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EDITORIAL

Presidenbs Letter

Dear EPA Members,

We are finishing another year, where unfortunately the realization of

presentiascientific meetings has been a very rare occasion. This has had

also severe impact on the activities of EPA, being one of our goals the

promotion of photochemistry by supporting broad scientific exchange.

Online events may be a temporary alternativesuiely we all look

forward to meet again in person. Letds hoj
2022. In fagttwo major events are announced in this Newsletter: the

Central European Conference on Photochemistry (CECP Ba@2

Hofgasteih and the 28" IUPAC Symposium on Photochemistry

(PhotolUPAC 2022Amsterdam

During the International Conference on Photochemistry, held as online
event last summer, EPA organized an Aw@stemony.On this
occasionseveral members of our community received recognition for
their scientific achievemenBx.. Bogdan Dereka (EPA PhD Prize
2020),Prof. Dr. Bo Albinsson (EPA PPS Prize 202@r. Haining

Tian (EPA Young Investigator Award 2Q2and Prof. Dr. Silvia
Braslavsky (European Ambassador of Photochemistry Award .2021)
wish to express my sincerest congratulations to all awardees. In 2022 we
will award th&hD Prize andnominations can be made untithe end

of February 2022see call text in this Newslettddp not miss the
opportunity tgparticipate!

| hopeto count on your continued support, especially by sending your
contributiongo our society journ&hotochemical and Photobiological Sciences
which finishes now its first year in partnership 8ptfingeiNature.|f

you meanwhil@ishto announce any conferences or meetings of broader
interest, please get in touch to use our diverse channels to publicize the
event.

Finally,] wish youand your familiesll the best for the comi2@22

Yourssincerely
Uwe Pischel
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AWARDS

The EPA Prize for the best PhD thesiBltochemistry will be awarded
during the IUPAC Symposium on Photochemistry inékden in July
2022 fittps://photoiupac2022.amsterdam

Theprizei s 1000 (costsgpAmsterdam (wiahinahle limit of
5 0 OAND Xhree free years of EPA membership.

The candidate must have deferttieit PhD thesis between 2&2(®1
and be nominated by an EPA member.

Nominations for this prize are now open and all nominations should be
sent directly tw.nau@jacobgniversity.deThe nomination paekge
(electronic version only) should include:

1 Curriculum vit#fehecandidate

1 Copy of the thesis

1 An abstract of the thesis in English of no more than five pages
in length

1 A publication list, with publications that arose from the thesis
underlined

1 A lette of support

The closing date for the receipt of nominations: 28February 2022


https://photoiupac2022.amsterdam/
mailto:w.nau@jacobs-university.de.
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PHOTOCHEMICAL & PHOT OBIOLOGICAL
SCIENCES

ISSN 1474-905X

Photochemical &
Photobiological
Sciences

An international journal

@ Springer @ :‘g‘? @

Impact factor: 3.982 (2020)
Publishing frequency: 12 issues per year
Editorsin-chief: Rex Tyrrell and Dario Bassani
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PUBLICA TIONS

Large scale visible light photochemical
transformations

Pierre Zimberlin, Maxime Lancel, Zacharias Amara

Equipe de Chimie Moléculaire, Laboratoire de Génomique,
Bioinformatique et Chimie Moléculaire, (GBCM), EA7528,
Conservatoire National des Artet Métiers, HESAM Université,

Paris, France

The year 2021 has been marked by significant achievements in
industrial photochemistry. Two successful productions of small molecules
from Merck and Syngenta using visible light have been reported in the
literdure. These articles providealuable insightsnto the way
photochemistry can be efficiently scaled up. The first example is a
photochemical bromination using continuous flow photochemistry, a key

a) Merck i flow ical step

Reaction scheme: . Reactor scheme:

H
Haz N (1.05 equiv)
o Br”
ArO. j
9)
SO,Me

SO,Me 5 mol / clmc acid

25°C, 450 nm (soo W LEDs) 38 kg/day

Vp=083L
STY =1820 g.h"'.L"

Starting Product
material (quench)

b) Syngenta batch ical step (dioxopy

Reaction scheme: Reactor scheme:

B NaOCI (1.2 equiv) mo

|
H OMe TBAB Zmal/ 4% O,
-

30°C, 460 nm (2x 1000WLEDS) (e
70-100 kg/day

Vg =1,400L :
STY=3,2gh".L" :

Figure 1.a) Flow production of belzutifgllerck process) involvin
a phovinitiated radical brominatiorb) Batch production o
dioxopyritrione (Syngenta process) involving an oxidatNe
coupling.

Me
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step in the manufacturing of belzutifan, an anticanagefrdm Merck
(Figure 1a)The second is an oxidativéN@oupling operated in a large
batch vessel at Syngenta, to produce arbiclle candidate
dioxopyritriong(Figure 1bj3.

The scaleip of the photochemical benzylic brominatiamas
accomplished hyarsposng batch conditions incantinuous plug flow
reactor (PFR) where the usdrahsparent perfluorinated tuteembles
better exposure tdight. The improvedcontrol of the residence time
enabled to minimize the amouninopuritieformed in the reaicin. The
reaction was scaled up to 50 kg scale usingditwoillar reactor (0.83
L, 7.1 mm internal diameter) irradiated bank ohighintensity LE3
(800 W)emitting at 450 nm. Argductivity of 38 kg/day was finally
obtained with an assay yiel@®®6 for a residence time of 1.5 minutes.
Numbering up by connecting these reactors
subsequentlgllowed to achieve over 100 Bgproductivity(residence
time of 3 min, assay yield of 94 Bially, this development led tma
scale production campaign.

Syngenta scientists, in partnership with the University of Fribourg,
adopted an alternative optionppyimizingand transposing to largeale
using a batch approadihe task was particularly challenging given the
heterogneity of the reaction (solid/liquid/liquid/gas)ptiinization led
to very good conversion and isolated yield in only 4.5ma@8 L batch
reactol(>99%, 85%)Theprocess wasventuallynodified to fulfill all the
conditions for a scaig in 14 m3 reactor using two immerseell LED
banks with a total input power of 2 Kdading to a production of 71 kg
of the coupled intermediatés2 kg/hour) per batch with an average
purity of 98.7%This work enabled a production campaign reaching 853

kg.

Although these processes involve different reactions and are not
directly comparable, it is interesting to see how choices have been oriented
towards the use of a batch or flow reactor. Although flow chemistry
enables high Space Time Yield (STY), it is neasily applied option
when handling solids and complex multiphasic conditions. In this case, a
batch or continuous stirred tank reactor is often prefamddhe overall
difficulty to efficiently irradiate the reaction medium is compensated by
theuseb hi gh power | ight sources. In both cas
equivalentso6 has been a useful parameter
from lab to large scale.
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The application of Pulse Radiolysis to elucidate
the degradation mechanism of aromatic
hydrocarbonbased proton exchange fuel cell
membranes

Tamas Nemettt-2 Tym de Wildt, Lorenz Gublet, Thomas Nausef
IElectrochemistry Laboratory, Paul Scherrer Institid 5232 Villigen
PSI, Switzerland

2 aboratory of Inorganic Chemistry, ETH Zurich, Viadimir-Prelog-
Weg 1, 8093 Zurich, Switzerland

Although both photochemistry and radiochemistaye played a
substantial role iestablishingur understandingf (complex) chemical
mechanismshere are several key differehBdmtochemistry deals with

the interaction of matter and low energy photons resultahgcinonic
excited stateand followup reactions. Radiation chemisbn the other

hand, involves the interactions of ionising radiation with matter. In
photochemistry, the energy is deposited directly on the chromophore;
efficiency of a given photochemical process is described by its quantum
yield and, according to ttefinition of the IUPAC Gold Book, applies
strictly for monochromatic excitatb@ompeting reactions coupled with
unproductive energy losses incur difficulty to ascertain full mass balance.
In radiolysis, ionisation afiatteris massproportional. In thecases of

dilute solutions, the energy is quantitatively deposited solibkat,

which is then ionized; i.eulpe irradiation of water generates primary
speciewvithknown yields, according to scheme (1). Overall reactivities are
determined by both tlelvent and solute.

H20 ** HOT+ HT+eyd + H*+ Ha+ H20 @

While photochemistry has become one of the most widely spread
disciplines in chemistry and biology, interest concerning radiolysis seems
to have declined.

It is our intention to show here thatilse radiolysis can be used to
elucidate the deleterious processes of aromatic hydrdeasbdnfuel

cell membranes and support the development of novel materials.
Renewable energy sources in combination with electrochemical devices
for energy storage \mapartially beeable to mitigate the problems of
climate change and anthropogenic air pollg&pecially those associated



EPA Newsletter 16 Decembel021

with vehicular transportation. It is conceivable to replace traditional
combustion engines with environmentally friendly fliblaseld systems
(FCsy

Oxidative degradation is the most deleterious lifstioreening factor of
sulfonated proton exchange membranes (PEMs)ng the operation

of FCs oxidising species @ened in the presence of humidified gases,
H, / O, and thenoble metal catalyst. In FCs M6 the degradation
initiating electrophile with the highest reactititgycurs damage at close

to diffusion controlled rates. Understanding the exact reaction mechanism
enables specific optimization, such as the usalioal scavengers or
polymer repair agents, and aids the design of inherently more stable PEMs.
Direct spectroscopic study on the effects of oxidative damage of PEMs is
challenging due to the comparatively small changes in the bulk membrane
material, hoever oligomers and monomer analogous compounds are
applicable models of PEMs.

€5
H, — 1 X <“— airor Oy .-~ H3C
1. T HO®
:H+: L n @?
Hyt ] |10,

T f] |-
1| o

J 1 | \_ RIS PEM

excess H, <+— ] : — H,0 + heat

CL CL,

GDL
Flow field plates

Figure 1 The membrane electrode assembly (NiEeheart of a
PEM fuel cellgonsisting of almnomer membrane, catalggers (CL)
and gas diffusion layers (GDL), sandwiched betwediotwiield

plates -mathylstyrene sulfonate (PAMSS)tigical constituent o
irradiation grafted arotma hydrocarbofbased membraneBuring

operation of an FGhe formedhighly oxidising HO attack the
membrane.
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The nature of the intermediates, the kinetics of their formation and
reactivity strongly depend on the environment.

The primaryproducts of water radiolysisnay be transformedia
secondary reactiongor example reactiong)d(5), dependent on the
experimental conditionsReaction (2) provides highly oxidising
tetraoxidosulfate radical anidbspendent on theH, hydrated electrons
may react with protonseaction (3, the yeld of hydroxyl radicals can be
increased by J-saturation, reaction (4), or they can be quenched in
reaction (5); the respective rates are kdown.

SOR2T+ed ¢  SO+S02T @
& +H*9 H €
N2O + H20 + eadf ¢ B+ HOT+ HOT @
HO"+ C(CH):OH ¢ 20 H TCH,C(CHs):OH ©)

These competing reactipaiependent on the applied conditions, allow
control of the formation of the desired spedibs enablethe study of
theinvolvedreactions and reaction cascades.

In our studies, we used oligomersaafethylstyrene sulfonate and
monomer analogous compounds as typical representatives of aromatic
hydrocarbotbased PEMs, Fig. 1, and studied themtivig in an
oxidising environment mimicking that of a proton exchange membrane
fuel cell (PEMFC)8

El ectrophilic attackheff siOhabnoar omaHOASs
adductsfeaction §).68 At low pH, present in a typicBREMFG this

intermedite is in a protolysis equilibrium with cation radicsdstion

(7)%8 Oxygen reacts with the hydroxyl radical adducts to form peroxyl

radicals, reactioB)€7 Cation radicals can be formed directhS@g-

inducecklectron transfereaction (98

Ar+HOT¢ TAr(-OH) ©®)
TAr(-OH) + H*O Arf+ H,0 @
TAr(-OH) + 020 Ar(-OH)(-02¢ ~ A®H) + HOOT (8)

Ar+SOf ¢ Arfr + SO2 9)
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These general reactions are the main routes of degradation for a typical
aromatic hydrocarberased PEM. Pabte competing reactions are at
least one order of magnitude slower.

Our results indicate that reaction rates depend both on the electron
density of the aromatic core and on the chain length of oligémers.

This knowledge may be indispensable for thelaggnent of more
durable PEMFCs.
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Imine Photochemistry: Photoinduced Radical
Reactions of Imines (IMPHOCHEM)

Mohammed Latrachd, Marie Schmit€, JeanFrangois Blancc,
Karine Loubiéere, Manabu Abé4, Norbert Hoffmann*

ICNRS, Université de Reims, ICMR, Equipe & Photochimie, UFR
Sciences, B.P. 1039, 51687 Reims, France.

E-mail: norbert. hoffmann@univreims.fr

2 Laboratoire de Génie Chimique, Université de Toulouse, CNRS,
INP, UPS, Toulouse, France

E-mail: karine.loubiere@cnrs.fr

3 Hiroshima University, Department of Chemistry, Graduate School
of Advanced Science and Engineering-3-1 Kagamiyama, Higashi
Hiroshima, Hiroshima 7398526, Japan

E-mail: mabe@hiroshimau.ac.jp

4 Hiroshima Research Center for Phot@rug-Delivery Systems (Hi
P-DDS), 1-3-1 Kagamiyama, HigashiHiroshima, Hiroshima 73%
8526, Japan

Context

Photochemical reactions are an important tool of orggntbesis.
Electronic excitation by light absorption considerably changes the
chemical reactivity of chemical compodnidsus, new compounds or
compound families becomes available which are hardly or not obtained by
more classical methods of organic h&gis. Especially, in the field
biologically active compounds, photochemical reactions have now
become highly interestihgResearch activities in synthetic organic
photochemistry have been intensified in both the academic and industrial
domain.It shouldbe pointed out that the application of photochemical
reaction to organic synthesis is part of sustainable (green) chemistry.
Photons can be thus used by chemists as "traceless'3feagent.

Heterocyclic compounds play a key role in the pharmaceutichbas wel
well as the agrochemical domain and photochemical reactions for the
preparation of such compounds are very attr&étivethis context,

imine photochemistry became particularly inter@sfiing. organic
photochemistry of imines combines aspectphaftochemistry of
carbonyl compounds and alkel@gpical photochemical reactions such
E/Z -isomerization, cycloaddition, photoreductions and related reactions


mailto:norbert.hoffmann@univ-reims.fr
mailto:karine.loubiere@cnrs.fr
mailto:mabe@hiroshima-u.ac.jp
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or rearrangements are also observed with imines. In the context of the
IMPHOCHEM project, we arparticularly interested in photochemically
induced hydrogen atom transfer (HAT) and its application to organic
synthesis.

Continuousdlow microstructured technologies, which involve channels or
tubes from tens of micrometres to a few millimetres irethiaare now
recognized as alternatives to batch processing. Their benefits for organic
photochemistry have been highlighted recéithwWhile reducing
irradiation time, higher conversions and selectivities can be achieved
because of (i) extensive pext@in of light, even for concentrated
chromophore solutions, (i) minimization of side reactions or
decompositions by fleaperation, (iii) easy control of the irradiation time
and (iv) safer conditions (for example when involvingséesitive
oxygenatk intermediates). The integration of LEDs (Eighitting
Diodes) as light sources in these technologies provides also additional
opportunities. They present high electrical yields, long lifetimes, and
spatial compactness, with the possibility of seldwiegission spectral
domain and modulating the emitted radiant power.

Implementing flow photochemistry emerges thus as a relevant strategy to
study imine photochemistry in terms of reaction pathways but also for
rapid reaction screening and optimization

The project

IMPHOCHEM (https://youtu.be/O4XrOmJeBglis a comprehensive
research project on photochemical reactions of infilgesg1). The

project is funded by the French Research AgaN&+18 CEO0?002§.
Theoretical and physicochemical aspects, stereoselectivity and scope of
the reaction will be investigated as important parameters for organic
synthesis. For that, in addition to conventional batch reddtis,
drivenmicroreactors will be implementednroriginal way and from the
beginning of the study, as a tool (i) to perfectly control the operating
parameteréirradiation, temperaturifat could influence selectivity and
yield, (ii) to understand and model their
and (iii) to access the feasibility of the transfer into-seat®continuous
flow-equipment.
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Biosourced

hv —
molecules |—» IMINES ——»

(amino acids)

IMPHOCHEM

Theoretical, Physical | >
chemistry

Chemical and
Pharmaceutical
Industry,
Agroindustry

Organic Chemical >
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| Large variety of synthons |

.
Figure 1 IMPHOCHEM as a comprehensive and multidisciplinary
research project.

The consortium

The consortium is composed afeh partners from France and Japan.

k&{C M R Institut de Chimie Moléculare Reims

N. Hoffmann, M. Latrache

pEERSIEST | (ICMR, UMR7312, Reims)
https://www.univreims.fr/minisite 68/

Oo..

K. Loubiere, M. Schmitt, J-F. Blanco
Laboratoire de Génie Chimique

< LABORATOIRE
" DE GENIE (LGC, UMR 5503, Toulouse)
CHIMIQUE https://lgc.cnrs.fr/
M. Abe
Hiroshima Universitfpepartment of
Chemistry,

(Hiroshima, Japan)
https://www.hiuroccom/

Thescientific objectivesare to

1

il
1
il

Acquire profound knowledge of the basic photochemistry of
cyclic imines.

Control the selectivity of the reaction.

Identify scope and limitations

Implement continuotfow chemistry all along the stages of the
propcsal
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These objectives will be achieved by the following tasks:

Task 1will take over the comprehensive study of the photochemical
reaction of imines and the optimisation of the operating conditions for a
large substrate scope.

Task 2 will take over the ooputational calculations for the
characterisation of diradical species involved in the reaction to identify the
key structural parameters that influence selectivity.

Task 3will develop the reaction under flow conditions in microreactors
irradiated by gurposebuilt UV-LED array This process allowed
accurate control of irradiation (emission spectrum and intensity)
temperature and reaction tim&® modelling approach will be also
implemented.

Impact and benefits of the project

IMPHOCHEM deals with a comginensive study of thp@otochemical
transformation of imines. The global objective is to have access to a
large structural variety of molecules useful as syntiingnitrogen
containing heterocycles for chemical and pharmaceutical companies,
from bio sourced substrates. The methodology is based on an original
combination of organic photochemistry theoretical physical
chemistry, chemical engineeringandflow photochemistryexpertises.

The use ofLED-driven microreactors from the first steps will offer
undeniable advantages for understanding dpmvating conditions
control selectivity, but also for acquiring information (kinetic data) to
transpose these photochemical routes tandmstrial scale using
continuous-flow technologies Thus, this proposaill contribute to the
development oftontinuous, integrated processedor a safe and
sustainable production of fine chemicals and pharmaceuticals.
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ABSTRACTSOF THESIS ON
PHOTOCHEMISTRY

Intermolecular [2+2]-Photocycloaddition

Reactions of complex Acceptor-Donor Systems
and Development of an Enantioselective
Photocatalyzed Hydroformylation Reaction

Jens Lefarth
University of Cologne Department of Chemistry,Greinstr. 4 50939
Cologne, Germany, Research Group of Prof. Dr. Axel G. Griesbeck

In modern synthetic organic chemistry, photochemistry depicts a
powerful method to achieve thermally chatigngichemical
transformation. Especially the field of photo(redox)catalysis has gained a
tremendous growthver the last two decade3 Therein, highlgnergetic

excited state photocatalystsuld enable a wideray of opershell
reactions under mild conditidfidn consideration of the actual severe
problems of global warming and the replacement of fosts,
photocatalysigllowsthe use of visible light, resulting in erighdmore
environmentallfriendlymethodologies for chemical transformations

In this Ph.D.thesis such photocatalyzed processes were investigated in
more detail in case of twdfdrent reactions: the introduction of C
building blocks in small organic molecules by a (formally) photocatalyzed
hydroformylation  and intermolecular  photocatalyzed [2+2]
cycloadditiosof acceptodonor systens.

The hydroformylation has, since the discovery by Otto Roelen in 1938,
become one of the largest homogenous industrial préd¢ssesver,

current processes are still in need of rare transition metal catalysts and
require a high energy consumption. Hencesiblevlight mediated
approach by organic dyes, such as Eosin Y, were anticipated to achieve a
benign, environmentally friendly and mild approach for a photocatalyzed
hydroformylation reaction. For this, the industrially used syngas(CO/H
was replaced bgrmyl equivalents such asdi@olane. In addition, the

overall goal was to achieve an asymmetric approach by the use of chiral
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formyl equivalents based on easily accessible amino acids (Scheme 1). A
sustainable methodology for achiral oxazolidindd beuestablished

under mild conditions and with high chemical yields (>80%). A general
proof-of-concept could then be achieved for chiral formyl equivalents,
while further optimization of the chemical yield is still required.

Photocatalyzed Hydroformylation

Ay @ @

Scheme 1Visible light mediated hydroformylatlon by Eosin Y (EY) as
the photocatalyst.

The second topic of this thesis was concerned with mechanistic aspects of
[2+2}photocycloaddition reactions and the behaviour of accleptor
systems in reghto the product chemoregie and diastereoselectivity
(Scheme 2). An extensive study was performed for the two model
substrates of chalcone and-didrofuran due to their unique
photophysical and electrochemical properties. Therein, a complex product
mixture of four diastereand regioisomers as well as four other products
that consisted of chalcone dimerization and reduction products were
obtained. While the product distribution could be optimized based on
several experimental parameters (photg&tatalconcentration,
stoichiometry, additives, solvent) that also resulted in details about
mechanistic insights, the regioselectivity and product diversity could be
analyzed further by electrochemical analysis and DFT calculations.

Furthermore, the scopéseveral cyclic enones and different alkenes was
performed that resulted in an increased diaster@woegioselectivity for
more constrained systeifs.
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Intermolecular [2+2]-Photocycloadditon of Acceptor-Donor-Systems E—
o (0] [¢]
C 4 C
+ +
McCN R/\)LR \ McCN o o
,.2( (6] m m Ph PH
Ar . . Ph Ph
major minor

Scheme 2Visible light mediated [2+ghotocycloaddition of acceptor
donor systems.
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BODIPY compounds: fluorescent markers for
biomacromolecules and phototherapeutics

Katarina ZIl ati L
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Zagreb, Croatia

This PhD thesis features a new approach of cancer photetreatm

well as a design of new photoreactive fluorescent markers for
biomolecules2 Expected antiproliferative activity of investigated
moleculeselieson photochemical generatiorgafnone methide®Ms)

that can react with biomacromolecules causjtofoxicity2 This
approach has a major advantage compared to the classical photodynamic
therapy since it does not require oxygen for biological activity, as tumour
tissues are often hypo%idoreover, it was expected that investigated
molecules would walently bind to biomolecules and could be used as
fluorescent markers.

Thesis describes synthesis of four classes of new fluorescent BODIPY
dyes that were substituted by photochemically reactive substituents
(Figure 1). Moleculed-11 as photoreactive amp have N,N-
dimethylaminomethyl substituents for which it was expected to react in
photodeamination reaction generating reactive QM (Sche@e the
other hand, for molecul&&15it was expected that QM would be formed
by a cleavage of the substitarthemesposition of the BODIPY core
in a photoheterolysis reactfowhereupon an elimination of the acetyl
group would give rise to QMs (Scheme 1).



EPA Newsletter 28 Decembel021

8: Ry = Ry -CH,NH*(CH3), TFA", R, = H
CeHsOH 9. R, = R, -CH,NH*(CHj), TFA", Ry = H
10: R; = R, = Ry -CH,NH*(CHj), TFA"

Figure 1. Structures of investigated BODIRMinone methide (QM)
precursors.

IV. group

Ry=H
Ry = OCHj,

Qam
Scheme 1 Photochemical deamination reactivity -¢fi Iigroups of
BODIPY compounds and anticipated photochemical reactivity of IV.

group.
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Photochemical reactivity and photophysical properties of the prepared
QM precursors were investigated by photosolvolyses and spectroscopic
techniqguesd UV-vis and fluorescence spectroscopy and laser flash
photolysis (LFP). Binding to a model protein bovine serum albumin (BSA)
was tested after irradiation of the -py@ein complexes using gel
electrophoresis, andtgroliferative activity of the dywas investigated

on human cancer cdiigMTT test.

Methanolysis produdts molecule&-1lindicated formation of QMs,
which were detected by laser flash photolysis. Foottegfor molecule
4 we have shown that photogenerated QMs reacB®&#&and induce
covalent attachment to the proté&me of our major discoveries is that
the photaeamination ofmolecules takes place only upon excitation to
higher singlet excited si@tevhereas, States deactivate by fluorescence.
This unusual arlasha photochemical reactivity was fully elucidated by
computations at the TDFT level of theory. This concept to use one
wavelength of light to photoactivate the dye and attacpiiiein, and
other wavelength to read the fluorescence is highly applicable in the
development of fluorescent sengbigure 2}.

N
\ N N
}-N.g N
[ FF

Figure 2. Covalent binding of compourdto a protein by irradiation
with a wavelength of 350 nm and visualization oftbkeld protein with
visible light by emission detection at 510 nm

Fourth class of molecules also showed unexpected photochemical
reactivity, since anticipated photoproducts of methanolysis were not
detected. Isolated product suggest that reaction israget the boron
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atom of the BODIPY core. ppn treatment of cells with the dyes and
irradiatonwi t h  vi si bl e Imolgchléesl2i4khowed 500 nm)
significantenhanced activitywvhich makes theipotential leads in the

development of cancer phototiggeuticsHowever, for the ultimate

application, all details of the photochemical reaction mechanism have to

be unravelled.
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Exciton coupling and energy transfer in perylene
based systems.

Alexei Cravcenco
Department of Chemistry and Molecular Biology Molecular
Materials group, University of Gothenburg 412 96 Sweden

Supervisor: Prof. Karl Borjesson

Understanding the nature of phioduced processes in organic
molecules is essential for the design and synthesis of compounds with
desired photochemical propertislecules that are able to transfer the
excitation energy between the states of different multiplicity are of
particularinterestboth fundamentally, but also for the design and
production of systemswith precise function. For instance, triplet
harvesting is of practical importance in the field of organierigting
diodes (OLEDs) where electrically excited moleculesgond charge
recombination procesBue to the slow emission from the excited triplet
states, a significant efficiencyofflis observed in OLEDs, thus making
newtriplet harvesting strategiegportant

The Forster resonance energy transfer (FREfgaliem does not
include the spin component in the energy transfer mechanism, instead it
relies on the strength of dipdligole coupling between the donor and the
acceptot. This theoretically allows for sifimbidden tripleto-singlet
(TtoS) energy tnafer. Indeed, FREMediated tripletio-singlet energy
transfer has been observed using freely diffusing donors and acceptors as
early as in the 1960but the connection between measured FRET
efficiencies and theoretically derived values based on phim@ph
parameters and the distance and angles between transition dipole
moments in a molecular dyad has been missing.

In this thesis the possibility of FRET between a triplet and a singlet
state was explored using an iridhteed triplet donor and a pemgle
based singlet acceptor. To be able to verify the TtoS energy transfer in a
controlled manner, two covalently linked isomeric dwidgeacceptor
(pertDBA and ortheDBA) systems (Fid) were used. The molecules
were synthesized in convergent syuctpathways in 14 steps (peri) and
13 steps (orthd): The target systems were designed with an intention to
favour the excitation energy transfer from the excited triplet state of the
donor to the excited singlet state of the acceptor. Performing
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intramoécular TtoS in covalently linked DBA systems with experimentally
determined doneaicceptor distances and known orientation factors of
the oscillating dipoles allowed for a detailed comparison between the
theory and experiment. In both dyads the tifipleinglet energy transfer

was fully explained usitige theory of Forstdype resonance energy
transfey making this study the first example where TtoS is experimentally
verified and aligned with the thed@yeTtoSenergy transfer was 36 times
faster tharthe rate of donor phosphoresceritieis allowed to harvest

the triplet excitation energy in the dekje region of the electromagnetic
spectrum where the making of efficient OLEDs is particularly challenging.

In parallel to Forstdype TtoS, Dextetype tripletriplet energy
transfer (TET) was observed in both systems. It was notedhéat, w
attaching the acceptor chromophore in the ortho position, the rate of
Dextertype TET increased but the rate of tripesinglet FRET
decreased. This interplaynd@astrates the sensitivity of both Forster and
Dexter types of energy transfer towards molecular alignment.
Furthermore, it shows that it is possible to increase the rate of one energy
transfer pathway, while simultaneously decreasing the other one
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Figure 1.Jablonski diagram showing Forstpe tripletto-singlet energy
transfer and Dextdype triplettriplet energy transfer in isomeric denor
bridgeacceptor systems.

Another researctirection hat wasexplorel in this thes wasthe
makingof efficient lightemitting molecules in the naarared (NIR)
region of the electromagnetic spectrum. The current progress in this area
is limited by the framework of the energy gap law. The absorption and the
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emission in the NIR regime are associated withrghotdow energy,
meaning that the energy gap between the excited state -amditeon
(ground) state is small. Consequentially, this results in an exponentially
increased probability for the molecule to return to the ground state
without photon emissiorDeveloping strategies for overcoming the
energy gap law is therefore essential for being able to achieve high
emission quantum yields in the NIR region of the electromagnetic
spectrunt.

Limited solubility represents another challenge in synthesis of NIR
chromophores. Baglkylation of perylene allowed us to synthesize soluble
dihexylquaterrylne scaffold and measure its photophysical properties in
such inert solvent as toluene (Fig.2).
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Figure 2. Absorption and emission spectra of dihexylquaterrylene
recoded in toluene and ina;Cl scaled according to their molar
absorption coefficients. Dihexylquaterrylene is present in its monomeric
form in toluene, while in,B.ClL it forms superradiamaggregates.

Unexpectedly, dissolving dihexylquaterryleneHpC& resulted in
discolouration, indicating formation of a new species. Spectroscopical
investigations of this phenomenon concluded that the newly formed
species were dihexylquaterryleaggdegates (Fig. 2). The increased
radiative rate (kand decreag@onradiative rate (§ resulted in a-#ld
increase of the emission quantum yield inabgrégates when compared
to the monomers. The increase of/&s attributed to the superradiance



EPA Newsletter 34 Decembel021

effect, which is a common phenomenon-aggregates. Howevére
decrease ofnkwas unexpected and indicated that #ggdegates can
successfully overcome the limitations set by the energy gap law. The
deviations from the exponential increase were previously shown using
platinumbased complexé$owever the deease of khad not been
observed previously. The decrease,iw&s achieved because of the
reduced reorganization energy due to the delocalized nature of the excited
state in -AggregatésThis emphasizes the importance of controlled
aggregation strgfies that could potentially open up a new approach
towards highly emissive NIR dyes

These results contribute to the understanding of the fundamental
photophysics behind such processes as: multiplicity conversion,
directional energy funnelling, switchieigvieen energy transfer pathways
and aggregatiénduced enhanced emission.
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The resonance interaction between a confined optical mode within a
microcavity and a atecular transition results in either enhancement of
spontaneous emission rate in the weak couplingnbdfier regime (the
socalled Purcell effektpr alteration of energy levels of molecules
through the formation of polaritonic states in the stramgiog regimeé.

Due to these effects, lighatter interaction phenomena inside a
mi crocavity can be used as a 606physical 060
and chemical properties of molectlesthis work, the spectral and
photophysical properties, adlwas excited state reactivity of molecules,
were modulated using the vacuum electromagnetic field of an optical
microcavity.

A voltagetunable open Ricrocavity was prepared and charactenzed
orderto study the influence of the confined field ofrtiierocavity on

the IRabsorption properties of molecules in a liquid gRrasé&a} This

cavity is a versatile tool to hybridize essentially any vibrational transition
in the midIR regime with a cavity mode. Multimode vibrational strong
coupling was deonstrated in methyl salicylate using this cavity. A
coupled damped harmonic oscillator model was employed as a theoretical
tool to describe the multimode vibrational strong coupling. The
theoretical results revealed that absorption of uncoupled maecules
spectrally close effsonance molecular vibrations, in addition to the
resonance vibrations, must be simultaneously considered to describe the
behaviour of the multimode vibrational strong coupling aded&agely
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1b-d).4 The same cavity was usedhicestigate the effect of vibrational
strong coupling on the Raman scattering properties of selected systems.
Our resultconfirmed thatven though the system is in the vibrational
strong coupling regime, changes in the Raman spectra do not necessarily
result from the strong coupling, but are caused by the surface
enhancement effeéts.
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Fig 1. (a) Schematic of the open microcavity structure employed to couple
liquid phase sampléb-d) Experimental (red line) and calculated (black
line) cavity transmisga spectra for a 25% v/v solution ofethyl
salicylate (MShside an omesonant cavity. The green area shows the
transmission spectrum of MS in free space. The mean square error (MSE)
indicates the fit quality. In panel (a), only absorption is comsidieite

in (b), we take into account both absorption and individual ceupkng
interaction of the vibrations that are only resonant with the respective
cavity mode. Panel (c) demonstrates the case of multimode coupling
simultaneous coupling of tressonant and the closest two-re§onant
molecular vibrations to the same cavity mode, and in this scenario, the
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absorption was excluded. The simulated spectrum shown in panel (d) was
obtained by including both absorption and simultaneous coupling of the
nearest MS vibrations to a single cavity mode. Modified from ref. 4.
Copyright (2020) American Chemical Society.

The photophysical properties of individual phthalocyanine) (PcS
molecules embedded in PVA film were studied under the Purcell effect,
u s i n-gicrécavRy, confocal laser scanning microscopy, and time
resolved fluorescence technigudolecules on resonance with the
microcavity mode have a shoftaprescence ltiene, and thexcited
singlet state is depopulated faster; as a consethetegsition rate to

the triplet state is reducefis a result, webserved that the molecules in

a resonant cavity stay locked ispedic tautomeric form for a longer
time since the lowestiplet state is less frequently populéfeg. 2y

This suggests that in our singlelecule method, we probe
tautomerization reactions in the lowest triplet staestingly, these
findings show that the weak lighatter couplingghenomenon can be
used to steer photophysical and photochemical processes that occur in the
triplet states to the desired direction.

Fig. 2.Impact of the Purcelffect on the tautomerization of individual
PcS molecules. Series of confoftabrescece images of single PcS

































