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Foreword and Goal of this Thesis

Foreword and Goal of this Thesis

Catalytic processes are a backbone of modern chemical research and technology,

starting from test laboratory scales and ending up with bulk industrial products.

Implementation of catalysts lowers thermodynamic barriers by introducing additional

intermediate steps into the process via its temporary interaction with the substrates,

decreasing the energy necessary for the transformation. As a result, the reaction is sped

up significantly, and sometimes even previously kinetically forbidden transformations

become possible. However, the catalyst typically still needs energy for activation, albeit

in smaller amounts than for regular non-catalyzed process.

One of many pathways to provide energy to the catalyst is to use light as a driving force

of the reaction, in this case, the process is referred to as photocatalysis. There is a

plethora of photosensitive substances reported in literature for the past two decades

capable of catalyzing chemical transformations, including organic molecules, transition

metal complexes, and semiconductors. However, the main issues with the first two

categories are that these substances are difficult to separate and recycle, and sometimes

they are degraded during the reaction; additionally, the most employed ruthenium- and

iridium-based photocatalysts are quite expensive and not sustainable.

Considering the reasons mentioned above, a possible solution to make photocatalysis

widely applicable and ready for industrial application is to utilize heterogeneous

semiconductor sensitizers (e.g., titania or cadmium sulfide), which can easily be

separated and recycled from the reaction medium. Carbon nitrides are a class of such

organic semiconductors. These materials are quite cheap, can be finely tuned for a

specific task both during their synthesis and post-treatment, and has reasonably high

absorption in the visible range of electromagnetic spectrum, making them attractive

candidate platforms for sustainable photocatalysis.
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Foreword and Goal of this Thesis

The aim of this work is to explore the new net-neutral and net-oxidative organic

reactions mediated by carbon nitride photocatalysts. The latter processes are of

particular interest as they provide an opportunity to avoid costly and atomically

ineffective oxidants by instead generating active oxygen species during the

photocatalytic cycle, providing ultimate oxidizing agents literally ‘out of thin air’. Then,

the knowledge gained from studying these processes would be applied to make new

versatile species of carbon nitride photocatalyst which would then be tested in different

organic reactions and as a platform for solar photocatalytic cell to demonstrate their

readiness for further implementation in actual scaled up processes, the importance of

which is covered in the review preceding the experimental work.

The thesis begins with the introduction (Chapter 1), a review that extensively covers

solar photocatalysis and outlines its perspectives and industrial application. Following,

experimental projects are presented showing the implementation of graphitic carbon

nitride and poly(heptazine imide) photocatalysts in oxygenation reactions, and finally,

development of a novel family of carbon nitride materials suitable for net-oxidative and

redox-neutral photocatalysis (Chapters 2 to 4). Figures, tables and schemes are

numbered restarting each chapter and corresponding subsection of supplementary data,

including the chapter number in the numeration; for instance, Chapter 2 contains

illustrative materials numbered 2.X and its SI data has numeration S.2.Y. Compound

names are numbered restarting for every chapter omitting chapter number for clarity.

The chapters are accompanied by extensive Supplementary Information, which can be

found in the Appendix (Section 7).

Finally, overall conclusions and outlooks (Section 5) are given, outlining the

accomplished work.
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Chapter 1. Solar Photocatalysis: A Review

1.1. Overview

With photovoltaics becoming a mature, commercially feasible technology, society is

willing to allocate resources for developing and deploying new technologies based on

using solar light. Analysis of projects supported by the European Commission in the last

decade indicates exponential growth of funding to photocatalytic (PC) and

photoelectrocatalytic (PEC) technologies that aim either at TRL 1-3 or TRL > 3, with

more than 75M€ allocated from the year 2019 onwards. This review provides a

summary of PC and PEC processes for the synthesis of bulk commodities such as

solvents and fuels, as well as chemicals for niche applications. An overview of

photoreactors for photocatalysis on a larger scale is provided. The review rounds off

with the summary of reactions performed at lab scale under natural outdoor solar light

to illustrate conceptual opportunities offered by solar-driven chemistry beyond the

reduction of CO2 and water splitting. Authors offer their vision of the impact of this area

of research on society and the economy.

This chapter is an adapted version of the article:

A. Galushchinskiy, R. González-Gómez, K. McCarthy, P. Farràs, A. Savateev, Energy Fuels 2022, 36, 9,
4625–4639
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1.2. Introduction

The depletion of fossil fuel reserves1, 2 has led to the search for alternative sources of

energy and raw materials for the chemical industry. Solar irradiation has emerged as an

important alternative due to its abundance and cost-effectiveness. Photocatalytic

reactions under sunlight irradiation can lead to the production of a variety of bulk and

non-bulk chemicals. Bulk products such as hydrogen, syngas, methanol, formaldehyde,

and formic acid can be generated through photocatalytic reactions under sunlight

irradiation.3, 4 Solar energy is utilized as a power source to drive these chemical

transformations, leading to a cost-effective and sustainable production process. These

bulk chemicals have numerous industrial applications and can serve as feedstock for the

production of various other products. Non-bulk chemicals such as pharmaceuticals,

additives, and reagents can also be obtained through sunlight irradiation. However, the

demand and economic impact of solar chemistry for non-bulk chemicals is much lower,

because their production requires a high level of precision and control, making the

process more challenging and expensive.

The development of solar photocatalysis is influenced by the accumulation of carbon

dioxide, which contributes significantly to the overall carbon mass in the Earth's

atmosphere. Currently, the average concentration of carbon dioxide in the air is between

400 and 500 ppm, with an overall atmospheric mass of around 3200 gigatons.5 While

CO2 is a growing threat to the biosphere, it also represents an attractive carbon

reservoir. Photocatalytic fixation of carbon dioxide into bulk materials and solvents can

decrease the rate of production for corresponding petrochemical products and

simultaneously lower atmospheric CO2 concentration, provided an efficient direct air

capture (DAC) technology is developed.
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Biomass is an alternative carbon source that is widely available and lower in price than

fossil fuels and commercial carbon dioxide. Plants produce approximately 146 billion

metric tons of biomass each year,6 making it a highly abundant feedstock. Biomass can

be stored for a prolonged amount of time and provide a broad scope of chemical

products, similar to those derived from the oil industry.7 Additionally, fractionation of

non-processable biomass, such as agricultural and wood wastes, can produce several

products from cellulose and lignin decay. These products can be utilized as ready-to-use

chemicals or converted into biocompatible and biodegradable polymers. Further

discussion on the matter is provided in Section 1.5.2.

This chapter aims to focus on the chemical, engineering, and economic aspects of bulk

solar photocatalysis, specifically for the processing of CO2 and biomass. The chapter

provides an overview of novel experimental and pilot-scale reactors that have been

reported in recent years. It also covers proof-of-concept reports, including complex

organic transformations under sunlight and experimental photocatalytic setups, with an

emphasis on recent results and precious metal-free catalysts. The chapter exclusively

covers natural sunlight-driven photocatalytic processes as a demonstration of

researchers' intent for potential industrial applications. Therefore, examples that use

simulated or artificial light are omitted.

1.3. The Impact of Photocatalysis under Outdoor Solar Light on Economy

The main justification for utilizing solar energy technologies is the abundance of solar

energy that Earth's surface receives from the sun, which greatly surpasses the yearly

energy requirements of the global population.8 Nevertheless, the commercial feasibility

of a solar-powered technology is largely determined by the location and spectrum of

chemical products that are generated. Solar irradiance is at its maximum in tropical

areas but declines as one moves away from the equator towards the north or south
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poles.9 As a result, the social and economic advantages of solar-driven technologies are

greatest in regions where solar irradiation is the most intense and sustained throughout

the year.

The productivity of photo(electro)chemical reactors is limited by the penetration depth

of electromagnetic radiation into the reactor, as predicted by the Beer-Lambert law.

Therefore, the productivity of these reactors is dependent on the surface area rather

than the volume. The economic potential of different geographic locations is determined

by their level of development, with urban centers requiring higher value goods and

services per unit area to remain competitive. Consequently, the success of bulk

commodities and solar fuels, which are intermediate products in the value chain, is

dependent on the availability of land ready for construction of solar facilities and high

solar irradiance. In contrast, regions with a higher cost of land and lower solar radiation

are more suited for the production of fine chemicals, which have a higher market value.

Deploying solar harvesting devices may have environmental impacts on the local

ecosystem, highlighting the importance of considering economic viability alongside

scientific optimization of photocatalysts and reactors to ensure the development and

deployment of appropriate technologies.10

1.4. Advantages and Limitations of Photocatalysis under Outdoor Solar

Light

Solar photocatalysis offers a significant advantage in terms of an abundant and free

energy source to drive reactions, making it a feasible ambient temperature reaction. It

also offers the potential for achieving desired internal temperatures without external

heating. However, there are limitations associated with the use of solar irradiation, such

as the significant impact of atmospheric gases (N2, O2, CO2, Ar, O3, NOx, SO2, CH4) and air

humidity on light absorption, as well as the uneven distribution of irradiation intensity
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across the spectral range.11 These limitations can affect the design of photocatalytic

reactions, particularly those that require UV irradiation. Such reactions require

transparent materials that are both stable under outdoor conditions and absorb UV

radiation below 300 nm. While highly-fluorinated polymers are good for this purpose,

providing access to photoreactors of complex shapes, they have poor mechanical

properties.12 Low-iron silica-doped borosilicate glasses offer excellent resistance to

outdoor weather conditions and transparency until 280-285 nm, but suffer from so-

called ‘UV solarization’, leading to changes in the material structure under high-energy

irradiation, particularly the oxidation of Fe2+ to Fe3+, which is a much stronger absorber

at both UV and visible range.13 The increasing use of photoredox catalysts in recent

years has shifted the operational range to visible light, allowing a broader selection of

transparent materials to be used, reducing the strict requirements for transparent

materials. Additionally, there is a couple of more obvious parameters related to

irradiation, namely diurnal light cycle in operating area and weather conditions.

Effectively, these make subtropical and tropical countries seem to be the most suitable

areas for solar chemical plants due to optimal insolation, day-night time ratio and lack of

cloudy days, as cloudiness can obscure up to 50% of solar irradiance.14

In the realm of photochemistry and photocatalysis, chemical kinetics, thermodynamics,

flow dynamics, and mass transfer are important factors to consider when scaling up

reactions. Unlike conventional reactions, photochemical reactions are surface-

dependent and may not effectively penetrate the bulk of the medium, particularly when

the reaction medium is highly concentrated. As the linear size increases, the surface-to-

volume ratio changes in reverse proportion, making batch reactors unsuitable for large-

scale applications. The use of heterogeneous photocatalysts introduces additional

catalyst-reagent phase interactions that must also be considered, along with specific

challenges such as fouling, which occurs due to photocorrosion, surface potential
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redistribution, or the accumulation of tarry by-products on reactor window.15 Therefore,

reactor design must take into account those new parameters.

Photocatalytic activity is evaluated using several metrics, including the apparent

quantum efficiency (AQE) or apparent quantum yield (AQY) of the catalyst and the

external quantum efficiency (EQE). AQE is determined by the ratio of the number of

reacted molecules to the amount of incident photons under monochromatic irradiation.

In contrast, EQE reflects spectral irradiation and is a more representative value for solar

photocatalysis. However, AQE and EQE are sometimes used interchangeably.16 Current

photocatalysts typically exhibit EQE values of no more than 30% (using visible light

wavelengths ≤500 nm as a reference),17-23 although some recent studies report

promisingly high (>60%) efficiencies for hydrogen evolution.24-26

1.5. Operating and Developing Technologies

1.5.1. Funding statistics, from basic research to applied technology

The European Commission (EC), being a leading research funding organization in

Europe, supports the development of innovative and environmentally friendly projects

to decarbonize the European economy. The projects are initiated at various stages,

starting from basic principles to technology validation, and then advancing them

towards industrial-scale processes, followed by commercialization. The EC is committed

to promoting solar-driven technologies, particularly photoelectrocatalysis (PEC) and

photocatalysis (PC), due to their demonstrated ability to generate value-added

chemicals using sunlight (i.e., solar fuels and solar raw chemicals). These technologies

have become increasingly important as they align with the EC's objectives to develop

sustainable and renewable energy sources.

The European Commission has been promoting the development of solar-driven

technologies such as photoelectrocatalysis (PEC) and photocatalysis (PC) for the
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production of value-added chemicals using sunlight. The relevance of these technologies

can be measured by the budget allocated to PEC- and PC-based projects by the EC. In the

last decade, there has been a significant increase in the number of projects awarded and

the budget allocated for solar-driven technologies. Less than €10M was assigned to PEC

and PC-based projects in 2009-2010, compared to more than €75M designated from

2019 onwards (see Figure 1.1). This exponential growth is expected to continue with

the launch of the EU Green Deal, as more projects aimed at innovating green

technologies will need to be financed by European agencies.

In the early 2010s, the awarded solar-driven projects mainly investigated the basic

principles of PEC and PC technologies at low technology readiness levels (TRLs). At that

time, there were few proven systems to be validated, and funding calls focused on

alternative green technologies such as electrolysis. In later years, PEC- and PC-based

projects with higher TRLs have been prioritized and have seen a sharp increase in

funding. However, projects with TRLs of 1-3 have suffered lesser growth recently.
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Figure 1.1. Total budget allocated biannually for PEC and PC-based projects in Europe bundled
according to the TRL scale. Exponential line was fitted to the total budget awarded. Data on funded
projects has been taken from CORDIS.

In the early 2010s, the European Commission (EC) funded PEC- and PC-based projects

that focused on generating hydrogen fuel through water splitting, which was a relatively

simple application of these technologies compared to producing solar fuels from CO2.

However, the focus has shifted towards using CO2 as a starting molecule to produce

carbon-based materials for the chemical industry. Solar-driven projects awarded by the

EC have shifted towards the production of solar chemicals, such as short-chain alcohols

and carbon-based precursors, for manufacturing value-added chemicals. In terms of

solar-driven technologies, early in the last decade, PEC and PC-based projects were

comparably funded. Although the number of funded projects has increased over the

decade, PEC-based projects have seen a slight decline over the last five years, while PC-
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based projects have tripled. Table S1.1 in the Supplementary Information provides a

compilation of the PEC- and PC-based projects funded by the EC since 2009 and

highlights the discussed trends.

Over the last decade, research efforts initially focused on investigating the fundamental

principles of PEC and PC-based technologies. However, there was limited scope for

validating the concepts. One of the first TRL > 3 projects in PEC-based technology for

hydrogen fuel production was PECDEMO, which began in 2014. Its goal was to build a

hybrid PEC-photovoltaic device that could split water to oxygen and hydrogen in a solar-

driven process. PECDEMO worked with industry collaborators to scale up these devices.

However, the solar-to-hydrogen (STH) conversion efficiencies at large-scale were

inadequate for the devices to be commercially viable. Subsequently, more projects have

been awarded to scale up solar-driven processes and validate them. In 2019, Bac-to-Fuel

commenced work on the conversion of CO2 and H2 into biofuels. Their objective is to

produce renewable hydrogen from the photocatalytic splitting of water. The produced

green hydrogen is then combined with CO2 to produce cost-effective biofuels using

modified bacterial media in an electro-biocatalytic reactor. The prototype of such

system is to be validated to TRL 5.

In recent years, PEC and PC-based projects have been focused on producing elaborated

carbon-based molecules for the chemical industry. One such molecule is ethylene, which

has been the subject of two TRL > 3 EU funded projects. FlowPhotoChem, initiated in

June 2020, aims to construct an integrated modular system consisting of PEC, PC, and

electrochemical reactors to produce ethylene and other value-added chemicals, such as

ethanol, ethyl acetate, and n-propanol, through CO2 reduction. Sun2Chem, launched in

October 2020, intends to use a tandem PEC device and a PC reactor to produce ethylene

from CO2. Additionally, other carbon-based chemicals have been the focus of TRL > 3

projects aimed at scaling up the production of green chemicals by using PEC and PC-
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based technologies. The DECADE project, initiated in May 2020, strives to use a novel

PEC system to produce green solvents and bulk chemicals, including ethyl acetate and

ethyl formate, from waste CO2 and bioethanol. This system would be scaled-up, and a

prototype would be designed, manufactured, and validated to TRL 5. Finally,

SunCoChem, launched in May 2020, aims to produce valuable oxygen-containing green

chemicals in a PEC tandem reactor by reacting CO2 and water with alkenes and poly-

unsaturated hydrocarbons, such as butene and limonene.

As Europe transitions towards a decarbonized economy, there is an increasing demand

for funding towards the development and application of green technologies such as PEC

and PC. In the short term, solar-driven technologies are expected to be scaled up and

validated for industrialization and commercialization aiming to achieve commercial

competitivity. Following the examples of the US and Japan, SUNERGY27 is a public-

private initiative created by the coordination support actions ENERGY-X and SUNRISE,

together with the EC. They are currently working on finalizing a European roadmap that

will guide future funding calls. Globally, Mission Innovation 5 on Converting Sunlight

published a roadmap in February 2021 with the aim of linking these innovative

technologies with a Green Circular Economy.28

1.5.2. Main Chemical Targets

CO2 reduction products

Carbon dioxide (CO2) is a widely available carbon-based compound and a major

contributor to the increasing levels of greenhouse gases in the Earth's atmosphere.29

Consequently, it has become a primary target for organic solar fuel research, as the solar

economy aims to decarbonize industrial processes. Various electrochemical reactions

have been investigated as potential methods for the chemical utilization of atmospheric

CO2, as illustrated in Scheme 1.1.30
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Scheme 1.1. Reactions of CO2 reductions and their electrochemical potentials. Adapted with
permission from ref. (30). Copyright 2009 Royal Society of Chemistry

CO2 + 2H+ + 2e- CO + H2O E0 = -0.53 V

CO2 + 2H+ + 2e- E0 = -0.61 V
H

O

OH

CO2 + 4H+ + 4e-

H

O

H
+ H2O E0 = -0.48 V

CO2 + 6H+ + 6e-

H

OH

H
+ H2O E0 = -0.38 V

H

CO2 + 8H+ + 8e-

H

H

H
+ 2H2O E0 = -0.38 V

H

The scheme depicts several potential electrochemical reactions for the utilization of

carbon dioxide, a readily available carbon-based compound that accumulates in the

Earth’s atmosphere and is a primary source material for organic solar fuel research.

These reactions involve proton-coupled electron transfer (PCET) processes that can lead

to the production of methane (through full reduction), methanol, formaldehyde, and

acetic acid (through partial reductions). However, these reactions require multiple

electron transfer steps and necessitate efficient and selective catalyst design to produce

a specific product. Alternatively, CO2 reduction without the formation of carbon-

hydrogen (C-H) bonds results in the production of carbon monoxide, which can be

mixed with hydrogen on-site to produce syngas, a valuable precursor for bulk

chemicals31 typically obtained through coal gasification or methane steam reforming.32

A competing hydrogen evolution process typically accompanies CO2 reduction at lower

pH values, reducing catalyst efficiency.33, 34 The structure and morphology of the catalyst

are also crucial in determining selectivity, as the surface of the catalyst must first adsorb

CO2 and water before becoming photoactivated, and the distribution of local charges and

vacancies plays an essential role.35 Various heterogeneous catalysts, including metal
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(primarily copper) oxides and chalcogenides systems,36, 37 carbon nitrides,38 graphene

materials,39 metal-organic frameworks (MOFs),40 and MXene-based co-catalytic

tandems,41 are currently being studied for CO2 photoreduction.

Recent scientific studies42 propose that solar energetics could play a crucial role in

solving the problem of CO2-fixation by converting it into methanol or longer atom chain

carbohydrates, such as Fischer-Tropsch fuels and polymers. However, there is currently

a lack of efficient commercial photocatalysts and reactor designs that can handle this

process at an economically feasible rate in comparison to the established process of

photothermal reduction. Several research initiatives are currently working on resolving

this issue. Pilot plant projects relying on direct air capture (DAC) technology

demonstrate that there is a significant demand for solar fuels in the market, but they do

not employ photo(electro)chemical processes. The future Synhelion plant in Jülich,

Germany, will utilize a solar concentrating thermal setup designed in ETH Zürich with a

solar-to-work efficiency of 67.3% (the setup is shown on Figure 1.2).43, 44 Similarly, the

pilot SOLETAIR setup in Lappeenranta University of Technology can simultaneously

reduce CO2 and electrolyze water driven by photovoltaic power with syngas co-feeding

(see Figure 1.3).45 However, the main bottleneck of the industrial

photo(electro)chemical approach remains the absence of efficient commercial

photocatalysts and reactor designs that can handle the process at an economically

feasible rate.46 There are currently a few initiatives working on resolving this issue.47, 48

Additionally, CO2 reduction products, mainly methanol and syngas, possess significant

market value and require selective transformations with differently designed catalysts

for each setup, depending on the desired process.49, 50 An alternative approach to

industrial CO2-harvesting is the exploitation of the natural mechanism of photosynthesis

in microalgae, although current technologies yield biodiesels that are too costly to be

competitive on the market at the present moment.51
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Figure 1.2. Rendered schematics and photos of a) solar tracking parabolic concentrator and b)
mounted solar reactors for photothermal CO2 reduction in ETHZ. Reprinted with permission from
ref (44). Copyright 2018 Elsevier.
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Figure 1.3. Outer view of SOLETAIR CO2 processing setup modules. Reprinted with permission
from ref (45). Copyright 2018 Elsevier.

The use of natural sunlight for carbon dioxide reduction is not common in scientific

literature. Typically, researchers use standardized AM1.5 solar simulators for accurate

and reproducible results. However, actual sunlight testing is crucial for designing

genuine pilot setups and obtaining productivity information under working conditions.

Table 1.1 summarizes selected reports on CO2 reduction under sunlight, where various

types of heterogeneous catalysts, such as titania,52, 53 graphitic carbon nitride (g-CN),54

MOFs,55, 56 and metal phosphides,57 are used to selectively yield either syngas or

methanol. One pilot solar concentrator setup (Figure 1.4)52 is notable for producing a

mixed C2 gas fraction from carbon dioxide and water, with acetylene and ethylene as

major products and small methane impurity. The setup uses a batch reactor chamber

with a transparent window mounted in the focus of a round parabolic mirror, allowing

for concentration rates up to 800. Although the conversion rates are currently low and

the rates for individual molecular products are lower than 1 mmol·g–1·h–1, this approach

may have potential for emerging C2+ solar fuel technology.
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Table 1.1. Examples of sunlight-driven photocatalytic CO2 reduction in literature.

Entr
y

Catalyst Catalyst
efficiency, %

Solvent Conditions Products Con
v.
(%)

Yield Ref

1 TiO2

nanotube
arrays

STC 0.0025-
0.012 (AM1.5)

H2O Solar
concentrato
r reactor
with
CR = 200-
800,
0.05 MPa
CO2 partial
pressure,
3.5 h

CH4,
C2H2,
C2H4,
C2H6

0.27 258, 3077,
1736, 929
μmol·g−1,
respectively
(after 3.5 h)

(52)

2 Cu/C-co-
doped
TiO2

nanopart
icles

N/R Seawat
er

3 wt.%
catalyst,
constant
saturation of
solution
with CO2

Methanol N/R 188 μmol·g−1

·h−1
(53)

3 g-CN AQE 2.4
(355 nm)

H2O 1 g·L−1

catalyst,
3.4 atm CO2

Methanol N/R 130 μmol·g−1

·h−1
(54)

4 Hf12-Ru-
Re (2D-
MOF)

N/R CH3CN 0.1 µM cat.
(Re-based),
1 atm CO2,
24 h, 0.05
v/v TEOA,
0.1M
sacrificial
agent

CO
(HCO2H
as a side
product)

N/R
(TO
N =
359
6, 24
h)

N/R
(selectivity
for CO
>99%)

(55)

5 Ru@Cu-
HHTP
(Ru-
sensitize
d MOF)

N/R CH3CN/
H2O 4:1

0.043 g·L−1

catalyst,
1 atm CO2,
24 h, 0.3M
TEOA

CO N/R 69.5 mmol·g–

1·h–1,
selectivity
91.3%

(56)

6 Cd4P2Br3

/NixPy

AQE 4.11
(artificial
light), 9.83
(sunlight)

H2O 0.18 M Na2S,
0.24 M
Na2SO3

CO, CH4,
H2

N/R 9258 μmol·h
–1·g–1

(measured
for H2)

(57)
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Figure 1.4. Solar concentrator setup for batch photocatalytic CO2 reduction (left) and close-up of its
reaction chamber (right). Reprinted with permission from ref (52). Copyright 2021 AIP Publishing.

Biomass valorization products

Biomass and its wastes, which are mainly composed of various types of biopolymers,

present a challenging target for selective reforming through chemical pathways due to

their complex and heterogeneous nature. As such, biotechnology is considered a more

promising and efficient solution for their conversion. While numerous photocatalytic

approaches have been proposed for biomass transformation, their technology readiness

levels (TRL) are still low, and pyrolysis and bioprocessing reactors remain the

predominant means of biomass conversion.58-60 The key transformations involved in the

conversion of cellulose biomass are depicted in Scheme 1.2. Hydrolytic pre-treatment is

used to break down the polymer chain into glucose monomers, which can then be

oxidized to shorter chain acids such as acetic, formic or glycolic acid. Alternatively, chain

breaking, terminal carbon oxidations, or rearrangement products may occur, including
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5-hydroxymethylfurfural (HMF), a valuable precursor to numerous furan-based building

blocks, as shown in Scheme 1.2.61

Scheme 1.2. Pathways of cellulose biomass processing. Adapted with permission from ref (61).
Copyright 2021 Frontiers.
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Currently, there is limited literature reports regarding the utilization of actual solar

irradiation for photocatalytic processing of biomass and its derivatives. The majority of

research in this area has focused on the conversion of biomass to hydrogen, as well as

the transformation of feedstock into small furan-based molecules.

In one report, researchers examined the use of rice husk, a form of cellulose biomass, as

a source of electrons in the process of hydrogen evolution while humins were

simultaneously formed in the presence of a Pt/TiO2 photocatalyst. The hydrogen yield

obtained varied between 4 and 8 µmol·h-1, with the catalyst loading being 2 g·L−1, while

the yield of humins was not mentioned in the study.62
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Marcì et al. synthesized diformylfuran (DFF) by using thermally etched polymeric

carbon nitride (CN) as a photocatalyst to convert HMF as a starting material. The

reaction was performed in the presence of hydrogen peroxide adduct with the catalyst,

and the product was obtained with a 20% yield and 88% selectivity after 4 hours.

However, when carbon nitride was used alone as the photocatalyst, the yield and

selectivity were as low as 47% and 38%, respectively.63 Another study by Marcì et al.

showed that porphyrin-impregnated CN improved the conversion rate of HMF to DFF up

to 73%, but the selectivity for DFF decreased to 37%.64

Lignin degradation is a promising process for researchers due to its ability to provide

access to products containing multiple aromatic rings. One example of this is the use of

soft-template Zn0.95Bi0.05O nanocomposites to achieve 95% depolymerization of lignin in

dioxane in 60-90 minutes. This process resulted in the formation of a range of diverse

products, including phenol (21%), 2-methoxy-4-methylphenol (16%), syringaldehyde,

sinapyl alcohol, phthalate esters and salts, and 4-hydroxy-benzoic acid.65

New findings have shown that a cobalt(II) terpyridine catalyst supported on titanium

dioxide can be used for simultaneous CO2 reduction and biomass processing. The

process involves the reduction of carbon dioxide to CO, and the conversion of pre-

treated cellulose into formate accompanied by syngas production with a HCO2H ratio of

approximately 1. The yield of formate was up to 39% based on cellulose. It is important

to note, however, that the experiment was carried out exclusively under AM1.5G

conditions.66

1.6. Proof-of-Concept Research on Organic Small Molecules

Since the 1990s, researchers have been investigating the photocatalytic or

photochemical synthesis of valuable organic compounds, including pharmaceutical

building blocks and final target molecules, under direct solar irradiation.67 However, this
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approach is less economically feasible than bulk small molecules or hydrogen

production due to several factors. The demand for these products is not as high as for

CO2 reduction or water splitting, and the insufficient TRL of pilot setups delays their

implementation into industrial production pipelines.68 There is also a problem of reactor

versatility for processes that require different parameters, such as sunlight

concentration factor, functional wavelength range, and multiple phase interaction in a

concerted process.69 This section covers a few selected reactions of potential value that

have been tested under actual solar irradiation on a mmol scale in common lab

glassware and equipment, and cannot be considered a technology ready for industrial

application. The purpose here is to demonstrate the potential of the solar-to-chemical

photocatalysis concept for possible scale-up and implementation. The emphasis is on

net-oxidative and redox-neutral photocatalytic reactions, which align with the principles

of green chemistry and do not require costly and atom-inefficient sacrificial electron

donors or acceptors.

1.6.1. Net-Oxidative Reactions

Net-oxidative photocatalytic reactions involve redox cycles, which can introduce oxygen

atoms into a molecule (“oxygenase”-like transformations) or abstract protons

(“oxidaze”-like processes),70 forming new bonds. Photocatalytic oxidation is a promising

area of research because it can utilize atmospheric oxygen as a terminal oxidant, making

the process more cost-effective and environmentally friendly. The use of this approach

is attractive from green chemistry principles, which do not require additional oxidizing

agents to be introduced, reducing waste and resource consumption. Researchers are

interested in exploring these reactions to synthesize valuable organic compounds, such

as pharmaceutical building blocks, through direct solar irradiation (Scheme 1.3).
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Scheme 1.3. Proof-of-concept sunlight-driven net-oxidative photocatalytic reactions used in
organic synthesis.
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The oxidation of alcohols is a highly desirable application of organic photoredox

catalysis, particularly in case of primary alcohols. The conventional method of oxidation

of alcohols involves the use of toxic, expensive high molecular mass reagents like

pyridinium chlorochromate (PCC),71 Dess-Martin periodinane (DMP),72 or multistep

procedures like DMSO-mediated oxidation (Swern reaction and similar protocols)73 to

achieve selectivity towards carbonyl products like aldehydes and ketones, while

preventing over-oxidation products (carboxylic acids, chain breaking products, etc.).

Therefore, the use of aerobic oxidation to obtain aldehydes and ketones has gained

attention due to cost-efficiency and, essentially, ultimate atom economy. The synthesis

of benzaldehydes from corresponding benzyl alcohols has become a widespread

"benchmark reaction" for testing new photocatalysts. For instance, the sunlight-driven

oxidation of a number of benzyl alcohols was conducted using MOFs as catalysts.74

The production of endoperoxides through photochemical reactions is a process of

significant interest in solar organic synthesis. Artemisinins, which are polycyclic

endoperoxides, have been widely used as antimalarial drugs for many years.75 Despite

the emergence of resistance to this type of therapy, artemisinin and its derivatives are

still in high demand. Biosynthetic methods, such as using plant producers like Artemisia

annua or engineered microorganisms, are widely used to manufacture artemisinin.

However, a few alternative chemical pathways also exist, including the photochemical

formation of a key 1,2,4-trioxane ring from artemisinic acid, which is a precursor

derived from natural sources or via biotechnological processes. Sanofi had previously

developed a process that involves the use of tetraphenylporphyrin (TPP) to generate

singlet oxygen under irradiation by mercury vapor lamps in a semi-batch fashion, which

produces up to 370 kg at a time.76 However, the production cost of the final product is

still too high to compete with natural sources. An attempt was made to improve the

reaction on a lab-scale using a flow luminescent solar concentrator photomicroreactor



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

24

Chapter 1. Solar Photocatalysis: A Review

and methylene blue as a catalyst under outdoor sunlight. This process produced

artemisinin with up to 78% yield.77

Atmospheric photocatalytic oxidation under sunlight has been utilized for the synthesis

of small molecules. In one example, a series of 5-formyl-1,3-oxadiazoles were prepared

by oxidative cyclization of N-propargyl amides under sunlight and air atmosphere using

elemental iodine as both a photosensitizer and a catalyst to facilitate formation of

reactive species. The aldehyde moieties were produced with only slightly lower yields

than under monochromatic LED irradiation (80% under sunlight after 16 h, 83% and

86% under 450 and 395 nm LEDs, respectively, in screening conditions).78 Another

example demonstrated the preparation of 1-oxoesters, multifunctional precursors, from

common 1-bromoesters, using a Ru(II) photocatalyst. The reaction time under sunlight

was shortened from 24 h to 9 h to achieve the same yield as with a common 24W PL

household lightbulb.79 In addition, oxidation of heteroatoms was demonstrated in a

recent publication, where protected thiophenols were converted to other valuable

sulfur-containing molecules, such as sulfonyl chlorides, by a poly(heptazine imide)

carbon nitride catalyst under solar irradiation, resulting in a four-fold reduction in

reaction time compared to 50W 465 nm LED.80

Solar photocatalytic reactions for dehydrogenation are not limited to oxygenation

reactions and can be used for other transformations. An example of this is the use of 2D-

COFs as photocatalysts in the synthesis of 1,2,4-thiadiazoles through cyclization of N-

guanyl thioureas, N-imidoyl thioureas, and N-imidoyl thioamides, using O2 as a terminal

oxidation agent.81 In this process, oxygen abstracts two protons, leading to the

formation of a new N-S bond. Another interesting reaction is the cleavage of vicinal bis-

aryldiols into two respective benzaldehydes using carbon nitrides. This reaction can be

performed in up to 20 mmol scale runs and may be considered as a test reaction for

photocatalytic lignin processing.82
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1.6.2. Redox-Neutral Reactions

In the field of organic chemistry, redox-neutral reactions refer to reactions where there

is no net transfer of electrons from starting material(s) to other reactants, such as cross-

coupling reactions (both C-H and C-X functionalizations), multiple bond additions and

insertions, and recyclizations. These reactions can lead to the synthesis of complex and

valuable chemicals with high efficiency, comparable to traditional methods using

transition metal catalysts, as shown in Scheme 1.4.

Scheme 1.4. Proof-of-concept sunlight-driven redox-neutral photocatalytic reactions and cross-
coupling used in organic synthesis.
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Sunlight has been used to drive a variety of cross-coupling reactions such as

trifluoromethylation of indoles,83 C-C-coupling of diazonium salts with non-halogenated

arenes,84 and dual Ni-photoredox reaction to connect aryl iodides and P(=O)-H bonds85.

These protocols have the distinct feature of allowing for C-H functionalization with only

one of the blocks containing leaving groups or replacing palladium(0) complexes with

nickel precatalysts, making the chemistry more sustainable. Furthermore, a

regioselective introduction of a primary alkyl chain to quinoxalinones by ring-opening of

active cyclic O-substituted oximes was demonstrated with yields comparable to those

achieved with LED light sources.86

Sunlight photocatalysis has been used for ene addition reactions to generate

functionalized blocks. Fluoroalkylated ethers87 and alkyl iodides88 have been

synthesized using solar photocatalysis, which involves the integration of

perfluoroalkanes into aliphatic chains. Tetrabutylammonium decatungstate has been

used as a photocatalyst to generate N-formyl aminoalkylpyridines from C-H insertion of

vinyl pyridines, including artificial flavoring agents. The use of natural sunlight resulted

in a yield of 84%, which was higher than that obtained with a solar simulator (77%), but

the yield was still lower than that obtained with a setup of 10x15W fluorescent lamps

(94%).89 Furthermore, the co-polymerization of brominated malonic ester and acryl

monomers using xantheno[2,1,9,8-klmna]xanthene photocatalysts to maintain chain

propagation has been reported. The resulting product polymers had a mass of several

kDa and were obtained without the use of harmful radical initiators, although the

performance under blue LED irradiation was superior.90

In the industrial production of synthetic blocks and bulk solvents, the synthesis of

ethylene carbonates from oxiranes and carbon dioxide is a critical process.91 A new

study reported the photocatalytic insertion of carbon dioxide into an epichlorohydrin

cycle with the help of zirconium-thiamine doped graphitic carbon nitride. This process
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results in the production of chloropropylene carbonate with excellent yield and

selectivity. Furthermore, this photocatalytic reaction requires only half the reaction time

compared to a 250W Hg lamp.92

1.6.3. Outline of Catalytic Systems Used for Photoredox Transformations

Based on the examples presented, it is evident that organic photocatalysis research is

gradually shifting from using expensive and less abundant ruthenium- and iridium-

based photocatalysts to cheaper and more sustainable alternatives. Photoredox-active

compounds are becoming increasingly popular and are used extensively, ranging from

well-known molecules like methylene blue and iodine to natural dyes, synthetic

polyaromatic systems, and polytungstate anionic clusters. The use of these compounds

can lead to comparable photocatalytic performance without the need for precious

metals.

In current photoredox studies, the use of heterogeneous semiconductors as recyclable

photocatalysts is a prominent feature. Among these, titanium dioxide is a widely known

example with a long history of photocatalytic applications.93 It is attractive due to its

abundance, and its band structure and light absorption can be easily modified by

sensitization or doping with different elements.94-96 Other materials, such as carbon-

based catalysts and 2D nanomaterials, have also emerged as promising alternatives in

the past two decades. These materials have the potential to enhance photocatalytic

properties and achieve better fine-tuning of the material properties.

Carbon-based catalysts and composites are considered as promising materials in the

field of organic photocatalysis. These materials can be synthesized from various organic

precursors in an eco-friendly manner, exhibiting high surface area and favorable

photophysical properties. Although these materials have not been fully explored for
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organic photocatalysis, current research is actively studying their potential application

in other fields such as water splitting97 and oxidative waste processing98.

In the field of organic photocatalysis, two-dimensional nanomaterials are being explored

as semiconductors with a layered sheet structure that offers a variety of possibilities for

doping and modification.99 This class of semiconductors includes 2D covalent and metal

organic frameworks (2D-COFs, 2D-MOFs) as well as carbon nitrides. These materials

have shown to be versatile in conducting different types of photoredox transformations,

such as net-oxidative, net-neutral, net-reductive, and dual metal-photoredox

processes.100-102

1.7. Overview of Reactors. Examples of Using Reactors to Enable

Photocatalytic Reactions

Currently, only a limited number of gram-scale solar photoreactors have been utilized

for various reactions, with some of them still in operation. These photoreactors,

including SOLFIN, SOLARIS/PROPHIS, and Sunflow, among others, and their respective

applications, have been extensively reviewed in previous reports on solar

photocatalysis.67, 103, 104 Therefore, this section will highlight recent prototypes and new

technologies that are emerging in the field.

Integrated photoelectrochemical (IPEC) devices are commonly used in low-TRL setups

for hydrogen evolution, where photoactive material is separated from an electrolyte by

conductive layers in a packed cell. IPEC systems allow for efficient external cooling and

limiting energy losses in comparison to divided cells. The compact size of the reactor

cells simplifies solar device construction. In EPFL, such IPEC device has been operational

since 2019 coupled with a so-called ‘solar dish’, which concentrates light in a focal spot

where IPEC is installed (Figure 1.5).105 This design enables the system to track the Sun

during the day and provides higher concentration rates per reactor area than linear
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concentrator setups. The scalability of this design, however, poses challenges due to the

chip to dish surface ratio, occupied space, and limited productivity of a compact reactor

design. It is also important to note that these setups are usually employed for hydrogen

evolution and water splitting, and the potential of utilizing IPEC devices for organic

transformations or CO2 reduction is still uncertain and demands further research.

Figure 1.5. Schematic of integrated PEC unit (left) and illustration of ‘solar dish’ light concentrator
device at EPFL (right). Reprinted with permission from ref (105). Copyright 2019 Springer Nature.

Solar concentrators are highly efficient at providing a high photon flux per unit of

surface area, but their implementation leads to complex device construction and

maintenance. To increase the productivity of solar chemistry products at a lower cost, it

is preferable to use more efficient and stable photocatalysts. Recently, a battery of

inclined plate collectors (IPCs) for water splitting tests was set up at the University of

Tokyo to support this hypothesis (Figure 1.6).106 The setup uses the same principles as

various water treatment panels, where each reactor consists of a 625 cm2 glass sheet

coated with SrTiO3:Al particles with a diameter of <1 µm. The panel field consists of

1600 reactor units, which is 100 m2 in total and can reach STH efficiency of 0.76%.

Water is fed into the lower part of the panels through a 0.1 mm gap between the window

and the active layer, and during water splitting, it forms a moist hydrogen-oxygen

mixture that leaves through an exhaust tube on top. The output from multiple cells is
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combined, dehumidified and further separated in a central unit, producing hydrogen

with >95% purity at a flow rate of up to 3.7 L·min-1. The productivity of this setup can be

further increased by improving the catalyst properties.

Figure 1.6. Experimental photocatalytic hydrogen evolution setup at the University of Tokyo. a)
Individual reactor unit (625 cm2). b) Schematic of reactor unit positioning from the side. c)
Overhead view of the entire 100 m2 hydrogen production system. Reprinted with permission from
ref (106). Copyright 2021 Springer Nature.

There have been previous attempts to use ICP/flatbed reactors for organic synthesis, but

the use of concentrators remains dominant in the field.107 A comparable reactor is

operational in JCU in Townsville, Australia, which uses a reflecting back surface and

homogeneous catalysts.108 Despite these developments, there is a considerable disparity

between the current state-of-the-art flatbed photoreactors for organic syntheses and

their industrial implementation. The primary concern is poor mass transfer, both in

general with laminar flow, and in the contact between the liquid phase and a catalyst,

specifically for reactors with a heterogeneous catalyst bed. Further research is needed to

address these limitations and develop efficient and cost-effective industrial-scale

photoreactors for organic synthesis.
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1.8. Challenges and Perspectives

The major hurdle to widespread adoption of solar photocatalysis is the scarcity of

catalysts that can generate target compounds with commercially viable yields and

production rates. While the hydrogen evolution reaction has been transferred to pilot

photocatalytic setups, CO2 reduction is still an emerging technology that is outperformed

by the simpler photothermal reduction. The commercial viability of CO2 reduction

photocatalysts requires high selectivity towards specific products, such as syngas or

methanol, along with structural stability and consistent efficiency when implemented

with direct air capture technology. However, currently available materials do not meet

all of these criteria.

An important issue that needs to be addressed for wider implementation is the reactor

design. Currently, there are two main paradigms for reactor design, which depend on

the use of solar concentrators. The choice of design has an impact on the catalyst

properties and the technical aspects of the process. Solar photocatalytic panels can use a

significant amount of irradiation per catalyst mass, but require higher catalyst efficiency.

On the other hand, tubular, chamber, and chip devices with solar concentrators are less

demanding on the catalyst, but require careful phase flow design. Achieving an optimal

technological balance between these competing paradigms would be necessary for

commercial-scale implementation of solar photocatalysis.

Currently, solar photocatalysis is limited to lab-scale, proof-of-concept studies when it

comes to complex organic transformations. Although multiple gram-scale experiments

have been reported in the past, they were not successful in achieving a commercial

process. The lack of flexibility and versatility to carry out multiple processes without

significant reconfiguration is the primary obstacle hindering the widespread adoption of

universal reactors for organic synthesis under sunlight, at least on a pilot scale. In the
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case of industrial processes, such as pharmaceuticals, sunlight photocatalysis would be

particularly advantageous for high-demand, best-selling drugs, as it would significantly

reduce irradiation costs. However, this still requires very high efficiency and low capital

costs of the photochemical or photoredox process. An example is the Sanofi artemisinin

process discussed earlier, where the photochemical process could not compete with the

cost of plant-derived product, and the whole plant was eventually sold after a few years

of operation.109 One solution to address this problem is to shift from ruthenium and

iridium complexes to organic dye photocatalysts and semiconductors for sustainability

and recyclability.

Notwithstanding, coming to a stable solar economy is a challenging yet achievable goal.

The idea of using low-cost energy for the chemical industry has drawn significant

investment for research and development, which is increasing steadily every year.

Although current state-of-the-art technology may not meet all the requirements, the

rapid progress in this field suggests that we may be able to establish the first solar

plants in the near future, possibly by the end of the decade.

1.9. Conclusion

Despite significant efforts in solar fuel research, the industry of sunlight photocatalysis

is still emerging and not mature enough for proper commercialization, and examples of

high TRL prototypes and pilot setups are scarce. Recent successes in solar hydrogen

evolution and CO2 reduction are inspiring, and solar fuel projects tend to receive

increased funding; however, demand for catalysts with sufficient efficiency and stability

is still not satisfied, and uncertainty in the setup design hinders further progress in these

fields. If these challenges are overcome, the future of solar fuels, at least for hydrogen

and bulk chemicals, appears promising.
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Chapter 2. Deoximation Reaction Mediated by Anionic Carbon
Nitride

2.1. Overview

Following our previous studies on potassium poly(heptazine imide) (K-PHI) – catalyzed

photooxidative [3+2] aldoxime-to-nitrile addition to form 1,2,4-oxadiazoles, we

discovered that electron-rich oximes yield the parent aldehydes instead of target

products. In this work, the mechanism of this singlet oxygen-mediated deoximation

process was established using a series of control reactions and spectroscopic

measurements such as steady-state and time-resolved fluorescence quenching

experiments. Additionally, singlet-triplet energy gap value was obtained for K-PHI in

suspension, and the reaction scope was broadened to include ketoximes.

This chapter is an adapted version of the article:

A. Galushchinskiy, K. ten Brummelhuis, M. Antonietti, A. Savateev. Insights into the Mechanism of
Energy Transfer with Poly(Heptazine Imide)s in Deoximation Reaction. ChemPhotoChem 2021, 5,
1020.
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2.2. Introduction

In recent years, photoredox catalysis has emerged as a versatile and powerful technique

for synthetic chemists, due to its ability to facilitate a broad range of single-electron

transfer reactions.110 These reactions can be used for various purposes, including the

introduction of isotopes into organic compounds111 and the transformation of complex

molecules112-114. The approach relies on the transfer of electrons between the reactants

and a photocatalyst, eliminating the need for toxic organometallic reagents and unstable

initiators. Instead, the process utilizes readily available sacrificial electron acceptors,

such as oxygen from the air, and electron donors, such as ethanol derived from

biomass.115

Carbon nitrides are a type of heterogeneous photocatalysts that are semiconductors, and

are commonly used for photoelectrochemical water splitting and artificial

photosynthesis.116, 117 However, recent studies show that they are also being used more

extensively for organic photocatalysis.118-120 While their current range of reactions is not

as extensive as homogeneous catalysts such as Ru(bpy)3Cl2 and Ir(ppy)3, carbon nitrides

exhibit similar activity121 and even enable unique transformations122. Furthermore,

carbon nitrides offer several advantages, such as being cost-effective, easy to handle, and

can be easily separated from the reaction mixture and reused multiple times.

In both molecular and semiconductor photocatalysis, electron transfer is the main

mechanism of the reactions. However, there are few known reactions that proceed via

energy transfer, mostly limited to cyclizations and singlet oxygen generation.123 Our

group has previously developed an example of an energy transfer reaction using carbon

nitride as a catalyst:124 the synthesis of 1,2,4-oxadiazoles. In this reaction, potassium

poly(heptazine imide) (K-PHI, Figure 2.1a) was used as a solid-state sensitizer for
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singlet oxygen, which then converted aldoximes to corresponding nitrile oxides that

underwent a subsequent click reaction with nitriles.
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pathways of singlet oxygen quenching by oximes



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

36

Chapter 2. Deoximation Reaction Mediated by Anionic Carbon Nitride

However, when more electron-rich oximes were used, the expected [3+2]-cyclization

products were not obtained, and instead, aldehydes were formed (Figure 2.1b). In this

chapter, we explore the mechanism behind this phenomenon in greater detail as it may

have practical applications, such as the use of oxime as a carbonyl protecting group125 or

the production of aldehydes and ketones from non-aromatic nitrosation products

(Figure S2.46),126, 127 particularly for unstable substrates that are prone to degradation

under standard oxime hydrolysis conditions.

2.3. Results and Discussion

For our investigation, we selected a set of aldoximes 1a-e from our prior research that

were not prone to oxidative dehydrogenation (Figure S2.45, Table 2.1), as well as some

commonly used ketoximes 1f-h and 1j-l. The aim was to study how the absence of the

aldoxime C-H proton affects the reaction pathway and the final product's structure. We

also chose oxime 1i as a substrate for mechanistic studies due to its ease of

differentiation from the parent coumarin 2i in the NMR spectrum of the crude reaction

mixture. Additionally, coumarin 2i fluoresces significantly more strongly than oxime 1i,

and the conversion of oxime 1i to the corresponding lactone may be an example of a

switch-ON fluorescence reaction activated by photochemistry or photocatalysis.

Previously, this reaction was enabled by a chemical oxidant, trichloroisocyanuric acid.128

Finally, we synthesized the oxygen-18 isotopomer 1g-18O to verify our initial hypothesis

that the reaction proceeds through [2+2]-cycloaddition of 1O2 to the oxime C=N bond.

The research was initiated via investigating the conditions for the conversion of 1i into

2i by varying the parameters (Figure 2.2). As photochemical cleavage of C=X bonds has

been studied under visible light irradiation,129, 130 the experiments were carried out

under four different LED irradiation wavelengths: blue (461 nm), green (525 nm), and

red (625 nm), along with a control set kept in the dark.
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Based on the results obtained, it can be concluded that the conversion of 1i to 2i occurs

solely via photochemical means under blue and green light irradiation. The yields

obtained in experiments with K-PHI are considerably reduced, possibly due to the

subsequent oxidation of coumarin 2i by 1O2. However, under red light irradiation, a

photocatalytic process is observed, and the absence of K-PHI results in only trace

amounts of the ketone 2i. As anticipated, the reaction becomes slow in the absence of

light or under an inert atmosphere, indicating the significant role of oxygen in the

reaction. The fluorescence quantum efficiency of 1i is 0.07%, while that of 2i is 2.2%,

which can be observed with the naked eye (Figure S2.8).
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Figure 2.2. Set of reaction conditions for oxime 1i conversion into ketone 2i (standard conditions:
substrate (50 µmol); K-PHI (5 mg), MeCN (2 mL), O2 (1 bar), light irradiation, 24 h; yield values are
based on quantitative NMR (qNMR) data). Error bars represent average±std (n = 2).
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In order to investigate the feasibility of using O-substituted oximes in the reaction, we

synthesized O-benzyl (1i-Bn) and O-methyl (1i-Me) derivatives of oxime 1i and

conducted the reactions under blue and green light irradiation. The yields of the ketone

product were determined and compared to those obtained from the non-substituted

oxime 1i (Figure 2.3).
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Figure 2.3. Comparison of O-unsubstituted (1i) and O-alkyl (2a,b) oximes reactivity (conditions:
substrate (50 µmol), K-PHI (5 mg), MeCN (2 mL), O2 (1 bar), light irradiation, 24 h; yield values are
based on qNMR data).

The conversion of O-alkyl oximes 1i-Bn and 1i-Me into the corresponding ketones

showed very low reactivity, indicating that the presence of the O‒H proton is necessary

for C=N bond cleavage. The reaction was performed with and without the photocatalyst,

K-PHI, under an inert atmosphere, and also under irradiation with blue and green light.

In contrast to 1i, which produced 2i with a 40% yield, the O-alkyl oximes either did not

react or provided insignificant yields <10%. This suggests that the presence of the O‒H
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proton is essential for the reaction to occur. To determine whether the reaction is a

photochemical or photocatalytic process, we studied the oxidation of oximes 1a-h under

a range of conditions outlined in Table 2.1.

The outcome of the oxime conversion reaction is not uniform and varies depending on

the structure of the initial oxime. The presence of K-PHI catalyst allows the reaction to

proceed more selectively towards a parent carbonyl compound under blue light

irradiation in most cases except for the aromatic acetophenone 1h. Aromatic character

of the starting oxime switches the process to mostly photochemical pathway. The nature

of the oxime group, whether it is derived from an aldehyde or a ketone, also has a

significant influence on the course of the reaction. Ketoximes 1f-h show good selectivity

and moderate yields of the corresponding ketones 2f-h under K-PHI catalysis under red

light, while aliphatic aldoxime 1d demonstrates poor conversion to the target aldehyde

2d in case of K-PHI catalysis or purely photochemical process both under blue and red

light irradiation. The highly positive potential of the valence band (+2.2 V vs NHE)122

may be responsible for the follow-up oxidation of ketones or the competitive side

oxidation reaction of the oximes. Additionally, the hydrolysis of oxime occurs easily,

even water is present only in trace quantities. For 1g, a virtually higher selectivity was

observed when the reaction was performed under red light for 120 h compared to 24 h,

which can be explained by the imprecision of qNMR analysis of approximately 5%.

In the following experiments, we examined the potential of using acyclic substrates 1j-l

with branched alkyl groups in the conversion of aliphatic ketoximes to explore the

synthetic feasibility of the reaction. Our results revealed that the presence of bulky

substituents in the proximity of the oxime group significantly reduced both the

conversion and yield, thus limiting the synthetic scope of the reaction. However, the

findings also suggested that direct interaction between the C=N bond of the oxime group

and oxygen may play a crucial role in facilitating the reaction.
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The absorption spectra of oxime 1i and its O-alkyl derivatives demonstrate no

significant overlap with the emission range of LEDs, suggesting that the sensitization of

the oxime is not the crucial step in the reaction. The process is more likely to proceed via

photoactivation of oxygen. This is demonstrated by UV-Vis absorption spectra of the

oximes and the emission spectra of the LEDs, as shown in Figure 2.4a.

Table 2.1. Scope of oximes 1a-h.[a]

R1 R2

NOH

R1 R2

OO2

K-PHI
h

MeCN
1a-h 2a-h

Entry Substrate
Yield (Conversion), %

Blue LED, 461 nm Red LED, 625 nm

K-PHI, 24 h
No K-PHI, 24

h
K-PHI, 24 h K-PHI, 120 h

1
1a

17 (>99) 12 (>99) 2 (23) 6 (55)

2
1b

10 (>99) 2 (56) 7 (62) 14 (91)

3

1c

11 (94) <1 (5) 3 (45) 5 (46)

4 1d 7 (90) 0 (70) 3 (56) 3 (96)
5

1e
<1 (37) 0 (0) 1 (31) 2 (65)

6 1f 45 (80) <1 (16) 10 (22) 84 (84)

7

1g

38 (40) 0 (0) 6 (11) 25 (26)

8

1h

58 (>99) >99 (>99) 4 (17) 16 (35)

9
1j

47 (88) 0 (0) 0 (0) 0 (5)

10
1k

40 (83) 0 (0) 0 (8) 14 (35)

11
1l

20 (47) 1 (17) 1 (20) 7 (41)

[a] – Conditions: oxime (50 μmol), K-PHI (5 mg), MeCN (2 mL), O2 (1 bar). Conversion and yield
values were obtained using qNMR data.
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In order to determine the mechanism of the reaction, we performed both static and

time-resolved fluorescence quenching experiments using K-PHI. A steady-state Stern-

Volmer experiment was carried out using varying concentrations of 1i, and the slope

constant KSV was calculated to be 155.353 ± 2.098 M-1.

The available data for O-substituted oximes with iridium bipyridyl catalysts131-133

suggests that the steady-state quenching is typically 1 to 3 orders of magnitude less

intense for oximes that do not have any additional redox-active functionalities such as

unsaturated C-C bonds or aromatic rings. These findings suggest that the activity of the

C=N bond alone is not sufficient for the reaction to take place. This, in combination with

our own reactivity data (as presented in Table 2.1), supports the hypothesis that singlet

oxygen is required to initiate the reaction. The presence of conjugated π-system, on the

other hand, likely promotes other possible photoredox reactions, both main and side

pathways at the same time, presumably by involving the aromatic ring in redox

processes via direct sensitization or formation of charge transfer complexes.

In order to determine the fluorescence quenching rate constant, we employed 1i as a

quencher in time-resolved fluorescence measurements. The resulting rate constant kQ

was found to be (4.656 ± 0.648) · 109 M-1s-1 (Figure 2.4c), which is comparable to the

rate of diffusion-limited reactions in dilute solvent media.134, 135 This indicates that

quenching is only possible with a tight contact by orbital overlapping, definitively

establishing the Dexter mechanism as the means by which the reaction proceeds.

Notably, it has been reported that the quenching of singlet oxygen by ruthenium

catalysts also proceeds via Dexter energy transfer.136, 137

The singlet-triplet energy gap ΔEST of K-PHI suspension was analyzed using emission

decay curves with a delay time ranging from 0.1 to 950 ns. The emission maximum was

found to shift from around 530 nm for short time delays (<20 ns), which could be
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identified as fluorescence (radiative relaxation of K-PHI singlet excited state), to over

600 nm for longer time delays (>20 ns), which could be attributed to phosphorescence

(radiative relaxation of K-PHI triplet excited state with a longer lifetime). The spectral

maxima were then used to calculate the singlet-triplet energy gap, which was

determined to be 0.24 ± 0.12 eV. This value is in line with our previous findings of 0.2 eV

for solid K-PHI124 and is at the upper range for reported carbon nitrides.138, 139 Further

details are available in the Supporting Information, Figure S2.6-7.

Figure 2.4. Mechanism study. a) Normalized UV-Vis-NIR absorption spectra of 1i, 1i-Bn, 1i-Me and
K-PHI with the emission bands of the used LEDs (band width is shown approximately as the
emission half-peak width) b) Stern-Volmer plot derived from steady-state emission spectra of 1i.
λexc = 375 nm. Error bars represent average±std (n=3). c) Stern-Volmer plot derived from TCSPC
TRES of 1i. λexc = 375 nm. Error bars represent average±std (n=3). d) Determination of K-PHI
singlet-triplet energy gap. e) Labeled oxygen-18 experiment and spectrum fragment of ketone
product GC-MS fraction.
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The rate constant of intersystem crossing is inversely proportional to the singlet-triplet

energy gap (ΔEST), indicating that a lower value of ΔEST facilitates the formation of

singlet oxygen.140 The reported ΔEST values for efficient oxygen sensitizers are in the

range of 0.75 to 0.2 eV.141-143 Thus, K-PHI shows a comparable or better sensitizing

capacity in terms of energy conversion, which is corroborated by its low PL internal

quantum efficiency of 0.072%.124 However, the relatively low absorption of light with

wavelengths above 550 nm suggests that there is room for modification of the catalyst.

The overall Jablonski diagram for K-PHI suspension is depicted in Figure 2.5a.

The experiment with 1g-18O isotope label (Figure 2.4e) provides evidence that the

primary product of deoximation is non-labeled cyclohexanone 2g, indicating that the

singlet oxygen undergoes [2+2]-addition with subsequent elimination of nitrous acid. In

the previous work of our group, it was directly observed that there is phosphorescence

of 1O2 at 1271 nm under similar conditions as those used in the current study.124

However, the GC-MS fraction also contains 7.7% of the labeled ketone 2g-18O, which

corresponds to a 12% 18O isotope yield from 64%-enriched ketone, indicating that some

of the oxygen atoms in the product originate from the starting materials. We propose a

mechanism for this transformation, as shown in Figure 2.5b.
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Figure 2.5. Energy transfer and overall reaction mechanism. a) Jablonski diagram for K-PHI in
MeCN (2.5 mg mL-1). b) Proposed mechanism for transformations of four-membered cyclic
intermediate. c) Proposed deoximation mechanism.
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The proposed mechanism for the transformation of the oxime to the ketone involves the

initial [2+2]-cycloaddition of singlet oxygen to the C=N bond. Subsequently, the cyclic

intermediate is formed, and the O-O bond in the cyclic intermediate is cleaved assisted

by O-H bond dissociation. The cycle is then restored by C-N bond rotation and

incorporation of 18O, followed by the elimination and addition of labeled oxygen in a

different position to form C-18O bond. Finally, elimination of HNO2 yields 18O-ketone. The

overall reaction can be summarized by the key steps of [2+2]-cycloaddition of 1O2 to

C=N bond followed by extrusion of HNO2. According to isotope distribution in the final

product, this process has no significant impact on the overall reaction. The mechanism is

depicted in Figure 2.5c.

2.4. Conclusion

The investigation of photoredox deoximation catalyzed by potassium poly(heptazine

imide) (K-PHI) began with control experiments on coumarin oxime proto-fluorescent

probes. The reaction was found to be photocatalytic under red light, while green and

blue irradiation mainly produced photochemical reactions. Aliphatic and aromatic

ketoximes, as well as electron-rich aldoximes, were subsequently included in the

reaction scope. qNMR experiments demonstrated that the oxime photoreactivity was

induced by a neighboring aromatic ring but also promoted undesired side reactions. In

contrast, aliphatic ketoximes exhibited moderate to good yields in the presence of K-PHI

catalyst with enhanced selectivity under 625 nm. Therefore, this method may serve as a

starting point for chromoselective preparation of ketones from non-aromatic nitrosation

products, but the catalyst needs further improvements to effectively operate under the

longer wavelength part of the visible spectrum. Additionally, further studies on

functional group tolerance in substrates are required.
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During our fluorescence quenching experiments, we observed a surprisingly high rate of

Stern-Volmer quenching for our substrate, which is unusual for simple oxime

derivatives. Additionally, the rate of time-resolved quenching indicated that the reaction

is limited by diffusion. These results support our initial hypothesis that the reaction

proceeds via a [2+2] addition of singlet oxygen to the C=N double bond with HNO2

elimination, and confirmed the Dexter mechanism for the process. To conclude our

emission spectroscopy studies, we measured the singlet-triplet energy gap for K-PHI

suspension in acetonitrile and compared it to reported values for carbon nitride and

molecular photocatalysts used for singlet oxygen generation.

To provide further evidence for the proposed mechanism, we conducted experiments

using an oxygen-18 labeled oxime as a substrate. The results showed that while the

majority of the reaction product was the 16O (unlabeled) ketone, a small fraction of 18O

was incorporated into the final product. We put forth a proposed explanation for this

minor transformation process.
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Chapter 3. Oxygenation of Oxazolidinones using Carbon Nitride
Photobase

3.1. Overview

Graphitic carbon nitride (g-CN) is a transition metal free semiconductor that mediates a

variety of photocatalytic reactions. Although photoinduced electron transfer is often

postulated in the mechanism, proton-coupled electron transfer (PCET) is a more

favorable pathway for substrates possessing X‒H bonds. Upon excitation of an (sp2)N-

rich structure of g-CN with visible light, it behaves as a photobase – it undergoes

reductive quenching accompanied by abstraction of a proton from a substrate. The

results of modelling allowed us to identify active sites for PCET – the ‘triangular pockets’

on the edge facets of g-CN. We then employ excited state PCET from the substrate to g-

CN to cleave selectively endo-(sp3)C‒H bond in oxazolidine-2-ones followed by trapping

the radical with O2. This reaction affords 1,3-oxazolidine-2,4-diones. Measurement of

apparent pKa value and modeling suggest that g-CN excited state can cleave X–H bonds

that are characterized by bond dissociation free energy (BDFE) of about 100 kcal mol-1.

This chapter is an adapted version of the article:

A. Galushchinskiy, Y. Zou, J. Odutola, J. Nikačević, J.-W. Shi, N. Tkachenko, N. López, P. Farràs, O.
Savateev. Insights into the Role of Graphitic Carbon Nitride as a Photobase in Proton-Coupled
Electron Transfer in (sp3)C‒H Oxygenation of Oxazolidinones. Angew. Chem. Int. Ed. 2023,
e202301815; Angew. Chem. 2023, e202301815.
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3.2. Introduction

Photocatalysts, such as excited states of organic molecules,115 transition metal

complexes,144 and semiconductors,145 can facilitate the oxidation and reduction of

organic molecules through single electron transfer (SET) reactions. These reactions

produce charged radical intermediates, cations and anions,115 and require the excited

state of the photocatalyst to have sufficient oxidative and/or reductive properties.

Proton-coupled electron transfer (PCET, Figure 3.1a)146 can make redox reactions

easier by coupling them with the transfer of a proton. Unlike radical ions formed by SET,

PCET reactions produce electrically neutral radicals. The PCET process is more reliant

on thermodynamic and kinetic factors of the proton, such as acid-base interaction

between the substrate and the catalyst and tunneling effects, rather than on

electrochemistry alone, to lower the energy barriers for transition states.147, 148 The

activation energy for these reactions is low enough to drive efficient enzyme-catalyzed

biochemical redox processes at low temperatures.149, 150

In recent years, there has been a growing interest in the selective and facile modification

of X-H sites in organic molecules through photoredox catalysis-driven PCET.151-153 This

involves combining an oxidative excited state of a molecular sensitizer, such as an Ir-

polypyridine complex, with a Brønsted base to break relatively strong N-H and O-H

bonds in amides and phenols and generate alkoxy and amidyl radicals, respectively, via

oxidative multisite PCET.154, 155 In aqueous environments, a base/oxidant couple delivers

the required energy for homolytic X-H bond cleavage in a substrate, formal bond

dissociation free energy (FBDFE, kcal mol-1), which is determined by the pKa of the acid

conjugated to the Brønsted base and reduction potential of the sensitizer excited state

(E*red, V vs. NHE):146

𝐹𝐵𝐷𝐹𝐸 = 1.37𝑝𝐾𝑎 + 23.06𝐸𝑟𝑒𝑑
∗ + 57.6  (3.1)
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Nonetheless, organic dyes such as Eosin Y156 can also act as HAT agents themselves

without the need for an auxiliary base due to the presence of hydrogen bond donors and

acceptors providing interaction with a substrate. 157, 158 g-CN materials have been found

to mediate a number of reactions via PCET either explicitly or implicitly,159, 160 in

combination with organic bases and alone, due to presence of basic pyridine-type

nitrogen centers121 providing interaction with proton donors.161-163 For example,

cyanamide-modified carbon nitride with tributylmethylammonium dibutylphosphate as

a base generates an N-centered radical from carbamate, which undergoes

intramolecular Giese addition to an allylic moiety.164 Mesoporous g-CN (mpg-CN) in

combination with Br• produces an alkyl radical from N,N-dialkylformamide and enables

the subsequent C‒C cross coupling with arylhalides.165 K-PHI, an ionic carbon nitride, is

capable of abstracting electrons and protons from amines and storing them as

separately within the bulk, as indicated by our group’s previous research.166, 167 The

photocharged K-PHI can then be used in reductive PCET to produce Ar‒H compounds by

overcoming the high stability of otherwise non-reducible aryl halides.167

The ability of mpg-CN, albeit with an unknown pKa value when protonated, to cleave C-H

bonds of N-alkyl amides with BDFE values ranging from 89-94 kcal·mol-1 is expected,165

given its nitrogen-rich structure and its EVB potential of +1.45 V vs. NHE, as well as the

results from equation (3.1). This oxidation leads to the formation of imides, such as 1,3-

oxazolidine-2,4-diones (Figure 3.1b, see SI for discussion), which are highly sought-

after despite being difficult to synthesize. While the synthesis of 5-ylidene-substituted

derivatives can be achieved via base-catalyzed ring formation of propargylic amides

with carbon dioxide,168 regular oxazolidinediones require cyclization of carbonate

synthons, which are not as readily available, such as iso(thio)cyanates and α-

hydroxycarboxylates (Figure 3.1c).169, 170
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Figure 2.1. Concept of the project. a) Intermediates and features of oxidative SET and PCET
catalytic pathways. b) Examples of biological activity of oxazolidinedione containing molecules. c)
Formation of 1,3-oxazolidine-2,4-diones reported in literature and in this work.

An alternative approach to the challenging synthesis of 1,3-oxazolidine-2,4-diones could

be achieved by the oxidation of 1,3-oxazolidine-2-ones, which can be obtained

commercially or prepared from the corresponding α-aminoalcohols, or through the

reaction between oxiranes and isocyanates.171 However, this pathway is difficult since

oxazolidinones are relatively stable against oxidation. The high peak potential Ep > 1.67–

2.72 V vs. SCE172 requires strong oxidizing agents, making it challenging to achieve

direct electron extraction. There have been only two successful oxidation publications of

oxazolidinones at the 4th position of the ring. The first was reported in 1982 by Gramain

et al. through photocatalytic reaction of oxazolidin-2-one 1a with oxygen under
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irradiation using a benzophenone catalyst for 68 hours at room temperature.173 The

second was achieved in 2005 by Gao et al. through electrolytic partial fluorination of N-

substituted oxazolidinones, where non-acyl substituents yielded unstable 4-fluoro

derivatives that were hydrolyzed and further oxidized to diones.172 These methods

require harsh conditions such as strong UV irradiation or corrosive acidic fluoride

solutions.

In this chapter, the focus is on investigating the PCET process with mpg-CN upon band

gap excitation for the synthesis of 1,3-oxazolidine-2,4-diones from the corresponding

oxazolidinones. The mpg-CN excited state acts as both an organobase and a sensitizer,

which enables it to selectively cleave an endocyclic C-H bond in a β-position to the amide

nitrogen, followed by trapping the resulting C-centered radical with O2. Experimental

data and DFT simulations suggest that the combination of mpg-CN's surface basic

character and the potential of the valence band allows it to cleave X-H bonds with a

BDFE of around 100 kcal·mol-1.

3.3. Results and Discussion

Compound 1b is an appropriate system to investigate selectivity of oxygenation due to

its endo- and exo-CH2 groups. The oxidation of secondary amides is generally easier than

that of tertiary amides since proton abstraction or its migration to oxygen is possible.174-

176 In fact, some synthetic procedures are based on the pathway of N-acylimine

formation during oxidation.177, 178 Consequently, the oxygenation of tertiary amides

poses a synthetic challenge, while the research aims to develop a synthetic protocol that

is applicable to both N-substituted and unsubstituted substrates.
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Table 3.1. Screening for optimal reaction conditions of oxazolidinone oxidation[a]

N

O
O

OAc

N

O
O

OAc

O

O2
Catalyst

Light source
Solvent

24 h

Catalyst[b] Light source[c] Solvent[d]

mpg-CN
K-PHI
Na-PHI
RFTA
Ir(ppy)3
Ru(bpy)3Cl2 ∙ 6H2O
Benzophenone
Methylene blue
Rhodamine B
Eosin Y
CdS
WO3

mpg-CN (Ar, control)
No catalyst
No catalyst

25.5
21.0
7.5
1.0
0.2
0.4
0.2
0.2
2.4
2.2
0.4
0.1
2.8
0[e]

10[f]

CH3CN
MeOH
EtOH
nBuOH
tBuOH
1,4-dioxane
Hexane
Toluene
CHCl3
CH2Cl2
H2O
MeNO2

DMSO
DMF

55.5
2.0
1.5
5.0
37.5
1.5
5.5
26.5
13.5
37.0
22.5
45.0

0
0

1b 2b

Yield, %

UV LED (365 nm)
Purple LED (410 nm)
Blue LED (465 nm)
Green LED (535 nm)
Red LED (625 nm)
White LED
No light

70.0
14.5
25.5
5.0
0.5
55.5

0

[a] – Reaction conditions: 0.05 mmol of 1b, O2 (1 bar), 2 mL of solvent (0.025M), LED irradiation,
catalyst: 5 mg (for heterogeneous, 100 g mol-1), 5 mol.% (for homogeneous); yield values were
obtained by quantitative 1H NMR using 1,3,5-trimethoxybenzene as an internal standard. [b] – the
catalysts were screened using an optimal light source with respect to their absorption maxima, see
Supplementary Information for details; acetonitrile was used as a solvent. RFTA – riboflavin
tetraacetate. [c] – mpg-CN was used as a catalyst with acetonitrile as a solvent. [d] - mpg-CN was
used as a catalyst under white LED irradiation. [e] – blue LED (465 nm). [f] – UV LED (365 nm).
Photon fluxes of LED sources: UV LED (365 nm) 0.2 μmol cm-2 s-1; purple LED (410 nm) 0.4 μmol
cm-2 s-1; blue LED (465 nm) 0.8 μmol cm-2 s-1; green LED (535 nm) 0.4 μmol cm-2 s-1; red LED
(625 nm) 1.6 μmol cm-2 s-1.
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In the initial screening, a range of heterogeneous carbon nitride photocatalysts including

mpg-CN,179 potassium poly(heptazine imide) (K-PHI),180 and sodium poly(heptazine

imide) (Na-PHI)181 were prepared in-house and tested. The photocatalytic reaction was

carried out in acetonitrile under blue light irradiation (465±10 nm) in the presence of an

oxygen atmosphere. Among the tested photocatalysts, the highest yield of

oxazolidinedione 2b (25.5% by qNMR with incomplete conversion of 1b) was obtained

with mpg-CN (Table 3.1). Further investigation showed that mpg-CN could also produce

2b after being used in three consecutive rounds of the reaction (see SI for more

information).

K-PHI and Na-PHI gave 2b with diminished yields likely due to decreased surface area of

couple dozens of m2 g-1.181, 182 Molecular sensitizers such as Riboflavin tetraacetate,

Rhodamine B, and Eosin Y also produced 2b, but with lower yields, likely due to the

presence of carbonyl and/or carboxyl functionalities in their structure.156 Although

benzophenone was reported earlier to oxidize 1a, likely due to interaction of amide NH

with the photocatalyst C=O group, it failed to convert 1b.173 CdS and WO3 did not

produce any significant quantities of 2b, presumably due to a lack of sufficient basicity

on their terminal sites to participate in PCET. Excited state of Ir- and Ru-complexes are

powerful SET agents, but in the absence of an additional base capable of engaging in

multisite PCET, they failed to produce 2b.147 Where the yield of 2b was low in Table 3.1,

conversion of 1b was also close to zero. Control experiments under inert atmosphere

confirmed that oxygen is incorporated from the gas phase, and the reaction did not

proceed in the absence of mpg-CN and blue light irradiation. Excitation at 365 nm in the

absence of mpg-CN, however, resulted in a photochemical process that produced 2b

with a 10% yield.
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Figure 3.2. Scope of oxazolidinones 1a-o used for scaled-up oxidation. Reaction conditions: 1
(1.25 mmol), O2 (1 bar), acetonitrile (50 mL), mpg-CN (125 mg), white LED (4x50W modules),
20 °C. The reaction was carried out until complete consumption of a starting material is achieved
(24-72 h, monitored by 1H NMR). Percent values indicate isolated yields unless stated otherwise. [a]
– “N.D.” indicates absence of data for side products (either their formation was not observed by 1H
NMR or reaction mixture was too complex to distinguish minor components). [b] – quantitative 1H
NMR yields using 1,3,5-trimethoxybenzene as an internal standard. [c] – 1 (0.05 mmol), UV LED
(365 nm). [d] – 1 (0.05 mmol), UV LED (365 nm) without mpg-CN.
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Illumination with white LED increased the yield of 2b to 55.5% after 24 hours, which is

due to predominance of 450 nm photons in the LED emission spectrum (Figure S3.28),

and mpg-CN produced 2b with a 70% yield when excited at 365 nm. Assuming that 10%

of the yield is due to purely photochemical process, the remaining 60% are

photocatalytic component of the yield, which is similar to 56% obtained upon mpg-CN

excitation with white LED. Using acetonitrile as a solvent provided the most suitable

environment for the oxygenation of oxazolidinone 1b under white LED illumination due

to its polarity, chemical stability, and lack of reactive C-H bonds (see SI). Under the

reaction conditions using mpg-CN as the catalyst and acetonitrile as the solvent, a batch

experiment was conducted to scale up the reaction to 1.25 mmol of substrate. A series of

oxazolidinones 1a–o were tested under these conditions (Figure 3.2).

The use of low-cost UV photons may enable the oxygenation of N-aryl substituted

oxazolidinones (e.g. 1e, 1f) without the need for mpg-CN.183 However, the aim of this

study was to establish a general protocol for a broad range of substrates with and

without chromophores and investigate the role of mpg-CN as the photobase. Therefore,

a white LED without UV-contribution was used to avoid direct excitation of the

substrates. The study demonstrated almost quantitative yield for unsubstituted

oxazolidinone 1a and moderate to good yields for N-substituted derivatives 1b–k, with a

few exceptions. The behavior of substrates with electron-rich groups, such as the 4-

methoxyphenyl (PMP) protecting group in 1h, was observed to be typical, wherein it is

readily cleaved under photocatalytic oxidative conditions;125 the main product of 1h

oxygenation was a parent oxazolidinedione 2a, while only a small amount of the target

product 2h was observed. Substrates 1i and 1j bearing O- and N-benzyl fragments gave

the corresponding benzoyl-substituted oxazolidinediones (2ia and 2ja, respectively) as

major products with minimal to no yield of the target product of ring oxygenation only,

such as 2ic. Further oxidation product 2jc was observed, and benzoic acid, the product



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

56

Chapter 3. Oxygenation of Oxazolidinones using Carbon Nitride Photobase

of benzoyl cleavage, was isolated. The yields of 5,5-dimethylated substrates 1l–n

decreased significantly compared to the derivatives free of the substituent in the 5th

position, with lower selectivity due to competitive oxygenation of endo- and exo-CH2

groups in 1m. Earlier, it was reported that Br• radical abstracts hydrogen atoms in

lactams both from endo- and exo-CH2-group with a higher preference for the former.165

In this study, mpg-CN was observed to abstract selectively hydrogen atom from exo-CH2-

group in all cases except for 1m. Nonetheless, in cases where the substrate possesses

benzylic CH2, PCET at this site becomes facile, as illustrated by oxygenation of 1i and 1j.

The introduction of a bulky and electron donating phenyl group into the 5th position, as

in compound 1o, reduced yield by promoting ring opening side reactions, and benzoic

acid was obtained as the main product.

Various non-photocatalytic oxidation procedures for the synthesis of 2k were evaluated,

as shown in Figure 3.3 (see SI for protocols and references). Among them, only the

RuO4/NaIO4 process provided a comparable yield to the photocatalytic reaction.

However, this method was inferior to mpg-CN photocatalytic one in terms of both yield

and synthetic utility, as the use of ruthenium tetroxide as a reagent for such processes is

complicated by its severe toxicity and incompatibility with many functional groups.184

N
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N

O
O

NPhth

O
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Cu(acac)2
TEMPO/tBuOOH/CuBr
RuO4/NaIO4
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0%

26%
55%

Reagents Yield

Figure 3.3. Comparison of the isolated yield of 2k using different oxidation procedures.
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The results from the conditions screening and scope studies provided initial insights

into the reaction mechanism. Three potential pathways were identified (Figure 3.4),

including 1) the reaction of the substrate with singlet oxygen, 2) direct oxidation of the

substrate via photoinduced electron transfer (PET), or 3) the generation of a C-radical

via proton-coupled electron transfer (PCET). As our catalytic system does not include a

sacrificial electron donor, which could quench the photogenerated hole and promote

oxygen reduction to superoxide radical, the only possibility for oxygen activation is via

the formation of singlet oxygen by the energy transfer (EnT) pathway from the catalyst.

It was previously reported that K-PHI and mpg-CN can sensitize 1O2, which indicates the

possibility of such pathway occurring in this case.124
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Figure 3.4. Simplified pathways of possible oxazolidinone oxidation mechanisms. Further steps
regarding interaction with oxygen are omitted for clarity.

As a support for EnT pathway, the results on other well-known singlet oxygen

generating catalysts, including methylene blue, Eosin Y, and Rhodamine B,185 could be

compared to the established protocol. However, the yields were minimal (see Table
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3.1), providing evidence to exclude this pathway from further investigation.

Additionally, the reaction was conducted under varying oxygen pressures (1 to 4 bars)

to investigate the influence of oxygen concentration on product yield. The results

showed negligible effect on the product yield, indicating that active oxygen species did

not participate in the reaction mechanism. Nevertheless, 1O2 may still be involved in side

reactions at higher oxygen pressures due to increase in conversion (Figure 3.5a).

Furthermore, the behavior of 5-substituted oxazolidinones, such as 1l-m, in the reaction

suggests the existence of some sort of steric hindrance factor that decreases reaction

selectivity, which would be negligible if a small molecule like 1O2 were to interact with

the substrate.

In order to investigate the mechanism of the reaction from the perspective of PET, cyclic

voltammetry experiments were carried out on substrates 1b, 1d, 1e, and 1h to assess

their oxidation potentials (Figure 3.5b, S3.5). Data for oxidation potential of 1d, +1.58 V

vs. SCE (at half peak) matches that reported earlier, +1.67 V vs. SCE (peak).172 The

results showed that all four compounds had higher oxidation potentials (≥+1.26V vs.

SCE) than the potential of the photogenerated hole in mpg-CN (+1.20 V vs. SCE),179

indicating that PET from oxazolidinones to mpg-CN is thermodynamically prohibited.

This finding refutes the involvement of direct oxidation of the substrate via

photoinduced electron transfer. Instead, it leaves the only option that the most likely

mechanism of the reaction is proton-coupled electron transfer. In addition, the steric

hindrance factor observed for 5-substituted oxazolidinones in the reaction suggests the

existence of direct interaction between the substrate and the catalyst. The reported

results also indicate that the photocatalytic oxidation of oxazolidinone 1a using

benzophenone under UV proceeds via transfer of both proton and electron (Figure

3.1c).173, 186, 187
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Figure 3.5. Investigation of oxazolidinones photocatalytic oxidation mechanism. a) Yield of 2b and
conversion of 1b in the photocatalytic reaction performed under different oxygen pressure. Error
bars represent average±std (n=3). b) mpg-CN valence band potential and half-peak oxidation
potentials of 1b, 1d, 1e and 1h with respect to SCE. Orange gradient band indicates the upper limit
of potentials range, where SET from a substrate to mpg-CN excited state is thermodynamically
feasible. c) Tr-PL decay of mpg-CN and the IRF. d) Steady-state fluorescence (magenta) and tr-PL
(orange) spectra of mpg-CN, the latter was measured by gating the emission from 40‒100 µs with
the pulsed xenon lamp. e) Transient absorption spectra of mpg-CN in MeCN under N2. Spectra
around 800 nm is cut off due to fundamental of the laser. f) Transient decay of mpg-CN in MeCN
under N2. The first picosecond is in linear scale while the rest has a logarithmic scale.
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The apparent quantum yield (AQY) for oxidation of 1b was determined to be 0.026% at

465 nm and 0.065% at 365 nm, and the higher AQY obtained upon reaction mixture

irradiation with UV light is attributed to the higher extinction coefficient of mpg-CN,

excluding chain propagation in both cases.

Based on time resolved photoluminescence (tr-PL) spectroscopic measurements, it was

found that most of the excited states of mpg-CN decay rapidly, but a small fraction

survives for more than 400 μs after excitation (Figure 3.5c). A fluorescence peak at

~472 nm was observed in tr-PL spectra (Figure 3.5d), along with a lower intensity

phosphorescence peak at ~540 nm measured by gating the emission from 40‒100 µs

with a pulsed xenon lamp. The singlet-triplet energy gap (ΔEST) determined as a

difference between steady-state fluorescence and tr-PL maxima is 0.33 eV, consistent

with the one reported earlier for K-PHI (see Chapter 2).124, 188 The low ΔEST indicates

that triplet excited state has an energy comparable to the singlet, and should be

beneficial for the cleavage of C–H bond in oxazolidinones alongside with the lifetime

above μs range. The presence of the substrate 1b and/or oxygen does not quench

neither singlet nor triplet excited state of the mpg-CN (Supplementary Discussion 1).

Transient absorption spectra of mpg-CN in MeCN recorded under deoxygenated

conditions (Figure 3.5e) showed a strong negative signal between 500–750 nm and a

positive signal between 850–1280 nm, attributed to ground state bleaching and the

photogenerated excited state of mpg-CN, respectively. The crossing point was ~800 nm.

At delay above 2 ns, the intensity of the positive signal reduced at a faster rate than the

negative signal and the crossing point is red-shifted to ~1200 nm. The behavior of mpg-

CN excited state on the nanosecond time scale is similar to that of K-PHI (Figure 3.5f,

traces at 605, 960 and 1170 nm).124 The TAS study did not reveal differences in mpg-CN

excited state electronic signatures and dynamics, both singlet and triplet, in the

presence or absence of O2 and 1b. These observations can be explained by the low,
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0.065%, apparent quantum yield (AQY) of the studied reaction and the sensitivity of the

instruments to be not high enough to detect this small quenching of mpg-CN excited

states.

The 1b oxidation pathway by mpg-CN was computed using Density Functional Theory

(DFT) implemented in the Vienna Ab initio Simulation Package (VASP).189, 190 Our model

of carbon nitride involved a six-heptazine-layer wide 2D surface with NH, NH2, and OH

groups at the termination sites.165 We obtained the reaction energy profile at the PBE

level, as shown in Figure 3.6.191

The modeled structures used in the study were deposited in the ioChem-BD database.192

Upon excitation of mpg-CN by light, the electrons from the valence band move across the

band gap and occupy the conduction band, leading to the separation of the hole and

electron by four heptazine units.193 The computed band gap value of 2.6 eV, determined

using the HSE06 hybrid functional,194, 195 is consistent with the experimental value of

2.7 eV. This explains why the reaction proceeds most efficiently under quasi-

monochromatic light sources in the UV and blue LED regions, as indicated in Table 3.1.
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Figure 3.6. DFT results. a) Proposed mechanism for oxazolidinone 1b oxidation at mpg-CN with
potential energy differences of the respective intermediates. The mpg-CN+H model used in DFT
calculations is shown in the lower part of the figure. The model contains NH, NH2, and OH groups at
the surface terminations, which is consistent with the experimental data.165 b) DOS for mpg-CN
(orange) and oxazolidinone 1b (purple). The DFT energy scale corresponds to the energies
obtained directly from the VASP output files. The correspondence between the two systems was
confirmed by aligning the energies of oxygen 2s electrons between these systems (not shown in the
figure).
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The density of states (DOS) plot supports our cyclic voltammetry (CV) results and

indicates that the highest occupied molecular orbital (HOMO) of oxazolidinone 1b is

lower than the valence band of mpg-CN, indicating that photoinduced electron transfer

(PET) is unlikely to occur without proton transfer. When oxazolidinone 1b is oxidized, a

proton and an electron are transferred to the carbon nitride scaffold, resulting in the

formation of the oxazolidinone 1b radical, Int1, and the hydrogenated carbon nitride

radical [mpg-CN+H]•. The Fermi level of the [mpg-CN+H]• radical is close to the

conduction band due to the additional electron in the system, and its formation in either

the excited state or the ground state has little effect on the reaction energetics (Figure

S3.11). We conducted an extensive search for the different symmetry positions of the

extra H atom in the [mpg-CN+H]• system and found that the lowest energy position of

Int1 (ΔE = +1.4 eV) corresponds to the structure where the hydrogen atom is located

inside the 'triangular pocket' and attached to the nitrogen atom of the heptazine unit,

while depending on the location of the hydrogen atom, the relative energy of the system

spreads over 3 eV (Figure S3.7). The radical Int1 then reacts with an oxygen molecule,

forming a peroxo radical Int2 (ΔE = −1.3 eV). An alternative mechanism in which the O2

molecule captures the hydrogen atom from [mpg-CN+H]• instead and forms the HO2• is

less thermodynamically feasible (+0.4 eV uphill) and can be excluded (Figure S3.9). The

peroxo radical Int2 recovers an H-atom from [mpg-CN+H]• to create a hydroperoxide

intermediate Int3 (ΔE = −1.1 eV), which then loses a water molecule to produce 2b (ΔE

= −3.0 eV).

In the absence of photoexcitation, the transfer of H-atom from 1b to carbon nitride

would be the only uphill step. To accurately compute the energy of this step, the transfer

was also simulated to another model of polymeric carbon nitride, namely melon-CN.196

The energy of transfer to the melon model was found to be within 0.3 eV of the mpg-CN

model (Table S3.3), which justified the use of the mpg-CN model. The electronic energy
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change for the H-atom transfer to mpg-CN was then computed more accurately using the

HSE06 hybrid functional. After considering the vibrational frequencies of adsorbates

and gas-phase entropies, the Gibbs free energy change of +1.5 eV for this step was

determined. This value is significantly smaller than the endo-C‒H BDFE in β-position to

amide nitrogen in 1b of 4.03 eV or 92.9 kcal·mol-1 in vacuum. In other words, the

homolytic C‒H bond cleavage, which is intrinsically highly exergonic, becomes more

facile when the H-atom is transferred to mpg-CN.

To evaluate the potential of mpg-CN excited state to homolytically cleave various X‒H

bonds, we investigated the pKa value of protonated mpg-CN in water, which we found to

be 6.60±0.3. The material contains a diverse range of protonation sites, each with

different basicity, and thus, the obtained value should be considered as an "average" or

"apparent" pKa value. Although the pKa of bare heptazinium cation is expected to be

close to zero or even negative due to the mutual electron-withdrawing effect of (sp2)N

atoms, the measured pKa indicates that protonated mpg-CN acts as a weak acid. This

apparent discrepancy could be explained by the presence of adjacent heptazine units

that form a "triangular pocket" and stabilize a proton, similar to a proton sponge. Using

the obtained pKa value and an EVB of +1.45 V vs. NHE,179 we calculated FBDFE to be

100±0.4 kcal·mol-1 or 4.32±0.02 eV using equation (3.1). This indicates that upon mpg-

CN band gap excitation, it can potentially homolytically cleave X‒H bonds with BDFE

values less than 100 kcal·mol-1 (Supplementary Discussion 4).

When carbon nitrides with a more positive valence band potential, like K-PHI with

+2.2 V vs. NHE,122 and higher surface basicity (pKa of the conjugated acid > 6.6), are

excited at their band gap, they can cleave even stronger polar X‒H bonds. By

substituting the pKa and EVB values into equation (3.1), we can deduce FBDFE to be

greater than 117.4 kcal·mol-1, which is close to the O‒H BDFE in water of 123 kcal·mol-

1.146 K-PHI, for example, is capable of evolving O2 from water upon illumination,
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facilitated by the removal of photogenerated electrons from the conduction band by a

sacrificial electron acceptor.182 In this study, K-PHI also demonstrates comparable and

high activity in the oxidation of 1b (as shown in Table 3.1).

Many photocatalytic reactions facilitated by graphitic carbon nitride involve cleavage of

strong C‒H, O‒H and N‒H bonds with BDFE in the range of 80‒123 kcal·mol-1 (Table

S3.4).122, 160, 164, 182, 197, 198 Often, a basic environment is required to promote the cleavage

of these bonds.159, 164 However, even without adding a base, mpg-CN, K-PHI and Na-PHI

photocatalyze the cleavage of O‒H and N‒H bonds in carboxylic acids and carbamates to

a certain degree. Ionic g-CN materials have a more basic character than covalent g-CN

due to the presence of deprotonated imide functionalities and have a valence band with

a potential that is 0.7 V more positive. This combination of properties is responsible for

higher yields in oxidation of toluene to dibenzyldisulfide122 and Minisci coupling160. The

results summarized in Table S3.4 confirm that g-CN materials can be used as

photobases to mediate oxidative ES-PCET. However, the use of an additional base can be

beneficial to suppress the proton back-transfer to the intermediate and obtain higher

yields.

Equation (3.1) suggests that the cleavage of strong X‒H bonds can be achieved by

combining a superbase with a strong oxidant in a single reaction. However, this method

is limited to FBDFE values of 71‒98 kcal·mol-1 because electron-rich superbases would

react with strong oxidants.199 Carbon nitrides are relatively chemically stable as they

lack X‒H bonds, except for the NH- and NH2-groups. To design and synthesize

semiconductor materials for X‒H functionalization of organic compounds via excited

state PCET, two strategies can be employed: increasing surface basicity by incorporating

deprotonated cyanamide moieties200, 201 and shifting EVB to more positive values by

incorporating electron-accepting moieties.
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3.4. Conclusion

We have developed an optimized photocatalytic protocol to convert oxazolidinones into

their corresponding 2,4-diones using cheap semiconductor mpg-CN photocatalyst and

oxygen gas as a terminal oxidant on a millimolar scale. The heterogeneous

organophotocatalytic method is exceeding in yield and is more convenient compared to

homogeneous photoredox catalysis and regular oxidative systems such as RuO4/NaIO4.

Several lines of evidence, including the irrelevance of O2 pressure to the product yield,

the high oxidation potential of oxazolidinones (+1.26…1.98 V vs. SCE), and tr-PL data,

exclude SET and EnT pathways. DFT calculations suggest that the initial step involving

sp3 C‒H bond cleavage in oxazolidinone via PCET is energetically uphill. However, mpg-

CN as the organophotocatalyst overcomes this energy barrier by converting the

irradiation energy into the driving force for PCET.
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Chapter 4. Mixed Phase Carbon Nitrides for Multiple
Photocatalytic Applications

4.1. Overview

Two series of novel carbon nitride photocatalysts, Rho-CN (“Rhodizonate-doped Carbon

Nitride”) and Rho-CN-TC (Rho-CN treated in potassium thiocyanate melt), are

synthesized in a multi-step fashion via copolymerization of cyanamide with potassium

rhodizonate. The formed ionic carbon nitrides are composed of poly(triazine imide)

(PTI/Li+Cl‒) and potassium poly(heptazine imide) (K-PHI) phases and provide a broad

absorption range up to 800 nm. The photocatalysts were characterized by several

techniques (including DRUV-Vis, PXRD, FT-IR, SEM and electrochemical methods) and

studied in a series of photocatalytic reactions, including red light-promoted benzylamine

oxidation, dual photoredox/nickel C-N cross coupling and hydrogen peroxide evolution.

The optimal ratio of rhodizonate dopant in its mixture with cyanamide was found to be

0.5% mol. The performance of the newly synthesized materials is comparable to the

activities of the benchmark catalysts K-PHI and CN-OA-m (defective poly(heptazine

imide) doped with oxamide), while not requiring more expensive nitrogen sources for

preparation, like 5-aminotetrazole, or multiple oven cycles.

This chapter is an adapted version of the article:

A. Galushchinskiy, C. Pulignani, H. Szalad, E. Reisner, J. Albero, N. V. Tarakina, C. M. Pelicano,
Hermenegildo García, O. Savateev, M. Antonietti. Heterostructured PHI-PTI/Li+Cl‒ Carbon Nitrides
for Multiple Photocatalytic Applications. Solar RRL 2023 (under revision)



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

68

Chapter 4. Mixed Phase Carbon Nitrides for Multiple Photocatalytic Applications

4.2. Introduction

Graphitic carbon nitrides (g-CNs) are a class of materials consisting of sp2-hybridized

carbon and nitrogen in a stoichiometry similar to C3N4.121 These materials can be

divided into two categories: heptazine-based and triazine-based g-CNs.202, 203 The most

thermodynamically stable form of g-CN is considered to be a material where carbon and

nitrogen atoms form heptazine units that are linked together via bridging nitrogen

atoms, and the layers of heptazine units are attracted by van der Waals forces. The

synthesis of g-CN materials involves calcination of nitrogen-rich precursors like urea,

cyanamide, or melamine at temperatures ranging from 550 to 600°C.204 The onset of

light absorption for g-CNs is around 470 nm, corresponding to an optical gap of 2.7 eV,

which is on the edge of the visible range of the electromagnetic spectrum.117 For optimal

use in photo(electro)catalysis, it is essential to narrow the optical gap to 2.5-2 eV to

increase the amount of light absorbed. Several methods have been developed to achieve

this, including substitutional doping of C and N atoms with heteroelements and

vacancies,205 formation of heterojunctions between g-CN and other semiconductors,17

and formation of triazine-heptazine donor-acceptor structures.206 Modified carbon

nitrides with a narrowed optical gap can be used as photocatalysts for various reactions,

such as hydrogen evolution,207 pollutant degradation,208 oxidation reactions,209 and

other complex organic transformations210.

This chapter describes the synthesis of carbon nitride materials with a triazine-

heptazine donor-acceptor structure via co-condensation of potassium rhodizonate and

cyanamide in a LiCl:KCl eutectic mixture at 550°C. The resulting materials exhibit a red-

shifted absorption edge, which is dependent on the content of potassium rhodizonate in

the mixture, with the edge being shifted up to 800 nm with increasing content of

potassium rhodizonate.
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4.3. Results and Discussion

4.3.1. Synthetic Approach

The objective of this study was to synthesize carbon nitride materials by co-

polymerizing nitrogen-rich precursors with functionalized organic dyes in the

conjugated system of heptazine layers to extend visible light absorption beyond 450 nm.

However, finding the optimal dye is challenging due to several factors. The dye should

be thermally stable, but most organic dyes decompose at temperatures lower than

500°C, which is the minimum temperature required for the formation of heptazine-

based carbon nitrides, like melon.211 Moreover, the chemical integrity of the dye should

be preserved during extended reaction times at elevated temperatures, as the formation

of nucleophilic species such as ammonia can disrupt the dye's conjugated system.

Additionally, the dye should have reactive functional groups to enable its electronic

structure to interact with the rest of the material. Finally, the dye should maintain its

absorbance in the 450-800 nm range and be easily synthesized in large quantities.

We selected potassium rhodizonate (K2Rho), the dipotassium salt of 3,4,5,6-

tetraoxocyclohexene-1,2-diol, which is used in niche applications related to the analysis

of heavy metal content through formation of colored or insoluble complexes (e.g., in lead

rapid abrasion test kits).212 K2Rho is a fairly strongly absorbing dye with an absorption

maximum in the blue to green-yellow region of visible spectrum (ε = 3.3·104 L·mol-1·cm-

1 at λmax = 483 nm in aqueous media).213 This gives the dye its deep, almost black,

purplish-red color in bulk, and it is stable at least until 300 °C.214 Thermogravimetric

analysis experiments demonstrate 67% mass retention up until 600 °C (Figure S4.10),

and it can easily be prepared by oxidation of inositol, which is a bulk chemical.215 Its

conjugated system is stabilized by equal delocalization of double negative charge

between carbonyl groups and provides excellent charge capacity and transfer
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properties.216 However, these functionalities are also susceptible to reaction with

nucleophiles while preserving its electronic structure.217 As a reactive nitrogen-rich

compound and a co-polymerization coupling partner for K2Rho, we chose cyanamide,

which is a known cheap bulk precursor to mesoporous carbon nitrides.179 Additionally,

cyanamide has strongly nucleophilic nitrogen atoms which can react with carbonyl

groups of K2Rho and, unlike most aliphatic and (hetero)aromatic amines, is weakly

acidic with a pKa of 10.3,218 which is crucial as K2Rho tends to decompose rapidly in

basic media213. Finally, the viability of our synthetic strategy is supported by the fact

that cyclohexanehexone, a compound structurally-similar to K2Rho, was successfully

applied in synthesis of C2N materials by polycondensation with urea at 500°C.219

Figure 4.1. Synthesis of photocatalysts. a) Two-step synthesis of Rho-CN. b) Synthesis of Rho-CN-
TC catalysts by KSCN melt treatment of Rho-CNs.

We employed a two-step method to synthesize Rho-CN materials with varying molar

percentages of K2Rho in the starting mixture. The first step involved co-evaporating an

aqueous solution of cyanamide and K2Rho mixture at 60 °C, resulting in a beige to

brown-green or dark brown non-homogeneous solid mass, which is suspected to be a

solid gel network of cyanamide oligomers linker by rhodizonate units, possibly
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containing unreacted starting materials and/or dicyandiamide.219 The pre-polymer was

then mixed with eutectic (K,Li)Cl mixture and annealed at 550 °C under nitrogen to

produce Rho-CN-0.25, Rho-CN-0.5, and Rho-CN-1 (“Rho-CN” stands for “Rhodizonate-

doped Carbon Nitride”; numbers indicate molar percentage of K2Rho in the starting

mixture) (Figure 4.1a). The materials were obtained by washing out the salt template

from the formed solid, with yields of up to 65% retention of combined organic mass. To

increase the content of anionic fractions and introduce cyanimide groups, which can

facilitate transfer of photogenerated electrons to the reagents or co-catalyst,220, 221 the

Rho-CN materials were additionally treated in KSCN melt, resulting in three

corresponding Rho-CN-TC catalysts (“TC” refers to “ThioCyanate”) (Figure 4.1b).222 The

six catalysts were then characterized and tested in a series of photocatalytic

experiments. The appearance of the materials is shown in Figure 4.2.

Figure 4.2. Appearance of Rho-CN-X and Rho-CN-TC-X catalysts, where X is the number indicating
amount of K2Rho in starting cyanamide-rhodizonate mixture (top line, in mol. %).
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4.3.2. Characterization of Materials

Chemical composition

Table 4.1 summarizes the elemental composition of the synthesized materials. The C/N

ratio is lower than the theoretical value for perfectly-condensed heptazine-based

graphitic carbon nitride with the ideal composition of C3N4 (0.64), indicating the

presence of nitrogen doping. The increased nitrogen content could be due to the

presence of terminal anionic -NCN groups at the surface or potential azo -N=N- bridges

between units. Moreover, PTI materials are known to form a hexagonal lattice with

cavities formed by absent triazine units occupied by alkaline metal chlorides, primarily

lithium chloride, and are referred to as PTI/M+Cl‒ (M = Li or K).223, 224 ICP-OES results

show that the combined metal content in the catalysts varies between 8.4 and 11.8%,

with a lithium to potassium gram atomic ratio of about 3:1. This indicates the presence

of a large fraction of anionic imide functions in the materials, which is further increased

by KSCN melt treatment. Due to the high concentration of potassium ions in the melt,

some of the lithium ions are also replaced and washed off the material.

Table 4.1. Chemical composition of synthesized materials.[a]

Sample N, % C, % H, % S, % C/N, mass C/H, mass K, % Li, %

Rho-CN-0.25 49.3 28.5 1.6 ‒ 0.58 18.4 5.8 3.4

Rho-CN-0.5 47.4 27.6 2 ‒ 0.58 13.8 5.6 3.4

Rho-CN-1 48.2 28.3 1.8 ‒ 0.59 15.6 4.6 3.8

Rho-CN-TC-0.25 47.8 28.0 1.5 0.4 0.59 18.4 8.8 2.7

Rho-CN-TC-0.5 47.0 27.9 1.7 0.3 0.59 16.7 9.9 1.9

Rho-CN-TC-1 47.9 28.4 1.4 0.3 0.59 20.0 7.6 2.9

[a] – Percentage of N, C and H elements was obtained from combustion analysis. Percentage of K
and Li was obtained from inductively coupled plasma optical emission spectrometry (ICP-OES).
Values given in mass percentages.
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The structural composition of the synthesized catalysts was analyzed using powder X-

ray diffraction (PXRD) (Figure 4.3a). The broad diffraction peaks indicated that the

synthesized materials were nanocrystalline. The PTI/Li+Cl‒ phase was characterized by

signature peaks at 12, 21, 24, 29, and 32 degrees and a series of low-intensity peaks at

40-55 degrees.102, 224 In the case of Rho-CN-0.5, a peak at 7-8 degrees was observed,

indicating the presence of the potassium poly(heptazine imide) (K-PHI) phase.124, 181, 220

This suggests that the addition of 0.5 mol. % of potassium rhodizonate to the cyanamide

induced the formation of a hybrid composite comprising PTI/Li+Cl‒ and K-PHI phases.

The Rho-CN series demonstrated a relatively high degree of crystallinity, while the Rho-

CN-TC catalysts were close to being amorphous, which was attributed to the decrease in

PTI/Li+Cl‒ crystallite size during KSCN melt treatment.

The FT-IR analysis showed that the vibrations of heptazine and triazine ring units are

situated in the region of 1650-800 cm-1. A peak at 804 cm-1 was observed, indicating the

characteristic peak of heptazine. Another peak was observed at approximately 2175 cm-

1, corresponding to the vibration of triple C≡N bond of anionic cyanamide K-RNCN.222

The spectra are provided on Figure 4.3b.

X-ray photoelectron spectroscopy (XPS) was utilized to analyze the chemical

composition of the synthesized materials from C, N, O, K and Li bond regions (Figure

4.4a-d). The C1s region shows characteristic carbon nitride peaks at 284.5 eV (C=C of

adventitious carbon) and 287.9 eV (C=N-C of the ring), along with hydroxylated C-OH

carbon at 288.1 eV.225 However, the ratio between the two fits does not correspond to

purely heptazine or triazine imide phase, with the 288 eV peak being dominant for the

latter.226 This suggests the presence of the PHI phase, which is supported by the small

atomic content of K+ ions (1.8%) with characteristic peaks at 292.8 and 295.5 eV.
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Figure 4.3. Phase and functional groups characterization of the catalysts. a) PXRD patterns of Rho-
CN and Rho-CN-TC materials. b) FT-IR spectra of Rho-CN and Rho-CN-TC materials.
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The N1s region shows typical signals of imide-NH bridges at 399.9 eV and triazine

nitrogen at 398.4 eV, with a usual ratio of about 1:3. A weaker peak at 397.5 eV is also

present, attributed to deprotonated imide nitrogen characteristic of the PHI phase. The

O1s region provides three contributions at 530.7 (surface -OH), 531.5 (C-O-C) and 533.0

eV (C=O and adsorbed water). Finally, the Li1s region shows the characteristic 55 eV

peak of Li+ ion.

Proton and carbon magic angle spinning solid state nuclear magnetic resonance (1H MAS

and 13C CP-MAS NMR) spectra of Rho-CN-0.5 demonstrate predominance of PTI/Li+Cl‒

phase in the material, showing peaks at 5, 8 and 11 ppm at proton and 157, 162 and

167 ppm at carbon spectrum, respectively (Figure 4.4e,f).227 No characteristic sharp

heptazine carbon peaks at 155, 163 and 167 ppm were observed;228 however, heptazine

fraction of the material is supposed to be minor, and its signals may be lost in noise

during spectra accumulation due to heavy overlapping with those of PTI/Li+Cl‒.
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Figure 4.4. Characterization of Rho-CN-0.5 material. a) C1s and K2p b) N1s c) O1s and d) Li1s XPS
spectra; bars indicate Y axis scale in counts. e) 1H MAS and f) 13C CP-MAS NMR spectra; chemical
structures of heptazine units indicate different types of atoms and their respective signals
according to the reference.227
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DRUV-Vis and Fluorescence

The electronic spectra of Rho-CN and Rho-CN-TC samples were examined using diffuse

reflectance (DR) mode, and the results are shown in Figure 4.5a. The spectra showed

several absorption bands, including a primary absorption band at ~450 nm, attributed

to electron transitions between the valence and conduction band, and an onset of

absorption at ~750 nm, which is typically assigned to transitions between the non-

bonding and antibonding molecular orbitals (n‒π* transitions) based on the theory of

molecular orbitals.229 Increasing the concentration of K2Rho in the mixture with

cyanamide led to more pronounced n‒π* transitions and increased absorption at

wavelengths > 450 nm. The optical bandgap of the materials was determined using

modified DRUV-Vis plots (see Figure S4.2), with Rho-CN-0.25 and Rho-CN-0.5

demonstrating similar bandgap values of 2.58 and 2.56 eV, respectively. These values

were slightly lower than the bandgap of K-PHI (2.68 eV) but closer to the bandgap of CN-

OA-m (2.32 eV) poly(heptazine imide) catalysts.221 Treatment with KSCN increased the

bandgap of the 0.25% catalyst to 2.73 eV, possibly due to etching of rhodizonate-induced

defects in the salt melt, changes in morphology and crystallinity, or sulfur doping (Table

4.1).230 In general, the trend observed for both catalyst series was that higher

concentrations of K2Rho decreased the bandgap by moving the valence band level to

more negative values. The bandgap and band positions are discussed further in the

electrochemistry section.
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Figure 4.5. Spectroscopic and SEM characterization of Rho-CN and Rho-CN-TC catalysts. a) DRUV-
vis absorption spectra of materials. b) Steady-state emission spectra of materials. c) Morphology of
materials containing 0.5 mol. % K2Rho.

The steady-state fluorescence spectra were obtained by exciting the samples at 410 nm,

and the resulting emission spectra were measured in the range of 430-800 nm (Figure

4.5b). Among the synthesized materials, several emission peaks were observed at

around 450, 575, and 675 nm. The intensity of these peaks decreased with increasing

concentrations of potassium rhodizonate in the reaction mixture. The major emission

peak was recorded at 675 nm for samples containing 1 mol.% of K2Rho. The overall

fluorescence intensity decreased as the concentration of K2Rho increased from 0.25 to 1

mol.%, indicating a reduction in the radiative decay of excitons. Time-resolved emission

spectroscopy showed that the excitons, which had a lifetime of ≤ 20-60 ps, relaxed

through fluorescence. The low quantum yield of fluorescence indicated that the radiative
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relaxation of the singlet excited state was not the only pathway for the recovery of the

ground state and most likely involved singlet-triplet intersystem crossing.124, 188 The

details are presented in Table 4.2.

Table 4.2. Fluorescence lifetimes for synthesized materials.[a]

Sample Fluorescence lifetime [ps]

Rho-CN-0.25 20.83 ± 0.75

Rho-CN-0.5 26.22 ± 2.25

Rho-CN-1 20.48 ± 1.67

Rho-CN-TC-0.25 59.09 ± 30.25

Rho-CN-TC-0.5 41.78 ± 9.77

Rho-CN-TC-1 29.63 ± 5.83

[a] – Excitation wavelength: 375 nm; emission was detected at 550 nm. The decay curves were
fitted using a nonlinear method with a multicomponent decay law.

Electron Microscopy

The morphology of the samples was investigated through SEM and TEM. Representative

images of the samples containing 0.5% mol. of potassium rhodizonate are shown in

Figure 4.5c. The surface of the 20-70 µm Rho-CN samples displayed macropores and

cavities ranging from 0.5-5 µm, as well as rectangular imprints from the salt template

crystals which were washed out. Moreover, needle-shaped crystallites and rectangular

grid networks on the surface were observed, which may be attributed to the PTI/Li+Cl‒

phase.224 The Rho-CN-TC particles had a coarser surface and were generally smaller in

size due to etching with KSCN melt. The size of surface crystallites was also reduced, and

needle-like structures were absent after treatment, supporting the reduction in

crystallinity observed in the powder X-ray diffraction data. It is worth noting that the

morphology of the samples was consistent within each class of Rho-CN and Rho-CN-TC.
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TEM analysis confirmed the formation of two phases, which are strikingly different in

morphology. The sample mostly consists of μm-sized flakes (Figure 4.6a). High-

resolution images obtained from such flakes show numerous nanodomains (about 6 nm)

which form a continuous network. Selected area electron diffraction patterns from these

flakes and from individual domains in such flakes are indexed in an orthorhombic lattice

with unit cell parameters a=14.38(14)Å, b=8.25(15)Å, c=6.70(2)Å (Figure 4.6d and

4.6b inset), typical for the PTI structure.223 A small number of agglomerates that consist

of needle-like crystallites belong to the second phase. Inter-planar distances measured

on HRTEM images (as for example on Figure 4.6f) are equal to d100=10.25 Å, typical for

the potassium polyheptazine imide structure.124 Overall, characterization data suggest

that PTI/Li+Cl‒ and PHI phases coexist, while the building units, i.e., triazines and

heptazines, are interconnected at the interface between these two phases.
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Figure 4.6. a) Low-magnification TEM image, showing typical morphology of the Rho-CN-0.5
sample; b, c) HRTEM images show that flat flakes consist of crystallites of about 6 nm in diameter;
inset in b) shows a fast Fourier transform indexed in the orthorhombic unit cell of PTI (CCDB-
1946256),223 d) SAED pattern collected from PTI flakes; Cyan: averaged intensity profile obtained
from the SAED pattern shown in inset; Green: theoretical intensity profile obtained using CCDB-
1946256 data for the PTI crystal structure. e) Low-magnification TEM image of the second phase in
the sample. f) HRTEM image of individual crystals in (e), the distance between lattice planes
corresponds to d100=10.25Å of the polyheptazine imide structure.124

Electrochemistry

The electrochemical properties of Rho-CN and Rho-CN-TC photoelectrodes with a

conductive Nafion binder were investigated by cyclic voltammetry in aqueous media

(0.1 M Na2SO4, saturated silver chloride reference electrode). The obtained plots (Figure

S4.7) did not yield conclusive data on the values of reduction and oxidation potentials.
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The cathodic wave in dark ranges from ‒0.20 V vs. SHE for Rho-CN-0.5 to +0.21 V vs.

SHE for Rho-CN-0.25, while the Rho-CN-TC catalyst shows almost uniform behavior

providing a potential around ‒0.10 V vs. SHE. The electrochemical stability of the

samples increases with the concentration of K2Rho, as indicated by more stable current

values during multiple scans (see Figure S4.7 for CV plots).

The Mott-Schottky analysis (Figure S4.6) shows that an increase in K2Rho

concentration in Rho-CN leads to a more positive flatband potential, ranging from ‒0.38

to ‒0.28 V vs. SHE. Conversely, for Rho-CN-TC, the trend is reversed with a decrease in

flatband potential from ‒0.29 V for 0.25% to ‒0.51 V vs. SHE for 1%. By adding the

optical bandgap values derived from DRUV-Vis plots to the flatband potentials (Figure

4.7a), the valence band values were obtained. The materials exhibit slightly higher

reductive power than reported PHI-based and NCN-functionalized catalysts,221 with a

narrowed bandgap resulting on cost of oxidation potential. These properties could be

useful in designing net-reductive photoredox-processes.

Transient photocurrent response (TPR) and electrochemical impedance spectra (EIS)

measurements were conducted in addition to the other experiments. The photocurrent

response, in the absence of a sacrificial electron donor, was recorded and ranged from

150-400 nA·cm-2, with Rho-CN-0.5 and Rho-CN-TC-1 exhibiting exceptional

photocurrents of approximately 1.2 µA·cm-2 during the first scan (Figure 4.7b; data for

other samples are shown in Figure S4.8). This could suggest an optimal concentration

of conductive sites created by K2Rho dopant. The EIS data for Rho-CN series showed

good agreement with the photocurrent values (Figure 4.7c for Rho-CN-0.5 and Rho-CN-

TC-1 samples; plots for other photocatalysts are provided in Figure S4.9), with samples

exhibiting higher conductivity giving higher current. However, there was no such

dependency observed in the Rho-CN-TC series, most likely due to the significant

structural changes caused by melt treatment, as supported by SEM imaging.
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Figure 4.7. Electrochemical properties of photocatalysts. a) Band positions and bandgap values for
Rho-CN and Rho-CN-TC materials versus SHE. CB values are the average value from 2 flatband
potential measurements, optical bandgaps are derived from DRUV-Vis plots. Comparison values of
CB, VB and bandgaps for K-PHI and CN-OA-m benchmark catalysts are sourced from reference.221

b) Transient photocurrent response of Rho-CN-0.5 and Rho-CN-TC-1 under white LED irradiation
with 60 s light and 60 s dark cycles. c) Nyquist plots of potentiostatic EIS spectra of Rho-CN-0.5 and
Rho-CN-TC-1.

4.3.3. Photocatalytic Performance

Benzylamine Oxidation

Our investigation of photocatalytic properties of Rho-CN and Rho-CN-TC materials

started with evaluating their ability to operate under lower energy irradiation, given
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their relatively strong absorbance in the red region of the visible spectrum. As a model

reaction, aerobic oxidation of benzylamine to N-benzyl-1-phenylmethanimine was

chosen; this process is a commonly used benchmark to test the oxidative power of

photocatalysts231-233 since the model substrate has a relatively accessible oxidation

potential of +1.04 V vs. SCE (+1.28 V vs. SHE) in acetonitrile.234 The materials were

irradiated under oxygen atmosphere in an acetonitrile solution of benzylamine along

with two previously described highly anionic catalysts, K-PHI180 and CN-OA-m235, used

as references for comparison. The results of photocatalytic tests are shown in Figure

4.8a. In this reaction, Rho-CN-TC materials provide yields ranging from 65% to

quantitative, which is comparable to the 97% obtained for CN-OA-m under the same

wavelength. Therefore, Rho-CN-TC catalysts outperform their parent Rho-CN materials

(54-77%). In both sets of catalysts, the best results are achieved by the samples

prepared from 0.5 mol. % K2Rho mixture, indicating the optimal amount of dopant

agent. Performance of catalysts in this case may be attributed to several factors, as both

direct oxidation of benzylamine by a carbon nitride or energy transfer (EnT) yielding

reactive singlet oxygen can occur. However, the reactivity of CNs under longer

wavelength irradiation is generally attributed to the predominance of an EnT

process,138, 188 which may indicate better energy transfer and singlet oxygen generation

by Rho-CN-TC series catalysts. Given positive Stokes shift, absorption of photons with

longer wavelength by Rho-CN-TC would give a less energetic excited state with better

spectral overlap with the energy acceptor, in this case O2.



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

85

Chapter 4. Mixed Phase Carbon Nitrides for Multiple Photocatalytic Applications

Figure 4.8. Photocatalytic performance of materials. a) Oxidation of benzylamine. Conditions:
benzylamine (50 µmol), photocatalyst (5 mg), acetonitrile (2 mL); oxygen atmosphere introduced
by purging the mixture for 60 s, yields are determined by GC-MS. b) Dual photoredox/nickel cross-
coupling. Conditions: 4-bromobenzonitrile (200 µmol), pyrrolidine (1.8 equiv.), DABCO (2.2 equiv.),
NiBr2(dme) (5 mol. %), catalyst (12 mg), N,N-dimethylacetamide (DMA, 1 mL), argon atmosphere.
c) Hydrogen peroxide evolution. Conditions: catalyst (5 mg), water-methanol mixture (2 mL, 4:1
v/v), white LED; oxygen atmosphere introduced by purging the mixture for 60 s. d) Benzylamine
oxidation experiment with ca. 25 cm2 photocatalytic sheet (top) in flow cell prepared from Rho-CN-
0.5. Conditions: pre-oxygenated solution of benzylamine in acetonitrile (0.025 M), 1.6667 mL∙min-1

flow rate, 480±10 s residence time. Graph (bottom) indicates yields of imine in 2 runs before and
after ageing in reaction mixture determined by HPLC (DAD detector at 254 nm). See Supporting
Information for detailed description of photocatalytic experiments.
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Dual Photoredox/Nickel C-N Cross-Coupling

Palladium-catalyzed C-C and C-heteroatom cross-coupling reactions play an important

role in general synthetic and discovery organic chemistry,236-238 and a vast field of

research is dedicated to developing more earth-abundant and cheap alternatives to

precious metals. While nickel-based catalysts display generally lower performance to

palladium due to a number of kinetics-related issues and poor availability of

precatalysts,239 coupling them with photocatalysts significantly speeds up their redox

cycle by promoting the formation of active Ni(I) or Ni(0) species, which allows for

compatible performance and the possibility to utilize Ni2+ precatalysts.240 There are a

number of publications proving carbon nitrides to be photoredox auxiliaries to nickel

complexes in C-C, C-N, C-S and C-O coupling reactions.179, 241, 242 Therefore, we chose C-N

cross-coupling between 4-bromobenzonitrile and pyrrolidine as our next model

reaction to study the photocatalytic performance of the new materials. Again, K-PHI and

CN-OA-m were selected as reference catalysts. The reaction was carried out either under

green (530 nm) or red (625 nm)243 LED irradiation to prevent metal catalyst losses as

nickel black which is common under shorter wavelength light.240 The results are shown

in Figure 4.8b. Under green light, the samples demonstrated compatible performance to

the reference catalysts, albeit being slightly inferior under irradiation with red light.

Similar to benzylamine oxidation, the tendency for 0.5 mol. % K2Rho sample to

demonstrate higher yields is somewhat preserved. However, Rho-CN-0.5 is the less

active catalyst of Rho-CN series under 625 nm despite having higher absorption at this

wavelength than Rho-CN-0.25.

Hydrogen Peroxide Evolution (HPE)

Hydrogen peroxide is a valuable and atom-efficient bulk oxidizer; however, the main

method of its production relies on sequential cycle of reduction and autooxidation of
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anthraquinones catalyzed by palladium.244 The main drawbacks of this process are the

necessity for large amounts of organic ‘carrier’ and hazardous hydrogen gas used in the

reduction step, thus raising demand for cheap, safe and fast method for production. The

extensive research on this topic includes electrochemical245 and photocatalytic246, 247

processes using cheap bulk chemicals as sacrificial donors. To test the ability of our

materials to produce hydrogen, we carried out the reaction in 4:1 v/v mixture of water

and methanol, which served as a sacrificial donor of electrons for the catalysts. The H2O2

content was measured after 1 h of irradiation photometrically by formation of complex

with titanium(IV) oxysulfate. K-PHI was used as a benchmark catalyst, providing

402 µmol∙g-1∙h-1 of hydrogen peroxide. The results are shown in Figure 4.8c. As well as

in organic transformation, the trend for 0.5% mol. K2Rho samples is observed in HPE

reaction with Rho-CN-0.5 providing 313 µmol∙g-1∙h-1 of peroxide. Rho-CN-TC series

demonstrates marginally worse performance. As it is reported that low pH increases

photocatalytic peroxide production,248, 249 and considering our highly anionic samples

should provide plenty of local acidic sites after protonation, catalysts H-Rho-CNs and H-

Rho-CN-TCs were prepared by treating the samples with 3 M HCl solution and then

tested in the reaction as well. Indeed, despite noticeable discoloration of the catalysts,

their activity increased more than twofold up to 681 µmol∙g-1∙h-1 in the case of H-Rho-

CN-0.5.

Flow Photosheet Performance

Previous experiments demonstrate that, among two series of catalysts, Rho-CN-0.5

possesses an optimal balance between performance and cost efficiency and thus is a

more ‘universal’ catalyst than others. To demonstrate the scalability and recyclability of

our catalysts, a ‘photosheet’ device250 was assembled by blade-coating 50x50 mm area

of a smooth glass panel with ca. 50-55 µm thick layer of Rho-CN-0.5 (Figure 4.8d). The

photosheet was then assembled into a 50x50x10 mm3 flow cell with a transparent
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window and studied for the benzylamine oxidation reaction (0.025 M in acetonitrile

solution was used) under irradiation by an AM1.5G solar simulator to emulate outdoor

conditions for possible scale-up applications. In 8 min residence time, the catalytic layer

was able to provide 44.7±1.8% yield. To test the stability and reusability, the photosheet

cell was irradiated over the course of 7 days (168 h) filled with oxygenated concentrated

benzylamine solution in acetonitrile, and then tested in flow mode again using 0.025 M

solution. The yield decreased to 29.1±12.0%, indicating a certain degree of catalyst

degradation, which is confirmed visually by slight discoloration of the catalyst (see

Figure S4.1c for comparison). The mechanical integrity of the catalytic layer remained

unchanged even after multiple runs and cell washings, which demonstrates the potential

for fabrication of large working surface devices.

Miscellaneous Reactions

Hydrogen Evolution: According to previous results, we chose Rho-CN-0.5 as a model

catalyst for hydrogen evolution reaction (HER), as well as its protonated version, H-Rho-

CN-0.5. Both materials were used as is, in addition to the samples with pre-deposited

nickel phosphide (Ni2P) and metallic platinum co-catalysts with ethylene glycol (EG) and

triethanolamine (TEOA) being used as sacrificial electron donors in basic aqueous media

(self-provided basicity in case of TEOA and KOH in case of EG); finally, in the last pair of

samples platinum was photodeposited in situ. Reaction was performed under AM1.5G

solar simulator. Unfortunately, only traces of hydrogen at the limit of device detection

were observed in case of NiP co-catalyst present; some amount was also produced by

samples with in situ photodeposition of platinum, which clearly comes from the

deposition step itself. Both EG and TEOA are shown to be sufficient electron donors for

the catalysts based on significant color change from shades of brown to deep green,

which was observed previously for electron-proton pair storage of K-PHI carbon

nitride.166 The reason behind the low performance for HER may be due to insufficient
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overpotential created by its conductive band, which is ‒0.21 V vs. SHE (see CV data

above), resulting in inability to provide the co-catalyst with enough energy for

successful proton reduction to occur. Here, see Supporting Information for experimental

details.

Chromoselectivity: Previously, our group discovered a reaction of S-arylthioacetates

oxidation in the presence of aqueous HCl with K-PHI photocatalyst.80 The selectivity of

this reaction depends heavily on the light source used, providing corresponding aryl

chlorides under 365 nm UV light, arylsulfonyl chlorides under 465 nm blue light, and

diaryl disulfides under longer wavelengths (≥530 nm), respectively. Considering the

strong absorption > 450 nm, we tested the performance of Rho-CN and Rho-CN-TC

catalysts in the oxidation of S-acetylthiophenol under irradiation at 530 nm. Thus, under

irradiation with green light, Rho-CN-0.5 gave diphenyl disulfide with > 95% selectivity,

while for K-PHI the selectivity toward this product was 68%. The main side product in

both cases was S-phenyl benzenesulfonothioate.

Interestingly, upon irradiation of a reaction mixture containing Rho-CN-TC-1 at 465 nm

the major product was S-phenyl benzenesulfonothioate (49% yield) while diphenyl

disulfide was observed as a minor side product (7%). Considering nearly identical

potentials of the bands edges for all catalysts of Rho-CN-TC series, this result points to

unusual catalytic behavior where multi-step S-oxidation is seemingly more kinetically

favorable than the single-electron formation of active chlorine species from HCl. This

feature may be utilized further in photoredox reaction design to shift the selectivity of

known processes towards desired multi-electron processes.

Combination of high-throughput synthesis with statistical analysis is a powerful

approach to designing photocatalytically active materials. From the summary shown in

Table 4.3, it is clear that there is no a single photocatalyst that performs equally well in
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all processes. By applying statistical analysis to the whole dataset, we found the CB

potential correlates weakly with the yield of cross-coupling product obtained under

irradiation with red light (Table S4.3). On the other hand, the VB potential correlates

weakly with the yield of cross-coupling product under irradiation with green light. Such

results might be explained by the change of the mechanism from electron transfer under

green light (driving force for the photoinduced electron transfer is the decisive factor) to

energy transfer under red light (better spectral overlap between a sensitizer excited

state and energy acceptor).243 Fluorescence lifetime alone does not show strong

correlation with any of the parameters, which is due to low fluorescence quantum

efficiency – radiative relaxation of the excited state is not a dominant pathway for the

recovery of the ground state. However, a stronger correlation exists between the

product of the CB potential and the fluorescence lifetime and the yield of cross-coupling

product under red light (Table S4.4). Nevertheless, in all cases, correlation coefficients

are significantly lower than ±1 suggesting the influence of other properties of the

catalysts on their performance. These properties are, for example, the interface between

PTI/Li+Cl‒ and K-PHI phases, which is difficult to quantify with a single value.

On the other hand, by considering datasets for Rho-CN and Rho-CN-TC separately,

stronger correlations between materials properties and their performance in the

selected reaction were found (Table S4.5-8). As seen from Table S4.5, yields of net-

oxidative benzylamine transformation enabled by Rho-CN photocatalysts correlate with

the VB potential and fluorescence lifetime. Similar correlation is noted between

hydrogen peroxide production and fluorescence lifetime. Under green light, more

negative CB potential values provide greater yields in dual photoredox/nickel C-N cross-

coupling, which is likely due to facilitated Ni(II) to Ni(I) reduction.240 On the other hand,

more positive VB potential values correlate with the yields in dual photoredox/nickel C-

N cross-coupling, which points at alternative mechanism involving oxidation of Ni(II) to
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Ni(III). Overall, by tuning band position and PL lifetime by changing K2Rho/cyanamide

ratio, desired performance in a selected process can be achieved.

Table 4.3. Summary of properties and photocatalytic activity of the materials

Catalyst CB vs.
SHE
[V]

VB vs.
SHE
[V]

Fluorescence
lifetime [ps]

Hydrogen
peroxide
evolution
[µmol·g-1·h-1][a]

Benzylamine
oxidation yield
[%]

Cross-
coupling
yield [%][b]

Rho-CN-
0.25

-0.38 2.21 20.83 ± 0.75 144 (495) 60 85 (66)

Rho-CN-
0.5

-0.35 2.22 26.22 ± 2.25 313 (681) 77 82 (48)

Rho-CN-1 -0.28 1.98 20.48 ± 1.67 176 (258) 54 60 (58)

Rho-CN-
TC-0.25

-0.40 2.33 59.09 ± 30.25 169 (86) 65 80 (29)

Rho-CN-
TC-0.5

-0.29 2.28 41.78 ± 9.77 131 (210) >99 81 (58)

Rho-CN-
TC-1

-0.51 1.97 29.63 ± 5.83 104 (73) 84 76 (38)

[a] – Values in parentheses indicate production for protonated catalyst; [b] – Yields are given for
green LED, values in parentheses represent red LED yields.

4.4. Conclusion

Using a multi-step approach, we synthesized a novel ionic Rho-CN carbon nitride

materials with high absorption throughout the visible range and multi-phase structure

based primarily on PTI/Li+Cl‒ with unique morphology. Due to the inexpensiveness and

availability of reagents, as well as high yields of final materials and their comparable

performance (Table S.4.9), Rho-CNs and Rho-CN-TCs were found to be cost-effective

and potentially competitive to known PHI-based carbon nitride materials in lab scale

and beyond, as demonstrated by the experiment using a Rho-CN-coated 50x50 mm

photocatalytic sheet. The optimal fraction of potassium rhodizonate additive was

evaluated to be 0.5 mol. %, as indicated by multiple photocatalytic reactions. Additional

potassium thiocyanate rapid melt post-treatment of Rho-CN catalysts provided the Rho-
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CN-TC series, which possesses even higher light absorption and thus enhanced

performance in net-oxidative reactions. However, improvements in dual nickel catalysis

were found to be negligible. These sets of experiments demonstrate the versatility and

high tunability of cyanamide-rhodizonate platform to yield photocatalysts for desired

applications.
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Considering a vast number of reports, solar photocatalysis is a highly desirable target for

chemical industry as it would allow to greatly reduce the amount of energy to maintain

the desired reaction. The amount of funding provided by the government institutions for

solar fuels steadily increases annually, and the first pilot setups are slowly emerging.

However, the most attractive targets for solar photocatalysis so far are hydrogen and

products of carbon dioxide reduction. Considering numerous reactor designs made

specifically for organic photocatalysis and growing amount of research projects

implementing reactions carried out under real sunlight, there are good chances that we

may see the first commercial setups for solar synthesis in the coming years. Therefore,

the search for new sustainable heterogeneous catalysts and possible novel reactions

that could not be carried out via conventional processes remains significant. (Chapter 1)

The research started with investigating a side reaction from oxidative [3+2]

cycloaddition of aldoximes and nitriles mediated by K-PHI. Although conversion of

oximes back to their respective aldehydes and ketones has limited synthetic application,

it gave important photophysical insights regarding oxygen sensitization, side products

formation, limiting factors that direct the reaction into this specific pathway and how

chromoselectivity can affect yields and selectivity of transformations. (Chapter 2)

The next project on organic oxygenation is a great example of how oxygen sensitization

may not be the limiting factor of the reaction, but instead, the pathway can be directed

by the nature of the substrate. It was discovered that mpg-CN can be used to convert 1,3-

oxazolidinones, a widely available heterocyclic motif, into far more valuable and obscure

1,3-oxazolidine-2,4-diones, molecules of great interest for medicinal and agricultural

chemistry. Due to the high oxidation potentials of starting materials, this transformation

is quite difficult to achieve without using harsh oxidants, but the unique feature of
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heptazine basicity provides mpg-CN an ability to employ a PCET process, confirmed by

TAS and DFT studies, which is a key advantage over the most commonly used molecular

photocatalysts. The main limitations of this reaction are the steric factor of the catalyst

and functional group intolerance induced by a relatively high energy light source, which

leads to somewhat diminished yields and selectivity. (Chapter 3)

Finally, a new series of carbon nitrides was synthesized (Chapter 4). One of the main

issues discovered previously was that while the reactions tend to be more selective

under longer wavelength irradiation, carbon nitrides typically lack absorbance above

500-550 nm that is sufficiently strong to allow the desired processes proceed efficiently

and within reasonable timespans. For instance, deoximation reaction of ketoximes

proceeded way more cleanly under red light, but it took about 5 times longer to reach

decent conversion rates (Chapter 2). In case of oxidation of oxazolidinones, white LED

irradiation that is mostly composed of light below 500 nm, lead to oxidation of some

functional groups (Chapter 3). To achieve good reactivity under green and red light, a

strategy of doping the bulk CN precursor with an organic dye was utilized, producing the

Rho-CN family of the catalysts. Despite consisting of mostly PTI with some amount of

PHI phase, these catalysts performed on par with well-known PHI-based carbon

nitrides, even under red light. In addition to their remarkable performance in several

common reactions, including oxidation of amines, C-N dual nickel photoredox cross-

coupling, oxidation of S-arylthioacetates, and hydrogen peroxide evolution, one of Rho-

CN catalysts demonstrated good results as an active coating in a photocatalytic flow cell

under simulated sunlight, demonstrating its feasibility for further scale-up in

manufacturing of solar fuels.

Overall, it is safe to say that a significant effort was done to expand the scope of carbon

nitrides utilization for diverse photocatalytic processes. This type of materials is still

strongly associated with hydrogen evolution reaction and degradation of various kind of
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pollutants, and a certain shift of researchers’ focus towards production of bulk and fine

chemicals may be proficient in discovering novel sustainable photocatalytic processes,

bringing us even closer to full-fledged solar economy.
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7.1. SI for Chapter 1

Table S1.1 Photochemistry (PC) and photoelectrochemistry (PEC) based projects funded

by the European Commission since 2009 is available as the SI for the original paper at the

following link free of charge:

https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00178/suppl_file/ef2c0017

8_si_001.pdf

https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00178/suppl_file/ef2c00178_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00178/suppl_file/ef2c00178_si_001.pdf
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7.2. SI for Chapter 2

7.2.1. Materials

Chemicals

Acetonitrile (≥99.8%), ethanol (HPLC grade), toluene (99.8%), acetone (HPLC grade),

tetrahydrofuran (≥99.9%), methanol (HPLC grade), N,N-dimethylformamide (≥99.8%),

dichloromethane (≥99.9%), hexane (98%), ethyl acetate (HPLC grade), hydroxylamine

hydrochloride (≥96%), O-benzyl hydroxylamine hydrochloride (≥98%), O-methyl

hydroxylamine hydrochloride (≥97%), aqueous hydroxylamine (50% wt.), hydrogen

chloride (37% wt.), sodium hydroxide (≥97%), sodium nitrite (≥98%), potassium

carbonate (≥99%), ethyl iodide (98%), borane-dimethylsulfide (2M in THF), Lawesson’s

reagent (97%), sodium acetate (anhydrous, ≥99%), 1H-pyrrole-2-carbaldehyde (98%),

thiophene-2-carbaldehyde (98%), 2,6-dimethoxybenzaldehyde (99%), vanillin (98%),

butanal (>98%), acetophenone (99%), cyclohexanone (99.8%), 4-methylpentan-2-one

(98%), 3-methylbutan-2-one (99%), 2,4-dimethylpentan-3-one (99%) 7-hydroxy-2H-

chromen-2-one (99%), chloroform-d (99.8 atom % D), acetonitrile-d3 (99.5 atom % D),

dimethylsulfoxide-d6 (99.5 atom % D) were purchased from the vendors and used

without additional purification.

Preparation of oximes

General synthetic procedure for preparation of (hetero)aromatic aldoximes

A mixture of corresponding (hetero)aromatic aldehyde (typically 20 mmol),

hydroxylamine hydrochloride (1.2 equiv) and potassium carbonate (0.6 equiv) were

refluxed in a 1:1 v/v ethanol-water mixture (0.6M) for 20 h. After cooling down in a

freezer, the crystallized oxime was filtered off, washed with water and dried at 50 °C in

vacuum.

Thiophene-2-carbaldehyde oxime (1a)

S N OH
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Yield 47%, fine white crystals. This is a known compound251. 1H NMR (400 MHz, DMSO-

d6) δ 11.88 (s, 1H), 7.85 (s, 1H), 7.73 (d, J = 5.1 Hz, 1H), 7.47 (dd, J = 3.7, 1.0 Hz, 1H), 7.13

(dd, J = 5.1, 3.7 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 139.87, 131.17, 131.14, 131.11,

126.29.

1H-pyrrole-2-carbaldehyde oxime (1b)

H
N N OH

Yield 37%, white powder. This is a known compound252. 1H NMR (400 MHz, DMSO-d6) δ

11.18 (s, 1H), 11.14 (s, 1H), 7.26 (s, 1H), 6.88 (q, J = 2.6 Hz, 1H), 6.55 (dt, J = 3.7, 2.2 Hz,

1H), 6.11 (q, J = 2.5 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 137.26, 123.97, 121.06,

114.02, 108.51.

2,6-dimethoxybenzaldehyde oxime (1c)

N
OH
OMeMeO

Yield 89%, white powder. This is a known compound124. 1H NMR (400 MHz, DMSO-d6) δ

11.07 (s, 1H), 8.17 (s, 1H), 7.30 (t, J = 8.4 Hz, 1H), 6.69 (d, J = 8.4 Hz, 2H), 3.77 (s, 6H). 13C

NMR (101 MHz, DMSO-d6) δ 158.25, 142.43, 130.54, 109.33, 104.24, 55.85.

4-hydroxy-3-methoxybenzaldehyde oxime (1e)

N
OH

HO

MeO

Yield 76%, light tan crystals. This is a known compound251. 1H NMR (400 MHz, DMSO-d6)

δ 10.85 (s, 1H), 9.36 (s, 1H), 7.99 (s, 1H), 7.16 (d, J = 1.8 Hz, 1H), 6.97 (dd, J = 8.1, 1.8 Hz,

1H), 6.77 (d, J = 8.1 Hz, 1H), 3.77 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 148.06, 147.99,

147.81, 124.44, 120.50, 115.44, 109.10, 55.45.

Synthetic procedures for preparation of ketoximes and aliphatic aldoximes
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Butyraldehyde oxime (1d)

N
OH

Butanal (420 mg, 5.8 mmol) was dissolved in 4 mL of ethanol, and aqueous

hydroxylamine (50% wt, 0.44 mL, 1.15 equiv) was added producing a mild exotherm.

The solution was allowed to stand overnight, then diluted with water and extracted with

dichloromethane. The extract was dried over sodium sulfate and concentrated in

vacuum to give a colorless oil. Yield 250 mg (49%).

This is a known compound253. 1H NMR (400 MHz, CD3CN) δ 8.58 (s, 1H), 6.63 (t, J =

5.4 Hz, 1H), 2.26 (td, J = 7.5, 5.4 Hz, 2H), 1.47 (h, J = 7.4 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H).
13C NMR (101 MHz, CD3CN) δ 152.67, 27.38, 20.18, 14.13.

Acetone oxime (1f)

N
OH

A mixture of aqueous hydroxylamine (50% wt, 1.630 g, 24.7 mmol) and acetone (20 mL)

was stirred at room temperature overnight. The solvent was evaporated and the

product was obtained as colorless volatile crystals. Yield 1.268 g (50%).

This is a known compound254. 1H NMR (400 MHz, CD3CN) δ 8.43 – 8.09 (m, 1H), 1.79 (d, J

= 2.5 Hz, 6H). 13C NMR (101 MHz, CD3CN) δ 155.09, 21.69, 14.55.

Cyclohexanone oxime (1g)

N
OH

Aqueous hydroxylamine (50% wt, 2.200 g, 33.3 mmol) was diluted with 9 mL of water

and heated up to 45 °C. Cyclohexanone (2.500 g, 25.5 mmol) was added and the mixture

was stirred at the same temperature for 30 min. The crystals formed were filtered off,
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dried on a pump and recrystallized from 3 mL of n-hexane. Yield 2.223 g (77%),

colorless needles.

This is a known compound255. 1H NMR (400 MHz, CD3CN) δ 8.10 – 8.03 (m, 1H), 2.47 –

2.35 (m, 2H), 2.13 (dd, J = 7.0, 5.2 Hz, 2H), 1.68 – 1.48 (m, 6H). 13C NMR (101 MHz,

CD3CN) δ 160.20, 32.66, 27.83, 26.53, 26.49, 24.70.

Acetophenone oxime (1h)

N
OH

A mixture of acetophenone (1.200 g, 10 mmol), hydroxylamine hydrochloride (1.10 g, 16

mmol, 1.6 equiv) and anhydrous sodium acetate (1.640 g, 20 mmol, 2 equiv) were

refluxed for 2 h in 10 mL of 80% aqueous ethanol. The solvent was evaporated and the

residue was washed with water to give colorless crystals. Yield 0.780 g (58%).

This is a known compound255. 1H NMR (400 MHz, DMSO-d6) δ 11.22 (s, 1H), 7.70 – 7.60

(m, 2H), 7.42 – 7.32 (m, 3H), 2.15 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 153.35,

137.43, 129.09, 128.84, 126.01, 12.06.

4-methylpentan-2-one oxime (1j)

N
OH

To 5 mL of 4-methylpentan-2-one was added 1.53 mL (1.65 g, 25 mmol) of 40% aqueous

hydroxylamine and 2 mL of ethanol. The mixture was vigorously stirred overnight at

room temperature, then concentrated under reduced pressure until no distillation was

observed at 4 mbar. The crude product was let to stand under 0.05 mbar vacuum for 30

min to remove remaining ketone giving the oxime as a colorless oil. Yield 0.812 g (28%).

1H NMR (400 MHz, CD3CN) δ 8.46 – 7.97 (m, 1H), 2.20 (d, J = 7.5 Hz, 1H), 1.99 (d, J = 7.6

Hz, 1H), 1.92 – 1.82 (m, 1H), 1.77 (d, J = 5.6 Hz, 3H), 0.88 (dd, J = 10.2, 6.6 Hz, 6H). 13C
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NMR (101 MHz, CD3CN) δ 157.79, 157.64, 45.15, 37.62, 26.34, 26.31, 22.83, 22.51, 20.34,

13.16.

3-methylbutan-2-one oxime (1k)

N
OH

The compound was prepared using the same procedure as for 1j. Colorless oil. Yield

0.758 g (30%).

1H NMR (400 MHz, CD3CN) δ 8.21 (s, 1H), 3.36 (hept, J = 7.0 Hz, 0.5H), 2.44 (hept, J = 6.9

Hz, 0.5H), 1.72 (d, J = 12.6 Hz, 3H), 1.01 (dd, J = 16.6, 7.0 Hz, 6H). 13C NMR (101 MHz,

CD3CN) δ 162.77, 162.29, 34.96, 26.23, 20.00, 18.99, 15.34, 10.71.

2,4-dimethylpentan-3-one oxime (1l)

NOH

The compound was prepared using the same procedure as for 1j. Colorless oil. Yield

0.101 g (3%).

1H NMR (400 MHz, CD3CN) δ 8.24 (s, 1H), 3.10 (hept, J = 7.1 Hz, 1H), 2.52 (hept, J = 6.8

Hz, 1H), 1.07 (dd, J = 20.6, 7.0 Hz, 12H). 13C NMR (101 MHz, CD3CN) δ 168.61, 31.17,

27.93, 21.64, 19.02.

Preparation of cyclohexanone oxime, 18O-labelled

NaNO2

1. H2
18O,

10 mol. % HCl
2.10 mol. % NaOH

-5°C to rt
NaN(18O)2

1. BH3•Me2S,
THF

2. Water, 6M HCl
3. 6M NaOH,

cyclohexanone N
18O

H

1g-18O
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The compound was prepared using adapted procedures for labelled acetophenone

oxime.256

Step 1. Sodium nitrite (850 mg, 12.3 mmol) was dissolved in water-18O (1 g, 97%

oxygen-18 content) in a 5 mL screwcap vial with vigorous stirring. The vial was cooled

on ethanol-ice bath to -5 °C, purged with nitrogen and 12M HCl (83 µl, 1 mmol, 0.08

equiv) was slowly added dropwise to avoid excessive NOX formation. The vial was then

sealed tightly and allowed to stir at room temperature for 2 days. After the exchange

completion, the mixture was cooled to -5 °C and neutralized with NaOH (40 mg, 1 mmol,

0.08 equiv). The solution was then evaporated to dryness to yield crude 18O-enriched

sodium nitrite (941 mg, 105% yield) which was used directly in the next step without

further purification.

Step 2. Sodium nitrite-18O (941 mg, crude) was dissolved in 8 mL of THF in a 50 mL

round-bottom flask with sonication and thus formed cloudy solution was purged with

nitrogen for 10 min and stoppered with a septum. The flask was then cooled in ethanol-

ice bath to -5 °C and borane dimethylsulfide complex (2M in THF, 13.8 mL, 28.3 mmol,

2.3 eq) was then slowly syringed through the septum. The reaction mixture was allowed

to stir overnight at room temperature, cooled again to -5 °C and then consequently

quenched dropwise with water (5.3 mL) and 6M HCl (5.3 mL) with the septum removed.

After stirring at room temperature for 15 min, 6M NaOH (5.3 mL) and cyclohexanone

(1.24 mL, 12.3 mmol, 1 equiv) were added consequently. The flask was plugged with a

greased glass stopper, clipped tightly and stirred on an oil bath at 70 °C for 5 h. The

reaction mixture was then partitioned between ethyl acetate (20 mL) and water (20

mL), the organic layer was separated in a funnel and the aqueous layer was extracted

with additional ethyl acetate (10 mL). Combined organic phases were washed with 20

mL of brine, dried over magnesium sulfate and evaporated under vacuum to yield a

thick colorless oil which was crystallized in 1 mL of n-hexane in a freezer overnight. The

precipitate formed was filtered off and washed with additional 1 mL of cold n-hexane.

White granules (420 mg, 30% yield). The product 1g-18O was analyzed using GC-MS to

determine isotope ratio (64% oxygen-18 content) (see GC-MS data).
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Preparation of 7-ethoxy-2H-chromen-2-one oxime

O OHO O OEtO

EtI,
K2CO3

DMF
rt

O SEtO

Lawesson's
reagent

toluene
130 °C

O NOHEtO

NH2OH•HCl
NaOAc

methanol
80 °C2i3 4 1i

The compound was prepared using adapted procedures.128, 257

Step 1. A mixture 7-hydroxy-2H-chromen-2-one 3 (243 mg, 1.5 mmol), ethyl iodide (181

µL, 2.25 mmol, 1.5 equiv) and K2CO3 in 3 mL of DMF was stirred at room temperature

for 72 h in a stoppered flask. The product was precipitated with 2 mL of brine and

extracted with ethylacetate (2x10 mL). Combined organic phases were washed with 5

mL of brine, dried with sodium sulfate and then evaporated to dryness to yield 7-ethoxy-

2H-chromen-2-one 2i as a light brown solid (282 mg, 99% yield). 1H NMR (400 MHz,

CDCl3) δ 7.63 (d, J = 9.4 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 6.83 (dd, J = 8.6, 2.4 Hz, 1H), 6.81

– 6.78 (m, 1H), 6.24 (dd, J = 9.5, 1.0 Hz, 1H), 4.09 (q, J = 7.0 Hz, 1H), 1.45 (t, J = 7.0 Hz,

3H). 13C NMR (101 MHz, CDCl3) δ 162.34, 161.47, 156.03, 143.63, 128.86, 113.11,

112.51, 101.38, 77.36, 64.30, 14.70.

Step 2. A mixture of 7-ethoxy-2H-chromen-2-one 2i (0.650 g, 3.4 mmol) and Lawesson's

reagent (1.520 g, 3.8 mmol, 1.1 equiv) were suspended in 20 mL of toluene in a 100 mL

round-bottom flask. The flask was tightly stoppered and clipped, then placed on an oil

bath to stir overnight at 130 °C. After the reaction was completed, the mixture was

cooled on an ice bath for 30 min and filtered off. The filtrate was evaporated to dryness,

purified via column chromatography (gradient of hexane - ethyl acetate 80:20 to 75:25)

and then the compound was additionally recrystallized from 2 mL of toluene to yield 7-

ethoxy-2H-chromen-2-thione 4 (0.547 g, 78%) as fine yellow needles. 1H NMR (400

MHz, CDCl3) δ 7.40 (dd, J = 9.0, 6.0 Hz, 2H), 7.11 (d, J = 9.2 Hz, 1H), 6.96 (d, J = 2.4 Hz,

1H), 6.89 (dd, J = 8.7, 2.4 Hz, 1H), 4.10 (q, J = 7.0 Hz, 2H), 1.47 (t, J = 7.0 Hz, 3H). 13C NMR

(101 MHz, CDCl3) δ 198.05, 162.84, 158.70, 135.34, 128.80, 126.80, 114.93, 114.38,

100.90, 77.36, 64.51, 14.65.
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Step 3. A mixture of 7-ethoxy-2H-chromen-2-thione 4 (540 mg, 2.6 mmol),

hydroxylamine hydrochloride (360 mg, 5.2 mmol, 2 equiv) and anhydrous sodium

acetate (435 mg, 5.2 mmol, 2 equiv) was stirred in 30 mL of methanol in a tightly

stoppered flask at 80 °C overnight. The reaction mixture was evaporated to dryness, the

residue was washed with water, filtered off and dried to yield 7-ethoxy-2H-chromen-2-

one oxime 1i (469 mg, 87%) as a pale yellow fine powder which is sufficiently pure by
1H NMR data for further reactions. 1H NMR (400 MHz, DMSO-d6) δ 10.23 (s, 1H), 7.30 –

7.20 (m, 1H), 6.94 (d, J = 9.8 Hz, 1H), 6.70 (d, J = 1.7 Hz, 1H), 6.68 (d, J = 2.4 Hz, 1H), 6.14

(d, J = 9.8 Hz, 1H), 4.06 (q, J = 7.0 Hz, 2H), 1.32 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz,

DMSO-d6) δ 160.07, 153.46, 149.00, 128.80, 128.23, 114.40, 113.19, 110.62, 101.24,

63.64, 14.55.

Preparation of O-alkyl derivatives of 7-ethoxy-2H-chromen-2-one oxime

O SEtO O NOREtO

NH2OR•HCl
NaOAc

methanol
80 °C R = Bn (1i-Bn),

     Me (1i-Me)
4

Compounds were prepared similarly to a parent 7-ethoxy-2H-chromen-2-one oxime 1i

(section 1.2.4, step 3) from 7-ethoxy-2H-chromen-2-thione 4 and corresponding O-alkyl

hydroxylamine hydrochloride on a 0.73 mmol scale.

7-ethoxy-2H-chromen-2-one O-benzyl oxime (1i-Bn)

O NEtO
O

Yield 83%, yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 7.1 Hz, 2H), 7.41 – 7.27

(m, 3H), 7.07 (d, J = 8.5 Hz, 1H), 6.80 (d, J = 9.8 Hz, 1H), 6.76 (d, J = 2.4 Hz, 1H), 6.64 (dd, J

= 8.5, 2.4 Hz, 1H), 6.11 (d, J = 9.7 Hz, 1H), 5.14 (s, 2H), 4.02 (q, J = 7.0 Hz, 2H), 1.41 (t, J =

7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 160.80, 153.91, 150.72, 137.94, 130.34, 128.50,

128.33, 127.99, 127.93, 113.27, 111.74, 101.56, 77.36, 76.67, 64.06, 14.80.
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7-ethoxy-2H-chromen-2-one O-methyl oxime (1i-Me)

O NEtO
O

Yield 88%, yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.09 (d, J = 8.6 Hz, 1H), 6.84 (d, J =

9.7 Hz, 1H), 6.76 (d, J = 2.4 Hz, 1H), 6.65 (dd, J = 8.4, 2.4 Hz, 1H), 6.14 (d, J = 9.9 Hz, 1H),

4.02 (q, J = 7.0 Hz, 2H), 3.94 (s, 3H), 1.41 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ

160.89, 153.80, 150.48, 130.59, 128.02, 113.27, 113.22, 111.85, 101.46, 77.36, 64.07,

62.86, 14.80.

Preparation of K-PHI photocatalyst

Potassium poly(heptazine imide) was prepared according to a described procedure.124

The catalyst was additionally ball-milled for 5 min after drying. Final K-PHI product is a

free-flowing brownish-yellow powder.
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7.2.2. Light sources

In this work, the following light sources were used: blue LED module with regulated

irradiance (declared input electric power 50 W, emission maximum λ = 461 nm,

measured irradiance 88 mW·cm-2); red LED module (declared input electric power 50

W, emission maximum λ = 625 nm, measured irradiance 30 mW·cm-2); green LED

(declared input electric power 50 W, emission maximum λ = 525 nm, measured

irradiance 38 mW·cm-2). Irradiance of the LED modules was measured using PM400

Optical Power and Energy Meter equipped with the integrating sphere S142C and

purchased from Thorlabs; emission spectra were recorded with Avantes AvaSpec-

ULS2048CL-EVO-RS optic fiber spectrometer (Figure S2.1).

400 500 600 700 400 500 600 700 400 500 600 700

Wavelength, nm

a)

Wavelength, nm

b)

Wavelength, nm

c)

Figure S2.1. Emission spectra of LEDs used in experiments. a) Blue LED b) Green LED c) Red LED
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7.2.3. Supplementary Methods

NMR

1H and 13C NMR spectra were recorded on Bruker Ascend 400 MHz (at 400 MHz for

Protons and 101 MHz for Carbon-13). Chemical shifts are reported in ppm versus

solvent residual peak: CDCl3 7.26 ppm (1H NMR), 77.16 ppm (13C NMR); DMSO-d6 2.50

ppm (1H NMR), 39.52 ppm (13C NMR); CD3CN 1.94 ppm (1H NMR), 1.32 ppm, 118.26

ppm (13C NMR).

GC-MS

Agilent 6890 Network GC System coupled with Agilent 5975 Inert Mass Selective

detector (electron ionization) were used for reaction mixture composition analysis and

to obtain mass spectra of the products.

UV-Vis-NIR measurements

Absorption spectra were recorded on Shimadzu UV 2600 double-beam spectrometer

with interchangeable cuvette and integrating sphere modules for liquid and solid

samples, respectively.

Fluorescence measurements

Monitoring of flow experiments and steady-state fluorescence quenching measurements

were done on Jasco FP-8300 fluorescence spectrometer with a xenon lamp light source.

The device settings for each experiment are listed in the corresponding sections below.

TCSPC TRES measurements

Time-resolved fluorescence and phosphorescence experiments were performed on

PicoQuant FluoTime 250 fluorescence spectrometer equipped with PicoQuant PDL 820

picosecond diode laser controller; laser source with λmax = 375 nm was used. The device

settings for each experiment are listed in the corresponding sections below.
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7.2.4. Photocatalytic Experiments

Photooxidation Experimental Procedures

Method A (general procedure). In a 5 mL screwcap glass tube with a magnetic stirbar

were placed 50 µmol of oxime, 5 mg of K-PHI and 2 mL of acetonitrile. The tube was

stoppered with a rubber septum which was pierced with a needle attached to an

oxygen-filled balloon. The reaction setup was placed on a magnetic stirrer in front of

blue (λmax = 461 nm) or red (λmax = 625 nm) LED at 8 cm distance; the irradiance of blue

LED was dimmed to match the one of the red LED (20 mW·cm-2 at 8 cm). The reaction

mixture was irradiated at room temperature for 24 h with vigorous stirring of 800 rpm

and then centrifuged at 13000 rpm for 3 min to separate the catalyst. After decanting,

the solvent was removed under vacuum (150 mbar, 45 °C rotary evaporator bath

temperature). The residue was mixed with 100 µL of 1,3,5-trimethoxybenzene 0.1M

DMSO-d6 solution (10 µmol of internal standard) and transferred to an NMR tube with

additional DMSO-d6 rinsing (0.6 mL of solvent is used for washings in total). Conversion

and yield were then calculated based on qNMR data.

Method B (for volatile substrates and products). In a 5 mL screwcap glass tube with a

magnetic stirbar were placed 50 µmol of oxime, 5 mg of K-PHI and 2 mL of CD3CN. The

tube was stoppered with a rubber septum which was pierced with a needle attached to

an oxygen-filled balloon. The reaction setup was placed on a magnetic stirrer in front of

blue (λmax = 461 nm) or red (λmax = 625 nm) LED at 8 cm distance; the irradiance of blue

LED was dimmed to match the one of the red LED (20 mW·cm-2 at 8 cm). The reaction

mixture was irradiated at room temperature for 24 h with vigorous stirring of 800 rpm

and then centrifuged at 13000 rpm for 3 min to separate the catalyst. The aliquot of 500

µL was transferred to a NMR tube along with 100 µL of 1,3,5-trimethoxybenzene 0.1M

CD3CN solution (10 µmol of internal standard). Conversion and yield were then

calculated based on qNMR data with respect to aliquoting factor of 4. This method was

used for compounds 1d, 1f, 1g and 1g-18O.
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Method C (control experiment). In a 5 mL screwcap glass tube with a magnetic stirbar

were placed 50 µmol of oxime and 2 mL of acetonitrile or CD3CN depending on starting

oxime. The tube was stoppered with a rubber septum which was pierced with a needle

attached to an oxygen-filled balloon. The reaction setup was placed on a magnetic stirrer

in front of blue (λmax = 461 nm) LED at 8 cm distance; the irradiance was dimmed to 20

mW·cm-2 at 8 cm. The reaction mixture was irradiated at room temperature for 24 h

with vigorous stirring of 800 rpm and then worked up without centrifugation as

described in method A or B with respect to the substrate. Conversion and yield were

then calculated based on qNMR data.

Method D (prolonged time experiment). The reaction was carried out with red LED as

described in method A or B depending on the substrate, except the reaction time was

120 h.

Quantitative NMR data for oxidation experiments

Yields and conversions were calculated using the following formulas:

𝑌 =
𝐼𝐶𝑎𝑟𝑏 ∙ 𝑁𝑆𝑡 ∙ 𝑛𝑆𝑡

𝐼𝑆𝑡 ∙ 𝑁𝐶𝑎𝑟𝑏 ∙ 𝑛𝑂𝑥
∙ 𝐴𝐹 ∙ 100%

𝑋 = 1 −
𝐼𝑂𝑥 ∙ 𝑁𝑆𝑡 ∙ 𝑛𝑆𝑡

𝐼𝑆𝑡 ∙ 𝑁𝑂𝑥 ∙ 𝑛𝑂𝑥
∙ 𝐴𝐹 ∙ 100%

Where Y is yield, X is conversion, ICarb is integral intensity of a carbonyl product signal,

NCarb is number of protons corresponding to a carbonyl product signal, ISt is integral

intensity of internal 1,3,5-trimethoxybenzene standard (aromatic protons, 3.000), NSt is

number of protons corresponding to the 1,3,5-trimethoxybenzene standard signal

(aromatic protons, 3), nOx is amount of starting oxime taken into reaction (50 µmol), nSt

is amount of 1,3,5-trimethoxybenzene standard (10 µmol), IOx is integral intensity of a

starting oxime signal, NOx is number of protons corresponding to a starting oxime signal,

AF is aliquoting factor (1 is for DMSO-d6, 4 is for CD3CN samples).
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Thiophene-2-carbaldehyde oxime (1a) oxidation, red LED, 24 h

S N OH

𝑌 =
0.090 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 2%

𝑋 = 1 −
3.873 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 23%
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Thiophene-2-carbaldehyde oxime (1a) oxidation, red LED, 120 h

S N OH

𝑌 =
0.320 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 6%

𝑋 = 1 −
2.241 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 55%
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Thiophene-2-carbaldehyde oxime (1a) oxidation, blue LED, 24 h, with K-PHI

S N OH

𝑌 =
0.874 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 17%

𝑋 = 1 −
0 ∙ 3 ∙ 10

3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 100%
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Thiophene-2-carbaldehyde oxime (1a) oxidation, blue LED, 24 h, without K-PHI

S N OH

𝑌 =
0.575 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 12%

𝑋 = 1 −
0.030 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 99%
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1H-pyrrole-2-carbaldehyde oxime (1b) oxidation, red LED, 24 h

H
N N OH

𝑌 =
0.345 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 7%

𝑋 = 1 −
1.913 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 62%
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1H-pyrrole-2-carbaldehyde oxime (1b) oxidation, red LED, 120 h

H
N N OH

𝑌 =
0.677 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 14%

𝑋 = 1 −
0.429 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 91%
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1H-pyrrole-2-carbaldehyde oxime (1b) oxidation, blue LED, 24 h, with K-PHI

H
N N OH

𝑌 =
0.523 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 10%

𝑋 = 1 −
0 ∙ 3 ∙ 10

3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 100%



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

119

7. Appendix — Supplementary Information

1H-pyrrole-2-carbaldehyde oxime (1a) oxidation, blue LED, 24 h, without K-PHI

H
N N OH

𝑌 =
0.093 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 2%

𝑋 = 1 −
2.206 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 56%
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2,6-dimethoxybenzaldehyde oxime (1c) oxidation, red LED, 24 h

N
OH
OMeMeO

𝑌 =
0.174 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 3%

𝑋 = 1 −
2.737 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 45%
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2,6-dimethoxybenzaldehyde oxime (1c) oxidation, red LED, 120 h

N
OH
OMeMeO

𝑌 =
0.239 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 5%

𝑋 = 1 −
2.710 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 46%
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2,6-dimethoxybenzaldehyde oxime (1c) oxidation, blue LED, 24 h, with K-PHI

N
OH
OMeMeO

𝑌 =
0.568 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 11%

𝑋 = 1 −
0.303 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 94%
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2,6-dimethoxybenzaldehyde oxime (1c) oxidation, blue LED, 24 h, without K-PHI

N
OH
OMeMeO

𝑌 =
0.017 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% < 1%

𝑋 = 1 −
4.750 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 5%
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Butanal oxime (1d) oxidation, red LED, 24 h

N
OH

𝑌 =
0.036 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 3%

𝑋 = 1 −
0.548 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 56%
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Butanal oxime (1d) oxidation, red LED, 120 h

N
OH

𝑌 =
0.042 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 3%

𝑋 = 1 −
0.046 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 96%



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

126

7. Appendix — Supplementary Information

Butanal oxime (1d) oxidation, blue LED, 24 h, with K-PHI

N
OH

𝑌 =
0.088 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 7%

𝑋 = 1 −
0.129 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 90%
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Butanal oxime (1d) oxidation, blue LED, 24 h, without K-PHI

N
OH

𝑌 =
0.004 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% < 1%

𝑋 = 1 −
0.375 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 70%
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4-hydroxy-3-methoxybenzaldehyde (1e) oxime oxidation, red LED, 24 h

N
OH

HO

MeO

𝑌 =
0.047 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 1%

𝑋 = 1 −
3.451 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 31%
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4-hydroxy-3-methoxybenzaldehyde oxime (1e) oxidation, red LED, 120 h

N
OH

HO

MeO

𝑌 =
0.111 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 2%

𝑋 = 1 −
1.725 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 65%
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4-hydroxy-3-methoxybenzaldehyde oxime (1e) oxidation, blue LED, 24 h, with K-PHI

N
OH

HO

MeO

𝑌 =
0.010 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% < 1%

𝑋 = 1 −
3.170 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 37%
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4-hydroxy-3-methoxybenzaldehyde oxime (1e) oxidation, blue LED, 24 h, without K-PHI

N
OH

HO

MeO

𝑌 =
0 ∙ 3 ∙ 10

3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% = 0%

𝑋 = 1 −
4.998 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 1 ∙ 100% < 1%
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Acetone oxime (1f) oxidation, red LED, 24 h

N
OH

𝑌 =
0.768 ∙ 3 ∙ 10
3.000 ∙ 6 ∙ 50 ∙ 4 ∙ 100% = 10%

𝑋 = 1 −
5.882 ∙ 3 ∙ 10
3.000 ∙ 6 ∙ 50 ∙ 4 ∙ 100% = 22%
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Acetone oxime (1f) oxidation, red LED, 120 h

N
OH

𝑌 =
6.366 ∙ 3 ∙ 10
3.000 ∙ 6 ∙ 50 ∙ 4 ∙ 100% = 84%

𝑋 = 1 −
1.185 ∙ 3 ∙ 10
3.000 ∙ 6 ∙ 50 ∙ 4 ∙ 100% = 85%
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Acetone oxime (1f) oxidation, blue LED, 24 h, with K-PHI

N
OH

𝑌 =
3.396 ∙ 3 ∙ 10
3.000 ∙ 6 ∙ 50 ∙ 4 ∙ 100% = 45%

𝑋 = 1 −
1.518 ∙ 3 ∙ 10
3.000 ∙ 6 ∙ 50 ∙ 4 ∙ 100% = 80%
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Acetone oxime (1f) oxidation, blue LED, 24 h, without K-PHI

N
OH

𝑌 =
0.019 ∙ 3 ∙ 10
3.000 ∙ 6 ∙ 50 ∙ 4 ∙ 100% < 1%

𝑋 = 1 −
6.268 ∙ 3 ∙ 10
3.000 ∙ 6 ∙ 50 ∙ 4 ∙ 100% = 16%
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Cyclohexanone oxime (1g) oxidation, red LED, 24 h

N
OH

𝑌 =
0.319 ∙ 3 ∙ 10
3.000 ∙ 4 ∙ 50 ∙ 4 ∙ 100% = 6%

𝑋 = 1 −
2.225 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 11%
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Cyclohexanone oxime (1g) oxidation, red LED, 120 h

N
OH

𝑌 =
1.255 ∙ 3 ∙ 10
3.000 ∙ 4 ∙ 50 ∙ 4 ∙ 100% = 25%

𝑋 = 1 −
2.225 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 26%
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Cyclohexanone oxime (1g) oxidation, blue LED, 24 h, with K-PHI

N
OH

𝑌 =
1.897 ∙ 3 ∙ 10
3.000 ∙ 4 ∙ 50 ∙ 4 ∙ 100% = 38%

𝑋 = 1 −
1.503 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 40%
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Cyclohexanone oxime (1g) oxidation, blue LED, 24 h, without K-PHI

N
OH

𝑌 =
0 ∙ 3 ∙ 10

3.000 ∙ 4 ∙ 50 ∙ 4 ∙ 100% = 0%

𝑋 = 1 −
3.464 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% < 0%
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Acetophenone oxime (1h) oxidation, red LED, 24 h

N
OH

𝑌 =
0.569 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 1 ∙ 100% = 4%

𝑋 = 1 −
12.376 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 1 ∙ 100% = 17%
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Acetophenone oxime (1h) oxidation, red LED, 120 h

N
OH

𝑌 =
2.383 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 1 ∙ 100% = 16%

𝑋 = 1 −
9.744 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 1 ∙ 100% = 35%
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Acetophenone oxime (1h) oxidation, blue LED, 24 h, with K-PHI

N
OH

𝑌 =
8.744 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 1 ∙ 100% = 58%

𝑋 = 1 −
0 ∙ 3 ∙ 10

3.000 ∙ 3 ∙ 50 ∙ 1 ∙ 100% = 100%
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Acetophenone oxime (1h) oxidation, blue LED, 24 h, without K-PHI

N
OH

𝑌 =
19.016 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 1 ∙ 100% > 100%

𝑋 = 1 −
0 ∙ 3 ∙ 10

3.000 ∙ 3 ∙ 50 ∙ 1 ∙ 100% = 100%
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4-methylpentan-2-one oxime (1j) oxidation, red LED, 24 h

N
OH

𝑌 =
0 ∙ 3 ∙ 10

3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 0%

𝑋 = 1 −
4.397 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 4 ∙ 100% < 0%
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4-methylpentan-2-one oxime (1j) oxidation, red LED, 120 h

N
OH

𝑌 =
0 ∙ 3 ∙ 10

3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 0%

𝑋 = 1 −
3.572 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 4 ∙ 100% = 5%
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4-methylpentan-2-one oxime (1j) oxidation, blue LED, 24 h, with K-PHI

N
OH

𝑌 =
1.183 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 47%

𝑋 = 1 −
0.467 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 4 ∙ 100% = 88%
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4-methylpentan-2-one oxime (1j) oxidation, blue LED, 24 h, without K-PHI

N
OH

𝑌 =
0 ∙ 3 ∙ 10

3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 0%

𝑋 = 1 −
4.395 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 4 ∙ 100% < 0%
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3-methylbutan-2-one oxime (1k) oxidation, red LED, 24 h

N
OH

𝑌 =
0 ∙ 3 ∙ 10

3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 0%

𝑋 = 1 −
3.442 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 4 ∙ 100% = 8%
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3-methylbutan-2-one oxime (1k) oxidation, red LED, 120 h

N
OH

𝑌 =
0.170 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 14%

𝑋 = 1 −
2.428 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 4 ∙ 100% = 35%
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3-methylbutan-2-one oxime (1k) oxidation, blue LED, 24 h, with K-PHI

N
OH

𝑌 =
0.498 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 40%

𝑋 = 1 −
0.637 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 4 ∙ 100% = 83%
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3-methylbutan-2-one oxime (1k) oxidation, blue LED, 24 h, without K-PHI

N
OH

𝑌 =
0 ∙ 3 ∙ 10

3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 0%

𝑋 = 1 −
4.477 ∙ 3 ∙ 10
3.000 ∙ 3 ∙ 50 ∙ 4 ∙ 100% < 0%
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2,4-dimethylpentan-3-one oxime (1l) oxidation, red LED, 24 h

NOH

𝑌 =
0.016 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 1%

𝑋 = 1 −
0.996 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 20%
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2,4-dimethylpentan-3-one oxime (1l) oxidation, red LED, 120 h

NOH

𝑌 =
0.175 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 7%

𝑋 = 1 −
0.741 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 41%
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2,4-dimethylpentan-3-one oxime (1l) oxidation, blue LED, 24 h, with K-PHI

NOH

𝑌 =
0.493 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 20%

𝑋 = 1 −
0.662 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 47%
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2,4-dimethylpentan-3-one oxime (1l) oxidation, blue LED, 24 h, without K-PHI

NOH

𝑌 =
0.024 ∙ 3 ∙ 10
3.000 ∙ 2 ∙ 50 ∙ 4 ∙ 100% = 1%

𝑋 = 1 −
1.036 ∙ 3 ∙ 10
3.000 ∙ 1 ∙ 50 ∙ 4 ∙ 100% = 7%
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Isotope Label Oxidation Experiment

N
18O

H O 18O

or
O2

conditions
MeCN

1g-18O 2g 2g-18O

Oxidation of cyclohexanone oxime-18O was carried out as described in section 4.1

(method B for reactions 1 and 2 or method C for reaction 3) on 50 µmol scale in 2 mL of

acetonitrile in three various conditions to determine isotope distribution in the final

product:

1. Red LED irradiation, 5 mg K-PHI,

2. Blue LED irradiation, 5 mg K-PHI,

3. Blue LED irradiation.

After workup, 200 µL samples of reaction mixtures were taken directly for GC-MS (10

min run, first 3 min discarded) and 4.71 to 4.79 min part was analyzed (see GC-MS data

for details).

Unsubstituted and O-alkyl 7-ethoxy-2H-chromen-2-one Oxime Oxidation

O OEtOO NOREtO

conditions

MeCN

R = H, Me, Bn

The experiments were carried out on 50 µmol scale in 2 mL of acetonitrile as described

in section 4.1 (method A or C depending on presence of K-PHI in a mixture) under blue,

green or red LED irradiation; qNMR spectra were recorded in CDCl3 instead of DMSO

using 10 µmol of 1,3,5-trimethoxybenzene as internal standard (see data below).

If reaction was performed under argon atmosphere, the mixture was deoxygenated with

3 freeze-pump-thaw cycles on a Schlenk line.
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Quantitative NMR data

Yields were calculated using the following formulas:

𝑌 =
𝐼𝐶𝑎𝑟𝑏 ∙ 𝑁𝑆𝑡 ∙ 𝑛𝑆𝑡

𝐼𝑆𝑡 ∙ 𝑁𝐶𝑎𝑟𝑏 ∙ 𝑛𝑂𝑥
∙ 100%

Where Y is yield, ICarb is integral intensity of a carbonyl product signal, NCarb is number of

protons corresponding to a carbonyl product signal, ISt is integral intensity of internal

1,3,5-trimethoxybenzene standard (aliphatic protons, 9.000), NSt is number of protons

corresponding to the 1,3,5-trimethoxybenzene standard signal (aliphatic protons, 9), nOx

is amount of starting oxime taken into reaction (50 µmol), nSt is amount of 1,3,5-

trimethoxybenzene standard (10 µmol).
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7-ethoxy-2H-chromen-2-one oxime (1i), blue LED, standard conditions, entry 1

O NOHEtO

𝑌 =
1.69 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 35%
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7-ethoxy-2H-chromen-2-one oxime (1i), blue LED, standard conditions, entry 2

O NOHEtO

𝑌 =
2.16 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 43%
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7-ethoxy-2H-chromen-2-one oxime (1i), blue LED, under argon

O NOHEtO

𝑌 =
0.60 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 12%
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7-ethoxy-2H-chromen-2-one oxime (1i), blue LED, no K-PHI

O NOHEtO

𝑌 =
4.99 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 99.8%
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7-ethoxy-2H-chromen-2-one oxime (1i), blue LED, under argon, no K-PHI

O NOHEtO

𝑌 =
0.52 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 10%
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7-ethoxy-2H-chromen-2-one oxime (1i), no light, under argon, no K-PHI

O NOHEtO

𝑌 =
0.05 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 1%
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7-ethoxy-2H-chromen-2-one oxime (1i), no light, no K-PHI

O NOHEtO

𝑌 =
0.05 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 1%
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7-ethoxy-2H-chromen-2-one oxime (1i), no light

O NOHEtO

𝑌 =
0.01 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% < 1%
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7-ethoxy-2H-chromen-2-one oxime (1i), no light, under argon

O NOHEtO

𝑌 =
0.04 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% < 1%
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7-ethoxy-2H-chromen-2-one oxime (1i), green LED, standard conditions, entry 1

O NOHEtO

𝑌 =
2.07 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 41%
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7-ethoxy-2H-chromen-2-one oxime (1i), green LED, standard conditions, entry 2

O NOHEtO

𝑌 =
2.14 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 43%
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7-ethoxy-2H-chromen-2-one oxime (1i), green LED, under argon

O NOHEtO

𝑌 =
0.65 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 13%
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7-ethoxy-2H-chromen-2-one oxime (1i), green LED, no K-PHI

O NOHEtO

𝑌 =
4.04 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 81%
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7-ethoxy-2H-chromen-2-one oxime (1i), green LED, under argon, no K-PHI

O NOHEtO

𝑌 =
0.04 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% < 1%
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7-ethoxy-2H-chromen-2-one oxime (1i), red LED, standard conditions

O NOHEtO

𝑌 =
0.82 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 16%
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7-ethoxy-2H-chromen-2-one oxime (1i), red LED, under argon

O NOHEtO

𝑌 =
0.34 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 7%
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7-ethoxy-2H-chromen-2-one oxime (1i), red LED, no K-PHI

O NOHEtO

𝑌 =
0.01 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% < 1%
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7-ethoxy-2H-chromen-2-one oxime (1i), red LED, under argon, no K-PHI

O NOHEtO

𝑌 =
0.02 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% < 1%
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7-ethoxy-2H-chromen-2-one O-benzyl oxime (1i-Bn), blue LED, standard

O NEtO O

𝑌 =
0.27 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 5%
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7-ethoxy-2H-chromen-2-one O-benzyl oxime (1i-Bn), green LED, standard

O NEtO O

𝑌 =
0.08 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 2%
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7-ethoxy-2H-chromen-2-one O-methyl oxime (1i-Me), blue LED, standard

O NEtO
O

𝑌 =
0.36 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 7%
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7-ethoxy-2H-chromen-2-one O-methyl oxime (1i-Me), green LED, standard

O NEtO
O

𝑌 =
0.06 ∙ 9 ∙ 10
9.00 ∙ 1 ∙ 50 ∙ 100% = 1%
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7.2.5. Absorption and Emission Spectroscopy Experiments

UV-Vis-NIR

The spectra were recorded in the range from 220 to 1400 nm; K-PHI spectrum was

obtained in solid state and 2.5·10-4 M acetonitrile solutions were used for compounds 1i,

1i-Bn and 1i-Me (Figure S2.2). The small 375-450 nm band in 1i-Me spectrum is

supposed to be a yellow-colored decomposition impurity(-ies) that accumulate(s) in the

sample upon storage and in solution.
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Figure S2.2. UV-Vis-NIR spectra of K-PHI and coumarin oximes.

Steady-State Emission Quenching Experiment

For this experiment, 4 samples were prepared by mixing 2 mL of acetonitrile, 5 mg of K-

PHI and 0, 10, 20 or 50 µmol of 7-ethoxy-2H-chromen-2-one oxime 1i, respectively

(which corresponds to 0, 0.005, 0.010 and 0.025M concentration). The samples were

sonicated in vials for 10 min before transferring, then purged with nitrogen for 3 min

inside a 1 cm wide 4-sided screwcap quartz cuvette and tightly closed. Each sample was

recorded 3 times and the cuvette was vigorously shaken prior to each measurement to

redisperse the catalyst.
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The device settings for recording emission spectra in these experiments are listed in

Table S2.1.

Table S2.1. Jasco FP-8300 settings for SSES (oxime-K-PHI quenching).

Parameter Value, unit

Ex bandwidth 5 nm

Em bandwidth 5 nm

Response 0.5 s

Sensitivity High

Measurement range 350-900 nm

Data interval 1 nm

Ex wavelength 375 nm

Auto gain off

Blank correction off

The measured spectra are shown on Figure S2.3 (the curves were obtained as 3

measurements’ average for each experiment):
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Figure S2.3. Full spectra (top) and main maxima excerpts (bottom) for steady-state quenching
experiments; values above the curves show the corresponding oxime concentration.

Absolute emission values at λmax = 602 nm were then used to make a steady-state Stern-

Volmer plot according to the equation:

𝐼0

𝐼 − 1 = 𝐾𝑆𝑉 ∙ 𝐶𝑄,
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where I0 is the absolute emission value of the sample without quencher, I is the absolute

emission value of a sample with added quencher, KSV is the Stern-Volmer constant (M-1)

and CQ is the quencher concentration (M). The plot is shown on Figure S2.4.

0 0,01 0,02 0,03

0

2

4
I 0/

I-1

Oxime concentration (M)

Equation y = a + b*x

Plot I0/I-1

Weight No Weighting
Intercept 0 ± --

Slope 155,35333 ± 2,0984
Residual Sum of Squares 0,00991

Pearson's r 0,99973
R-Square (COD) 0,99945

Adj. R-Square 0,99927

Figure S2.4. Steady-state Stern-Volmer plot

Stern-Volmer constant is thus determined to be 155.353 ± 2.098 M-1.

Time-Resolved Emission Experiments

Time-resolved emission quenching experiment

For this experiment, the device was set up as follows (Table S2.2).
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Table S2.2. Device settings for TRES quenching experiment (375 nm laser)

Parameter Value, unit

Resolution 25 ps

Frequency 20 MHz

Mode Pulse 10x30 KHz

Polarizer 54.7 °

Emission wavelength 500 nm

Excitation bandwidth 10 nm

The same samples were used as described above; each sample was purged with nitrogen

for 3 min prior to experiment and recorded 3 times with vigorous shaking before every

measurement. The acquisitions were set to terminate after reaching 10000 counts. The

following lifetimes were obtained (Table S2.3).

Table S2.3. Measured fluorescence lifetimes for oxime quenching

Oxime concentration, M 𝝉𝟏 , 𝒏𝒔 𝝉𝟐 , 𝒏𝒔 𝝉𝟑 , 𝒏𝒔 𝝉, 𝒏𝒔

0 1.642 1.640 1.665 1.649

0.005 1.706 1.641 1.638 1.662

0.010 1.538 1.499 1.502 1.513

0.025 1.411 1.387 1.338 1.379

The data was used to plot time-resolved Stern-Volmer plot according to the equation:

𝜏0

𝜏 − 1 = 𝐾𝑄 ∙ 𝜏0 ∙ 𝐶𝑄 ,

where τ0 is the fluorescence lifetime without quencher, τ is a fluorescence lifetime with

quencher, KQ is quenching rate constant, CQ is a quencher concentration. The plot with

linear approximation is shown on Figure S2.5:
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R-Square (COD) 0.96268
Adj. R-Square 0.94402

Figure S2.5. Time-resolved Stern-Volmer plot

The quenching rate constant in each case would be calculated as:

𝐾𝑄 =
𝐾𝑆𝑙𝑜𝑝𝑒

𝜏0
=

7.677 ± 1.069
1.649 ∙ 10−9 = (4.656 ± 0.648) ∙ 109 𝑀−1𝑠−1

Note: The inaccuracy in measurements may be attributed to slow degradation of the

oxime compound under UV beam: in the set of 3 measurements with added quencher

the former usually yield 30-60 ps greater PL lifetimes than the latter, and an acquisition

time for decay curves could be sufficient for side photochemical processes to occur (4-8

min).

Singlet-triplet energy gap determination

For this experiment, the device was set up as follows (Table S2.4).



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

186

7. Appendix — Supplementary Information

Table S2.4. Device settings for TRES quenching experiment (375 nm laser)

Parameter Value, unit (Fluorescence) Value, unit (Phosphorescence)

Resolution 25 ps 2500 ps

Frequency 40 MHz 1 MHz

Mode Pulse 10x30 KHz

Polarizer 54.7 °

Emission wavelength 425-700 nm with 25 nm gap (12 measurements)

Excitation bandwidth 10 nm 20 nm

The sample of 5 mg K-PHI in 2 mL of acetonitrile was used (purged with nitrogen for 3

min prior to experiment) and recorded once for both series with vigorous shaking

before every 12-measurements set. The acquisitions were set to terminate after

reaching 65535 counts.

After recording the decay curves, a count value was taken from every wavelength at

specific timestamps:

For fluorescence: 0.1 ns, 1 ns, 2 ns, 5 ns, 10 ns and 20 ns;

For phosphorescence: 50 ns, 100 ns, 200 ns, 500 ns and 950 ns.

These values were used to plot normalized wavelength-versus-counts emission spectra

with 25 nm definition for each timestamp of each series (Figures S2.6 and S2.7) and

average emission maximum was calculated from these plots for both fluorescence and

phosphorescence (Table S2.5).
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Figure S2.6. Indirect fluorescence spectra at various delay times
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Figure S2.7. Indirect phosphorescence spectra at various delay times
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Table S2.5. Emission maxima of K-PHI fluorescence and phosphorescence

Emission type

Series 1

max.,

nm

Series 2

max.,

nm

Series 3

max.,

nm

Series 4

max.,

nm

Series 5

max.,

nm

Series 6

max.,

nm

Average

nm eV

Fluorescence 525 525 525 550 550 550
537.5

± 13.7

2.31

±

0.06

Phosphorescence 600 600 625 575 600 -
600.0

± 17.7

2.07

±

0.06

With obtained values, the singlet-triplet energy gap is calculated using the equation:

∆𝐸𝑆𝑇 = 𝐸𝐹𝑙
𝑚𝑎𝑥 − 𝐸𝑃ℎ

𝑚𝑎𝑥 = 0.24 ± 0.12 𝑒𝑉

Internal Quantum Efficiency Measurements

Figure S2.8. IQE values and emission plots for 2i (blue line) and 1i (orange line). Insets show
appearance of solution of 2i and 1i in MeCN under ambient light (top) and UV (365 nm, bottom).
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7.2.6. NMR Spectra

S N OH

Figure S2.9. 1H NMR DMSO-d6 spectrum of 1a

Figure S2.10. 13C NMR DMSO-d6 spectrum of 1a
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H
N N OH

Figure S2.11. 1H NMR DMSO-d6 spectrum of 1b

Figure S2.12. 13C NMR DMSO-d6 spectrum of 1b
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N
OH
OMeMeO

Figure S2.13. 1H NMR spectrum of 1c

Figure S2.14. 13C NMR DMSO-d6 spectrum of 1c
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N
OH

Figure S2.15. 1H NMR CD3CN spectrum of 1d

Figure S2.16. 13C NMR CD3CN spectrum of 1d
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N
OH

HO

MeO

Figure S2.17. 1H NMR DMSO-d6 spectrum of 1e

Figure S2.18. 13C NMR DMSO-d6 spectrum of 1e



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

195

7. Appendix — Supplementary Information

N
OH

Figure S2.19. 1H NMR CD3CN spectrum of 1f

Figure S2.20. 13C NMR CD3CN spectrum of 1f



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

196

7. Appendix — Supplementary Information

N
OH

Figure S2.21. 1H NMR CD3CN spectrum of 1g

Figure S2.22. 13C NMR CD3CN spectrum of 1g
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N
OH

Figure S2.23. 1H NMR DMSO-d6 spectrum of 1h

Figure S2.24. 13C NMR DMSO-d6 spectrum of 1h
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O OEtO

Figure S2.25. 1H NMR CDCl3 spectrum of 2i

Figure S2.26. 13C NMR CDCl3 spectrum of 2i
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O SEtO

Figure S2.27. 1H NMR CDCl3 spectrum of 4

Figure S2.28. 13C NMR CDCl3 spectrum of 4
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O NOHEtO

Figure S2.29. 1H NMR CDCl3 spectrum of 1i

Figure S2.30. 13C NMR CDCl3 spectrum of 1i
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O NEtO
O

Figure S2.31. 1H NMR CDCl3 spectrum of 1i-Bn

Figure S2.32. 13C NMR CDCl3 spectrum of 1i-Bn
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O NEtO
O

 Figure S2.33. 1H NMR CDCl3 spectrum of 1i-Me

Figure S2.34. 13C NMR CDCl3 spectrum of 1i-Me
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N
OH

Figure S2.35. 1H NMR CD3CN spectrum of 1j

Figure S2.36. 13C NMR CD3CN spectrum of 1j
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N
OH

Figure S2.37. 1H NMR CD3CN spectrum of 1k

Figure S2.38. 13C NMR CD3CN spectrum of 1k
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NOH

Figure S2.39. 1H NMR CD3CN spectrum of 1l

Figure S2.40. 13C NMR CD3CN spectrum of 1l
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7.2.7. GC-MS Data

𝑚/𝑧18𝑂 = 115.1

𝑚/𝑧16𝑂 = 113.1

𝐼𝑠𝑜𝑡𝑜𝑝𝑒 𝑃𝑢𝑟𝑖𝑡𝑦 =  
100

100 + 55.885 ∙ 100% = 64%

Figure S2.41. GC-MS chromatogram and mass-spectrum data of cyclohexanone oxime-18O
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Figure S2.42. Oxidation of cyclohexanone oxime-18O with K-PHI under blue light (GC-MS of
reaction mixture)
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Figure S2.43. Oxidation of cyclohexanone oxime-18O without K-PHI under blue light (GC-MS of
reaction mixture)
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Figure S2.44. Oxidation of cyclohexanone oxime-18O with K-PHI under red light (GC-MS of reaction
mixture)
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7.2.8. Miscellaneous Data

S NOH H
N NOH

OMe

OMe

NOH

NOH
HO

NOH
MeO

NOH
NOH NOH

O NOHEtO

1a 1b 1c

1d 1e

1f 1g 1h

1i

Mechanistic studies

Ketoximes

Aldoximes

N18OH

1g-18O

NOH NOH NOH

1j 1k 1l

Figure S2.45. Complete reaction scope
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R N
OH

10 mol% Cu(OAc)2
3 eq. tBuONO

30 mol% PhthN-OH

MeCN
80°C, 24 h, N2

R2
R1 R2

R1
NOH

1 mol% [FeII] cat.
2 eq. NaBH4

2 eq. tBuONO

ROH/H2O
rt, 3-6 h, H2

R1

O
R2

NO2
R1

O
R2

NOH
5 eq. MnO2

10 mol% quinidine

THF
rt, 48 h

(ipso-nitrosation)

Cbz-NHOH

Figure S2.46. Selected reaction pathways to obtain oximes from non-carbonyl substrates126
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7.3. SI for Chapter 3

7.3.1. Synthetic Procedures

Synthetic Procedures

Oxazolidinone (1a) was purchased from TCI Chemicals (≥98%) and was used as

received. All the reagents (purity 97% or greater) and solvents (HPLC grade) used in

synthetic procedures and photocatalytic experiments were purchased from chemical

supply companies (Sigma-Aldrich (Merck), AlfaAesar, J.T.Baker, VWR or TCI Chemicals)

and were used as received.

Preparation of oxazolidinones

3-(2-Hydroxyethyl)-1,3-oxazolidin-2-one (3)

N

O
O

OH

Method A, adapted from reference.258 Sodium metal (46 ~ 60 mg) was dissolved in

methanol (4 mL). The solution was added to a mixture of diethanolamine (21 g, 0.2 mol)

and methyl carbonate (22.52 g, 0.25 mol). The mixture was stirred at reflux for 4 h and

concentrated in vacuum (55 oC, 80 mbar), followed by distillation in high vacuum

(5.5 × 10-2 mbar, 175 ~ 180 oC). The distillation was carried out on a short path setup

without excessive heating to prevent polymerization. Yield: 12.56 g, 48% (pale yellow

oil). 1H NMR (400 MHz, CDCl3) δ 4.37 – 4.27 (m, 2H), 3.74 (t, J = 5.3 Hz, 2H), 3.71 – 3.62

(m, 2H), 3.37 – 3.30 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 159.5, 62.3, 60.4, 46.9, 45.7.

Method B. With vigorous stirring, diethanolamine (10.5 g, 0.1 mmol) and ethyl carbonate

(12.1 mL, 0.1 mmol) were mixed into a 50 mL round bottom flask equipped with a Dean-

Stark trap and a reflux condenser. The mixture was brought to 120 °C and then

gradually heated up to 135 °C for approximately 8 h until distillate collection in the trap

ceased (ca. 9 mL was collected). The reaction mixture was then dried with stirring under
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high vacuum (5.5 × 10-2 mbar) for 2 h. Crude product contains minor impurities of

starting materials (less than 10 mol.% in total) and was used without further

purification for the synthesis of 1k. Yield of crude compound: 12.4 g, 95% (yellow oil).

3-(2-Acetoxy-ethyl)-oxazolidin-2-one (1b)

N

O
O

O

CH3

O

A solution of acetylchloride (7.38 g, 0.09 mol) in dichloromethane (50 mL) was added

dropwise to a stirred solution of 3 (11.79 g, 0.09 mol) and triethylamine (9.54 g, 0.09

mol) in dichloromethane (100 mL) upon cooling on the ice bath. The mixture was stirred

overnight and deionized water (200 mL) was added to the mixture. The product was

extracted with dichloromethane (2 × 100 mL). Organic solutions were combined, dried

over anhydrous Na2SO4 and concentrated in vacuum (50 oC, 30 mbar). Yield: 2.97 g, 19%

(white solid). 1H NMR (400 MHz, CDCl3) δ 4.39 – 4.30 (m, 2H), 4.28 – 4.21 (m, 2H), 3.70 –

3.62 (m, 2H), 3.57 – 3.50 (m, 2H), 2.08 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 170.9, 158.6,

61.8, 45.9, 45.3, 43.6, 21.0.

Methyl 2-oxo-3-oxazolidineacetate (1c)

N

O
O

OCH3

O

Alkylation procedure was adapted from the reference.259 Oxazolidinone 1a (1.74 g, 20

mmol) was added to the suspension of NaH (0.84 g, 21 mmol) in DMF (40 mL) cooled on

ice bath and under N2 flow. The suspension was stirred at room temperature and under

N2 flow overnight. A solution of methyl 2-bromoacetate (3.21 g, 21 mmol) in DMF (10

mL) was added dropwise to the suspension cooled on water bath. The suspension was

stirred at room temperature overnight. Then suspension was quenched with water (200
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mL), followed by extraction with dichloromethane (50 mL × 3 times). The organic

phases were combined and washed with water (30 mL × 5 times), dried with Na2SO4 and

concentrated in vacuum (50 oC, 30 mbar). The residue was distilled in vacuum and the

product was collected as a fraction with boiling point at 116 – 120 oC at 7.5 × 10-5 bar

into a receiver cooled with liquid nitrogen. Yield: 1.31 g, 41% (colorless oil). 1H NMR

(400 MHz, CDCl3) δ 4.43 – 4.36 (m, 2H), 4.04 (s, 2H), 3.76 (s, 3H), 3.73 – 3.67 (m, 2H). 13C

NMR (101 MHz, CDCl3) δ 169.0, 158.7, 62.2, 52.5, 45.4, 45.0.

3-Phenyl-2-oxazolidinone (1d)

N

O
O

Adapted from reference.260 Oxazolidinone 1a (1 g, 11.4 mmol), copper iodide (0.065 g, 3

mol%), (±)trans-1,2-diaminocyclohexane (0.129 g, 10 mol%), potassium carbonate

(3.14 g, 22.8 mmol) and bromobenzene (1.2 mL, 11.4 mol) were dissolved in 1,4-dioxane

(5.7 mL). The mixture was refluxed at 110 oC for 15 h. The reaction mixture was

dissolved in ethyl acetate (10 mL) and filtered through silica gel plug, followed by

washing with ethyl acetate (10 mL × 3 times). The solution was concentrated in vacuum

(50 oC, 30 mbar). The product was purified by recrystallization in MeCN. Yield: 0.77 g,

41% (dark yellow solid). 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 7.7 Hz, 2H), 7.42 – 7.34

(m, 2H), 7.16 – 7.12 (m, 1H), 4.52 – 4.43 (m, 2H), 4.10 – 4.01 (m, 2H). 13C NMR (101 MHz,

CDCl3) δ 155.4, 138.3, 129.2, 124.2, 118.3, 61.4, 45.3.

4-(2-Oxo-3-oxazolidinyl)benzonitrile (1e)

N

O
O

N
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Adapted from reference.260 Oxazolidinone 1a (1 g, 11.4 mmol), copper iodide (0.065 g, 3

mol%), (±)trans-1,2-diaminocyclohexane (0.129 g, 10 mol%), potassium carbonate

(3.14 g, 22.8 mmol) and 4-bromobenzonitrile (2.08 g, 11.4 mol) were dissolved in 1,4-

dioxane (5.7 mL). The mixture was refluxed at 110 oC for 15 h. The reaction mixture was

dissolved in ethyl acetate (10 mL) and filtered through silica gel plug, followed by

washing with ethyl acetate (10 mL × 3 times). The solution was concentrated in vacuum

(50 oC, 30 mbar). The product was purified by re-crystallization in MeCN. Yield: 59 %

(white solid). 1H NMR (400 MHz, CDCl3) δ 7.70 – 7.65 (m, 4H), 4.66 – 4.46 (m, 2H), 4.19 –

4.02 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 154.7, 142.1, 133.4, 118.8, 118.0, 107.1, 61.5,

44.8.

3-(4-acetylphenyl)oxazolidin-2-one (1f)

N

O
O

O
CH3

Adapted from reference.260 Oxazolidinone 1a (1 g, 11.4 mmol), copper iodide (0.065 g, 3

mol%), (±)trans-1,2-diaminocyclohexane (0.129 g, 10 mol%), potassium carbonate

(3.14 g, 22.8 mmol) and 4-bromoacetophenone (2.27 g, 11.4 mol) were dissolved in 1,4-

dioxane (5.7 mL). The mixture was refluxed at 110 oC for 15 h. The reaction mixture was

dissolved in ethyl acetate (10 mL) and filtered through silica gel plug, followed by

washing with ethyl acetate (10 mL × 3 times). The solution was concentrated in vacuum

(50 oC, 30 mbar). The product was purified by re-crystallization in MeCN. Yield: 47 %

(white solid). 1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.9 Hz, 2H), 7.64 (d, J = 8.9 Hz, 2H),

4.57 – 4.48 (m, 2H), 4.15 – 4.07 (m, 2H), 2.58 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 197.1,

154.9, 142.4, 132.6, 129.8, 117.3, 61.5, 45.0, 26.6.
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Methyl 4-(2-oxo-3-oxazolidinyl)benzoate (1g)

N

O
O

H3CO
O

Adapted from reference.260 Oxazolidinone 1a (1 g, 11.4 mmol), copper iodide (0.218 g,

10 mol%), (±)trans-1,2-diaminocyclohexane (0.129 g, 10 mol%), potassium carbonate

(3.14 g, 22.8 mmol) and methyl 4-iodobenzoate (2.99 g, 11.4 mol) were dissolved in 1,4-

dioxane (5.7 mL). The mixture was refluxed at 110 oC for 15 h. The reaction mixture was

dissolved in ethyl acetate (10 mL) and filtered through silica gel plug, followed by

washing with ethyl acetate (10 mL × 3 times). The solution was concentrated in vacuum

(50 oC, 30 mbar). Yield: 51% (yellow solid). 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.9

Hz, 2H), 7.64 (d, J = 9.0 Hz, 2H), 4.57 – 4.49 (m, 2H), 4.16 – 4.07 (m, 2H), 3.91 (s, 3H). 13C

NMR (101 MHz, CDCl3) δ 166.7, 155.0, 142.3, 130.9, 125.5, 117.3, 61.5, 52.3, 45.1.

3-(4-Methoxyphenyl)-2-oxazolidinone (1h)

N

O
O

OCH3

Adapted from reference.260 Oxazolidinone 1a (1 g, 11.4 mmol), copper iodide (0.218 g,

10 mol%), (±)trans-1,2-diaminocyclohexane (0.129 g, 10 mol%), potassium carbonate

(3.14 g, 22.8 mmol) and 4-bromoanisole (2.27 g, 11.4 mol) were dissolved in 1,4-

dioxane (5.7 mL). The mixture was refluxed at 110 oC for 15 h. The reaction mixture was

dissolved in ethyl acetate (10 mL) and filtered through silica gel plug, followed by

adding ethyl acetate (10 mL × 3 times) into the silica gel. The solution was concentrated

in vacuum (50 oC, 30 mbar). The product was purified by re-crystallization in MeCN.

Yield: 57% (brown solid). 1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 9.2 Hz, 2H), 6.91 (d, J =
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9.2 Hz, 2H), 4.53 – 4.42 (m, 2H), 4.08 – 3.99 (m, 2H), 3.80 (s, 3H). 13C NMR (101 MHz,

CDCl3) δ 156.5, 155.7, 131.5, 120.4, 114.4, 61.4, 55.7, 45.9.

3-Benzyloxazolidin-2-one (1i)

N

O
O

Alkylation procedure was adapted from the reference.259 Oxazolidinone 1a (1.74 g, 20

mmol) was added to the suspension of NaH (0.84 g, 21 mmol) in DMF (40 mL) cooled on

ice bath and under N2 flow. The suspension was stirred at room temperature and under

N2 flow overnight. A solution of benzyl bromide (3.57 g, 21 mmol) in DMF (10 mL) was

added dropwise to the suspension cooled on water bath. The suspension was stirred at

room temperature overnight. The suspension was quenched with water (200 mL),

followed by extraction with dichloromethane (50 mL × 3 times). The organic phases

were combined and washed with water (30 mL × 5 times), dried with Na2SO4 and

concentrated in vacuum (50 oC, 30 mbar). The residue was distilled in vacuum and the

product was collected as a fraction with boiling point at ~140 oC at 6.5 × 10-5 bar into a

receiver cooled with liquid nitrogen. Yield: 2.60 g, 73% (white solid). 1H NMR (400 MHz,

CDCl3) δ 7.39 – 7.28 (m, 5H), 4.44 (s, 2H), 4.31 (t, J = 7.9 Hz, 2H), 3.43 (t, J = 7.9 Hz, 2H).
13C NMR (101 MHz, CDCl3) δ 158.7, 135.9, 129.0, 128.3, 128.1, 61.9, 48.6, 44.1.

3-[2-(Phenylmethoxy)ethyl]-2-oxazolidinone (1j)

N

O
O

O

Compound 3 (2.62 g, 20 mmol) was added to the suspension of NaH (0.84 g, 21 mmol) in

DMF (40 mL) cooled on ice bath and under N2 flow. The suspension was stirred at room
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temperature and under N2 flow overnight. A solution of benzyl bromide (3.57 g, 21

mmol) in DMF (10 mL) was added dropwise to the suspension cooled on water bath.

The suspension was stirred at room temperature overnight. The reaction was quenched

with water (200 mL), followed by extraction with dichloromethane (50 mL × 3 times).

The organic phases were combined and washed with water (30 mL × 5 times), dried

with Na2SO4 and concentrated in vacuum (50 oC, 30 mbar). The residue was distilled in

vacuum and the product was collected as a fraction with boiling point at ~ 153 oC at 6.9

× 10-5 bar into a receiver cooled with liquid nitrogen. Yield: 1.55 g, 35% (pale yellow oil).
1H NMR (400 MHz, CDCl3) δ 7.40 – 7.27 (m, 5H), 4.52 (s, 2H), 4.34 – 4.26 (m, 2H), 3.72 –

3.64 (m, 2H), 3.68 – 3.62 (m, 2H), 3.48 (t, J = 5.0 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ

158.7, 138.0, 128.6, 128.0, 127.8, 73.2, 68.8, 62.1, 46.1, 44.4.

2-(2-(2-oxooxazolidin-3-yl)ethyl)isoindoline-1,3-dione (1k)

N

O
O

N
O

O

Step 1. Compound 3 (6.56 g, 0.05 mol) and mesyl chloride (4.65 mL, 0.06 mol) were

dissolved in 100 mL of dichloromethane in round bottom flask and cooled with strong

stirring on an ethanol-ice bath. To this solution, DIPEA (17.4 mL, 0.1 mol) was added

dropwise via pressure-equalized funnel over the course of 10 min. After addition, the

solution was stirred for 30 min while on a bath and then for 3 h at room temperature.

The reaction mixture was consequently washed with water, saturated sodium

bicarbonate and brine and dried over anhydrous sodium sulfate. Dried organic phase

was then evaporated to dryness on a rotovap and further dried under high vacuum (5.5

× 10-2 mbar) for 2 h. Yield of crude 2-(2-oxooxazolidin-3-yl)ethyl methanesulfonate 4:

6.62 g, 63% (thick yellow oil). The compound was used in the next step without further

purification:
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N

O
O

O
S

OO

1H NMR (400 MHz, CDCl3) δ 4.43 – 4.34 (m, 4H), 3.75 – 3.69 (m, 2H), 3.64 – 3.60 (m, 2H),

3.06 (s, 3H).

Step 2. Compound 4 from the previous step (6.62 g) was dissolved in DMF (75 mL), and

potassium phthalimide (6.153 g, 1.05 eq.) was added. The mixture was stirred with

reflux condenser at 75 °C for 5 h, then cooled down to room temperature. The

suspension was then added dropwise to 250 mL of water vigorously stirred in an

Erlenmeyer flask over the course of 30 min and then stirred for additional 30 min. The

precipitate was filtered off and discarded, and the filtrate was extracted 3 times with

100 mL ethyl acetate each time. Combined organic extracts were washed with brine,

dried over anhydrous sodium sulfate and evaporated to dryness to yield pure product

1k: 3.9 g, 47% (pale yellow solid). Additional crop of product contaminated with

phthalimide may be obtained by evaporating the aqueous phase from the extraction to

dryness and extracting the residue with hot isopropanol followed by further

evaporation. 1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.5, 3.0 Hz, 2H), 7.70 (dd, J = 5.5,

3.0 Hz, 2H), 4.34 – 4.24 (m, 2H), 3.91 – 3.83 (m, 2H), 3.75 – 3.68 (m, 2H), 3.61 – 3.54 (m,

2H). 13C NMR (101 MHz, CDCl3) δ 168.42, 158.65, 134.22, 131.95, 123.54, 62.05, 44.24,

43.08, 35.13.

5,5-Dimethyl-2-oxazolidinone (1l)

N
H

O
O

H3C
H3C

1-Amino-2-methyl-2-propanol (1 g, 11.2 mmol) and dimethylcarbonate (1.26 g, 14

mmol) were mixed, followed by the addition of sodium methoxide solution prepared by

dissolving sodium (40 mg, 0.87 mmol) in methanol (2 mL). The mixture was stirred at

reflux for 24 h and concentrated in vacuum (50 oC, 30 mbar). Water (5 mL) was added to
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the residue. The suspension was extracted with ethyl acetate (10 mL × 3 times), dried

over Na2SO4 and concentrated in vacuum (50 oC, 30 mbar). Yield: 26% (white solid). 1H

NMR (400 MHz, CDCl3) δ 3.34 (s, 2H), 1.47 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 159.5,

81.2, 52.8, 27.3.

3,5,5-Trimethyl-2-oxazolidinone (1m)

N

O
O

H3C
H3C

CH3

Sodium hydride (0.1 g, 60% dispersion in mineral oil) was washed with hexane (1 mL ×

3 times) and added to tetrahydrofuran (THF) (4 mL). Compound 1m (0.23 g, 2 mmol)

was added in portions to the suspension cooled on ice bath. The mixture was stirred

under N2 overnight. Iodomethane (0.3 g, 2 mmol) in 1 mL THF was added to the mixture

dropwise in ice bath. The mixture was stirred under N2 overnight and concentrated in

vacuum (50 oC, 30 mbar). Water (20 mL) was added to the residue. The suspension was

extracted with dichloromethane (15 mL × 3 times), dried over Na2SO4 and concentrated

in vacuum (50 oC, 30 mbar). Yield: 86% (yellow oil). 1H NMR (400 MHz, CDCl3) δ 3.28 (s,

2H), 2.88 (s, 3H), 1.45 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 158.0, 59.2, 31.2, 29.9, 27.6.

3-Ethyl-5,5-dimethyl-2-oxazolidinone (1n)

N

O
O

H3C
H3C

H3C

Sodium hydride (0.25 g, 60% dispersion in mineral oil) was washed with hexane (1 mL

× 3 times) and added to tetrahydrofuran (THF) (5 mL). Compound 1m (0.345 g, 3 mmol)

was added in portions to the suspension cooled on ice bath. The mixture was stirred

under N2 overnight. Iodoethane (0.47 g, 3 mmol) in 1 mL THF was added to the mixture

dropwise in ice bath. The mixture was heated at 90 oC for 80 min in a microwave reactor

and concentrated in vacuum (50 oC, 30 mbar). Water (20 mL) was added to the residue.

The suspension was extracted with dichloromethane (15 mL × 3 times), dried over
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Na2SO4 and concentrated in vacuum (50 oC, 30 mbar). Yield: 45% (colorless oil). 1H NMR

(400 MHz, CDCl3) δ 3.34 – 3.29 (m, 2H), 3.27 (s, 2H), 1.44 (s, 6H), 1.15 (t, J = 7.3 Hz, 3H).
13C NMR (101 MHz, CDCl3) δ 157.5, 70.7, 56.2, 38.8, 27.5, 12.7.

5-Phenyl-2-oxazolidinone (1o)

N
H

O
O

2-Amino-1-phenylethanol (1 g, 7 mmol) and dimethylcarbonate (0.787 g, 8.75 mmol)

were mixed, followed by the addition of sodium methoxide solution prepared by

dissolving sodium (40 mg, 0.87 mmol) in methanol (2 mL). The mixture was stirred at

reflux for 24 h and concentrated in vacuum (50 oC, 30 mbar). Water (5 mL) was added to

the residue. The suspension was extracted with ethyl acetate (10 mL × 3 times), dried

over Na2SO4 and concentrated in vacuum (50 oC, 30 mbar). The product was purified by

recrystallization in MeCN. Yield: 16% (white solid). 1H NMR (400 MHz, CDCl3) δ 7.46 –

7.35 (m, 5H), 5.66 – 5.62 (m, 1H), 4.01 – 3.97 (m, 1H), 3.57 – 3.53 (m, 1H). 13C NMR (101

MHz, CDCl3) δ 159.7, 138.5, 129.1, 129.1, 125.8, 48.4.

Conventional oxidation experiments for oxazolidinone 1k

N

O
O

N
O

O

N

O
O

N
O

O

O
conditions

1k 2k

Unsuccessful attempts

Stoichiometric copper(II) acetylacetonate oxidation (adapted from reference261). To a

solution of 1k (26 mg, 0.1 mmol) in 1 mL DMSO in a test tube was added powdered
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Cu(acac)2 (26 mg, 0.1 mmol). The suspension was submerged in an oil bath preheated to

135 °C and stirred for 30 min. After cooling to room temperature, the reaction was

quenched with water, and the precipitate was analyzed by 1H NMR. Product 2k was not

detected.

TEMPO-tBuOOH-mediated oxidation.262 To a solution of 1k (52 mg, 0.2 mmol) in 1.5 mL

acetonitrile was consequently added CuBr (5.7 mg, 20 mol.%), TEMPO (15.6 mg,

0.1 mmol) and 70% aqueous tert-butylhydroperoxide (0.274 mL, 2 mmol). The vial was

closed and allowed to stir for 8 h at room temperature. The reaction mixture was

evaporated using stream of pressurized air and was then analyzed by 1H NMR. Product

2k was not detected.

Successful attempts

Catalytic ruthenium tetroxide oxidation (1 mmol scale). In a 25 mL round bottom flask,

1k (260 mg, 1 mmol) was dissolved in 3 mL of ethyl acetate, 2 mL of methyl carbonate

and 10 mL of water. Then, NaIO4 (1.07 g, 5 mmol) was added to the mixture followed by

ruthenium(III) chloride hydrate (17 mg, approx. 7.5 mol.%). The flask was stoppered

and vigorously stirred (1200 rpm) overnight at room temperature. The organic layer

was then separated in a funnel, dried with anhydrous sodium sulfate and quenched with

5 mL of isopropanol to destroy the tetroxide. The solution was then passed through a

plug of silica gel and washed with additional isopropanol, then evaporated to dryness.

Yield of crude 2k: 159 mg (58%), tarry greyish mass.

Catalytic ruthenium tetroxide oxidation (10 mmol scale). Reaction was carried out in 2-

neck 250 mL round bottom flask equipped with overhead Teflon blade stirrer (350

rpm). The procedure and ratios of materials were the same as for 1 mmol scale with a

quantity multiplication factor of 10. Yield of crude 2k: 1.15 g (42%), black thick oil.

The product from both runs was combined and purified via flash column

chromatography using hexane and ethyl acetate as an eluent (1:1 v/v). Combined yield

of pure 2k: 0.8 g (26%), white needles.
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Preparation of Photocatalysts

mpg-CN

The catalyst was prepared according to a previously reported procedure.179 Cyanamide

(3.0 g) and Ludox HS-40 aqueous colloid silica (7.5 g) were mixed in a 10 mL glass vial.

The mixture was stirred at room temperature for 30 min until cyanamide has

completely dissolved. The resultant solution was stirred at +60°C for 16 h until water

has completely evaporated. Magnetic stir bar was removed and white solid was

transferred to the porcelain crucible and heated under N2 flow in the oven. The

temperature was increased from room temperature to 550 °C within 4 h and maintained

at 550 °C for 4 h. The crucible was spontaneously cooled to room temperature. The solid

from the crucible was briefly grinded in the mortar and transferred to the polypropylene

bottle. A solution of (NH4)HF2 (0.24 g·mL-1, 50 mL) was added and suspension was

stirred at room temperature for 24 h. The solid was filtered, thoroughly washed 3-4

times with water, once with ethanol and dried in vacuum (55 oC, 20 mbar) overnight.

K-PHI

The catalyst was prepared according to a previously reported procedure.180 A steel ball

mill cup was charged with LiCl (2.25 g) and KCl (2.75 g). A steel ball was placed in the

cup and the mixture was homogenized using ball milling (20 s−1, 2 min). The powder

was transferred into a porcelain crucible, covered with a lid, and placed in an oven. The

temperature inside the oven was increased from 20 to 580 °C within 4 h under a flow of

nitrogen, held at 580 °C for 4 h, and allowed to cool to room temperature. The solid was

removed from the crucible and crushed into fine powder using ball milling. The

prepared eutectic is a hygroscopic solid that should be used right after preparation.

Yield: 4.97 g, 99%. A mixture of 5-aminotetrazole (0.99 g) and LiCl/KCl eutectics (4.97 g)

was placed in a steel ball mill cup. The steel ball was inserted and the cup was closed.

The mixture of precursors was ground for 5 min at the operational frequency 25 Hz. The

resultant flourlike white powder was transferred into a porcelain crucible, covered with

a porcelain lid, and placed in an oven. The temperature inside the oven was increased
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from 20 to 600 °C within 4 h (2.4 K·min−1) under a flow of nitrogen (15 L·min−1), after

which it was maintained at 600 °C for another 4 h. After that, the oven was allowed to

cool slowly to room temperature. The melt from the crucible was transferred into a

beaker, and deionized water (50 mL) and a stir bar were added. The suspension was

stirred at room temperature for 4 h until it became homogeneous and no agglomerated

particles were seen. The solid was separated by centrifugation (6500 min−1, 12 min).

The aqueous solution was carefully removed and the residue transferred into a 2 mL

safe-lock tube. The solid was washed with water (3 × 1.5 mL) using a centrifuge

(13,500 min−1, 1 min) and dried under vacuum, giving 256 mg of the dark yellow

material.

Na-PHI

The catalyst was prepared according to a previously reported procedure.181 Melamine (1

g) was thoroughly grinded with NaCl (10 g). Reaction mixture was transferred into a

porcelain crucible which was covered with a lid. Crucible was placed in a heating oven

and heated under a constant nitrogen flow (15 L/min) to 600 °C with a heating rate of

2.3 °C/min, held at 600 °C for 4 hours, then allowed to cool down. The actual

temperature inside the oven chamber could vary by up to 50 °C. The crude product was

removed from the crucible, washed with deionized water (1 L), isolated by filtration,

then thoroughly washed with deionized water on the filter (1 L) and dried in a vacuum

oven at 50 °C for 15 h.
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Light Sources

Unless explicitly specified, in this work, the following light sources were used: blue LED

module (emission maximum λ = 455-465 nm, measured optical power 205 mW cm-2,

photon flux 0.8 μmol cm-2 s-1); white LED module 1 (emission maxima λ = 440, 560 nm,

measured optical power 106 mW cm-2); white LED module 2 (emission maxima λ =

440, 560 nm, measured optical power 203 mW cm-2); green LED module (emission

maximum λ = 525-535 nm, measured optical power 100 mW cm-2, photon flux 0.4 μmol

cm-2 s-1); purple LED module (emission maximum λ =410 nm, measured optical power

103 mW cm-2, photon flux 0.4 μmol cm-2 s-1); red LED module (emission maximum λ =

620-625 nm, measured optical power 302 mW cm-2, photon flux 1.6 μmol cm-2 s-1), UV

LED module 1 (emission maximum λ = 365, measured optical power 57 mW cm-2,

photon flux 0.2 μmol cm-2 s-1), UV LED module 2 (emission maximum λ = 375,

measured optical power 45 mW cm-2, photon flux 0.1 μmol cm-2 s-1). Irradiance of LED

modules was measured at 2 cm distance using Thorlabs PM400 Optical Power and

Energy Meter equipped with the integrating sphere S142C.
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Procedures of Photocatalytic Reactions and Mechanistic Studies

Photocatalytic oxidation of oxazolidinone (screening reactions)

A glass vial (4 mL) was charged with a mixture of substrate (50 μmol), photocatalyst (5

mg) and acetonitrile (2 mL). Magnetic stir bar was placed in the vial. The vial was

purged with O2 for 30 s and closed with cap. The reaction mixture was vigorously stirred

under light irradiation for 24 h. After the reaction the photocatalyst was filtered, and the

mixture was concentrated in vacuum (50 oC, 30 mbar). CDCl3 (0.6 mL) was added to the

residue. The yield was quantified using 1H NMR with 1,3,5-trimethoxybenzene as

internal standard. Blue LED module 1, white LED module 1, green LED module, purple

LED module, red LED module and UV LED module 1 were used in screening reactions;

during the catalyst screening, the following LED modules were assigned as the optimal

ones for the catalysts:

Blue LED module 1: mpg-CN, K-PHI, Na-PHI, Ir(ppy)3, Ru(bpy)3Cl2·6H2O, riboflavin

tetraacetate, Eosin Y, WO3, CdS;

Green LED module: Rhodamine B;

Red LED: methylene blue;

UV LED module 1: benzophenone;

White LED: control experiment without photocatalyst.

Results for screening experiments are given in the main text.

Photocatalytic oxidation of oxazolidinone (scaled-up reactions)

A glass reactor (100 mL) (Figure S3.1) was charged with a mixture of substrate (1.25

mmol), mpg-CN (125 mg) and acetonitrile (50 mL). Magnetic stir bar was placed in the

vial. The reactor was purged with O2 for 1 min and closed with an internal cold finger

condenser connected to cooling circulating water thermostat set at 20 oC. A balloon

filled with O2 was connected to the reactor. The reaction mixture was vigorously stirred

in the photoreactor with four white LED module 2 (203 mW cm-2) that evenly
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surrounded the reactor. The reaction progress was checked by taking samples for 1H

NMR every 24 h. After the substrate was completely consumed (24-72 h), the

photocatalyst was collected by centrifugation, and the reaction mixture was

concentrated in vacuum (50 oC, 30 mbar). Reaction products were isolated and purified

by recrystallization, preparative HPLC (JASCO LC-4000 series equipped with Nourion

Kromasil 60-10 diol preparative column, gradient 10-50% EA in hexane) or column

chromatography using hexane-EA eluent, where applicable. For samples which were

challenging to separate, quantitative 1H NMR was used with 1,3,5-trimethoxybenzene as

an internal standard to calculate the yields.

Figure S3.1. Custom reactor for scaled-up photocatalytic reaction with a gas adapter (left) and its
internal cold finger condenser (right).
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Oxazolidine-2,4-dione (2a)

N
H

O
O

O

White crystals, yield: 95%. 1H NMR (400 MHz, CDCl3) δ 4.77 (s, 2H). 13C NMR (101 MHz,

CDCl3) δ 170.58, 154.67, 69.43.

2-(2,4-dioxooxazolidin-3-yl)ethyl acetate (2b)

N

O
O

O

OO

White crystals, yield: 70% after HPLC. 1H NMR (400 MHz, CDCl3) δ 4.72 (s, 2H), 4.34 –

4.27 (m, 2H), 3.87 – 3.80 (m, 2H), 2.05 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 171.1, 170.4,

155.7, 68.1, 60.6, 39.6, 20.9.

Methyl 2-(2,4-dioxooxazolidin-3-yl)acetate (2c)

N

O
O

OCH3

O

O

Colorless oil, yield: 50% after HPLC. 1H NMR (400 MHz, CDCl3) δ 4.82 (s, 2H), 4.31 (s,

2H), 3.80 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 169.7, 166.5, 155.1, 68.4, 53.2, 40.5.

3-phenyloxazolidine-2,4-dione (2d)

N

O
O

O

White solid, yield: 64% after HPLC. 1H NMR (400 MHz, CDCl3) δ 7.55 – 7.39 (m, 5H), 4.87

(s, 2H). 13C NMR (101 MHz, CDCl3) δ 169.3, 154.6, 130.7, 129.6, 129.2, 125.7, 67.8.
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4-(2,4-dioxooxazolidin-3-yl)benzonitrile (2e)

N

O
O

N

O

White solid, yield: 95%. 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.9 Hz, 2H), 7.70 (d, J =

8.9 Hz, 2H), 4.92 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 168.5, 153.5, 134.7, 133.4, 125.6,

117.9, 112.8, 67.8.

3-(4-acetylphenyl)oxazolidine-2,4-dione (2f)

N

O
O

O

H3C
O

Pale yellow solid, yield: 55% after recrystallization. 1H NMR (400 MHz, CDCl3) δ 8.10 (d,

J = 8.8 Hz, 2H), 7.63 (d, J = 8.9 Hz, 2H), 4.91 (s, 2H), 2.64 (s, 3H). 13C NMR (101 MHz,

CDCl3) δ 196.9, 168.8, 154.0, 137.1, 134.7, 129.5, 125.3, 67.8, 26.9.

Methyl 4-(2,4-dioxooxazolidin-3-yl)benzoate (2g)

N

O
O

H3CO
O

O

Pale beige solid, yield: 59% after recrystallization. 1H NMR (400 MHz, CDCl3) δ 8.18 (d, J

= 8.9 Hz, 2H), 7.59 (d, J = 8.9 Hz, 2H), 4.91 (s, 2H), 3.95 (s, 3H). 13C NMR (101 MHz,

CDCl3) δ 168.8, 166.1, 154.0, 134.6, 130.8, 130.5, 125.1, 67.8, 52.6.
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2-(2,4-dioxooxazolidin-3-yl)ethyl benzoate (2j-a)

N

O
O

O

O

O

White solid, yield: 33% after HPLC. 1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 8.4, 1.3 Hz,

2H), 7.61 – 7.52 (m, 1H), 7.44 (t, J = 7.9 Hz, 2H), 4.73 (s, 2H), 4.58 – 4.46 (m, 2H), 4.06 –

3.95 (m, 2H).

3-(2-(1,3-dioxoisoindolin-2-yl)ethyl)oxazolidine-2,4-dione (2k)

N

O
O

N

O

O
O

White needles, yield 55% after flash column chromatography (Hex:EA, gradient 50 to

100% EA). 1H NMR (400 MHz, CDCl3) δ 7.84 (dt, J = 6.8, 3.4 Hz, 2H), 7.73 (dt, J = 6.8, 3.4

Hz, 2H), 4.67 (s, 2H), 4.02 – 3.94 (m, 2H), 3.90 – 3.81 (m, 2H). 13C NMR (101 MHz, CDCl3)

δ 170.80, 168.57, 155.86, 134.42, 131.82, 123.68, 68.14, 39.57, 35.89.

5,5-dimethyloxazolidine-2,4-dione (2l, dimethadione)

N
H

O
O

O

H3C

H3C

White solid, yield: 32% after HPLC. 1H NMR (400 MHz, CDCl3) δ 1.61 (s, 6H). 13C NMR

(101 MHz, CDCl3) δ 176.6, 153.6, 85.7, 23.6.
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Photocatalytic oxidation under increased oxygen pressure

The reaction was performed at a screening scale conditions (0.025M of substrate,

2.5 mg/mL of catalyst, 2 mL of acetonitrile) using 1b as a substrate in custom-made

pressure reactors (Figure S3.2). The reactors were assembled from Ace Glass 8648-17

~9 mL high pressure screw plug vials by drilling a 2 mm channel through a vial plug and

installing a Swagelok SS-OVM2-A-BKB needle valve on top of it in a thread with a custom

tightening metal clip to seal gaps between the thread and the plug. A Swagelok SS-400-

71-2 thread to ¼” tube connector adapter was installed on the valve to connect to an

oxygen line, and the plug thread was wrapped with Teflon tape to additionally seal the

connection.

Figure S3.2. Custom reactor for photocatalytic experiments under oxygen pressure.

The reaction was carried out at 1 atm oxygen (no additional pressure, the mixture was

purged with oxygen for 1 min), 2, 3 and 4 atm (purging the reaction mixture for 1 min,

then purging and pressurizing the reaction chamber). The pressure during the filling

was controlled using a manometer built in oxygen line. Each pressure point reaction was

performed in a set of 3 experiments. The reaction vessel was irradiated using blue LED

module at 2 cm distance for 24 h. After centrifuging off the catalyst, acetonitrile was

evaporated, and the yield and conversion values were quantified using 1H NMR

spectroscopy with 1,3,5-trimethoxybenzene as an internal standard.
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Radical trapping experiment

Reaction mixture in acetonitrile containing 0.025M of 1e, 2.5 mg/mL of catalyst and

0.025M of DMPO was sonicated in a vial for 30 min, then deoxygenized by freeze-pump-

thaw technique (3 cycles). A small amount of mixture was syringed out of the vial and

transferred to a heat gun dried and argon-purged thin glass capillary under inert

atmosphere, then the capillary was sealed and placed inside an EPR tube. The spectra

were recorded using Bruker EMXnano EPR spectrometer under 410 nm irradiation

provided by optic fiber through the side port of the device; the acquisition was optimal

after 15-20 min of irradiation. The resulting spectra are shown on Figure S3.3. Presence

of oxygen is exhibited in initial try (lifetime of adduct is approximately 50 min under

constant irradiation), while extensive degassing demonstrates absence of stable radicals

in the mixture.

3300 3400 3500 3600

a)

Magnetic field (G)

b)

Figure S3.3. EPR spectra of reaction mixture under 15 min in situ irradiation in presence of DMPO
spin trap: a) in the presence of O2. DMPO-OOH adduct signal is present), b) under O2-free
conditions. The reaction mixture was degassed 5 freeze-pump-thaw cycles.



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

233

7. Appendix — Supplementary Information

Concerted excitation studies

The reaction was performed at a screening scale conditions (0.025M of substrate,

2.5 mg/mL of catalyst, 2 mL of acetonitrile) using 1e as a substrate. The reaction was

performed for 3 different experiments, the light intensity was adjusted by varying the

distance between a LED and a vial. The yield and conversion values were quantified

using 1H NMR with 1,3,5-trimethoxybenxene as an internal standard. Conditions and

results are listed in Table S3.1.

Table S3.1. Conditions and results of concerted excitation studies.

Entry Light source(s) Conversion,

%

Yield,

%

1 Blue LED (465 nm) at 100 mW·cm-2 78.3 40.4

2 Green LED (530 nm) at 100 mW·cm-2 30.1 16.5

3 Blue LED (465 nm) at 50 mW·cm-2 and green LED (530 nm) at

50 mW·cm-2; 100 mW·cm-2 in total

68.4 29.0
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Apparent quantum yield calculations

1. Blue LED

Extinction coefficient of mpg-CN at 465 nm in acetonitrile was calculated using Beer-

Lambert law:

𝜀465 =
𝐴465

𝑐 ∙ 𝑙 =
0.048

2.5 × 0.2 = 0.096 𝐿 ∙ 𝑔−1 ∙ 𝑐𝑚−1,          (𝑖)

where A465 is absorption value taken from Figure S3.24, 0.048, c is mpg-CN

concentration, 2.5 g·L-1, l is optical path, 0.2 cm.

According to Beer-Lambert law, the transmitted photon flux was calculated:

𝐴 = log10
𝐼0

𝐼    →      𝐼 =
𝐼0

10𝜀∙𝑐∙𝑙 =
0.1

100.096×2.5×1 = 0.058 𝑊 ∙ 𝑐𝑚−2,         (𝑖𝑖)

where l is the longest optical path of photoreactor, 1 cm, I0 is incident light flux reaching

reactor’s surface from LED, 0.1 W·cm-2, ε and c values were taken from equation (i).

Thus, the absorbed light is calculated as:

𝐼𝐴𝑏𝑠 = 𝐼0 − 𝐼 = 0.100 − 0.058 = 0.042 𝑊 ∙ 𝑐𝑚−2.        (𝑖𝑖𝑖)

Using formula (1) from SI, AQY is recalculated:

𝐴𝑄𝑌465 𝑛𝑚 =
𝑛𝑃 ∙ 𝑁𝐴 ∙ ℎ ∙ 𝑐
𝐼𝐴𝑏𝑠 ∙ 𝑡 ∙ 𝜆 ∙ 𝑆 × 100%

=
2.02 × 10−5 × 6.022 × 1023 × 6.626 × 10−34 × 3 × 108

0.042 × 86400 × 4.65 × 10−7 × 5.5 × 100%

= 0.026%

LED light intensity is converted to photon flux using the following formula:

Φ465 𝑛𝑚 =
𝑁𝑃

𝑁𝐴
=

𝐼0

𝑁𝐴 ∙ 𝐸465 𝑛𝑚
=

𝐼0 ∙ 𝜆
𝑁𝐴 ∙ ℎ ∙ 𝑐 =

1 × 10−5 × 4.65 × 10−7

6.022 × 1023 × 6.626 × 10−34 × 3 × 108

= 3.88 × 10−11 𝑚𝑜𝑙 ∙ 𝑚−2 ∙ 𝑠−1,         (𝑖𝑣)
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where NP is photon flow, m-2·s-1, NA is Avogadro number, 6.022·1023 mol-1, E465 nm is

energy at 465 nm wavelength, I0 is incident LED power, 1·10-5 W·m-2, λ is wavelength,

4.65·10-7 m, h is Planck constant, 6.626·10-34 J·s, c is light speed, 3·108 m·s-1.

Figure S3.4. Dimensions and irradiated area value of the reaction mixture used for quantum yield
calculation.

2. UV Led

Extinction coefficient:

𝜀365 =
𝐴365

𝑐 ∙ 𝑙 =
0.247

2.5 × 0.2 = 0.494 𝐿 ∙ 𝑔−1 ∙ 𝑐𝑚−1

Transmitted flux:

𝐼 =
𝐼0

10𝜀∙𝑐∙𝑙 =
0.057

100.494×2.5×1 = 0.003 𝑊 ∙ 𝑐𝑚−2

Absorbed flux:

𝐼𝐴𝑏𝑠 = 𝐼0 − 𝐼 = 0.057 − 0.003 = 0.054 𝑊 ∙ 𝑐𝑚−2

Quantum yield for mpg-CN:
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𝐴𝑄𝑌365 𝑛𝑚 =
𝑛𝑃 ∙ 𝑁𝐴 ∙ ℎ ∙ 𝑐
𝐼𝐴𝑏𝑠 ∙ 𝑡 ∙ 𝜆 ∙ 𝑆 × 100%

=
3.5 × 10−5 × 6.022 × 1023 × 6.626 × 10−34 × 3 × 108

0.054 × 86400 × 3.65 × 10−7 × 3.8 × 100%

= 0.065%

Photon flux:

Φ365 𝑛𝑚 =
𝑁𝑃

𝑁𝐴
=

𝐼0

𝑁𝐴 ∙ 𝐸365 𝑛𝑚
=

𝐼0 ∙ 𝜆
𝑁𝐴 ∙ ℎ ∙ 𝑐 =

5.7 × 10−6 × 3.65 × 10−7

6.022 × 1023 × 6.626 × 10−34 × 3 × 108

= 1.74 × 10−11 𝑚𝑜𝑙 ∙ 𝑚−2 ∙ 𝑠−1

NMR Spectroscopy

1H and 13C NMR spectra were recorded on Bruker Ascend 400 MHz (at 400 MHz for

Protons and 101 MHz for Carbon-13). Chemical shifts are reported in ppm versus

solvent residual peak: CDCl3 7.26 ppm (1H NMR), 77.16 ppm (13C NMR).

Cyclic Voltammetry

Measurements were performed in a glass single-compartment electrochemical cell.

Glassy carbon (diameter 3 mm) was used as a working electrode (WE), Ag wire in AgNO3

(0.01M) with tetrabutylammonium perchlorate (0.1M) in MeCN as a reference electrode

(RE), Pt wire as a counter electrode. Each compound was studied in a 50 mM

concentration in a 0.1 M tetrabutylammonium perchlorate (TBAP)/MeCN electrolyte

solution (10 mL). Before voltammograms were recorded, the solution was purged with

Ar, and an Ar flow was kept in the headspace volume of the electrochemical cell during

CV measurements. A potential scan rate of 0.050 V·s−1 was chosen, and the potential

window ranging from +2.5 V to −2.5 V vs. RE (and backwards) was investigated. Cyclic

voltammetry was performed under room-temperature conditions (~20-22 °C).

Ferrocene (50 mM) was used as an internal reference standard. CV plots vs Fc/Fc+

couple are shown on Figure S3.5.
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Potential (V vs Fc/Fc+)

 1b

1.60V

 1d

1.21V

 1h

0.88V

 1e

1.53V

Figure S3.5. Cyclic voltammetry plots for compounds 1b, 1d, 1e and 1h using Fc/Fc+ as a
reference. Values indicate oxidation potentials of the compounds.

Oxidation potential values for Fc/Fc+ were then translated into SCE scale using the

following formula for given cell parameters (solvent and electrolyte)263:

𝐸𝑆𝐶𝐸 = 𝐸𝐹𝑐/𝐹𝑐+ + 0.380𝑉 (2),

which gives values of 1.98V for 1b, 1.58V for 1d, 1.91V for 1e and 1.26V for 1h,

respectively.
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Transient Absorption Spectroscopy

The mpg-CN samples were prepared as dispersions in acetonitrile to characterise their

excited state dynamics. First, mpg-CN (5 mg) was prepared in isolation with acetonitrile

(2 ml) to determine the excited state dynamics of the catalyst in isolation; then, mpg-CN

(5 mg) and oxazolidin-2-one (8 mg, 0.05 mmol) were prepared in acetonitrile (2 ml) to

mimic the conditions of the photocatalytic test; finally, oxazolidin-2-one (8 mg,

0.05 mmol) was prepared in 2 ml of acetonitrile as a control to determine if the

substrate was excited in these experimental conditions. Before each measurement, the

sample dispersions were sonicated for an hour. Measurements were made in a quartz

cuvette of path length 2 mm under normal and low oxygen concentrations. Low oxygen

concentrations were achieved by degassing with nitrogen during measurements for

pump-probe spectroscopy and degassing for 20-30 minutes before measurement for

photoluminescence (PL) spectroscopy. An oxygen sensor, 0.3 mM of Palladium (II)

meso-tetraphenyl-tetrabenzoporphyrin (PdTPTBP), was added to determine oxygen

concentration for PL-spectroscopy measurements.

The steady state absorbance spectra of the PdTPTBP with and without the mpg-CN were

measured using a Shimadzu UV-3600 series spectrophotometer. The photoluminescence

(PL) spectra were taken with the Edinburgh Instruments FLS1000 with excitation and

emission double monochromators. This had a PMT – 900 photomultiplier tube detector

and a 450 W xenon arc lamp excitation source for acquisition of the steady state spectra.

In addition, a 60 W pulsed xenon flashlamp was used for the acquisition of the time-

resolved emission spectra. The PdTPTBP (excitation λ, 623 nm) and the mpg-CN

(excitation λ, 355 nm) samples were characterised with slit widths of 1.5 nm (arc lamp

for steady state emission) and 3 nm (pulsed lamp for time resolved emission). The mpg-

CN tr-PL decays at 540 nm were measured at 1.6 µs/channel, an integration time of

210 s and a measurement window of 800 µs. While for the PdTPTBP tr-decays at

800 nm were measured at 1.6 µs/ channel, a measurement window of 800 µs and set to

stop at a maximum of 10000 counts per second (cps).
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The transient absorption measurements of the samples were made using pump-probe

spectroscopy. For the pump-probe spectroscopy, the fundamental laser pulses were

generated at 800 nm by the Libra F, Coherent Inc., which was coupled with an optical

parametric amplifier (OPA) Topas C, Light Conversion Ltd. These laser pulses were used

to produce the pump beam to excite the sample and the probe beam to monitor the

spectra. The pump beam wavelength was set at 355 nm and the pump beam power was

set at 500 ± 30 µW (excitation density 0.1 mJ/cm2).

For the probe beam, a sapphire crystal was used to produce a continuum of white light

in the near-infrared (NIR) and in visible range (≥ 500 nm). The central detection

wavelength in the NIR and visible ranges were 1170 nm, 960 nm, and 600 nm. The

probe beam was passed through a delay line for the differential response in time. The

transient absorption responses of the probe beam were measured using an ExciPro TA

spectrometer (CDP, Inc.). The spectrometer was coupled with an InGaAs diode array to

detect NIR wavelengths and a Si charge coupled device (CCD) array to detect visible

range wavelengths. For the transient absorption measurements, only the transmittance

mode was explored.

The transient absorption used four-exponential global fitting model plus step function

(representing a response which was formed but did not decay within the measured time

window) as shown as in equation 3:

∆𝐴 (𝜆, 𝑡) = 𝐴0 (𝜆) +  𝐴1 (𝜆)𝑒−𝑡 𝜏1 +  𝐴2 (𝜆)𝑒−𝑡 𝜏2 + 𝐴3 (𝜆)𝑒−𝑡 𝜏3 + 𝐴4 (𝜆)𝑒−𝑡 𝜏4 … (3)

where ΔA (λ,t) was the transient absorption at a specific wavelength and time;  A0 (λ)

was the response independent of the delay time; Ai (λ) were the pre-exponential factors

or decay associated spectra (DAS); and τi were the time constants for each decay

component.
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Photocatalyst Apparent pKa and FBDFE Value Determination

mpg-CN

The mpg-CN catalyst (50 mg) was dispersed in 3 mL 37% HCl and vigorously stirred for

3 h at room temperature, then centrifuged out and washed with MiliQ-purified water 3

times to remove acid. The protonated catalyst was then dried in a vacuum oven

overnight at 60 °C.

MiliQ-purified water was degassed by purging with argon for 5 h, and the pH was

measured to be 6.74 using Fischer Scientific accumet® AE150 pH meter calibrated by 3

standard NIST buffers (pH 4.01, 7.00 and 10.01, Fisher Scientific). Additionally, pH of

regular mpg-CN (1 g/L suspension) was measured to be 6.70. Then, a suspension of

protonated catalyst was prepared by suspending full amount in 50 mL of degassed MiliQ

water with vigorous stirring, and pH was measured to be 5.24. Then, the stirred

suspension was titrated with 0.1M KOH solution, and each pH point was recorded 5 s

after the addition of titrant solution aliquot. The resulting curve is shown on Figure

S3.6.

The pKa value of protonated mpg-CN was then determined to be 6.60±0.3 (6.3-6.8) from

the titration curve.

Then, formal bond dissociation free energy (FBDFE) value was calculated using

following formula:146

𝐹𝐵𝐷𝐹𝐸 = 1.37𝑝𝐾𝑎 + 23.06𝐸𝑉𝐵 + 𝐶𝐺,𝑆𝑜𝑙  (4)

where EVB is a valence band potential in mpg-CN vs. NHE couple (+1.45 V), CG,Sol is H+/H·

standard potential in the solvent (57.6 kcal·mol-1 for water). Then, the value is

calculated to be:

𝐹𝐵𝐷𝐹𝐸 = 1.37 × 6.60 + 23.06 × 1.45 + 57.6 = 100.1 𝑘𝑐𝑎𝑙 ∙ 𝑚𝑜𝑙−1 = 4.32 𝑒𝑉

Taking into account uncertainty of pKa determination, FBDFE = 100±0.4 kcal mol-1 or

4.32±0.02 eV.
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Poly(heptazine imides)

Procedure: 50 mg of corresponding carbon nitride (Na-PHI or K-PHI) was dispersed in

50 mL of degassed MiliQ water while purging with nitrogen under strong stirring and

monitoring pH with a pH meter. Aqueous 0.1 M HCl solution was added in 50 µL

portions, and pH meter readings were recorded after stabilization in 5-10 s for Na-PHI

or 45 s for K-PHI (larger particles and higher density of K-PHI induce significant

hysteresis, most likely due to slower ion diffusion). The titration was carried out until

reaching pH of 3 in both cases, which takes ca. 2.5 mL of titrant solution. The pKa values

of conjugated acid (corresponding H-PHI) were then obtained from titration curves.

Thus, the pKa values are 7.1 ± 0.3 for Na-PHI and 7.4 ± 0.3 for K-PHI.

Using these values, valence band potential values vs. NHE and equation (4), FBDFE for

acetonitrile can be calculated:

𝐹𝐵𝐷𝐹𝐸𝑁𝑎−𝑃𝐻𝐼 = 1.37 × 7.1 + 23.06 × 2.54 + 57.6 = 125.9 𝑘𝑐𝑎𝑙 ∙ 𝑚𝑜𝑙−1 = 5.46 𝑒𝑉

𝐹𝐵𝐷𝐹𝐸𝐾−𝑃𝐻𝐼 = 1.37 × 7.4 + 23.06 × 2.36 + 57.6 = 122.2 𝑘𝑐𝑎𝑙 ∙ 𝑚𝑜𝑙−1 = 5.30 𝑒𝑉

The values are given with standard deviation of ±0.4 kcal·mol-1, or ±0.02 eV, considering

uncertainty of pKa determination.
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Figure S3.6. Titration curves of protonated mpg-CN (top), Na-PHI (middle) and K-PHI (bottom)
with pKa values of conjugated acids extracted from the plots.
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Computational Data

Density Functional Theory (DFT) simulations were performed using the Vienna Ab initio

Simulation Package (VASP)189, 190 and the Perdew–Burke–Ernzerhof (PBE)191 exchange-

correlation functional. Inner electrons were represented by Projected Augmented Wave

(PAW)264 method while the monoelectronic states were represented as plane waves

with a kinetic energy cutoff of 450 eV. Spin polarization was included in all simultations.

For periodic systems, a Monkhorst–Pack265 k-point mesh was used in such a way that

the number of k-points in each periodic (non-vacuum) direction multiplied with the

supercell length in the same direction equaled 28 Å. The electronic convergence

threshold was set to 10-6 eV, while the total force limit for the ionic convergence was set

to 0.01 eV/Å.

The molecular structure of polymeric carbon nitride is known to be complex.196 A

commonly used model structure, mesoporous graphitic carbon nitride (mpg-CN), gives a

simulated band gap which matches the experimental data.266 However, this structure

contains highly-condensed heptazine units, making it incompatible with elemental

analyses of real samples which show a higher amount of hydrogen present. A different

type of structure, melon, shows better agreement with elemental analyses. However,

melon structures exhibit significantly higher band gaps than experimentally observed

for polymeric carbon nitride.196, 266 As the photocatalytic properties of this material are

of prime importance for this study, we use the highly condensed mpg-CN structure as

the main model catalyst for oxazolidinone oxidation reaction and compare the results

obtained with the melon-type structures (see below).

Mesoporous graphitic carbon nitride (mpg-CN) was preliminarily modeled as an infinite

2D surface (pristine mpg-CN) with a vacuum layer thickness of 20 Å, perpendicular to

the graphene surface. An improved model (terminated surface mpg-CN) was made by

cleaving the 2D surface and adding H atoms to the nitrogen atoms left with an

incomplete octet by the termination, as well as NH2 and OH groups to the incomplete

octet carbon atoms (Figure S3.7a), consistent with experimental data.165 The surface

termination creates another vacuum layer, which was set to 14 Å. To examine the
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influence of the terminal OH groups on the reaction, we also considered models

containing only NH2, as well as only OH groups (Figure S3.7b and S3.7c). Energy of the

rate-determining step with such models was less than 0.02 eV different than with the

original model (containing both NH2 and OH groups), implying that the type of groups at

the termination does not significantly influence the oxazolidinone oxidation reaction.

The presence of different groups at the termination did not significantly change the

electronic density of states (DOS) either (Figure S3.10).

For completeness, we also simulated the PCET involving the s-melon-2D (single-

stringed) and melon-2D (triple-stringed) structures (Figure S3.8),266 containing both

NH2 and OH groups at the termination. The melon models showed energies for the PCET

within 0.3 eV of our mpg-CN model (Table S3.2), justifying the use of the mpg-CN

model.

All modeled structures were uploaded to the ioChem-BD database,192, 267 where they are

openly accessible.

After finding the most optimal binding site for the H atom on the terminated surface (see

Figure S3.7a), the energy change for the first reaction step was calculated using the

HSE06 functional,194 upon which the Gibbs free energy correction at 293 K was added.

The correction was calculated using VASPKIT268 from the data obtained by frozen phonon

approach, where the selected atoms relevant for the reaction were displaced in each

spatial direction by 0.015 Å, as implemented in VASP.

The effect of implicit MeCN solvent was examined using the VASP-MGCM model.269 In

the pristine mpg-CN, inclusion of the implicit solvent gave a 0.2 eV increase in energy of

the hydrogen atom transfer (Table S3.2).
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Table S3.2. Electronic potential energy differences for H atom removal from the oxazolidinone 1b (the rate-

determining step) with respect to different H atom acceptors. The system shown in bold is the main model

used in this work.

H atom acceptor Implicit solvent269 ΔE (eV)

No acceptor No 4.03

MeCN No 2.76

MeCN Yes 2.90

mpg-CN pristine, 1 layer No 1.23

mpg-CN pristine, 1 layer Yes 1.46

mpg-CN pristine, 4 layers No 1.33

mpg-CN terminated, 1 layer No 1.36

s-melon-2D No 1.42

melon-2D No 1.67
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Figure S3.7. Models of terminated surface mpg-CN containing (a) both NH2 and OH groups; (b) NH2

groups; (c) OH groups. The arrows point to different potential binding sites for an H atom along
with energies of the H atom transfer from oxazolidinone 1b to mpg-CN at the designated position.
Visualized with VESTA.270
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Figure S3.8. s-melon-2D (a) and melon-2D (b) structures of carbon nitride as modeled, after
accepting a hydrogen atom from oxazolidinone. Due to significant intramolecular interactions in
the melon-2D model, DFT-D3 corrections were added, as implemented in VASP.271
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Figure S3.9. An alternative mechanistic pathway for the oxidation of oxazolidinone 1b to

oxazolidinedione 2b (top) and the comparison of its energy profile to the primary mechanism

(bottom). The alternative mechanism starts the same way as the primary mechanism, by transfer of

a H atom from oxazolidinone to mpg-CN. In the second step, the hydrogen atom from [mpg-CN+H]∙

is captured by an O2 molecule to form the hydroperoxyl radical, which then reacts with the

oxazolidinone radical to form oxazolidinone hydroperoxide. In the final step, which is equivalent in

the both mechanistic pathways, a water molecule is eliminated from the hydroperoxide, producing

oxazolidinedione 2b.
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Figure S3.10. DOS plots of terminated mpg-CN containing (a) both NH2 and OH groups; (b) NH2

groups; (c) OH groups. DOS for these systems after binding an H atom [mpg-CN+H]• is shown in (d),
(e), and (f), respectively. There is no significant difference in the nature of states between the
systems containing different groups at the termination. Binding of the H atom shifts the Fermi level
and breaks the symmetry between α and β states due to an additional electron present in the
system.
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Figure S3.11. DOS for pristine mpg-CN (a), terminated mpg-CN (b), and terminated mpg-CN
calculated with the HSE06 hybrid functional (c). DOS for these systems after binding an H atom is
shown in (d), (e), and (f), respectively. The terminated surface DOS include more states due to a
higher number of atoms in the unit cell, but the termination does not significantly alter the
electronic structure. Energy gap obtained with the hybrid functional is larger due to the gap
underestimation common with GGA functionals.272
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Figure S3.12. Real-space projection of the additional electron in the mpg-CNH system. The
isosurface level was set to 5.2⋅10-4 a0-3 (a0: Bohr radius).
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7.3.2. Supplementary Notes

Supplementary Discussion 1. TAS Results

Steady-state absorbance spectroscopy

The steady state spectra of PdTPTBP in the presence and absence of mpg-CN are shown

in Figure S3.13. The porphyrin has three bands at 438 nm, 575 nm, and 623 nm

according to the spectrum. These bands were still observable after it was mixed with

mpg-CN.

Figure S3.13. Absorbance spectra of PdTPTBP (0.3mM) in the presence and absence of mpg-CN.

Time resolved photoluminescence (tr-PL) spectroscopy

Investigations of the photoluminescence of mpg-CN in the presence of the oxygen

sensor, PdTPTBP were made to determine the oxygen sensitivity of the mpg-CN. The

PdTPTBP emission lifetime before and after measurement of the mpg-CN emission was

determined to confirm that the sample had been properly degassed. According to the

literature,273 PdTPTBP has an emission lifetime of 286 µs at 800 nm but with degassing

under the current experimental conditions, it achieved a lifetime of 61 µs and was
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completely quenched without degassing as shown in Figure S3.14. The mpg-CN decays

at 540 nm with and without degassing are shown in Figure S3.15. The decay lifetime of

mpg-CN at 540 nm with and without degassing was unchanged. This confirms that the

emission of the mpg-CN is not sensitive to oxygen. Therefore, further mpg-CN were

made without the oxygen sensor and under normal atmospheric conditions of oxygen.

Figure S3.14. PdTPTBP decay at 800 nm, Ex 623 nm in the before (black) and after (purple)
degassing with nitrogen.

The tr-PL spectra of the mpg-CN with substrate are shown in Figure S3.15 (plots

without substrate are given in the main text, Figure 3.5d). Figure S3.15 shows a

fluorescence peak at approx. 472 nm which was measured using the arc xenon lamp.

The phosphorescence peak of lower intensity at approx. 540 nm was measured by

gating the emission from 40 -100 µs with the pulsed xenon lamp. The presence of the

substrate does not appear to cause quenching of either the fluorescence or

phosphorescence of the mpg-CN.
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Figure S3.15. mpg-CN and PdTPTBP tr-PL decays at 540 nm before (black) and purple (after)
degassing.

The tr-PL decays of the mpg-CN with substrate at 540 nm are shown in Figure S3.16

(plots without substrate are given in the main text, Figure 3.5c). A triple exponential

fitting was used in Figure S3.17, for the measurement of the decays. In the absence of

the substrate, the lifetimes (µs) and preexponential factors were:

∆𝐼 (800 µ𝑠, 540 𝑛𝑚)

= 24.9 +  0.5 ∗ 𝑒−𝑡
0.5 +  0.08 ∗ 𝑒−𝑡

6.8 + 5.1 x 10−4 ∗  𝑒−𝑡
118.2 … (5)

In the presence of substrate, the lifetimes and preexponential factors were:

∆𝐼 (800 µ𝑠, 540 𝑛𝑚)

= 22.3 +  0.6 ∗ 𝑒−𝑡
0.5 +  0.09 ∗ 𝑒−𝑡

6.7 + 4.9 x 10−4 ∗  𝑒−𝑡
120.8 … (6)

From the two equations above, we can conclude that the presence of the substrate does

not affect the lifetime of the mpg-CN. The substrate does not quench either the singlet
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excited state or the triplet excited state on a scale that is sensitive enough to be

measured by the instrument.

.

Figure S3.16. tr-PL spectra of mpg-CN with and without substrate.

Figure S3.17. tr-PL decay of mpg-CN with substrate.
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Transient Absorption Spectroscopy (TAS)

Mesoporous graphitic carbon nitride (mpg-CN) in acetonitrile and aerobic conditions

The transient absorption spectra of mpg-CN dispersed in acetonitrile and aerobic

conditions at different delay times are shown in Figure S3.18.

Figure S3.18. Transient absorption spectra of mpg-CN in MeCN and O2 (Spectra around 800 nm is
cut off due to fundamental of the laser).

Just before excitation in Figure S3.18, the negative signal at < 600 nm is due to

scattering of the laser beam by the sample. The peak at 710 nm is the fundamental of the

second harmonic used to for the excitation (355 nm) left over from the TOPAS C, OPA. A

few picoseconds after excitation, there was a strong negative signal between 500 –

750 nm which can be attributed to the ground state bleaching and a positive signal

between 850 – 1280 nm which can be attributed to the photogenerated excited state of

mpg-CN. The crossing point was around 800 nm. At longer delays of 2 ns, the intensity of

the positive signal reduced at a faster rate than the negative signal and the crossing

point is red shifted to approx. 1280 nm.
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The transient decays of mpg-CN dispersed in acetonitrile and aerobic conditions in the

visible (605 nm) and NIR range (960 and 1170 nm) are shown in Figure S3.19. Both the

decays in the visible and NIR range did not decay within the 4 ns measurement window.

The time constants for the global fitting were: 0.2, 0.7, 18.9 and 477.3 ps. In NIR range,

there was a positive signal which decayed and started to become negative within the

4 ns measurement window. In the visible range, there was bleaching which started to

decay initially but at approx. 100 ps, the signal intensity started to increase.

Figure S3.19. Transient decay of mpg-CN in MeCN and O2 (The first picosecond is in linear scale
while the rest has a logarithmic scale).

Mesoporous graphitic carbon nitride (mpg-CN) in acetonitrile and anaerobic conditions

The transient absorption spectra of mpg-CN dispersed in acetonitrile and anerobic

conditions at different delay times are shown in Figure 3.5f in the main text. There is

almost no observable change in the transient spectra at the three delay times (under N2)

compared to the transient spectra (under O2) in Figure S3.19. The only difference being

that the crossing point at ns timescales is 1200 nm.
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The transient decays of mpg-CN dispersed in acetonitrile under anaerobic conditions in

the visible (605 nm) and NIR range (960 and 1170 nm) are shown in Figure 3.5f in the

main text. Both the decays in the visible and NIR range did not decay within the 4 ns

measurement window. The time constants for the global fitting were: 0.1, 7.3, 71.2 and

374.9 ps. In NIR range, there was a positive signal which decayed and started to become

negative within the 4 ns measurement window. In the visible range, there was bleaching

which started to decay initially but at approx. 20 ps, the signal intensity started to

increase.

Mesoporous graphitic carbon nitride (mpg-CN) in acetonitrile and aerobic conditions with

oxazolidin-2-one 1b

The transient absorption spectra of mpg-CN dispersed in acetonitrile and aerobic

conditions with the oxazolidin-2-one substrate at different delay times are shown in

Figure S3.20. A few picoseconds after excitation, there was a strong negative signal

between 500 – 750 nm which can be attributed to the ground state bleaching and a

positive signal between 850 – 1280 nm which can be attributed to the photogenerated

excited state of mpg-CN. The crossing point somewhere between 750 – 850 nm. At

longer delays of 2 ns, the intensity of the positive signal reduced at a faster rate than the

negative signal and the crossing point was red shifted to approx. 1280 nm. Overall, there

was no difference compared to the absence of substrate in Figure S3.18.
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Figure S3.20. Transient absorption spectra of mpg-CN + oxazolidin-2-one in MeCN and O2 (Spectra
around 800 nm is cut off due to fundamental of the laser).

The transient decays of mpg-CN dispersed in acetonitrile and aerobic conditions with

oxazolidin-2-one substrate in the visible (605 nm) and NIR range (960 and 1170 nm)

are shown in Figure S3.21. The decay in the visible range did not decay within the 4 ns

measurement window while the decays in the NIR range decayed to zero and became

slightly negative within the 4 ns measurement window. The time constants for the

global fitting were: 0.2, 10, 13 and 516 ps. After approx. 100 ps in the visible range, the

signal intensity started to increase.
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Figure S3.21. Transient decay of mpg-CN + oxazolidin-2-one in MeCN and O2 (The first picosecond
is in linear scale while the rest has a logarithmic scale).

Mesoporous graphitic carbon nitride (mpg-CN) in acetonitrile and anaerobic conditions

with oxazolidin-2-one 1b

The transient absorption spectra of mpg-CN dispersed in acetonitrile and anaerobic

conditions with the oxazolidin-2-one substrate at different delay times are shown in

Figure S3.22. A few picoseconds after excitation in Figure S3.22, there was a strong

negative signal between 500 – 750 nm which can be attributed to the ground state

bleaching and a positive signal between 750 – 1280 nm which can be attributed to the

photogenerated excited state of mpg-CN. The crossing point at approx. 750 nm. At

longer delays of 2 ns, the intensity of the positive signal reduced at a faster rate than the

negative signal and the crossing point was red shifted to approx. 1100 nm. Overall, there

was a slight difference in the crossing point with and without degassing with nitrogen.
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Figure S3.22. Transient absorption spectra of mpg-CN + oxazolidin-2-one in MeCN and N2 (Spectra
around 800 nm is cut off due to fundamental of the laser).

The transient absorption spectra of mpg-CN dispersed in acetonitrile and anaerobic

conditions with the oxazolidin-2-one substrate at different delay times are shown in

Figure S3.23. The decay in the visible range did not decay within the 4 ns measurement

window while the signal in the NIR range decayed to zero and became slightly negative

within the 4 ns measurement window. The time constants for the global fitting were:

0.3, 4.6, 54 and 455 ps. After approx. 200 ps in the visible range, the signal intensity

started to increase.
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Figure S3.23. Transient decay of mpg-CN + oxazolidin-2-one in MeCN and N2 (The first picosecond
is in linear scale while the rest has a logarithmic scale).

Oxazolidin-2-one 1b in acetonitrile (both aerobic and anaerobic conditions)

The transient spectra and decay under the same measurement conditions were within

noise levels ±0.05 mOD and were therefore difficult to decipher for a fit. This confirms

that the substrate is at a low enough concentration in the acetonitrile to not interfere

with the measurements of the mpg-CN dynamics.

Summary

The summary of the TAS results of the samples in acetonitrile under aerobic and

anaerobic conditions is given in Table S3.3.
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Table S3.3. Summary of TAS results.

S/N mpg-CN alone mpg-CN + Oxazolidin-2-one

1.
AE

RO
BI

C 
CO

ND
IT

IO
N

S
Crossing point just after

excitation (1 ps)

Approx. 800 nm Approx. 800 nm

2. Crossing point at the end

of measurement window

(4 ns)

Approx. 1280 nm Approx. 1280 nm

3. Time constants of decay

fit

0.2 ps, 0.7 ps, 18.9 ps

and 477.3 ps

0.2 ps, 10 ps, 13 ps and 516 ps

4.

AN
ER

O
BI

C 
CO

N
D

IT
IO

N
S

Crossing point just after

excitation (1 ps)

Approx. 800 nm Approx. 750 nm

5. Crossing point at the end

of measurement window

(4 ns)

Approx. 1200 nm Approx. 1100 nm

6. Time constants of decay

fit

0.1 ps, 7.3 ps, 71.2 ps

and 374.9 ps

0.3 ps, 4.6 ps, 54 ps and 455

ps
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Figure S3.24. Steady state absorbance spectra of all samples in acetonitrile. Path length = 2 mm.
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Supplementary Discussion 2. mpg-CN Recycling, Reuse and Additional Experiments

After the third round, the yield decreased most likely due to partial bleaching of mpg-CN,

but also due to loss of the material during recovery from the reaction mixture. A fraction

of recovered mpg-CN was 95% of the initial mass after the 1st cycle, 86% – after the 2nd

cycle and 92% – after the 3rd cycle.
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Figure S3.25. Recyclability tests of mpg-CN photocatalyst in oxidation of 1b. Error bars represent
average±std (n=3).
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Figure S3.26. DRUV-Vis spectra of pristine mpg-CN and the one after 3 photocatalytic cycles at 465
nm.
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Figure S3.27. FT-IR spectra of pristine mpg-CN and the one after 3 photocatalytic cycles at 465 nm.

Figure S3.28. Normalized absorbance of mpg-CN dispersion in MeCN and emission of LEDs used in
this work.
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Table S3.4. Scope of photocatalytic reactions mediated by g-CNs that proceed via X‒H bond cleavage.

Entry Reaction Reaction scheme X‒H BDFE,
kcal mol-1[a]

Product yield
(ionic g-CN), %

Product yield
(covalent g-
CN), %

1 Resveratrol
dimerization

Phenol O‒H

80146

No data 34

(mpg-CN)/86

(mpg-CN)[b],197

2 Toluene oxidation Toluene
(sp3)C‒H

80152

74.5

(K-PHI)122

2.4

(mpg-CN)122

3 Minisci coupling THF C‒H

84152

80

(NCN-CNx)160

30

(Pristine
carbon
nitride)160

4 Cyclization of
carbamates

Carbamate N‒
H

84-104274

3.3

(K-PHI)[c]

3.1

(mpg-CN)[b]

5 Cyclization of
carbamates

Carbamate N‒
H

84-104274

2.5

(K-PHI)[c]

3.1

(mpg-CN)[b]

6 Decarboxylation Carboxylate O‒
H

104275

38

(K-PHI)

66

(mpg-CN)

7 Decarboxylation Carboxylate O‒
H

104275

36

(Na-PHI)

66

(mpg-CN)

8 Oxygen evolution
reaction

Water O‒H

123146

4.89[d],182 0

[a] – BDFE values were taken from the corresponding reference or calculated using equation:
𝐵𝐷𝐹𝐸 = 𝐵𝐷𝐸 − 𝑇 × ∆𝑆

where BDE – bond dissociation energy, kcal mol-1; T = 298.15K; ΔS = 7.7 kcal mol-1.275

[b] – In the presence of 2,6-lutidine (5 equiv.).
[c] – Compared to the original procedure, reaction was conducted without adding a base.
[d] – Initial O2 evolution rate, μmol h-1.
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7.3.3. Supplementary Figures

1H and 13C spectra of oxazolidinones
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Figure S3.29. 1H (top) and 13C (bottom) NMR spectra of compound 3 in CDCl3.
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Figure S3.30. 1H (top) and 13C (bottom) NMR spectra of compound 1b in CDCl3.
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Figure S3.31. 1H (top) and 13C (bottom) NMR spectra of compound 1c in CDCl3.
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Figure S3.32. 1H (top) and 13C (bottom) NMR spectra of compound 1d in CDCl3.
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Figure S3.33. 1H (top) and 13C (bottom) NMR spectra of compound 1e in CDCl3.
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Figure S3.34. 1H (top) and 13C (bottom) NMR spectra of compound 1f in CDCl3.
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Figure S3.35. 1H (top) and 13C (bottom) NMR spectra of compound 1g in CDCl3.
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Figure S3.36. 1H (top) and 13C (bottom) NMR spectra of compound 1h in CDCl3.
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Figure S3.37. 1H (top) and 13C (bottom) NMR spectra of compound 1i in CDCl3.
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Figure S3.38. 1H (top) and 13C (bottom) NMR spectra of compound 1j in CDCl3.



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

278

7. Appendix — Supplementary Information

2.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000

26000

28000

2.
03

1
2.

04
6

2.
02

9

2.
00

0

2.
00

7
1.

95
3

3.
53

3.
54

3.
54

3.
56

3.
57

3.
57

3.
58

3.
59

3.
61

3.
70

3.
72

3.
72

3.
72

3.
74

3.
83

3.
86

3.
87

3.
87

3.
87

3.
88

4.
25

4.
27

4.
29

4.
29

4.
30

4.
31

4.
33

7.
26

 C
DC

l3
7.

67
7.

68
7.

68
7.

69
7.

70
7.

71
7.

71
7.

72
7.

73
7.

73
7.

80
7.

81
7.

82
7.

82
7.

83
7.

84
7.

85
7.

85

7.657.707.757.807.85
f1 (ppm)

3.53.63.73.83.94.04.14.24.3
f1 (ppm)

1H NMR

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

-1000

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

35
.1

3

43
.0

8
44

.2
4

62
.0

5

77
.1

6 
CD

Cl
3

12
3.

54

13
1.

95
13

4.
22

15
8.

65

16
8.

42

13C NMR

Figure S3.39. 1H (top) and 13C (bottom) NMR spectra of compound 1k in CDCl3.
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Figure S3.40. 1H (top) and 13C (bottom) NMR spectra of compound 1l in CDCl3.
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Figure S3.41. 1H (top) and 13C (bottom) NMR spectra of compound 1m in CDCl3.
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Figure S3.42. 1H (top) and 13C (bottom) NMR spectra of compound 1n in CDCl3.
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Figure S3.43. 1H (top) and 13C (bottom) NMR spectra of compound 1o in CDCl3.
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1H and 13C spectra of oxazolidinediones

Figure S3.44. 1H (top) and 13C (bottom) NMR spectra of compound 2a in CDCl3.
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Figure S3.45. 1H (top) and 13C (bottom) NMR spectra of compound 2b in CDCl3.
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Figure S3.46. 1H (top) and 13C (bottom) NMR spectra of compound 2c in CDCl3.
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Figure S3.47. 1H (top) and 13C (bottom) NMR spectra of compound 2d in CDCl3.
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Figure S3.48. 1H (top) and 13C (bottom) NMR spectra of compound 2e in CDCl3.
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Figure S3.49. 1H (top) and 13C (bottom) NMR spectra of compound 2f in CDCl3.
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Figure S3.50. 1H (top) and 13C (bottom) NMR spectra of compound 2g in CDCl3.



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

290

7. Appendix — Supplementary Information

Figure S3.51. 1H (top) and 13C (bottom) NMR spectra of compound 2j-a in CDCl3.
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Figure S3.52. 1H (top) and 13C (bottom) NMR spectra of compound 2k in CDCl3.
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Figure S3.53. 1H (top) and 13C (bottom) NMR spectra of compound 2l in CDCl3.
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Spectra of Reaction Mixtures, Side Products and Crude Intermediates
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Figure S3.54. 1H NMR spectrum of crude mesylate intermediate 4.
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Figure S3.55. 1H NMR spectrum of oxidation products of 1m. Arrows indicate proton signals of a
product of the same color.
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Figure S3.56. 1H NMR spectrum of 2j-c side product from HPLC fraction.
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Figure S3.57. 1H NMR spectrum of 2j-b side product (benzoic acid) from HPLC fraction.



Alexey Galushchinskiy, Doctoral Thesis Max Planck Institute of Colloids and Interfaces

295

7. Appendix — Supplementary Information

1.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

-5000

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

55000

60000

65000

70000

2.
00

0
0.

44
9

0.
44

5

0.
39

2

4.
77

4.
87

6.
98

6.
99

7.
00

7.
01

7.
02

7.
03

7.
26

 C
DC

l3
7.

31
7.

32
7.

33
7.

33

*

*

* = 1,3,5-trimethoxybenzene standard

4.754.804.85
f1 (ppm)

6.957.007.057.107.157.207.257.307.35
f1 (ppm)

7.
26

 C
D

Cl
3

1H NMR

Figure S3.58. 1H NMR spectrum of oxidation products of 1h. Arrows indicate proton signals of a
product of the same color.
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Figure S3.59. 1H NMR spectrum of oxidation products of 1i. Arrows indicate proton signals of a
product of the same color.
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Figure S3.60. 1H NMR spectrum of oxidation products of 1n.
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Figure S3.61. 1H NMR spectrum of oxidation products of 1o. Arrows indicate proton signals of a
product of the same color.
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7.4. SI for Chapter 4

7.4.1. General Materials and Methods

All chemicals and solvents, except for potassium rhodizonate, were purchased from

chemical suppliers (Sigma-Aldrich, Fischer Scientific, Thermo Scientific, etc.) in high

purity grade (≥97% purity for chemicals, HPLC grade and higher for solvents) and were

used as received. Potassium rhodizonate was obtained as a technical grade chemical (ca.

85% purity) from Sigma-Aldrich and was used as received.

Agilent 6890 Network GC System coupled with Agilent 5975 Inert Mass Selective

detector (electron ionization) were used for reaction mixture composition analysis and

to obtain mass spectra of the products. Molecules’ identification was done via

comparison with NIST spectra database.

Elemental analysis was accomplished as combustion analysis using a Vario Micro device.

Method allows to identify the elemental ratios of C, N, H, and S atoms in a sample.

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was conducted

using a Horiba Ultra 2 instrument equipped with photomultiplier tube detector.

Powder X-Ray diffraction patterns were measured on a Bruker D8 Advance

diffractometer equipped with a scintillation counter detector with CuKα radiation (λ =

0.15418 nm) applying 2θ step size of 0.1° and counting time of 3 s per step.

Fourier transform infrared (FT-IR) spectra were recorded on Thermo Scientific Nicolet

iD5 spectrometer.

For high-resolution transmission electron microscopy (HRTEM) observations, a

suspension of the sample in ethanol was sonicated for 10 minutes and then drop-casted

to a Au grid with a holey carbon support and dried for 15 minutes. The TEM study was

performed using a double Cs corrected JEOL JEM-ARM200F (S)TEM operated at 80kV

equipped with a cold-field emission gun. Images were recorded using a Gatan OneView

camera operated at low-dose conditions.
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MAS NMR data was recorded via a Bruker Avance III HD 400 MHz spectrometer setup.
1H/13C CP MAS spectra were acquired with a 4mm probe spun at a resolution of 10kHz.

A π/2 pulse length of 2.5 μs was applied with a 2 ms contact time and a 3 s recycle delay.
1H MAS NMR spectra were acquired with a 3.2 mm probe spun at 20kHz, a π/2 pulse

length of 2.5 μs and a 15 s recycle delay.
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7.4.2. Catalyst Preparation

Rho-CN series

To 3 g of cyanamide and potassium rhodizonate mixture containing 0.25, 0.5 or 1% mol.

of potassium rhodizonate in a disposable glass vial with a stir bar was added 5 mL of

distilled water, and the mixture was stirred at room temperature for approximately

15 min. Then, the vial was placed to stir at a heating bath pre-heated to 60 °C overnight

to remove water and pre-polymerize the reactants. In case of reaction mixture still being

a slurry after complete evaporation, the bath temperature may be increased to 65-70 °C.

After pre-polymerization is completed, the vial was carefully broken to isolate the solid

mass which was then ground in a shaker ball mill (50 s-1, 5 min) with 7 g of eutectic

LiCl/KCl mixture (3.15 g of LiCl, 3.85 g of KCl). Powdered mix was then put into a

crucible and heated in an oven at 550 °C under nitrogen flow for 8 h (4 h slope from

room temperature to 550 °C, then holding at 550 °C for 4 h). The resulted solid chunk

was then coarsely crushed (by either using a mortar or a shaker ball mill in a short burst

of 20-30 s) and shaken with 50 mL of water in a centrifuge tube for 3 h followed by 3

additional washing steps in 50 mL of water each. The slurry was then centrifuged off,

water was decanted and the catalyst was dried in a vacuum oven overnight at 60 °C. This

catalyst is referred to as Rho-CN-X, where X is the molar percentage value of potassium

rhodizonate in a starting cyanamide-rhodizonate mix. The yield varies between 2.1 and

2.3 g of a catalyst (ca. 60-65% based on combined C and N mass).

Rho-CN-TC series

The synthesis was adapted from reported procedure for preparing NCNCNX carbon

nitride from melon.222 Using mortar and pestle, 0.5 g of corresponding Rho-CN-X

catalyst was thoroughly mixed with 1 g of dry KSCN. A mixture was heated in a crucible

under nitrogen flow in an oven using following program: reaching 400 °C for ca. 12 min,

then holding at this temperature for 4 h, then raised to 500 °C for ca. 4 min, and finally

held at 500 °C for 30 min. The resulting mass was washed 3 times with 15 mL of water

in a centrifuge tube (1 h for each washing; care should be taken during the first washing
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step due to possibility of KCN presence in the mixture resulted from thermal decomposition

of KSCN!), centrifuged off and dried in a vacuum oven overnight at 60 °C. This catalyst is

referred to as Rho-CN-TC-X, where X is the molar percentage value of potassium

rhodizonate in a starting cyanamide-rhodizonate mix for corresponding Rho-CN-X

precursor. The yield varies between 220 and 280 mg of a catalyst (ca. 44-56% based on

combined C and N mass).

Other

K-PHI180 and CN-OA-m235 were synthesized according to literature procedures.
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7.4.3. Preparation of Photosheets and Photoelectrodes

Photosheets

The reactor photosheet was fabricated using regular smooth 2 mm thick borosilicate

glass pre-cut to the 60x60 mm square panel using adapted literature procedure.276 Prior

to coating, the panel was sonicated for 30 min in EtOH on a sonicating bath, then dried

under stream of nitrogen and finally treated with ozone for 10 min. Meanwhile, the

paste was prepared by thoroughly grinding Rho-CN-0.5 with ethylene glycol (EG) in a

ratio of 100 mg of the catalyst to 115 µL of EG (200 mg of the catalyst would be sufficient

to coat 60x60 mm panel; additional amount of extra 5 µL of EG per 100 mg may be

necessary in some cases) during the course of ca. 10 min using mortar and pestle. After

grinding, the paste should be completely homogenous, contain no coarse particles and

spikes, with consistency resembling that of molten chocolate (thick, but very slightly

runny). The panel was then fixed on a flat surface by sticking a Scotch® Magic™ Tape

(55.8 µm thickness) on the edges leaving 5 mm mask from each side. The paste was then

applied to the edge of a sufficiently wide and non-flexible spatula (≥6 cm, e.g. thick metal

piece, hard plastic panel or broad side of a microscopy slide) and spread several times in

different directions over a panel at a minimal possible angle from the panel surface with

the ends of the spatula edge always staying on tape mask to achieve uniform coating

without voids and trenches. After the coating is done, the panel is treated in an oven at

200 °C for 6 h (heating rate 5 °C∙min-1) to dry and, after cooling to room temperature,

the panel was assembled in a photoreactor flow cell (ca. 25 cm2 irradiated surface, ca.

25 cm3 total volume, ca. 13.5 cm3 working volume in horizontal position) (Figure S4.1).

In the same manner, 5x10 mm test sheets were prepared on pre-cut microscopy slides

to evaluate their mechanical stability in solution. The mini-sheets were soaked in

deionized water for 72 h with occasional disturbing by rapidly pushing water with a

pipette around the slide, then dried naturally in ambient conditions. No detachment of

catalytic layer was observed both during and after the soaking.
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Figure S4.1. Rho-CN-0.5 coated ca. 50x50 mm working area photosheet. a) Pristine photosheet. b)
Photosheet assembled into the 50x50x10 mm inner dimensions cell; tubing connectors are located
mid-height of the cell, black plug (top) secures the 3rd connection. c) Pristine photosheet (left)
compared to the one after 168 h ageing while filled with reaction mixture and under irradiation
(right).
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Photoelectrodes

FTO coated glass pre-cut in 1x3 cm slides was sequentially sonicated two times in

isopropanol and once in ethanol 20 min each time. The slides were then dried in a

stream of nitrogen and their conductive side was treated with ozone for 10 min, then a

parafilm mask with 0.25 cm2 circular window was applied to the conductive side of the

slide. The suspension, prepared by vigorously stirring 4 mg of catalyst and 10 µL of

Nafion solution (20% wt. in water and alcohols) in 0.2 mL of absolute ethanol overnight

in a dram vial with occasional 5-10 min sonication, was drop-cast onto the mask window

once (10 µL aliquot). After the solvent evaporated, the slides were annealed in a tube

furnace over 2 h (150 °C, 5 °C∙min-1 heating rate, argon atm.). After annealing, the T-

shape electrode rod (1 cm wide end) was attached to the slide from the non-conductive

side end and attached by wrapping a 5 mm wide copper tape around the slide and the

rod end. The copper tape connection was then additionally insulated with Teflon tape to

prevent circuit shorting.

7.4.4. Absorption and Luminescence Characterization

UV-Vis Spectroscopy

Optical absorbance spectra of powders were measured on a Shimadzu UV 2600

equipped with an integrating sphere in diffuse reflectance mode using barium sulfate

standard to record the baseline. The spectra were recorded in 200 to 800 nm range.

Bandgap values were obtaining from Tauc plots (Figure S4.2) from interception of

linear approximation of slope with X-axis; the plots were transformed according to

formula:

𝑋:  𝑓(𝜆), [𝑛𝑚] ⇒ 𝑓
1240

𝜆 , [𝑒𝑉];     𝑌: 𝑓(𝐴)[𝑎. 𝑢. ] ⇒ 𝑓(𝐴2 𝑋2), [𝑒𝑉2]   (1)

The slope approximation was plotted at main transition at ca. 3 eV.
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Figure S4.2. Graphical determination of optical bandgap of the catalysts.
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Steady-State Luminescence

Steady-state fluorescence spectra were measured on Jasco FP-8300 fluorescence

spectrometer in direct mode without integrating sphere. Excitation wavelength was set

at 410 nm, and the spectra were recorded in 420 to 800 nm range.

Time-Resolved Fluorescence

TR-PL spectra were recorded on fluorescence lifetime spectrometer (Fluo Time 250,

PicoQuant) equipped with PDL 800-D picosecond pulsed diode laser drive. The decay

curves were fitted using a nonlinear method with a multicomponent decay law given by

I (t) = a1 exp(- t/τ1) + a2 exp(-t/τ2) + a1 exp(-t/τ3). The solid-state PL lifetimes were

obtained with λexc = 375 nm and λem = 550 nm was used for detection. The following

settings were used for the spectra acquisition: Laser Frequency 40 MHz, Emission

Monochromator Bandwidth 2 nm, Delta (step between λem) 10 nm.
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7.4.5. SEM Imaging

Scanning electron microscope imaging was performed on SEM Gemini 1550 microscope

(Zeiss AG) at 3 kV accelerating voltage.

Morphology of Rho-CN-0.5 and Rho-CN-TC-0.5 samples is shown on Figure S4.3 as

representative examples.

Rho-CN-0.5 Rho-CN-TC-0.5

Figure S4.3. SEM images of Rho-CN-0.5 (left) and Rho-CN-TC-0.5 (right) samples.
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7.4.6. Photocatalytic Experiments

Batch organic transformations were conducted in custom-made 8x10W LED overhead

photoreactors providing blue (λmax = 465 nm), green (λmax = 530 nm) or red (λmax =

625 nm) light irradiation. Reactor appearance and configuration (on example of blue

LED setup) is shown on Figure S4.4.

Figure S4.4. LED photoreactor (blue LED configuration shown as representative example). a)
Reaction setup with external fan (top) for additional cooling, reactor (middle) with 8 LEDs and
internal fan for reaction vials cooling, and 8-position vial holder with a vial set up on a stirplate
(bottom). b) Setup assembled and running. c) Inside view of a running reactor.
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Hydrogen Peroxide Production

To a mixture of 1.6 mL of water and 0.4 mL of methanol in a screwcap tube with a stir

bar was added 5 mg of a carbon nitride catalyst. A reaction mixture was purged with

oxygen for 60 s and irradiated for 1 h using white LED (measured optical power 203

mW cm-2 at 2 cm) under oxygen atmosphere provided by a balloon (via needle pierced

through cap septum) with vigorous stirring. After 1 h, the suspension was centrifuged

(13000 rpm, 3 min) to remove the catalyst, and a clear supernatant was mixed with

0.5 mL of 2% titanium(IV) oxysulfate solution to form a yellow colored peroxide

complex. The solution was transferred to a 1 cm cuvette and then the absorption value

of the solution at 410 nm was measured using Shimadzu UV 2600 spectrometer. The

absorption value then was converted to a concentration value using photometric

calibration curve obtained by mixing 0.5 mL of indicator oxysulfate solution with 2 mL

of hydrogen peroxide samples with known concentrations. The productivity value was

then obtained by multiplying H2O2 concentration by reaction volume and dividing by a

mass of a catalyst.

Protonated version of the catalysts for the tests, H-Rho-CN-X and H-Rho-CN-TC-X, were

obtained by stirring 50 mg of the corresponding catalyst in 2 mL of 3M HCl overnight,

then centrifuging off from the acid followed by 3 sequential washings with deionized

water and drying under vacuum at 60 °C overnight.

Benzylamine oxidation

Batch, Red LED

NH2 N
2

O2
Catalyst (5 mg)

MeCN (2 mL)
rt

Red LED (625 nm)
50 µmol

To a glass vial with a stir bar was added 2 mL of acetonitrile, 50 µmol of benzylamine

(5.5 µL, 0.025M) and 5 mg of a catalyst. The vial was gently purged with oxygen for 60 s,
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capped and irradiated into 10W red LED photoreactor (625 nm) at room temperature

for 48 h. Then, a reaction mixture was centrifuged to remove the catalyst and a

supernatant was used directly for GC-MS analysis. The yield was determined by a GC-MS

calibration curve with known concentrations of the product with respect to

stoichiometry of 2 molecules of benzylamine to 1 molecule of product. The calibration

standard of product was prepared according to literature procedure.277

Flow Photosheet Cell, Solar Simulator

For flow experiment, a 0.025 M solution of benzylamine was prepared, typically in

100 mL batches in a round bottom flask, followed by purging with oxygen by double

needle technique via septum. About 55 mL of solution was then loaded in a plastic

syringe which was then connected to a photosheet flow cell (Figure S4.1) by 1/8” FEP

tubing via a Luer adapter. The tubing was purged with the solution up until connection

with the cell, and the syringe was placed in a syringe pump. The cell was set up

horizontally under vertically configured C2V Optics Sunbrick™ LED solar simulator (set

up at AM1.5G 100% intensity) with an outlet 1/8” FEP tubing leading to collection vessel

(Figure S4.5). The simulator was then started simultaneously with the syringe pump set

up at 1.6667 mL∙min-1 flow rate with a 50 mL limit (30 min total for injection), and

residence time was calculated from the start until the moment the solution appears in

outlet tube to be 480±10 s using syringe pump timer. Three ca. 1 mL samples were

taken immediately after draining to the collection vessel starts, then in the middle

(ca. 19 min timestamp) and in the end of injection, respectively, and were analyzed by

HPLC Waters Breeze system equipped with refractive index (RID-2414) and diode array

UV–vis detectors after being diluted 12.5 times (product concentration at 100% yield

normalized to 1 mM). The samples were eluted using isocratic 1:1 acetonitrile-water

mixture through analytical C18 column; injection volume 10 µL, DAD detector set at

254 nm, elution time 12 min. Peak at 6.75-8.30 min on absorption chromatogram was

integrated.
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Figure S4.5. Principal scheme of flow setup configuration

After the first run, stability and recyclability test was performed as follows. Oxygenated

0.1 M solution of benzylamine in acetonitrile was prepared as described above, and the

cell was filled with the solution and set up under the solar simulator to stand for 7 days

(168 h). The solution was replenished every 24 h by purging the cell with fresh 0.1 M

benzylamine. After that, the cell was emptied and thoroughly washed with acetonitrile,

then dried with a stream of nitrogen. The cell was then used for the second run in the

conditions identical to the first run.

Dual Nickel Photoredox C-N Cross-Coupling

The procedure was previously reported for mpg-CN carbon nitride.179 To 0.20 mmol of

4-bromobenzonitrile (36.4 mg) in 1 mL N,N‘-dimethylacetamide (DMA) in a screwcap

vial with a stirbar was added 0.36 mmol (29.5 µL) of pyrrolidine, 0.44 mmol (49.3 mg) of

DABCO and 0.01 mmol (3 mg) of NiBr2(dme) complex while purging the solution with
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nitrogen. Then, 12 mg of catalyst was added, and the vial was tightly screwed while

purging and placed in corresponding 10W LED photoreactor (green, 530 nm, or red,

625 nm, LEDs) and stirred for 24 h. The reaction mixture was then centrifuged off the

catalyst and was analyzed by GCMS to quantify the yield. To obtain the GC calibration

curve for product, 4-(pyrrolidin-1-yl)benzonitrile was isolated in pure form from

combined photocatalytic experiments’ supernatant liquids by evaporating off the

solvent and subjecting the residue to column chromatography (32-63 µm silica,

hexane:EA as an eluent in 10:1 to 2:1 gradient).

Chromoselectivity Tests

The procedure was previously reported for K-PHI carbon nitride.80 To a screwcap vial

with a stirbar, 0.04 mmol of S-phenylthioacetate, acetonitrile (0.5 mL), 36% HCl

(0.1 mL), deionized water (0.1 mL) and catalyst (4 mg) were added. The mixture was

then purged with oxygen gas for 30 s, the vial was closed and the mixture was irradiated

with stirring in corresponding 10W LED reactor (465 or 530 nm). After the reaction was

finished, 3 mL of chloroform and 0.3 mL of water were added, and after vigorous

shaking the organic layer was separated and dried over sodium sulfate, then used for

GCMS quantification without change in concentration. To obtain calibration curves,

commercially available benzenesulfonyl chloride and diphenyl disulfide were used; S-

phenyl benzenesulfonothioate was prepared and purified according to the reported

procedure.278 Product of 465 nm irradiation, benzenesulfonyl chloride, could not be

quantified properly supposedly due to in situ hydrolysis during the reaction; besides

residual sulfonyl chloride, no other products or leftover starting material were detected
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with GCMS after 465 nm irradiation in most cases except for Rho-CN-TC-0.25 and Rho-

CN-TC-1. The results are given in Table S4.1.

Table S4.1. Chromoselective oxidation of S-phenylthioacetate.

Catalyst Sulfonyl chloride A

yield at 465 nm, %

Disulfide B yield at 530

nm, %

Rho-CN-0.25 4.8 68.7 (13.3)[b]

Rho-CN-0.5 3.6 95.7

Rho-CN-1 6.6 73.0 (6.1) [b]

Rho-CN-TC-0.25 4.0 (11.0)[b] 90.0

Rho-CN-TC-0.5 4.7 76.1 (6.0)[b]

Rho-CN-TC-1 0.0 (48.9)[b] (6.8)[c] 89.0

K-PHI (ref.)[a] 0.7 68.3 (14.0)[b]

[a] – Reported yields: 90% A (465 nm), 73% B (530 nm).80

[b] – Yield of S-phenyl benzenesulfonothioate as a side product.

[c] – Yield of diphenyl disulfide as a side product.

Photocatalytic Hydrogen Evolution

Photocatalytic activity was investigated for Rho-CN-0.5 catalyst. For the experiments,

2 mL of 0.01 M solution of electron donor (either ethylene glycol with additional 1 M

KOH or triethylamine) and 4 mg of catalyst in septum stoppered test tubes were used;

the solutions were purged for 10 min by double needle technique with nitrogen

containing 2% of methane as an internal standard (commercial mixture purchased from

BOC Ltd.). In addition to the regular catalyst and H-Rho-CN-0.5 (see hydrogen peroxide

production section), versions with pre-deposited cocatalysts (5% wt. NiP and 5% wt. Pt,

respectively) were prepared as reported in literature for both regular and protonated

catalyst.279, 280 To the final samples of Rho-CN-0.5 and H-Rho-CN-0.5, 2 µL of 8% wt.

chloroplatinic acid solution was added for in situ platinum deposition. The test tubes
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were irradiated with strong stirring under AM1.5G 100% intensity solar simulator at

25 °C, then 100 µL gas samples were taken and injected into Shimadzu GC-2010 Plus

GCMS device to quantify evolved hydrogen. Only the samples with in situ Pt deposition

provided reasonable amounts of hydrogen which is naturally generated during

deposition step itself; NiP cocatalyst samples gave quantities slightly over detection

threshold, the rest failed to provide any.
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7.4.7. Electrochemical Tests

Impedance Measurements and Mott-Schottky Plots

Photocatalyst coated FTO glass working electrode (see Section 3 above for preparation

details) was assembled into a cell in a 3-neck flask using silver chloride electrode

(saturated KCl) as a reference and platinum mesh as a counter electrode, respectively.

The cell was filled with 0.1 M Na2SO4 solution in deionized water as electrolyte, and the

counter and reference electrodes were immersed in. After purging the solution for

15 min with nitrogen, working electrode was carefully immersed into electrolyte to

avoid delamination of the active layer from FTO.

The impedance measurements were performed using IviumStat.h potentiostat (Ivium

Technologies) with 10 s pre-equilibration in a range of -1.0 to +1.6 V versus reference

electrode in a 100 mV step to estimate flatband potential, then region from -0.8 to +0.2 V

was additionally scanned 2 times in a 25 mV step fashion to get more accurate data;

average value of 2 sets was then used (Figure S4.6). Data for Rho-CN-TC-0.25 was

obtained from initial approximate scan only due to mechanical instability of prepared

electrodes which leads to ≥90% surface delamination after immersion in most cases.

Capacitance values and Mott-Schottky plots were derived from EIS data using ZView

software package. The potentials were converted to SHE scale using the following

formula:281

𝐸𝑆𝐻𝐸 = 𝐸𝑆𝑆𝐶(𝑠𝑎𝑡) + 0.22𝑉, (2)

where ESSC(sat) is a potential in saturated Ag/AgCl electrode scale used in the

measurements.
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Figure S4.6. Mott-Schottky plots and flatband value determination.
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Cyclic Voltammetry

The cyclic voltammetry measurements were done using the same cell and instrument as

impedance experiments (it is advised to do these experiments sequentially on the same

sample to avoid mechanical damage of active layer during working electrode swapping).

The data was recorded in a range between -1.0 and +1.6 V versus reference electrode

with 20 mV∙s-1 scan speed. The initial point of scan is -1.0 V for Rho-CN catalysts and

0.0 V for Rho-CN-TC. A total of 3 cycles for each sample were performed. The reduction

peaks (presumably HER) were evaluated at a half-slope point of the 3rd scan (Figure

S4.7) and was converted to SHE from SSCsat using the formula (2) (Table S4.2).

Oxidation potentials could not be clearly determined via CV measurements due to

absence of clear peaks on voltammogram (which are overwhelmed by presumably slope

of OER processes); in some cases, small peaks prior to main slope appeared on 2nd and

3rd scans which may be attributed to population of trap states of a material.

Table S4.2. Reduction peaks versus SHE.

Catalyst E1/2, V vs SHE Catalyst E1/2, V vs SHE

Rho-CN-0.25 +0.21 Rho-CN-TC-0.25 -0.12

Rho-CN-0.5 -0.20 Rho-CN-TC-0.5 -0.09

Rho-CN-1 -0.09 Rho-CN-TC-1 -0.10
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Figure S4.7. Cyclic voltammograms for Rho-CN and Rho-CN catalysts with reduction potential
values. The first plot was recorded on blank FTO glass as a background.
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Transient Photocurrent Response

Working electrodes for the measurements were prepared the following way: to 1 mL of

MilliQ-purified water, 10 mg of carbon nitride and 40 µL of 5% wt. Nafion solution was

added, and the suspension was vigorously stirred overnight. The FTO glass slide cleaned

by 3 cycles of 30 min sonication in isopropanol was covered with a duct tape to leave

1.5 cm2 area on conductive side, and 50 µL of CN suspension was drop-casted and then

dried at 60 °C on a hotplate. After that, the electrode was kept at 120 °C for 1 h.

The photocurrent was measured at 0.3 V vs. Eref under 100 mW·cm-2 white LED

irradiation in 0.2 M aqueous Na2SO4 with 3.0 M silver chloride reference electrode and

platinum counter electrode on Gamry Interface 1010E potentiostat.
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Figure S4.8. Transient photocurrent response for samples Rho-CN-0.25, Rho-CN-1, Rho-CN-TC-
0.25, Rho-CN-TC-0.5.
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Electrochemical Impedance Spectroscopy

The measurements were performed with the same electrodes and in the same cell and

device as described for transient photocurrent in a frequency range from 10 kHz to 1 Hz.

The data was then approximated to a full semicircle using ZView software; the plot for

Rho-CN-TC-0.5 could not be processed due to math errors in approximation.
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Figure S4.9. EIS plots for samples Rho-CN-0.25, Rho-CN-1, Rho-CN-TC-0.25.
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7.4.8. Thermogravimetric analysis

The analysis was performed on commercial K2Rho sample using NETZSCH TG 209F1

Libra instrument in a PtRh20 85 μL open crucible. The results are shown on Figure

S4.10.

Figure S4.10. TGA plot for potassium rhodizonate.
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7.4.9. X-Ray Photoelectron Spectroscopy

XPS data was recorded by employ of a SPECS spectrometer equipped with a Phoibos 150

MCD-9 detector. The nonmonochromatic X-Ray source (Al and Mg) was operated at 200

W. Before data acquisition, the samples were evacuated at 10-9 mbar in the setup

antechamber. The work function of the device was calibrated with Ag, Au, and Cu

standards. A value of 4.2440 eV was therefore obtained. The measured intensity ratios

of the analyzed components were obtained from the area of the corresponding peaks

after nonlinear Shirley-type background subtraction and corrected by the transition

function of the spectrometer.
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Figure S4.11. Full XPS spectrum of Rho-CN-0.5.
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Figure S4.12. XPS valence band determination for Rho-CN-0.5.
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7.4.10. Correlation Coefficients and Cost Comparison

Table S4.3. Correlation coefficients for full dataset of Rho-CN and Rho-CN-TC materials.

Hydrogen

peroxide

evolution

(neutral

conditions)

[µmol·g-1·h-1]

Hydrogen

peroxide

evolution

(acidic

conditions)

[µmol·g-1·h-1]

acidic

Benzylamine

oxidation

yield [%]

Cross-

coupling

yield

(green

light), %

Cross-

coupling

yield (red

light), %

CB vs. SHE [V] 0.32 0.32 -0.10 -0.30 0.59

VB vs. SHE [V] 0.24 0.20 0.21 0.72 -0.10

Fluorescence

lifetime [ps]

-0.16 -0.56 0.28 0.30 -0.69

Table S4.4. Correlation coefficients for full dataset of Rho-CN and Rho-CN-TC materials.

Hydrogen

peroxide

evolution

(neutral

conditions)

[µmol·g-1·h-1]

Hydrogen

peroxide

evolution (acidic

conditions)

[µmol·g-1·h-1]

acidic

Benzylamine

oxidation

yield [%]

Cross-

coupling

yield

(green

light), %

Cross-

coupling

yield (red

light), %

CB

potential[V] x

Lifetime[ps]

0.24 0.62 -0.19 -0.32 0.87

VB

potential[V] x

Lifetime[ps]

-0.12 -0.49 0.26 0.34 -0.64
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Table S4.5. Correlation coefficients for Rho-CN materials dataset.

Hydrogen

peroxide

evolution

(neutral

conditions)

[µmol·g-1·h-1]

Hydrogen

peroxide

evolution

(acidic

conditions)

[µmol·g-1·h-1]

acidic

Benzylamine

oxidation

yield [%]

Cross-

coupling

yield

(green

light), %

Cross-

coupling

yield (red

light), %

CB vs. SHE [V] -0.05 -0.73 -0.46 -0.98 -0.23

VB vs. SHE [V] 0.37 0.91 0.73 0.99 -0.10

Fluorescence

lifetime [ps]

0.97 0.86 0.98 0.45 -0.87

Table S4.6. Correlation coefficients for Rho-CN-TC materials dataset.

Hydrogen

peroxide

evolution

(neutral

conditions)

[µmol·g-1·h-1]

Hydrogen

peroxide

evolution

(acidic

conditions)

[µmol·g-1·h-1]

acidic

Benzylamine

oxidation

yield [%]

Cross-

coupling

yield

(green

light), %

Cross-

coupling

yield (red

light), %

CB vs. SHE [V] 0.41 0.91 0.44 0.94 0.67

VB vs. SHE [V] 0.88 0.46 -0.20 0.95 0.09

Fluorescence

lifetime [ps]

1.00 -0.01 -0.64 0.69 -0.40
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Table S4.7. Correlation coefficients for Rho-CN materials dataset.

Hydrogen

peroxide

evolution

(neutral

conditions)

[µmol·g-1·h-1]

Hydrogen

peroxide

evolution (acidic

conditions)

[µmol·g-1·h-1]

acidic

Benzylamine

oxidation

yield [%]

Cross-

coupling

yield

(green

light), %

Cross-

coupling

yield (red

light), %

CB

potential[V] x

Lifetime[ps]

-0.66 -1.00 -0.91 -0.89 0.42

VB

potential[V] x

Lifetime[ps]

0.88 0.96 1.00 0.66 -0.72

Table S4.8. Correlation coefficients for Rho-CN-TC materials dataset.

Hydrogen

peroxide

evolution

(neutral

conditions)

[µmol·g-1·h-1]

Hydrogen

peroxide

evolution (acidic

conditions)

[µmol·g-1·h-1]

acidic

Benzylamine

oxidation

yield [%]

Cross-

coupling

yield

(green

light), %

Cross-

coupling

yield (red

light), %

CB

potential[V] x

Lifetime[ps]

-0.78 0.64 0.98 -0.08 0.88

VB

potential[V] x

Lifetime[ps]

1.00 0.05 -0.59 0.73 -0.34
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Table S4.9. Comparison of Rho-CN and K-PHI

Parameter Rho-CN-TC K-PHI

Cost of precursor (name) 0.6 € g-1 (Cyanamide)[a] 0.5 € g-1 (5-aminotetrazole monohydrate)[b]

Material yield 60-65% ~25%

[a] – 250 g package, Merck
[b] – 500 g package, Merck
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8. Abbreviations

AQE Apparent quantum efficiency

AQY Apparent quantum yield

BDFE Bond dissociation free energy

BuOH Butanol

CB Conductive band

CCD Charge coupled device

CN Carbon nitride

COF Covalent organic framework

CV Cyclic voltammetry

DABCO 1,4-diazabicyclo[2.2.2]octane

DAC Direct air capture

DAD Diode array detector

DAS Decay associated spectrum

DFF Diformylfuran

DFT Density Functional Theory

DMA, DMAc N,N-dimethylacetamide

dme 1,2-dimethoxyethane ligand

DMF N,N-dimethylformamide
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DMP Dess-Martin periodinane

DMPO 5,5-dimethyl-1-pyrroline N-oxide

DMSO Dimethylsulfoxide

DOS Density of states

DR Diffuse reflectance

EA Ethyl acetate

EC European Commission

ECB Conductive band potential

EG Ethylene glycol

EIS Electrochemical impedance spectroscopy

EnT Energy transfer

EPR Electron paramagnetic spectroscopy

EQE External quantum efficiency

EQY External quantum yield

EtOH Ethanol

EVB Valence band potential

FBDFE Formal bond dissociation free energy

Fc Ferrocene

FT-IR Fourier transformed infrared
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FTO Fluorine doped tin oxide

GC-MS Gas chromatography–mass spectrometry

g-CN Graphitic carbon nitride

HAT Hydrogen atom transfer

HER Hydrogen evolution reaction

HMF 5-hydroxymethylfurfural

HOMO Highest occupied molecular orbital

HPE Hydrogen peroxide evolution

HPLC High-performance liquid chromatography

ICP-OES Inductively coupled plasma optical emission spectroscopy

IPC Inclined plate collector

IPEC Integrated photoelectrochemical (device)

ISC Intersystem crossing

ITO Indium tin oxide

K2Rho Potassium rhodizonate

K-PHI Potassium poly(heptazine imide)

LED Light emitting diode

LUMO Lowest unoccupied molecular orbital

MAS Magic angle spinning
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MeCN Acetonitrile

MeNO2 Nitromethane

MeOH Methanol

MOF Metal organic framework

mpg-CN Mesoporous graphitic carbon nitride

Na-PHI Sodium poly(heptazine imide)

NHE Normal hydrogen electrode

NHPI N-hydroxyphthalimide

NIR Near-infrared light

NMR Nuclear magnetic resonance

NPhth N-phtalimidyl

OPA Optical parametric amplifier

PAW Projected Augmented Wave

PBE Perdew-Burke-Ernzerhof

PC Photocatalytic

PCC Pyridinium chlorochromate

PCET Proton-coupled electron transfer

PdTPTBP Palladium (II) meso-tetraphenyl-tetrabenzoporphyrin

PEC Photoelectrocatalytic
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PL Photoluminescence

PMP 4-methoxyphenyl

PTI Poly(triazine imide)

PXRD Powder X-ray diffraction

qNMR Quantitative nuclear magnetic resonance

RFTA Riboflavin tetraacetate

SCE Standard calomel electrode

SEM Scanning electron microscopy

SET Single electron transfer

SHE Standard hydrogen electrode

STH Solar-to-hydrogen (conversion)

TAS Transient absorption spectroscopy

TCSPC Time-correlated single photon counting

TEM Transient electron microscopy

TEMPO 2,2,6,6-tetramethylpiperidine-N-oxyl

TEOA Triethanolamine

TGA Thermogravimetric analysis

THF Tetrahydrofuran

TPP Tetraphenylporphyrin
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8. Abbreviations

TPR Transient photocurrent response

TRES Time-resolved emission spectroscopy

TRL Technology readiness level

tr-PL Time resolved photoluminescence

UV Ultraviolet (light)

VASP Vienna Ab initio Simulation Package

VB Valence band

Vis Visible (light)

XPS X-ray photoelectron spectroscopy
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