreover, they performed calculation to obtain the change in band gaps and band positions
for the N,-COF series. They inferred that the photocatalytic pathway was likely reductive
quenching of the photo-excited COFs, i.e. the sacrificial electron donor quenched the hole on
the COFs, thus leading to a radical anionic state for the COFs. And the increase in the
electron-poor character of the central aryl ring along the N, series results in the increase of
the stability of the radical anion, which supports the observed trend in the H, evolution

activity of the COFs.

COF precursors (@*
N,-aldehydes R)\©\’ /\©\(’F‘Y©)

by 2

N E%
Dihedral @ N
angle —_— N,-COFs s

=
ol
(@)
o —
M
MJU
I
P
“ \
0
n L
Al
3 i
;, N
=

ZN..,
Ry = = (©)\\R3 N
N,-COF:R,=R,=C-H,R,=N [ Mo
N,-COF:R,=C-H,R,=R,=N «©\f"(©)
N,-COF:R,=R,=R,=N

Fig. 6.1:  Molecular structure of the N,-COFs and their organic precursors N,-aldehydes
[Vyals].

Although several attempts to rationalize activity trends along the N,-COF series have been
made, there are still questions in need of further investigations. First, little is known about
the photophysical properties of N,-COFs, which is essential to understand the photoinduced
processes during the photocatalytic water splitting. Second, the experimental evidence for
the reductive quenching pathway in photocatalytic H, production is still lacking. The main
challenge is that the time-resolved spectroscopic methods, which are usually employed in
studying photophysics and photoinduced electron transfer processes, is limited to clear

solutions (as opposed to the turbid solutions used in H, production) due to the problem with
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light scattering. In order to overcome this difficulty and to gain insight into excited state
dynamics of N,-COFs, especially their role in the photocatalytic H, evolution, the N,-COF
building blocks are investigated in this work. They are organic compounds and can be well
dissolved in solvents for preparing optically clear solutions. In addition, Lotsch and co-
workers have demonstrated that the optoelectronic variation in the building blocks can be
transferred to the resulting frameworks [Vyal5]. Therefore, an adequate understanding of
the excited state dynamics of the building blocks can provide a reliable way to infer the
photophysics of N,-COFs. A similar approach can be found in a theoretical study of the

mechanism of light induced water splitting [Dom19].

In this chapter, a detailed spectroscopical investigation of the N,-COF building blocks (N,-
Me) will be presented. It will start with the photophysical and photochemical properties of
N,-Me. In the second part, the properties of the N,-Me radical anion generated via
photoinduced electron transfer will be studied by using TA spectroscopy and energetics

analysis.
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6.2. Structure and steady-state characterization of Ny-Me

The molecular structure of the N,-COF building blocks (N,-Me) is shown in Fig. 6.2. As
described before, the central aryl ring of N,-Me is substituted progressively by nitrogen
atoms, that is, the number of N atoms is x = 0 (phenyl), x = 1 (pyridyl), x = 2 (pyrimidyl) and
x = 3 (triazine). In addition, Fig. 6.2 shows four structural analogues of N,-Me, which are
called N,-TP. Instead of p-tolyl groups on the central ring, phenyl groups are used on the
peripheral for N.-TP. Due to the negligible change in the structure, many properties of N -
Me are nearly the same as their analogues N,-TP. The photophysical and redox properties of

N,-Me and N,-TP are summarized in Table 6.1.

NZ™N
| o |
gesan st
1,3,5-tri(p-tolyl) 2,4 ,6-tri(p-tolyl) 2,4 ,6-tri(p-tolyl) 2,4 ,6-tri(p-tolyl)
-benzene -pyridine -pyrimidine -1,3,5-triazine
N,-Me N,-Me N,-Me N,-Me

- - - .
Mo oMo Mo oMo

1,3,5-triphenyl 2,4,6-triphenyl 2,4,6-triphenyl 2,4,6-triphenyl
-benzene -pyridine -pyrimidine -1,3,5-triazine
N,-TP N,-TP N,-TP N,-TP

Fig. 6.2:  Molecular structure of the N,-COF building blocks (N,-Me) and their structural
analogues N,-TP.

The steady-state absorption and emission spectra for the four compounds N,-Me in the
solvent dichloromethane (CH,Cl,) are shown in Fig. 6.3. Obviously, their UV-Vis
absorption spectra are dependent on the structural symmetry of the molecule. The
symmetrical N and N3-Me show a dominate absorption band with the peak at 260 and 286
nm respectively, whereas the asymmetrical N; and N,-Me show two bands in their

absorption spectra: a lower energy transition around 320 nm (&, = 1 — 1.5 X 10* M'lcm'l)
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and a more allowed transition around 270 nm (&,

~ 5 x 10* M'lcm'l). The similar

absorption features are also observed in the absorption spectra of their analogues N,-TP (see

Table 6.1).
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Steady-state absorption and emission spectra of N,-Me in CH,Cl, at room

shows the excitation wavelength for emission measurements.

a) 10 uM Ny-Me in 1 cm cuvette, b) 100 pM N;-Me in 1 mm cuvette, ¢) 100 uM

N,-Me in 1 mm cuvette, d) 10 uM N3-Me in 1 cm cuvette.
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From the emission spectra the dependence on the symmetry is also observed. The emission
spectra of the symmetric Ny and N;-Me show a mirror image of the corresponding
absorption band. The form of the spectrum is irrespective of the excitation wavelength used
(250-320 nm, see Fig A5.1 and AS.2 in Appendix AS). In contrast, the emission spectra of
the asymmetric N; and N,-Me show an excitation wavelength dependent behavior. In the
case of N;-Me, for an excitation wavelength at 250 nm, an emission band with a peak at
356 nm and a shoulder around 370 nm is observed. With increase of the excitation
wavelength, the emission maximum is found to shift toward shorter wavelength while the
shoulder appears red-shifted. When excited at higher wavelength (320 nm), a structured
emission band with a peak at 346 nm and a shoulder around 400 nm becomes prominent. In
the case of N,-Me, a two component emission is detected. For an excitation wavelength at
270 nm, a weak, unstructured emission band is observed. But when excited at 320 nm
corresponding to the weak absorption band, a second emission band with a maximum at
460 nm becomes obvious. These observations in the case of Ny and N,-Me don’t fit with the
well-established Kasha’s rule, according to which the emission occurs irrespective of
excitation band, always from the lowest electronic and vibrational state of the same
multiplicity [Turl0]. The exception to this rule implies complex emission dynamics. These

dynamics of Ny and N,-Me will be discussed in more detail later.

The excited state energy of the first singlet excited state (Ego) of N,-Me is estimated from the
intersection of the fluorescence and absorption spectra (see Table 6.1). Like the N, -COFs
they show similar optical band gaps, all four N,-Me have essentially identical Ego of around
3.7-3.9 eV. These results are very similar to those of N,-TP reported in the literature. In
addition, no significant difference between the N,-TP triplet energy and N5-TP triplet energy
1s found (Ego = 2.8 and 3.0 eV respectively). Thus, it is assumed that the Ego of Ny and N3-
Me are also essentially identical. And the Ego of Ny and N5-TP are used to estimate the Ego of

Nj and N3-Me respectively.

The reduction potential (E,.4y) of N3-Me is almost identical to that of N5-TP (-1.67 V for Nj-
Me and -1.69 V for N3-TP). Furthermore, the E .4 gradually decreases along the series N, to
N3-TP, which emphasizes the increase in the electron-deficient character of the central aryl
ring. In addition, in line with the molecular orbitals for the model systems of N -COF, the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy show a decrease from N; to N3-TP. This trend is likewise found by
comparing the HOMO and LUMO energy of Nj,-Me with those of N3-Me. All these results
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support once more the hypothesis that the properties of N,-TP provide a reliable estimate for
those of N .-Me.

Another important feature of the N,-building blocks is the fluorescence quantum yield
(Phuo)- With the increase in the N content, excitation of N,-TP results in a lower and lower
Do from 26% to a value smaller than 0.1%. The decrease in the @y, along the series N
to N3 corresponds to a decrease in the lifetime of the emitting state, indicating an
enhancement of the efficiency of ultrafast non-radiative deactivation pathways. Further
evidence for the ultrafast emitting state decay will be provided by the fluorescence decay

measurements and the TA measurements.

Table 6.1:  Photophysical and redox properties of N,-Me and N,-TP

xabs xemi (xexc) E(S)O EOTO Eted HOMO LUMO

Compd. o
P (nm) (nm) ev) @) O (eV) (eV) fluo
No-Me 260  350(260)  3.87 - - -5.8° 0.7 -
Ng-TP 252 350° 3.80° 279 -2.68° 561 -1.72 26%°
NeMe 2 sug6s) 367
Ve 38 ‘ - - - - -
265 e e e f
NPTP Jiee 359(263)°  3.72 - 216 <636 2645 25%
272 ~355(270)
N,-M 3.66 - - - - -
Y€ 319 460 (320)
265 g g o/ 8
Ny TP 5 e 381 - - 221 - 2,59 0.14%
-6.4% -1.6%
N;-Me 286  400(285) 3.72 -  -lL67" -
6.85  -3.13
: - - 662  -1.79
N;-TP 271 - 407 3.02 -1.69% <0.1%
6.78  -2.71

Aqabs: absorption peaks; A.,;: emission peaks; A.,.: excitation wavelength; Ego: energy of the
first singlet excited state; Ego: energy of the first triplet excited state; E_.4: reduction potential
against saturated calomel electrode (SCE); LUMO: from LUMO = -4.8 ¢V — E 4 (Fc) and
Eg. = Egcg — 0.40 V; HOMO: from HOMO = LUMO — Eqo; Dqo: fluorescence quantum
yield; a. obtained from DFT calculation; b. [Uda92]; c. [Cai04]; d. [Nij95]; e. [Ranl6]; f.

[Kur89]; g. [Ita04]; h. [Gar(09]; i. [Wanl8a]; j. [Shal7]; k. [Fin97].
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6.3. Excited state kinetics of Ny-Me

To gain a better insight into the excited state dynamics of N,-Me, fs-pus TA measurements of
N,-Me are performed. Fig. 6.4 shows the TA spectra probed at times from 20 s to 10 ps
after 270 nm excitation for N,-Me in CH,Cl, under aerated condition. In addition, the
decay-associated difference spectra (DADS), obtained by global analysis of the

corresponding data, are depicted in Fig. 6.5, together with the decay constants.

Immediately after excitation, the TA spectra of Ny-Me consist of a broad excited state
absorption (ESA) band with a peak at 468 nm. The corresponding species appears to decay
rapidly within 200 fs and can be assigned to the S, excited state. The decay of the S, state is
accompanied by the concomitant growth of an absorption which shows a peak at 310 nm and
a broad band around 600 nm. This ESA band can be assigned to the S;-S, absorption. In
addition to the population of the S, state, a weak red-shift of its ESA band is observed within
the first picosecond. Furthermore, the rising time of the S, state population is considerably
longer than the lifetime of the S, state. Using global analysis, it is shown that the S;-S, band
(peaking at 310 nm) rises with a time constants of 17.6 ps, while the S, state exhibits a much
shorter lifetime of ~200 fs. These results can be explained in terms of two parallel pathways
of S, state depopulation: a minor part decays to form the S; state, while another major
pathway leads to population of a new state, which then also decays to form the S; state. The
new state lying between the S; and S, state can be assigned to a transition from the
vibrationally hot singlet state populated by the S,-S; internal conversion. A similar

observation was previously reported in the studies of carotenoids [Pol04, Ant10].

The ESA band of the S state does not decay on the timescale of the fs-ps TA experiment
(up to 1.5 ns). In the ns-us TA experiment, the S, state decays with a lifetime of 16 ns and
gives rise to a TA spectrum with maxima at 350 and 510 nm. A slightly negative band is
observed below 300 nm, which is due to ground state bleaching. Using global analysis, the
resulting DADS associated with the 16 ns decay shows a negative part from 350 to 510 nm,
indicating a direct transition between these two transients. Therefore, this species is assigned
to the T, state of Ny-Me, which has a lifetime of 475 ns. No residual spectrum is observed

after the decay of the T state.
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conditions are detailed in Table A5.1 and A5.2 in Appendix AS.)
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Fig. 6.6:  Energy diagram with a range of excited state energies extending from N, to Ns-

Me. The energies estimated as described in the text and Table 6.1 (Au:
absorption; fluo: fluorescence; IC: internal conversion; IVR: intramolecular
vibrational redistribution; ISC: intersystem crossing; b-ISC: back intersystem

crossing).

Compared with the TA measurement results for Ny-Me, the TA data for Ny, N, and N3-Me
show the same relaxation pathways after 270 nm excitation but distinct differences in excited
state lifetimes. The excited state dynamics of N,-Me are summarized in an energy level
diagram given in Scheme 6.6. Upon photoexcitation of N,-Me the S, state is formed, which
decays rapidly to form the S, state and the vibrationally hot singlet state. Then the hot singlet
state also populates the S; state with a time constant of ~10-20 ps. Afterwards the T state is
generated via intersystem crossing (ISC) from the S; state. No long-lived species is observed

after the decay of the T state.

The lifetimes of the N,-Me excited states are summarized in Table 6.2. What can be clearly
seen in this table is the significant decrease in the lifetimes of the S; state along the Ny
series. The S; state lifetimes decrease from 16 ns for Ny-Me to 3 ns, 67.4 ps, and finally to
53.3 ps for Ny, N,, and N3-Me, respectively. This trend is in line with the experimentally
observed fluorescence lifetimes. Further analysis shows that there is a gradual increase in the
efficiency of ISC (@) and the ISC rate constants (kigc) along the series N to N3. On the
one hand this finding indicates that the increased kig contributes to the decrease in the S;
state lifetimes. On the other hand the increase in @q- underlines the fact that more
molecules in their T state are populated along the N, series. As mentioned in the Chapter 5,

the charge recombination after the triplet state electron transfer (ET) process is significantly
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Table 6.2:  Results of the analysis to the TA data for N,-Me after excitation at different
wavelengths. zq,: lifetime of fluorescence, 7g;: lifetime of Sy, zr;: lifetime of
T, @gc: quantum yield of intersystem crossing (also used as synonymous
with quantum yield of formation of T;), kgc: intersystem crossing rate

constants obtained from @g¢/7g;.

A A k
C omp d. Thuo Ts1 ( exc) TT1 ( exc) TT1 q)ISC I_SIC
(air) (air) (deaerated) (s™)
Np-Me  15.4ns 16ns 475ns 42ps ~50%  3.1x107
3ns (270nm) 549ns (270nm) 63% 8
N;-Me 2. dat 2.1x10
rMe 2908 S (320nm)  ssdns (320mm) "9 g0
67.4ps (270nm)  946ns (270nm) 84% 10
N,-M - dat 1.3x10
Ve 63.0ps (330nm) 971ns (320nm) 0 879
Nj-Me < 62.5ps 53.3ps 1.3us 5.8us 92% 1.7x10"

slowed down due to the spin forbidden rule, and then the efficiency of the next reaction step
is enhanced. Thus, the increase in the population of the T, state indicates that the ET
quenching of the excited N,-Me by the sacrificial electron donor becomes more and more
efficient along the series N to N5. This trend is fully consistent with the reported increase in

the H, evolution activity [Vyal5].

In addition, a significant increase in the lifetimes of the T, state is observed along the Ny
series. Under deaerated conditions, the lifetimes of the T state are considerably longer than
that observed in air-saturated solutions. Compared with the change of N3-Me triplet state
lifetime from 1.3 to 5.8 ps, the increase of N-Me triplet state lifetime is larger, which is
from 475 ns to 4.2 ps. This finding suggests that quenching of the Ny-Me triplet state by
oxygen is more efficient than that for N;-Me. These observations indicate that non-product
pathways such as quenching by oxygen are more efficient for Ny-Me than for N53-Me, which

is also in line with the reported trend in N,-COF photocatalytic activity [VyalS5].

Interestingly, no significant differences in the lifetimes of the S; and T, state are found
between the excitation wavelength at 270 and 320/330 nm for N; and N,-Me. Especially,
there is no evidence that these different excitation wavelengths (270 and 320/330 nm) have a
significant influence on the quantum yield of triplet state @gc-. Thus, the excitation
wavelength dependent fluorescence observed in the steady-state measurements is not caused

by the S; state emission behavior. Due to the observation of the higher excited singlet states
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in the TA experiments, it is inferred that the N; and N,-Me fluorescence spectra for
excitation at different wavelengths could result from the combination of the Sy-S; and S-S,
electronic relaxation. Such ultrafast emitting dynamics could be investigated in detail by
using femtosecond time-resolved fluorescence spectroscopy. Since the main interest is on
the lifetimes of the S and T state of the molecules under study, detailed determinations of

the nature of the S, fluorescence fall outside the scope of this thesis.

According to the proposed kinetic model given in Fig 6.6, species associated difference
spectra (SADS) are constructed using the DADS from the global analysis (see Fig. 6.7). As
expected, the SADS of S, state of N .-Me can be easily distinguished from their SADS of T
state because of the particular spectral features. The spectra of the N,-Me excited states will
be employed in the further studies on the ET process between the excited N,-Me and the
sacrificial electron donor for accurate identification of them. And the lifetimes of these N,-

Me excited states will be used for the further analysis in the ET process studies.
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Fig. 6.7:  Species associated difference spectra (SADS) obtained from the analysis

assuming the kinetic model given in Fig. 6.6.
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6.4. Ny-Me excited state interactions with TEA

After the characterization of the ground and excited state properties of N,-Me, the ET
processes between an excited N,-Me and a sacrificial electron donor are investigated. To aid
in the generation of radical anions of N,-Me, N,N-diethylethanamine (TEA) is used as
sacrificial electron donor [Wanl3]. According to the historical results [Mon06], the
quenching with TEA primarily occurs via a reductive electron transfer mechanism. The
absorption of TEA at the pump wavelength of 270 nm is negligible (with a molar absorption

coefficient of ~ 7 M'lcm'l) and does not pester the optical excitation of N,-Me.
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Fig. 6.8:  Time-resolved absorption spectra of a N;-Me solution in the presence of TEA. a)
ns-us TA: 1 mM Ny-Me and 50 mM TEA in a 0.1 mm cuvette after 270 nm
excitation with pump intensity of 0.4 mJ/cmz; b) TA spectra recorded at several
time delays after excitation; ¢) Kinetic for the dynamics of different species at

selected wavelengths.

Upon 270 nm excitation of a Nj-Me solution in the presence of TEA, the S; state is found to
be quenched, whereas no quenching process of the Ty state is observed. Shown in Fig. 6.8
are the ns-us TA spectra observed upon excitation at 270 nm of a Nj-Me solution containing
50 mM TEA. Concomitant with the decay of the S; state at 650 nm, a new transient at
400 nm is observed to grow in. Fig 6.8c shows the concomitant growth of this transient with
the S; state decay. Meanwhile, the T, state of Ny-Me is populated via ISC from the S; state,
which could compete with the reaction between the S, state and TEA. Following the decay

of the T, state, no characteristic ESA bands and GSB signals are observable, indicating that
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no long-lived photoproducts are generated and all Ny-Me decays back to their ground state.
Moreover, the lifetime of the T, state in the presence of TEA is the same as that in the

absence of TEA.

Global fitting of the TA data of Ny-Me in the presence of TEA with three exponentials is
sufficient (see Fig 6.10). The result shows that the decay of the S; state possesses a bi-
exponential decay process with time constants of 5 and 8 ns, indicating a repopulation
pathway for the Sy state. And in the first step with a time constant of 5 ns, the negative peak
at 366 and 404 nm associated with the S; decay perfectly matches the positive peaks of the
DADS in the second step with a time constant of 8 ns. It reflects that the unknown species is
populated from the S; state with the time of 5 ns and decays with a time constant of 8 ns.

Therefore, a kinetic model including ET process is proposed:

TEA ) o TEA
. S NeMeT s TEA .
No-Me —— IN,-Me Ny-Me
T~
3Ng-Me* -

Fig. 6.9:  Scheme of the reduction mechanism of the excited Nj-Me in the presence of

TEA.

According to the proposed kinetic model given in Fig. 6.9, SADS are constructed using the
DADS from the global analysis (see Fig. 6.10 and the rate constants are summarized in

Table A5.3 in Appendix AS5). As expected, the SADS of the S; and T state are in line with
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Fig. 6.10: a) Decay associated difference spectra (DADS) of a global fit to the TA data in
Fig. 6.8. b) Species associated difference spectra (SADS) obtained from the

analysis assuming the scheme in Fig. 6.9.
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Fig. 6.11: First-order kinetic plots of the TEA concentration dependence study for a)
1.0 mM Nj-Me and b, c¢) 1.2 mM N3-Me. The solid lines represent linear fits.

the spectra obtained in the TA experiments in the absence of TEA. As the SADS of the
second species resembles strongly the absorption spectrum of the radical anion of N,-TP
generated by radiolysis [Shi88], this species is interpreted as the radical anion (Ny-Me™ ) of
Ny-Me.

Having located the spectroscopic signature of Ny-Me™ , its formation is tracked for a series
of solutions with different concentrations of TEA. The observed first-order growth of the
product or concomitant decay of the singlet is linear with TEA concentration (see Fig. 6.11),

consistent with Stern-Volmer kinetics (eq 6.1, [Mon06])

1 1 S
——— ="k TEA 6.1
Lo L Sig[men] 1)

with 7, and 7 being the lifetimes of the S; state of N)-Me in the absence and presence of
TEA. The bimolecular rate constant (SkNo) for ET from TEA to the S, state of Nj-Me,
obtained from the slope of this plot, is given as SkNO =25x10° M s,

In contrast to the case of Ny-Me, the T, state quenching is observed upon 270 nm excitation
of a N5-Me solution in the presence of TEA. Fig. 6.12al, a2 shows the fs-ps and ns-us TA
spectra observed upon excitation at 270 nm of a N3-Me solution containing 79 mM TEA.
The fs-ps TA spectra are almost the same as those detected in the absence of TEA. In the ns-
us TA spectra, the formation of a new transient is concomitant with the T, state decay. This
product of N3-Me quenching by the TEA is attributed to the one electron reduced form of
the N;-Me (N3-Me'_). Its formation is also tracked for a series of solutions with different
concentrations of TEA and the kinetics are fitted to a dissociative ET model with a first-

order rate constant TkN3[TEA]. The resulting bimolecular quenching plot is linear (see
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Fig. 6.11c¢), and affords a bimolecular rate constant of TkN3 =14x10° M s,

For N3-Me, a slight S; state quenching is observed when high concentrations of TEA are
employed. At the TEA concentration of 0.57 M, the S; state has a lifetime of 43 ps, and it
decays simultaneously to the triplet state and to another unassigned state with a lifetime of
300 ps (see Fig. 6.14). Following the decay of the triplet state, the N3-Me™ spectrum is
observed. Because this unknown species is not observed in the absence of TEA, it might be a
complex generated by the ET process from TEA to the S; state of N5-Me. By fitting the
kinetics to a first-order model SkN3[TEA], the bimolecular rate constant is given as SkN3 =

7.0 x 10° M!s! (see Fig. 6.11b).
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Time-resolved absorption spectra of a N3-Me solution in the presence of TEA.
al,a2) fs-us TA: 1.2 mM N3-Me and 79 mM TEA in a 0.1 mm cuvette after
270 nm excitation with pump intensity of 0.4 mJ/cmz; bl,b2) TA spectra
recorded at several time delays after excitation; c1,c2) Kinetic for the dynamics

of different species at selected wavelengths.
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Compared with the ISC rate constant of N3-Me, the rate constant of the singlet state electron
transfer is ~4 times smaller (in the case of [TEA] = 0.57 M), indicating that most of the N5-
Me in the S; state decays to its T, state via ISC. It is also supported by the triplet yield
estimate, in which the triplet yield is found in the case of 0.57 M TEA employed (~83%)
compared with that without TEA (92%).

A proposed kinetic model including the singlet and triplet ET processes is represented in Fig
6.13 based on the observation in the TA experiments. In Fig. 6.13, singlet excited states of
N3-Me are produced upon light excitation. A fraction of the S; state is diffusionally
quenched by TEA to form solvated ion pairs, and some of S; populates the T, state via ISC.
These ion pairs are susceptible to charge recombination and repopulate the ground states of
N3-Me and neutral TEA. The T, state can also be quenched by TEA to form “free” N5-Me
radical anions and TEA radical cations. Without further reactions in which N3-Me™ is
consumed, the N3-Me™ regenerates its ground state via back electron transfer to the TEA

radical cation.

ion pairs
TEA _ y
i * y(NyMe + TEA™) — N3-Me + TEA
N;-Me —— 1N3-Me ?
\ 3 * o— o+
Ns-Me 7" N;-Me + TEA
TEA

Fig. 6.13: Scheme of the reduction mechanism of the excited N3-Me in the presence of

TEA.

According to the proposed kinetic model given in Fig. 6.13, SADS are constructed and
shown in Fig. 6.14 (the rate constants are summarized in Table A5.4 in Appendix AS5). The
SADS of the S| and T state are consistent with the spectra obtained in the TA experiments
in the absence of TEA. Moreover, the SADS of N3-Me'_ can be easily distinguished from
their SADS of S; and T, because of the particular spectral features at 360 and 590 nm.
Compared with the SADS of S;, the SADS of ion pairs appearing after S; also shows a
distinct spectral feature around 360 nm, which is similar to the SADS of the free radical

anion.
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Fig. 6.14: a) Species associated difference spectra (SADS) resulting from the proposed
model in Fig. 6.13. b) Difference in SADS between the N3-Me singlet excited
state (lNX-Me*), ion pairs obtained after the S; state and N;-Me radical anion.

The spectra have been normalized to the ESA maximum.

The rate constants for N, and N3-Me (skNo, SkN3 and TkN3) are slower than the diffusion-
controlled rate coefficient, estimated to be ~1.6 x 10'® M's™ in CH,Cl, [Mon06]. This
indicates that the rate-limiting step is the electron transfer process itself. To understand the
thermodynamics of the ET reactions, the energy needed for the ET processes is calculated.
Using the oxidation potentials reported in ref. [Mon06] with 0.96 V and the redox potentials
of N,-Me listed in Table 6.1, the thermodynamic driving force for forward electron transfer

from the TEA to the excited state can be estimated from the eq 6.2.

AGY. = e-[E(TEA'”L /TEA) - E(NX-Me / NX'MG._)}

z ( TEA** )z ( Ny-Me*™ )e2 (62)

~Foo * 4nepera

In eq 6.2, the first two terms are the standard electrode potential of TEA radical cation and
N,-Me radical anion, respectively. E, shows the energy of the excited state who takes part
in the reaction. The last term accounts for the effect of Coulombic attraction in the redox
products. Treating the redox products as point charges with the charges located at the center,
the distance of the two charged species (a) could be estimated to be of the order of 10 A.
Thus, the electrostatic interaction term is estimated to be 0.16 eV. By using this estimate, the
free energy change for the forward ET from the TEA to the N,-Me excited state is

approximated and summarized in Table 6.3.
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Table 6.3:  Energetics and rate constants for photoinduced electron transfer.

S T

Compd, Eqo AGer  AGer k k
(eV) (eV) (eV) (eV) om'sh  olsT

Np-Me 3.87 2.79 -0.07 1.01 2.5 % 10° -

N3-Me 3.72 3.02 -0.93 -0.23 7.0x10°  1.4x10°

As can be seen from the Table 6.3, the trend of increasing rate constants for ET reaction (Sk)
with increasing free energy change (—AG]SET) of Ny-Me < N3-Me is consistent with ET in the
Marcus normal region [Mon06]. And it is apparent from this table that the reduction of the
T, state of Ny-Me by TEA should be endothermic (AGET = 1.01 eV > 0) and is therefore
unfavorable. This explains the fact that the ET reaction between the T, state of N,-Me and
TEA is not observed in the TA experiment. In addition, the ET process from TEA to the T,
state of N5-Me is thermodynamically feasible, but this process is quite slow due to a small

free energy change value (AGET =-0.23 eV).

The observed N,-Me excited state electron transfer processes can also rationalize the trend in
the photocatalytic activity across the series of N,-COFs in ref. [Vyal5]. In the study of N,-
COFs photocatalysis, triethanolamine (TEoA) was used as sacrificial electron donor.
Compared with the oxidation potential of TEA, the potential of TEoA is slightly smaller
with 0.90 V [Mon06]. Thus, the driving force for forward electron transfer from the TEoA to
the excited N,-Me nodes in COFs is almost the same as that for TEA summarized in Table
6.3. This indicates that the lNo-Me* (S;) rather than 3N0-Me* (T,) is indeed responsible for
electron acceptor, because the reduction of 3N0-Me* (T) is endothermic. In contrast, the
3N3-Me* (T,) rather than 1N3-Me* (S;) produces the radical anionic state for the COF. And
as mentioned above, the spin flip required for charge recombination processes within triplet
derived ionic state is expected to slow this process down, thus favoring the competitive
diffusion process of the exciton generated in N5-COF. This finding is fully in line with the
observed trend in H, evolution activity and provides important evidence of the radical anion

pathway inferred in ref. [Vyal5].
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7. Summary and Outlook

Photocatalysis, which utilizes light as a “reagent” in combination with photocatalysts, is
more and more attractive for developing previously unattainable chemical transformations
with mild conditions and for harvesting the “unlimited” solar energy by splitting water.
Advances in this area have mainly been guided by empirical findings rather than a thorough
mechanistic understanding of photophysical and photochemical processes [Konl7, Buz19].
One reason is that easily implemented experimental techniques are lacking in synthetic
laboratories [Megl0, Pitl5]. In addition, it is widely believed that the spectroscopic
techniques relevant to mechanistic investigations are only proper to study processes under

idealized conditions rather than under synthetically relevant conditions [Maj14, Buz19].

Thus, in this thesis the effort has been dedicated to developing chemist-friendly devices
(QYDS and LED pulser) and practical methods for using transient absorption (TA)
spectroscopy in the investigation of synthetic reactions. QYDS and LED pulser can be easily
implemented in a synthetic laboratory. TA spectroscopic quenching experiments can provide
a detailed insight into the photoinduced processes occurring after light absorption. In order
to highlight how mechanistically relevant information can be acquired by using these setups,
two representative photocatalytic transformations, the photoredox organocatalytic
enantioselective a-alkylation of aldehydes and the photocatalytic water splitting were
investigated. This thesis has highlighted that the combination of quantum yield
determination methods and transient absorption spectroscopy can provide a powerful tool to
generate a comprehensive mechanistic picture of these two photocatalytic reactions.
Undoubtedly, the detailed knowledge of the mechanistical intricacies will benefit the

improvement of existing reaction efficiency and the design of new transformations.
Experimental and interpretation methods

In order to probe a chain-propagating mechanism, the quantum yield determination setup
(QYDS) and its accessory, the LED Pulser have been described. The QYDS allows the facile
and exact determination of the quantum yield for photochemical reactions in a synthesis
laboratory environment. The commercially available LEDs used in the QYDS cover the
desired wavelength regions (from 255 to 1050 nm) and have already been widely used in
many photochemical laboratories [Kogl13]. Moreover, the use of LED light sources allows

us to easily control irradiation conditions, for instance, modification of light power by
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changing the LED drive current. In addition, besides the LED, the QYDS consists of a lens
system, an electronically controlled shutter and a commercially available powermeter (or a
calibrated solar cell). These carefully selected optical, electronic and mechanical
components are easily learned how to use. And this ensures that chemists with little

experience in optics can also perform a precise measurement.

The use of LEDs provides the additional possibility to easily irradiate a sample intermittently.
A simple extension of the QYDS turns it into a proper tool, i.e. a LED light pulse generator
(LED Pulser) for light-oft / light-on experiments. The LED Pulser allows detection of very
short-lived chains, which are generally terminated in micro- or milliseconds when the
illumination is turned off [Pit15]. The LED Pulser is gated by a logic signal, which is
generated by a digital oscilloscope. Thus, the pulse duration and repetition frequency can be
easily modified through the oscilloscope software. Moreover, the pulse power can be
adjusted by the LED drive current knob. As well as the operation mode between “continuous
wave” and pulsed light can be simply changed by means of a switch on the box. A 470 nm
LED was used to characterize the LED Pulser. With 4 A supplied to the LED, the peak
power of light reached ~1.4 W. By optimizing the electrical input pulse, a light pulse as short

as 2.3 us was generated.

In order to detect and characterize transient intermediates in photocatalysis, fs and ns
transient absorption spectrometers of our own design have been described. Using single-shot
referencing to cancel fluctuations of the probe light, the sensitivity of our TA spectrometer
was increased by at least a factor of five down to 20 pOD [Bral4]. This allows for the
recording of species with small transition strengths. Moreover, by using SHG/THG of the
fundamental beam or a NIR-OPA before the supercontinuum stage, the spectral range of the
probe light became tunable from 225 up to 1700 nm [Riel3]. The ultrabroad probing range
makes it possible to follow, in a single measurement and in real time, the dynamics of the
GSB recovery as well as the redox state, since these species of interest present transitions in
this accessible probing range. In addition, the overall temporal resolution of sub-50 fs allows
us to resolve ultrafast molecular processes [Meg09]. Furthermore, by using an ns pulse
generated by the EKSPLA OPO, the temporal range was extended up to about 1 millisecond
[Mat13]. This allows us to record TA spectra in the nano- to microsecond regime, in which

many relevant photochemical processes show extensive dynamics.

The analysis methods of TA spectral data have been presented and some of their limitations
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have been pointed out in this thesis. Questions are often asked in the data analysis
procedures: How many kinetic components can be separated in a TA measurement, how can
you prove that you don’t resolve too many components? These questions reveal a fact that
the analysis in terms of the number of kinetic components involves the unreliable guess. In
order to minimize the influence of the contrived judgement, the maximum entropy method
[Kut13] has been applied in this thesis to obtain a reasonable estimate of the component number
and the relevant lifetimes. Similar analysis procedures, such as lifetime density method [Cro01]
and logarithmic differentiation of the absorption changes method (LDAC) [Sat03], have also

been applied in the other research groups to achieve the same purpose.

It has been shown that the application of the data analysis methods depends on the system
under study and on the details of experiments. Therefore, it is advantageous to conduct “due
diligence” before the experiments. “Due diligence” refers to the research done before
performing TA measurements in order to collect information from external sources, e.g.,
reviewing literature, evaluating light-absorbing species by other spectroscopic methods, or
determining the excited state energy of chromophores computationally. This knowledge can
be used in the planning of a TA experiment in order to ensure optimal results for the data

analysis.
Mechanistic studies on the photoredox organocatalytic a-alkylation of aldehydes

A detailed mechanistic investigation of the photoredox organocatalytic o-alkylation of
aldehydes has been carried out by combining the quantum yield measurements and the TA
spectroscopy. Using our QYDS, the reaction quantum yield has been determined in a time
dependent way at the light powers from 30 uW to 10 mW. The results presented that the
quantum yield of a-alkylation reaction must be considered as a function of irradiation power
and time. The maximum value of the reaction quantum yield in all measurements was
achieved at the lowest light power with a value of 3500%. The values of the maximum
reaction quantum yield at each light power were proportional to the reciprocal square root of
the light power. Furthermore, the reaction quantum yield was not always higher than 100%.
The reaction quantum yields determined at a light power higher than 20 mW were all below

100%.

This new observation thus provided a convincing explanation for previous reported quantum

yield of the same reaction by the Yoon group with a value of 1800% [Cisl5] and by the
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Konig/Riedle groups with a value of 49% [MeglO]. In the previous studies the
measurements of the reaction quantum yield were performed with a constant light power and
for a fixed irradiation time. Because they employed different light powers and their results
were measured at distinct time, they observed only the individual part of our new reaction

quantum yield results.

Light power-dependent QY measurements suggested the proceeding mechanism of this
reaction depends on the light power. Therefore, a new mechanism has been proposed: the
radical chain reaction dominates for low light power, whereas the photocatalytic mechanism
plays the main role for high power. A detailed chemical kinetic analysis of our new
mechanism has been carried out. Based on the measured values of the reaction quantum
yield, all the rate constants were reasonably estimated. The simulation results were in good
agreement with the experiments. In addition, the lag phase observed in the measurements
with low light power also appeared in the simulation with our mechanism. Nevertheless,
using the mechanism suggested by the Yoon group, this initiation phase disappeared in the
simulation. Therefore, the reaction mechanism proposed by the Yoon group can be ruled out
due to the presence of the initiation phase in our measurements. The most surprising aspect
of the simulation was that the addition of a photocatalyst-quencher could result in an
significant increase of the rate of product formation. This finding was also observed in the

experiment reported in ref. [Cis15].

In order to demonstrate the occurrence of the radical chain processes in the a-alkylation
reaction, the intermittent illumination experiments have been performed by using our LED-
Pulser. The rate ratio of the average product rate under intermittent illumination to the
product rate under continuous illumination has been determined. Based on the theory
described by Shepp [She56], the average lifetime of the radical (i.e. chain time) has been
estimated as 23 ps. In addition, the small dispersion of the measured ratio indicated that the
radical recombination rate is much smaller than the rate of the first-order radical reaction.

This was consistent with the observation in the experiments.

Using a naphthalene diimide (NDI-A) as the photocatalyst, the photophysical and
photochemical dynamics in the a-alkylation reaction have been probed with transient

absorption spectroscopy.

Firstly, the ground and excited state properties of NDI-A have been characterized, which is

essential to understand the photochemical processes during the photoredox catalytic cycle.
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Very similar absorption spectra of the NDI-A have been observed in different solvents,
while the emission spectra show solvent-dependence. Especially, the emission of the NDI-A
in DMF was very weak, indicating an ultrafast emission quenching process. In addition, the
H-aggregation of the NDI-A in CH,Cl, has been detected by the emission measurements
when the concentration of the NDI-A was high. After the characterization of the ground state
properties of NDI-A, its excited-state kinetics have been studied in CH,Cl,, DMF and
CH,Cl,/DMF mixture. In CH,Cl,, a forward and backward intersystem crossing process
between the singlet (S;) and triplet state (T,) has been observed, which is consistent with the
observation reported in ref. [Yusl5]. The recovery of the NDI-A ground state accounts
completely for the decay of the triplet state (T;). In DMF, the lifetime of the NDI-A singlet
state is particularly short compared with that in CH,Cl,. The NDI-A radical anion was
detected after the decay of the singlet state, indicating that the electron transfer quenching of
the singlet state gives rise to the weak fluorescence of NDI-A in DMF. In CH,Cl,/DMF
mixture, a bimolecular photoinduced electron transfer from DMF to the NDI-A triplet state
has been demonstrated. Studies of the DMF concentration dependence with NDI-A in
CH,Cl, afforded a bimolecular rate coefficient of 9.8 x 10* M. In the absence of a

quencher of the radical anion, the lifetime of the NDI-A radical anion is 68.6 ps.

Secondly, the reaction steps in the photoredox catalytic a-alkylation reaction have been
investigated through tracking the forming and quenching of the NDI-A singlet state, triplet
state and radical anion under selective influence of the individual reactants. The
investigation of the NDI-A excited state quenching process in the presence of the individual
reactants has shown that the enamine possesses the largest quenching rate constant. This
finding clearly indicates that the initiation of the catalysis is essentially caused by the
quenching of the excited photocatalyst by enamine, which was also suggested in the
literature [Nic08, Cisl5, Bah16]. The major finding was that, under the same condition of
synthetic catalysis, with increasing concentration of bromomalonate the lifetime of the NDI-
A triplet state increased and the radical anion yield decreased. The increase in the
bromomalonate concentration results in a higher probability of the oxidation of the amino
radical by bromomalonate, which is reflected equally in the increase of the lifetime of the
NDI-A triplet state and in the lower radical anion yield. Therefore, this observation in the
TA studies provides further evidence to support our mechanism containing the competition

between the radical-chain process and the photoredox catalysis.
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Taken together, these results provide a new understanding of the fundamental mechanism of
photocatalysis. A complex relationship between different product-forming reaction pathways
was revealed. On the one hand, the radical chain propagation requires a continuous
photoinduced initiation. On the other hand, the chain process is also inhibited by a
photoinduced competitive pathway with increasing light power. This inhibition process also
represents a product formation pathway which could be a closed photoredox catalysis cycle.
These results are of fundamental importance for photocatalysis and would encourage the
development of new excited-state reactivities in the field of organic synthesis that are

enabled by light harvesting.
Mechanistic studies on COFs based photocatalytic water splitting

Four structurally related building blocks of covalent organic frameworks (COFs), which
show tunability in photocatalytic hydrogen evolution from water, have been investigated.
The previous studies by my co-workers indicated that the photocatalytic hydrogen evolution
increases progressively with the increase in the nitrogen content in the aryl ring of the COFs.
An in-depth understanding of the factors responsible for this trend has been developed in this

thesis.

Using transient spectroscopy, the generation of the photoactive species from femtoseconds
to microseconds after light absorption was monitored and their yields and lifetimes were
correlated with the photocatalytic activity. Four building blocks N,-Me show almost the
same relaxation pathways after light excitation. Upon photoexcitation their higher singlet
excited state (S,) is formed. Then the lowest singlet excited state (S;) is populated.
Afterwards the lowest triplet state (T;) is generated via intersystem crossing (ISC) from the
S, state. No long-lived species were observed after the decay of the T, state. The analysis of
TA data showed that the quantum yield of T formation, the ISC rate constants as well as the
lifetimes of T, state increase gradually along the series N, to N5. The more molecules at
their T, state are populated and the longer their T, lifetimes are, the more efficient the next
electron transfer quenching of the excited N,-Me by the sacrificial electron donor can be.

Therefore, these trends are fully consistent with the increase in the H, evolution activity.

In addition, the electron transfer processes between the excited N,-Me and the sacrificial
electron donor — N,N-diethylethanamine (TEA) — have been investigated. The observation of
the radical anion of N, and N3-Me provided direct spectroscopic evidence for the reductive

quenching pathway in the photocatalytic H, production. A notable result was that the N,-Me
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singlet excited state (S;) is the responsible electron acceptor, whereas the N3-Me triplet
excited state (T) produces the major part of radical anions. Calculations of redox potentials
and charge transfer free energies demonstrated that the reduction of the Ny-Me triplet excited
state (T;) by TEA is endothermic, while the ET process from TEA to the N3-Me triplet
excited state (T ) is thermodynamically feasible. The reduction of the triplet manifold leads
to the production of long-lived radical anions, which also rationalizes the observed

difference in the H, evolution activity along the series N to Nj.

Overall, these studies suggested that multiple factors influence the efficiency of photo-
induced proton reduction in the COFs in this series. The considerations such as steady-state
spectral absorption as well as structure properties have been the dominant paradigm to date
in the photocatalyst design. In this thesis other important factors that dictate the photo-
catalytic activity have been highlighted. To design photocatalysts for water splitting, it is
also important to consider the nature of the excited states of photocatalysts and the driving
forces for photoinduced electron transfer steps. For this purpose transient absorption

spectroscopy has been demonstrated to be an appropriate tool.

In future, the technical difficulty in the quantum yield determination of the COF-based
photocatalytic water splitting reaction should be resolved. Because the COFs are insoluble in
water, the solutions used in H, production are turbid. The unclear solutions lead to strong
light scattering, which so far significantly decreases the high degree of precision in the
determination of the absorbed photon number by using our QYDS. Therefore, further
developments of the QYDS are required. The difficulty may be overcome with the use of a
spherical detector. This detector consists of a spherical cavity with an aperture for the
incident light. Mounted on the inside structure are solar cells that detect light from the
scattering. Measuring the power of the incident light in comparison to the power of the light

scattered could render the absorbed illumination power.
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perylene diimide

quantum yield

quantum yield determination system
rylene diimide

Room temperature

Ruthenium tris-(bi-pyridine)

excited photocatalyst Ru(bpy)§+

singlet excited state of Ru(bpy)§+

triplet excited state of Ru(bpy)§+
species associated difference spectra

species associated spectra
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SCG supercontinuum generation

SE stimulated emission

SHG second harmonic generation
TA transient absorption

TEA N,N-diethylethanamine
TEoA triethanolamine

THG third harmonic generation
TPA two photon absorption

uv ultraviolet

Vis visible

XPM cross phase modulation
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Most frequently used parameters

[J] molar concentration of the absorbing species J

Jo incident light flux

A amplitude

abs(\) steady-state optical density

c speed of light in air

d optical length of the sample

dpa distance of the two charged species D and A

Ego transition energies of the lowest singlet state

Ego transition energies of the lowest triplet state

F(?) fit function

h Planck constant

k rate constant

K, self-association constants

Kgpa equilibrium constant of the enamine formation process
Kj; rate constant matrix

Kp equilibrium constant of the product formation process
M; coefficient matrix which reflects the rate model

Ny Avogadro constant

N; population of states

Nph,abs(4)  Number of absorbed photons of the particular wavelength

N, Number of products formed

prod
OD absorbance
p(k) probability distribution
Pps absorbed light power
R reference camera signal with pump pulses
Ry reference camera signal without pump pulses
entropy
* sample camera signal with pump pulses
So sample camera signal without pump pulses
T transmittance with pump pulses
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transmittance without pump pulses

solution volume

free energy change in the electron transfer process
changes of the optical density

delay time

quantum yield

fluorescence quantum yield

quantum yield of intersystem crossing (ISC) process
reaction quantum yield

molar absorption coefficient

dielectric constant

wavelength

Heaviside step function

time constant
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Appendix A1

Solution to the system of the steady-state equations in Chapter 3

For estimating the rate constants based on the steady-state assumption.






According to the assumptions described in Chapter 3, the steady-state treatment can be

written as
d[Rd:lT] = Tabs — k2 [RuT] - k3[Ena][RuT] - k7[ AmiR [[RuT] = 0 (Al.la)
—d[lz:lc]:k3[Ena][RuT]—k4[RuC][BrMal]+k7[AmiR][RuT]=0 (Al.1b)
d[ Mal .
%:k4[RuC][BrMal]—k5[Ena][Mal]+k6[AmlR][BrMal] (AL10)
—kg[H][Mal] =0
d[A;[‘iR]:kS[Ena][Mal]—k6[AmiR][BrMal]—k7[AmiR][RuT]=0 (Al.1d)

which are the same as the equations (3.19a-d). The concentration of the BrMal can be

expressed as

[ BrMal | = [ BrMal | - [ Mal | (A1.2)

where [BrMal] is a function of the initial concentration of the BrMal and P. Furthermore,

the concentration of Ena and the rate constants k,, k3 and k4 are known, which are

[Ena] = 23 mM,
ky =1-10%s~1,
(A1.3)
ky=1-10"M" 17,
kg =2.7-10"M 171,
The quantum yield for the product formation is given by
AP
oF - [At L jl
abs (Al.4)

= 1+ (ko[ AmiR ][ BrMal] + k7 [ AmiR ][ RuT]) - 5

Combining eq. Al.1 — 1.4 affords eq. 1.5, since the negative solution can be neglected when

@ > 0, which is always the case.
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oP = —%(4.3 10% - ks +1.2-10° - kg — 1.2 - 1012 -t—6— 221073 - ksk7
7

—4.9-102 kliﬁ +5.0-100 kg — 0.5 - k9k7j
9

y [BrMal]
M Jabs

k2k2 k2kek
w1 241052556 101 2527 4 46,1076 - kK2
M k3 kg

(26103 kskg + 62105 - kokg — 62102 kiké j
7

k3kek kZk2
+M£9.7 1072.258%7 5 6.106. 2526 1 1135. k§k6k7J
ko ko

., 0.5
+[Mj (69108 k2k?)

Jabs

3 s (AL.5)
M = kok7 + 4.3-1073 - ksk7 — 2.3 -10° - kg

Because y, ks, kg, k7 and kg are constant, the quantum yield can be expressed as

_ - @ - 2
P = Co+ cl—[B;Mal] + \/cz + cg—[Bj"Mal] + c4(—[BfMal]] (AL6)

abs abs abs

where C, C;, C,, C5 and Cy are constant and can be written as functions of y, ks, k¢, k7 and
ky. From the analysis in Chapter 3, it is known that ks >> k3 = 10’ M st In addition, as the
light intensity becomes large, the quantum yield will become increasingly smaller and
eventually will be smaller than 100%. Therefore, a reasonable assumption is k7 > k.
Moreover, the product concentration is always much larger than the by-product
concentration. Thus, it is assumed that k; > k9. The constants C; in eq. Al.5 and Al.6

therefore reduces to

0.5y 0.5y

Co = + (A1.7)
1+ ko \ 1+4.3-10—3-1<%
(4.3-10— -k5) ko
Cp = 6.0-105 X6 v 162105 K6 Y - (A1.8)
k7 1, ko k7 . 43100 -k%
(4.3 1073 -k5) ko

CAl2-



Cy = - (A1.9)
k
1+ %9
(4.3-10—3 -k5)
C3=52.103K6 ks v’ (A1.10)
k
1+ %9
(4.3 1073 -k5)
2 2
Ca =3.7~10“(k—6j v (AL.11)
k7 2
1+ Ko ;
(4.3-10— -k5)

From A1.7-Al.11, the constants depend on the ratio k¢/k7, the ratio ky/k5 and the value of y.
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Appendix A2

MathCad Code for the chemical kinetics analysis

For simulation of the light intensity-dependent qunatum yield of the photoredox
catalytic aldhyde alkylation reaction described in Chapter 3.






Quantum yield simulation of photoredox catalytic
aldehyde alkylation

1. Unit definition: ORIGIN:=1 eVi=e,-1V=(1.602-10"") J
M::BLOL mM:=10" m;l uM=10" "% ps107 s

2. Reaction Mechanism:

see Scheme 3.6 and the text in Chapter 3

3. Simulation of the reactions in the solution before the excitation with
light:

The initial CONCo,car =100 mM concp.;=1000 mM
conditions:
concppi=1 mM concg,, =0 mM
1 k 1
Rate K,,=0.008 ky:=8+10""* k, =—=0.1
constants: M-s Keq M-s
Time scale: dt1:=10 us  tyu =0 us t,,4:=10" us

dt2:=10% ps tyumo=tenar tenaz:=1 8=0.017 min

dt3:=0.5 8  tyuusi=tongs tengs:= 1800 =30 min

tli=tg001 > tstares + AL o tppgr = [0 ps  #tl:=length(t1)=1001
t2:=ty0009, bstarta + A2 . topgo = [ 1? - ms  #t2:=length (¢2) =991

t3:=tg0re3» bstarts + A3 tonas = [ 1 - s #t3:=length (t3) =3599
tyim=stack (t1,12,t3)= [0] ms #t:=length (t,) =5591

Set up rate model for the enamine euqilibration:

CONCorCat
conc k
start values: Mgt = Oct Konaeq =], "
CONCrpa0 k.1
CONCrna
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Nebenbedingungeschatzwerte

OrCat (0 s) =n_start Oct (0 s) =n_start
1 2

H20 (0 s) =n_start FEna (0 s) =n_start
3 4

4 orcat (t)=—K -OrCat(t)-Oct(t)+K -H20(t)-Ena(t)
dt

L Oct(t)=—K -OrCat(t)- Oct (t) + K, - H20(t) - Ena(t)
dt

dt
d
EEna (t)=K -OrCat(t)-Oct(t)~K -H20(t)- Ena(t)
g OgCat (t)
& . ct(t
E enaeq (t_start ,t_end,n_start , K ) :=odesolve H20 (t) ,t_end
é Ena (t

Visualization: n_OrCat = enaeqout'’ n_Oct := enaeqout®?

n_H20 := enaeqout<3> n_FEna:= enaeqout(4>

scale:=

max (n_OrCat ,n_H20, n_Ena)

mM

1-10?

9-10
8-10

7-10

6-10
510
4-10
3-10

210

1-10

11073 1.1072 1.107" 1 1-10 1.10? 1.10° 1.10*

teim (5)

The concentration of compounds before the excitation:

v

=100

n_OrCat (7nl\4 )

n_Ena (mM )

n_H20 (mM )

CONCOrcat = n_OrCat#t =76.116 mM CONCpy = n_Oct#t =976.116 mM

concyyo:=n_H20 =24.884 mM concpp.:=n_Ena =23.884 mM
#t #t
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4. Simulation of the reaction in the solution after the excitation with
light :

Parameters for light: V:i=1.7 mL A:=441 nm

The initial conditions: concgpra =500 mM concg,:=2.5 mM

Rate constants:

1.Diffusion rate in DMF:  7p:=0.794-10"° Pa-s Epnri=38
d..:=10 Angstrom T:=298 K
kT 2
Dpyipi= = (5.498-107°) ”Z
67T Nppsre 266
9 1
kgigpr=4+1+N4+2+Dpyype do = (8.321+107)
M-.s
2-ET rate in DMF: )\T’E_DMF:: 1.83 6V AGBrMal_Rul = _0.85 eV
H,p:=1-10" eV
A AG ’
. “\"“re + rMal_Ru
k= 2.1 H - 1 cexp 1 (Me_prir BrMal_Ru1)
h \/2'7T')‘re_DMF'k'T k-T 4'>‘7"e_DMF
. . —1)-(1)-e.*-N
3.Dissociation rate in DMF: w;, = (=1)-(1) e -Na =—1.476
Eo'gDMF'dcc°4'7T'R°T
D w; 1
K= — = =(2.405-10%) —
<dcc> 2 1-—exp <—wz~p> s
. 6 1 7 1 7 1
4.0thers: ky:=1-10° — ky:=1-10" —— k,:=2.7-10
s M-.s
ks:=1-10° ! kﬁ::ﬂ)i k;:=8-10" !
M-.s M-.s M-.s
1 k 1
kgi=1 k,qi=——=0.333
M-s 3.1 s
s g\ 1
kg:=1:10"" M +ky=(1-10°) =
S
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Time scale: dtl:=1 ns tsarer =0 M8 tona1 =1 us

dt2:=1 us tstart? = tendl tend? =1 ms
dt3:=1 ms tstart3 = tend? tend3 =1s
dt4:=10 s tetarts = tonds tonds="72000 =20 hr
t1:=tg0mi1 > bstares + AL o topgr = 0] ns #t1:=length (¢1)=1001
E* _6
£2:=t s batarts + A2 . o = 10 ] s #t2:=length (£2) = 1000
t3:=t 013, tstarts + A3+ topas = ?'001 ] s #t3:=length (¢3) =1000
td:=t 00 terara+ A4 top g = 1 ] s #t4:=length (¢t4) =7200
tom =stack (t1,t2,t3,t4) = [0] s #t:=length (t,) =10201
Set up rate model for the reaction:
k
—Sta rt ValueS: Ngtart = I:COT’;CRujI Kreaction = [ :1 ]
: Ru(0s)=N = Rul'(0s)=N, RuC(0s)=N, Ena(0s)=N, BrMal (0 s)=N_
OrCat (0 s):N6 Mal (0 s):N7 Oct (0 s):N8 H20 (0 s):N9 AmiR (0 S)=N10
Imin (0 s):N11 P(0 s):N12
j—tRu (t)=~Iops+K_-BrMal(t)- RuC (t) + K - RuT (t)
Q
@
S| d
= ERuT(t) =1~ K -Ena(t)-RuT (t)~K - AmiR(t)-RuT (t)~K -RuT (t)
%]
4 Ruc (t)=K -Ena(t)-Rul (t) +K - AmiR(t)- RuT (t) ~ K_-BrMal (t) - RuC (t)
dt
iEna (t) = —K4 +Ena (t) « RuT (t) +K1 +OrCat (t) «Oct (t) —K2 «Ena (t) «H20 (t) —K6 «Ena (t) «Mal (t)
dt
of d .
Q|| —BrMal (t) =—K_-BrMal (t) - RuC (t) ~ K_- BrMal (t) - AmiR (t)
(e
D
Qfl d .
8 gomat (t)=-K -OrCat(t)-Oct(t) + K -Ena(t)- H20 (t) + K -Imin(t)-H20 (t)-K -P(t)-OrCat(t)
()
P4

d .
EMal (t)=K_-BrMal(t)+RuC (t) - K -Ena(t)-Mal(t) +K_-BrMal(t)-AmiR(t)-K -Mal(t)
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L 0ct(t) =K -OrCat(t)-Oct(t) +K, - Enal(t) - H20 (1)
dt

g—tHzo (t)=K -OrCat(t)-Oct(t) - K, -Ena(t)- H20 (t) - K -Imin(t)-H20 (t)+K -P(t)-OrCat(t)

d . . .
EAmzR (t) =K6 «Ena (t) «Mal (t) —K7 - BrMal (t) < AmiR (t) —K'8 - AmiR (t) « RuT (t)

d . . . .
Elmm (t) =K'7 -BrMal (t) < AmiR (t) +K8 < AmiR (t) -RuT(t) —K9 «Iman (t) -H20 (t) +K10 -P(t) -OrCat (t)

d .

EP(t) =K «Imin(t)-H20(t)-K -P(t)-OrCat(t)
-
Ol reaction <t_start ,t_end N,K,I abs) :=odesolve ( [Ru(t) ] , t_end]
(o))
5
=
£
Visualization:

. M
Light power  Power,:=0.06 mW I, =Power, -~ 1.1 (1.301-1077) ==
and intensity: ¢ J\{A ‘1/ AT

Powery:=0.5 mW I,:= Power« ——= (1.084 . 10_6> —
hec Ny V s
Powery:=1 mW 1,:=Power- Li: (2.169 10_6> M
h oC NA V S
Power,:=2 mW 1,:=Power, L i: (4.337 10_6> %
h oC NA V S
(12) (12)
n_P,:=reactionout <I 1> n_P,:=reactionout <I 2)
(12) (12)
n_P;:=reactionout <I 3> n_P,:=reactionout <I 4>
Calculate guantum yields: ¢, :=submatrix (t 2, #t,1 1) = [ L 10_9] s
o qy '~ sim Y < - - :
QYout (Power , Iabs> =1 llqy<0
{12
n_P < reactionout <I ab5>\ /
for: € 1,2..length <tqy> -1
’I'L_Pi ‘1 -V 'NA
(—
" P t A
ower-t,, - "
qy
QY,:=QYout <Powe7°1 I 1) QY,:=QYout <Powe'r2 v 2)
QY ;:=QYout <P0wer3 T 3> QY ,:=QYout <Power4 A 4>
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4.5:10%4
4.10%4
3.5.10%4
3-10%+
2.5.10%1
2.10%4
1.5-10%

1-10%4

1-10

1.107"

1.1072

1-10

1.2.10 1.4-10

tom (h7)

1.6-10

1.8.10

2.10

1.10%%

1-104

1.107!

1-1072

3.1072

6-1072

9.1072

1.2.107" 1.

5e

hr

0! 1.8107' 2.1.107' 2.4.107' 2.7.107"

(hr)

3.107"

v

ot

7.5
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Appendix A3

MathCad Code for the intermittent illumination experiment

For estimating the average lifetime of the radical chain in the photoredox cata-

Iytic aldehyde alkylation reaction.






Determination of radical chain lifetime in the
aldehyde alkylation reaction

1. Experimental data:

10
period of light (us): tL::[ 100 ]
1000

0.04317 The value (rate P)av/(rate P)c
(rate P)av/(rate P)c: Data:={0.03402 = 0.0315 at 10000ps is used

0.03294 as a factor in order to scale

the theoretical curve.

dark to light ratio: p:=9

2. Shepp's model [She56]:

tp 1
ﬁ(aaT0> ':_L'l—

To lta a, B, a,b,c A B,C:
a(a,7g)=exp ((2+a)-B(a,7)) the symbols are the

same as that in paper

B(a,79)=b(a,r)-(a(a,r)-(1+a)+1)—c(a,r) - (1+a)- (a(a,7g) = 1) — (a (o, 7o) + L+

C(a, 1) ==b(a,7)(1+a): (a(a,7)—1)

ratiol: M_1/M_I in paper

B (o, 7o) +\/(B(a,TO)24.A<a,TO).c<a,TO))

2-A(a,7) 4-A(a,'ro>2

ratiol (a , T0> =

ratio2: M_2/M_I in paper

1

ratio2 <a , 7'0> = T

c<a770>+b<a’7—0>.m7'0>
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ratioM: M_hat/M_I in paper

ratioM (@, g) = 1 ln( (ratio2 (o, 7) +1+a) - (ratiol (a, o) +a)

p+1 . (1 " 8 <a,7'0) <7°ati01 <a,7'0) +1 +a> . <ratio2 <a,7'0> +a>

The ratioM for long light period is equal to 1/(p+1) = 0.1. We assume that at
10000us the ratioM approaches a constant. Therefore, the value 0.0315 at
10000ps is used as a factor to scale the ratioM in order to obtain the theoretically
estimated (rate P)av/(rate P)c curve.

ratioRateP: (rate P)av/(rate P)c
ratioRateP <a , TO) :=ratioM <a , TO) +0.0315- (p + 1)

3. Least Squares Fitting:

Define the residuals and redis (a,T,) := Data—ratioRateP (o, )
the sum of squares:

SSE <a R TO) = Z redis <Oé ) ’7'0) ’

Q

£ [ a:=1 To:=40

g

é alpha e

. :=minimize (SSE, o, )
g tau

B

Q

(]

z

results: [alpha] :[ 1.914]

tau 23.021

Visualization:
A

0.045
0.044 °
0.043
0.042
0.041

0.04
0.039
0.038 .
0.037 ratioRateP
0.036
0.035
0.034 . Data
0.033 L4 4 L ¢
0.032

1.107* 1 1-10 1-10? .
xdata
» ° «
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Validation of the theoretical treatment of the
intermittent illumination method

1. Unit definition:  ORIGIN:=1 mM::lO_?’-mz)l M =107, 10

L
2. Parameters: A:=441 nm LED light wavelength
p=9 dark to light ratio
V:i=1mL volume

P,.:=(p+1)-0.5 mW  LED peak light pulse power

A11
Tupsi= Py —18.432 M1

N, V s

Q:=0.1  Quenching fraction [Cis15], which describes the
initiation of the productforming radical cycle

concy,,=23.8 mM initial concentration of the enamine

k,:=8.3.10° L hypothetical rate constant of
mol-s  recombination
kpi=8.2-10° L hypothetical rate constant of product
mol-s  formation
3. Model:

bi-radical reaction
M® +B; > P, +M"* k. chain

2M" — Py kt, recombination
M® + Ena — Pf k¢ first order

bi-radical reaction
M"+B; > P. +M"° k. chain

AR I T 1 1 i
=1 7 I L LTI I

M® + Ena — Pr k¢ first order
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vector of dependent variables, Mr(t) for

the concentration of radical M* and P(t)
for the concentration of the product P

n_sta’r’t1

mL1 (t_start,t_end,dt,n_start):= || init —

for model 1: to evaluate the

solution in the light period D(t,X)«—

n_start
2
Q-Jps—2- kb-X12 — k:f-X1 «Cconcep,
k:f-Xl-concEna

t_end—t_start
(—
dt

mecw < AdamsBDF (im't ,t_start,t_end,IN, D)

n_start1

mD1 (t_start ,t_end,dt, n_start) = || tnet —

for model 1: to evaluate the
solution in the dark period

mL2 (t_start,t_end,dt,n_start):=

for model 2: to evaluate the
solution in the light period

n_start
2

—2-k, -Xl2 — k:f-X1 *CONCRp,
D(t,X)«
k:f-X1 *CONCEpa
t_end —t_start
-
dt
mD «— AdamsBDF (z'nit ,t_start,t_end,IN, D)

N

n_stcw“t1
it «—
n_start
2
Q+J s — k:f-X1 *CONCEp,
D(t,X)«
k:f-X1 *CONCEpq
t_end—t_start
—
dt
mL — AdamsBDF (im't ,t_start,t_end,N, D)

N

n_start1

mD?2 (t_start ,t_end,dt, n_start) = || tnit —

for model 2: to evaluate the
solution in the dark period

n_start
2

—k:f-X1 *CONCrp,

D (t ,X) —

Icf-X1 «CONCrp,
t_end—t_start

dt
mD «— AdamsBDF (im't ,t_start,t_end,N, D)

«—
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4. Simulation of the model 1:

Calculation for cw light

Mo = (6.187-107%) uM initial concentration of the radical for cw
Mch
Ngrarto = 0 dt0:=100 ns tytarto:=0 M8 tendo =20 ms

Sol_cw:=mlL1 <tstart0 s Lendo s dto, nstart0>

t:= Sol_cw<1> Mrcw:= Sol_cw(2> Pcw:= Sol_cw<3>

steady state concentration of the

radical under continuous illumination: Mec:=max (Mrcw)=(6.188-107%) uM
) ) ) ] kpeconcg,,
dimensionless parameter defined in [She56]: a=—"__""""_19
2 . kb 'MC
expected maximum and minimum values of the ratio Mav/Mc according to
[ ] 0.5
Shes6]. a [a® (1+a) 1
MAX:=—+4|—+~~—~—"2| =0.14 MIN:=——=0.1
2 4 1+p 1+p
‘ time trace of
1t the radical
ol concentration
0.7+
0.6+
0.5+
0.41 Mrcw (/-‘*M)
0.3+
0.2+
0.1+
2 4 6 8 10 1‘2 14 16 18 20 g
t (ms) ]
B— time trace of
the product
207 concentration
18+
16+
14+
12+
10
ol Pcw (/.LM)
6+ -
il
N
0 2 4 6 8 10 1‘2 14 16 18 20 >
t (ms)
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Calculation for light pulse (10kHz)

M
:=10 kHz M,,:=8.7-107* n = op
fLED oP l*"M startQ 0 M
. . 1 . .
period of light: t;:=————— =10 us light-off period: tp:=t;,-p=90 pus
frep+ (p+1)
dtL:=10 ns dtD:=dtL tstartLO:ZO ns tendLO:: tstartLO+tL

pulseout = tendL — tendLO
mag <« mL1 <tstartLO ’ tendLO ’ dtL ’ nstart0>
forte1,2..10

tstartD — tendL

tendD — tstartD + tD

l—rows (mag)

Nogtart < (submatrix (maglV, 1,1,2, 3))

mag <+ stack <mag ,mD1 <t5tm,t D tenap, AtD, nsmrt»
bstarir < 2* <tD + tL)

tendL — tstartL + tL

l—rows (mag)
T

—

Mogpart < <submatrix (mag\l/, 1,1,2, 3))

mag — stack (mag, mL1 (ty441s tenar » GEL s Nigtayt))

mag

Sol_pulse :=pulseout
tP:= Sol_pulse<l) MrP:= Sol_pulse<2> PP:= Sol_pulse<3> l:=rows (M rP) =1.01-10°

average concentration of the radical under intermittent illumination:

Mp:=mean <submatrix <MrP, 1,1-10%,1, 1>> = <8.783 . 10_4> uM

time trace of

A

1 the radical
u.s]»: concentration
0.8+
0.7+
0.6+
° MrP (uM)
0.4+
0.34
0.2
8.867. 101
E) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 >
tP (ms)
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ratio of the average concentration of the radical under intermittent
illumination over the concentration of the radical under continuous
illumination, ratio M_av/M_cw:

M
ratio=—L —0.142

Mec
Calculation for light pulse (1Hz)
frep=1 Hz Moyp:=0 mM Nstarto *= oﬂfr(:;/[}
tL::fLED'](_p"'_l) =100 ms tp:=1;-p=900 ms
dtL:=100 us dtD:=dtL tartro =0 NS tenaro = tstartro+ tr

pulseout:= | t,,4r. < tendro
mag <« mLl <tstartL0 5 tendLO 9 dtL ) nstaTt0>
forze€1,2..10

tstartD — tendL
tendD — tstartD + tD
l—rows (mag)
Nogrart < (submatrix (magZV, 1,1,2, 3))
mag <— stack (mag ’ mD1 (tstaTtD 9 tendD 9 dtD 9 nstart)>
tstaTtL —- <tD + tL>
tendL — tstartL + tL
l—rows (mag)
T

Togpart < <submatrix (magz, 1,1,2, 3))
mag <— stack (mag ) mL1 <tsta7'tL 3 tendL ) dtL ) nstart>>

mag

Sol_pulse :=pulseout
tP:= Sol_pulse<1> MrP:= Sol_pulse<2> PP:= .S’ol_pulse<3> l:=rows (M rP) =1.01-10°

time trace of

A
nk _ _ _ _ _ - - - - the radical
Yl concentration
o}

i MrP (uM)

31

f| | | | | L L | |

/}l 1 2 3 1 > 6 7 8 9 10 g

tP (s)
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average concentration of the radical under intermittent illumination:

Mp:=mean (submatrix (MrP, 1,1-10%,1, 1>> = (6.269 . 10_4> uM

ratio of the average concentration of the radical under intermittent
illumination over the concentration of the radical under continuous
illumination, ratio M_av/M_cw:

ratio ::Kp—: 0.1
Mec

4. Results of intermittent illumination simulation:

T
repetition frequency fLED::[lO 1 0.1 0.05 0.025 0.01 0.005 0.0025 0.001 0.0001] kHz

T
ratio M_av/M_cw  ratioM:=[0.142 0.142 0.14 0.134 0.125 0.112 0.106 0.103 0.10 0.10]
. . 1 10
period of light tr = = [ ] s
LED fLED- (p+1) ks
.lllf‘
0.14+ b o [ ]
136+ °
132+
128+
1244 L4
0-121 ratioM
116+ ) PY «
112+ [ ]
108+
104+ hd °
0.1+ [ ] [
1-1})’3 o HHL‘-‘L‘(J" ‘ 1 HH-‘L(J 11() o 1111‘ g
lreD (msj
» ® []
Experiment Results:
T
period of light tLED cxpi=]10 100 1000 10000] s
T
ratio (rate P)av/(rate P)c Data:=[0.04317 0.03402 0.03294 0.0315]
D
ratioM_exp:= ata
0.315
1391 . ratio M_aV/M_CW

1351
1321
1281
1251
1214
1184
1144
1114
107 L4

104 L4

0.1+ [ ]

ratioM_exp
] ®

v

1-1‘0*2 ‘ o ‘1-‘1‘0*L ‘ o 1 ‘ o ‘1‘-‘1()
tLED_exp (ms)
®
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5. Simulation of the model 2:

Calculation for cw light

_ M
My, =(9.435-107%) uM Mogpart *= [0 Ocw dt0:=100 ns
tstartO =0 mns tendO =30 ms SOl—Cw i=mlL2 <tstart0 ’ tendO ’ dto ’ nstart0>
t:= Sol_cw<1) Mrcw:= Sol_cw<2> Pcw:= Sol_cw<3)
steady state concentration of the Me:=max (Mrcw) = (9.445-107°) uM
radical under continuous illumination:
.\ time trace of
301 the radical
) concentration
21+
18+
l, Mrcw (mM )
9
6
”E) 3 (‘i f‘) 1‘2 1‘5 1‘8 2‘1 2; _?‘7 0 g

t (ms)

Calculation for light pulse (10kHz)

frep=10 kHz M, p:=9.35-10"" uM nstarto::[OMOP ] dtL:=10 ns dtD:=dtL

tL : =10 us tD = tL +p=90 us tstartLO =0 ns tendLO = tstartLO + tL

frep+(p+1)
pulseout = tendL — tendLO

mag <— mL2 (tstartLO ’ tendLO ’ dtL ’ nstarto)
forie1,2..10

tstartD — tendL

tendD - tstartD + tD
l—rows (mag)
T

Togport < <submatrix (mag\l/, 1,1,2, 3))
mag <— stack <ma'g ’ mD?2 <tstartD7 tendD ’ dtD ’ nstaTt>)
Cstart, < * <tD + tL)

tendL — tstartL + tL
l—rows (mag)
T

Togpart < (submatrix <magz, 1,1,2, 3))
mag «— stack <mag ,mL2 (tstartL ’ tendL ,dtL, nstart))

mag

- A3-9 -



Sol_pulse:=pulseout

tP:= Sol_pulse<1) MrP:= Sol_pulse<2) PP:= Sol_pulse<3) l:=rows (M rP) =1.01-10°

A

11 time trace of

o0) the radical
0.84 concentration
0.7+
0.6+
0.5+ M'rP ( )
0.4+ “Ad
0.3+
0.2

9.516- 1014

A 4

E) 0.1 0.2 ()iii 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
tP (ms)
average concentration of the radical under intermittent illumination:

Mp:=mean (submatrix (MrP,1,l—10* ,1,1)) =(9.434.107") uM

ratio of the average concentration of the radical under intermittent
illumination over the concentration of the radical under continuous

illumination, ratio M_av/M_cw:

ratio:= Mp =0.1
Mec
Calculation for light pulse (1Hz)
frep=1 Hz Myp:=0 mM n = Mor dtL:=100 us  dtD:=dtL
LED orP start0 0 M

tpi=——————
t frep(p+1)

pulseout := (| t,,,41. < tenaro

=100 ms tD = tL ‘b= 900 ms tstartLO =0 ns tendLO = tstartLO + tL

mag < mL2 <tstm“tL0 ’ tendLO ’ dtL ’ nstart0>
forze€1,2..10

tstartD — tendL

tendD — tstartD + tD
l—rows (mag)
T

Nogpart < (submatrix (magIV, 1,1,2, 3))

mag <+ stack (mag ,mD2 (tstaTtD s tonap s AtD nst(m))
bstartr < 0 <tD + tL>

tendr < tstartr Tt

l —rows (mag)
T

Togpart < <submatrix (magz, 1,1,2, 3))
mag <— stack (mag ) mL2 <tstartL ’ tendL ) dtL ) nstart)>

mag
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Sol_pulse:=pulseout

tP:= Sol_pulse<1) MrP:= Sol_pulse<2) PP:= Sol_pulse<3) l:=rows (M rP) =1.01-10°

N time trace of
" the radical
of f f E f [ [ [ [ f concentration
94
o
6+
5 MrP (pM)
N el e
3+
‘1-: L ! L L L L L L L L
“() 1 2 3 1 > 6 7 8 9 10 >

tP (s)

average concentration of the radical under intermittent illumination:

Mp:=mean (submatrix (MrP, 1,1-10%,1, 1>> = (9.451 . 10_4> uM

ratio of the average concentration of the radical under intermittent
illumination over the concentration of the radical under continuous
illumination, ratio M_av/M_cw:

Mp
Me

ratio:= =0.1

Conclusion: The ratio M_av/M_cw in the case of model 2 is not a
function of LED pulse light duration.
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Appendix A4

Steady-state spectroscopic characterizations and TA spectroscopic studies

of NDI-A in Chapter 5
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Fig. A4.1: Fluorescence spectra of 20 uM NDI-A in CH,Cl, at room temperature.
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Fig. A4.2: Fluorescence spectra of 20 uM NDI-A in DMF at room temperature.
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Fig. A4.3: Phosphorescence spectra of 10 pM NDI-A in CH,Cl, at room temperature (10%

ethyl iodide was added to induce phosphorescence).
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Fig. A4.4: Kinetic traces monitored at 478 nm for the TA spectroscopic study of NDI-A

under catalytic conditions in the absence of DMF.

CA42 -



Appendix A5

Steady-state spectroscopic characterizations and TA spectroscopic studies

of Ny-Me in Chapter 6






Steady-state spectroscopy:

16

Emission (a.u.)

hexc (NM) —250 —290 ~
\ — 255 — 295 |
— 260 — 300
— 265
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— 275 .
— 280
- —285

Q Q Q Q QO O O 0
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Wavelength (nm)

Fig. A5.1: Fluorescence spectra of 10 uM N(y-Me in CH,Cl, at room temperature.

10

Emission (a.u.)

hexc (NM) — 250 — 285 |
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Wavelength (nm)

Fig. A5.2: Fluorescence spectra of 10 uM N5-Me in CH,Cl, at room temperature.
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Experiment conditions of transient absorption measurements:

Table AS.1:

The experiment conditions of femtosecond transient absorption measurements.
The sample is prepared in CH,Cl,. The relative polarizations between the
pump and probe were set to the magic angle (54.7°) by a half-wave plate in the
pump-beam path. A flow cell with 100 um thickness was used.

Sample Concentration wa{::llennpg th Pump inte_r;sity Pulse duration
(mM) (nm) (mJ-cm™) (fs)
No-Me 1.0 272 0.55 40
N;-Me 1.0 272 0.72 40
N;-Me 2.2 330 0.96 50
N,-Me 1.1 272 0.61 40
N,-Me 2.0 330 0.96 50
N3-Me 1.2 270 0.42 27
Table A5.2: The experiment conditions of nanosecond transient absorption measurements.
The sample is prepared in CH,Cl, and is excited with 3 ns pulses from an
Optical Parametric Oscillator (OPO) system (Ekspla NT242).
Sample Concentration wa{r):llelelnpg th Pump inte_l;sity C.uvette
(mM) (nm) (mJ-cm™) thickness
No-Me 1.0 270 0.33 I mm
N;-Me 1.0 270 0.32 100 pm
N;-Me 1.0 320 0.96 100 pm
N,-Me 1.1 270 0.30 100 pm
N,-Me 1.1 320 0.92 100 pm
N3-Me 1.2 270 0.30 100 pm
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Rate constants used in the analysis of the TA measurements:

NO-Me'_ + TEA™
hV * —— k
Nog-Me 5 IN,-Me 3
T * >
3N .-
K Ny-Me K,

No'Me

Fig. A5.3: Scheme of the reduction mechanism of the excited N-Me in the presence of

TEA.

Table AS5.3: List of rate constants for the analysis of the TA measurement of Ny-Me in the
presence of TEA (Scheme of the mechanism in Fig. A5.3).

Rate S 1 -1 1 1 1
constant ko (Ms ) ky (s ) ky(s) ky(s)
9 7 8 6

Value 2.5x10 3.1 x10 1.5 x 10 3.3x10

TEA *kns ky
hy y(N3-Me-—... TEA’*)_, N;-Me , TEA
N3-Me A 1N3-Me* Tk k4
* N3
?2‘ °N3-Me N;-Me™ , TEA™

TEA

Fig. A5.4: Scheme of the reduction mechanism of the excited N5-Me in the presence of

TEA.

Table A5.4: List of rate constants for the analysis of the TA measurement of N3-Me in the
presence of TEA (Scheme of the mechanism in Fig. A5.4).

Rate S -1 -1 -1 -1 -1 T -1 -1
constant kN3 (M S ) k2 (S ) k3 (S ) k4 (S ) kN3 (M S )
Value 7.0 x 10° 1.7 x 10'° 33 x10° 2.8 x 10° 1.4 x 10°
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