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Résumé : Les matériaux fluorescents photocommutables
ont des applications potentielles dans le domaine du
stockage optique de linformation ou de l'imagerie
super-résolution, ce qui attire des développements
considérables en recherche. Dans de tels systémes
moléculaires, les différentes voies de
photoisomérisation accessibles et les cinétiques
compétitives assciées, sous irradiation en lumiere UV et
visible, correspondant a des réactions photoinduites
aller et retour, doivent permettre d’ouvrir un cycle
d'hystérésis de fluorescence. Dans ce but, nous
cherchons a générer des effets d'hystérésis de
fluorescence avec des architectures
multichromophoriques a base de plateformes
cyclodextrines multivalentes portant plusieurs dendrons,
comportant un nombre variable d'unités
photocommutables et/ou fluorescentes. Le travail
effectué au cours de cette these couvre les études d’un
fluorophore photoisomérisable E«»Z (dérivé du
dicyanométhyléne-4H-pyran, DCM), des systeémes
multichromophoriques contenant plusieurs DCM (multi-
DCMs), ou une combinaison de DCM et d'unités
photochromes (diaryléthénes, DAE). Aprés une
présentation générale de la photocommutation de
fluorescence (chapitre 1), le DCM lui-méme a été étudié
par des techniques spectroscopiques (stationnaires,
résolues en temps) et des approches théoriques
(Théorie de la Fonctionnelle de la Densité Spin-Flip, SF-
DFT) afin d'élucider les processus conduisant aux
propriétés de fluorescence photocommutable, en
particulier a travers lidentification des intersections
coniques (chapitre 2).

Dans le chapitre 3, plusieurs DCM photoisomérisables
et fluorescents ont ensuite été combinés ensemble
par des stratégies de chimie click en petites molécules
dendritiques  (multi-DCMs) et leurs  études
spectroscopiques indiquent des processus efficaces
de transfert d'énergie résonant de type Forster (FRET)
intramoléculaire. Des mesures d'anisotropie de
fluorescence et des simulations de dynamique
moléculaire ont été réalisées pour confirmer les
modeles FRET dans ces multi-DCMs. Enfin, le chapitre
4 décrit les efforts déployés pour synthétiser des DAE
combiné a des unités DCM, conduisant a un systeme
"trichromophorique" (1 DAE, 2 DCM), assemblé
ensuite en multichromophores 12-valents et 42-
valents. Ces systémes  multichromophoriques
complexes révelent des voies FRET intramoléculaires
efficaces et démontrent |I'effet d'hystérésis de
fluorescence, qui dépend du nombre de
chromophores. De telles caractéristiques d'hystérésis
de fluorescence, démontrées au moyen de
multichromophores intelligents photocommutables et
fluorescents, sont trés prometteuses pour un large
éventail de développements futurs, puisque nous
pouvons envisager des modalités de stockage de
données optique complexe a plusieurs états ou des
biosystemes photosensibles capables de se greffer par
chimie click pour une imagerie de fluorescence
sophistiquée, via un controle précis par la lumiére.
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Abstract : Photoswitchable fluorescent materials have
potential applications in optical information storage or
super-resolution imaging area, attracting considerable
research developments. In such molecular systems,
competitive photoisomerization pathways and kinetics
under UV and visible light irradiation, corresponding to
forward and backward photoinduced reactions, are
expected to open a fluorescence hysteresis cycle. With
this goal in mind, we aim to generate fluorescence
hysteresis effects with multichromophoric architectures
based on cyclodextrin multivalent platforms bearing
several dendritic linkers, substituted by a variable
number of photoswitchable and/or fluorescent units The
work carried out in this PhD covers the studies on a ERIZ
photoisomerizable fluorophore (derived from
dicyanomethylene-4H-pyran, DCM), multichromophoric
systems holding multiple DCM (multi-DCMs), or a
combination of DCM and photochromic units
(diarylethenes, DAE). After a general review of
fluorescence photoswitching (chapter 1), the DCM itself
has been investigated by spectroscopic techniques
(steady state, time-resolved) and theoretical approaches
(Spin-Flip Density Functional Theory, SF-DFT) to unravel
the processes leading to photoswitchable fluorescence
properties, especially through its conical intersections
(chapter 2).

In chapter 3, several photoisomerizable and
fluorescent DCM have been then combined together
by click chemistry strategies into small dendritic

molecules (multi-DCMs) and their spectroscopic
studies indicate effective intramolecular Forster
resonance energy transfer (FRET) processes.

Fluorescence anisotropy and molecular dynamics
simulations have been carried out to confirm and
support the FRET models in such multi-DCMs. Finally,
the chapter 4 describes our efforts to synthesize DAE
combined with DCM units, leading to a
“trichromophore” system (1 DAE, 2 DCM), further
assembled into 12-valent and 42-valent
multichromophores. These complex
multichromophoric systems show efficient
intramolecular FRET pathways and demonstrate the
fluorescence hysteresis effect, which depends on the
number of chromophores. Such fluorescence
hysteresis features, demonstrated by means of smart
photoswitchable and fluorescent multichromophores,
are very promising for a wide range of future
developments, since we can envision complex multi-
state optical data storage or photoactive biosystems
capable to be grafted by click chemistry for smart
fluorescence imaging, via precise control by light.




ACRONYMS, NOTATIONS & ABBREVIATIONS

Absorption

Acetyl

Aggregation-Induced Emission
Ascorbate

Hybrid DFT functional: BECKE, 3-parameter, LEE-YANG-PARR
Boron-dipyrromethene

Benzothiadiazole

Butyl

Coulomb-Attenuating Method- BECKE, 3-parameter, LEE-YANG-PARR (DFT
functional)

Cyclodextrin

Conical intersection

Correlation Spectroscopy

Copper(l)-catalyzed Azide-Alkyne Cycloaddition

Doublet (NMR)

Diarylethene

Dicyanomethylene, or compound 4-Dicyanomethylene-2-methyl-6-(p-
dimethylaminostyryl)-4H-pyran, in this thesis the common solvent dichloromethane
writes in its full name

Doublet of doublets (NMR)

Density Functional Theory

4-(Dimethylamino)pyridine

N,N-dimethylformamide

Dimethyl sulfoxide

Dithienylethene

Ethylenediaminetetraacetic acid
Emission

Electron Spray lonization

Ethyl

Energy Transfer

Excited state

Molar equivalent

Excitation

Free Energy Landscape
Forster Resonance Electron Transfer

General AMBER force field
Ground state

Hartree-Fock

Heteronuclear Multiple Quantum Coherence
High Performance Liquid Chromatography
High Resolution Mass Spectroscopy

Internal Charge Transfer
Integral Equation Formalism Polarized Continuum Model
Irradiation

Scalar coupling constant, expressed in Hz (NMR)

7



Multiplet (NMR)

Molecular dynamics

Methyl

Minimum energy conical intersection
Mass Spectroscopy

Micro-Wave or Molecular Weight

Nuclear Magnetic Resonance
constant number (N), volume (V), and temperature (T)
constant number (N), pressure (P), and temperature (T)

Organic Light-Emitting Diode

Perdew—Burke-Ernzerhof
Polarizable Continuum Model
Petroleum ether

Potential energy curve
Potential energy surface
Photoinduced electron transfer
Potential of hydrogen

Phenyl

Polymethyl methacrylate
Parts per million
PhotoSationary State

Quadruplet (NMR)

Resonance Energy Transfer
Retention factor
Room temperature

Singlet (RMN)

Spin-Flip Time-Dependent DFT
Singlet state on the state n

Triplet (NMR)

Triplet state on the state n
tert-butyl
Tetrabutylammonium fluoride
Tetra-n-butylammonium iodide
tert-butyldimethylsilyl
Time-Dependent DFT
Tetrahydrofuran

Thin Layer Chromatography
Tetramethylsilane (NMR)
Tetraphenylethane

Transition state

Ultra-Violet
Visible

Arbitrary unit
Degrees Celsius



Electron-volt
Gram

Hour

Hertz

Liter

Meter

Represents the unit mol L™
Molar

Second

Volume to volume
Weight to volume

Chemical shift expressed in ppm (NMR)
Variation of the enthalpy

Variation of Gibbs Free Energy
Variation of the entropy

Quantum yield

Fluorescence quantum yield
Wavelength number expressed in nm



10



TABLE OF CONTENTS

ACRONYMS, NOTATIONS & ABBREVIATIONS......cittiiiiieniiiiennieiiensieiiansieitensisissssiesssnssesssnssssssnsssssssssssssnssssssnsssssnssssssnns 7

TABLE OF CONTENTS ..cuuiiiieiiiieniiineniiinessesienssesisnssosisnssssssnssssssnssosssnssssssnssssssnssssssnssssssnsssssssssssssnssssssssssssnssssssnssssssnsnss 11

GENERAL INTRODUCTION. ... ..cccirueetiiiiiiissssneesssssisssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssans 13
1 CHAPTER | - FROM PHOTOCHROMISM AND FLUORESCENCE TO MULTICHROMOPHORIC ARCHITECTURES AND

HYSTERESIS.....ceietiiiiiiinineeetiiiiiissssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssesssssssssssssssssssssss 17

1.1 PHOTOCHROMISM ..eiiuuveeuseesuseanuseessseassseessseassseesssssssssesssesssseesssessssssssssssssessssessssessssessssessssessssessnsessssessssessssessssessssenn 17

1.1.1 LT ol o =2 PP RSRI 17

1.1.2  Main families of photoChromic COMPOUNGS..........ccueeeueinieieiiinieeeee sttt 18

1.1.2.1 Spiropyrans/MeroCyanings (SP/IVIC).....cceccuieierieieeirieeestesteestesteestesteestesseessesseesessaessesseensesssessesseessesssesesssenses 18

1.1.2.2 DIArYIETNENES (DAE) .. .iiiiiiieeiiiee ettt ettt ettt e ettt e et e e e e ate e e e ab e e e ebbeeesabaeeessbaeesasseeesabaseasseeeansbeeenasaeeanssaeeanes 19

1.1.2.3 AZODENZENES (AZO) .vveeierieeeiiiiee ettt ettt e ettt e ettt e e et eeestbeeeeabeeesbaeeaasbeeeeesbaeeassbeeeastseesasbeeeasteeeanseeeeaabaeeasteeeanaaes 20

1.1.2.4 DA S A e e e e e e e e e e e e e e e e et e e e e e e e e e e e e e e e eaeeaeaaaeeaeeaeaeeeeaaaaaaeaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaans 21

1.2 FLUORESCENCE .veeuveeitveeeuseesuseenuseessseessseessseassseessssassseesssessssessssssssssesssssssssessssssssessnsessssessseesssessnsesssessnsessssessnsessnsenn 22

o200 PLINCIPIES .ttt ettt sttt e st e et e et e nte e e b e s teenneeea 22

2 A N 1 oY o) o] To T =X USSP 22

1.3 INTERACTIONS BETWEEN CHROMOPHORES .....veerutterureesureesureesueeessseesseesssessseesssesssseesssesssessssesssessssessssesssessssessnsessssesss 23

1.3.1  Forster resonance energy trANSFEr (FRET)......cuuueeecueeeeeeieeeeieeeecieeeettteeeetseaeessaaeessasasetssaesssssasssasenans 23

1.3.2  The different fluorophore-photochrome aSSOCIALIONS ............c.cooeueeecueircieeniieiiiieeiee ettt 24

1.3.3  DCM photoswitchable fIUOTODROIE. ............cocueeeeeiiieieieeeeee ettt 27

1.4 IMULTICHROMOPHORIC SYSTEMS ...veeuvveesuseesuseassseesuseassseessssassseesssesssssessssssssessssessssesssssssssesssssssssessnsesasessnsessssessnsessnsenn 28

1.4.1  Dendrimeric multichroOMOPRAOIiIC SYSEEIMS .......ooeueeiiiieeiiiiieeeee ettt esnee e 29

N Y/ (V][] o) Yo X (oYel ¢ 1o Ta (ol A Y {=d g KSR 32

1.5 HYSTERESIS EFFECTS eeuuvteureesureenureesseeenseeessseessssessseessseesssesssseesssesssseesssesssseesssessssessssesssseessseessseesssesssessssessnseesssessssess 34

T N =4 11 Tol o (=X SRS 34

1.5.2  Some examples of hysteresis effect in scientific developmeEnts ...............ceeeecvveeevvveeesiieeeeesiieeecieeeesiveenn 34

1.5.3  Towards photoswitchable fluorescence hysteresis ffeCt .........cumuuuermivereeeiiiieeeciieeesiieeeecieeeecieaessieeen 35

1.5.3.1 The PIONEEriNG EXPIOTALION ...eiiiiiiieiie ettt s et e st e sab e s bt e sabeesbeesabeeneesnseenanenas 36

1.5.3.2 Fluorescence hysteresis implemeEntations.........coceiiiiireerierieeeeee e st sareesaeesneesaneeas 36

1.5.3.3 Further developments of photoswitchable fluorescence hysteresis.........ccocvevverrieencireriesieere e 38

1.6 SYNTHETIC TACTICS ceeeeeeeuuurteeteeeeaaaustereeeeesesauteeeeeeesesaauneaeeeeeeesaaannseeeeeeeaaaanns e e e eeeesaaannbaneeeaesesannbeneeeeesesannsnnaeeeesesannnnrnee 38

1.6.1  DENAITEC HINKEIS ...ttt st s e st e st e st e st esateasaseesateesaseesaseenneenas 39

1.6.2  CUAAC N MUIEIVAIENT SYSTOMIS .....veeeeeieeeeeeeeete e eetee s eta e ettt e e et e e sttt e e s sttt e ssasaeassasseaassastesesansnassanseneas 40

1.7 OBJECTIVES OF THESIS w.tteuutteuteenueeeteeesueeessseessseesuseessseesuseesuseessseessseesuseessssesasesssseesnseessseesuseessseessessseesnsessnseessseesnseess 44

O R €= T=J o | B [ 1 (=T =X X OO O O USPOUPPPPPPPPPPON 44

2 CHAPTER Il = PHOTOPHYSICAL AND THEORETICAL STUDIES OF DCM .......cccovcumreriiiiissssnnneenensssssssnnsessssssssssnnnnens 51

% R | N 1T 01U o | P TP UUPPU PRI 51

2.2 PAPER MANUSCRIPT #1 (PHYS. CHEM. CHEM. PHYS.) .. uutiieiiiiieeeciiee e eiee e e ettt e eette e e etteeeesatb e e eetaeeestbeeeesstaeeeenssaaesnsreaaans 52

2.3 APPENDIX: THEORETICAL TECHNIQUES ... ..uuutvritetetiieinreteteseseninteteteeesessreteteessesessaneteeesesesmnneteeesssesnnraaeeeeesesannrnnneeeess 79

2.3.1  Choice of the functionQls AN DASIS SELS .........cceecveeeeeeiieeecieeeeseeeeeee e ste e e st e e e ettaessraaaesssseaessaseaessnnes 79

2.3.2  Calculations of absorption and emission energies, SOIVENt €ffects..........cccveecveeecvereesiieeesieeeeciea e 80

2.3.3  Principles of SPin-Flip TDDFT (SF-TDDFT) .......uuuutitteeeeeeeesiteeeeeitteeeseteaassiseeaesssseaesssssasssssasssssesessssesassnees 82

2.4 CONCLUSIONS AND PERSPECTIVES ....tteteeesautstteeeeseaaauusseeeeessaaaunseseeeessaaannseseeeaesesaanssseeeeesssaanssetesesssesanssneeeessesaanssnseeeens 85

3 CHAPTER Ill = SYNTHESIS AND INVESTIGATION OF MULTI-DCM SYSTEMS.......ccitveciiiimniiiinnnnciinenicinsssennsssnnees 88

3.1 INTRODUGCTION ..uuiuttetteeeeeaautteteeeeesesauuseteeeesesaansteeeeeeeaaaannbe b e e aeeaaaannbeeeeaeeeesaassaeeeeeeeesannnseeeeeeeseaannbbbeeeeeeesannsnnneaeens 88

3.2 STRATEGIES TO DESIGN MULTI-DCIM COMPOUNDS ......uutettieeeaeaunttttteeeeesauteteeeeesesaausaeeeeeesesaannnseteeeessesnnsaeeeeessesannseneeaeens 89

3.2.1  Pent@erythritO] SCASfOIU ..........ooemeeeieeeee ettt ettt e e ettt e et e e e sttt a e e et e e s st e e e astaaassasteaennees 89

3.2.2  B-Cyclodextrin SCASfOIU ..........ooeveeueesieesieeeee ettt ettt st e st e s et e e e tesstessaesseenseeseennes 90

3.3 PRINCIPLES OF MOLECULAR DYNAMICS SIMULATIONS ..c...vteuteeeureesureesseeesureesseessseesseessseessseesssessnseessesssseesasessnseesssessnseesne 96

3.3.1 ClassSical MOIECUIAE AYNAMUCS........cccocueeeieeeiee et e ettt e e e e e ettt e e e e e e e s s taasaaaaeeeessssssanaaaaeas 96

3.3.2  Trajectory based ClUSTEriNG QNAIYSIS ..........ccceeeeeeeueieeiie et ee ettt e e e e e ettt a e e e e s s s aaaeesssstsssanaaaaeas 98

3.3.3  Principal component QNAIYSIS (PCA) .......ueeeeeeeeeeeeeeeeee et eeeeee et e et e e ettt e e e et e e eetaaaeestsaaeeaassaaeesnes 98

3.3.3.1 LA Ta Tl o F=T3 o = A PSR 99

3.3.3.2 Free energy [andSCaPE (FEL) ..oivicirieiereeientieiesieete st etesteetes e estesaeessestessaesaesssessesssensesnsensesssensesssensesssensessenee 99

3.3.4  Markov State MOAEIS (IMISIMIS) ......cocueeeueeeiiieieeeiee ettt ettt ettt ettt et e st e s st e s baeessta e bteenseeeases 100



3.4 PAPER MANUSCRIPT #2 (CHEM. EUR. J.) weeiiitiiieeiie ettt ettt ettt e et e e ettt e e e et e e e e bbeeeeeabe e e e asaeeesasaeeeeansaeeennneeas 102

3.5  SYNTHESIS DETAILS OF MULTI-DCIM COMPOUNDS ....ceuvvteureenueeeniteenieeesiteesseeesseesseeesssesssseesusesssseesssesssseesssesssseessessnseess 131
3.5.1  Preparation Of deNdIitiC INKEIS...........c..oeeeeueeeeeeeeeeeee ettt e et e e et e e ettt e e e st a e s saseaesssseaaeesseaesanees 131

3.5.2  Preparation Of B-CDS .......cuuecueeeieesiieesieesiieesieesstteesite st e ssatestaessatasbeesste s baeesstesabtessste e bteenats e bteenaeeeares 132

3.5.3  Preparation Of MUILI-DCMES ..........coocueeeueeeiiieiee ettt ettt ettt sttt e st e e saee et e e saee s 135

4 CHAPTER IV — MULTI-DAE/DCM SYSTEMS, TOWARDS FLUORESCENCE HYSTERESIS ......ccccvetereeerrrneeeeeereecssnnns 143

4.1 THE DIFFERENT TYPES OF FLUORESCENCE HYSTERESIS
4.2 TOWARDS A NEW TYPE OF HYSTERESIS EFFECT
4.2.1  Molecular architeCtures ..........cccouevceevcuvencivesiieesiieesieeseeenane
4.2.2  Spectroscopic and theoretical description of the new DAE

4.2.2.1 SPECLrOSCOPIC STUAIES .uuvviieiiiie ittt et
4.2.2.2 Theoretical StUAIES .....ccooviiiiiiiiiiiecee s
4.3 SYNTHESIS OF THE DENDRITIC STRUCTURES FOR HYSTERESIS EFFECT ....uvtttteeeserunreeeeeeesanunrereeeeesasanreseeesesesannssssaeeesssasnnsees
4.3.1  Synthesis Of the AzZidO-AENAION .............c.coocueieieieiiiieiieeee ettt
4.3.2  Synthesis of the trichromophoric dendron...
4.3.3  Synthesis of the dendritiC QrCRIEECLUIES ............cc.ueeeeeueeeeeeee et eecee e e tee e et ee e e s e e e staa e s s saaaeesseaeesees
4.4 FLUORESCENCE HYSTERESIS MEASUREMENTS. . .eeetttuuueseeereeessunereeersssssnnaeseesssssssnnsesessssssssnsesessssssssnnaesesssssssnnneesssssssnnnns
4.4.1  Prerequisites for fluorescence hysteresis measurements
441.1 Experimental measurement prerequisites
4.4.1.2 Previous experiment considerations ............
4.4.2  Steady-state measurements
4421 Photophysical properties
4.4.2.2 Demonstration of the photoswitchable fluorescence hysteresis behavior of YN-3c.......ccccovveeiieeeccniecnnnen. 159
4.4.3  Dual photokinetics hysteresis MEASUIEMENT ...........ccceecueeereeriiieeiieeiee ettt site e 160
443.1 Y] o e [T ol T o] o] o HO PSPPSR PP PPRRPSOPRN 160
4.4.3.2 Improvement of the setup with the multichromophoric compounds.........c.cccovveeiiiniinniineceeee 161
4.5 MOLECULAR DYNAMICS SIMULATIONS ON DENDRON YN=3C.uuuueiiieiiiiiiiiieeeeeeeetineeeseeerestsnnaeseeesssannnaesessssssnnneeeeeesessnnnns 163
4.5.1 TrQJECLOrY-DASEM QNAIYSIS ....ooeeneveeeeeeeeeeeee ettt e et e e ettt e e et a e e et e e e ettt e e estbasaeatsaseessssaaessssnans 163
Y |V K.Y e T o] USSR 169
4.6 APPENDIX: MSIM VALIDATIONS ....veeeiuirteerreeesesireeesasreeesnetesessreeesaseeessnetesessresesasneessansnesssnsesesannseeesanseesssnrenesannne 171
4.7 CONCLUSION AND PERSPECTIVES ...teteettuuuuseeeseenennnneresesesessunssesessssssnnssesessesssnnnsesessnssnssneseesesssssnnsesesssssssnnesesessnssnnnnn 174

GENERAL CONCLUSION AND PERSPECTIVES .......oovvvriiiiiiiiiiiiiiiiiiiiiniiiisesieeisissssnsssessesssesssssssssssssssssssssssssssssssssssssssssens 176
5 EXPERIMENTAL SECTION ....ccoiiiiiiuniiiiiiiiiisnnniiesniissassissesisssssssssssesisssssssssssssssssssssssssssssssssssssssssnsssssssssansnnnes 181

5.1  GENERAL EXPERIMENTAL DETAILS tuuuuueeeeereruuuneeeeeesresssunesesessssssnsnnsesesssssssnnnsessssssssnsnnsesssssssssnesesessssssneesesssssssnnneesesssses 181
51.1 Materials and CRAAIrACLEIIZATIONS .......ccccoeeeeeeeeeeeeeeeeeeeeee ettt 181
R N Y/ 014 ¢ T=X) Koo Lo ] oY R U UUP IR 181

5.1.2.1
5.1.2.2
5.1.2.3
5.1.2.4
5.1.2.5
5.1.2.6
5.1.2.7

12



GENERAL INTRODUCTION

Multichromophoric systems are envisioned as a promising category of innovative functional architectures
for light-harvesting systems, optoelectronic devices, adjustable polymers, photoactive supramolecular
nanomaterials, etc. With the growing demand in the field of materials science, the basic studies on organic
molecules are highly active. In particular, multichromophores including photochromes and fluorophores
can exhibit specific features, such as photoswitchable multi-colors, high-contrast fluorescence via
resonance energy transfer (RET), and they can serve as multi-dimensional logic gates or induce
supramolecular structural rearrangements beyond just two forms. To the best of our knowledge,
photoswitchable fluorophores incorporated in multichromophoric systems have not been explored to date.
Following the previous research carried out in the PPSM laboratory, this PhD work takes place in the field of
multichromophoric molecules involving both fluorescent and photoisomerizable chromophores, which may
lead to the discovery of new photophysical and photochemical effects, especially those based on hysteresis.

For induce and enhance fluorescence hysteresis effects, we aim at building proper multichromophoric
systems bearing appropriate photoactive dyes. In this project, a dicyanomethylene-4H-pyran (DCM) analog
and a diarylethene (DAE) derivative are selected as the key molecules to design the molecular architectures
and realize the final implementations. Beyond the former results, at the beginning of the PhD, there were
several unexplored fields: theoretical studies on mono-DCM were missing, energy transfer patterns inside
the multi-DCM/DAE still required some photophysical and theoretical rationalization, and the design of
straightforward and efficient large multichromophoric DAE/DCM systems had to be defined. Therefore, the
whole PhD dissertation follows this sequence of implementation of the project, with the characterization of
the mono-DCM molecule, and then the synthesis and investigation of multi-DCM and multi-DCM/DAE
molecules. The background of this work covers the synthesis, the photophysics, and the theoretical
chemistry of such systems, in order to build the most promising and effective systems to bring out the
desired fluorescence hysteresis effect.

To better understand this manuscript which covers several fields from the organic synthesis to the
molecular dynamic, through the photochemistry, it is of interest to summarize the genesis of the project
called photoswitchable fluorescence hysteresis.

To the origin of the photoswitchable fluorescence hysteresis effect, a first research proposal based on the
design of a new category of cyclodextrin-based multichromophoric molecules was envisioned by Pr J. Xie’s
groups and Pr K. Nakatani’s group since 2007 to target applications such as reversible optical data storage
systems. After several attempts, the project was finally granted by the Agence Nationale pour la Recherche
(ANR) five years after the first submission, to address new related nano-objects for applications in the field
of super-resolution imaging (ANR JCJC AZUR 2012-2015, coord. Dr R. Métivier). More precisely, these new
multichromophoric systems involved in a same molecular architecture several fluorescent and
photochromic units. The fluorescent units were employed in order to increase the contrast and the
brightness, while the photochromic units were used as internal photoactivatable quenchers using the
resonance energy transfer phenomenon. The unexpected photoswitchable hysteresis effect was first
discovered by serendipity in 2013 at the PPSM during the study of these multichromophoric molecules
containing fluorescent diarylethene (DAE) units and/or dicyanomethylene-4H-pyran (DCM) units: it
appeared that the systems were more complicated than expected. To better understand the structure-
property relationships of the photochemical and photophysical behaviors of such molecular architectures, a
careful methodological approach was established: the control of the ratio between the DAE and the DCM
units. This approach has also considerably changed the way of thinking of the group and has initiated the
revisiting of the DCM fluorophore as to be considered as a photoswitchable fluorescent unit, as
demonstrated by Dr S. Maisonneuve during his PhD work dedicated to this new phenomenon in 2016.
Aware of the importance of the number of chromophoric units and the ratio between the different types of
photoswitchable chromophores, several aspects were still unexplored and are of primary importance for
the understanding of this effect. To develop this new research field further, the ANR program granted the
SWIST project (“Switchable fluorescence hysteresis by light”, 2017-2022, coord. Dr R. Métiver), which
provides the playground of this PhD work.
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This dissertation is composed of four chapters. Chapter | of this manuscript is devoted to the bibliographic
work covering the knowledge of photochromism, fluorescence, multichromophoric systems, hysteresis
effects and state-of-the-art of the whole work. This first chapter introduces the connections of the
photophysical and photochemical properties brought by the DCM, the DAE and the multichromophoric
systems, which contribute to the final fluorescence hysteresis targets.

The Chapter Il is devoted to photophysical and theoretical studies on one of the photoisomerizable
fluorophore, the so-called DCM-azide (previously synthesized by Dr S. Maisonneuve)”? Since the DCM-o-
propargyl®* showed the presence of several possible isomers/conformers, the photoisomerization process
of DCM series was still unclear in the description of the relaxation from the excited state to the ground
state. This chapter focuses on the four isomers and conformers of the DCM-azide, elucidating their
connections in the isomerization process through fluorescence spectroscopic evidence and excited state
calculations by the spin-flip density functional theory method with the help of Pr F. Maurel in ITODYS
laboratory at Univ. Paris Cité (ANR collaborator).

Based on the background of multichromophoric systems already prepared in the PPSM laboratory by Dr S.
Maisonneuve, showing some first evidence of photoswitchable fluorescence hysteresis effect, combined
systems involving several DCM fluorophores were expected to optimize this phenomenon. However, the
possible resonance energy transfer among DCM molecules was not identified nor clarified yet. In the
Chapter lll, we have synthesized the array of mono-, di-, tri-, tetra-, and tetradeca-DCMs (1-, 2-, 3-, 4-, 14-
DCMs) based on the molecule DCM-azide investigated in Chapter I, using the “click chemistry” strategy.
The photophysical characterizations on the simplest elements, DCM-azide, 2DCM, and 3DCM, revealed the
photoisomerization process of 2DCM and 3DCM. Intramolecular resonance energy transfer was
demonstrated to play a great role within DCM units of these two compounds. Particularly on 2DCM,
molecular dynamics simulations studies have been performed, and the corresponding statistical analyses
were implemented to conclude that the energy transfer processes depend on the conformational structure
of the 2DCM molecule. The simulation and analysis workflows were built and taken into the Chapter 1V,
serving the RET explanations on combined multichromophores.

In the Chapter IV, the target of the project of realizing the photoswitchable fluorescence hysteresis is
shown with the DCM/DAE combined multichromophoric system. This work aims at optimizing and
interpreting the phenomenon with optimized molecular building blocks: the B-cyclodextrin platform, re-
designed linkers, and a new non-fluorescent DAE synthesized by Dr P. Yu’s group in ICMMO laboratory at
Univ. Paris-Saclay (N. Baggi’'s PhD work, ANR SWIST collaborators). The non-fluorescent DAE and the
fluorescent DCM-o-propargyl were gathered at the ratio of 2:1 first to form the basic trichromophoric
system YN-3c. Further, the YN-3c is synthesized into YN-12c and YN-42c by the “click chemistry” procedure
inherited from Chapter Il. Absorption and fluorescence correlation experiments were carried out to
characterize the different systems, providing the photoswitchable fluorescence hysteresis demonstration
and its dependence on the multichromophoric dimensions. Theoretical investigations were also involved in
this section, including the DAE DFT / TDDFT calculations, and molecular dynamics simulations on YN-3c to
describe the intramolecular resonance energy transfer pathways taking place in the system.
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1 CHAPTER | — FROM PHOTOCHROMISM AND FLUORESCENCE TO
MULTICHROMOPHORIC ARCHITECTURES AND HYSTERESIS

This chapter introduces the basic principles underlying the fluorescence hysteresis effect. Photochromism
and fluorescence from specific molecules are key features to bring out the photoswitchable fluorescence
hysteresis effect. Furthermore, photochromic and fluorescent molecules can affect each other through
resonance energy transfer processes. These building blocks and mutual interactions are all involved in
multichromophoric systems, resulting in novel specific features, such as the photoswitchable fluorescence
hysteresis effect.

1.1 PHOTOCHROMISM

1.1.1  Principles

Photochromism is a phenomenon existing in several classes of chemical compounds which can undergo
reversible conversions between two species upon light illumination. In the process, the two species have
different absorption spectra, causing the change of the color upon the exposure to different wavelength
ranges of light, where the backward process can be driven by either light or heat (Figure 1).

N UV

A — B

absorption

v

A wavelength

Figure 1: Illustration of the photochromism and corresponding state changes. Due to the shift of the absorption band under light
irradiation or heating, the color of the substance’s changes.

Positive photochromic compounds have a blue-shifted absorption spectrum in the stable state A (e.g.
colorless), and a red-shifted absorption spectrum in the metastable state B (colored). The situation is
opposite for negative photochromic molecules, for which the transition occurs from the colored state (A,
stable) to the colorless state (B, metastable). The most familiar natural photochromic system is rhodopsin
(also named as "visual purple"), a protein present in the human eyes. It exists in the rods of the retina and
is a G-protein-coupled receptor. >°

The chemical compounds that possess the property of photochromism have already entered our daily life
in the form of functional or decorative usage. As shown in the Figure 2, the most common commercial
examples are the photochromic ophthalmic lenses. They can act as multiple lenses just all-in-one by
blending a combination of photochromic molecules in the coating. The photochromic material responds
to different intensity of sunlight outdoor to adjust the light transmittance. More recently, photochromic
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materials are also used in the fabrication of smartphones. Compared to the electrochromism,
photochromism has a more natural looking, and saves precious battery life of the mobile device. With
pre-injection molding masks or enclosure cases, users can easily customize and show off the back surface
of their own personalities without invasive surface etchings.’

Figure 2: (a) Photochromic lenses: the lenses can self-adjust the color corresponding to the outdoor light intensity. Photo credit:
Brahmos Lens.? (b) Smartphone with a photochromic back design: the color evolves by shielding the sunlight by masks to create
customized effects.”

The photochromic materials can be composed of inorganic, organic or hybrid molecules. Among them
there is a classification of the type of the photochromism, namely the P type (the backward reaction can
be induced by light or by temperature) and T type (the backward reaction is only induced thermally). The
organic molecular systems are the richest and easily to be modified for the specific demands. The
photochemical reactions include double bonds E«—Z (or cis<—trans) photoisomerizations, but also
photocycloadditions, photocyclizations, intramolecular hydrogen transfer, electron transfer (oxidation-
redox), dissociations, etc., which are the basic mechanisms of the main families of photochromic
molecules. The investigations on photochromic molecules are not only restricted to the development of
new molecules with extended excitation wavelengths, P or P/T type and colors, but depending on the
target applications, the research efforts are also oriented towards improved fatigue resistance,
conversion and quantum yields of isomerization, fast or slow thermal back reaction, etc. Although the
definition of photochromism is extended by introducing increasing sub-classifications, photochromism is
still one subset of the photochemical reactions. The applications of photochromism now cover the self-
adapting sunglasses, 3D optical data storage, solar energy storage, as well as novel photoactive
supramolecular architectures.

1.1.2  Main families of photochromic compounds

Several major families of photochromic molecules have been developed. Even within the last few
decades, new families are still emerging. The prevalent spiropyrans, diarylethenes and azobenzenes are
already top stars from long time ago. By modifying the chemical structures, specific applicative targets can
be fulfilled under most circumstances.

1.1.2.1 Spiropyrans/merocyanines (SP/MC)

The spiropyrans/merocyanines (SP/MC) is the pair name of the two forms of this category of
photochomes upon light irradiations. It plays a pivotal role in the field of photochromism since the
concept was established. The closed form spiropyran features an indoline and another aromatic moiety
which are separated by a sp>-hybridized "spiro" junction carbon "Cepiro-O" bond. The two moieties are
perpendicularly oriented to each other. When the SP structure is irradiated under UV, the transformation
starts with the cleavage of the C,,,-O bond, resulting in an intermediate cis-MC structure. This process is
detectable to the ultrafast transient absorption citations."* The MC structure will finally reach a trans-
form by rotating the central C-C bond. The SP<~MC isomerization can also be induced by near-infrared
(NIR) via two-photon excitation, which enables less photo-degradation and wider biological usages with
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longer penetration length. The reverse MC—SP occurs spontaneously and can be accelerated in the visible
light range. In summary, spiropyrans are able to realize photochromism, acidochromism and
thermochromism all together. The combined features allow SPs to play versatile roles in photosensitive,

thermosensitive and chemosensitive applications. As shown in Figure 3, Kortekaas et al. and Klajin have
15, 16

described the SP chromophore evolutions and related materials in details.
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Figure 3: (a) Reversible transformations among four states of SP&MC. (b) UV-Vis absorption spectra of the parent SP(1',3',3'-
trimethyl-6-nitrospiro[chromene-2,2'-indoline]) before (grey line) and after (purple line) UV irradiation, and after the addition of
HCI (yellow line). (c) Mechanism of photochemical and thermal isomerization of sp.1> 18

1.1.2.2 Diarylethenes (DAE)

This family of photochromes was first discovered by serendipity and introduced by Irie et al."’. Since then,
they grew up rapidly due to their high thermodynamic stabilities. DAE are derived from the stilbene motif,
which is the simplest photoisomerizable model possessing aromatic groups bridged by a C=C bond

(Scheme 1).
. = .
N O 4“9'“ O light oxidation OO

_—
-
O light or heat O light
phenanthrene

E-stilbene Z-stilbene

Scheme 1: The stilbene isomerizations upon light irradiations.

Under the light irradiation, the stilbene can undergo two sorts of reversible isomerizations:

1. E&Z isomerization. This is a C=C double bond isomerization, which goes through an excited
state energy minimum where the aromatic groups are not in the same plane anymore (usually
perpendicular to each other). The conformation will distribute into Z and E forms when it relaxes from the
excited state to the ground state.
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2. Open and close isomerization. The Z-stilbene can further isomerize by rearranging the aromatic
system itself (6-mt electrocyclization mechanism), then be oxidized into the stable phenanthrene.
However, the quantum yield of the reaction is usually low under the circumstance of pure stilbenes.

Re
e
_ UV light
/ \ / \ visible light
R s s R
open form closed form
(generally colorless) (generally colored)

Scheme 2: General scheme of DAE OF—CF isomerization.

As Scheme 2 shows, the DAE has substituted C=C double bond and phenyl groups on the stilbene. The
five-membered heterocyclic rings with low aromatic stabilization energies are often utilized in place of
phenyl groups, such as thiophene or furan rings. This type of molecules can undergo photoisomerization
between the open form (OF) and the closed form (CF). On the left, two heterocyclic rings have only non-
bonded interactions. After isomerization, on the right, the bonds are rearranged, so that the electronic
structure is influenced by the m-conjugation on the planar plane. In addition, the central ring structure
prevents the E<Z isomerization like the stilbene, providing stable two states. The reasons that DAE
families are prevalent in many research fields are:

1. DAE offers a stable P-type photochromism, whereby the dye switches via light irradiation at
different wavelengths. Compared to the T-type photochromes, which thermally revert back in the
absence of light to the original states, P-types are extremely popular due to their apparent bistability: the
thermal stability of well-designed DAE derivatives can reach a half-life at room temperature over 470,000
years.”

2. Solid state photochromism. Many DAEs show photochromism in the crystalline form, which is a
rare property among the photochromic molecules. The general types can only switch in solution or in gel
state.”*°

3. The high performance of the fatigue resistance. The strong fatigue resistance makes DAE
resilient between two states until thousands of cycles.”

The structural modifications can be made on many positions, which enable DAEs suitable for vast
application scenarios by changing the physical features, such as the color, solubility, hydrophobicity, etc.
The ortho-substitution on aromatic rings helps the stabilization against the oxidation, and the lowering of
the whole aromaticity results in a high thermal stability of the closed form.

1.1.2.3 Azobenzenes (Azo)

Azobenzenes is another important family of photochromic molecules, or photoswitches. It is composed of
two phenyl rings conjugated with a central N=N double bond. Azobenzene commonly refers to the wide
class of molecules containing the core structure and functional group modifications on the phenyl rings or
their substitution by heterocycles.”® As it is ascribed to the through double bond isomerization, one
typical azobenzene has one cis-isomer and the other trans-isomer. The conversion between the two
isomers can be induced by different wavelengths of lights. The UV corresponding to the energy gap of the
T — T* transition (S,—S,) transforms the trans-isomer into cis, and vice versa, the blue light (or longer
wavelength) irradiation can induce the cis—trans isomerization, i.e., n — T* transition (S;—S;). Generally,
the trans-isomers are more stable. The basic structural and spectroscopic information are shown in Figure
4,
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Figure 4: (a) Structures of trans- and cis isomers of azobenzene. (b) Space filling models are colored by electrostatic potential
(red—negative to blue—positive). (c) Absorption spectra of the trans and cis isomers of azobenzene dissolved in ethanol.?

1.1.2.4 DASA

The donor—acceptor Stenhouse adduct (DASA) has been developed as molecular switches since 2014.% %
The Figure 5 shows the general scheme of DASA and corresponding color changes. DASA can switch freely
between extended linear and compact circular forms under different light or thermal conditions,
accompanied with changes in molecular dimension and polarity. The DASA possesses a neutral open -
extended color form, which can be converted to a 4mn-electrocylic zwitterionic closed colorless form. The
backward reaction is driven by thermal activation due to the instability of the zwitterionic closed form. It
is worthy to note that DASA molecule here exhibits the negative photochromism.

compact
extended )f—'(

hydrophobic & colored hydrophilic & colorless

visible
light i

Figure 5: DASA photochromism.23

Compared to the other photoswitchable structures presented above, DASA molecules can get rid of UV
conditions, which can damage the biological tissues. Therefore, the medical applications of DASA
molecules are increasing.” >
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1.2 FLUORESCENCE

1.2.1 Principles

Fluorescence is another essential topic in the world of photoscience. By definition, it represents the light
emitted by a substance after absorption of light or electromagnetic radiation.
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Figure 6: Basic mechanism illustration of the Perrin-Jablonski diagram.27

The basic mechanism of fluorescence is shown in the Figure 6. In the figure, the ground state and the first
and second electronic excited states are depicted as So, S; and S,, respectively. The first triplet state is
denoted as T,. The transition Sy—S, displays the process of light absorption, which occurs in the
femtosecond timescale. The S, excited state quickly relaxes to the lowest vibrational level of S; (the black
bars) through vibrational relaxation and internal conversion and usually takes place in the picosecond-
nanosecond timescales. The fluorescence corresponds to the radiative S;—=Sg transition, in the nanosecond
timescale. Further, the S; can undergo intersystem crossing down to the triplet state with a spin
conversion. The relaxation from the lowest triplet state T, to the ground state S,, which is “forbidden”
(kinetically unfavored) in quantum mechanics due to the different spin multiplicity, takes significantly
longer time, releasing the long-life phosphorescence, which usually lasts longer than milliseconds. Beyond
the simplest illustration above, molecules can also absorb more than one photon at a time, which is called
multiphoton excitation, which enables many practical uses such as microscopic bio-imaging or tissue
penetrations.

1.2.2 Fluorophores

The fluorescent molecules are commonly called fluorophores. According to the demands of specific
colors, many fluorophores are developed to emit light covering all the visible wavelengths. As shown in
Figure 7, | previously synthesized two BODIPY® fluorophores with different chemical modifications,
possessing different fluorescent colors.
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Figure 7: Two modified BODIPY® fluorophores in dichloromethane upon UV excitation.

Interestingly, chemical modifications enable the photochromes introduced above to show fluorescence
properties as well under some circumstances, usually connecting or disconnecting the m-conjugation in
the molecules, allowing ON/OFF fluorescence trigger effects.”®*® Moreover, when photochromic
molecules are linked to fluorophores, due to the existence of interactions between the photoactive units,
the photochromism and fluorescence are not simply independent to each other. In the next section, we
introduce the resonance energy transfer (RET) that can occur between chromophores.

1.3 INTERACTIONS BETWEEN CHROMOPHORES

Photochromic and fluorescent molecules can connect and interact each other by resonance
energy transfer (RET) process.30 Fundamentally, RET involves an excited donor part, which
transfers its energy to the acceptor part in its ground state.

1.3.1 Forster resonance energy transfer (FRET)

In applications that connect the photochromism and the fluorescence, Forster Resonance Energy Transfer
(FRET) is an important mechanism describing the energy transfer between two light-sensitive
chromophores, dividing the pair into a donor chromophore and an acceptor chromophore. Under the
framework of FRET, the excited donor transfers its excitation energy to the acceptor part through a non-
radiative dipole-dipole coupling between the two electronic transitions. This means that FRET is a
distance and orientation dependent process. In multichromophoric systems, FRET can usually be a highly
efficient process, due to the close distance between chromophores.

The prerequisites of the FRET process require the spectral overlap of the donor emission and the acceptor
absorption. When the FRET process is effective, the emission intensity of the donor is reduced (quenched)
and vice versa, the emission of the acceptor is enhanced (if the acceptor is fluorescent).

The spectral overlap (J) can be calculated following the equation

] = f Ir(DeaOA* d
0

where, Ig(A) and €4 represent the normalized donor emission spectrum and the acceptor molar
extinction coefficient.

The FRET process is largely relying on the distance between the donor and the acceptor. The
quantification of the FRET efficiency Erer from the donor to the acceptor is expressed by the equation:
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FRET ™ 1 + (Rpa/R0)°®

where Ry is the Forster radius of the involved D-A pair, i.e., the distance at which the FRET efficiency is 50%.
The R, can be written by the equation:

RS — 9000(In10)x2Qp

07 128m5N,n4
where Qj, is the fluorescence quantum yield of the donor in the absence of the acceptor, k2 is the dipole-
dipole orientation factor, n is the refractive index of the medium and N, is the Avogadro constant. The
dipole-dipole orientation factor k2 can be calculated by the following equation:

k% = (cosO; — 3cos0pc0s0,)? = (sinBpsinb,cosdp — 2cosBpcos6,)?

where the 6 is the angle between the vector of donor dipole and the vector of the acceptor dipole, and
the ¢ is the dihedral between the D-A pair. The factor can be calculated in either way according to the more
convenient readouts.

Figure 8: Mechanism lllustration of the dipole-dipole orientations on the two panels. The k2 is calculated by either the vectors or
the dihedral.

Mathematically, the k2 ranges from 0 (perpendicular transition dipoles) to 4 (colinear transition dipoles).
k? is equal to 2/3 when both the donor and the acceptor are freely rotating in the medium and can be
considered as randomly oriented during the FRET process.

All in all, the main FRET principles are:

1. FRET can only occur if the emission spectrum of the donor overlaps the excitation spectrum of the
acceptor. This overlap is defined by an overlap integral J.

2. FRET is generally observed if the distance between the two fluorophores is less than twice the Forster
radius (Ry), the latter defining the donor-acceptor distance at which the energy transfer efficiency is 0.5.
3. Favorable relative orientation of the donor and acceptor transition dipoles is necessary for the energy
transfer process (better if parallel or colinear, canceled if perpendicular).

1.3.2 The different fluorophore-photochrome associations

We divide the fluorophore-photochrome associations into three categories. The criterion of the
classification is based on the association type between the units.

Type |: refers to intrinsic fluorescent photochromic molecules. The type | photochromes can also be called
photoswitchable fluorophores, and they can trigger ON/OFF fluorescence themselves or different colors of
fluorescence. Figure 9 displays an example of high-performance photochromic-fluorescent DAE developed
by Uno et al,*' which is a typical type | photochrome. In addition, the photoswitch delivered by
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photochromism structures can not only trigger ON/OFF fluorescence, but two different emission colors as
well. As shown in Figure 10, a DAE molecule developed by our group displayed photoswitchable blue and

green fluorescence.?
DAE
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Figure 9: The structures of the fluorescent DAE reported by Uno et al. to obtain the fluorescence quantum yield as high as 0.87 and
its corresponding absorption fluorescence profile. 3!

Closed-form

* substituent effect

} on the photochromism / fluorescence processes

« solvent effect

Figure 10: Photochromic-fluorescent DAE of OF-blue and CF-green dual states.3?

Type IlI: refers to covalently linked photochromic and fluorescent molecules. The type Il systems usually
take advantage of the FRET between the photochrome and the fluorophore, presenting a molecule in a
dyad form. Usually, the photochromic part acts as the fluorescence quencher in one of its two forms, by
means of a FRET process (or sometimes a photoinduced electron transfer process), to switch ON/OFF the
emission of the fluorophore.
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Figure 11: (a) Chemical structure of the PF dyad (DAE in blue, BTD in red). (b) Absorption and emission spectra. (c) The ON/OFF
fluorescence performance by photochromism of DAE moiety.33

As shown in Figure 11, the PF dyad developed in Fukaminato’s group and studied in our group® belongs to
the Type Il, composed of a photochromic DAE and a benzothiadiazole (BTD) fluorophore. By switching the
DAE between its OF and CF, the dyad realizes the ON/OFF fluorescence photoswitching, thanks to an
efficient FRET when the DAE is in the CF. The Type Il dyads must obey the rules of the spectral overlap, i.e.,
the emission of the fluorophore must overlap the absorption of one form (only) of the photochrome part.
In addition, a suitable excitation wavelength is also necessary and must be carefully considered.

Type lll: refers to non-covalently linked photochromes and fluorophores, in systems such as micelles or
nanoparticles. As for the example shown in Figure 12, FRET can occur between the DAE and the Cy3
fluorophore at the surface of the dendritic nanoclusters.
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Figure 12: (a) Molecular structures of a DAE switching unit and a fluorophore Cy3. (b) Photoswitching experiments, performed on
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living zebrafish with dendritic nanoclusters internalized by permeation, upon alternate irradiation with UV/visible light. Red
circles represent the Cy3. 3

1.3.3 DCM photoswitchable fluorophore

The DCM abbreviation refers to 4-dicyanomethylene-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran,
which has been known as red laser dye since the last century.”>*® Some DCM-derivatives (bis-
dimethylaminostyryl and 4-(dicyanomethylene)-2-4-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-
4H-pyran DCITB) are actively used in the fabrications of dye sensitive solar cells (DSSCs) and organic light
emitting diodes (OLEDs).***! In DSSCs, the DCM derivatives are used as the interface substances retarding
the charge recombination between the donors and the acceptors. In OLEDs, they are used as the dopant
to the red emissive layer to provide stable red emission with electric circuits.

At a glance of the structural composition, DCM has an aniline conjugated to the electron-withdrawing
dicyanomethylene-pyranyl moiety, providing its charge transfer character and subsequent
solvatochromism. At the very beginning, it was discovered to have the high tuning range and great dye
efficiency compared to other fluorophores, e.g., rhodamine 6G or cresyl violet. Its thermal stability is also
remarkable with a boiling point over 200°C. Therefore, DCM finds applications in a variety of fields: logic
gates, non-linear optical material developments, chemo- or biosensors as well. The studies on DCM have
already demonstrated the strong photoinduced intramolecular charge transfer nature of its emissive
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excited state with time-resolved spectroscopic techniques and theoretical calculations.
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Figure 13: (a) lllustration of ON/OFF fluorescence of a E«&>Z photoisomerizable DCM derivative in solution.? (b) lon-mobility mass
spectroscopies chromatograms of the DCM isomers and rotamer in methanol at gas phase.44

However, investigations of DCM in solution have been updated by our group in 2020.% As shown in Figure
13 (a), the C=C double bond bridging the dicyanomethylene moiety and the aniline part of the molecule
makes DCM photoisomerizable. The C=C double bond isomerization and the different s-cis and s-trans
conformations by the adjacent C-C single bond rotation led to four isomers and conformers of DCM.
Different isomers are also detectable with the help of modern ion-mobility spectrometry mass
spectrometry (IMS-MS) in 2020, which is shown in Figure 13 (b).*
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Figure 14: (a) The four stable isomers and conformers of DCM derivatives. (b) Scheme of the DCM photoisomerization.3

The best solvent for the photoisomerization of DCM was identified to be THF, as a trade-off between
fluorescence and photoisomerization properties. The photoinduced Z-isomers, isolated by high
performance liquid chromatography (HPLC), have a much lower molar absorption coefficient (at 467 nm
in THF) compared to the synthesized E-forms. The fluorescence lifetime measured by a time-correlated
single-photon counting (TCSPC) technique recorded the fluorescent components unchanged before and
after the light irradiation, which solidly provides the evidence of the non-emissive property of Z-isomers.>

As the conclusion of this work, the DCM derivative can act as a photoswichable fluorophore with rather
high efficiency in given conditions. We ascribe DCM and its derivatives into Type | photochromic-
fluorescent system (Chapter 1.3.2).

1.4 MULTICHROMOPHORIC SYSTEMS

When talking about multichromophric systems, the most famous categories are the biological
photosynthesis and the light-harvesting systems. They are composed of chromophoric molecules that
absorb light efficiently, with featured arrangements. For example, the naturally existing light-harvesting
complex Il (LHC 1) inspired artificial photosynthetic mimics that have been studied for years.**®

Therefore, chemists design and manufacture multichromophores not only for the biological mimics, but
also to prepare high-performance optical and optoelectronic materials. Gathering multiple
chromophores, novel properties could be obtained, such as wider emission wavelengths,*’ ultrafast
excitation energy transfer,”® etc. Like the LHCs in the natural photosynthesis system, the chemically
synthesized multichromophores, e.g., Figure 15, enable the light absorbing donor chromophores and the
light emitting acceptor chromophores to work in a wider range of absorbing light, facilitating the
efficiency of the photophysical processes.*
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Figure 15: A synthesized model light-harvesting system comprising a cyanine dye rotaxane and a porphyrin nanoring.49

In bio-imaging applications, multichromophores can have bi-color luminescence depending on the
location of biological systems.”® The dye sensitive solar cells are also welcoming the design concept,
especially for the category of organic photovoltaics (OPV) to be used in soft materials in weak light
environments, absorbing the larger band of ambient light.>"

1.4.1 Dendrimeric multichromophoric systems

For the enhancement of light absorption, photosynthetic systems and their light-harvesting mimics are
usually constructed in the way of dendrimer topologies. The reaction center is usually placed in the center
of one structure, and the light-harvesting fragments are branched outside to grow as many chromophores
as possible to enhance the absorption efficiency. In the light-harvesting complexes (LHC) and most
artificial mimics, almost all the energy is absorbed at the periphery followed by energy transfer to the
core center. The resonance type energy transfer pathways in the dendrimers have two typical models: the
direct RET and the successive RET shown in Figure 16.>* The former sees all the branching units as the
same and transfer the energy to the core center with identical probability. The latter one is more efficient
due to the formation of an excitation energy gradient. The higher energy branching units transfer their
excitation energy to the intermediate node branching units, and the lowest energy core reaction center
accepts the excitation energy from the intermediates.
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Figure 16: The direct RET shown in the left is functionalized by the equivalent branching unit to the end reaction center. The
successive RET shown on the right has a surface unit layer and the higher energy intermediate to occur layer to layer ET.>?

The mechanisms of RET in dendrimers can be Dexter and Foérster type. Especially due to the existence of
the direct RET type dendrimers, the FRET is the most popular in the field. The studies about the structural
D-A pairs in the multichromophoric systems are developing along with the growing interest for these
systems and the computational power to simulate them. For instance, |. Oh et al. have quantified the
donor number and D-A pair distance effects in a multichromophoric system.>* Porphyrin dendrimers were
designed into different D-D distance and D-A numbers to observe their influence on the FRET efficiency
inside the multichromophores, as shown in the Figure 17. As a result, keeping the structural
heterogeneity and increasing the number of donors will facilitate the FRET efficiency.>
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Figure 17: The multichromphoric system studies by I. Oh et al>* (a) The chemical structures of the donor, the acceptor, and the
linker. (b) Structures of multiporphyrin dendrimers represented as a functional of the number of donors and the donor-donor
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distance. The actual structures are sphere 3D rather than the 2D planar. Each Zinc porphyrin donor (D, blue) is connected to a
free-base porphyrin acceptor (A, red) by the linker.

Beyond the multichromophoric systems consisting of traditional donors and acceptors, the perspective to
embed photoswitchable units represents another strong interest. The photochromic units can be used as
photoswitches to turn ON/OFF or enhance/lower the intramolecular FRET, and following, influence the
whole system. For example, in the Figure 18, stilbenes or azobenzenes can adopt a bent structure upon
illumination and drag the other chromophores closer to (or further from) the dendrimer cores.>™’

(b) O

‘,3"‘”‘ Al v N ™ § W‘ P N

> NH HN-g = NN
00, i HN_o O

2
Ly
sz

Figure 18: (a) One example of central stilbene, able to change the topology of the whole dendrimeric molecule under light
irradiation.”” If intramolecular energy process exists, the efficiency will be affected correspondingly.55 (b) Multiple
photoisomerizable azobenzene located in the outer part of the dendrimeric multiphotochrome system.58
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1.4.2  Multiphotochromic systems
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Figure 19: (a) The azobenzene (E)-AAB and multi-azobenzenes (EE)-BPAPA, (EEE)—TPAPA.59 (b) The molecular mechanics (MM3)
optimized interconverting E&Z of azobenzene tetramer.®

Besides the giant dendrimeric molecules with numerous chromophores inside or outside, the
multiphotochromes in dyads or triads, composed of several photoisomerizable molecules, are often
studied as multi-state photoswitches.®! J. Bahrenburg et al. have reported a series of multi-azobenzenes
which shows non-linear photoswitching effects in solution.” An azobenzene tetramer reported by M.
Baroncini et al. shown in Figure 19 enables the reversible conversion between the molecular crystal
porosity in E-configuration capturing CO, from gas phase and the amorphous melt phase in Z-
configuration.®® With heterogenous composition of chromophores, F. G. Erko et al. have reported a
triphotochromic naphthopyran flanked by two DAEs which is capable of switching the naphthopyran and
the diarylethene independently or with constraints by sequential isomerizations displayed in Figure 20.%
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Figure 20: Photochemical and thermal interconversion of the six states of triphotochromic naphthopyran with diarylethenes.62

From the literature, we can note that constructing a multichromophoric system with photoisomerizable
molecules is a challenging work, especially to coordinate the subunits together. Regarding the design of
suitable energy transfer processes between donor and acceptor pairs, the work could be even more
complex. To build photoswitchable system, multichromophoric structures could be used to enhance the
desired performance, i.e., the fluorescence ON/OFF contrast or the light harvesting efficiency to exploit
broader visible light range, for instance.

The design of the multichromophoric systems presented in this PhD dissertation includes either
homogeneous or heterogeneous chromophoric constitutions. The intramolecular FRET processes within
the molecules are the focus point to be investigated. Especially, the heterogeneous ones with two
photoisomerizable units interacting through FRET, the competition between the photoisomerization and
the intramolecular FRET will lead to novel photophysical effects and optical properties, such as the recent
discovery of our laboratory: the photoswitchable fluorescent hysteresis effect.
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1.5 HYSTERESIS EFFECTS

Before introducing the concept of photoswitchable fluorescent hysteresis effect, it is of primary
importance to describe the hysteresis effect, its impact for future scientific developments, and the main
important criteria for the design of our new molecular multichromophoric architectures.

1.5.1 Principles

/

L 4

Figure 21: The curves form a hysteresis loop.

Hysteresis effect refers to the delayed pathway from one state to another. Like the difference between
routes, the national road and the highway express both can reach the destination, however, the same
tank load of oil as the input will cannot reach the same reaching time if you plot the remaining oil vs.
remaining range.

1.5.2 Some examples of hysteresis effect in scientific developments

The more scientific definition of the hysteresis effect describes that the nature of a system not only
depends on the current input parameters but relies on its history and pathways. In nature, hysteresis
effects are often caused by phase transitions which are accompanied by abrupt changes of some of the
involved physical quantities, as well as by the absorption or release of energy in the form of latent heat.
Hysteresis effect is ubiquitous, and in scientific scenarios it exists as magnetic hysteresis,®* ®* ferroelectric
hysteresis,® mechanical force hysteresis,®, adsorption hysteresis,®” ® optical hysteresis,® "° charge

transfer hysteresis,”" etc.

The visualization chart to describe a hysteresis effect is usually expressed as a closed loop shape formed
by two independent variables from a system. In the daily life, one of the most common occasions to meet
the hysteresis effects is probably the lithium-ion battery charge-discharge process in the following Figure
22.

Charge - discharge profile
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Figure 22: The illustration of a hysteresis effect in a lithium-ion battery.
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During the charging process, the chemical reaction lags behind the input of charging voltage and vice
versa during the discharging process. The input from the outside electricity supply and the inside battery
load are in advance accompanied with an energy loss depending on the chemical reaction, causing the
hysteresis effect. The modern battery management system (BMS) chip designs aim to smartly adjust the
charge-discharge tactics according to extra environmental variables to reduce but not to eliminate the
voltage hysteresis effect.”

The hysteresis effect has miscellaneous great applications in physics, material science and biology,
especially existing with nano materials.”>”* Fluorescence hysteresis is a phenomenon sometimes observed
in optoelectronics. Hania et al.”® reported the fluorescence hysteresis of poly(2-methoxy-5-(2-ethylhe-
xyloxy)-1,4-pheny-lene-vinylene (MEH-PPV) embedded in polar poly(methyl methacrylate) (PMMA) matrix
by means of a electric field. Zhou et al.”’ further reported one model with squaraine-derived rotaxanes
embedded in PMMA shown in Figure 23, successfully induced fluorescence hysteresis under the electric
field.
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Figure 23: (a) Chemical structure of SR. (b) The side view of the electric field applied substrate structure. SRs are spin-coated on

the spin-coated PMMA and covered by another layer with the same method. (c) Periodic sine wave of electric field applied on the

SR. (d) and (e) are two typical fluorescence response trajectories of SR SMs in PMMA matrix under the varying electric field with

the maximum strength of 750 V/mm, respectively. (f) and (g) are the electric field-fluorescence intensity curves for asymmetric

and symmetric fluorescence quenching and recovering processing by averaging the fluorescence profiles from (b) and (c),
. . . . 77

respectively. Considerable hysteresis effect can be observed in (f).

By adding a sine wave intensity of electric field, both the non-instantaneous and instantaneous
fluorescence responses are recorded. The author explains it with an electron transfer theory between the
electron acceptor PMMA and the donor SR. The ambient of SR caused different anisotropy of SRs will
change the fluorescence response, and the non-instantaneous responses show the fluorescence
hysteresis effect as function of the electric field.”’

1.5.3 Towards photoswitchable fluorescence hysteresis effect

To the best of our knowledge, the photoswitchable fluorescence hysteresis effect has not been reported
to date. In this section, we will introduce the previous work, the implementation methodology, and the
characterizations of realizing the photoswitchable fluorescence hysteresis with a multichromophoric
architectures.

We have talked about the RET, the connection of photochromism and fluorescence, and the
photoisomerizable species in multichromophoric systems. If we want to realize the photoinduced
fluorescence hysteresis, it requires distinct photochromic and photoisomerizable fluorescent units, ideally
in a multichromophoric system to favor efficient FRET. The simplest way to reach this effect is to find a
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photoisomerizable fluorophore that can undergo ON/OFF fluorescence photoswitching by itself (Type I,
cf. Section 1.3.2) and interact with another photochrome by means of FRET (Type Il, cf. Section 1.3.2).

By the knowledge and availability in our laboratory, the dicyanomethylene-4H-pyran is chosen to play the
role of the intrinsic photoisomerizable fluorophore. The photochromic counterpart is based on the
diarylethene unit, synthesized by Dr P. Yu’s group (ICMMO, Univ. Paris-Saclay).

1.5.3.1 The pioneering exploration

The previous research in the group related to the combination of these two units was first a simple DCM-
DAE dyad.” At that time, the photoisomerizable nature of DCM was not yet identified. Nevertheless, the
photophysical characterization showed that the DCM-DAE dyad worked as a fluorescence photoswitch
with a highly efficient FRET.

Then, Maisonneuve et al. reported a sugar-based tetrachromophoric compound (Figure 24),” for which
the increasing number of DCM units improved the fluorescence signal, thanks to the brightness of DCM.
The original intention on this work was to induce the full quenching effect in the working wavelengths to
obtain a [0 1] logical write-erase effect with only one tetrachromophoric composition shown in Figure 24.
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Figure 24: (a) Chemical structures synthesized previously in the PPSM laboratory. (b) Conceptual illustration of the

fluorescence photoswitching of DCM based on FRET processes with the DAE in the cr.®

1.5.3.2 Fluorescence hysteresis implementations

In the following research described in Dr S. Maisonneuve’s PhD work, the synthesis of a series of multi-
DAE molecules, including mono-, tri- and hepta-DAEs was made, based on a glycoside and a (-
cyclodextrin platform.”
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These multi-DAE molecules showed an efficient and reversible fluorescence photoswitching upon
illumination, the fluorescence quenching efficiency being enhanced by the increasing number of DAE
units. In addition, a non-linear effect was demonstrated between the fluorescence quenching under UV
irradiation, due to multiple FRET processes. Moreover, the forward (under UV irradiation) and backward
(under visible irradiation) pathways are not equivalent, as shown in the fluorescence vs. conversion yield
plot displayed in Figure 26, leading to a hysteresis cycle. This is the first generation of photoswitchable

P

Figure 25: Chemical structure of the 7-DAE P; molecule synthesized by Dr S. Maisonneuve.”

fluorescence hysteresis molecules.
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Figure 26 : Demonstration of the fluorescence hysteresis of the 7-DAE molecule, exhibiting the non-linearity under the irradiation
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1.5.3.3 Further developments of photoswitchable fluorescence hysteresis

Thanks to the DCM fluorophore, which we have mentioned above to photoisomerize through C=C double
bond E&Z photoisomerization, some improvements were already obtained on the photoswitchable
fluorescence hysteresis: the combination of a single DCM unit with three DAE could lead to a very
interesting molecular system (Figure 27). It involves DCM, which can be photoisomerized between its £
(emissive) and Z (non-emissive) states, DAE which can be photoswitched between its OF and CF, and FRET
processes, which can induce fluorescence quenching of the DCM fluorophore when at least one DAE is in
its CF. Such a combination of molecular units and interchromophoric interactions led to a much larger
fluorescence hysteresis shape, as shown in Figure 27. This is the second generation of photoswitchable
fluorescence hysteresis molecules.
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Figure 27: The chemical structure of P3Fgand its fluorescence hysteresis shape at the 335/514 nm irradiation combination.
(unpublished result)79

In the next stage, as well as the main target of this PhD work, we would like to synthesize the third
generation of photoswitchable fluorescence hysteresis molecules. Given the previous experience of the
group, we would like to have:

1. A higher number of DAE units connected together, with a lower number of DCM units in a FRET allowed
distance range.

2. More efficient fluorescence quenching of DCM by the DAE units, while not disturbing the working
wavelengths.

3. Non-fluorescent DAE to reduce the complexity of the fluorescence hysteresis system and help to set up
the theory more solidly based on the FRET mechanism.

Additionally, the ON/OFF fluorescence contrast cannot be solely attributed to the DAE in the CF, but also
to the photoisomerizable property of DCM. Therefore, the studies on homogenous multiple DCM units
will be advantageously discussed in the Chapter Ill as the fulfillment of the studies and the methodology
presets for the Chapter IV.

In summary, the implementation of fluorescence hysteresis requires an optimal combination of the DCM-
DAE in multichromophoric configurations, allowing efficient intramolecular FRET processes between the
different chromophores.

1.6 SYNTHETIC TACTICS

Despite the DCM and DAE chromophores, the multichromophoric systems need platforms to link these
chromophores covalently together. We are particularly interested in synthesis of dendritic linkers which
are versatile for general uses, and in synthesizing larger molecules by utilizing the concept of Click
Chemistry.
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1.6.1 Dendritic linkers

Dendritic architectures in chemistry represent now an important area of conventional polymer chemistry
and glycobiology.®” ®' The classification of these chemical structures can be divided into three main
structurally controlled categories: dendrigrafts, dendrons and dendrimers.®*® The dendrigrafts are
centered with a linear polymer axis chain able to connect the branches of the co-axis chains. Dendrons
and dendrimers are the most investigated subsets of dendritic chemical structures. Dendrons have focal
points, which are chemically addressable groups, and they are growing in a way like a tree diagram.
Because of the existence of the focal points, the dendrons are also capable of being constructed to form a
dendrimer. Dendrimers are regularly branched structures. An ideal dendrimer possesses a center, a
spherical topology, monodisperse and repetitive chemical units. They are quite different to the
conventional polymers, since the dendrimers can control the product dimension, the molecular weight,
etc. The chemical properties are controllable to some extents by substituting the building blocks.
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Figure 28: Anatomy of a dendrimer. This is an example where each branch is made of a monomer A (blue circle) that splits into
two B monomers (blue square). “G” stands for generation.86

Dendrimers consist of 3 domains: the core, the branching units and the terminal groups.**® Relying on
the layers of the branching units, the denotation rules categorize the homologous building blocks as the
"generations", naming G, from the core till the termini. Building dendrimers usually involve two synthetic
strategies: the divergent strategy and the convergent strategy. The former one follows a step-by-step,
layer-by-layer growth workflow, building from the core and linking with every external component group
by deprotection-activation/protection-deactivation schemes. Finally, the divergent strategy ends up with
the connections of terminal groups. The convergent approach requires monodisperse dendrons with
connection interface to be generated firstly. A well-designed functional focal point is responsible to dock
on the core. The docking surface dendrons or surface groups are easy to investigate their properties as a
"monomer" at first. However, regardless of the approach applied in the practical synthesis, the increasing
generation of dendrimers or dendrons will bring about the problem of the steric hindrance, which limits
the molecular dimensions and the vyield.

In this study, we follow the typical dendrimer synthetic strategies to construct multichromophoric

systems. By understanding the synthetic routes, we turn the focus point onto the docking
implementations in the synthesis. The synthetic tactic to construct the multichromophores as dendrons
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and dendrimers we applied here is the copper(l)-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CUAAC)
reaction. Under the frame of CuAAC, we plan to synthesize the interface components, i.e., the
corresponding azides and alkynes, so as to obtain the target multichromophores.

1.6.2 CuAAC in multivalent systems

K. Barry Sharpless, Hartmuth Kolb and M. G. Finn of the Scripps Research Institute have systematically
defined the term "click chemistry".® Click chemistry refers to a wide concept of attaching small modular
units onto the target substances, and usually they are both biocompatible. Click reactions in chemistry set
several criteria: modularity, one-pot high product yields, insensitivity to solvent parameters, insensitivity
towards ambient water and oxygen, "spring-loaded", i.e., characterized by a high thermodynamic driving
force to favor one-way product, high atom economy, minimal and non-toxic byproducts, etc. These
criteria make one chemical reaction nearly "perfect". There are plural chemical reactions existing which
fulfill the click reaction standards, including Cu(l)-catalyzed Huisgen 1,3-diploar cycloaddition, thiol-ene
reaction, Diels-Alder reaction, etc. Among them, the commonly denoted "click reaction" in this
dissertation refers to copper(l)-catalyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC), whose
application is the broadest, including conventional in-solution organic synthesis, in vivo biosynthesis and
solid phase synthesis.
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Figure 29: (a) Huisgen's 1,3-dipolar cycloaddition. (b) CuAAC produces the pure 1,4-triazole product. (c) RUAAC produces the pure
1,5-triazole product. (d) The proposed mechanism in CUAAC catalytic circle.*

Huisgen's 1,3-dipolar cycloaddition produces 1,4- and 1,5-triazole mixtures, whereas the CUAAC leads to
the regioselective 1,4-triazole product exclusively (Figure 29). On the other side, the ruthenium catalyzed
cycloaddition (RUAAC) only produces 1,5-triazole products. In this dissertation, we adopt CUAAC as the
synthetic method. As one of the best and widest click reaction to date, it features an enormous
acceleration rate of reaction over 10’ compared to the naturally occurred Huisgen's 1,3-dipolar
cycloaddition.’® The reaction itself suits a wide range of temperature condition as well, corresponding to
the rich solvent pair choices. The active Cu(l) catalyst is from Cu(l) source directly or generated from the
Cu(ll) source. The most commonly used salts are copper (l) iodide and copper (ll) sulfate paired with
sodium ascorbate as the reducing agent.
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Figure 30: Energy profile diagram for CUAAC based on DFT studies (L = CH3CN or H,0) by K. B. Sharpless et al.”!

After the coordination of Cu(l) to the alkyne in the reaction system, a g-bound cooper acetylide bearing a
m-bond copper coordinates with the azide, forming an anomalous six-membered copper metallacycle. The
second copper atom in the ring (Figure 29 (d)) works as the stabilizing donor ligand. The ring then
contracts into a triazolyl-copper derivative. In the end, the protonolysis process produces the final 1,4-
triazole product and releases the copper catalyst. As the Figure 30 showed, according to the reaction
process, the reactant will reach a higher platform for rearranging the 6-membered ring. After the final
step, the 1,4-triazole form much more stable 5-membered ring when joining the azido reactant.

There exists a long history in applying the CUAAC reaction in Pr J. Xie’s group at PPSM laboratory since
2004, not far away of its discovery. In addition to have discovered a new fluoroionophore (the triazolyl-
pyridyl), they have reported various conditions of CUAAC on different platforms since then.’”** The
multichromophoric effects on the -cyclodextrin are extraordinarily attracting for the photochemical
applications, which can be easily obtained via CUAAC reaction with high yields. David et al. reported a
multivalency construction with -cyclodextrin (Figure 31).>* This multichromophore exhibited Zn**-
sensitive fluorogenic chelating properties with a significant fluorescence enhancement and a large red-

shift in emissions.
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Figure 31: (a) The first reported example of CUAAC using a Cu(0) source to form the pyridyl-triazolyl chromophores on -
cyclodextrin. (b) Fluorescence spectra obtained during the titration of 3 in MeOH with Zn(CIO,), (from 0 to 3x10° M). A, = 280
nm. Inset: titration curve of the integrated fluorescence as a function of Zn*" concentration.

CUAAC reaction has found wide application in glycoscience,” *® and offers a high degree of freedom to

build big molecules with proper dendrons, dendritic linkers, and sugars. Joosten et al.’’ reported a series
of multivalent compounds obtained with different CUAAC conditions. The three and four propargyl linkers
allow the 12-valent compound (Figure 32 (a)). The trivalent dendron can click with the f-cyclodextrin to
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form a 21-valent compound (Figure 32 (b,c)). According to our experience, by modifying the dendritic
linkers or the sugar, we can endow these structures with photoswitchable capabilities.

(a) S

= \(_‘),Ns AcO,

=

&
ﬁ \\l o 7 cO NﬁN\:I\O
o oM _BUNHSO, NaOH_ & 8 Ao0 ? \)\..\jo
o \<CICHZCH2>20 g o o . Mo 0 TN AN
|/ N 5% \ DMF H,0. K( i N ore
Il A N o” Noac

” MW, 80 °C, 94% Neyf Wi
OAc
W,
AcO NaNj; (10 equi.; R=Cl
AcO %o TBAI, DMF R=N,

R {o [y
R%?b) 9 S
,ﬁ‘b\o/m

N 9
) N'Hs el ><~\“I CuSO, NaAsc.DMF/H;0 (4:1),
o 0/\’0\/\:% & MW, 80 °C, 56%
R NN \
byl , W 2
Lyt %
Ns

Amberiite IRA 400 (OH) B=00e
MeOH/H,0 (1:1) e Hw Gl

valency (n) valency (3n)

HO N
Lo\ oot
(- Mo Noe s
OH

RO
(c) {?A R <R,
OROR OR N
RO, ROLN
rofR "o e
N N

)
L
N N*

RJ?’\ . %]
N° N ) J
- \QN ;‘% Q 7 o
RO, ;4=N
% o. 9
‘Q y‘( j

pco RO ’i:}«o X § RO, R
Ne /l’N-N: ;
4 steps = \:&N’N' N‘" &
l,d‘(uzz; R on b N
Noyr
5 *( :
N
\‘3‘5‘% 0.,.0 o S %\
RO, Ne, o o =N
OR N o N 0 OMe o_(\N_‘/‘
RO, \
5 % F(N\o/y' \)\ M"ibé %N-—\N
- o OR
ROV X o agm M
: ~ “e ~
RORO
N
4 R LN % %c
ROze>” “OR ":N)_Jo h N=N
' -l
NZ 0 N o N
oS® C

oa/}» \
” RO S&N \4 RO OR
DLR Ac13 RO OR N
=H: 4 OR
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97
compound.

In the situation of constructing the multichromophoric systems, CuAAC is a prevalent reaction widely
applied in this field of research. Increasing the homogenous fluorophores to obtain more fluorescent
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molecule is a well-known strategy. Zhao et al. reported that the 7 TPE on the -cyclodextrin in Figure 33
can enhance the AIE to yield brighter fluorescence.*®
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Figure 33: The AIE enhanced fluorescence multi-TPE synthetic scheme by CuAAC.”®

To generate the heterogenous chromophoric system with CuAAC reaction, it usually involves the
protection-deprotection strategy. In the Figure 34, Tafriouch et al. reported a-hydroxy-pB-azidotetrazole
scaffold to build a FRET capable trichromophoric structure with coumarin, BODIPY® and distyryl
BODIPY®.” It is worth noting that the 1,4-triazole formed via CUAAC did not disturb the independent
fluorophore or chromophore functions. The coumarin and BODIPY can retain their working wavelength
regardless of the linkers. In addition, the multichromophoric systems constructed in a similar way are in
the favorable distance to allow the FRET processes to occur.
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Figure 34: The FRET directions inside the trichromophoric system.99
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1.7 OBJECTIVES OF THESIS

1.7.1 General interests

The aim of this work is to build a molecular platform which is able to accommodate as many as possible the
chromophores and fluorophores together. The designed system should take the advantage of the number
of the photoswitchable units to realize the hysteresis effect, based on FRET processes. In particular, based
on the pioneering exploration demonstrated in the Section 1.5.3, the molecular designs will focus on two
chromophores, DCM and DAE. The DCM is a photoisomerizable fluorescent unit and DAE is a photochromic
unit, playing the role of the acceptor when it is in the CF state. We intend to accommodate together as
many DCM and DAE as possible, with a proper platform, for example, §-cyclodextrin to realize the
fluorescence hysteresis loop.

FLUORESCENCE
HYSTERESIS

Figure

Figure 35: The design concept of a multichromophoric system to realize fluorescence hysteresis

In the PhD dissertation, we need to first understand the photochrome and the fluorophore, which are the
model compounds at the basis of the implementation of the photoswitchable fluorescence hysteresis.
Besides the prerequisites elucidated in Chapter 1.3, since we have known the photoisomerization of DCM,
the competition of the isomerization rates of DCM and DAE is another key point to be properly elucidated.
This leads to the conclusion that we need a “fast” isomerizing DCM fluorophore, and a “slow” isomerizing
DAE photochrome.

Based on the understanding of the photoisomerizable DCM and DAE, the schematic concept of the
photoswitchable fluorescence hysteresis effect is represented in the Figure 35:

(1) Starting from a photostationary state (PSS) of the DCM with all DAE under their open form, a fast Z—E
isomerization of DCM under UV irradiation leads to the more fluorescent E-DCM, enhancing the
fluorescence.
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(2) UV irradiation induces the slow OF—CF of DAE and enables the FRET to occur from E-DCM fluorescence
emission to DAE absorption, accelerating the quenching of fluorescence.

(3) Fast E—Z isomerization of DCM under visible light irradiation leads to the non-fluorescent Z-DCM, then
reducing the fluorescence emission.

(4) Visible light irradiation induces the slow CF—OF DAE back to the initial PSS.

The fluorescence hysteresis loop is constituted based on the different rates of isomerization under light
irradiation and the influence of FRET. In the same irradiation input at any time point, the real population in
the system of E- or Z-DCM, OF- or CF-DAE is unknown. The contribution to the fluorescence can be reduced
by the light irradiation or the intramolecular FRET arbitrarily, which is in accordance with the hysteresis
effect definition of the system history dependence.
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Figure 36: The composition of the implementation of the fluorescence hysteresis in the end. The photoswitchable DCM and DAE
should be improved and synthesized to a platform which allow them to occur FRET between each other as many as possible.

Thanks to the hydroxyl functions on the cyclodextrin (see Chapter Il for details), a series of
multichromophoric cyclodextrins (CDs) can be proposed in the Figure 37. We could either first functionalize
the small ring surface (with primary hydroxyl groups) of CD for installing DCM and the larger ring surface
(with secondary hydroxyl groups) for DAE, or both could be installed simultaneously at the same ring.
However, in the synthetic point of view, these options cannot be easily controlled.

Figure 37: Possible composition of the final fluorescence hysteresis capable compounds. Red beans represent the DCMs and grey
beans represent the DAEs.

After evaluation of the DAE prepared at ICMMO laboratory (N. Baggi, PhD under supervision of Dr P. Yu),
we have decided to choose a 2:1 ratio for DAE and DCM to form the basic dendron unit and use the CUAAC
reaction to synthesize compounds with a higher number of chromophoric units. Therefore, the target
compounds in this PhD work will be a series of 3-, 12-,42-chromophores, as shown in Figure 38 and denoted
YN-3c, YN-12c and YN-42c. This new generation of molecules represents finally a multivalent version of the
historical compound of the second generation of photoswitchable fluorescence hysteresis effect. We can
consequently expect a fluorescence quenching within the dendron but also between the dendrons.
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effect. We can consequently expect a fluorescence quenching within the dendron but also between the
dendrons.
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Figure 38: Compounds designed for the photoswitchable fluorescence hysteresis effect prepared in this thesis.

In particular, Chapter Il will focus on spectroscopic and theoretical studies on the compound DCM-azide
shown in the Figure 39. In Chapter lll, the synthesis of compounds 2DCM, 3DCM, 4DCM, and 14DCM will
described and the DCM-azide, 2DCM, and 3DCM were compared through spectroscopic and theoretical
studies. All these results have as common objective: the proper understanding of the multi-DCM behavior.
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Figure 39: The structures studied in the Chapter Il and Chapter Il

Finally, Chapter IV will be devoted to photochromic-fluorescent triads and multichromophoric systems
(YN-3c, YN-12c, and YN-42c, Figure 38), involving the theoretical studies of subunits, the synthesis and
the improvement of the combined photochromic-fluorescent molecules, the spectroscopic
characterization with photoswitchable fluorescence hysteresis demonstration, and the simulation studies
to unveil the FRET processes among the photochromic-fluorescent subunits.

The full workflows of the thesis on building a multichromophric system which is capable of fluorescence
hysteresis cover the synthesis technique explorations, the theoretical studies from quantum to simulation
levels and the spectroscopic characterizations.
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2 CHAPTER |l - PHOTOPHYSICAL AND THEORETICAL STUDIES OF DCM

2.1 INTRODUCTION

In Chapter I, molecular photoswitchable chromophores have been introduced. In a nutshell, these refer to
a sort of compounds which can be interconverted by light stimuli between at least two states, resulting in
different photochemical and photophysical properties. Light-induced reactions involve photoinduced
electrocyclization, cycloreversion, dimerization, photoinduced bond cleavage, E<=Z or trans<—cis
isomerizations. Among these mechanisms, the double-bond E<>Z or trans<cis photoisomerization is
prevailing in light-driven molecular switches, rotors and sensors due to its synthetic flexibility and easy
structural modification.’®*® The tunable optical and mechanical properties upon irradiation provided by
the double-bond isomerization allow applications such as light-sensitive sensors and functional
materials.’® 1 % The N=N, C=N and C=C bonds are the most common photoswitchable groups in

azobenzenes'*® ', acylhydrazones'® '®°, and stilbenes'®, respectively.

Besides, 4-dicyanomethylene-2-methyl-6-(p-dimethylamino-styryl)-4H-pyran (DCM) analogs belongs to
the category of C=C double bond isomerization introduced in the Chapter I. Its donor-t-acceptor
structure confers it a noticeable intramolecular charge transfer character and consequently, a strong
solvatochromism.*> * 113 Although in the common knowledge, DCM is a highly efficient fluorophore
active in the application field of red-emissive laser dyes, molecular sensors or photoactive solid state
materials, the photoisomerization properties of DCM in solution have been ignored in the vast majority of
reports, with a few notable exceptions.”** %! The F«>Z photoisomerization studies and the related
conversion yield quantification of a DCM analog (DCM-o-alkyne) have been reported by Casimiro et al.’
The steady-state spectroscopy, HPLC analysis, conversion yield and photostationary states (PSSs),
characterization of the E-form and Z-form have been carried out under illumination, at different
wavelengths and in different solvents. The most important feature among the previous studies is that the
E-forms of DCM-o-alkyne are identified fluorescent, whereas the Z-forms are non-emissive. Therefore,
the fluorescence modulation associated to the photoisomerization demonstrates the high potential of
DCM analogs as intrinsic photoswitchable fluorophores.
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Figure 40: (a) Chemical and PBEO/6-311+G(d,p) in vacuo level DFT optimized molecular structures of DCM-o-alkyne in its
different isomers and conformers by the studies from L. Casimiro and S. Maisonneuve et al.? (b) Chemical structure and the DFT
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optimized same four isomers and conformers of commercially available DCM studied by X. Xu et al.*®

The previous studies on DCM as shown in Figure 40, using spectroscopic or quantum chemical
calculations, indicated the existence of four isomers (E- and Z-forms) and conformers (s-cis- and s-trans-
forms) and their possible interconversions.* '* Another DCM analog, DCM-azide was studied 10 years ago
as a part of the photochrome—fluorophore dyad in our laboratory.” At that time, the importance of the
E<—>Z photoisomerization from the DCM-azide part was not demonstrated yet. Like other molecular
systems with dissymmetric stilbene core, the detailed description of photochemical behaviors of the DCM
analogs were not properly understood. Since we already knew about the main photochemical and
photophysical behavior of DCM-o0-alkyne, we selected the DCM-azide compound as the precursor to be
involved in the multichromophoric systems via CuAAC reaction and decided to investigate in detail its
peculiar properties.

The synthesis of DCM-azide and DCM-o-alkyne are all based on the Knoevenagel condensation in the final
stage. The benzaldehydes of o-alkyne and azido derivatives are prepared first and react with the tert-butyl
dicyanomethylene. It is just because of the sensitive E«—Z photoisomerization, the regenerations are
dealt with in the ambient light shielded environment, and the products are all in the E-forms.
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Scheme 3: The preparation of DCM-azide and the previous reported DCM-o-propargyl by the Knoevenagel condensation
reaction.

The more advanced spectroscopic and theoretical investigations have been done on the DCM-azide in this
Chapter. We report here the experimental and theoretical studies of DCM-azide involving its four forms,
to bring in-depth description of its photophysical and photochemical properties. X-ray structures, steady-
state and time-resolved spectroscopy data, as well as quantum chemical computations in the ground
state, the excited state, or at conical intersections, provide important information on the
photoisomerization pattern of DCM-azide.

2.2 PAPER MANUSCRIPT #1 (PHYS. CHEM. CHEM. PHYS.)
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is induced photochemically, whereas the s-cis « s-trans conformational interconversion is a thermal
process which may also happen during irradiation. The photoreaction pathways from the first excited
state down to the ground state are shown to be mediated by two conical intersections, as revealed
using spin—flip TDDFT calculations. The rationalization of these isomerization schemes provides impor-
tant insights into the photophysical properties of DCM, responsible for its photoswitchable fluorescence.
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Introduction

Molecular photoswitchable systems consist of chromophores that
can be interconverted upon light stimuli between at least two states,
resulting in different photochemical and photophysical properties.
Light-induced reactions involve photoinduced electrocyclization,
cycloreversion, dimerization, photoinduced bond cleavage, and
E < Z or cis < trans isomerization. Among these mechanisms,
double-bond E < Z photoisomerization occurs in light-driven
molecular switches, rotors and sensors due to its flexibility and
embeddability." ™ The tunable optical and mechanical properties
upon irradiation provided by the double-bond isomerization allow
applications such as light-sensitive sensors and functional
materials.”” The N—=N, C=N and C—C bonds are the most
common  photoswitchable  groups in  azobenzenes,*’
acylhydrazones,'®™* and stilbenes', respectively.
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In addition, 4-dicyanomethylene-2-methyl-6-(p-dimethylamino-
styryl)-4H-pyran (DCM) analogs are well-known red-emitting dyes,
which are used in lasers,”"” in capping layers of organic light
emitting diodes (OLEDs) and in dye-sensitized solar cells
(DSSCs)."®?* Its donor-n-acceptor structure confers it a noticeable
intermolecular charge transfer character and consequently, strong
solvatochromism. Because of its central C—C double-bond, DCM
can undergo E < Z isomerization under irradiation. However, the
photoisomerization properties of DCM have been ignored in the
vast majority of reports, with a few notable exceptions.***2° The
E < Z photoisomerization studies and the related conversion yield
quantification of a DCM analog (DCM-o-alkyne) have been reported
by our group.® In our previous article, we described steady-state
spectroscopy, HPLC analysis, conversion yields, photostationary
states (PSSs), and characterization of the E-form and Z-form, under
illumination, at different wavelengths and in different solvents.

Indeed, the E-forms of DCM-o-alkyne were found to be fluor-
escent, and not the Z-forms. Thus, the fluorescence modulation
associated with the photoisomerization demonstrates the high
potential of DCM analogs to act as intrinsic photoswitchable
fluorophores. Previous studies on DCM, using spectroscopic or
quantum chemical calculations, indicated the existence of 4 stable
isomers (E- and Z-forms) and conformers (s-cis- and s-trans-forms)
and their possible interconversions.**

In the present paper, we focus our attention on the DCM-
azide,*® an azido variant of the previously studied DCM-o-
alkyne, allowing further functionalization. The molecular

This journal is © the Owner Societies 2022
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Fig. 1 (a) Molecular structures of DCM-azide in its different isomers and

conformers, denoted as s-trans-(E), s-cis-(E), s-trans-(Z), and s-cis-(2)
according to our previous study.** Dihedral (O3—C4—~Co—Cy3) involving a
C-C single bond is defined as D1 and dihedral (C4—Co—C;3—C14) involving
C=C double bond is defined as D2. (b) Absorption spectra of the E-isomer
(fullline on the left) and the Z-isomer (dotted line on the left) together with
E-isomer emission (dashed line on the right) are recorded in THF solution.

structures of the four isomers/conformers of DCM-azide are
shown in Fig. 1. Like other molecular systems with an asym-
metric stilbene core, a detailed description of the behavior of
DCM-azide under illumination in its different isomers/confor-
mers is not straightforward, and the interconversion modes
between the four geometries are still not clearly understood. In
this context, the combination of spectroscopic and computa-
tional approaches can be helpful to rationalize the properties of
DCM-azide. We report here the experimental and theoretical
studies of DCM-azide involving its four forms to bring in-depth
description of its photophysical and photochemical properties.
X-ray structures, steady-state and time-resolved spectroscopy
data, as well as quantum chemical computations in the ground
state, the excited state, or at conical intersections, provide
important information on the photoisomerization pattern of
DCM-azide.

Results and discussion
Structural studies

The DCM-azide has been synthesized as the pure E-form
according to the previously reported procedures® by shielding
the reaction and post-procedures from ambient UV-visible light
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exposures. Under different eluent conditions on column chro-
matographies, the DCM-azide can be obtained as a red crystal-
line powder. In the following, we denote two key dihedral
angles, O3;-C4,~Cy—C;3 and C,~Cy—C;3-Cy, of the molecular
layout in Fig. 1, as D1 and D2, respectively.

After recrystallizing the crystalline powder, two different
polymorphs were obtained as single crystals. The corres-
ponding structures were successfully solved by X-ray diffraction
(XRD) analyses, as shown in Fig. 2 and in the ESIT (Fig. S1 and
Table S1): the first one crystallizes in the triclinic P1 space
group, whereas the second one adopts an orthorhombic Pnma
space group. The molecular packing mainly influences the
orientation of the azido substituent, while the whole structure
is in both cases thoroughly planar across the central double-
bond of DCM-azide, shown in the s-trans-(E) configuration, for
both structures (see Fig. S2, ESIT). The two polymorphs differ
mainly in the intermolecular contacts, as shown by the Hirsh-
feld surface analyses described in the ESIt (Fig. S3-S5). The
molecular geometry of DCM-azide is defined by the two main
dihedral angles D1 and D2 (D1 = 4.7° and D2 = 179.9° for the
triclinic form, and D1 = 0.0° and D2 = 180.0° for the orthor-
hombic form), and the corresponding C,-Co single-bond
(length = 1.440 A and 1.434 A for triclinic and orthorhombic
forms, respectively) and Ce=C,; double-bond (length = 1.335 A
and 1.340 A for triclinic and orthorhombic forms, respectively).
These geometrical parameters are fully in line with the pre-
viously described DCM-o-alkyne derivative.'*

In a previous study on DCM-o-alkyne, the THF solvent
(medium polarity) was revealed to be an ideal trade-off between
the fluorescence quantum yield and the E — Z photoisome-
rization conversion yield, outperforming acetonitrile and
toluene in terms of fluorescence photoswitching benchmark.
Therefore, we decided to employ THF as the main solvent in the
present study of DCM-azide. In the steady-state UV-visible
measurements, DCM-azide shows an absorption 1. at
459 nm in THF, with a molar absorption coefficient recorded
at &450nm = 48700 L mol™' ecm™". After reaching a photosta-
tionary state under irradiation at 485 nm (PSS485), the A, Was
shortened and the absorption bands around 350-450 nm were
flattened. Furthermore, from the PSS485 solution, we extracted
the Z-form of DCM-azide by thin layer chromatography (TLC),

and recorded its absorption spectrum in THF. The

Fig. 2 X-ray diffraction structures in the triclinic form (left) and in the
orthorhombic form (right) of the s-trans-(E) form of DCM-azide obtained
after crystallization.
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corresponding dotted absorption spectrum shown in Fig. 1
presents a much weaker and blue-shifted band at 447 nm,
and the absorption is stronger in the 300-400 nm range than
that in the spectrum of the synthesized E-form.

The fluorescence spectrum of DCM-azide in the E-form is
broad and intense around 590 nm, and its emission quantum
yield is appreciable (@ = 0.25) but lower than that of the DCM-
o-alkyne (&¢ = 0.32),"* due to its azido lateral part. Fluorescence
decay curves of DCM-azide were recorded at different excitation
wavelengths using the time-correlated single-photon counting
(TCSPC) technique (Fig. 3). The fluorescence decays were fitted
by a global analysis procedure using a bi-exponential function,
which was necessary to obtain acceptable curve fitting (yz* <
1.2). Two decay-times were identified: the first decay-
component (t;) is found at 0.84 ns contributing to the major
part of the fluorescence (large pre-exponential factor «; > 0.88
and fraction of intensity f; > 0.97), whereas the second decay-
time is shorter (z, = 0.20 ns) and has a minor contribution to
the fluorescence intensity (¢, < 0.12 and f, < 0.03). We
collected the fluorescence decays at different excitation wave-
lengths from 315 nm to 450 nm and irradiated the DCM-azide
sample at 485 nm to make cross comparisons, and further
evaluated the possible contributions of the Z-isomer to the
emission. As a result, the change in excitation wavelength or
irradiation did not influence the collected fluorescence decays:
7, and 7, were found to be identical, and «; = 0.91 + 0.03,
o, = 0.09 + 0.03 were similar for all the measurements, as
shown in Fig. 3 and Table 1. Therefore, the two decay-time
components are not related to the £ < Z photoisomerization
process. The results from Table 1 fully confirm the

Fluorescence (counts)

Weighted
residues

Time (ns)

Fig. 3 Fluorescence decay curves, instrumental response function, bi-
exponential fitting and weighted residuals of DCM-azide at different
excitation wavelengths (315 nm, 350 nm, 400 nm and 450 nm) in THF.
The marked decay (*) corresponds to a DCM-azide THF solution irradiated
at 485 nm.
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Table 1 Time-resolved fluorescence parameters of DCM-azide in the E-
form, determined in THF

Jex (NM) 7, (ns) o (f1) 7, (ns) o, (f2)

315 0.84 0.89(0.97) 0.20 0.11(0.03)
350 0.84 0.93(0.98) 0.20 0.07(0.02)
400 0.84 0.88(0.97) 0.20 0.12(0.03)
400° 0.84 0.89(0.97) 0.20 0.11(0.03)
450 0.86 0.92(0.98) 0.17 0.08(0.02)

¢ After irradiation at 485 nm (PSS485).

interpretation reported in our previous paper.'* From fluores-
cence decays collected at different excitation wavelengths, with
or without irradiation, we can conclude that the Z-forms of
DCM-azide are completely non-emissive, and the fluorescence
components (t; and 7,) identified by fluorescence decays
correspond to s-trans-(E) and s-cis-(E) conformers.

Absorption and emission electronic transitions of the s-trans-
(E) isomer

From the X-ray structure of DCM-azide, we assume that the
s-trans-(E) isomer corresponds to its most stable isomer. More-
over, the steady-state and time-resolved fluorescence results
demonstrated that the s-trans-(E) isomer is considered to repre-
sent the main contribution to the fluorescence. Therefore,
absorption and emission energy calculations at the level of
density functional theory (DFT) and time-dependent density
functional theory (TDDFT) were first performed for this isomer.
Computations with the polarizable continuum model (PCM) for
THF, three functionals (PBEO, CAM-B3LYP, and ®B97X-D), and
the 6-311+G(d,p) Pople basis set were performed for DCM-azide
in the s-trans-(E) form. All electronic transition energies were
calculated by the linear-response method. Other
equilibrium solvation calculations were also investigated, as
reported in the ESIf (corrected linear-response and state-
specific, see Table S6).

By screening the DFT functionals, PBEO shows the most
accurate estimation of the DCM-azide absorption (lups =
463 nm, compared to the experimental value Ay, = 459 nm)
and at the same time rather acceptable emission estimation
compared to the experiment (Zey, = 521 nm vs. experimental
Amax = 576 nm). Despite the donor-acceptor character of DCM-
azide, ®B97X-D and CAM-B3LYP did not provide better absorp-
tion or emission energies compared to PBEO, with systematic
overestimation of the transition energies and shorter maximum
wavelengths than those measured experimentally (Table 2).
Only the Stokes shift is more accurately described with the
long-range corrected CAM-B3LYP. Considering all the func-
tional screenings and computational costs, we decided to select
PBEO as the main functional for the DFT studies, for more
intuitive comparisons and uniformity over the whole theoreti-
cal investigation (see the ‘“Excited state computations” para-
graph below).

We analyzed the frontier molecular orbitals of the four
isomers/conformers of DCM-azide at the PBE0/6-311G++(d,p)
level with the PCM model of the THF solvent, as reported in the

non-
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Table 2 Absorption and emission transition energies of the s-trans-(E)
form of DCM-azide, calculated using TDDFT with the 6-311G++(d,p) basis
set in THF, together with the experimental data recorded for the E-form in
THF solution

PBEO CAM-B3LYP ®B97X-D Exp. data

(ev) (nm) (eV) (nm) (eV) (nm) (eV) (nm)
Aabs 2.68 463 3.06 405 3.15 394 2.70 459
Jem 2.38 521 2.44 509 2.45 507 2.15 576
Stokes shift 2404 cm™' 5045 cm™! 5657 cm~ ' 4425 cm !

ESIt (Fig. S6). For all forms, the highest occupied molecular
orbitals (HOMOs) and the lowest unoccupied molecular orbi-
tals (LUMOs) are the main orbitals involved in the first electro-
nic transition S, — S;. The HOMOs (respectively LUMOs) have
a clear n (respectively n*) character. Therefore, the S, — S;
transition has a m — =n* nature, with a limited charge-transfer
character due to a small electronic delocalization from the
methylamino-styryl moiety to the dicyano-pyran moiety. Multi-
ple contributions of the HOMO-1, HOMO, LUMO and
LUMO+1 to the S, —» S, and S, — S; electronic transitions
are noted. In a similar manner, such features were also identi-
fied for the other functionals tested, namely ®B97X-D and
CAM-B3LYP, and other polar solvents (see Fig. S7-S10, ESI¥).

Ground-state potential energy surface

As previously described, the four stable forms of DCM deriva-
tives are denoted as s-trans-(E), s-cis-(E), s-trans-(Z), and s-cis-(Z).
Their corresponding ground state geometries and energies
were optimized at the DFT PBE0/6-311G++(d,p) level
(Tables S2-S5, ESIt). s-trans-(E) shows the lowest energy, which
confirms the X-ray structure analysis. Both E-forms have
straight planar geometries across the double-bond moiety.

s-cis-(E)

s-trans-(E)

PCCP

Within a PCM model of the THF solvent, the dipole moment
of s-trans-(E) records the highest value at 20.0 D, while s-cis-(2Z)
has the lowest dipole moment at 12.8 D amongst the four forms
(Fig. S6, ESIT). The dipole moments were enhanced in more
polar solvents such as acetonitrile and DMSO (see Fig. S9 and
S10, ESIt) with more stabilized energies.

The ground-state pathway of the interconversion between
the s-trans and s-cis conformers can be followed by rotating the
C,-Cy single-bond, thus changing the D1 dihedral angle, the E-
isomer being transformed into its corresponding Z-isomer by
changing the D2 dihedral angle (rotation around the Co—Cj3
double bond). The scanning plot of these energy minimized
paths along the two rotating dihedral angles D1 and D2 is
presented in Fig. 4. For the s-cis <> s-trans interconversion, the
energy barriers are calculated to be 0.41 eV and 0.16 eV for the
E-side and the Z-side, respectively. Regarding the E « Z
reaction, the curves show that the closed-shell formalism
cannot be used for double-bond rotation but clearly illustrate
that the E < Z barrier of isomerization is much higher than
the s-cis < s-trans process, as expected. Therefore, the ground-
state s-cis <> s-trans transformation can occur spontaneously at
room temperature, whereas the E < Z requires external energy
input to take place, such as photon absorption. The C,-Co and
Cy—C;3 bond lengths vs. scan coordinates D1 and D2 are
shown in the ESIt (Fig. S11, blue and red lines, respectively),
presented by the blue and red lines, respectively. Along the
s-cis <> s-trans interconversion, the double bond remains
almost unaffected, whereas the single bond is elongated to a
maximum at the transition states, then shortened at the four
stable isomers and conformers structures. Along the £ < Z
isomerization paths, the double bond is elongated and the
single bond is shortened to reach comparable bond
lengths at the transition states (Co—C;3 max. = 1.419 A,

s-cis-(Z)

s-trans-(2)

Fig. 4 The Sp potential energy curves of the DCM-azide isomer/conformer interconversion by rotating the main dihedral angles D1 and D2, with D1
corresponding to the Oz-C4—-Cy—C;3 scan coordinate and D2 corresponding to the C4—Cy—C;3-Cy4 scan coordinate (see Fig. 1). DFT calculations
were performed at the PBEO/6-311+G(d,p) PCM:THF level of theory. The calculated scans were performed along the following coordinate directions:
s-cis-(E) — s-cis-(2), s-cis-(E) — s-trans-(E), s-trans-(E) — s-trans-(Z) and s-cis-(Z) — s-trans-(Z). The s-cis side is shown in red color and the s-trans
side is shown in blue color. NB: the final states reached at the end of the scans may slightly differ from the fully optimized forms (as visible e.g. for s-cis-(2)
and s-trans-(2)).
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C,—Cy min. = 1.399 A). When the molecule is distorted around
D2 =75° the C;—Co—C;3-Cy4 loses the alternate single-double-
single bond character at this peculiar geometry. Indeed, the
E < Z transformation is a configurational isomerization,
which requires that the double bond adopts a ‘“single bond”
character. In the present case, these elements lead us to assume
that the £ < Z photoisomerization is allowed in the excited
state (see below).

Excited-state computations

The role of the dihedral angle D1 corresponding to the
s-cis <> s-trans interconversion processes was first investigated
in the excited state. We performed the relaxed scan optimiza-
tion of their lowest excited-state S; PECs with a downsized def2-
SVP basis set, as well as the S; vertical excitation energies
(VEEs), as shown in the ESI{ (Fig. S12). By examining the
s-cis <> s-trans excited-state interconversion, the optimized S;
energy levels are only slightly lower than the S; VEEs ie., the
lowest excited-state geometries are almost identical to the
Frank-Condon ones. The scan optimizations of the S; states
imply even higher energy barriers than the ground states for the
two conformational interconversions: 0.70 eV in the S; vs.
0.44 eV in the S, (s-cis-(E) — s-trans-(E)) and 0.40 eV in the S;
vs. 0.17 eV in the S, (s-cis-(Z) — s-trans-(Z)). On the other hand,
regarding the E <« Z isomerization, TDDFT optimizations
could not be performed due to the possible conical intersection
(CI) encountered, which requires other multi-determinant
methods.

As an extension to explore the potential energy surface (PES)
along the E < Z isomerization, we searched the possible
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existence of CIs on the reaction path by using the spin-flip
TDDFT (SF-TDDFT) method.*"*> SF-TDDFT is a single reference
method that is easy to carry out to compensate for the inability
of TDDFT to localize So/S; ClIs.**** Taking a higher triplet state
with two unpaired a-electrons as the reference state instead of
the ground state used in TDDFT, SF-TDDFT is able to describe
doubly excited electron configurations via o — f spin-flipped
excitations necessary to calculate CIs where the Born-Oppen-
heimer approximation breaks down. However, we need to pay
attention to the spin contamination problem brought by the
single reference method. When applied to double-bond mole-
cular systems, e.g. stilbene or azobenzene, the SF-TDDFT
method with different algorithms has successfully yielded
results close to the CASSCF/CASPT?2 level of calculations at a
rather lower computational cost.**”* In the present case, we
adapted SF-TDDFT with the penalty constrained algorithm to
DCM-azide, which is a 54-atom dimension system, searching
for the minimum energy CIs on the S,/S; PES.*

To localize the CI, we firstly implemented a S, PES scan map
with a reduced basis set size at 6-31G(d) in vacuo. The global S,
PES is shown in Fig. 5. Despite slight energy differences, the
results are well-compatible with the larger basis set used with
the PCM solvation model (Fig. 3). Then we assumed the CIs to
be located close to the maximum energy barrier between the E-
and Z-forms. We defined a set of initial geometries corres-
ponding to the S, PES map, with D2 = —75° and D1 ranging
from —180° and +180°, sampling one structure every 15°. With
this methodology, two CI(S,/S;) geometries were successfully
identified as depicted in Fig. 5 and detailed in the ESI} (Tables
S7 and S8), of the s-cis type (CI-1: D1 = 176.66°, D2 = —78.58°)

Energy / AeV

D1=171.66°
D2 =-78.58°

D1 =18.88°
D2 = -87.40°

Fig. 5 Ground-state potential energy surface (PES) calculated using DFT (PBEO/6-31G(d)) in vacuo as a function of D1 and D2 dihedral angles (color
map), and minimum energy conical intersection (Cl) geometries localized in the Sq PES map, calculated by the SF-TDDFT method at the PBE0/6-31G

(d) in vacuo level of theory.
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Table 3 Energies and dihedral angles of optimized S, and Cl, computed at
the SF-PBEQ/6-31G(d) level

AE of S, (eV) D1 (%) D2 (°)
S, of s-trans-(E) — 0.12 179.41
S, of s-cis-(E) 0.058 —179.32 179.74
S, of s-trans-(Z) 0.290 4.66 18.63
S, of s-cis-(Z) 0.088 -171.35 23.92
CI-1 (s-cis) 0.512 171.66 —78.58
CI-2 (s-trans) 0.511 18.88 —87.40

and s-trans type (CI-2: D1 = 18.88°, D2 = —87.40°), respectively.
At first glance, the CIs are close to the location of the highest
energy barrier structures of the S, PES. The s-cis CI-1 is
geometrically close to the ground state geometry taken at the
transition state between s-cis-(E) and s-cis-(Z) as shown in Fig. 5.
The CI-2 geometry found on the s-trans side is more displaced
from the saddle point of the ground state between the s-trans-
(E) and s-trans-(Z). However, the two CIs identified by SF-TDDFT
have a similar So/S; energy at this calculation level (CI-1: Sy/S; =
—1292.8950/—1292.8935 a.u. and CI-2: Sy/S; = —1292.8945/
—1292.8935 a.u., respectively), with comparable single C,-Co
and double C4=C; bond lengths (CI-1: 1.399/1.464 A and CI-2:
1.395/1.456 A, respectively). Both CI-1 and CI-2 most probably
originate from the same seam of intersection between S, and
S;, along the D1 dihedral angle rotation. In addition, it is
interesting to note that the electronic nature of the S; state at
the crossing could be provided by the SF-TDDFT method and
was found to have an ionic HOMO — LUMO character.
Moreover, we computed the S; minima for the s-trans-(E), s-
cis-(E), s-trans-(Z), and s-cis-(Z) forms, at the SF-PBE0/6-31G(d)
level in a vacuum, to be compared with CI-1 and CI-2. Their
relative energies and dihedral angles (D1 and D2), together with
those of CI-1 and CI-2, are gathered in Table 3. The energy
difference between the optimized S, state and the CI is higher
for the s-trans-(E) form (AE = 0.51 eV). The lowest energy
differences are obtained for the Z-forms (AE = 0.22-0.42 eV).
The s-cis-(E) is located at an intermediate level (AE = 0.45 eV).
Additionally, the optimized S; states for both E-forms show a
fully planar geometry, whereas they appear more tilted for the
Z-forms, with 5-9° away from planarity for D1, and 18-24° for
D2. The geometries of the excited state of the Z-forms are closer
to the CI ones, compared to the planar E-forms; we can there-
fore expect a much lower energy barrier in the excited state
landscape to reach the CI after excitation and return non-
radiatively to the ground state, possibly along with photoisome-
rization. Consequently, we can deduce that the DCM-azide
molecule has several pathways to relax from the excited states
to the ground state. When DCM-azide is excited, it can undergo
isomerization in the excited state, through the CI to reach the
ground state, which is fully compatible with the experimental
evidence of the E < Z photoisomerization. Besides, the relaxed
excited states of DCM-azide can return to the ground state by
radiative deactivation. Since the S, excited state of the s-trans-
(E) form has a larger energy difference than the s-cis-(E) form to
reach the CI, it could explain its much larger contribution to
the overall emission and its longer lifetime. The S; excited
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states of the Z-forms are much closer to the CI (in geometry and
energy), which is fully in line with the absence of observed
fluorescence from these species, as well as the higher photo-
isomerization quantum yield measured previously for the
Z — E reaction, compared to the E — Z reaction.™

As a unified general picture, after light absorption, the
E-forms may experience a competition between fluorescence
deactivation, E — Z isomerization reaction (through CIs), and
other non-radiative deactivation pathways. Regarding the
Z-forms, which are not emissive, only the Z < E isomerization
reaction (through CIs) and other non-radiative deactivation
paths can be considered. It is worth noting that DCM is
expected to have both locally excited and internal charge-
transfer states in solution, at the origin of its well-known
solvatochromism in emission. In the present CI determination
in vacuo, the solvent could not be taken into account and
consequently, the role of the internal charge transfer state
could not be properly modeled. The solvent effect is beyond
the scope of our computational investigation.

Conclusions

The photoisomerization of a DCM analog (DCM-azide) was
investigated experimentally and theoretically, shining light on
its E <> Z isomerization, which was demonstrated previously.'*
The relationships between the four isomers and conformers of
DCM-azide were clarified by both experimental evidence (X-ray
structures and spectroscopic data) and a full set of theoretical
calculations (geometries, energies, electronic transitions, iso-
merization and interconversion patterns) in vacuo or including
the solvent medium.

The fluorescence decay experiments confirmed that only the
E-forms of DCM-azide are emissive. The emissive species in the
fluorescence decay experiments were assigned to the s-trans-(E)
(longer decay-time) and s-cis-(E) (shorter decay-time) forms of
DCM-azide. The DFT/TDDFT and SF-TDDFT calculations of the
four isomers and conformers provided a general pattern of the
isomerization and interconversion paths in the ground and
the excited states. Two conical intersections were identified,
explaining the relaxation from the lowest excited state to the
ground state, at the origin of the E < Z photoisomerization.
They obviously play a great role in the competition between the
fluorescence relaxation and the E < Z photoreaction, and also
in the s-trans < s-cis conformational interconversion.

Experimental section and methods
Materials

All solvents used for steady-state spectroscopies were of pure
spectroscopic grade reagents from Carlo Erba Reagents. The
DCM-azide compound was prepared according to literature
procedures.?*3637
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Steady-state absorption and emission spectroscopy

Steady-state spectroscopic absorption measurements were car-
ried out with Agilent Technologies Cary 4000 and Cary 5000
spectrophotometers. The emission spectra were recorded with
a Horiba Jobin-Yvon Fluorolog FL3-221 fluorescence spectro-
meter. The fluorescence quantum yield was determined by
using Coumarin 153 in ethanol (@, = 0.544°%) as a standard
reference from Sigma-Aldrich.

Time-resolved fluorescence spectroscopy

Fluorescence decay curves were obtained by the time-correlated
single-photon counting (TCSPC) method. The setup is composed of
a titanium sapphire Ti:Sa oscillator (Spectra Physics, Mai Tai)
emitting pulses of 100 fs duration for the fundamental laser beam,
at an 80 MHz frequency. The laser pulses then pass through a pulse
picker which implements an acousto-optic modulator to reduce the
repetition rate down to 4 MHz. Non-linear SHG/THG crystals
generate the desired wavelength (GWU Lasertechnik, UHG-23-
PSK), then the beam is directed to the sample solution after
adjusting the excitation power with an intensity attenuator filter
wheel. Fluorescence photons are detected at 90° through a polarizer
at the magic angle and a monochromator, by means of a micro-
channel plate photomultiplier (MCP-PMT R3809U-50, Hamamatsu),
connected to a TCSPC module (SPC-630, Becker & Hickl). Time-
correlated fluorescence decay data are finally processed and ana-
lysed with the help of software which implements reconvolution
analysis and the global nonlinear last-squares minimization method
(Globals, Laboratory for Fluorescence Dynamics at the University of
California, Irvine).

X-ray crystallographic analysis

X-ray crystallographic analysis was carried out on the DCM-azide
crystals. The isolated crystals were dried under vacuum at room
temperature and shielded from ambient light. X-ray diffraction was
carried out using a Rigaku XtaLabPro diffractometer equipped with
a Mo microfocus sealed tube generator coupled to a double-bounce
Max-Flux multilayer optic and a HPAD PILATUS3 R 200K detector.
Data collections were carried out using the software CrysAlisPro
1.171.41.96a.*° The SCALE3 ABSPACK scaling algorithm implemen-
ted within CrysAlisPro was applied to the processed data for the
empirical absorption correction using spherical harmonics. The two
structures were readily solved by intrinsic phasing methods
(SHELXT program)* and refined by full-matrix least-squares meth-
ods on F* using SHELX-L.*! Molecular graphics were prepared with
ORTEP."

Computational details

All the DFT and TDDFT calculations were performed using the
Gaussian 16 software package.*’> The Pople 6-311++G(d,p), 6-
311+G(d,p) and 6-31G(d) basis sets were adopted and the
solvent effects were implemented with integral equation form-
alism of the polarizable continuum model (IEFPCM). The S,
geometries of the four isomers and conformers were optimized
at the PBE0/6-311++G(d,p) level. Regarding the computational
cost, reduced size def2-SVP and 6-31G(d) basis sets were used
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for the excited states explorations and corresponding compar-
isons. The comparison of functionals and the basis set depen-
dencies are shown in the ESI.{ From all optimized geometries,
the vertical excitation energies and emission energies were calcu-
lated by the TDDFT method. The linear response (LR) method was
implemented in the TDDFT calculations. The minimum energy CI
calculations of S¢/S; in the E < Z isomerization process were
located by the SF-TDDFT method with the penalty-constrained (PC)
optimization algorithm.*******> The SE-TDDFT/PC CI localizations
were carried out at the PBE0/6-31G(d) level in the gas phase by
GAMESS-US (version 30 SEP 2020 (R2)).*® All visualizations were
implemented by GaussView 6 and VMD 1.9.3.*"*
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1. Crystallographic data collection, structure determination and refinement

The compound (E)-2-(2-(4-((2-azidoethyl)(methyl)amino)styryl)-6-(tert-butyl)-4H-pyran-4-ylidene)
malononitrile was obtained in similar red solid forms suitable to Single Crystal X-ray Diffraction
analyses. Both crystal forms could be mounted upon a nylon loop with a of paratone oil to be
irradiated at room temperature using a RIGAKU XtalLabPro diffractometer equipped with a Mo
microfocus sealed tube generator coupled to a double-bounce confocal Max-Flux® multilayer optic
and a HPAD PILATUS3 R 200K detector. Data collections were carried out using the software
CrysAlisPro 1.171.41.96a". SCALE3 ABSPACK scaling algorithm implemented within CrysAlisPro was
applied to the processed data for the empirical absorption correction using spherical harmonics. The
two structures were readily solved by intrinsic phasing methods (SHELXT program)2 and refined by
full-matrix least-squares methods on F* using SHELX-L.?> One form was refined in the centrosymmetric
triclinic space group (form 1) while the second one crystallized in an orthorhombic unit cell (form 1l).
Although the normalized structure factor distribution was in favor of a centrosymmetric structure,
the non-centrosymmetric Pna2, space group, which is consistent with the systematic absences, was
first tested to deal with the azido disorder in the course of the structure refinement. The ethyl azido
atoms were therefore refined over two sites whose occupancy factors converged to a value close to
0.5 and were thus fixed to half occupancy. However, to ensure satisfactory refinement of that
disorder and avoid chemically unreasonable ellipsoids, rigid-body restraints (SHELXL commands DELU
and SIMU with esd 0.005 and 0.01 A’respectively) were applied to atoms of the ethylazido group
with resort to displacement parameters constrained to be identical (command EADP upon the
following pair of atoms C21-C21B, and C22-C22B), as well as similar distance restraints (DFIX, DANG
and SADI with esd ranging from 0.001 to 0.01 A%. If the checkCIF implementation of PLATON'
ADDSYM could not fail to detect the mirror plane instead of 2, axis, the refinement of the model
after b-c axes permutation in the higher symmetry space group Pnma with ADDYM-exact worsened
the model statistics (see Table S1), the weighting scheme refinement and the electron residuals on
both side of the mirror with or without application of ADP or bond length restraints. Nevertheless,
the refined model was kept in the holohedral group Pnma -whose Pna2; is an hemihedral subgroup-
in link with the molecular geometry, which does not eventually affect the packing structure
interaction type analyses. In both cases, anisotropic refinement improved all parameters of non-
hydrogen atoms of the molecule of interest. If most of the H atoms were identified in difference
maps, methyl H atoms were idealized and included as rigid groups allowed to rotate but not tip and
refined with Uy, set to 1.5U(C) of the parent carbon atom. All other H atoms bound to carbon
atoms were positioned geometrically and refined with Ui, set to 1.2U.,(C) of the parent carbon atom.
Both polymorphic crystal structures are shown in Ortep’ representation in Figure S1. It has to be
noticed that in both crystal forms the s-trans-(E) configuration was unveiled. The triclinic structure
appears slightly the most accurate one with no static disorder. It is made of one conformer in the
asymmetric unit, featuring regular geometry parameters except a short terminal triple bond distance
of 1.131(2) A leading to a | Z-score| value of 4.681 after a Mogul® check. Unsurprisingly for such (E)-2-
(2-styryl-4H-pyran-4-ylidene) malononitrile core as observed in 15 previous hits found in the
Cambridge Structural Database’ (CSD version 5.42, updated Sep 2021), the DCM platform is indeed
quasi-planar in the triclinic form and would be constrained to be lying within the mirror plane

! Rigaku OD (2015). CrysAlis PRO. Rigaku Oxford Diffraction, Yarnton, Oxfordshire, England.

2 Sheldrick, G. M. (2015). Acta Crystallogr., A71, 3-8.

3 Sheldrick, G. M. (2015). Acta Crystallogr., C71, 3-8.

“ Spek, A. L. (2009). Acta Cryst. D65, 148—155.

> Burnett, M. N. & Johnson, C. K. (1996). ORTEPIII. Report ORNL-6895. Oak Ridge National Laboratory, Tennessee, USA.

6 Bruno, I. J., Cole, J. C., Kessler, M., Luo, J., Motherwell, W. D. S., Purkis, L. H., Smith, B. R., Taylor, R., Cooper, R. I., Harris, S. E. & Orpen, A.
G. (2004). J. Chem. Inf. Comput. Sci. 44, 2133-2144.

’ Groom, C. R., Bruno, I. J., Lightfoot, M. P. & Ward, S. C. (2016). Acta Cryst. B72, 171-179.
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perpendicular to [0 1 0] in the putative Pnma orthorhombic space group. This putative mirror bisects
the tert-butyl group and the two sites between which the azido-ethyl chain is allowed to swing. In
the triclinic form the mean plane is allowed to slightly wave (rmsd of 0.094 A for 22 atoms and C21
out of the mean plane by 0.62 A) and the dihedral angle between the two central six-membered
rings is 9.6°. More striking structural differences between the two polymorphs are the relative switch
of the azidoethyl chain with respect to the pyran-4-ylidene substituents and its conformation which
points almost perpendicular to the molecule mean plane in the triclinic form. An overlay of both
conformers is shown in Figure S2 to underscore these crystal structure differences. As expected, the
molecules are in each form assembled in layers parallel to the (2 1 1) or (1 0 1) plane respectively for
the triclinic case and the orthorhombic one. The interplanar distance is slightly longer in the triclinic
form (3.6A vs 3.54A) probably due to the anchorage of azidoethyl chains in-between the layers.
Furthermore, in the triclinic packing all the molecules aligned along the [0 1 -1] direction in an anti-
parallel manner, both on the top of each other and within the same plane making pairwise non-
conventional H-bonds between C4-H4 ... N1 to develop infinite 1D ribbons bordered in the 2D-sheets
by van der Waals interactions through tert-butyl groups and adjacent aromatic H atoms, and stacking
interactions in the third dimension. In the orthorhombic form, the molecules viewed down the b axis
pack in a herringbone arrangement, which is staggered from one layer to another one. The relevance
of different intermolecular interactions describing the polymorphism can be established via Hirshfeld
surface (HS) analysis.® These surfaces, along with the two-dimensional fingerprint (FP) plots,’ were
evaluated using Crystal Explorer 17.5." The red spots, corresponding to contacts that are shorter
than the van der Waals radii sum of the closest atoms, are observed in few spots in the triclinic HS:
two weak ones at the opposite long side of the molecule, the N2 atom and C22-H22B atom whose
successive N/H interactions link the molecules in 1D-chain along the [0 1 -1] direction, and two
intense ones at C5-H5 and N1 as pairwise interaction location to propagate the 2D network. They are
more numerous in the orthorhombic HS (Figure S3) regularly scattered at the periphery of the
molecule, involving in particular the nitrogen atoms of the disordered azido group and the
acetonitrile groups. The surfaces mapped with curvedness, a function of the root-mean-square
curvature of the surface show the large green flat region of the molecule core separated by dark blue
edges (large positive curvature). In the triclinic CS, these surfaces are on the top of each other in
adjacent asu but the shorter centroid to centroid distance is not below 4.0 A. In the second form, it is
even longer (5 A) due to shifted overlaps with adjacent molecules in the b direction.

The fingerprint plots (Figure S5) depict the various interactions (All) in the two polymorphs and the
individual contributions of the different interactions, the grey shadow being an outline of the
complete fingerprint plot. The upper spike corresponds to the donor, spike with the lower spike
representing the acceptor. Significant differences between the molecular interactions in the two
polymorphs are reflected in the distribution of scattered points in the fingerprint plots which
appeared more condensed in the orthorhombic form region of 1.0 A-2.4 A (d.+d;) vs 1.0 A-2.8 A
(det+d;) for the triclinic one. It is observed that the relative contributions of H/H and N/H are
comparable in both forms and account for 2/3 of the interactions. It is followed by a significant
number of C-H+Tt or nm—m interactions whose proportions differ noticeably between the two forms
(13.7 % vs 16.1 % and 9% vs 5%). Another contribution specific to the form Il is C/N contacts (3%).
Structure refinement statistics are reported in Table S1.

# Spackman, M. A. & Jayatilaka, D. (2009). CrystEngComm, 11, 19-32.

? McKinnon, J. J., Jayatilaka, D. & Spackman, M. A. (2007). Chem. Commun. pp. 3814-3816.

° Tyrner, M. J., McKinnon, J. J., Wolff, S. K., Grimwood, D. J., Spackman, P. R., Jayatilaka, D. & Spackman, M. A. (2017). CrystalExplorer17.
University of Western Australia. http://hirshfeldsurface.net.



CCDC 2120494 and 2121293 (triclinic form and orthorhombic form respectively) contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Figure S1 Ortep plot of one conformer (the disorder of the azido moiety is not shown for clarity) of
the triclinic form (form |, left), and crystal structure of the orthorhombic form (form Il, right).
Ellipsoids are drawn at 50% of probability and hydrogen atoms, with sphere radius of arbitrary size.

Figure S2 (Left) Overlay plot of the two forms (carbon atoms in yellow belong to the triclinic structure,
grey ones are those of the orthorhombic structure).



http://www.ccdc.cam.ac.uk/data_request/cif

Figure S3 (a) Partial view of the triclinic crystal showing the molecular association in linear ribbon
along the [0 1 -1] direction (b) Hirshfeld surface for form | mapped with d,.m over the range -0.13 to
2.08. (c) Neighboring molecules associated with close contacts are shown along with distances
between the atoms involved (d)

Figure S4 (a) Partial view down the b axis of the orthorhombic crystal showing the herringbone
pattern waving along the a direction. (b) Hirshfeld surface for form Il mapped with d,.m over the
range -0.22 to 1.20. (c) Neighbouring molecules associated with close contacts are shown along with
distances between the atoms involved and (d) the map with curvedness

1o 0 o
All di | H..H39.6% di | C.HM..C 13.7%
Y 528 W 1012141618 % W 1o 12 14 16 V8 20 22 2

%5 C 5.8% d " | NN 330% d °* N.N20% dl Sl
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Figure S5 Fingerprint plots for the molecule in form | (triclinic, left) and in form Il (orthorhombic,
right), broken down into contributions from specific pairs of atom-types. For each plot the grey
shadow is an outline of the complete fingerprint plot (upper left plot). Below the histograms for the
major atom-type/atom-type contacts represent the percentage contributions to the Hirshfeld
surface area for the various close intermolecular contacts for molecules in forms | and II.



Table S1 Crystal data and structure refinement of s-trans-(E) conformer of DCM-azide obtained in
Form | (triclinic) and Form Il (orthorhombic).

CRYSTAL DATA

Identification code

Form |

Form Il

(E)-2-(2-(4-((2-azidoethyl)(methyl)amino)styryl)-6-(tert-butyl)-4H-pyran-4-

Name ylidene)malononitrile
CN
NC
\ N,
N\ —/
]\ o \ N
\
Structure
Empirical formula Ca3H2aNeO
Formula weight 400.48

Crystal system, Triclinic, Orthorhombic,
Space group P-1 Pna2l P nma
Unit cell |alA 7.3618(4) 29.8656(17) 29.8656(17)
dimensions b 9.7239(5) 10.0461(5) 7.1127(4)
(A,°) c 16.0733(8) 7.1127(4) 10.0461(5)
al’ 86.088(4) 90 90
B 83.182(4) 90 90
y 74.189(4) 90 90
Volume (A% 1098.48(10) 1537.41(16)
ZI 2/ 47
Calculated density (Mg/m®) 1.211 1.246
Absorption coefficient (mm’l) 0.078 0.081
F(000) 424 848

Crystal size (mm)

0.32x0.16 x0.03

0.35x0.22 x0.05

DATA COLLECTION
Rigaku XtaLabPro mmO003 diffractometer with Pilatus 200K Hybrid pixel array detector
Diffractometer (HPAD)
Wavelength (A) 0.71073
Temperature (K) 293(2)
0 range for data collection (°) 2.483 to 26.022 2.881 to 26.019
Limiting indices -9<h<9, -31<h <36, -31<h<36,
11<k<11, -12<k<12, 8<1<7,
-19<1<19 -7<1<8 -12<k<12,
Reflections collected / unique 22812 /4312 13702 /3751 13711/3748
R(int) 0.0294 0.0192 0.0186
Completeness to 0 ¢, (%) 99.8 99.6 99.7

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.000 and 0.270

1.000 and 0.686

REFINEMENT

Refinement method Full-matrix least-squares on F
1AM HAR 1AM
Data / restraints / parameters 4310/0/ 275 4310/0/ 487 3745/52 /308 2280/0 /188
Goodness-of-fit on F? 1.021 1.1751 1.114 1.091
Final R indices [I>2 (/)] 0.0454, 0.294, 0.0543, 0.0659,
0.1262 0.0709 0.1537 0.2012
R indices (all data) 0.0527, 0.0367, 0.0626, 0.0731,
0.1314 0.0736 01631 0.2093
Largest diff. peak and hole (e. A3 0.168 and -0.187 | 0.185and -0.112 | 0.544 and -0.317 0.724 and -0.510
CCDC deposit number 2120494 - - 2121293




2. DFT calculations

Optimized Cartesian coordinates of four stable isomers and conformers of DCM-azide at PBEQ/6-

311G++(d,p) level with IEFPCM model of THF solvent.

Table S2. s-trans-(E) (most stable form)

Z0Z0000Z0000000000000000000

Table S3. s-cis-(E) (AE = 0.0027 eV compared to s-trans-(E))

Z2Z0Z0000Z0000000000000000000

-4.947723
-4.11564
-2.780855
-2.236153
-3.029965
-4.433456
-5.280329
-4.488504
-0.809914
-5.999886
-4.011208
-3.787388
-0.030887
1.403604
2.042084
3.411537
4.236998
3.597666
2.230094
5.591283
6.457616
6.209451
6.850696
-4.766116
-4.328447
-6.677263
-7.824327

-4.958722
-4.119842
-2.787001
-2.243946
-3.048166
-4.449701
-5.304676
-4.482735
-0.814139
-5.993123
-3.778989
-3.999537
-0.008123
1.426506
2.095431
3.466845
4.263479
3.593209
2.224199
5.619314
6.456056
6.270185
6.844029
-4.796734
-4.361972
-6.700849
-7.847953

0.057511
-1.004332
-0.850768
0.364733
1.475348
1.371799
2.485738
-2.443792
0.380945
-2.598426
-3.289087
-2.916072
-0.723436
-0.792565
-2.038985
-2.175489
-1.050042
0.211438
0.326859
-1.186774
-0.048746
-2.484286
0.631349
3.777629
4.83324
2.358701
2.242106

0.429697
1.466543
1.268631
0.033677
-1.050456
-0.900517
-1.990403
2.920167
0.071661
3.122517
3.733679
3.388022
-1.014085
-1.043115
-2.276284
-2.376172
-1.225195
0.022813
0.101981
-1.325302
-0.161799
-2.612556
0.496702
-3.298417
-4.3677
-1.819887
-1.66748

0.15126
0.23043
0.084059
-0.144102
-0.234036
-0.089661
-0.175496
0.479503
-0.276519
0.638937
-0.712768
1.763885
-0.192355
-0.310723
-0.210091
-0.31349
-0.531594
-0.621934
-0.518165
-0.652311
-0.863579
-0.464335
0.442609
-0.413813
-0.610108
-0.026792
0.097404

0.096962
-0.119852
-0.208161
-0.084462

0.137682

0.238463

0.466064
-0.290123
-0.215741
-0.184363

0.808233
-1.672608
-0.158015
-0.282163
-0.218592
-0.332015
-0.523119
-0.575237
-0.462038
-0.654026
-0.845236

-0.50861

0.473442

0.605786

0.718446

0.564313

0.643396

I I I I I IIIIIIIIIIIIIITIITITITZ22Z22

T

I I I I I IIIIIIIIIIIIIIIITITITITZ2Z22

7.712552
8.149488
8.60965
-6.011285
-2.557655
-0.383969
-6.232062
-6.379982
-6.53791
-4.26476
-2.929625
-4.497994
-2.701195
-4.11048
-4.041842
-0.527522
1.43935
3.845423
4.178643
1.79468
7.358883
5.981512
5.99974
5.868421
7.288904
5.957413
7.386884

7.670186
8.112276
8.573628
-6.022065
-2.597658
-0.404873
-6.218557
-6.532549
-6.377288
-4.025954
-2.693456
-4.107008
-2.918107
-4.486932
-4.248019
-0.465277
1.515345
3.92487
4.151487
1.764426
7.360689
5.956868
6.075712
5.942654
7.346134
5.947393
7.405868

1.773028
2.415586
3.079201
-0.093864
2.432335
1.362671
-3.651739
-2.027256
-2.286138
-4.338109
-3.21681
-2.972109
-2.838218
-2.327665
-3.963191
-1.675387
-2.928066
-3.163203
1.113367
1.318003
-0.390475
0.675042
-2.89638
-3.20359
-2.37857
0.97393
-0.073905

1.669825
2.292464
2.941758
0.613173
-2.02944
1.064337
4.184335
2.572711
2.8165
4.792198
3.627483
3.417675
3.275572
2.821857
4.444985
-1.989988
-3.184015
-3.354974
0.942295
1.083863
-0.469487
0.565684
-3.059159
-3.316699
-2.477059
0.801623
-0.208903

0.104317
1.045255
1.837116
0.272526
-0.41783
-0.454061
0.81559
1.490703
-0.260684
-0.535927
-0.847058
-1.63962
1.678273
2.627552
1.950195
-0.017107
-0.045805
-0.228688
-0.767008
-0.593686
-1.377785
-1.529616
0.529258
-1.217325
-0.564977
0.977576
1.088286

0.154393
1.106219
1.909182
0.16398
0.236567
-0.374267
-0.312169
-0.960872
0.792897
0.688107
0.750434
1.802795
-1.777019
-2.471674
-1.803325
-0.004759
-0.076818
-0.276844
-0.697617
-0.507664
-1.374626
-1.489974
0.47292
-1.281608
-0.610875
1.025366
1.09644



Table S4. s-trans-(Z) (AE = 0.0127 eV compared to s-trans-(E))

C -3.588794 -0.97489 0.446582 N 5.754888 -2.197641 -1.05191
c -2.314873 -0.68066 0.791639 N 6.310045 -2.483008 -2.100424
o] -1.70949 0.437834 0.328009 N 6.82279 -2.860054 -3.035407
C -2.381228 1.3223 -0.441909 H -4.045865 -1.874224 0.834966
C -3.668035 1.067823 -0.828789 H -4.173628 1.80135 -1.444354
c -4.331408 -0.112796 -0.417761 H -2.437267 3.296929 -1.142213
C -5.641454 -0.413466 -0.812671 H -1.541149 -3.113853 3.094302
C -1.4115 -1.509349 1.673077 H -2.992198 -2.103212 3.059814
C -1.732889 2.571272 -0.746847 H -2.687958 -3.286052 1.768511
C -2.217544 -2.560488 2.437808 H 0.285329 -2.822159 1.406608
c -0.380512 -2.220855 0.780641 H 0.23006 -1.504468 0.22895
C -0.691869 -0.594077 2.674548 H -0.872906 -2.886528 0.066261
C -0.47076 3.024979 -0.546323 H -0.06676 0.143836 2.168065
C 0.770692 2.3791 -0.175898 H -1.408527 -0.066209 3.310807
C 1.771767 3.146119 0.4427 H -0.051211 -1.203091 3.318174
C 2.995142 2.613685 0.795331 H -0.363725 4.095871 -0.715925
C 3.308365 1.265949 0.509785 H 1.575051 4.191262 0.665378
C 2.328201 0.510812 -0.175576 H 3.718605 3.250983 1.286966
C 1.099977 1.052421 -0.492298 H 2.534246 -0.506845 -0.482734
N 4.515106 0.733771 0.87409 H 0.391247 0.443542 -1.041253
C 4.870774 -0.630762 0.55858 H 5.60094 -0.977362 1.29377
C 5.527038 1.576542 1.478924 H 4000252 -1.283812 0.660051
C 5.461159 -0.77284 -0.83971 H 5.827113 2.398275 0.818071
C -6.366898 0.451105 -1.659506 H 5.177494 2.003508 2.425391
N -6.951026 1.170893 -2.355767 H 6.408859 0.972429 1.689223
C -6.285033 -1.591964 -0.379804 H 4.749052 -0.416019 -1.592808
N -6.803243 -2.563959 -0.017737 H 6.377034 -0.176601 -0.925155
Table S5. s-cis-(Z) (AE = 0.0121 eV compared to s-trans-(E))

C 3.336382 1.159432 0.130299 N -4.960518 2.246765 -1.162243
C 4,039371 0.043045 -0.167512 N -4.828768 3.355124 -0.668926
o] 3.465787 -1.175629 -0.087464 N -4.743106 4.427185 -0.318794
C 2.174774 -1.326898 0.298781 H 3.817559 2.124553 0.053271
C 1.428528 -0.23651 0.634412 H 0.412497 -0.387026 0.973695
C 1.973366 1.068423 0.551429 H 2.682975 -3.372839 0.498372
C 1.220747 2.208109 0.868553 H 7.145724 1.246559 -1.022853
C 5.477985 -0.042044 -0.611455 H 5.592594 1.981913 -1.426396
C 1.818074 -2.724594 0.387427 H 6.108743 1.855403 0.269768
C 6.106772 1.347411 -0.698839 H 7.298838 -0.971394 0.089342
C 6.255174 -0.892947 0.406385 H 5.843912 -1.902137 0.479946
C 5.526443 -0.713621 -1.993579 H 6.234213 -0.43512 1.399626
C 0.599282 -3.313336 0.419375 H 5.103938 -1.720366 -1.963592
C -0.733051 -2.791336 0.181643 H 4.976332 -0.127131 -2.735238
C -1.826765 -3.40143 0.814449 H 6.566805 -0.788473 -2.322063
C -3.117643 -2.934638 0.662093 H 0.620947 -4.374075 0.666139
C -3.396803 -1.834584 -0.17843 H -1.65368 -4.253274 1.466423
C -2.303985 -1.262005 -0.871912 H -3.916392 -3.428659 1.199762
C -1.021076 -1.729549 -0.690948 H -2.456724 -0.439986 -1.559586
N -4.674263 -1.366992 -0.32585 H -0.22052 -1.265796 -1.25684
C -4.954787 -0.165223 -1.08022 H -4.373885 -0.150402 -2.005825
C -5.745698 -1.933388 0.468771 H -6.004763 -0.184992 -1.38029
C -4.680788 1.103585 -0.280197 H -5.572481 -1.809681 1.544791
C -0.132484 2.105696 1.255199 H -6.677038 -1.429251 0.213924
N -1.245859 2.004866 1.563325 H -5.873533 -3.000616 0.259418
C 1.782549 3.500219 0.798539 H -5.328091 1.138183 0.604008
N 2.256235 4.55683 0.736855 H -3.638521 1.130291 0.057764



Table S6. Absorption and emission transition energies of s-trans-(E) form of DCM-azide, calculated by
TDDFT with the 6-311G++(d,p) basis set in THF (IEFPCM), using the default Linear Response
equilibrium (LR), corrected Linear-Response (cLR) and State-Specific (SS) solvation models, together
with experimental data recorded for the E-form in THF solution.

Calc. values
Exp. data
PBEO CAM-B3LYP wB97-XD
(eV) (nm) (eV) (nm) (eV) (hm)  (ev) (nm)

Abs LR 2.68 463 3.06 405 3.15 394
Abs cLR 2.71 457 3.11 402 3.31 386 2.70 459
Abs SS 2.42 512 2.85 436 2.98 416
Em LR 2.38 521 2.44 509 2.45 507
Em cLR 2.60 478 2.71 457 2.74 452 2.15 576
Em SS 2.42 528 2.56 485 2.56 482
Stokes shift LR 2404 cm™ 5045 cm™ 5657 cm™
Stokes shift cLR 947 cm™ 3236 cm™ 4609 cm™ 4425 cm™
Stokes shift SS 607 cm™ 2350 cm™ 3336 cm™




Figure S6. Molecular orbitals involved in the main excited states of the 4 conformations s-trans-(E), s-

cis-(E), s-trans-(Z), s-cis-(Z) at the PBEO/6-311G++(d,p) level with IEFPCM model of THF solvent.
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Figure S7. Molecular orbitals involved in the main excited states of the 4 conformations s-trans-(E), s-
cis-(E), s-trans-(2), s-cis-(Z) at the CAM-B3LYP/6-311G++(d,p) level with IEFPCM model of THF solvent.
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Figure S8. Molecular orbitals involved in the main excited states of the 4 conformations s-trans-(E), s-
cis-(E), s-trans-(2), s-cis-(Z) at the wB97X-D/6-311G++(d,p) level with IEFPCM model of THF solvent.
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Figure S9. Molecular orbitals involved in the main excited states of DCM-azide E-forms calculated by

DFT at the PBEO/6-311G++(d,p) level with IEFPCM model of DMSO, acetonitrile and THF solvent.
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Figure S10. Molecular orbitals involved in the main excited states of DCM-azide Z-forms calculated by
DFT at the PBEO/6-311G++(d,p) level with IEFPCM model of DMSO, acetonitrile and THF solvent.
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Figure S11. The bond lengths C,-Cs and Co=C;3 vs. scan coordinates D1 and D2 (dihedral angles, see
main text, Figure 1) for DCM-azide calculated at the PBEO/6-311G+(d,p) level with IEFPCM model of

THF solvent.
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Figure S12. C,-C, single bond dihedral D1 scan between s-cis and s-trans conformers of the ground

states energy (So), relaxed excited state energy (S; opt), and S, = S; vertical excitation energies (S,
VEE) calculated at the PBEO/def2-SVP level with IEFPCM model of THF solvent.
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3. Cartesian coordinates of conical intersections
Table S7. CI-1 s-cis type

Optimized Geometry: D; = 171.664780° D, = -78.582787°

Dcc=1.39874 A Dc.c = 1.46450 A

E(So) = -1292.8949705457 a. u. <§’>=0.1986
E(S;) = -1292.8934745913 a. u. <§’>=0.1421
Egap(So/S:) = 0.0014959544  a. u. 0.04 eV

0.6356678  -0.63559532 1.38684916

1.5110631 -1.32766545 0.61327189
2.49175406  -2.07581162 1.16255069
2.69305801  -2.05970097 2.51205945
1.85937834  -1.35196066 3.35392952
0.73869061  -0.64821392 2.81805658
-0.16259339  -0.01503781 3.66069436
1.55536652  -1.36884046  -0.89383656
3.72581482  -2.86723757 2.99994588
0.43604133  -0.52423352  -1.50342929
2.92008257 -0.81174511  -1.34169018
1.41410768  -2.82848811  -1.35784602
4.24257803  -2.89080691 4.37034512
5.13421631  -1.86414552 4.78188896
5.49331284  -1.68174076 6.14194059
6.42494535  -0.74331927 6.55448437
7.09105778 0.10008202 5.65066433
6.72638702  -0.04094121 4.30386019
5.79007339  -0.97608489 3.88899326
8.10451317 0.99321198 6.07851028
8.55032635 2.02411342 5.17979002
8.15621948 1.30978549 7.48473024
7.54743624 3.1530962 4.94420242
-0.04333416  -0.07192465 5.07628202
0.04491945  -0.13354023 6.23319054
-1.26465833 0.69754976 3.11557174
-2.15173411 1.26643169 2.62456322

8.13875484 4.07203007 3.95549035
7.5050621 5.09260321 3.71603775
7.008986 6.07331991 3.41495252
-0.15129089  -0.06150969 0.91506886
2.10031819  -1.37013066 4.4126277
4.16499615  -3.48904395 2.2010119
0.50027561  -0.58298916  -2.59410954
-0.55646545  -0.88451159  -1.21146715
0.52359593 0.53167152  -1.22520137
2.97394371  -0.82899398  -2.43484116
3.74753737  -1.40964985  -0.94972014
3.05344939 0.22418962  -1.01193523
2.21000743  -3.45905018  -0.95145822
0.44813445  -3.25051212  -1.05981529
1.47643638 -2.86496592  -2.45015645
3.64500928 -3.4476223 5.0849967
5.02619886  -2.31342578 6.89483738
6.63830519  -0.68119425 7.61716938
7.18358755 0.58164227 3.53964806
5.58619022  -1.02395046 2.81898975
9.47557545 2.45527339 5.5791173
8.82013226 1.58381271 4.21317101
7.20717382 1.70284355 7.88930845
8.42442799 0.42417338 8.07434654
8.93602943 2.05845857 7.65229511
6.5996809 2.74496675 4.57041311
7.33984041 3.68294597 5.88402367
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Table S8. CI-2 s-trans type

Optimized Geometry: D, = 18.876789° D, = -87.396843°

Dcc=1.39486 A Dc.c = 1.45635 A

E(So) = -1292.8945194677 a. u. <§*>=0.1771
E(S;) =-1292.8934989218 a. u. <§’>=0.1360
Egap(So/S:) = 0.0010205459 a. u. 0.03 eV

0.27079824 -1.07720625 1.48285675
1.41102612 -0.48953256 1.92357552
2.08921957 -0.98115432 2.98199463
1.74327576 -2.17015195 3.53505325

0.64282352 -2.87386179 3.062433
-0.20275667 -2.2979219 2.07621527
-1.40452898 -2.90780687 1.71869969
2.12672377 0.69320363 1.3197962
2.47670507 -2.568748 4.65166903
1.26498902 1.38190007 0.26206341
2.50470781 1.69408822 2.42416668

3.41457915 0.14895043 0.66771805
3.27135658 -1.66042411 5.46741056
4.59626198 -1.25424242 5.3086915
5.13921165 -0.25795725 6.17418337
6.40694332 0.25811893 6.01025724
7.25814056 -0.18993704 4.98526812
6.76493835 -1.21712744 4.15531731
5.49314356 -1.73029149 4.3025732
8.55726624 0.33176693 4.79600668
8.92586994 0.69990146 3.44377327
9.06684208 1.21447086 5.81912613

8.110075 1.86390889 2.88298178
-1.82292283 -4.11933708 2.32747531
-2.13437867 -5.10978937 2.85320354
-2.25490522 -2.30861688 0.75415939

-2.927001 -1.78035545 -0.03549787
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8.59030533
7.98227072
7.49088478
-0.27489105
0.40417621
2.31094575
1.80862224
1.03777027
0.32219145
3.07331586
3.12324142
1.61388314
4.06445599
3.18510532
3.9663341
2.63830709
4.51454306
6.73737049
7.40565634
5.16651964
9.98933983
8.81460381
8.53916359
9.0029583
10.12159634
7.04563189
8.2278738

2.13576984
3.00523686
3.79010344
-0.63631231
-3.83337879
-3.61578417
2.24382114
0.72000873
1.74837995
2.5166924
1.22500229
2.11715937
-0.32759866
-0.57901883
0.97766995
-1.08449721
0.12002107
1.03709304
-1.6293081
-2.51854467
0.96437818
-0.15798298
2.18212914
0.72123504
1.42292976
1.59372842
2.75683379

1.51913226
0.90496492
0.2418187
0.65815347
3.510952
4.93746233
-0.13729842
-0.58087397
0.6829654
1.9782306
3.19401169
2.9011066
1.40873349
-0.11880878
0.21136408
6.14547062
6.98023653
6.69038868
3.37992883
3.62693238
3.43146873
2.77343917
5.89703465
6.79418802
5.61528158
2.87457037
3.51234365



2.3 APPENDIX: THEORETICAL TECHNIQUES

2.3.1 Choice of the functionals and basis sets

The theoretical studies on the DCM-azide started from the DFT and TDDFT calculations. From the XRD
analysis, we assume that the s-trans-(E) isomer corresponds to its most stable isomer. Moreover, the
steady-state and time-resolved fluorescence results demonstrated that the s-trans-(E) isomer can be
considered to represent the main contributing component to the fluorescence. Therefore, the absorption
and emission energy calculations were focused on this particular isomer. Computations with polarizable
continuum model (PCM) for THF, and three DFT functionals (PBEO, CAM-B3LYP and wB97X-D), were
adopted to explore the DCM-azide properties. 6-311G+(d,p) Pople basis set was used for the calculations
in this part.

The reasons to select these three functionals are the experience on the previous studies on similar DCM
analogs and the application of long-range-corrected functionals to model the charge transfer D-A
character of chemical structures.'®

The PBEO is a global hybrid generalized gradient approximations (GGA) functional, mixing the 75%
Perdew-Burke-Ernzerhof (PBE) exchange energy and 25% Hartree-Fock (HF) exchange energy, along with
the full PBE correlation energy:

PBEO _ PBE HF PBE
Exc = 75% Ex + 25% Ex + E:c x = exchange c=correlation

Both CAM-B3LYP and wB97X-D are range-separated hybrid functionals and they are generally considered
as good functionals for excitation energy calculations. CAM-B3LYP is a Coulomb attenuated method (CAM)
version of the B3LYP functional, while wB97X-D is a range-separated version of Becke's 97 (B97)
functional with dispersion correction. CAM-B3LYP includes 19% HF exchange at the short range and 65%
HF exchange at long range, whereas the HF exchange at short and long ranges for wB97X-D is comprised
between 22% and 100%, respectively. Both CAM-B3LYP and wB97X-D have error functions describing the
intermediate region with a default range separation parameter w = 0.33 and 0.2, respectively.

In the previous work of Casimiro et al., Pople basis set 6-311+G(d,p) has been chosen.? Here, the first trial
and the theoretical data to use were obtained at 6-311++G(d,p) level. However, given that it is
meaningless in most cases to add diffuse functions on the H-atoms, the heavier calculation jobs
concerning the S, potential energy surface (PES) scans were performed decreasing the basis set down to
6-311+G(d,p). For a higher demanding excited state optimization, due to the limitation of the node wall
time, the Karlsruhe def2 basis set was applied. Both Karlsruhe “def2” and Pople basis sets are split
valence basis sets, therefore, the def2-SVP level should provide similar precision as 6-31G+(d,p) but at
lower cost.

All calculations in this section took the solvent into consideration. As the previous work by Casimiro et al.
demonstrated,® THF represents an ideal solvent for the photoisomerization conversion yield and the
fluorescence properties. The default integral equation formalism variant polarizable continuum model
(IEFPCM) was used consistently.
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2.3.2 Calculations of absorption and emission energies, solvent effects

E ES

Adiabatic absorption
= adiabatic emission

GS

UOISSILWA [BD211IaA

Vertical absortpion

Reaction coordinates

Figure 41: lllustration of the electronic transitions between the ground state (GS) and an excited state (ES), involving the vertical
absorption and emission transitions, as well as the adiabatic absorption / emission.

The calculations of absorption and emission energies involve the transition between electronic states and
vibration states. Taking all the factors into account is not possible in practice, especially regarding the
vibrational analysis of excited states. To simplify the calculations, only the electron potential energy
surface (PES) is taken into consideration. Figure 41 shows the basic model of electronic transitions
occurring on the different PES, namely the ground state (GS) and an excited state (ES).

Generally, the vertical absorption, the vertical emission and the adiabatic energy difference are the most
interesting values for the calculations of the excitation energies. The vertical absorption means the
electron absorbs the photon and gets excited from the GS to the ES, while the geometrical features
remain that of the GS. Therefore, the calculations include the geometry optimization of the molecule in
the GS and the excitation energy from the GS to the target ES on the basis of the optimized GS geometry.
The vertical emission is a reversed process, occurring from the optimized geometry of the ES. The
adiabatic absorption considers the starting point as the GS minimum, and the final state as the ES
minimum (relaxed). The energy is yielded by the energy difference of these two minima.

However, when we add the solvent together with the solute, the case becomes more complicated. In the
polarizable continuum, the solvent and the GS solute polarization are mutually equilibrated. On the other
side, the ES also contains the mutual equilibrated polarizations. As shown in the Figure 42, under the
circumstance of the vertical excitation, the solute charge distribution evolves rapidly, but at the same
time the solvent molecule remains immobile. The "nonequilibrium" state is subsequently generated.
From the "nonequilibrium" state to the re-equilibrated solute-solvent state, there will be a rearrangement
step, higher polar solvents inducing a larger rearrangement process. The "nonequilibrium" solvation can
be properly described within the PCM work frame: during the vertical excitation process, the solvent
degrees of freedom and charges are kept frozen.
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Figure 42: |llustration of the different steps involved in the formation and relaxation of excited states in a polar solvent.™
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Figure 43: Basic solvent treatments, using the LR, SS and cLR solvent models.

In practice, PCM provides an environmental model to calculate solvated absorption and emission spectra
by TDDFT. There exist several PCM approaches to describe the solvent polarization induced by the solute
electronic transition. The simplest one is called the linear response (LR) model. The transition densities
are exclusively used to determine the changes of the PCM charges located on the surface of the cavity.
The others, the corrected linear response (cLR) model and the state-specific method (SS, or external
iteration in some situations) treat the actual density of the excited states to obtain the surface charges in
a perturbative way.

As shown in the Figure 43, in a SS or cLR method, the calculated energies should fulfill the following
equations:

gVert—abs _ pES (RGS, noneq) — EGS (RGS' eq)
EVert—ﬂ — EES(RES, eq) _ EGS(RGS, noneq)
padiabatic — RES (RES, eq) — EGS (RGS, eq)

where, R represents the optimized geometry of the corresponding state; E represents the energy; “Vert-
abs” refers to vertical (absorption) transition energy; “Vert-fl” referes to vertical (fluorescence, de-
excitation) transition energy; “eq” refers to “equilibrium”; “noneq” refers to “non-equilibrium”.

It is worthy to note that, although theoretically the state-specific method should provide the most precise

excitation energy, the time cost is non-negligible. In addition, depending on the molecular systems
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themselves, the functionals, basis sets and some offset factors, the results are not always of higher quality.
From our side, we have carefully examined LR, cLR and the SS solvent models.

As the reference, the experimental spectra of DCM-azide in THF show band maxima at 459 nm
(absorption) and 576 nm (fluorescence). The calculated results with different procedures are listed in the
Table 1.

Table 1: Absorption and emission transition energies of s-trans-(E) form of DCM-azide, calculated by TDDFT with the 6-
311G++(d,p) basis set in THF (IEFPCM), using the default Linear Response equilibrium (LR), corrected Linear-Response (cLR) and
State-Specific (SS) solvation models, together with experimental data recorded for the E-form in THF solution.

Calc. values
PBEO CAM-B3LYP wB97-XD Exp. data
(ev) (nm) (eV) (nm) (eV) (nm) (ev)  (nm)

Abs. LR 2.68 463 3.06 405 3.15 394
Abs. cLR 2.71 457 3.11 402 3.31 386 2.70 459
Abs. SS 2.42 512 2.85 436 2.98 416
Em. LR 2.38 521 2.44 509 2.45 507
Em. cLR 2.60 478 2.71 457 2.74 452 215 576
Em. SS 2.42 528 2.56 485 2.56 482
Stokes shift LR 2404 cm™ 5045 cm™ 5657 cm’™
Stokes shift cLR 947 cm™ 3236 cm™ 4609 cm™ 4425 cmt
Stokes shift SS 607 cm™ 2350 cm™ 3336 cm™

2.3.3 Principles of Spin-Flip TDDFT (SF-TDDFT)

To describe the location of Cl points or Cl seams, multi-referential methods like complete active space
second-order or n-electron valence state perturbation theory (CASPT2 or NEVPT2) for the state-averaged
complete active space self-consistent field (SA-CASSCF) are commonly applied. However, when it is
desirable to determine the MECI geometries, it is not always possible to use multi-reference approaches.
DCMe-azide contains 54 atoms, it is therefore rather tremendous to treat the active space within limited
computational power. Here we consider more efficient calculations with TDDFT methods to locate the
MECI between S, and S; PESs.

The conventional linear-response TDDFT (LR-TDDFT) is a computationally cheap method, providing good
excitation energies for most scenarios. LR-TDDFT solves the excitation Q2 and transition amplitudes X and
Y by the non-Hermitian matrix equation

[A B

B+ Ax [XY]:QB —01][XY]

in which, the coupling matrices A and B are

TDBIT = (eq — €1)8apdij + (iblaj) — Cyp(iblja) + (ib|f *|aj)
WORFT = (ijlab) — Cyp(ijlab) + (ij|f*|ab)

The i, j labels represent occupied orbitals and a, b represent the virtual ones. Cy represents the fraction
of Hatree-Fock exchanged included in the hybrid exchange-correlation functional implemented, e.g.,
B3LYP, PBEO, M06-2X, etc.
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However, LR-TDDFT have difficulties in describing the Cls. The closed-shell ground state S, used as single
reference in LR-TDDFT brings a lot of troubles in such cases, such as the underestimation of response
states, the too rapid change in the PES in the vicinity, resulting in wrong energy values.

SF-TDDFT with a collinear kernel."”>*** The spin-flip TDDFT (SF-TDDFT) is a simple extension of LR-TDDFT
and a remedy to localize the Cls. As shown in Figure 44, SF-TDDFT chooses an open-shell triplet state with
2 unpaired a-electrons aa (Mg= +1) and the target states are generated by single a — B spin-flipped
excitations. The target states (e. g. Sp ground state and S; lowest excited state) are treated on the same
footing as the response states. As a result, the SF-TDDFT is able to consider contributions from doubly
excited configuration, whereas the LR-TDDFT cannot.

The electronic correlations from that state and the Cl pointing excited state are not matching, not alone
some DFT instability problems in singlet profiles. In the formulation of SF-TDDFT, the excitation difference
is from the @ — [ spin-flipped excitations, which require the equation orbitals i, j --- to be a spin orbitals
and a, b --- to be 8 spin orbitals. Then the matrix B is set to 0

ASF—TDDFT = (ea —_ ei)Sab‘Sij - CHF<lb|]a>

ia,jb
SF-TDDFT _
Bia, jb =0

Here, the collinear exchange-correlation functional is assumed, i.e., (ij|f*‘|ab) = 0. The treatment
results a Hermitian matrix equation AX = QX. The framework of collinear SF-TDDFT required matrix B =
0 is also known as the Tamm-Dancoff approximation, which can be called to deploy as modular pair in
several quantum chemistry softwares.

2 orbitals 2 e model 2 orbitals 2 e model
transition from ground transition from open-
state S, reference shell triplet reference

A
? a | a Resulting in 2 _,— a
A . i open-shell config. .
— —= 4
1

+ + Py +
w " i o gl B f
1114 o al

a Spin-Reserved

Spin-Flip

Excitations . Excitations )
—H— i #
SF-TDDFT type LR-TDDFT type !
0]

-+ +7
4 Spin-Flip | * 4
4—‘— i Excitations

OB @:%3 o Resulting in 2 (D?f
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Figure 44: The two orbital models of LR-TDDFT (left) and SF-TDDFT (right) excitations, starting from different reference states.'?

Penalty-constrained (PC) optimization algorithm.'”

f between states i and j is expressed as

The PC optimization following the objective function

[E:(R) — E;(R)]

f(R,0) =E,(R) + 0( ) E;(R) = E;(R)

where the first term E_U(R) refers to the average potential energy of the two states, and the second term
is the penalty term resulted as the product of the Lagrange multiplier o. State i is taken as the higher
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state. a functions are the smoothing parameter to circumvent the singularities, effectively differentiating
the equation and the adjacent Cl regions.

The convergence criteria are composed with the change of f, the parallel and perpendicular components
of the gradient of f from the n'" step to the (n + 1)*" step. The objective function f is minimized with a
fixed Lagrange multiplier o, and its gradients are minimized simultaneously. The penalty function is
performed in an iterative pattern with increasing values of o until the energy difference between the two
states becomes less than the convergence tolerance. In theory, the PC optimization algorithm only treat
the gradient difference factor g in the branching space (g-h plane) description of the PESs, it is not related
to the interstate coupling vector h.

The validation of PC optimization has been proved to be qualitatively acceptable in the SF-TDDFT
compared to other algorithms or multi-referential methods, usually performing as the lowest cost among
all if the studied system is well fitted with the protocol.

In addition to the data in the paper, we have also calculated the four isomers and conformers of DCM-
azide at S; state, which were optimized at SF-PBEQ/6-31G(d) level in vacuo to compare with the Cls. The
results are shown in the Table 2.

Table 2: The four isomers and conformers optimized at SF-PBE0/6-31G(d) in vacuo compared with two Cls obtained.

AE of S,

D1(° D2(° s?
Energy (a.u.) (eV) (kcal mol'l) ) ) (5%
s-trans-(E) -1292.9122938979 (S,) - - 0.12 179.41 0.3946
s-cis-(E) -1292.9122938979 (S,) 0.058 1.329 -179.32 179.74 0.2317
s-trans-(2) -1292.9016183698 (S,) 0.290 6.699 4.66 18.63 0.4996
s-cis-(2) -1292.9090506581 (S,) 0.088 2.035 -171.35 23.92 0.1443
Cl-1 (s-cis) -1292.8934745913 (S,) 0.511 11.794 171.66 -78.58 0.1421
CI-2 (s-trans) -1292.8934989218 (S,) 0.512 11.809 18.88 -87.40 0.1360
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2.4 CONCLUSIONS AND PERSPECTIVES

This Chapter is a photophysical and theoretical investigation of the photoswitchable fluorophore
candidate, DCM-azide, expected to play the role of the “fast photoswitchable unit” in the full system for
fluorescence hysteresis applications. Unlike the other photochromic diarylethene candidate, DAE, for
which the photoisomerization mechanisms are well studied by means of multi-referential methods, we
tried here to describe and rationalize the first levels of the photoisomerization mechanism of the DCM
series, which remains relatively unexplored.

As we demonstrated in the paper, there are two Cls existing at DCM-azide PES, located on each side of
isomers. According to the previous studies of E&Z isomerization, there could be a Cl seam between the
two MECI founded by SF-TDDFT method.'® The two through-Cl pathways are thought to be competitive
to each other. If we would like to investigate more on the rate, the non-adiabatic dynamics simulation
using ab initio multiple spawning (AIMS) is good way to answer the population-based rates.'”” Beyond the
through-Cl relaxation pathways, the solvent effect is another important issue to discuss. In the context,
we did not find the solution to the problem with current the PCM model and its variants. Handling the
THF as the explicit solvent and using quantum mechanical/molecular mechanical (QM/MM) setups may
resolve the problem.'?® '?° The theoretical investigations on DCM molecules can be enriched in the future
as the computation cost will be lower for the molecules of this dimension.

Their fluorescence properties and interchromophoric interactions will be investigated into the next
Chapters, especially in multichromophoric systems where resonance energy transfer (RET) can occur. The
better understanding related to the DCM photoisomerization was necessary to unravel the complex
processes encountered in larger structures and more sophisticated environments.
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3 CHAPTER Il — SYNTHESIS AND INVESTIGATION OF MULTI-DCM
SYSTEMS

3.1 INTRODUCTION

In the previous studies, the series of 1,3,7-DAE fluorescent photoswitchable multichromophores, and the
mixed DAE-DCMs were synthesized and characterized by Dr S. Maisonneuve et al. at PPSM. Considering
the complexity of RET in the multi-DAE systems, we decided to prepare a series of multi-DCM derivatives
(1,2,3-DCM), investigate their photophysical, photochemical and structural properties, in the perspective
of further multichromophoric functionalizations (Chapter IV). Indeed, in a fluorescence hysteresis system,
a bright and fast photoisomerizable part like DCM is welcomed. The general objective of the Chapter Il
consists in the synthesis, photophysical and theoretical studies of multi-DCMs compounds, in order to
define the proper design for the multichromophoric DAE-DCM systems to be synthesized and investigated.

This chapter introduces the synthetic strategies to obtain the desired dendritic linkers and cyclodextrin
scaffold to hold multichromophores. In order to synthesize the desired number of DCMs, the literature
will be reviewed. The molecular dynamics protocols and analysis methodologies are discussed for
modeling the multi-DCM.

One manuscript to be submitted to Chem. Eur. J. covering DCM-azide, 2DCM, 3DCM series investigations
describes the fluorophore-fluorophore interactions among the synthesized multi-DCMs with absorption,
fluorescence, and anisotropy spectroscopies. The molecular dynamics simulation accompanied statistical
analyses on 2DCM reveal the intramolecular FRET efficiencies, which are in accordance with the
experimental observations.

A complete set of data regarding the 4DCM and 14DCM of the higher level multi-DCM synthesis in the
appendix are described in detail.
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3.2 STRATEGIES TO DESIGN MULTI-DCM COMPOUNDS

Regarding the scalability to accommodate enough chromophoric units, we have focused on the
pentaerythritol dendritic linker and the -cyclodextrin platform. The synthesized multivalent platforms
should allow the covalent attachment of DCM units via CUAAC reaction. This is to say that the dendritic
linkers or the S-cyclodextrin is required to have either an alkyne terminal or an azido function. Based on
these, the CUAAC reaction is able to deliver the final compound with selectively pure 1,4-triazole species.
The functionalization and the multichromophoric synthesis will obey these prerequisites.

3.2.1 Pentaerythritol scaffold

Pentaerythritol is a tetrahydric alcohol as a white crystalline odorless solid synthesized in the end of the
19" century.”® In the industrialization era, it is a component involved in many compounds and
intermediates appearing in the medicinal or even military manufacturing.”" *** As the multifunctional
compounds are essential to the organic and medicinal chemistry, the pentaerythritol is a versatile building
block for the polyfunctionalized compounds because of the presence of the neopentane core and one
hydroxy group on each terminal function. It is a common precursor in manufacturing esters of C(CH,0X),.
For example, pentaerythritol tetranitrate (PETN) was produced at large amount for the use of explosives
during the second world war. Later, it was used for vasodilation pharmaceutical applications, like
nitroglycerin.”®®> In the modern industrial field, the most famous representative is pentaerythritol
tetraacrylate (PETA), which is used in epoxy resin chemistry and photopolymer coatings.”** ***

In practical laboratory synthesis, the pentaerythritol allows the attachment of four identical or different
groups to construct highly branched molecular structures. It features the great expandability for
combinatorial chemical libraries for oligonucleotides and peptides, providing additional functionalities by
introducing additional groups.

Tetra-branching motifs. The examples talked above are all based in the tetravalent pentaerythritol
derivatives. In practice of realizing CuUAAC reaction, it is convenient to synthesize tetra-alkynes with four

propargyl groups, i.e., compound 5"° in Scheme 4.

HOXOH z 03 Co
HO OH DMSO, NaOH 40% (w/v)

rt,20 h

Pentaerythritol
5

Scheme 4: Synthetic route to obtain tetra-branching linker 5.1%¢

Pentaerythritol tetrabromide is also accessible from the halogenation exchange of pentaerythritol or
directly commercially available. This tetra-branching branching bromide can be transformed into
tetraazidopentaerythritol (TAPE). However, TAPE is a potentially explosive and sensitive species, which
requires a Kevlar covered laboratory. We do not consider it at first for safety reasons.’

HO OH PBr, Br Br NaN, Ns N3
Kooy e A - X
HO OH 180°C Br gr  DMF, 10h,100°C Ng N3

Pentaerythritol TBPE TAPE

Scheme 5: Synthetic route to obtain TAPE (explosive).m7

Tri-branching motifs. These motives are widely described in the literatures. The tri-functionalized amide,
ester, ether derivatives are reported.138 By protection-deprotection strategies, one can easily preserve
one hydroxyl group on the pentaerythritol to be further functionalized according to special demands, e.g.
as a dendron focal point to join bigger dendritic systems. The strategy we used in the first stage of
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pentaerythritol propargylation is a typical tri-functionalized branching scheme shown in Scheme 6. We
decided to introduce a PEG chain with a chloro-tail on the fourth hydroxyl group.** The chloride can be
lately converted into the azide for the synthesis of bigger derivatives. In this regard, the 3DCM we have
synthesized after retains the capability to form greater dendritic generations.

— i. BuyNHSO,
= NaOH 50% (w/v) =\ //\
HO OH o OH
Br o o o o ¢
X /\ _ X i. 17NN >< _/
HO OH DMSO, NaOH 40% (w/v) 0 o} 45°C, 18 h o o o
rt, 20 h —_— \_: —/ \ —
Pentaerythritol 6 - 7 -

Scheme 6: Synthetic route to obtain tri-branching linker 7.

Di-branching motifs. This category is the rare case of the pentaerythritol class. Since pentaerythritol
contains four equivalent hydroxyl groups, the selective protection strategy is required to obtain the di-
branching motifs. As shown in Scheme 7, a one-step synthesis of mono-, bi-, tri- and tetra-branching
products was reported through the click reaction.® However, it is usually difficult to control the
selectivity.

JI

O ||
<
.
\
'y
|

CuSOy4, NaAsc
= -BuOH:H,O:THF=1:1:1 N=
rt, 24 h o} 0, =

Total yield 61%
1-1:1-2:1-3: 154 Q.. P N/O Q. ~, @
= \:;K/O O/—ﬁil 3 fo) N:N
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Scheme 7: Separately distributed CUAAC compounds from pentaerythritol branching alkyne realized by Chen et al.'*

We decided to employ 1,2-isopropylidene ketal to lock the diols,"* and the compound can be further
propargylated for CUAAC shown in Scheme 8. The deprotected di-branched motif introduces building
blocks on the same structure.

i. NaH _
HO OH o B -
X + )j\ p-TsOH, CH(OEt); H0:><:O>< iii. /\ r _ 0:><:0><
HO OH DMF, 40°C o
HO o THF, 0°C tort,18 h o o
Pentaerythritol Acetone 8 = 0

Scheme 8: Synthesis of di-branching pentaerythritol derivative 9.

3.2.2 pB-Cyclodextrin scaffold

Cyclodextrins (CDs) are probably the most famous family of host molecules in the scientific and industrial
fields. They are cyclic oligomers of glucose linked by a-1,4 glycosidic bond, corresponding to the
cyclodextrin containing 6, 7 or 8 units of glucose, denoted as a, f and y-CD, respectively. As shown in
Figure 45, these three CDs all feature a toroidal truncated-cone topology, where a-1,4 glucose units fit
into chair conformation, orientating the hydroxyl groups to the outer space. The wider diameter side
(secondary alcohols) of the toroidal truncated cone have the double of the number of hydroxyl groups
than the narrower side (primary alcohols). Because of C-H3 and C-H5 pointing inside of the cavity, the
inner nanometric cavity is hydrophobic and the outer region is hydrophilic, enabling the encapsulation of
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organic molecules into aqueous solutions. This feature makes it prevalent in the host-guest system
construction, drug delivery related to pharmaceutical or biomedical applications.™*

Secondary side
KL
et

Apolar Cavity

Figure 45: Functional structural scheme of @-CD (n = 6), 5-CD (n = 7) and y-CD (n=8). Bottom: Geometric dimensions of
cyclodextrins.143

Among the three variants, 5-CD is the most widely described in literatures due to its low cost and suitable
cavity size for different applications. Here, we also focus on the functionalization of f-CD as the
multivalent scaffold for linking several dyes into multichromophoric structures. It should be pointed out
that the multivalent CDs also involve a large number of covalently-linked CDs such as dimers or
oligomers."* This PhD thesis lays the emphasis on the functionalization of single CDs.

According to the reported classification method, the functionalizations can be divided into four face-
selective CD-scaffolded glycocluster categories: primary face-anchored jellyfish-type glycoclusters,
secondary face-anchored skirt-type glycoclusters, dual-face substituted bouquet-type glycoclusters and
hyperbranched star-type CD glycoconjugates.*®

By direct functionalizations of the primary alcohols, secondary alcohols or both of them, the former three
types can be easily categorized. The last star-type CD glycoconjugates require the preparation of
dendronized branches which enables the total structure to sustain the symmetrical star-type arrangement
surrounding the cyclooligosaccharide core while increasing the valency as well. The prepared branches
often occupy the dendron linkers starting from pentaerythritol scaffolds mentioned in last section.

The classification is based on the intrinsic reactivities of three hydroxyl groups on the 2, 3, 6-position. The
OH-6 on the primary face is the most nucleophilic. The OH-2 on the secondary face is the most acidic
hydroxyl group, which can form reactive oxyanions. The OH-3 on the secondary face is the most
inaccessible one, which is the least reactive position.142

Jellyfish-type glycoclusters. The primary face-anchored jellyfish-type glycoclusters (Figure 46) are the
most common multivalent CDs described in the literatures. The jellyfish-type CDs retain the entrance for
the proper guest molecules to the internal cavity, favored to drug delivery designs that require strong
peripheral chemical supports. Generally speaking, the jellyfish-type CDs are functionalized on the primary
alcohol sides, which have 7 hydroxyl groups in the case of -CD. The selective substitution of primary
hydroxyl groups is easily and efficiently accessed by the halogenation. The per-6-substitued or heptakis-6-
substitued 5-CD derivatives are the most common ones, including the sulfur nucleophile coupling, the
amide-coupling and CuAAC.”® %> % %151 The CUAAC is an efficient route to connect the azido 5-CD and
corresponding alkynes. For the azide preparation, once the halogenated 8-CD is obtained, it is easy to
prepare the azido 8-CD by azidation with the sodium azide.® The secondary hydroxyl side is often
modified to increase or decrease the solubility in certain solvents, usually with methoxy or acetyl groups.
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Figure 46: General structure of jellyfish-type §-CD with CUAAC functionalization.
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To start with per-(6-azido)-f5-CDs, several CuUAAC reactions have been reported successfully by our group
and other research groups. The yields of the reaction are in the range of 62% to 92% using different
copper sources, solvent pairs, or secondary alcohol substituents.’”®****> The DCM,- -CD reported by Jiao
et al.™ is a good example of multi-DCM synthesis in Figure 47. The compound further shows its
potentials for host-guest assembly in a hierarchy construction. However, in order to further increase the

multivalency of the system, different protocols need to be developed beyond the seven slots provided.
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Figure 47: Structure of the hepta-DCM appended [-CD reported by Jiao et al.®?

Apart from homogenous glycoclusters, there are examples of heterogeneous glycoclusters. In the case of
CUAAC, Santoyo-Gonzalez group reported that per-(6-azido)-5-CD reacted with fGal and dansyl reactants
and generated a mixture (Scheme 9)."*° However, the (m,n) ratio is not controllable.

92



\\S//
A O e P
P 2/ N e NN \t
=z Z i | ] ]
+ o \f/
/V‘\
Dansyl - N
(EtO3)P-Cul 90°C
DMF MW 15 min
O\\S//O
= . N/Y\H/ ~ ‘/’\\\ /’\\\\
NtN/ \N:N NN
. 7
Dansyl _N_
m
© e 7
(oH)7 (OH)?

Scheme 9: Synthesis of fluorescence labelled multivalent B-CD conjugates via CUAAC as a case of heterogeneous heptavalent
glycoclusters. The resulting products are in the mixture form.™°

Skirt-type glycoclusters. On the other side, the skirt-type glycoclusters are functionalized at the face of
secondary hydroxyl groups. In principle, the reactivities of OH-2 and OH-3 are different, thus the selective
functionalizations are both possible. The functionalizations of hydroxyl groups require prior protection of
the primary hydroxyl groups. Usually, due to the weak reactivity of OH-3, the functionalization on the
secondary face possesses seven slots on the OH-2 positions. However, Ling et al. ** reported 14-
substituted 3-CDs (Figure 48).

O’\—‘ OH
p . /NO HOT rOH

N

CH } iy e~

O s 4 ; NQ —%=, " S8
% ;\? W HRES

Q (o} ° HO HO // \ \
\:K-——O 2 OH HO\% NN Skirt-type

Figure 48: The general structure of skirt-type f-CD with CuAAC functionalization.

Bouquet-type glycoclusters. The bouquet-type glycoclusters are functionalized on both the primary and
secondary faces. However, due to the lower reactivity of the OH-3, the 14-valent 3-CDs are more
commonly reported. In the framework of CuAAC applications, Compain et al. reported one bouquet-type
B-CD clicked with iminosugars with a yield of 44% (Scheme 10)."** Laterly, the same group reported the
same B-CD clicked with a long chain sugar with a yield of 83% under the same conditions.™® 21-Valent
bouquet-type glyococlusters are accessible in the report of Vargas-Berenguel group (Scheme 11)."’
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Although the result is based on the Sonogashira reaction, the scaffold was a 21-propargylated CD, which
is capable of occurring the CuAAC reaction. In taking all the OH-positions on the §-CD scaffold into
consideration, 21-valent glycoclusters can be seen as the limitation.
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Scheme 10: Synthesis of bouquet-type 14-valent glycoclusters by Sonogashira155 and CuAAC ligation chemistries."”*
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Scheme 11: Synthesis of the 21-valent bouquet-type glycocluster.lss’ 17

Hyperbranched glycoclusters. After digging all the potentials of the §-CD itself, the other way to increase
the multi-valencies is to modify the branching units. Multiconjugation of CDs with dendronized branches

allows increasing the total valency of the gylcocluster. The reported hyperbranched CD glycoclusters are
mostly based on the primary face functionalized CD (Scheme 12), 58 1 14510
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Scheme 12: Synthesis and general structure of §-CD-scaffolded hyperbranched homo- and heteroglycoclusters by thiourea-
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forming reactions.
The key point to construct the hyperbranched glycoclusters is to obtain a dendritic linker that connects
the multiple functional units and possesses an interface to the readily CDs. The pentaerythritol mentioned
in the last section plays a perfect role here in our frameworks. It can drive three "arms" of branched units

and keep one alcohol for the conjugation interface. Many other groups use it as a hyperbranched
amplifier for bioactive molecules. ©°% 1 14> 1€
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3.3 PRINCIPLES OF MOLECULAR DYNAMICS SIMULATIONS

3.3.1 Classical molecular dynamics

The classical molecular dynamics (MD) simulation is a common computational technique employed in a
large variety of theoretical studies. MD simulations are much favored to model biological molecules and
materials for studies related to protein bindings, conformational changes, surfactant effects, surface
reactivities, etc. In short, the computational approach allows the observation of molecular motions and
their time evolution.
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Figure 49: Computational molecular dynamics (MD) approaches, positioned along the dimension and the timescales of the
system under investigation.

In Figure 49, the available computational approaches are listed and linked to their corresponding
timescales and dimensional scales. The quantum chemical approaches and the ab initio molecular
dynamics (AIMD), recently appeared and involving quantum chemistry, allow the observation of some
chemical reactions during the total system motion, focusing on the chemical reaction processes, e.g.,
chemical bond cleavage/generation. The dimension and the timescale cannot be too large, due to the
computational power requested for such calculations.

The classical all atoms MD simulations are the most commonly used in studies related to conformational
dynamics and motions of big molecules: DNA, RNA and proteins within a decent size. However, these
systems usually require very long-time simulations or many times of simulations with different starting
points. The data amount is growing exponentially in order to collect enough events. For studying the
protein folding, docking, aggregation, or polymers, fibers, surfactant diffusions, biological assemblies, MD
simulations derive coarse-grained simulations accelerated by machine learning or deep learning
techniques to enhance the propagation for the timescales.'®" *** Mesoscales are referring to the real life
sized substances and materials over thousand nanometers. Traditional computational chemistry is not
capable of resolving these materials, usually demanded in industrial fields. The computational methods
need to address the chemical and physical mesophase formation, such as dissipative particle dynamics,
lattice Boltzmann, etc.'®> **

The classical MD simulations are based on the Newton’s equation of motions, in the framework of the
classical mechanics. The results of MDD simulations are the lists of atomic positions and the velocities as a
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function of time. The method to describe the relationship between the energy and the corresponding
conformation (atomic locations) is called force field. According to Born-Oppenheimer approximation in
the quantum chemistry region with a great simplification on the calculations in electrons, the energy of
one molecule can be approximately viewed as the function of all atoms positions which compose the
whole molecule in the space. The energy of the molecule will change according to the conformational
evolution. The force field is one way to describe it. However, the force field is sourced from empirical
formula of the experiments. Compared to the ab initio quantum calculations, it is undoubtedly much
rougher but saving much more computational time/cost. The force field generally contains the description
of the following items:

Etotat = Ebonded + Enonbonded
Ebonded = Epbond + Eangle + Edihedral

Enonbonded = Eelectrostatic + EvanderWaals + -

The bonded part Epongeq includes the bond stretching, angle bending and the dihedral angle distorting the
structure of the molecule in the force field, generally indicating the covalent bonds. Most force fields
model them by quadratic energy functions, which do not allow bond cleavages except for the specific
reactive force field ReaxFF.*® The other nonbonded part Enonbonded iNCludes the electrostatic interactions,
van der Waals forces, and the coupling corrections. Some additional corrections are also pre-included in
most force field, e.g., the mandatory planarity of aromatic rings to avoid undesirable torsions. The
development of the force fields has been derived into various families to fit the most popular fields of
research, i.e., protein sciences and material sciences.

The multichromophoric systems studied in this dissertation are all organic molecules, therefore the
general AMBER force field (GAFF) was used as the force field to study their conformational changes.
AMBER force field has been developed by the Peter Kollman group'®® and is suitable for proteins, nucleic
acids and large biological molecules. The GAFF extends the parameters for all organic molecules
composed of C, N, O, H, S, P, F, Cl, Br and |, fitting the demands for pharmaceutical molecules. The
functional form is express as:

Va
Epair = Z K (r — req)z + 2 Kg(@ — Heq)z + Z > [1+ cos(ngp —y)]

bonds angles dihedrals
Aij  Bij  qiq;
T LR TR TeR,
i<j ij ij 9]

The 1,4 and 6, are equilibrium structural parameters; K., Ky, V, are the force constants; n is multiplicity
and y is the phase angle for torsional angle ¢ parameters; the A, B, q characterize the non-bonded
potentials. The constitution is effectively divided by the bonded and the unbonded part. The first term
(summing over the bonds) expresses the energy between covalently bonded atoms. The second term
(summing over the angles) expresses the energy related to the angles of covalently bonding atoms. The
third term (summing over dihedrals) expresses the energy of bond torsions. The fourth term (double
summing over i and j) expresses the non-bonded energy between atom pairs.'*® **’

The force field is complete for the molecular descriptions with the required parameters and generally
applicable to organic chemical species. According to the benchmarks reviewed, GAFF can also provide
similar performance on organic molecules to the more costly force fields.'®® **°* The MD simulation part
described in this work were carried out with the GAFF and a restrained electrostatic potential charges
calculation of a larger functional to improve the accuracy of the results.

Canonical ensemble (NVT, substance N, volume V, temperature T conserved) and isothermal-isobaric
ensemble (NPT, substance N, pressure P, temperature T conserved) were applied gradually to the
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systems. The equilibrium and the production states are generated by NPT ensemble to simulate the
laboratory condition with open flask to the ambient temperature and pressure.

In the framework of this dissertation, the classical MD simulations were used to model the solvated
multichromophoric systems (2DCM), linking the random conformational movement of the molecules and
the variations of intramolecular FRET. Following the MD simulation trajectories, the time-dependent
intramolecular FRET efficiency can be calculated, following the donor-acceptor pair distance and the
orientation factors.

3.3.2 Trajectory based clustering analysis

MD trajectories qualitatively reveal the variations of geometries, which are the keys to understand the
high or low intramolecular FRET efficiencies occurring between neighboring chromophores. However, to
describe the composition of the conformations, we need some analytic tools to quantify and visualize the
meaningful information from the MD data.

MD simulation generates huge amount of data, including over thousands of atoms moving simultaneously
as a function of time. The challenge is to extract the molecular motions responsible for FRET processes,
distinct from the vast range of “background noise”. The multivariant data are treated with either
simplification on data or classification with features.

For the trajectories obtained by MD simulations, we first implemented the clustering analysis to visualize
clusters of conformations. This analysis is supported by the VMD clustering plugin or the gmx cluster in
GROMACS toolkit. Clustering analysis is the typical classification or grouping method to divide the original
data into clusters with same qualities.

In practice, one of the most often used clustering algorithm applied to MD trajectories is based on the
root mean square deviation (RMSD) analysis."”® This method was implemented to compare the atomic
displacements in a 3D geometry of two conformations. The RMSD by time evolution reflects the structural
changes in a MD trajectory, as shown in the following equation:

n
1 2
RMSD(v,w) = ZZ((vix —win)? + (viy —wiy)” + (i — wi,)?
i=1

The RMSD results are given in A or nm. The toolkit will compare all the mutual RMSD of all snapshots
sampled by time. A RMSD cut-off distance will be defined by the user to determine the cluster
membership, i.e., the grouping size defined to count the number of neighbors. By comparing the variance,
the largest quantity of similar snapshots will be extracted and isolated from the next cluster, to identify
the second largest group. By this mean, the energy minimum of the zone A, B, C, D, can be obtained. The
largest group is not necessarily the global minimum. In practice, the trajectory snapshots are all aligned
with one snapshot by RMSD algorithm at the beginning of the work.

3.3.3 Principal component analysis (PCA)

The amount of data generated by the MD trajectories is huge. Considering the atomic movements in the
space, e.g., 2DCM in the MD trajectory, it is a 146-atoms molecule, and it then has 146 X 3 =438
dimensions in a 3D space. Then the movements are multiplied by the time with an interval of sampling
steps, to constitute the trajectory data. Additionally, the 2DCM molecule is surrounded by 1500 THF
molecules, which are also free to move in time. Therefore, we need to reduce the dimensionality to
analyze the data.
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Principle component analysis (PCA) is one of the most important concepts in mathematical statistics. And
it is the simplest multivariate technique to reduce the dimensionality of complicated sets of data. The PCA
allows us to reduce the dimensions down to single digit level and provides the feature information as
much as possible. 2DCM was treated with PCA to extract the free energy landscapes (FEL) and better
visualize all the composition of the conformations.

3.3.3.1 Principles of PCA

The main idea of PCA is to maximize the variance among the variables and project them down to the
lower dimensionality, where you can concentrate the most useful information. It utilizes the orthogonal
linear transformation to treat the set of data and projects into so-called “principal components” (PCs).
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Figure 50: (a) lllustration of the treatment of PCA to the data points down to PC1 X PC2. (b) The dots in 3D space get PCA
treatments down to the PC1, PC2 and PC3, respectively.171

As illustrated in Figure 50, the procedures to perform PCA are quite simple and clear:

1. Move the coordinate axis to the center of the data set and rotate the coordinate axis to maximize the
variance of the data on the axis. The coordinate axis then is called PC1, the first principal component.

2. The second PC, PC2, is obtained by finding the axis which has the zero covariance with PC1, avoiding
the data overlapping, and again maximizing the variance on this axis.

3. Repetition until PCn.

From the methodology we can see that PCA can preserve the features which contribute to the variance,
and it is sensitive to data pretreatment.

3.3.3.2 Free energy landscape (FEL)

The free energy landscape analysis is the cornerstone to investigate proteins. In our case, it certainly
facilitates the understanding of the structural flexible geometry of the 2DCM molecules. The FEL analysis
is drawn based on PCA as the data input from the equilibrium MD simulation. The FEL AG () is expressed
as
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where kg is the Boltzmann constant; T represents the temperature; P(x) is the probability distribution
and x, refers to some reference states. The FEL is related to the probability of the various states: the
metastable states are distributed in low free energy regions while the barriers between the metastable
state regions should account for the transition states.
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Figure 51: Schematic 1D and 2D representations of a FEL. The 2D scheme shows the pathway links between metastable states
which cannot be visualized with the 1D scheme.

As shown in Figure 51, when the FEL is plotted in a 2D scheme, the pathway link relationships can be seen
by means of a simple network model. The 2D or 3D FEL is a useful indication on the conformational
changes. In addition, the FEL is not only available for PCA, but also for other dimensionality reduction
treatments, such as the Markov state model (MSM, see next section).

3.3.4 Markov state models (MSMs)

The MSM is a stochastic model used to solve probability related problems. For example, the “random
walk” is a special case of Markov chain, which is the simplest MSM. MSM assumes that the future states
depend only on the current state, not on the historic events. The history independent property is called
Markov property (or Markovian). Therefore, such an assumption can be used to compute or rationalize
the predictive and probabilistic modelling.

In the field of MD simulations, the MSMs are growing and become an increasingly powerful framework
for analyzing the data and setting up the transition probabilities inside the metastable states in the field
of computational biochemistry and biophysics. They are used to study protein folding, unfolding, and

aggregations, in Alzheimer’s disease related fields, or the mechanisms against SARS-Cov-2, for instance.’*
175
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Figure 52: The chronological summary of major improvements to the MSM implementations in MD simulation fields.'®

Starting from the emerging dimensionality reduction approaches, the MSM has entered the practical
stage, especially with the time-lagged independent component analysis (tICA) as the dimensionality
reduction. After that, the scoring system combined variational evaluation (VAC)*”’, and cross validation
with training sets debuted as reliability improvement. Currently, with the rising influence of the deep
learning and machine learning fields, the neural networks data training approaches are emerging as the
next generation of analysis methods in this domain.'’®

For the 2DCM molecular system, which is much simpler than the large protein structures, the mature tICA
dimensionality reduced MSM provides satisfying results. In the frame of my PhD dissertation, MSM was
implemented with the PYEMMA code package and the tICA integrated in the code package.'”

tICA has been used as the dimensionality reduction method from 2013 in the implementation of MSM.**
As a sub-category of the independent component analysis (ICA), tICA has been first introduced and
evolved since 1994.7> 8182 |t originally serves as a solution to the blind source separation problem,
where the correlation matrix and the time-delayed correlation matrix are used to distinguish the
superimposed signals. It computes the optimal linear projection for approximating the slowest relaxation
processes, providing the eigenvalues and eigenfunctions. In MD simulation, tICA is used as a
preprocessing step, as well as PCA, to reduce the size of the state space by projecting the dynamics onto a
lower number of coordinate axes. Unlike maximizing the orthogonality in PCA, tICA maximizes the
uncorrelated autocovariances by the assigned lag time 1. The tICA projection results in finding the slowest
process among the dynamics. For example, as shown in Figure 53, one set of data was generated by a
stochastic process which would typically spend a long time in one of the two clusters before it jumps to
another state. We are interested in the metastable states during the process. The PCA analyzed the data
set coordinate vector in red and tICA is shown in black.
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Figure 53: The difference between PCA and TICA. The top and bottom plot show the x-and y-component of the system,
respectively, the plot on the right is the resulting main principal component vector and the main TICA coordinate.’®
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From Figure 53, we can clearly see that the PCA is along the direction of the maximal variance in the data
extending from the (0,0) to the maximum (x,y)-coordinate. In this example, PCA is not very informative for
resolving the rare events which may be critical. Oppositely, tICA successfully identifies the slow reaction
coordinate. Taking the temporal information into account, the x-coordinate projection preserves the slow
process while eliminating the fast stochastic noise. The identification of the slow processes in the MD

data is important to provide the approximations to the eigenvalues and eigenfunctions of the Markov
operators. In the following content, we plot the 2D FELs based on the tICA.
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Figure 54: Schematic representation of four-state hidden MSM for adenine trinucleotide.'®® Nucleotides are colored according to
their position in sequence (red, 1; blue, 2; yellow, 3). Percentages indicate the equilibrium population of each state; the widths of
arrows are proportional to the transition rates between the states. Shading indicates the distribution of the simulation data
projected on the plane defined by two leading tICA components. Figure reprinted by American Chemical S.ociety.185

As shown in Figure 54, Pinamonti et al.® demonstrated the predictions on the kinetics of RNA
oligonucleotides using MSM with tICA. The implementation shows the transition rates of well-
distinguished states of the adenine trinucleotide and their morphologies in a highly visualized way.

In our research, the interactions between photochromes and fluorophores are important topics to
investigate. Especially, the FRET requires the D-A pair distance and orientation factor parameters, which
depends on the molecular geometries. By utilizing MSM with tICA, the good separation of molecular
geometry types and the understanding of their transition rates among the different geometries are
undoubtedly useful.
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Abstract: Multichromophoric systems showing both fluorescence
and  photoisomerization are fascinating, with  complex
interchromophoric interactions. The experimental and theoretical
study of a series of compounds, bearing a variable number of 4-
dicyanomethylene-2-tert-butyl-6-(p-(N-(2-azidoethyl)-N-methyl)
aminostyryl)-4H-pyran (DCM) units are reported. The photophysical
properties of multi-DCM derivatives, namely 2DCM and 3DCM, were
compared to the single model azido-functionalized DCM, in the E
and Z isomers. The (EE)-2DCM and (EEE)-3DCM were synthesized
via the click reaction. Steady-state spectroscopy and photokinetics
experiments under UV or visible irradiation indicated the presence of
intramolecular energy transfer processes among the DCM units.
Homo- and hetero-energy transfer processes between adjacent
chromophores were confirmed by fluorescence anisotropy and
decays. Molecular dynamics simulations for 2DCM were carried out
and analyzed using a Markov state model, providing geometrical
parameters (orientation and distance between chromophores) and
energy transfer efficiency. This work contributes to a better
understanding and rationalization of multiple “energy transfer
processes occuring within multichromophoric systems.

Introduction

Multichromophic molecules and assemblies are envisioned as a
promising category of functional building blocks to be applied in
light-harvesting materials, optoelectronic devices, adjustable
polymers, or supramolecular systems.! Multichromophores
containing a large number of chromophores enable specific
features in a wide range of fields. For example, the
multichromophores including photochromic moieties
(multiphotochromic compounds) and fluorophores can exhibit
photoswitchable  colors, high-contrast fluorescence via
resonance energy transfer (RET), and they can serve as
multidimensional logic gates —or induce multiple states
supramolecular structural rearrangements. ¢ 2

Besides applications involving structural changes or multi-logic
gates, several reports highlight the use of photoisomerizable
units, such as azobenzenes, in multichromophoric systems to
enable non-linear optical features.! Some studies were reported
about photoisomerizable chromophore-chromophore
interactions, whereas most of them focus on the changes in the
mechanical forces of films or crystalline solids, or the
electronically or conjugationally influencing structures.”! As far

as we know, photoisomerizable fluorophores included in large
multichromophoric systems have not been explored to date.

Figure 1. (a) E-Z photoisomerization reaction of DCM and (b) structures of
2DCM and 3DCM derivatives with each DCM unit being in the E form.

4-Dicyanomethylene-2-tert-butyl-6-(p-(N-(2-azidoethyl)-N-

methyl)aminostyryl)-4H-pyran (DCM) derivatives represent one
category of photoisomerizable fluorophores with a donor-rn-
acceptor character, as previously reported by our group.® The
double-bond isomerization can be induced by light, leading to
the interconversion between the emissive E-form and the non-
emissive Z-form. Several DCM analogues have been
investigated,’® demonstrating their efficiency, fatigue resistance,
and ability to serve as brightly emissive molecular photoswitches.
Since the DCM molecule shows both fluorescence and
photoisomerization properties, we could expect interesting
interactions by Foérster resonance energy transfer (FRET)
processes and following, novel optical features, when merged
together in larger molecules. Therefore, we designed a series of
DCM-based molecules, from the single model chromophore,



DCM, to more sophisticated structures, 2DCM and 3DCM,
where two and three parent azido DCMs are connected together
via a central flexible dendritic linker by the cooper (l)-catalyzed
alkyne-azide  cycloaddition  (CUAAC) reaction.®!  The
corresponding chemical structures are shown in Figure 1, where
all the DCM units are represented in the E-form. Such a design
strategy offers the possibility to consider further functionalization
with other molecular systems.

In this work, we report on the synthesis, photophysical and
photochemical investigations of the 2DCM and 3DCM
multichromophoric compounds, which are compared to the DCM
model chromophore, by means of steady-state absorption
spectroscopy, time-resolved  fluorescence, fluorescence
anisotropy, and photokinetics experiments. The photophysical
properties of the series were investigated, and the comparison
of their respective photokinetics under UV and visible irradiation
could reveal the interchromophoric interactions existing among
the DCM units. At the theoretical level, molecular dynamics (MD)
simulations were performed on the 2DCM molecule, which is a
well-representative derivative to investigate both homo-FRET
and hetero-FRET processes, followed by Markov state model
(MSM) implementation to unravel the correlation between the
molecular conformational changes and their impact on the FRET
efficiencies.

Results and Discussion
Synthetic protocols and molecular structures

The design of functional dendritic architectures with well-defined
structures is a very active an exciting field of research, and
many multichromophoric systems have been synthesized with
dendrimers or dendrons bearing large numbers of
chromophores.l With the aim of gathering several independent
DCM units, two dendritic linkers 2 and 3 with two and three
propargyl groups respectively were firstly prepared (Scheme 1).
Compound 2 was obtained after di-O-propargylation of
isopropylidene acetal protected pentaerythritol 1,8 while 3 was
synthesized according to the reported procedure.” CuAAC
reaction of 2 with (E)-DCM under microwave irradiation led to
2DCM as pure (EE)-isomer in 82% yield, by shielding the
ambient light during the whole synthesis procedures. For the
synthesis of 3DCM, compound 3 was firstly reacted with (E)-
DCM under microwave activation, followed by azidation with
sodium azide in the presence of catalytic amount of sodium
iodide in DMF at 80 °C. the (EEE)-3DCM was obtained in 37%
total yield from 3.
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Scheme 1. Synthesis of (EE)-2DCM and (EEE)-3DCM.

(E)-DCM was an orange red crystal, whereas (EE)-2DCM and
(EEE)-3DCM were obtained as red solids. The X-ray diffraction
structure of DCM single crystals revealed its s-trans-(E)
configuration, as already described in our previous studies.’!
The s-trans-(E)-DCM is the most stable form among its four
identified isomers and conformers, with a planar structure.
However, the crystalline ability of (EE)-2DCM and (EEE)-3DCM
is not good enough to allow single crystal X-ray diffraction
analyses. When 2DCM and 3DCM are synthesized, we assume
that the DCM units adopt preferentially the s-trans-(E)
configuration, with high degrees of freedom between the DCM
units allowed by the flexible central dendritic linker.

Steady-state spectroscopy and photokinetic studies

According to our previous reports, THF was selected as the
ideal solvent, since it allows the highest photoisomerization
conversion of the DCM chromophore under irradiation, with
significant emission  properties.®® The absorption and
fluorescence spectra of DCM, 2DCM and 3DCM in their E forms
in THF are depicted in Figure 2. The absorption and
fluorescence show that the three compounds have similar
absorption and emission bands, with their maxima located at
457 nm and 588-590 nm, respectively. Table 1 presents their
molar absorption coefficient (&) at 457 nm, with increasing values
in the sequencial order DCM < 2DCM < 3DCM. However the ¢
increments are not exactly proportional to the number of DCM
units: it is only 1.8 times higher (2.6 times, resp.) higher for
2DCM (3DCM, resp.) than for DCM. The deviation from linearity
of & with the number of DCM units indicates that
interchromophoric interactions between neighbouring
chromophores exist in the multichromophoric systems. In
addition, the fluorescence quantum yield (@) was measured at
0.25 for DCM, but slightly decreases to 0.21 for 2DCM and
3DCM. Again, the decrease of @k in diluted THF may be due to
some level of intramolecular n-n stacking between the DCM
units within the 2DCM and 3DCM. It is worth noting that the
DCM chromophores are only fluorescent in their E form, not in
their Z form.Bl After irradiation at 485 nm (inducing the E—Z
forward reaction of DCM) and 335 nm (to induce the Z—E
backward reaction), photostationary states (PSS) were obtained
for the three compounds, showing a decrease of the main
absorption band at 457 nm and a clear isosbestic point at 391
nm (Figure 2), revealing that the DCM units can be considered
as simple photoswitches, either in their E or Z forms. However,
major differences on the PSS photoconversion levels reached at
485 nm and 335 nm were identified through their absorption
spectra. The absorbance ratio of the two PSS at 485 nm and
355 nm, Apss.4s5/Apss-335, measured at 457 nm, is relatively low
for DCM (0.75) which reflects its noticeable E—~Z conversion
under visible irradiation. Interestingly, the 2DCM is less prone to
be isomerized to the Z-form under 485 nm irradiation (Apss.
485/Apssass = 0.90), whereas 3DCM shows the lowest
photoconversion (Apss.ags/Apss.ass = 0.96). Obviously, the
number of DCM units has a great impact on the E-Z
interconversion by light.



Figure 2. Absorption spectra after irradiation at 485 nm (dashed lines, PSSass)
or 335 nm (full lines, PSSa3s) and emissionspectra before irradiation (dotted
lines) of DCM (pink color) 2DCM (blue color) and 3DCM (orange color), in THF.

Table 1. Photophysical properties of DCM, 2DCM and 3DCM in THF:
maximum absorption and emission wavelengths Aans and Zem, fluorescence
quantum yields @&, molar absorption coefficients at 457 nm gasznm).

Jabs "M Aem /nm @ A gasm) /L molt cmt
DCM 457 590 0.25+0.03 48700 = 600
2DCM 457 588 0.21 +£ 0.02 88400 = 1800
3DCM 457 590 0.21 +£ 0.02 128300 + 1800

[a] Emission quantum yields & were determined using Coumarine 153 in
ethanol (Pem = 0.54)11% as the standard, Aexc = 435 nm.

To further investigate the photoisomerization properties, we
carried out photokinetic experiments under similar irradiation
conditions for DCM, 2DCM and 3DCM, starting from the fresh E-
forms. Each compound was dissolved in THF solution,
continuously probed by absorption spectra, and irradiated with
visible light at 485 nm under vigorous stirring, which induced the
E—Z photoisomerization of the DCM units to reach the PSSygs.
After 45 min, a subsequent irradiation at 335 nm was applied to
trigger the reverse Z—E tranformation to the PSSsss. The
absorbance was monitored at 457 nm and corresponding time-
profiles are plotted in Figure 3. During the first sequence of
irradiation at 485 nm, 3DCM reaches the PSS equilibrium first
(c.a. 10 min) and shows a limited decrease of absorbance (AAbs
< 0.06), whereas DCM presents an opposite behaviour, with as
a large absorption change (AAbs > 0.2) but a slow photokinetics,
the PSS equilibrium not being reached after 30 min of irradiation.
2DCM exhibits intermediate properties, with a PSS reached in
20 min with an absorbance decrease of AAbs ~ 0.1. During the
second sequence of irradiation at 335 nm, the situation is similar,
with a slow (resp. fast) photokinetics associated to large (resp.
small) absorption changes for DCM (resp. 2DCM and 3DCM).
This intriguing observation that the photoconversion rate and
yield evolve in opposite ways, with a strong dependence on the
number of DCM units in the molecules, could originate in the
possible energy transfer processes that can act within
chromophores in the 2DCM and 3DCM cases.

Figure 3. Absorbance at 459 nm of DCM (pink color), 2DCM (blue color) and
3DCM (orange color) in THF, as a function of irradiation time at 485 nm and
335 nm.

As a matter of fact, spectral overlaps exist between emission
and absorption spectra of DCM, suggesting the possibility of
intramolecular FRET between neighbouring chromophores in
the case of 2DCM and 3DCM derivatives. More specifically,
Figure 4 overlays the emission spectrum of (E)-DCM with the
absorption spectra of (E)-DCM and (Z)-DCM, revealing a small
but significant spectral overlap in both cases (highlighted in red
in Figure 4). Therefore, two distinct energy transfer paths can be
expected in 2DCM and 3DCM: homo-FRET processes between
two (E)-DCM chromophores, and hetero-FRET processes
between DCM units from the E form (donor) to the Z form
(acceptor). As illustrated in Figure 4, when mutual orientations
and interchromophoric distances are favorable, both processes
can occur in the multichromophoric systems 2DCM and 3DCM.
In the case of 3DCM, the mixed model with two types of homo-
FRET and hetero-FRET occurring simultaneously is also
possible. Such intramolecular FRET pathways could explain the
differences observed in converison yields and rates for the three
DCM-based compounds. Indeed, hetero-FRET may represent
an efficient pathway leading to the deactivation of the E form
and promoting the formation of Z form excited states, which in
turn would decrease the E—Z reaction efficiency and favor the
Z—E reaction. Therefore, hetero-FRET processes are expected
to decrease the E—~Z conversion yield under visible irradiation,
but also increase the rate to reach the PSS equilibrium, through
enhanced Z—E rates. This effect would be consistently higher in
3DCM, where multiple FRET pathways are foreseen, compared
to 2DCM. In the case of 3DCM, homo-FRET between identical
DCM units in the E form (hopping mechanism), can increase the
probability to find an energy transfer route from the E forms to
the Z form (e.g. E->E—Z stepwise energy transfer sequence),
thus indirectly promoting the excitation of the Z form.



Figure 4. (a) Absorption spectra of (E)-DCM and (Z)-DCM, and emission
spectrum of (E)-DCM. Spectral overlaps are highlighted in dark and light red
colors. (b) lllustration of E<Z photoisomerization of DCM and intramolecular
energy transfer processes (homo-FRET and hetero-FRET) occuring in 2DCM
and 3DCM.

Fluorescence decays and anisotropy investigations

Fluorescence decay curves of the DCM, 2DCM and 3DCM were
recorded by the time correlated single photon counting (TCSPC)
method (Figure 5), with an excitation (resp. emission)
wavelength at 400 nm (resp. 590 nm). The emission decays of
the three compounds are not perfectly overlapping, with a more
pronounced multiexponential character for 2DCM and 3DCM.
The decay curves were fitted by a global analysis procedure
using a bi-exponential function for the case of DCM, and a tri-
exponential function for 2DCM and 3DCM, with satisfactory »°r
< 1.2. According to our previous studies, the emission arises
only form the (E)-DCM units. Only two components 7 = 0.25 ns
and » = 0.84 ns were identified for DCM can be ascribed to
different conformers of the E form, namely the s-trans-(E)-DCM
(longer decay-time z,) and s-cis-(E)-DCM (short decay-time z;).5!
An additional third component 73 = 1.90 ns was found for 2DCM
and 3DCM, associated with small contributions to the whole
decays (as < 0.07, f3 < 0.18), which can be ascribed to a certain
proportion of DCM units interacting together, through
intramolecular =-r stacking for instance, as already suggested in
the previous paragraphs. Such interactions may restrict
nonradiative deactivation pathways of the DCM units, resulting
in a longer decay time. After irradiation at 485 nm, the decay
curve of DCM remained unaffected, whereas 2DCM and 3DCM
showed slightly shortened fluorescence decays: the pre-
exponential coefficient and the fraction of fluorescence intensity
of the shortest decay-time =n (ai, f1) increased, while those of =
(a2, f.) decreased, and the proportion of the third decay

component zz remained almost stable. For 2DCM and 3DCM,
the changes in relative weights of z; and =, corresponding to the
s-cis and s-trans conformers of the (E)-DCM units, respectively,
can be tentatively explained by the conformational redistribution
of the chromophores following the relaxation process after
excitation. Since constraints from the linkers exist for the DCM
units in 2DCM and 3DCM, the s-cis<»s-trans interconversion
after the photoreaction is probably hindered by the covalent
connections, which could lead to higher proportions of s-cis-(E)
species. Unfortunately, the homo-FRET and hetero FRET could
not be confirmed by time-resolved fluorescence because: (i)
homo-FRET is basically not expected to affect the fluorescence
decays of the (E)-DCM, and (ii) the (Z)-DCM being non emissive,
the hetero-FRET from (E)-DCM to (Z)-DCM would induce a
fluorescence quenching and a strong decrease of (E)-DCM
lifetime, down to a level below the temporal resolution of our
instrumental setup (~0.03 ns).

Figure 5. Fluorescence decay curves, instrumental response function (IRF,
grey), bi-exponential (DCM) and tri-exponential (2DCM, 3DCM) curve fits
(black), and weighted residuals of DCM (pink), 2DCM (blue) and 3DCM
(orange) in THF, before and after irradiation at 485 nm (PSSass). Aexc = 400 nm,
Jem =590 nm.

Table 2. Time-resolved fluorescence parameters of DCM, 2DCM and 3DCM in
THF, before and after irradiation at 485 nm.

7 (a1, f1) w2 (a2, f2) 73 (as, fa) Local y%: @

DCM 0.25 0.84 - 1.02
(0.11,0.04)  (0.89, 0.96)

DCM irr.lP! 0.25 0.84 - 1.01
(0.11,0.03)  (0.89, 0.97)

2DCM 0.25 0.84 1.90 1.12
(0.23,0.08)  (0.74,0.84)  (0.03, 0.08)

2DCM irr.! 0.25 0.84 1.90 1.07
(0.32,012)  (0.65,0.78)  (0.04, 0.10)

3DCM 0.25 0.84 1.90 1.12
(0.27,0.09)  (0.66,0.73)  (0.07,0.18)

3DCM irr.M! 0.25 0.84 1.90 1.13
(0.39,0.15  (0.55,0.69)  (0.06, 0.16)

[a] The global #% corresponding to the global analysis of the full series of
decay curves was calculated at 1.08. [b] Irradiated samples at Air = 485 nm.



Figure 6. (Top) Fluorescence anisotropy of DCM (pink), 2DCM (blue) and
3DCM (orange) in propylene glycol at -45°C, collected as a function of
excitation wavelength (full circles) and emission wavelength (open circles).
(Bottom) Absorption (full lines) and emission spectra (dotted lines) of DCM
(pink), 2DCM (blue) and 3DCM (orange) in propylene glycol at -45°C.

Steady-state fluorescence anisotropy being a relevant method to
investigate the homo-FRET in multichromophoric assemblies, %
it was measured for DCM, 2DCM and 3DCM derivatives in
propylene glycol at -45 °C (Figure 6), which forms a vitrified
medium and freezes the molecules to avoid rotation movements
during the excitation timescale. The steady-state anisotropy (7)
of DCM reaches a level as high as 0.36 for Aexc > 410 nm, which
is very close to the maximum theoretical limit of the single-
photon excitation fluorescence anisotropy ro = 0.4. This high
value reflects the almost colinear absorption and emission
transition dipole moment of DCM: the angle g between these
transition dipole moments was calculated to be ~15° for DCM. At
Aexe < 410 nm, the anisotropy decreases down to almost zero at
360 nm, which is consistent with transition dipole moments of
higher excited states. 2DCM and 3DCM show a steady-state
anisotropy plateau value of 0.22 and 0.18 in the range 430 nm <
Aexc < 500 nm (Figure 6). This depolarization compared to DCM
clearly confirms that homo-FRET processes do occur in 2DCM
and 3DCM, the latter being more depolarized in the same
experimental condition. At longer excitation wavelength (Aexc >
500 nm), the steady-state anisotropy rises up to 0.35 and 0.30
for 2DCM and 3DCM, respectively, due to the so-called Weber's
red-edge effect: excitation in the low-energy region of the Sp—S;
electronic transition selects the DCM chromophores which are
less prone to EE homo-FRET, and as a result, leads to an
increase of the 7 value. Therefore, steady-state anisotropy
provides evidences of homo-FRET within DCM units in 2DCM
and 3DCM, and we can assume that the higher depolarization of
3DCM emission is related to larger homo-FRET efficiencies, due
to more favorable orientation arrangements of the chromophores
and/or shorter interchromophoric distances. The transition dipole
moment orientations of the DCM units within multichromophoric
architecture, and inter-DCM distance parameters are critical
parameters influencing the efficiency of homo-FRET and hetero-
FRET in these systems. However, direct and dynamic
measurements of such structural parameters are out of reach by
conventional experimental techniques. For this reason, we
decided to perform MD simulations to characterize the
geometrical parameters and their influence on the FRET
efficiencies.

Modelling of the FRET parameters of 2DCM

To examine the geometrical parameters of the DCM-DCM
interaction and their effect on the homo-FRET and hetero-FRET
efficiencies, we selected 2DCM as the simplest molecule to be
studied by MD simulations. Two models can be prepared,
representing the typical FRET patterns in dendritic
multichromophoric DCM-based molecules. The first model is the
(EZ)-2DCM configuration, where we assign the (E)-DCM as the
donor and the other (2)-DCM as the acceptor in the frame of the
E—Z hetero-FRET. Besides, the (EE)-2DCM represents a good
model to investigate the E—~E homo-FRET (the donor and
acceptor chromophores are chosen arbitrarily).

Due to the large size of the studied systems, the initial structures
for MD simulations were optimized using the mixed ONIOM
method. The DCM units were calculated using PBEO functional
and the 6-311G+(d,p) basis set while the bridge connecting the
DCM unit was treated using the semi-empirical PM6 method
(see details in Figure S1). The optimized geometries have been
built and converged in an unfolded conformation for both (EZ)-
2DCM and (EE)-2DCM - structures, as shown in Figure 7 and
Figure S1. They were packed with 1500 THF molecule by
Packmol (Figure S2),*2 and MD simulations were performed
with the GROMACS software package version 20201 using
general AMBER force field (GAFF)* from AmberTools.'S! All
the simulations for (EZ)-2DCM and (EE)-2DCM were performed
in a sequence involving the energy minimization, the equilibrium
isothermal-isobaric (constant particle number, pressure and
temperature, NPT) ensemble, and the production NPT ensemble
for 200 ns, which was validated by comparison with longer
trajectories (Figure S5 and Table S1).

MD simulations and FRET efficiency trajectories. A first
observation to the MD trajectories showed us that the DCM unit
keep their E or Z isomeric state over the whole simulation, but
could flip sometimes from s-cis to s-trans and vice versa (Figure
S3). The instantaneous values Rpa(t) of the distance between
the donor-acceptor pair and orientation factor x2(t) were
generated by the MD software toolkit from the trajectories. In this
MD section, even though energy transfer processes involve the
donor species in the excited state, we assume that the ground
state geometry of the multichromophoric systems can be used to
estimate the FRET efficiency Errer, by the equation (1):
1

Eprer = T+(Rpa/Ro)® (1)
where Ry is the Forster radius of the donor-acceptor pair,

calculated by the equation (2):

6 _ 9000xIn (10)xk?x PP
Ry = 128X XN 4xn* xJ () @

where n is the refractive index of THF, &P is the fluorescence
quantum yield of the DCM chromophore in absence of energy
transfer, J(1) refers to the absorption and emission spectral
overlap integral, Na is the Avogadro constant. The initial
geometries of (EZ)-2DCM and (EE)-2DCM are depicted in
Figure 7 and Figure S1. The Rpawas derived from the distance
between atoms closest to the mass centers of each DCM
fragment, and the transition dipole moment vectors of the (E)-
DCM and (Z)-DCM fragments at their first excited states were
calculated by TDDFT. The «(t) was then calculated through the
equation (3):

k% = (sin @y sin, cos ¢ — 2 cos By, cos H,)? (3)
where b, 0, and ¢ are defined in Figure 7.



Figure 7. (a) (EZ)-2DCM and (b) (EE)-2DCM, optimized by the ONIOM
method, and used as initial structures for the MD simulations. u,, refers the
donor transition dipole moment vector, i, to the acceptor transition dipole
moment, 6; is the angle between the two vectors, Ry, is the vector defined
between the two mass centers of the DCM units, 6, and 6, are the angles
between R, and fi;, Ry, and 7, respectively, and ¢ is the dihedral angle
between the (Rp,, fip) plane and the (Rp,, 7iz) plane.

The (Z)-DCM molar absorption coefficient was determined from
the DCM conversion rate a4, by a well-established method in our
group.® From the DCM spectra shown in Figure 4a, the spectral
overlap intergrals J(1) were then calculated for (EZ)-2DCM and
(EE)-2DCM to be 1.03x10% nm* M cm? and 5.90x10%% nm* M1
cm?, respectively. The instantaneous Eggrer(t) can be derived
from the instantaneous orientational factor #%(t) and the
interchromophoric distance Rpa(t) (corresponding histograms
and average values in Figure S4). The 200 ns trajectory of
Errer(t) for (EZ)-2DCM is shown in Figure 8a, together with the
histogram of Errer. As a result, the Egger vaues calculated for
the (EZ)-2DCM span from 0% to 100%, with an average level of
63.4%, showing that a very wide variety of geometries are

visited during the MD simulation, associated to very different
FRET efficiencies. The highest probability (largest number of
frames) corresponds to Egger in the 80-100% range, but the
statistical distribution has a very flat behaviour, with a large
contribution of events where Egrer < 10%. These extreme
regions indicate the great conformational variability of the
molecule, at the origin of the large dispersion of &* and/or R,
values. Figure 8b,d corresponds to enlarged areas of the Egrer
trajectory, their corresponding Rpa and 2 being plotted in Figure
8c,e, respectively. During some specific time-periods (58.0-58.5
ns, 183-190 ns), the Rpa values are below 1.3 nm, pushing the
FRET efficiency up to nearly 100%, except for some extremely
unfavorable orientations. For Rpa < 1 nm, the conformations of
(EZ)-2DCM are mostly in a folded geometry, as exemplified for
the geometry #3 in Figure 8f, with x* close to 1 (two transition
dipole moment almost parallel to each other). When the
interchromophoric distance is in the interval 1.5 < Rpa <2 nm, i.e.
58.5-61.0 ns in Figure 8b-c, the &2 starts to control the Efrer
level, the higher the #?, the higher the Errer. The geometry #1
displayed in Figure 8f presents a folded structure, but an
unfavored orientation of the DCM units («* ~ 0) leading to an
absence of hetero-FRET. When the Rpa becomes higher than
1.5 nm, the &2 fully dominates the FRET efficiency shape: the
Erre trajectory synchronizes the 2 one in Figure 8b-c, showing
identical trends (two tendency dashed lines in the range 59.2-
60.7 ns, where Rpa > 2).

Figure 8. (a) MD trajectory of (EZ)-2DCM hetero-FRET efficiency Errer () during 200 ns, and corresponding histogram of Errer distribution. (b, d) Enlarged areas
of the Errer (t) trajectory in the time intervals 58-61 ns and 175-190 ns. (c, €) Enlarged areas of the Roa(t) (navy blue) and () (yellow) trajectories corresponding
to (b, d), respectively. (f) Three selected typical geometries of (EZ)-2DCM, indicated by green vertical bars in (b-e), with green and violet arrows representing the
transition dipole moments of the donor (E)-DCM and the acceptor (Z)-DCM units, respectively. Their corresponding FRET efficiencies are marked in the insets.
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The unfolded conformation #2 shown in Figure 8f highlights the
typical situations where both large DCM-DCM distance and
almost perpendicular orientation prevent the FRET process.

In the case of (EE)-2DCM, the MD simulation provides similar
trajectories (see Figure S6), with even higher levels of homo-
FRET efficiency throughout the whole trajectory length, resulting
in an average Egrer value as high as 87.8%. In a first approach,
the larger homo-FRET efficiency compared to hetero-FRET
efficiency is essentially due to the higher spectral overlap, J(4)
being almost six times larger (vide supra). From the histogram
shown in the Figure S6, most frames contribute to Errer Over
90%. The enlarged areas of the (EE)-2DCM trajectory highlight
that the orientations and distances of the DCM fragments are
rarely unfavorable to the homo-FRET. Several examples of
conformations have been selected in Figure S6, and even the
unfolded form can reach an Egger value of 55% since the
transition dipole moments are favorably parallel.

Concerning the interchromophoric distance between the DCM
units, Rpa, the Table 3 lists three categories, counting the
situations (frames) where Rpa < 1, 1< Rpa <2 and Rpa > 2. It
provides a synthetic picture of conformations in the two
trajectories. The Rpa < 1 region of (EZ)-2DCM reaches 91.5%
average Ergrer and reaches 98.5% in the case of (EE)-2DCM.
This region can be viewed as mostly dominated by the
interchromophoric distance, since even unparallel orientations
are still favorable to FRET processes. In the intermediate 1 <
Rpa < 2 region, the average Errer Of (EZ)-2DCM decreases
substantially (64.7%) whereas it remains at a high value in the
case of (EE)-2DCM (92.3%). When Rpa > 2, the average Egger
drops down in both cases (23.2% and 61.5% respectively), and
the «2 starts to control the Egrer level, as described previously.
Therefore, the MD simulations confirm that hetero-FRET and
homo-FRET processes can take place within chromophores of
(EZ2)-2DCM and (EE)-2DCM, and the trajectory-based
instantaneous FRET analysis reveals that the completely folded
conformation is the most favorable to FRET, which can reach
almost 100%. Based on the above statements, we further
continued statistical implementations on the MD simulation data
to identify the most representative geometries using the principal
component analysis (PCA) method (Figures S7-8). More
interestingly, connections between the main conformations
found by PCA of (EZ)-2DCM and (EE)-2DCM, can be revealed
by the Markov State Model (MSM) method, as detailed below.

Table 3. Average energy transfer efficiency value (Errer) classified as a
function of the interchromophoric distance (Rpa), extracted from (EZ)-2DCM
and (EE)-2DCM MD simulation trajectories.

average Errer

Roa<1 1<Rpa<2 Rpa>2
(EZ)-2DCM 91.5% 64.7% 23.2%
(EE)-2DCM 98.5% 92.3% 61.5%

Markov State Models (MSMs) of 2DCM. To further rationalize
the conformational changes occuring during the trajectories
produced by MD simulations, we built the MSM for both
trajectories, corresponding to (EZ)-2DCM and (EE)-2DCM. The
MSM reveals the important intermediate states from the MD

simulation data and their mutual relationships. The analysis was
carried out using the PYyEMMA package.*®! The MD trajectories
were taken into a time-lagged independent component analysis
(tICA), and featurized by the software. The tICA maximizes the
autocorrelation of the linearly transformed coordinates by a lag
time 7, finding a maximally slow reaction in the MD simulation
corresponding to the lag time of the input parameter as the first
independent component (IC). This method allows to identify all
conformational components even with insufficient sampling. A
lag time of 1 ns was selected for each trajectory (for time lags
longer than 1 ns, the timescale curves level off, for both (EZ)-
2DCM and (EE)-2DCM, as shown in Figure S9). Furthermore,
the Chapman-Kolmogorov tests for the two MSMs show that the
lag time 1 = 1 ns model accurately predicts the behaviors at
longer timescales. The resulting 2D and 3D free energy
landscapes (FELs) of (EZ)-2DCM and (EE)-2DCM
configurations along their first and second independent
components are shown in Figure 9. The principal component
analysis (PCA) was carried out, as shown in the Figures S7-8.
The 200 ns trajectories for both 2DCMs have rather low cosine
contents of the first two principal components (PCs): (EZ)-PC1 =
0.03, (EZ)-PC2 = 0.06, (EE)-PC1=0.16, (EE)-PC2 < 0.01, which
indicates an acceptable sampling of this duration.

The MSMs were obtained with 200 microstates using k-means
clustering method and further lumped into 6 metastable states
using the Perron cluster analysis (PCCA+) method, respectively.
These metastable states were clustered to extract the major
conformations of (EZ)-2DCM and (EE)-2DCM, as depicted in
Figure 9a,c with several colors. The locations of the
representative conformations from the metastable states are
marked on the 3D FELs. The MSMs with transition pathways
and pathway percentages on 2D FELs are displayed in Figure
9b,d.

In the (EZ)-2DCM MSM (Figure 9a-b), the main transition
pathway starts from the unfolded form EZ-A, transits through the
completely folded EZ-3 and EZ-4, and finally ends with the more
compact rolled EZ-B, with a total pathway percentage of 75%.
Another pathway, counting for 21%, omits the EZ-3, getting
twisted conformations directly (EZ-2) and then converges into
EZ-4 and EZ-B. We can clearly observe that this is a process
which continuously shrinks the interchromophoric distance. The
EZ-A unfolded types generally correspond to Rpa > 2, whereas
the most compact EZ-1 and EZ-B have Rpa < 1, as visualized in
the last section, and the intermediates have geometries with 1 <
Rpa < 2 frames. Consequently, the average FRET efficiency
increases along the pathways. The other minor routes with lower
fluxes follow the same pattern as well, with decreasing Rpa from
the unfolded conformations, thus improving the Errer along the
path.

On the (EE)-2DCM side (Figure 9c-d), the situation is different.
The unfolded forms EE-3 are the most probable intermediates
during the process, and the MSM indicates a “folded
conformations” — “unfolded conformations” — “single folded
conformations” chain. The single folded conformations (EE-2 or
EE-4) converge into the EE-B, for about 83% of the pathway flux.
The pathways are based on the shift of the single folded and
folded conformations via the unfolded conformations. Besides,
other paths omitting the unfolded EE-3, directly through EE-2
and EE-4, can occur as well. In addition, 8% pathway flux is
induced by the rolled folded types from the starting EE-A.



Figure 9. (a) tICA based on 200 ns MD trajectories of (EZ)-2DCM and (b) its tICA-FEL visualized MSM. (c) tICA based on 200 ns MD trajectories of (EE)-2DCM
and (d) its tICA-FEL visualized MSM. The k-means clustering method generated 200 microstates that are lumped into 6 metastable states by the PCCA+
algorithm. The metastable states trajectories are clustered to extract the major conformations in six colors, which correspond to the labels in the transition
pathway maps. The size of the labels and the arrows in (b, d) correspond to their proportional coarse-grained fluxes. The percentages of transition pathways are

listed above each MSM in (b) and (d).

We explored the MD simulation trajectories with both MSM
(tICA) methods (and PCA, see Figures S7-8), extracting the
pathways along the typical conformations of 2DCM. The
representative conformations in the FELs can be categorized
according to their Rpa, which are in turn related to the FRET
efficiencies. In the case of (EZ)-2DCM, the evolution process
from the unfolded forms to the completely/rolled folded
conformations results in nearly 70% enhancement of the FRET
efficiency. (EE)-2DCM undergoes an increase of FRET
efficiency by 30% as long as its Rpa starts to shrink. Connected
to the fluxes and pathway percentages of MSMs, the
conformational fluctuation causing FRET efficiency variations in
THF solution can be deduced.

Conclusion

We have synthesized and characterizeda series of DCM-based
molecules, namely DCM, 2DCM and 3DCM, to serve as first
specimens and models of photoisomerizable multichromophoric
assembies, and to investigate their behaviors under irradiation.
Although possessing very similar absorption and emission
spectral features, lower photoconversion yields and faster
photokinetics were observed for 2DCM and 3DCM compared to
DCM, which originate from intramolecular energy transfer
processes. The homo-FRET was demonstrated to occur, By
means of steady-state fluorescence anisotropy, an increasing
depolarization of the emission was observed for 2DCM and
3DCM, demonstating the occurence of homo-FRET within the
systems. Although time-resolved fluorescence cannot determine
precisely the hetero-FRET, we selected the 2DCM molecule as



a model to carry out MD simulations in two different states, (EZ)-
2DCM and (EE)-2DCM. Thanks to the MD simulations, we could
rationalize the connections between the FRET efficiency, the
interchromophoric distances, orientation factors, explaining the
reasons of the FRET fluctuations in time. Statistically, higher
efficiencies FRET were identified for homo-FRET (87.8%
average) than for hetero-FRET (63.4% average). The MSMs
methodology and the statistics based on FELs, related to the
MD simulations data, provided the main transition pathways
among the structural conformations. In summary, we elucidated
the strong FRET dependence on the molecular conformational
changes. We can conclude that the photoisomerizable
multichromophoric molecular architectures based on DCM
chromophores are prone to be strongly affected by
intramolecular energy transfer processes (homo- and hetero-
FRET), with tuneable properties under irradiations. The future
designs on multi-DCM systems should take into account the
structural and geometrical factors (distances, orientations) to
achieve desired performances.

Experimental Section

Materials. The synthetic protocols of DCM, 2DCM and 3DCM are given
in the Supporting Information. All commercially available compounds and
solvents are purchased from Sigma-Aldrich affiliated to Merck KGaA,
Carlo Erba Reagents, TCI chemicals and Acros Organics affiliated to
Thermo Fisher Scientific without further purifications. 1H-, 13C, COSY,
HSQC NMR data were acquired by JEOL ECS-400 spectrometer with a
broadband probe. Spectroscopic measurements were performed with
spectroscopic grade solvents from Carlo Erba Reagents and Sigma-
Aldrich affiliated to Merck KGaA.

Steady-state spectroscopy. Absorption spectra at room temperature
were recorded using Agilent Cary-4000 or Cary-5000 UV spectrometers.
Fluorescence emission and anisotropy data were measured with Horiba
Jobin-Yvon Fluorolog-3 spectrofluorometer equipped with polarizers in
excitation and emission. Quartz cuvettes with a 1 cm path length were
used. Fluorescence emission quantum yields were determined using
Courmarine 153 in ethanol (®Pem = 0.544) as the reference. Steady-state
anisotropy was recorded by means of the Iw, Ivi, lnv and Iun
measurements (V, vertical, H, horizontal) of the sample at -45 °C in
propylene glycol, after calibration of the polarizers with a Ludox
scattering suspension.

Photoisomerization studies. Irradiation experiments were performed at
room temperature, with a Hamamatsu Hg-Xe lamp LC8 (Lightningcure
200 W) excitation source. The desired wavelengths were selected using
appropriate Semrock interferential filters at 335 nm and 485 nm. The
incident lamp power was measured by means of an Ophir PD300-UV
photodiode, subtracting the residual NIR contribution from the total value.
Photoisomerization kinetics were determined using a home-made setup
allowing the collection of absorption spectra at high rates under
continuous irradiation. A Xenon lamp (75 W) was used as a probe light
source placed at 90° with respect to the irradiation beam. Spectra were
recorded every 0.2 seconds, with a spectrometer coupled with a CCD
(Roper Scientific and Princeton Instruments, respectively).

Time-resolved fluorescence spectroscopy. Fluorescence decay
curves were obtained by the time-correlated single-photon counting
(TCSPC) method. The setup is composed of a titanium sapphire Ti:Sa
oscillator (Spectra Physics, Mai Tai) emitting pulses of 100 fs duration for
the fundamental laser beam, at 80 MHz frequency. The repetition rate is
reduced down to 4 MHz by a pulse picker which implements an acousto-
optic modulator. Non-linear SHG crystals generate the desired

wavelength (GWU Lasertechnik, UHG-23-PSK), then the beam is
directed to the sample solution after adjusting the excitation power with
an intensity attenuator filter wheel. Fluorescence photons are detected at
90° through a polarizer at the magic angle and a monochromator, by
means of a micro-channels plate photomultiplier (MCP-PMT R3809U-50,
Hamamatsu), connected to a TCSPC module (SPC-630, Becker & Hickl).
Fluorescence decays were finally processed with the help of the global
non-linear least-squares minimization method including reconvolution
analysis (Globals, Laboratory for Fluorescence Dynamics at the
University of California, Irvine).

Quantum chemical geometry optimizations. The DCM and DCM units
in the 2DCM and 3DCM were optimized by density functional theory
(DFT) by using Gaussian 16 software package.l'”) The 2DCMs were
optimized by the ONIOM strategy in Gaussian 16, partitioning DCM units
into DFT and the dendritic linker part into PM6 semi-empirical functional.
PBEO was used for all DCM and DCM units at 6-311G+(d,p) basis set
level. IEFPCM solvent model of THF is used. The optimized geometries
were taken into the MD simulation input set-ups.

Molecular Dynamics (MD) simulations. The MD simulation inputs were
based on the geometries optimized in quantum chemistry level. The
electrostatic potentials of 2DCMs were calculated at B3LYP/def2-SVP
level of theory by following the restrained electrostatic potential (RESP)
procedure. Each configuration of 2DCM was encapsulated with 1500
THF molecules by Packmol program,!? setting the mutual distance
tolerance limit at 2 A, and modelled by AmberTools™s! with general
AMBER force field (GAFF).* The MD simulation was carried out using
GROMACS software package version 2020. 213 trajectories of (EE) and
(EZ) configured 2DCM were obtained. All trajectories were written every
5 ps for analysis. The production ensembles use the leapfrog integrator
with the step size of 2 fs, a reference temperature at 298 K, a reference
pressure at 1 bar.

Molecular Dynamics (MD) analyses. The 2DCM trajectories were
pretreated by GROMACS toolkit (principal components analysis, PCA).
The covariance matrix and following eigenvalues, eigenvectors were
generated and calculated by GROMACS toolkit or PyYEMMA. The all-
trajectory clustering was realized in VMD.'®l The MSM was obtained
from the MD simulation data by analyzing with program PyEMMA.[1¢] The
MD simulation data of 2DCM coordinates was estimated by computing a
time-lagged independent component analysis (tICA). The Markov State
Model (MSM) was validated by the methods provided from PYyEMMA,
including the implied timescale test and Chapman-Kolmogorov test
(Figure S10). The free energy landscapes (FELs) were drawn in Wolfram
Mathematica. After getting the probability density P(x), we apply the
equation below to calculate the Gibbs free energy with Boltzmann
constant Ka.
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1. General experimental

Commercially available solvents and reagents were used without further purification. The
reactions carried out under anhydrous conditions were performed under argon. DMF and THF
were previously dried through alumina or molecular sieves cartridge using a solvent purification
system from MBRAUN SPS-800. Reactions were monitored by TLC on Silica Gel 60F-254 plates with
detection by UV (254 nm or 365 nm) or by spraying with 10% H,SO4 in EtOH and heating about 30
s at 400-600 °C.

Column chromatography purifications were performed on silica gel or with a CombiFlash® Rf+
purification system using RediSep’ RF or RF Gold normal phase silica columns with UV-Vis
detection.

Microwave reactions were realized in a reactor of 30 mL sealed with a septum using a Monowave
300 microwave synthesis reactor from Anton Paar GmbH.

'H and 3C-NMR spectra were recorded on a JEOL ECS-400 spectrometer (399.78 MHz for 'H, and
100.53 MHz for 3C) equipped with an auto-tunable broad band probe. Chemical shifts (8) are
reported in part per million (ppm) relative to the residual solvent pic or Si(CHs)s.22 Coupling
constants are reported in Hertz (Hz), and the attribution of the signals is given with the following
abbreviations: s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet), br (broad).

HRMS (ESI) spectrum was recorded on a Q-TOF mass spectrometer by the "Fédération de
Recherche" ICOA/CBM (FR2708) platform. The adducts are described as in the specific literature.?

L H. E. Gottlieb, V. Kotlyar, A. Nudelman ; J. Org. Chem. 1997, 62, 7512-7515.

2G. R. Fulmer, A. J. M. Miller, N. H. Sherden, H. E. Gottlieb, A. Nudelman, B. M. Stoltz, J. E. Bercaw, K. |. Goldberg ; Organometallics 2010, 29, 2176-
2179.

3 H. Tong, D. Bell, K. Tabei, M.M. Siegel ; J. Am. Soc. Mass Spectrom. 1999, 10, 1174-1187.
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2. Synthetic procedures

Synthesis of compound 2

2,2-Dimethyl-5,5-bis((prop-2-yn-1-yloxy)methyl)-1,3-dioxane (2)

>< 1) NaH, THF 0:><:0><
> < — B
HO = ' _ P d

¢°Ctort,18h — /
0%

To a solution of compound 1*° (114 mg, 0.65 mmol) in THF (10 mL), sodium hydride (60%
dispersion in mineral oil, 2.4 equiv.) was added in portions under argon at 0°C. After addition, the
reaction mixture was stirred for 30 min, propargyl bromide (80% in toluene, 6 equiv.) was added
dropwise to the reaction mixture which was then stirred at room temperature for 18 h. Saturated
NH4Cl ag. was added to quench the reaction and the reaction mixture was extracted by ethyl
acetate (20 mL) for 3 times. The organic layer layers were combined and washed with brine, dried
over anhydrous MgSQy, filtered and concentrated. The crude product was purified by CombiFlash®
chromatography with an eluent of petroleum ether and ethyl acetate (8:1) to afford 2 as a
transparent liquid (147 mg, 90%). *H NMR (400 MHz, CDCls): 6 (ppm) = 4.14 (d, J = 2.3 Hz, 4H, CH>),
3.75 (s, 4H, CH>), 3.53 (s, 4H, CH;), 2.43 (t, J = 2.5 Hz, 2H, C=CH), 1.41 (s, 6H, CH3). 3C NMR (100
MHz, CDCl3): 6 (ppm) = 98.27, 79.85 (Cq); 74.46 (C=CH), 69.29, 62.66, 58.77, 38.87 (CH;); 23.83
(CHs). m/z [M+Nal* calcd. for [C14H20NaO4]*: 275.1254; found 275.1254.

Synthesis of compound (EE) 2DCM

N
CcN N Ne
NC { _ N ¢\ Ni_\" ;N
N3 - \l \/l_\0
\ A \ N/—/ N >< :>< CusO,-5H,0, NaAsc :><:0><
o \ o] THF:H,0= 3:1, MW 110°C, 30 min— 0o o
= 0 N S
(F)-DEM 2 74 p /4 _/ w=N
ne—¢

N (EE)-2DCM

Compound 2 (33 mg, 0.13 mmol), (E)-DCM® (2.2 equiv.), CuS04-5H,0 (0.4 equiv.) and sodium
ascorbate (0.8 equiv.) were added together in a mixed solvent THF/H,O (4 mL, 3:1, v/v) to a
microwave reactor tube (glass, 30 mL). The reaction mixture was kept irradiated with microwave,
holding at 110°C for 30 minutes. After the reaction mixture returned to room temperature, it was
poured into 0.1 M EDTA aqueous solution. The mixture was extracted with ethyl acetate (30 mL)
for 3 times. The organic layers were combined and washed with brine, dried over anhydrous
MgS0O4 and filtered. After evaporation of the solvent, the crude product was purified by

4 C. M. Murgufa, S. E. Vaillard, R. J. Grau, Synthesis 2001, 7, 1093-1097.

>V. Percec, P. Leowanawat, H.-J. Sun, O. Kulikov, C. D. Nusbaum, T. M. Tran, A. Bertin, D. A. Wilson, M. Peterca, S.
Zhang, N. P. Kamat, K. Vargo, D. Moock, E. D. Johnston, D. A. Hammer, D. J. Pochan, Y. Chen, Y. M. Chabre, T. C. Shiao,
M. Bergeron-Brlek, S. André, R. Roy, H.-J. Gabius, P. A. Heiney, J. Am. Chem. Soc. 2013, 135, 9055-9077.

6 K. Ouhenia-Ouadahi, R. Métivier, S. Maisonneuve, A. Jacquart, J. Xie, A. Léaustic, P. Yu, K. Nakatani, Photochem.
Photobiol. Sci., 2012, 11, 1705-1714.
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CombiFlash® chromatography with dichloromethane and ethanol as eluent (gradient, 100:0 to
90:10, v/v) to afford (EE)-2DCM as red powder (113 mg, 82%).

'H NMR (400 MHz, CDCls): 6 (ppm) = 7.50 (s, 2H, triazole-H), 7.43-7.41 (m, 4H), 7.33 (s, 1H), 7.29
(s, 1H), 6.63 (d, J = 8.8 Hz, 4H, CHa/), 6.62-6.60 (m, 2H, CH=), 6.53-6.49 (m, 4H, CH=), 4.60 (t, J = 6.2
Hz, 4H, CH;), 4.56 (s, 4H, CH>), 3.94 (t, J = 6.0 Hz, 4H, CHz), 3.66 (s, 4H, CHz), 3.43 (s, 4H, CH_), 2.88
(s, 6H, NCH3), 1.37 (s, 18H, t-Bu), 1.36 (s, 6H, CHs). 13C NMR (100 MHz, CDCls): & (ppm) = 172.08,
160.02, 156.91, 149.89, 145.52 (Cq); 137.98, 129.97, 123.55 (CHar); 115.82, 115.71 (Cq); 114.02
(CHar); 112.10, 105.95, 102.58 (CH=); 98.37 (Cq); 69.65, 64.96, 62.91 (CH2); 58.32 (Cq); 52.56, 47.69
(CHy); 38.89 (CHs), 36.83 (Cq, t-Bu); 28.28, 23.88 (CH3). HRMS (ESI-HRMS): m/z [M+H]* calcd. for
[CeoHesN1206]*: 1053.5458; found 1053.5454.

Synthesis of compound 4

= J ‘/a/\@
03 CO G Cl pCM-azide, CuSO,5H,0, NaAsc . N/\/NJ_‘ o’_\o cl
— _ THF/H,O (311), MW 110 °C, 30 min, 78% N\/‘N’\_/ \_(‘N’\/N N
~ ~Z
4 NE S 28
Q=

NaNj;, Nal, DMF, 80 °C, 18 h, 47%

N:=N
‘W //\
/\/N\)_\O o 0 N

o] Q
sy 78 on
I NN N=N NN
[ I~
{EEE)-3DCM

Compound 37 (50 mg, 0.14 mmol), (E)-DCM (3.3 equiv.), CuS04-5H,0 (0.4 equiv.) and sodium
ascorbate (0.8 equiv.) were added together in a mixed solvent THF/H,O (4 mL, 3:1, v/v) to a
microwave reactor tube. The reaction mixture was kept irradiated with microwave, holding at
110°C for 30 minutes. After the reaction mixture returned to room temperature, it was poured
into 0.1 M EDTA solution. The mixture was extracted with ethyl acetate (30 mL) for 3 times. The
organic layers were combined and washed with brine, dried over anhydrous MgSO4 and filtered,.
After evaporation of the solvent, the crude product was purified by CombiFlash® chromatography
with dichloromethane and ethanol as eluent (gradient, 100:0 to 90:10, v/v) to afford compound 4
as a red powder (170 mg, 78%).

H NMR (400 MHz, CDCls): 6 (ppm) = 7.53 (s, 3H, triazole-H), 7.43-7.41 (m, 6H), 7.32-7.27 (m, 3H),
6.63 (d, J = 8.8 Hz, 6H, CH=), 6.59-6.58 (m, 3H, CH=), 6.54-6.50 (m, 6H, CH=), 4.60 (t, J = 6.2 Hz, 6H,
CH,), 4.52 (s, 6H, CHz), 3.93 (t, J = 5.6 Hz, 6H, CH>), 3.70 (t, J = 6.0 Hz, 2H, CH>), 3.58 (t, J = 5.6 Hz,
4H, CH;), 3.49 (m, 2H, CHz), 3.41-3.38 (m, 8H, CH,), 2.87 (s, 9H, NCH3), 1.37 (s, 27H, t-Bu). 3C NMR
(100 MHz, CDCls): & (ppm) = 172.11, 160.05, 156.92, 149.92, 145.66 (Cy); 137.99, 129.98, 123.64,
123.53 (CHa); 115.87, 115.72 (C,); 113.95, 112.12, 105.93, 102.57 (CH=); 71.36, 71.05, 70.51,
69.29, 64.96 (CH,); 58.22 (Cq); 52.71, 47.56 (CH,); 45.37 (Cq), 43.25 (CH>), 38.82 (NMe), 36.79 (Cq),

7 R. Ribeiro-Viana, M. Sdchez-Navarro, J. Luczkowiak, J. R. Koeppe, R. Delgado, J. Rojo, B. G. Davis, Nat. Commun.,
2012, 3, 1-9.
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28.28 (CHs, t-Bu). HRMS (ESI-HRMS): m/z [M+H]* calcd. for [Cs7HesN1sOsCl] *: 1557.7498, 1558.7532;
found 1557.7498, 1558.7529.

Synthesis of compound (EEE) 3DCM

To a solution of compound 4 (136 mg, 87 umol) in DMF (5 mL), Nal (0.1 equiv.) and NaNs (8 equiv.)
were added. The reaction mixture was heated up to 80°C and stirred for 18 hours. After
completion of the reaction, the mixture was concentrated and the residue was diluted in EtOAc
(20 mL), washed successively with waterand brine, dried over MgS0.,, filtered, concentrated and
purified by CombiFlash® chromatography with dichloromethane and ethanol (gradient, 100:0 to
90:10, v/v) to yield (EEE)-3DCM as a red solid (64 mg, 47%).

'H NMR (400 MHz, CDCls): & (ppm) = 7.54 (s, 3H, triazole-H), 7.41 (d, J = 8.7 Hz, 6H, CHa,), 7.32-
7.27 (m, 3H), 6.64 (d, J = 9.2 Hz, 6H, CH=), 6.58-6.57 (m, 3H, CH=), 6.53-6.49 (m, 6H, CH=), 4.60 (t, J
= 6.0 Hz, 6H, CH,), 4.52 (s, 6H, CHz), 3.93 (t, J = 6.0Hz, 6H, CH), 3.64-3.61 (m, 2H, CH>), 3.58-3.56
(m, 2H, CH>), 3.52-3.49 (m, 2H, CH,), 3.42-3.39 (m, 8H, CHy), 3.33 (t, J = 5.2 Hz, 2H, CH>), 2.87 (s,
9H, NCH3s), 1.37 (s, 27H, t-Bu). 3C NMR (100 MHz, CDCl3): 6 = 172.07, 160.04, 156.88, 149.90,
145.61 (Cq); 138.01, 129.95, 123.60, 123.42 (CH=); 115.84, 115.72 (C4); 113.88, 112.07, 105.85,
102.48 (CH=); 71.05, 70.55, 70.08, 69.91, 69.25, 64.91, 58.02 (Cq); 52.65, 50.82, 47.51, 45.33 (Cy);
38.76 (NMe), 36.73 (Cq), 29.79 (CH3), 28.22 (CHs, t-Bu) ppm. HRMS (ESI-HRMS): m/z [M+H]" calcd.
for [Cs7H9sN210sg]*: 1564.7902, 1565.7936; found 1564.7915.
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3. Molecular Dynamics (MD) Simulations
Optimized geometries of (EZ)-2DCM and (EE)-2DCM

Figure S1. ONIOM optimized initial geometries of (a) (EZ)-2DCM and (b) (EE)-2DCM at the {PBEQ/6-
311G+(d,p):PM6} IEFPCM:THF level. The molecular fragments represented in the tube mode (resp.
wire mode) were optimized at the DFT level (resp. PM6 level).
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Solvent cubic box with (EZ)-2DCM

Figure S2. Packmol encapsulated (EZ)-2DCM with 1500 THF molecules in a cubic box.

Explicit THF molecules were encapsulated with unknown density together with the 2DCMs. The
cubic box after the energy minimization was still not similar to the volume observed in the
equilibrium state. The cubic box starts simultaneously to compress with the NPT ensemble to the
THF density with the constant tau-p = 0.2 ps and 1 bar reference pressure. Finally, we obtain a
cubic box with proper density around 0.889 kg L at 298K.

To describe the electrostatic interactions, periodic boundary conditions (PBC) were imposed, a
Verlet cut-off of 12 A was considered and the Particle Mesh Ewald (PME) coulomb type was used.
For each box, NPT ensembles were run for more than 5 ns with the time step of 2 fs. The
production runs are taken after the NPT equilibriums during a total time of 200 ns.
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MD data analysis for (EZ)-2DCM and (EE)-2DCM

Figure S3. (a, c) MD trajectories of dihedral angles of central C=C double bond controlling the E&Z
photoisomerization of each DCM unit and (b, d) MD trajectories of dihedral angles of the C-C
single bond controlling the s-cises-trans interconversion of each DCM unit, for (a, b) (EZ)-2DCM

and (c, d) (EE)-2DCM.
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Figure S4. (a) 200 ns (EZ)-2DCM R4 histogram and fitted norm density. (b) 200 ns (EZ)-2DCM k>
histogram and fitted norm density. (c) 200 ns (EE)-2DCM R, 4 histogram and fitted norm density.
(d) 200 ns (EE)-2DCM k2 histogram and fitted norm density.
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MD trajectories and related data analyses

Figure S5. Comparison of Rpa histograms of (EE)-2DCM recorded from 200 ns and 350 ns

trajectories, respectively.

Supporting Information

Table S1. Time-duration of MD simulations and corresponding average parameters.

Configuration
(EE)-2DCM
(EE)-2DCM
(EZ)-2DCM
(EZ)-2DCM
(EZ2)-2DCM
(EZ)-2DCM
(EZ2)-2DCM
(EZ2)-2DCM
(EZ)-2DCM

Time duration
200 ns
350 ns
100 ns
200 ns
300 ns
450 ns
600 ns
750 ns
900 ns

Avg. Rp,
1.407 nm
1.446 nm
1.476 nm
1.446 nm
1.451 nm
1.404 nm
1.448 nm
1.437 nm
1.392 nm

Avg. K2
1.043
1.019
0.740
0.814
0.820
0.761
0.795
0.786
0.775

Avg. Egger
87.8%
85.7%
61.4%
63.4%
64.0%
65.6%
64.6%
64.7%
66.5%
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Figure S6. (a) MD trajectory of (EE)-2DCM homo-FRET efficiency Erger (t) during 200 ns, and
corresponding histogram of Egrer distribution. (b, d) Enlarged areas of the Egrer (t) trajectory in the
time intervals 70-73 ns and 145-150 ns. (c, e) Enlarged areas of the Rpa(t) (violet) and #%(t) (green)
trajectories corresponding to (b, d), respectively. (f) Three selected typical geometries of (EE)-
2DCM, indicated by yellow vertical bars in (b-e), with violet and yellow arrows representing the
transition dipole moments of the donor (E)-DCM and the acceptor (E)-DCM units, respectively.
Their corresponding FRET efficiencies are marked in the insets.
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Free-energy landscape (FEL) based on principal components analysis (PCA)

Figure S7. Free-energy landscape (FEL) based on principal components analysis (PCA) of a 200 ns
trajectory of (EE)-2DCM. The represented geometries correspond to each energy valley.
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Figure S8. Free-energy landscape (FEL) based on principal components analysis (PCA) of a 200 ns
trajectory of (EZ)-2DCM. The represented geometries correspond to each energy valley.
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Implied timescales for the Markov model of (EZ)-2DCM and (b) (EE)-2DCM

Figure S9. Implied timescales for the Markov model of (a) (EZ)-2DCM and (b) (EE)-2DCM. The error
bars are 95% confidence intervals estimated using the reversible transition matrix sampling
algorithm. The unit of steps has the reduction formula: 100 steps = 1 ns.

Chapman-Kolmogorov test curves of (EZ)-2DCM and (b) (EE)-2DCM

Figure S10. The Chapman-Kolmogorov test curves obtained by 6 macrostates of (a) (EZ)-2DCM and
(b) (EE)-2DCM. Where “i — i” represents the coincidence degree between the predicted proability
of the MSM and the simulation probability in i*® macrostate. The unit of steps has the reduction

formula: 100 steps = 1 ns.
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4. NMR spectra

NMR spectra of compound 2 in CDCl;
2,2-Dimethyl-5,5-bis((prop-2-yn-1-yloxy)methyl)-1,3-dioxane (2)

9.0

i BcNMRcpdl,

80

60
1

50

4.0

30

Figure S11. 'H (top) and *3C (bottom) NMR spectra of compound 2 recorded in CDCl; respectively
at 400 MHz and 100 MHz.
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NMR spectra of compound (EE)-2DCM in CDCl;

Figure $12. 'H (top) and *3C (bottom) NMR spectra of compound (EE)-2DCM recorded in CDCl3
respectively at 400 MHz and 100 MHz.
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NMR spectra of compound 4 in CDCl;

Figure S13. 'H (top) and *3C (bottom) NMR spectra of compound 4 recorded in CDCl; respectively
at 400 MHz and 100 MHz.
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NMR spectra of compound (EEE)-3DCM in CDCl3

Figure S14. 'H (top) and *3C (bottom) NMR spectra of compound (EEE)-3DCM recorded in CDCl3
respectively at 400 MHz and 100 MHz.

18/18



3.5 SYNTHESIS DETAILS OF MULTI-DCM CcOMPOUNDS

3.5.1 Preparation of dendritic linkers

The tri-branching dendritic linker was firstly targeted. Initially, we tried monosilylation with tert-
butyldimethylsilyl ether (TBDMS) according to the reported method."** As a result, we have obtained the
mixture of 10 and 11 (Scheme 13). The TBDMS protected diol and triol were further propargylated into L3
and 13, respectively. The TBDMS groups were removed with tetrabutylammonium fluoride (TBAF) to
result 6 and 14. The 6 alcohol was functionalized with bis(2-chloroethyl) ether. The total yields of 14 and 7

are 24% and 14%, respectively.
HO OH HO:><:OTBDMS H0:><:0TBDMS
+
HO:><:OH HO OH HO OTBDMS

Imidazole, TBDMSCI

Y

DMF, rt, 18 h
Pentaerythritol 10, 21-31% 11,46%
i. NaH _
" ///\Bf o) OTBDMS ) OTBDMS
10 or 11 I or ><
THF, 0°Ctort, 18 h 03 Co o) OTBDMS
= = =/
12, 75-92% 13, 76%
TBAF - 3H,0 03 Co“ o 03 COH
12 or 13 >
THF, 0°C tort, 18 h o o o OH
= = =
6, 58-80% 14, 68%
i. Bu,NHSO,
NaOH 50% (w/v) :—\ /\
AN O o o o} Cl
6 ii. ClI CI‘ >< \ /
45°C,18 h o] o
=/ =
7,58-62%

Scheme 13: Initial route to prepare the di-branching and tri-branched dendritic linkers 14 and 7, respectively.

Generally, the whole scheme works well from the pentaerythritol according to the reported methods.
However, the first step was greatly restricting the amount of following compounds and the total yields. In
addition, a purification problem occurred to the 14 follow-ups.

To improve the synthesis, we changed the synthetic method to another reported protocol to
obtain L5 directly, accompanying the tetra-O-propargylated compound 5 (Scheme 14)."*°

__\

) OH o

HO OH :

> < /\Br 3 equiv. >< . ><
> 0 o 0

HO OH
DMSO, NaOH 40% (w/v)
rt, 20 h

[

Pentaerylthritol 6, 45% 5, 24%

Scheme 14: Preparation of tri-O-propargyl and tetra-O-propargyl dendritic linkers 6 and 5, respectively.

The synthesis of 6 according to the Scheme 14 reached 45% yield, which is comparable to the yield of 23%
obtained by the first method (Scheme 13). In addition, we obtained 6 just by one step. With the addition
of 9 equivalent propargyl bromide to the pentaerythritol, no improvement of the yield of 6 was observed.
In fact, we obtained the same ratio (about 2:1) of 6 and 5.
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We have also tried the synthesis of di-O-propargyl compound 9 through the protection of the diol as the
isopropylidene acetal, followed by O-propargylation (Scheme 15).

i. NaH, 2.7 equiv.

HO OH o

3 C . )l\ p-TsOH, CH(OEt), .~ HO o . ///\Br 4 equiv.
HO OH DMF, 40°C
HO o

THF, 0°C tort,18 h

Pentaerythritol Acetone 8, 39% 9, 90%

IL JI

Scheme 15: Preparation of di-O-propargyl dendritic linkers 9.

In summary, we have synthesized di-, tri- and tetra-O-propargylated linkers 9, 7 and 5, respectively.

3.5.2 Preparation of §-CDs

To obtain more valencies, the f-CD as platform has been explored. As the chromophore units will be
functionalized as azido forms of higher multivalent molecules, the propargylated $-CDs are required. As
the first trial, a jellyfish-type seven-unit propargylated $-CD was proposed with the elongation by the
"click reaction" approach. We firstly synthesized the per-6-bromo- and per-6-azido-5-CD 15 and 16
(Scheme 16). 25 was prepared by action of triphenylphosphine and bromine on the §-CD which was
converted to the azido-CD 16 by nucleophilic substitution with sodium azide (Scheme 16). Compound 16

was then protected with acetyl groups 17 to facilitate the purification and solubility in organic solvents.”*
186-188

OH Br
HO © 0, Br O 0
oho oo
OH) oH)
HO' OH Br
° HO, HO HO
OH
o 0o o OH °

2 OH

HO B-CD Ph;P 18 equiv., Br, 18 equlv' Br \ 15, 74% g

DMF, 0°C to 80°C, 18 h OH

o
OH

OH OH Br

OH (o} OH OH OOH o

OOH OOH
Br
(o)
Br
N3 N3

N3

OHO HO R
OH R
o) o fo) (o]
i OH R =0Ac
15 Nal, NaN; 21 equiv. N3 16. 93% [} Ac,0, DMAP N3 R
—_—_— H i —_— 17 0,
DMF, 80°C, 18 h 00 OH! pyridine R - 86% R
o
'OH N R
3 N3
OH
o OH OHO o o R R OR o
OQoH OR
N
3 o Ny o
N; N3

Scheme 16: Preparation of the per-6-azido -CD 17.

In order to obtain O-propargyl-functionalized CD on the primary face, we decided to realize the click
reaction of the azido-CD 17 with propargyl or homopropargyl alcohol to prepare 18 or 20, respectively,
then introduce the propargyl functions through the O-alkylation reaction (Scheme 13). However, the 18
and 20 cannot be isolated by organic extractions. After washing with EDTA, 18 and 20 were dried and
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processed to the O-propargylation reaction.

Unfortunately, we didn’t find 19 and 21 in the final reaction
mixtures after purifications (Scheme 18).

HO

N__N
A o R N~
HO — o R (o]
—N R = OA«
Cus0,5H,0, NaAsc N=R d R
S o

HO'
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R
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R |
% R o=f° N:">_\—QH
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N-n
N’ \20//%/
= N
N
i\
N
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OH
OB
\
o
-
N N—
™ 4
N o o o
RO &
R —
]
. NN
J R N
(o] R o
N=N R=0Ac "
i, NaH /\0 N R o
19 R
i ///\Er o
THF, 0°C 18h Y
, 0°C to rt, R o _
° ROR R O N=y o
Ney \e//%/ =
N/ o
=

Scheme 17: Tentative synthesis of 18 and 19.
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R
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i, NaH R o
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THF, 0°Ctort, 18 h

Scheme 18: Tentative synthesis of 20 and 21.

Then we decided to prepare per-2,3-O-propargyl B-CD by using a reported method."* The synthesis starts
from the 3-CD by using TBDMSCI to protect the primary hydroxyl groups (Scheme 19).'*

OH
OH HO

HO
HO o 0
OHOHO o OH
Ok
o

HO HO OH
OH
o) o
oH R =TBDMS
HO B-CD o TBDMSCI 12 equiv.

22, quantitive
OH OH Pyridine, 0 to rt, 72 h q
o
OH
OH
) OH ongifo o OH
OOH
HO HO
o

OH OH

Scheme 19: Preparation of the TBDMS-protected 5-CD 22.

The TBDMS protection resulted in per-6-O-TBDMS- $-CD with a quantitative yield as a white transparent
solid 22. 22 then reacted with 28 equivalents propargyl bromide (2 equiv. propargyl bromide/OH) to
obtain the 14-O-propargylated -CD 23 in 53% yield (Scheme 20). After desilylation with TBAF in THF, the
final target 24 has been isolated in 88% yield as a pale-yellow powder.
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Scheme 20: Preparation of $-CD 24 with all O-propargyl groups on the secondary face.

3.5.3 Preparation of multi-DCMs

The azido DCM (DCM-azide), and propargyl DCM (DCM-o-alkyne) used in this PhD work were prepared
previously by Dr. S. Maisonneuve. We have prepared pentaerythritol derived linkers, CD-based scaffolds,
and the final targets (Figure 55) by the “click reaction”.

) Z~o o
NC. NF = NN NC. NP N=N NN D CN
1 1 1
N ,L/\/N\/\_\O S % N ,L/\/N\/)_\o D/_Q\/N\/\,L N
N oj Co N N o: :o N
cN |\/\N/\>_/ \_(\N/\/‘ cN oN ‘\/\N/X_/ \_(/\N/\/‘ CN
\ ! \ !
NE R NN =N NN eN NS Y NN =N PN eN
g} oz 0 oz
4DCM
3DCM

\ Vet
\
DCM-azide
ne ///O 7 N=!

Figure 55: Structure of target DCM series.

The full multi-DCM series of compounds is composed of DCM-azide, 2DCM, 3DCM, 4DCM and 14DCM.
The spectroscopic studies were focused on the DCM-azide, 2DCM and 3DCM.
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The same general procedures have been applied to the 2DCM, 4DCM, 14DCM and the first step of 3DCM.
The azide and corresponding alkyne are added by ratio (1 equiv. azide function/alkyne function), and the
catalyst set of copper (ll) sulfate and sodium ascorbate is always maintained at a 1:2 ratio. The reactions
are either available in heated solution for a long time (over 12 hours reflux) or in microwave reaction
lasting for at least 30 minutes. The resulted mixtures are treated with EDTA aqueous solution to dissociate
the cooper chelation. After extraction with organic solvent, final products have been obtained after
column chromatography.

I;.-\O
NC. = *<;L\L;;:“\_4/’\~|\ nN=N
=N
cN KA N/
S TN \ﬂo OH
= o P N OH
o OH 1 I N
X NCTR Cﬁ//:_\\”/'\\,)’/ N=p
%CN [} OH T )
NC — g
) 2.2 equiv. =
b ¢ N 14 A
A\ d N/ \_J . CuSO,5H,0, NaAsc
/ —_—
K =/ \ — THF/H,0, MW or reflux
~ =
’ DCM-azide o:><:o 1
=~ 0
XX 3
= NC\I:W\:/\“‘/\“[y\‘I N N
° CN g~ 4 \o

2DCM, 82%
Scheme 21: Tentative synthesis of compound 25 and synthesis of 2DCM.

We have explored two ways of synthesizing the model compound 2DCM. Unfortunately, the click reaction
of DCM-azide with compound 14 (Scheme 13) led to impure compound 25 which is difficult for
purification (Scheme 21). Reaction with compound 9 was carried out successfully to obtain the target
2DCM with a yield of 82%.

CN
NC == —
\ N3 - o o o] Cl
Mr . X,
3.3 equiv. [o] (o)
\ = —

DCM-azide 7

CuS0,5H,0, NaAsc THF/H,0, 110°C MW or 70°C reflux

]
NeAAINZ N=N
CcN | N\/)_\ /\
NN o o o ¢l
:X:
N 0 0 N
on |\/\,\\‘/\§_/ ’;‘/\/‘ on
N= =N
S N N NN Nen
0 o~

26, 78%

Scheme 22: Synthesis of trichromphoric compound 26.

The same strategy was applied to the tri-branching linker compound 7. We have obtained compound 26
in 78% yield (Scheme 22). The azido 3DCM was prepared by azidation of compound 25 (Scheme 23). This
transformation aims at eliminating potential influence from halogen atoms in the spectroscopy
measurements. 3DCM is also considered to be the dendron unit for further elongation, such as
hyperbranched-type compound.
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Scheme 23: Azidation to yield 3DCM.

The DCM-azide, 2DCM and 3DCM have an increasingly deep color along with the growing number of DCM

units, as shown in Figure 56.

1243
B

s

PIPES2)- Tl
-

%

. I

DCM-azide 2DCM

Figure 56: Colors of the solid powder compounds DCM-azide, 2DCM and 3DCM.

The tetrachromophoric 4DCM was obtained with the linker 5 in a yield of 72% (Scheme 24).

A\ = =
N3
N\ / [} 0
1\ o \ N 4.4equiv. + ><
\ _ [o] (o] _
DCM-azide 5
CuS0,5H,0, NaAsc THF/H,0, 70°C reflux
Z S0 [eXS
NC P X AA_CN

4DCM, 72%

Scheme 24: Synthesis of tetrachromophoric 4DCM.

We have tried to obtain one, two or three DCM simultaneously by varying the ratio of DCM-azide to 5 in a
one-pot reaction (Scheme 25), as some authors reported the synthesis of different ratios of click product
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by using similar reaction conditions.'”® However, in our case, the 4DCM is always the major isolated
product (See Table 3). It is consistent with the fact that the CUAAC reaction is a self-catalytic process. In
spite of the trials of all solvent pairs, the reactants themselves are speculated to be one of the reasons to
dominate the reaction equilibrium. The products cannot be controlled by the reactant ratio, which were
expected to be equivalently uncontrollable to other moieties to introduce on the scaffold. Therefore, the
synthesis trials were stopped.
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= 2 = ™ | \TN\/\ Ny a
N N=y

~o o0
NC AN v;f'\i N=N NG.. 4\_,.,4.\4 . i R PN J\ _CN
l’\ CN

W=7 — > N=N N=y ’
LT O = 1SS v S s PN &
cN % ~" v’\_/o o o L N 0 sy~ N A
L0 r O et L
Ne N7 e S NN NN NN N
-0 kO 0.

S P
28
T 4DCM, 58% <F

Scheme 25: Click reaction of DCM-azide with compound 5.

Table 3. The synthesis trials of Scheme 25.

Equiv. .
Entry (DCM-azide:linker 5) Catalyst Solvent Time 4DCM 27 28 29
. CuSO4-5H,0 CHyCl,: H,0 = 3:1 )
1 2:1 NaAsc aml 60 h Major X X X
. CuS0,-5H,0 THF : H,0 =3:2 .
2 11:1 HAsc 5mL 24 h Major X X X
3 111 CuS0,4-5H,0 t-BuOH: H,O: THF=1:1:1 2 h Major Trace X M
HAsc 6mL

The 14-valent 14DCM was synthesized from -CD 24 (Scheme 26). To reach the full reaction, the ratio of
the catalyst and the reactant DCM-azide was set to DCM-azide: CuSO,'5H,0: NaAsc: 24 = 21: 7: 14: 1.
After 90 min microwave irradiation or 4-day reflux, pure 14DCM can be obtained in 58% yield.
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Scheme 26: Synthesis of 14-valent 14DCM.
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4 CHAPTER IV — MuLTI-DAE/DCM SYSTEMS, TOWARDS FLUORESCENCE
HYSTERESIS

4.1 THE DIFFERENT TYPES OF FLUORESCENCE HYSTERESIS

In the first chapter of this manuscript, we gave a general description of the hysteresis phenomenon and
presented some previous results concerning what our group has named the “photoswitchable
fluorescence hysteresis effect”, which also gave the name to the current ANR project SWIST (SWltchable
hySteresis effecT).

Since the first observation of this complex phenomenon in the middle of the year 2012, the involved
processes of the fluorescence hysteresis is nowadays more understood by the group, but still unpublished
yet. The different molecular systems led now to a classification by type of hysteresis.

The first generation corresponds to molecular systems involving multiple intramolecular FRET between
intrinsically fluorescent photochromic units. This type of hysteresis has the advantage to have a well-
defined hysteresis shape and can be obtained with weakly fluorescent photochromic units. The previous
research work of the group, based on molecular systems containing multiple fluorescent DAE,
demonstrated the structure-property relationship by using a statistical approach for the quantification of
the FRET.

The second generation of hysteresis, discovered concomitantly by the group, utilizes two types of
photoresponsive units where it is required that at least one of them is fluorescent to ensure the FRET. In
such a type of molecular systems, the importance to involve species with a significant difference of
photokinetic rates of the photoreactions was demonstrated (ex: £/Z photoisomerization of DCM vs OF/CF
photocyclization of DAE). This is the key point to realize a fluorescence photomodulation involving a
competition between processes (FRET vs photokinetic rates). The consequence of this research work
based on a covalent association of DAE and DCM units led the group to reconsider the photoisomerization
of the DCM and the possibilities of new molecular architectures (see previous chapters).

The third generation of hysteresis was imagined and represents the convergence of the two concepts
developed by the group: the photoswitchable fluorescence hysteresis effect combined to a giant
amplification effect.® In other terms, we aim to use appropriately the intermolecular fluorescence
quenching of the giant amplification effect combined to the intramolecular non-linear fluorescence
guenching observed in the photoswitchable fluorescence hysteresis effect.
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Figure 57: Presentation of the three generations of photoswitchable fluorescence hysteresis effects proposed by the group in this
long-term project during the last decade.”

4.2 TOWARDS A NEW TYPE OF HYSTERESIS EFFECT

4.2.1 Molecular architectures

The molecular architectures presented in this chapter were designed in order to achieve the third
generation of hysteresis effect. For this purpose, we have imagined some molecular architectures able to
realize the second type of hysteresis with the previously described fluorescent and photoisomerizable
DCM unit and a new DAE unit. Compared to the DAE used in the previously described hysteresis, this new
DAE unit was designed by Dr P. Yu (ICMMO laboratory, Univ. Paris-Saclay) and synthesized by N. Baggi, by
adding a nitro group in order to make it non fluorescent and decrease its photochromic quantum yields
while retaining suitable spectral features (for FRET purpose). This new DAE unit is described in the next
paragraph 4.2.2 (Page 145). The expected impact on the hysteresis is to enlarge the gap between the
forward and the backward pathways, in addition to an increased brightness of the system.

As we have demonstrated in the previous chapter, the multi-DCMs cause the lower conversion yield of
E<>Z photoisomerization than the single DCM unit, accompanied with faster kinetics. The effect can be
ascribed to the homo-FRET (E/E) and hetero-FRET (E/Z) within neighboring DCM dyes. Consequently, it is
not proper to lay the plural DCMs together. This is the reason of the design of the dendron YN-3c which is
also an ideal model compound to understand the dendrimeric versions YN-12c, YN-42c. (See Figure 58)

The synthetic strategy of the combined DCM-DAE multichromophoric architectures is based on the CuAAC
reaction to assemble the units into a whole. The new DAE molecule DAE-azide, prepared by N. Baggi in his
PhD work (ICMMO, Université Paris-Saclay), exhibits two colors, yellow (open form OF) and green (close
form CF) in a THF solution and are spectrally compatible with the DCM, allowing spectral overlap between
the DCM emission and the DAE absorption (in CF only). According to the concept of photoswitchable
fluorescence hysteresis effect and the previous investigations made by Dr. S. Maisonneuve in the PPSM
laboratory, our target is to install more DAE units than DCM ones in the multichromophoric system.
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YN-3c

YN-12c

Figure 58: Chemical structures of YN series.

4.2.2 Spectroscopic and theoretical description of the new DAE
4.2.2.1 Spectroscopic studies
The DAE used in this work was provided by N. Baggi, PhD student at ICMMO laboratory (Univ. Paris-Saclay)

under the supervison of Dr P. Yu and Dr A. Léaustic. The molecule was denoted by its internal laboratory
number as DAE-azide and shown in the Scheme 27 in open form and closed form, respectively.

hv

N7 s

- > N s
— hv', A
N N N N
7\ I\ / 0 \
s s N S s
O,N 0NN (_)ZN/O/k 0/\/\/N3
(OF)-DAE-azide (CF)-DAE-azide

Scheme 27: The photoisomerization scheme of DAE-azide between open form (OF)-DAE-azide and closed form (CF)-DAE-azide.
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Thanks to Dr Régis Guillot from ICMMO laboratory, the X-ray structure of DAE-azide was obtained from a
single crystal and shown in Figure 59. The crystal structure indicates that (OF)- DAE-azide is in a “paralle

form in the crystal, which is considered as the inactive form for the OF «=CF isomerization according to
32,189-191

III

the reported literature.
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Figure 59: (a) XRD structure of (OF)-DAE-azide (ORTEP representation). (b) The UV-vis absorption spectra of DAE-azide under
irradiation upon 320 nm until photostationary state in THF.

The UV-vis absorption spectrum of (OF)-DAE-azide in THF shows a maximum at 322 nm. After irradiation
at 320 nm, the main absorption band of (OF)- DAE-azide decreases and a broad band rise in the red
region with a maximum around 625-665 nm, leading to a colored solution. The presence of several
isosbestic points in the UV and the visible regions suggest that the system obeys to a classical OF<>CF
photochromic transformation. These observations are representative of the typical photochromism
phenomenon for DAE, with a OF—CF cyclization reaction under UV irradiation. The quantum yields of
DAE OF«—CF isomerizations were measured on the synthetic precursor of DAE-azide, DAE-nitro (Figure
60), which was originally designed for pursuing a countertrend low efficient isomerization performance.
The demand was raised for pairing the DCM E«—Z isomerization to create the isomerization speed
contrast. According to the test from N. Baggi in PPSM, the nitro group greatly suppressed the OF—CF
quantum yield at 4% and 0.4% of the backward reaction. In addition, the modification of the ortho-nitro
group on the phenyl ring eliminates the fluorescence, where the analog with phenyl group used by Dr S.
Maisonneuve was fluorescent in Figure 57.”

solvent: acetonitrile
— A9
Dor_cr = 4%
335nm

N/ S N7 s
576 nm
: ( (DCF or = 0.4% : [ 5 :
(OF)-DAE-hitro (CF)-DAE-nitro
Figure 60: Chemical structures and isomerization quantum yields of DAE-nitro isomers.

In PPSM laboratory, we essentially studied the DAE-azide molecule theoretically with DFT and TDDFT
methods.

4.2.2.2 Theoretical studies

According to the reported literature, the parallel conformers of DAE in the OF are inactive for the
photochromic reaction.*” *>*' The two carbon atoms connected to the methyl groups are called
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“reactive carbons” in the DAE molecules as shown in Scheme 28. The measured distance of the two
carbon atoms (Cy and Cyg), d(C-C’), of (OF)-DAE-para from the XRD structure is 4.68 A, which is considered
two far away for photocyclization reaction to occur. The common d(C-C’) for photochemical reaction is
under 4 A%

10 NE/ s Dihedral rotation N’£S #, ;E
_— -

2
9 D= —_— N7 "s

17\ .
hv, A

/7 ’
s Vb2 1) ';' N N N N
=N S)\O " 1 Woag) ! \

07NN o S 10 o/\/\/NJ o NQ/QS 918 s)\©\o/\/\/h‘3
(OF)-DAE-para ) 2

(OF)-DAE-anti (CF)-DAE-azide

oO,N
Scheme 28: The interconversion and isomerization relationships among the DAE-azide species. The reference parameters include
the Cy9-C4-C4,-Cy7 dihedral angle, d(C-C’) (Co-C,g distance).

We have firstly optimized the geometries of (CF)-DAE-azide, (OF)-DAE-para and (OF)-DAE-anti with three
DFT functionals at the level of def2-SVP Karlsruhe “def2” basis sets, taking the IEFPCM:THF as the solvent
model. The PBEO and CAM-B3LYP functionals both provided satisfying results in estimating the d(C-C’) and
the dihedral angle of (OF)-DAE-para with respect to the XRD structure (See Table 4). The d(C-C’) of PBEO
and CAM-B3LYP estimations are both 4.64 A, just having a 0.04 A difference to the XRD result. The
difference of the XRD Cy4-Co-C;,-C47 dihedral angle and the PBEO result is less than 1°, which is the best of
the three functionals (See Table 4). We set the PBEQ/def2-SVP with IEFPCM:THF as the level for geometry
optimization related calculations due to the much less time cost of PBEO functional.

Table 4: Comparison of the DFT geometry optimizations with the XRD data for DAE-azide.

(CF)-DAE-azide (OF)-DAE-anti (OF)-DAE-para XRD
PBEO CAM-B3LYP wB97X-D PBEO CAM-B3LYP wB97X-D PBEO CAM-B3LYP wB97X-D
d(c-C’) (A) 1.53 1.54 1.54 3.54 3.57 3.45  4.64 4.64 4.47 4.68
Dihedral (°) 9.51 8.48 8.39 48.77  50.20  49.13 154.67  153.72 149.04  155.26
(CF)-DAE-azide TD def2-TZVP IEFPCM:THF (OF)-DAE-azide TD def2-TZVP IEFPCM:THF
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Figure 61: Calculated absorption spectra calculated by TDDFT of (a) (CF)-DAE-azide; (b) (OF)-DAE-azide of PBEO, CAM-B3LYP and
wB97X-D, respectively. All calculations were based on def2-TZVP basis set and IEFPCM:THF solvent model. Number of calculated
transitions = 30.

The TDDFT calculations were carried out based on the PBEO/def2-SVP optimized geometries, using an
improved basis set up to def2-TZVP level. As a commonly known for charge transfer type chemical
structures, CAM-B3LYP performs the best to estimate the electronic transitions of such molecules. CAM-
B3LYP provided absorption wavelengths of the first electronic transition at 318 nm for (OF)-DAE-azide,
and 650 nm for (CF)-DAE-azide, which are closed to the corresponding experimental values 322 nm and
625-665 nm range, respectively. wB97X-D shifts to 632 nm compared to CAM-B3LYP in the (CF)-DAE-azide
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absorption. PBEO systematically underestimates the transition energies on both OF and CF structures,
especially giving 780 nm as the first transition energy in (CF)-DAE-azide situation.

We have performed a screening of the possible geometries of the open form in order to investigate the
relationships among the three structures at the PBEO/def2-SVP IEFPCM:THF level, by scanning the
dihedral angle around the C-C bond connecting the central thiazole ring to the other thiazole ring of one
side-arm of DAE on both directions (See Figure 62). (OF)-DAE-para is the lowest energy form in the scan
coordinate energy profile, whereas (OF)-DAE-anti has a slightly higher energy at AE = 0.02 eV, meaning
that both conformers must be populated at room temperature. The results are consistent with the
crystalline form of (OF)-DAE-azide showing a parallel arrangement. There are non-negligible energy
barriers existing between (OF)-DAE-para and (OF)-DAE-anti along this torsion.
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Figure 62: (OF)-DAE-azide geometry scan results obtained by rotating the C-C dihedral angle (C;o-C9-C;15-Cy7). Relative energy in

blue and d(C-C’) vs. dihedral angle in red.

Through the DFT/TDDFT calculations, we have a basic theoretical verdict on the main forms of NB105 DAE
molecule. The estimations are reliable, compared to the reported literature and the experimental results.
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The calculated structures were used as starting inputs for the MD simulations presented in the following
section 4.5.

4.3 SYNTHESIS OF THE DENDRITIC STRUCTURES FOR HYSTERESIS EFFECT

4.3.1 Synthesis of the azido-dendron

In the case studies of B-CD mentioned in the paragraph 3.2.2 (Page 90), the one-pot CUAAC reaction with
both DCM and DAE will result in a blend mixture, which is difficult to isolate in a pure product.
Consequently, the numbers of DCM and DAE cannot be properly controlled. We have decided to
synthesize a trichromophoric unit, containing only one DCM moiety and two DAE moieties, with a CUAAC
capable azido functional group in order to have an important versatility for future linkages. After that, the
trichromophoric unit can be transformed into bigger systems with dendritic linkers or 5-CDs.

In the paragraph 3.2.4 (Page 135), we have already shown that the CuAAC reaction is a self-catalytic
process in the synthesis of multi-DCMs. It turns hard to obtain the non-fully occupied DCM compounds
from the linker 5 even with a small amount of DCM in Scheme 29. It is also unpredictable when
introducing the second chromophore to ensure the one alkyne to be preserved on the dendritic linker.

NC
AN

N=N
o (o] . —
: ( CuS0,5H,0; NaAsc or HAsc . eN p!,]/\/hi j—\ =

o mixed solvent, rt

I
Il
o (8)
O><O

27
Scheme 29: Tentative synthesis of mono-DCM-functionalized 27.

To circumvent the situation, a dissymmetric dendritic linker is required. For matching the azido and
propargyl functions for the CuAAC reaction, the target compounds can be prepared from the two
photoswitchable chromophores, DCM-o-propargyl and DAE-azide, as shown in Figure 63 in their E-form

and OF-form, respectively.

N7 s
N N
N/\/o\/ /Q\
S S
I O,N 0/\/\/N3
(E)-DCM-o-propargyl (OF)-DAE-azide

Figure 63: Structure of (E)-DCM-o-paropargyl and (OF)-DAE-azide.

The trichromophoric unit YN-3c was designed from commercially available 2,2-bis(bromomethyl)-1,3-
propanediol which has two bromo groups compared to pentaerythritol (Scheme 30). They can be
converted to azido group one by one according to the literature.’® According to this method, we can
convert one bromo group into azido function so as to react with DCM-o-propargyl.
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Scheme 30: Synthesis of DCM contained compound 31.

31,77%

As shown in Scheme 30, the target linker 30 was obtained quantitatively by reacting 1 equivalent sodium

azide with 2,2-bis(bromomethyl)-1,3-propanediol in DMSO. The mono-azide 30 then reacted with DCM-o-
propargyl to obtain 31 in 77% yield.

However, the subsequent O-propargylation of 31 led to a mixture of the desired compound 32 and the
mono-O-propargylated oxetane side product 33 (Scheme 31).
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Scheme 31: Synthesis of target compound 32 and byproduct 33.

The formation of 33 can be explained by an intramolecular Sy2 reaction, after deprotonation of 31 by NaH
(Scheme 31). The side product 33 is the major fraction in the presence of excess NaH. The optimization of
the reaction condition was then realized for this important intermediate for the whole synthesis. The yield
of 32 varies from 0 to 54% under different reaction conditions (See Table 5). The best yield was obtained
by adding simultaneously 2.5 equivalent NaH and 20 equivalent propargyl bromide to E1 under higher
concentration at -78°C, then reacted at room temperature (Table 5: Entry 6).
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Scheme 32: Proposed mechanism for the formation of 33.

Table 5: Optimization of synthesis of 32.

Entry Molar ratio Condition 32
31 NaH Propargyl bromide THF Temperature Yield
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1 1 (200 mg) 4 8 Approx. 10 mL 0°C30 minthenrt 18 h 6%
2 1 (159 mg) 2.5 4 Approx. 10 mL 0°C30 minthenrt 18 h 14%
3 1(97 mg) 2.5 10 Approx. 10 mL 0°C30 minthenrt 18 h 25%
4 1 (269 mg) 2.5 20 Approx. 10 mL 0°C 30 min thenrt 18 h 32%
5 1 (125 mg) 2.5 40 Approx. 5 mL -78°C3 hthenrt24 h 0%
6 1(123 mg) 2.5 20 Approx. 5 mL -78°C5mintort24 h 54%

4.3.2 Synthesis of the trichromophoric dendron

Scheme 33 presents the CUAAC reaction between 32 and DAE-azide (in a molar ratio of 1:2.05) yielding 34
in 77% yield. To avoid the heavy-atom effect from the bromide, 34 was further transformed into the azido
derivative YN-3c in 91% yield. Compound YN-3c has been fully characterized by NMR and HRMS and will
then be investigated for the fluorescence hysteresis effect.
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Scheme 33: Synthesis of YN-3c.

4.3.3 Synthesis of the dendritic architectures
We then try to prepare the dendritic compounds YN-12c and YN-42c by the click reaction between the

azide-functionalized dendron YN-3c and the tetra-propargyl linker 5 (Scheme 34) or the propargylated -
CD 24 (Scheme 35).
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Scheme 35: Synthesis of YN-42c.

During the synthesis of YN-12c¢ and YN-42c, which contain respectively four and fourteen YN-3c units,
CuAAC reactions between YN-3c and compound 5 or compound 24 resulted in red pellets poorly soluble
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in organic solvents. Washing with a large amount of a 0.1 M EDTA solution, the usual work up for washing
the organic layer, was not efficient for dissolving the reaction mixture. Only the YN-3c residues were
found in the concentrated organic extraction, as shown on 'H NMR. The remained red pellets and
precipitates were supposed to be some copper complexes due to the presence of the multiple triazole
moieties. In addition of the work up with an EDTA solution, we tried the QuadraPure® resin in organic
solvent, known to form strong chelates with metal ions and used for this purpose. The best way was
finally to realize a sonication of the precipates over 30 minutes in a mixture of ammonium solution and
dichloromethane. The solids of target compounds were then dissolved mostly in the organic layer. After
that, the water layers were combined and extracted with dichloromethane several times. The
concentrated solutions were purified with CombiFlash® purifier over silica column chromatography
equipped with UV-vis absorption detection.

To ensure a high purity for the spectroscopic measurements of these final compounds, a particular
attention was dedicated to the optimization of the purification conditions. The Figure 64 below reports
the respective chromatograms corresponding to the purification of the compounds YN-12c (a) and YN-42c
(b). Firstly, the gradient of solvent pair was set to elute excessive YN-3c first with a mixture of petroleum
ether and dichloromethane, then switched to 100% of dichloromethane followed by the mixed
dichloromethane and methanol with an increasing polarity. The run was monitored at 458 and 280 nm,
where 458 nm is the maximum absorption of DCM molecule. The remaining YN-3c can be seen in the
Figure 64 (b) at around 5 minutes of elution, while another well-resolved peak appears after 20 minutes.
The corresponding fraction latter was expected to be the compound containing 42 chromophoric units.
No other peak was observed until 45 minutes of elution.
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Figure 64: Column chromatograms of (a) YN-12c and (b) YN-42c.

Despite the attention paid to the purification, the validation of the molecular structure is still pending.
Indeed, the NMR, the mass spectroscopy and the elemental analysis never confirmed these molecular

architectures to date.

However, maybe due to the molecular size and other unknown reasons, the NMR and the mass
spectroscopic determinations (already tried several times by both MALDI and ESI methods) for the two
target compounds cannot be well characterized. The characterization of the two target compounds will
be continued in future. The speculated YN-12c¢ and YN-42c, paired with YN-3c, were nevertheless tested
to evaluate the photoswitchable fluorescence hysteresis effect in the spectroscopic part (Paragraph
4.4.3.2), which supports the synthesis results as indirect evidence.
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4.4 FLUORESCENCE HYSTERESIS MEASUREMENTS

4.4.1 Prerequisites for fluorescence hysteresis measurements
4.4.1.1  Experimental measurement prerequisites
Before describing the experimental results of the fluorescence hysteresis, some prerequisites on the

experimental conditions are required for a better understanding of this complex phenomenon. The Figure
65 below represents a schematic illustration of the concept, the scenario and the expected properties.

The Fluorescence Hysteresis : Concept, Scenario & Properties

Initialization steps

[ A. Fluorescence hysteresis properties ]
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Figure 65: The fluorescence hysteresis outlines: an implementation with DCM and DAE molecules (shown in UV-vis absorption
forms) at bottom is corresponding to the theoretical illustration on the top-right (state 1-4). DCM represents the faster E&Z
isomerization, and DAE represents the OF<CF slow isomerization process. The preparation steps are pretreatments on the
optical pure samples. The fluorescence hysteresis loop undergoes the competitive isomerizations from DAE and DCM molecules
and their FRET interactions.

Before realizing the fluorescence hysteresis loop upon light irradiation, the system must be placed at an
equilibrium state which is called the initial position. The initial position (1) corresponds to the E/Z balance
of the population of DCM moieties in the sample, and where all the DAE units are under their open forms.
To reach this state, a first series of illuminations must be realized. Before the first irradiation, we can
naturally imagine that all the molecules contained in the sample are composed of DAE under their open
forms, and DCM under its E-isomers. Whatever, if the sample has already been accidentally illuminated,
the first irradiation consists in shining the sample by UV or visible light to reach the PSS for DCM units. In
the case where the employed wavelength induces a photoconversion of the DAE in the closed form, i.e.,
UV light at 335 nm, a second illumination is required in the red (circa 630 nm), where only the DAE under
its closed form can absorb light, in order to recover a total population of open forms.
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Once the initial position is reached, the illumination sequence can start. From the stage (1), an
illumination by UV light reached to the stage (3). During this illumination, the composition of the different
involved species in the sample change. Both DCM and DAE units are reaching to a new PSS, called PSSyy.
The intermediate stage (2) which corresponds to the bright state of the system results from the increasing
population of the E-isomers of DCM (faster process) and in the meantime a low photoconversion of the
DAE under the closed form (lower process). These two competitive photoreactions are also in competition
with the multiple FRET processes between the different species. This explains the sudden decrease of the
fluorescence to the dark state, due to the major FRET process involving the E-DCM (donor) and the CF-
DAE (acceptor).

Then, once the stage (3) is reached, a second illumination by visible light can be realized in order to return
to the initial position (1). To successfully implement the reset step (4), the choice of the wavelength is
crucial. By this, the chosen wavelength must be the same as the one chosen for the initialization step to
ensure to reach the same distribution of species as the initial position (1). Upon the visible illumination,
the proportion of E-isomer species will diminish to increase the proportion Z-isomers (faster process), and
in the meantime, the total re-opening of the DAE units is on-going in competition with the FRET process.
In one hand, it is to be noticed that the visible illumination induces the re-opening of the DAE units, but
this re-opening can be also strongly pushed by the excitation of the DCM units which induce a FRET from
the DCM (donor) to CF-DAE (acceptor). In the other hand, the photoconversion yield of the DAE
cycloreversion is in this case much slower than the cyclization (precursor DAE-nitro ®gp_cr= 4%,
Dcpoor = 0.4%). All in all, the system must significantly decrease its population of quenchers (CF-DAE) in
order to recover the initial position (1).

4.4.1.2 Previous experiment considerations

In this section, we will briefly mention the previous results of photoswitchable fluorescent hysteresis

effect obtained from the tetrachromophoric sugar (3DAE/1DCM) to introduce the importance of the data
. 79

processing.

Figure 66 presents a series of 5 measurements realized with 5 different couples of illuminations where
the same wavelength was used for the forward illumination (UV at 335 nm, in blue), and where only the
wavelength for the backward photoreaction has been changed (Visible light, in red). The plotted results
represent the normalized fluorescence taken at the maximum of emission as a function of the apparent
molar absorption coefficient (normalised at isosbestic point) taken at different absorption wavelengths.
On the left column, the absorption at 610 nm represents only the absorption of the CF-DAE units, while
the right column represents the absorption at 462 nm of both the CF-DAE units and all the DCM units (E
and Z). The comparison of the two columns shows that in the right one, the hysteresis gaps are larger
than in the left one and offers the possibility to observe the fluorescence photomodulation thanks to the
contribution of the DCM in the absorption band at 462 nm; the initial position is modulated thanks to the
E/Z balance of DCM units. In other words, these plots finally demonstrate, first, the importance of the
normalization of the data as a crucial parameter in obtaining the photoswitchable fluorescence hysteresis,
and second, the importance of the choice of the irradiation and observation wavelengths.
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Figure 66. Comparison of the influence of the irradiation wavelength pairs on the shape of fluorescence hysteresis loops obtained
after a plot of the normalized fluorescence intensity vs. the molar absorption coefficients. The initialization wavelength couples
are represented in black, the forward irradiation in blue, and the backward irradiation in red.
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442 Steady-state measurements
4.4.2.1 Photophysical properties

The Figure 67 (a) shows the UV-vis absorption spectra of YN-3c recorded in THF between 2 states
corresponding to the PSS,ss and PSSz3s. The DCM characteristic absorption band is located at 468 nm,
which shows a slight bathochromic shift compared to DCM-azide (A,,; = 459 nm). The OF-DAE absorption
maximum is at 324 nm (OF-NB105 A,,., = 322 nm), and the CF-DAE characteristic band is around 625-675
nm (CF-NB105 A, = 625-665 nm). The two DAE moieties contribute to a broad absorption band in the red
region. Generally, the trichromophoric compound YN-3c preserves the photophysical properties of the
three DCM/DAE chromophores. The normalized fluorescence spectrum obtained after excitation at 435
nm is shown in the Figure 67 (a) for illustrating the spectral overlap area of the CF-DAE and the DCM
emission. The fluorescence almost covers the whole absorption band of the CF-DAE units, which is an
important prerequisite favoring the FRET processes.
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Figure 67: (a) Normalized UV-Vis absorption spectra of YN-3c between 335 (blue) and 485 nm (magenta) photostationary states
and fluorescence of DCM-azide (yellow dash). (b) Absorption spectra of YN-3c, YN-12¢, YN-42c normalized by their molar
extinction coefficient at 468 nm, respectively. The red bar indicates 468 nm, contributed by DCM units. All spectra were
measured in THF.

We also measured the UV-vis absorption spectra of YN-12¢ and YN-42c, and they share the same shape of
spectrum as YN-3c shown in Figure 67 (b), possessing the identical DCM band and DAE absorption band.
The determination of the molar absorption coefficient at 468 nm shows that YN-12c and YN-42c are
respectively 1.9 folds (62000 L mol™cm™) and 7.8 folds (251000 L mol™cm™) to YN-3¢ (32100 L mol™*cm™).
The molar absorption coefficients data are for reference only in the current stage due to the incomplete
characterization described in the synthetic part. However, it is to be noticed that in an ideal case, where
all chromophores can be considered as independent, the multichromphores are expected to be equally
proportional to the sum of the chromophoric units taken alone. In the present case, the deviation from
linearity suggests that YN-12c and YN-42c are effectively made of several fragments of YN-3c linked
together, with a limited (but observable) degree of interaction between the assemblies of chromophores
(such as w-m interactions for instance).

158



4.4.2.2 Demonstration of the photoswitchable fluorescence hysteresis behavior of YN-3¢
E
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Figure 68: lllustration of the photoswitchable fluorescence hysteresis mechanism in the case of YN-3c.

If we transplant the photoswitchable fluorescence hysteresis illustration in a YN-3c form, we obtain the
Figure 68. In solution, there are 4 species existing in all the process: the CF-DAE, OF-DAE, (E)-DCM, and
(2)-DCM. We prepare the solution in a pre-irradiated PSS, state 1. Currently, there is no fluorescence
qguencher CF-DAE species in the solution, while due to the conversion yield of DCM, (E)-DCM and (Z)-DCM
are both present as a mixture. When UV irradiation starts, the Z—E isomerization quickly happens, and
the state 2, which is the brightest state with fluorescent (E)-DCM and without quencher CF-DAEs, is
expected to appear transiently. In the following step, OF—CF isomerization proceeds, converting DAE
units into their closed forms, which quench the fluorescence from the (E)-DCM by FRET processes. The
(E)-DCM keeps still under UV irradiation during the whole process and reaches PSSy state 3. Switching to
the backward reaction with visible light irradiation, E—Z isomerization has a faster equilibrium to convert
(E)-DCM species into (Z)-DCM species, while the CF-DAEs are still quenching the fluorescence of the
remaining (E)-DCMs. The state 4 is the dimmest stage of the loop. Then the visible light initiates the
CF—OF isomerization (which proceeds with a lower photochromic quantum yield) and the OF-DAE will
release the fluorescence from the remaining (E)-DCM species in solution. The fluorescence will rise until
the process back to PSS, state 1.

As demonstrated in the introduction, the fluorescence hysteresis can be plotted in the form of
fluorescence at a certain wavelength vs. absorption at another certain wavelength to visualize and
enhance the observed effect. We have tested the response of YN-3c firstly by steady-state spectroscopies
in order to visualize its capability to realize a photoswitchable fluorescence hysteresis effect with only two
DAE units compared to the tetrachromophoric sugar (mentioned as previous results in the section
1.5.3.3). All the measurements were carried out in argon degassed THF solution to prevent any possible
photo-degradation; it has been demonstrated in a previous work that DCM units could be sensitive to air
in presence of light.”

To initiate the fluorescence hysteresis shape (Figure 68), the YN-3c was first irradiated till PSS, to
convert partially the (E)-DCM to the (Z)-DCM while keeping the DAE in the open form. The initial state
actually contains a mixture of (E)-DCM, (Z)-DCM and pure OF-DAE. The UV irradiation at 335 nm triggered
the hysteresis shape. By taking the advantage of faster E<>Z photoisomerization, the (Z)-DCM in the
solution system was converted to emissive (E)-DCM immediately, and the fluorescence intensity started
to rise. After that, the OF—CF isomerization process started to be visible by fluorescence quenching. The
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UV irradiation transformed DAE units into closed forms to allow efficient FRET between the (E)-DCM and
CF-DAE units, lowering down drastically the fluorescence intensity. Meanwhile, the absorption at 468 nm
increased from PSS,gs referring to the UV-vis absorption spectra.
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Figure 69: Fluorescence hysteresis shape plotted in the fluorescence (580 nm) vs. absorption (467 nm). Data obtained on YN-3c
under irradiation of 485/335 nm. The dark red circle represents the (Z)-DCM; the bright red circle represents the (E)-DCM; the
blank violet square represents the OF-DAE; the filled violet square represents the CF-DAE; The red arrow points to the forward
reaction irradiated by UV 335 nm light source, and the blue arrow points to the backward reaction irradiated by visible 485 nm
light source.

As shown in Figure 69, the PSSi;s state is an equilibrium state where the CF-DAE quenches the
fluorescence of (E)-DCM, which was isomerized from the (Z)-DCM upon irradiation.When the YN-3c was
irradiated at 485 nm visible light, the (E)-DCM quickly isomerizes into (Z)-DCM. Subsequently, the CF—>OF
isomerization contributes to decrease the number of fluorescence quenchers in the system. The intrinsic
population of (E)-DCM of the sample started to increase the fluorescence intensity until PSS,g;5 as the full
process of the backward reaction. So far, one fluorescence hysteresis shape has been completed. The
missing data points in the beginning of backward reaction can be ascribed to the speed of isomerizing
trichromophoric unit is very high and could not be observed under the steady-state condition. Besides,
the test on YN-3c depicted a remarkable photoswitchable fluorescence hysteresis, which represents the
minimal and fully functional unit bearing an azido group for further expansions.

4.4.3 Dual photokinetics hysteresis measurement

4.4.3.1 Setup description

The realization of the fluorescence hysteresis experiment by steady-state measurements described in the
previous section is strongly time-consuming. Depending on the expected number of data points, a full
acquisition can take 4 to 9 hours. Also, this method has several additional drawbacks: (i) we do not record
absorption and fluorescence simultaneously, which can lead to changes in the sample state between the
measurements, and (ii) only the fluorescence intensity is measured over very short period to prevent the
photoconversion due to the light irradiation of the excitation beam of the fluorimeter.

Our idea was to extend the possibilities of an older setup, called “continuous photokinetics”, by adding a
spectrofluorimeter to collect on a CCD camera simultaneously both absorption and emission spectra
during the irradiation of the sample. Such a setup could be considered as a “dual photokinetics”
hysteresis measurement. The implementation and the developpment of this equipment was one
challenging task of the ANR SWIST project.
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The “dual photokinetics” apparatus for measuring fluorescence and absorption simultaneously was built
in the PPSM Laboratory by A. Brosseau and Dr R. Métivier, as shown in Figure 70. The beam is powered by
one cw-Xenon lamp, split by one beam splitter into two beams. The excitation beam is the one passing
through a pinhole and dichroic mirror to excite the sample and collects the fluorescence signal. The other
one is directed through a neutral density filter and a diaphragm for measuring the absorption of the
sample perpendicular to the excitation beam. The fluorescence and absorption signals are collected by a
spectrograph (FERGIE, Princeton Instruments) through two optical fibers. Therefore, the simultaneous
measurements of absorption and fluorescence can be implemented by receiving both signals on the same
CCD camera (in two different regions of interests of the CCD).

The irradiation part is powered by one cw-Mercury-Xenon lamp, reflected by a prism in the total
reflection mode, to cover the irradiation light onto the whole sample cuvette surface. The current setup is
optimized for the fixed sample holder suitable for thin films, and the 2x6 mm path cuvettes when
applying irradiation outside. The ordinary cuvettes cannot ensure the solution inside to be fully covered
by the irradiation light.
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Figure 70: lllustration of the continuous photokinetics setup-Il built in PPSM and one fluorescent test sample.
4.4.3.2 Improvement of the setup with the multichromophoric compounds

The processed results of the multichromophoric molecules array are shown in the Figure 71. To obtain
this series of graphs, the sample was previously illuminated at 485 nm in order to reach the initial position
(E/Z balance + OF-DAE). Then, the forward photoreaction was firstly irradiated at 335 nm using a UV filter,
and the backward photoreaction was carried out through a 514 nm filter.

The collected data points were extracted from the fluorescence and absorption raw of spectra,

respectively at 590 nm, and at 468 nm. The raw absorption curves were then treated with exponential
curve fitting to reduce the noise due to the background signal fluctuations.
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Figure 71: Preliminary fluorescence hysteresis obtained on the new photokinetic setup with a THF solution of compound (a) YN-
3¢, (b) YN-12c, (c) YN-42c. The violet arrow points to the forward reaction irradiated by 335 nm UV light, and the green arrow
point to the backward reaction irradiated by 514 nm visible light.

It is important to note that preliminary tries were carried out with a 485 nm filter to cover the maximum
absorption of the DCM band. We have then decided to abandon this way due to the important
fluctuations identified as coming from the irradiation source which reflects on the 468 nm data sampling
area, causing a huge deviation on the final data. Compared to the steady-state results shown in Figure 69,
the first difference identified for YN-3c¢ concerns the expected bright state 2 corresponding to the rise up
stage of fluorescence intensity, which is missing under visible illumination at 485 nm (from the PSS,gs,
where (2)-DCM isomerizes to (E)-DCM). This is attributed to the 480 nm excitation beam: the current
“dual photokinetics” system actually suffers from the continuous excitation beam in the sampling area,
keeping part of the molecules in solution influenced by the small area of excitation light (See Figure 70).
This acts as a second source of irradiation, disturbing the expected hysteresis curve. In order to
counterbalance the influence of the intrinsic excitation beam of the setup, the irradiation source has to be
raised to a relatively high output power. Additionally, the power must be high enough to ensure reaching
the proper PSSs3s. In other words, the competition between the irradiations at 335 nm and at 480 nm led
to and intermediate state located between the PSSs;3s and PSSsg, and will not end up with one
confirmable termination.
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Therefore, the “dual photokinetics” setup in the current stage can measure the fluorescence hysteresis
with some limitations. With the YN array, the further tests for mutual improvements on this facility will be
implemented. The key points to improve the data quality are listed below:

1. Reduce the excitation beam intensity.

2. Use specific sample holders allowing the irradiation and acceptable absorption data quality when
applying stirring of the solution.

3. Raise the absorption signal quality to improve the light intensity passing through the optical fiber.

These preliminary results show a good practice on the new “dual photokinetics” setup, and very
promising hysteresis shapes, changing along the increasing number of chromophores in the system. The
YN-3c has a straight backward reaction line, and YN-12c starts to be curved. YN-42c has one even more
curved backward reaction line until the PSSs,4. First, it could be considered as an indirect proof that the
synthesis was successfully building up larger multichromophores by using the YN-3c dendron. In the
featured backward reaction of YN-42c shown in Figure 71 (c), we definitely observed that with the
increment of chromophoric units in the system, the E—Z isomerization is faster, so that there is a drop
down in absorption from 0.39 down to 0.38, accompanied with more Z-isomer generation. The CF—>OF
isomerization reduced the fluorescence quenching effect which is slower than the E=Z isomerization at
the beginning, and then comes to the normal rate, showing the curve in the backward reaction. The
forward reaction under UV irradiation is tough to draw conclusions. As mentioned, the competitive
excitation beam and relatively high-power irradiation, compared to the visible range, will blur some
details.

The studies on the “dual photokinetics” setup are preliminary explorations, however, it has already
brought promising directions to improve the experimental instrument and the hysteresis data on the
considered multichromophoric molecules.

4.5 MOLECULAR DYNAMICS SIMULATIONS ON DENDRON YN-3cC

In addition of the measurements of the photoswitchable fluorescence hysteresis, it is necessary to know
whether the mechanism of FRET is efficient in the simple building block YN-3c, based on simulation
approaches. For this reason, we investigated not only the FRET efficiency values, but all the parameters
which influence the FRET efficiency as well, by means of molecular dynamics (MD) simulations.

4.5.1 Trajectory-based analysis

In the MD simulation part that we have described in the Chapter Ill, we have implemented solid
workflows and methodologies to support the spectroscopic studies and confirm the FRET mechanisms.
Thanks to this experience, we decided to focus our attention on the trichromophoric unit YN-3c, where
our purpose is the investigation of the intramolecular FRET efficiencies occuring within this structure. The
trichromophoric unit YN-3c is designed by arranging one E-DCM unit as the donor and two DAE units as
the acceptors. The closed form DAE (CF-DAE) is the only acceptor while there is no FRET existing between
the open form DAE (OF-DAE) and the DCM. It is important to remind us that the (OF)-DAE-azide is not
fluorescent, and cannot be considered as a donor. Therefore, we have built three configurations to study
FRET efficiencies, CF-CF, CF-OF(anti), CF-OF(para), respectively (See Figure 72). The (OF)-DAE-anti and
(OF)-DAE-para are calculated as the steric hindrance may be different within the D-A pair, when
investigating whether there exist different FRET efficiencies compared to the double-donor CF-CF
configuration.
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Figure 72: YN-3c configurations of (a) CF-CF (b) CF-OF(para) (c) CF-OF(anti) to be prepared for MD simulations. Blue arrows are
the dipole moment vector illustrations of DAE units, and the magenta arrows are the dipole moment vector illustrations of DCM
units.
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The DCM and DAE moieties in YN-3c were taken from the DFT calculations in Chapter Il and 4.2.2. Each
configuration was handled with RESP method elucidated in Chapter Ill and packed with 1500 THF
molecules with Packmol.®® The MD simulation procedures are identical to the 2DCM simulation, including
the energy minimization, the NPT (constant number, volume and temperature) ensemble equilibrium run
and the NPT ensemble production run. Each production trajectory lasts for 325 ns.

The dipole moment vectors and mass centers were defined in the same way for the DCM and DAE
moieties, as described in Chapter Il to calculate the orientation factors k* and to read the D-A pair
distance Rpa. The spectral overlap integral J(1) was calculated to be 1.557x10" nm*M™cm™. Following,
the instantaneous Eezer(t) can be derived from the instantaneous orientation factor x%(t) and the
interchromophoric distance Rpa(t).

The Figure 73 provides the full information about the CF-CF configuration YN-3c in MD simulation, including
the Erer(t), Roa(t), k2(t) and their respective histograms. As there are two acceptors (CF-DAE) in the
configuration, each was calculated independently with the donor (E-DCM). The average FRET efficiencies
for each D-A pair in YN-3c reach values as high as 94% and 93%, due to the two orders of magnitude
higher J(1) of YN-3c compared to the case of 2DCM explained in Chapter Ill. In the histograms shown in
Figure 73 (b) (c), most of the data points of Ewer(t) are located at values higher than 90%. At first, the MD
simulation results indicate that the design of the molecule is successful. FRET is expected to occur quite
efficiently with each pair of DCM and DAE.

The statistics of Rpa(t) shows that the D-A pairs are rarely far away from each other. The population in the
region of 3-4 nm is low, due to the molecular design of the compact dendritic linker part. From the Rpa(t)
trajectories shown in Figure 73 (d), there are not many events either above 3 nm or under 1 nm. The
population in the region 1-2 nm records the highest level in both D-A pairs, indicating that a sandwich-like
A-D-A arrangement in the space is common. On the other side, the k?(t) seems to be less informative, but
the values are dispersed over a large range of values, with larger populations in the interval 0-2, showing
that the most favorable colinear geometry for FRET is not often reached.
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To further analyze the results, we restricted the data of CF-CF YN-3c by selecting exclusively the situations
where the FRET efficiency values (Ewger(t)) of one D-A pair is under 80% while leaving the other one free.
The corresponding data were extracted with the criteria mentioned in the Figure 74 (a) and (b). The
remaining data points demonstrated that the same region of Rpa(t) distribution is found compared to the
full data set in Figure 74 (c) and (d), showing that the lower values of Ezer(t) are not correlated to large
distances in the D-A pairs. However, in Figure Figure 74 (e) and (f), the x?(t) values corresponding to low
FRET efficiencies Egrer(t) < 80% are almost all reaching the 0 level. Consequently, we can conclude that the
Roais not the main geometrical parameter governing the total Egzer, but rather the orientation factor x?(t),
for which the low Egrervalues are ascribed to the low values of k2. Therefore, the YN-3c design ensures
that there is always one pair of DCM and DAE that can occur high FRET efficiently, even if the other one is
transiently unfavored due to unfavorable mutual orientation of the D-A pair.

In Figure 75, we extracted the Ezer(t) and k3(t) trajectories with the condition of k% > 1 for both D-A pairs.
The corresponding Egzer Values are all approaching 100%, as expected. From both side of the screened
results, the interchromophoric distance Rps between the DCM and DAE units does not play an essential
character in influencing the intramolecular FRET efficiencies, thanks to the compact dendritic linker design
of YN-3c molecule.
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Figure 73: Calculated trajectories obtained from MD simulation on YN-3c in the CF-CF configuration. (a) Calculated Egger (t)
trajectories of the two DCM-DAE D-A pairs. (b) (c) Calculated histograms of the two sets of Eper (t). (d) Calculated Rpa (t)
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Figure 75: Calculated Eger (t) and k?(t) trajectories obtained from MD simulation when both side have k?(t) higher than 1.



In the other two MD simulations performed on the CF-OF-para and CF-OF-anti configurations of YN-3c,
the OF-DAE moieties can be considered to play the role of inert species, just introducing additional steric
hindrance between the E-DCM unit (donor) and the CF-DAE moiety (acceptor). CF-OF-anti reaches an
average FRET efficiency at 92% and CF-OF-para reaches 91% during the 325 ns MD simulation trajectories
for each, respectively. These figures are consistent with the independently calculated results of the CF-CF
model, which demonstrate that the design of the YN-3c molecule is compact enough and flexible with
several degrees of freedom, a favorable situation to let the intramolecular FRET to occur efficiently.

We also extracted the trajectories, selecting exclusively the frames with the restriction criteria of Egper(t) <
80%, as shown in the Figure 76 for both CF-OF-para and CF-OF-anti configurations. As expected, the
distance between the donor and acceptor of the D-A pair is not responsible for the lower FRET efficiency,
but the x? values are all approaching the 0 level for both models. The conclusions are then identical to the
CF-CF model: as shown by the simulations, the FRET efficiency is expected to be excellent in the YN-3c
dendron, whatever the configuration (only one CF-DAE is enough to ensure the FRET), and the only
situation which can transiently lead to lower FRET efficiency is related to the mutual orientation between
the DCM and CF-DAE units.

(a) Erger < 80%
a 80%
70%

ol G e I pmma
£ g ||~ ‘i AL i i3

E £ [ i JN | : (i 1 Al %N 9
Sty 2R i £} LT RE L 40l 1
g * 3 i ’ ] : 1 4 [ 1 ? '..!' .r ik Y : ] :

gz ‘ i g : ‘.i. ‘1 4 + » i ' ’ .W ‘ = . ‘ e
a ' ] A M ’

2 % ™) p 48 E § e i YR L 30%

20%

.

10%

0 Lol wn Batl FI 71 W P N T o o <o is Al Wale -‘“ﬁ'&»-&b‘ﬁor.&h}om‘-hf sl oy

0 25 50 75 100 125 150 175 200 225 250 275 300 325
Time / ns
RDA k2 E(FRET)
b
(b) Erger < 80%
4 80%

70%

3 - = 4 H 60%
£ iV % % - t " ‘!
= i H i o §¥ [ ] 3
1 . (1 50%
: WCTRENTUY R AR L SRR LR A ¥
- | i LB R E ) 501
g2 - H . : - ¥ AT 2 £ . 19, 40%
] [ TR4) J 5 s 1K ,'y : OF | Lol |
: LS i (R0 0A0: BLINMGAY . 8- L Ei il A
— i %4 1 ¥ ¢ ! . - 30%
. ) §e L.
1 20%
10%
0 0%
0 25 50 75 100 125 150 175 200 225 250 275 300 325
Time / ns
RDA K2 E(FRET)

Figure 76: Calculated Erger(t), Rpa(t) and x?(t) trajectories obtained from MD simulation on YN-3c¢ (a) in the CF-OF-para
configuration and (b) in the CF-OF-anti configuration, with restricted condition on Egger (t) < 80%.

To summarize the trajectory-based analysis of the MD simulations, the molecular design of YN-3c can
ensure the effective intramolecular FRET to occur between the DCM and DAE moieties, at least over 90%
efficiency thanks to the simulations. The D-A orientation factor k2 controls the least FRET-efficient events
primarily. In other words, we tried to reduce the influence of the interchromophoric distance Rpa
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parameter on the total efficiency from the molecular design level. The high intramolecular efficiencies
provide a good foundation for the implementation of fluorescence hysteresis on YN-3c and its derivatives.

452 MSM analysis

Following the methodology described in Chapter lll, we have implemented the MSM to the three
configurations of YN-3c. The MSMs were all obtained with 200 microstates using k-means clustering
method and further lumped into 6 metastable states using PCCA+ method each. The CF-CF, CF-OF(para),
CF-OF(anti) are depicted in 2D FELs and 3D FELs in Figure 77, Figure 78, Figure 79 respectively.

In the Figure 77, CF-CF configuration has the specific conformation of “well-folded” geometry shown in
CF-CF(A) marked with orange color. The black CF-CF(3) metastable states cannot be precisely clustered
into one shape, however, it can be seen as a little “chaotic” form of CF-CF(A), still keeping the three
chromophores together. The magenta CF-CF(4) is similar but kicks one chromophore outside the group.
The green CF-CF(B) represents the unfolded conformations. The “well-folded conformations” — “folded
conformations” — “unfolded conformations” chain covers 96% of the transition pathway flux in 325 ns
time duration.

(a Pathway percentage

A>3 >4 3B:51%
A>3 -B:45%

Others: 4%

G (I3 /mol)

Figure 77: Free energy landscape of the YN-3c in the CF-CF configuration, corresponding tICA-FEL visualized MSM in 2D (a) and 3D
(b). The k-means clustering method generated 200 microstates that are lumped into 6 metastable states by PCCA+ algorithm. The
metastable states trajectories are clustered to extract the major conformations in six colors, which are corresponding to the
labels in the transition pathway maps. The size of the labels and the arrows in (a) correspond to their proportional coarse-grained
fluxes. The percentages of transition pathways are listed above.

In the case of CF-OF(para), the situation is more complicated in the transition pathway flux routes as
shown in Figure 78. The terminal green cluster CF-OF-para(B) has a clear pattern of “trident”
conformation. Even one cluster in red CF-OF(para-1) has the similar form, indicating that the type of
geometry has a wide range coverage on the free-energy landscape (FEL). All other clusters represent
conformations which have more or less unfolded types. Especially the magenta CF-OF(para-4) contributes
to a large part of the transition pathway flux, showing a stretching conformation where two
chromophores are in one side and the other one on the opposite side. The whole transitions can be seen
as the stretching open forms gathering together.

On the other side, the CF-OF(anti) shown in Figure 79 does not share the similar patterns of cluster

conformations to the CF-OF(para), though both of them are considered to have one D-A pair and a steric
hindrance. The resulted cluster conformations are more comparable to those of the CF-CF configuration.
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It is reasonable to note that OF-DAE-anti moiety is more planar and more close to the completely planar
CF-DAE. The starting orange clusters and ending green clusters are similar. The difference is that in CF-OF-
anti, the molecule has more star-stretching conformations (CF-OF(anti-4)).

Due to the interchromophoric distance, the conclusion that YN-3c FRET efficiencies are mostly depending
on the orientation factors of the D-A pair, which was already shown and discussed in the section 4.5.1.
However, the MSM provides us the view that the conformations and transition pathways of each
configuration are depending on every chromophore unit inside. The similar planar structures have the
similar clusters in statistics, even though one of them is just used as steric hinderance. In addition, MSMs
still indicate that for such structures, the structural shrinking and the expanding in conformations are the
main transitions in simulations.

(a) Pathway percentage (b)
A->1->B:28%
A->4-5>1-B:27%
A>433>25B:17%
A->B:12%
A>452B: 8%

A>4>35B: 4%
Others: 4%

@
G (ka/mol)

1c2
°

1c1

Figure 78: Free energy landscape of the YN-3c in the CF-OF(para) configuration, corresponding tICA-FEL visualized MSM in 2D (a)
and 3D (b). The k-means clustering method generated 200 microstates that are lumped into 6 metastable states by PCCA+
algorithm. The metastable states trajectories are clustered to extract the major conformations in six colors, which are
corresponding to the labels in the transition pathway maps. The size of the labels and the arrows in (a) correspond to their
proportional coarse-grained fluxes. The percentages of transition pathways are listed above.

(a)
Pathway percentage
A>4>B:47%
A>2-5>4-5B:33%
Others : 20%

6 (l0/mol)

Figure 79: Free energy landscape of the YN-3c in the CF-OF(anti) configuration, corresponding tICA-FEL visualized MSM in 2D (a)
and 3D (b). The k-means clustering method generated 200 microstates that are lumped into 6 metastable states by PCCA+
algorithm. The metastable states trajectories are clustered to extract the major conformations in six colors, which are
corresponding to the labels in the transition pathway maps. The size of the labels and the arrows in (a) correspond to their
proportional coarse-grained fluxes. The percentages of transition pathways are listed above.
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4.6 APPENDIX: MSM VALIDATIONS
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timescales for the MSM of CF-CF configuration YN-3c. The error bars are 95% confidence intervals

estimated using he reversible transition matrix sampling algorithm. He unit of steps has the reduction formula: 100 steps = 1 ns.
(b) The Chapman-Kolmogorov test curves obtained by 6 macrostates of CF-CF configuration.
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Figure 81: (a) Implied timescales for the MSM of CF-OF(para) configuration YN-3c. The error bars are 95% confidence intervals
estimated using he reversible transition matrix sampling algorithm. He unit of steps has the reduction formula: 100 steps = 1 ns.
(b) The Chapman-Kolmogorov test curves obtained by 6 macrostates of CF-CF configuration.
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4.7 CONCLUSION AND PERSPECTIVES

In this chapter, after reviewing the different types of photoswitchable fluorescence hysteresis systems,
we have firstly studied by DFT / TDDFT the DAE-azide molecule, provided by N. Baggi (Dr P. Yu’s group,
ICMMO, Univ. Paris-Saclay). The geometries and electronic transitions of the three forms of DAE-azide
(parallel and anti-parallel open forms, closed form) have been calculated. Subsequently, the dissymmetric
dendritic linker was designed and synthesized, including both DAE-azide and DCM-o-propargyl. After
solving the synthetic problem (low yield) of a critical intermediate 32, the desired compound YN-3c was
successfully obtained with acceptable yield through the total steps (maximum 29%, 5 steps). YN-3c is
well-confirmed with NMR and mass spectroscopy, therefore, it becomes the full-functional building blocks
for the larger scale of multichromophoric systems. The following synthesis can find path dependence
based on the success of 14 DCM. However, despite many attempts, the mass spectrometric
characterization data are not available in the current stage for YN-12c and YN-42c. However, some
indirect spectroscopic properties show that the correct target compounds YN-12c and YN-42c have been
probably obtained, and could serve for the preliminary tests of photoswitchable fluorescence hysteresis.

To produce a photoswitchable fluorescence hysteresis effect, FRET processes and competitive
photoisomerizations upon UV and visible irradiations of the molecular systems involving both DCM and
DAE chromophores are expected to create several states to form a hysteresis loop. In other words, by
controlling the irradiation parameters, we could in principle photoisomerize the DCM and DAE
simultaneously but at different rates, leading to specific changes in fluorescence and absorption.
Accordingly, the hysteresis measurements have been carried out on YN-3c by absorption and
fluorescence steady-state spectroscopy, and on the full YN series (YN-3c, YN-12c and YN-42c) with a “dual
photokinetics” instrument recently built in the laboratory, recording both signals simultaneously. The
three derivatives could successfully display the targeted photoswitchable fluorescence hysteresis effect.
Moreover, the extent of the photoswitchable fluorescence hysteresis was dependent on the number of
chromophores: the YN-42c displayed a curved backward reaction under visible irradiation rather than a
straight line for YN-3c.

The MD simulations on YN-3c revealed the intrinsic high FRET efficiencies of the basic building block
designed for highly efficient energy transfer. As expected, the average intramolecular FRET efficiency
between E-DCM and CF-DAE within the YN-3c multichromophore was calculated over 90%. Even when
only one acceptor unit is present (only one CF-DAE), the FRET efficiency is still above 90% thanks to the
other D-A pair. Given the good spectral overlap between DCM-azide and DAE-azide, and by analyzing the
MD trajectories, we could conclude that the short interchromophoric distance, resulting from the
compact molecular design, account for the general high FRET efficiencies. The few events with lower FRET
efficiencies mostly come from specific geometries with randomly unfavorable arrangement of the D-A
pair (orientation factor close to zero). The Markov state model (MSM) analyses could also provide the
main geometries of YN-3c and tell that the transitions between them occur mostly between the unfolded
conformations and the folded conformations. In summary, the MD simulation results strengthen the high
performance of the YN-3c to induce fluorescence quenching by FRET processes. If it is installed in a
compact linker or platform, the overall FRET efficiency of the resulting larger molecular structures is
expected to be even higher.

As future improvements, the “dual photokinetics” setup is expected to be equipped with specific
accessories to solve the limitations due to the excitation beam intensity, which currently interferes with
the irradiation beam and prevents optimization of the hysteresis curve. As future perspectives, after
optimization of the spectroscopic instrument, we plan to investigate the influence of many important
parameters on the hysteresis shape: impact of the irradiation and excitation wavelengths and power,
choice of the absorption and fluorescence signals, influence of the temperature, solvent or concentration,
etc. The photoswitchable fluorescence hysteresis effect is a complex phenomenon which deserves a more
complete rationalization to be fully understood and modeled.
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For the future applications of the photoswitchable fluorescence hysteresis concept, bio-imaging, polymer
embedding smart functionalities, and multi-logic gates are proposed. As we have shown that YN-3c is
already a molecule allowing fluorescence hysteresis effects, its azido group provides an excellent capacity
to be functionalize with other systems where you would like to use it via click reactions. Especially in the
field of polymers, the total number of molecules can increase drastically, with scale up effects for the

photoswitchable fluorescence hysteresis loop.
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GENERAL CONCLUSION AND PERSPECTIVES

This PhD thesis covers a variety of research techniques and scientific fields in organic synthesis,
spectroscopy, quantum chemistry calculations and classical molecular dynamics simulations. Under the
framework of the ANR-SWIST project, one photoswitchable fluorophore DCM and the DAE photochrome
were investigated independently and jointly for developing new methodologies to implement the
photoswitchable fluorescence hysteresis concept.

One of the research highlights of this thesis is the design and investigation of hierarchy structures from
the DCM single molecule to the larger multichromophoric architectures. The spectroscopic and quantum
chemistry studies on a DCM analog in Chapter Il moved one more step forward our understanding of this
molecule, which is of high interest in PPSM laboratory. Conical intersections and calculations on excitation
energies are important issues in photochemistry which cannot be bypassed. Fortunately, we solved the
problem at a low cost with a Spin-Flip TDDFT method which worked for the DCM-azide made of 54 atoms.
The energy information from two Cls and their locations on the PES matches well the explanations on four
isomers and conformers of the DCM fluorophore.

In the photochemistry field, further perspectives could be envisioned at the quantum chemistry level,
such as ab initio molecular dynamics, which would be a powerful tool to learn and use, solving the
population distributions of the relaxation pathways.

The next part (Chapter Ill) concerns the DCM-DCM interactions explored with proper dendrons and
cyclodextrins for constructing the target compounds. In the synthesis part, this thesis started to explore
one direction on enriching the dendritic linkers, and the other approach on azido or propargyl-
functionalized $-CD so as to link with chromophores by employing CUAAC click reaction. The interest on
multichromophores requires such platforms to install many or different kinds of chromophores together
to carry out studies. The synthesis of dendrons and the 14-valent O-propargylated -CD has been
achieved successfully under microwave conditions. In the spectroscopy and simulation part, the DCM-
DCM interactions are based on the proximity distance: the intramolecular FRET is competitive between
the homo-FRET and hetero-FRET, which could be confirmed by absorption, emission and anisotropy
spectroscopies, and simulation tools. Molecular dynamics accompanied with statistical analyses are other
achievements in solving the FRET parameters. The comparison of the series DCM, 2DCM and 3DCM
showed that homo- and hetero-FRET processes are extremely efficient, with consequences on their
photoswitchable properties.

Due to the strong demands from biological sciences, such as proteins foldings/misfoldings, virus bindings,
etc., the computational analysis models and tools are more accessible for all scientific fields. By means of
these computational tools, the molecular designs could be smarter, especially the application scenario of
FRET and multichromophoric systems. When chains are elongated, the molecular topological orientations
are important parameters to know if the FRET system can reach high efficiencies.

The last part (Chapter IV) is related to our fluorescence hysteresis works on the basis of competitive
photoisomerizations of mixed multichromophoric systems, involving several DAE and DCM units. The
synthesis of another series of multi-DAE/DCM compounds, namely YN-3¢c, YN-12c and YN-42c was
conducted. YN-3c was successfully characterized, whereas the larger multichromophoric counterparts
were more challenging and require further confirmation by HRMS. The trichromophoric dendron YN-3c
was studied by steady-state and “dual photokinetics” spectroscopy measurements, demonstrating the
photoswitchable fluorescence hysteresis. However, the fluorescence hysteresis was difficult to elucidate
with proper accuracy through every state of the hysteresis loop. In the next stage, we intend to optimize
our instrumentation in order to investigate in more details the different parameters influencing the
photoswitchable fluorescence hysteresis effect.

As the inspiration from the simulation side, long chain components could be promising alternative
solution to accommodate a large number of chromophores and favor the emergence of new applications.

176



Sincerely, | hope you have enjoyed the thesis content from the design and understanding of
photophysical processes in complex systems (by spectroscopy and calculation) to their roles in smart
concepts and applications, such as photoswitchable fluorescence hysteresis. Many powerful techniques
were involed to investigate this field. The fluorescence hysteresis effect is based on the competitive
photoisomerizations: it has fundamental principles, and it also has the potential to enter into bulk
materials. That requires progresses and efforts from synthetic, spectroscopic, and theoretical sides
mutually.
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Experimental section
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5 EXPERIMENTAL SECTION

5.1 GENERAL EXPERIMENTAL DETAILS

5.1.1 Materials and characterizations

All commercially available compounds and solvents are purchased from Sigma-Aldrich affiliated to Merck
KGaA, Carlo Erba Reagents, TCl chemicals and Acros Organics affiliated to Thermo Fisher Scientific without
further purifications. THF, acetonitrile, DMF and CH,Cl, were previously dried through alumina or
molecular sieves cartridge using a solvent purificator MBRAUN SPS-800. The reactions carried out under
anhydrous conditions are performed under argon in glassware previously dried in an oven. Reactions
were monitored by TLC on Silica Gel 60F-254 plates with detection by UV (254 nm or 365 nm) or by
spraying with 10% H,SO, in EtOH and heating about 30 s at 400-600 °C. Column chromatography
purification was performed on CombiFlash”Rf+ and RediSep” RF or RF Gold normal phase silica columns.
'H and C-NMR spectra were recorded on a JEOL ECS-400 spectrometer. with a broadband probe. The
irradiation frequencies of *H and *C are respectively 399.78 MHz and 100.53 MHz. The chemical shift,
denoted 6, is expressed in parts per million (ppm) using as a reference the residual solvent signal or
tetramethylsilane (TMS). The scalar coupling constants (J) are given in Hertz (Hz). The abbreviations used
are: (s) singlet, (d) doublet, (t) triplet, (m) massive. The assignment of the ‘H and “*C signals was
performed by comparison with spectroscopic data tables or near-structure compounds and using 2D
sequences of the COSY, HMQC and HetCor type. The mention Cq indicates the quaternary carbons. The
numbering of the different atoms does not necessarily follow the nomenclature rules recommended by
IUPAC and is only used for the assignment of NMR spectra. HRMS (ESI) spectrum was recorded on a Q-
TOF or a MALDI-Q-TOF maXis Bruker spectrometer, ESI-source, positive ionization by the "Fédération de
Recherche" ICOA/CBM (FR2708) platform.

5.1.2 Synthesis catalog

51.2.1 2DCM
2,2-Dimethyl-5,5-bis((prop-2-yn-1-yloxy)methyl)-1,3-dioxane (9)
i. NaH, 2.7 equiv. —_—

HO OH \

:><: . ).J\ p-TSOH, CH(OEt); > HO o " ///\Br 4 equiv. :><: ><
HO OH DMF, 40°C Ho d >
Pentaerythritol Acetone 8, 39% THR DG ort 18R __/ 9, 90%

Scheme 15: Preparation of di-O-propargyl dendritic linkers 9.

Compound 8 was prepared from pentaerythritol according to the reported method.** To a solution of

compound 8 (114 mg, 0.65 mmol) in THF (10 mL), sodium hydride (60% dispersion in mineral oil, 2.4
equiv.) was added in portions under argon at 0°C ice bath. After addition, the reaction mixture was stirred
for 30 min, propargyl bromide (80% in toluene, 6 equiv.) was added dropwise to the reaction mixture
which was then stirred at room temperature for 18 h. Saturated NH,Cl ag. was added to quench the
reaction and the reaction mixture was extracted by ethyl acetate (20 mL) for 3 times. The organic layer
was washed with brine, dried over anhydrous MgS0,, filtered and concentrated. The crude product was
purified by CombiFlash® chromatography with an eluent of petroleum ether and ethyl acetate (8:1) to
afford 9 as a transparent liquid (147 mg, 90%). 'H NMR (400 MHz, CDCl;): *H NMR (400 MHz, CDCl5): &
(ppm) = 4.14 (d, J = 2.3 Hz, 4H, CH,), 3.75 (s, 4H, CH,), 3.53 (s, 4H, CH,), 2.43 (t, J = 2.5 Hz, 2H, C=CH), 1.41
(s, 6H, CHs). *C NMR (100 MHz, CDCl3): & (ppm) = 98.27, 79.85 (C,); 74.46 (C=CH), 69.29, 62.66, 58.77,
38.87 (CH,); 23.83 (CHs). m/z [M+Na]" calcd. for [C14H,0Na0,]": 275.1254; found 275.1254.
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Scheme 21: Synthesis of 2DCM.

Compound 9 (33 mg, 0.13 mmol), DCM-azide’ (2.2 equiv.), CuSO,-5H,0 (0.4 equiv.) and sodium ascorbate
(0.8 equiv.) were added together in a mixed solvent THF/H,0 (4 mL, 3:1, v/v) to a microwave reactor tube.
The reaction mixture was kept irradiated with microwave, holding at 110°C for 30 minutes. After the
reaction mixture returned to room temperature, it was poured into 0.1 M EDTA aqueous solution. The
mixture was extracted with ethyl acetate (30 mL) for 3 times. The organic layer was washed with brine,
dried over anhydrous MgSO,. The crude product was purified by CombiFlash® chromatography with
dichloromethane and ethanol as eluent (gradient, 100:0 to 90:10, v/v) to afford 2DCM as red powder (113
mg, 82%). *H NMR (400 MHz, CDCl;): & (ppm) = 7.50 (s, 2H, triazole-H), 7.43-7.41 (m, 4H), 7.33 (s, 1H),
7.29 (s, 1H), 6.63 (d, J = 8.8 Hz, 4H, CH,,), 6.62-6.60 (m, 2H, CH=), 6.53-6.49 (m, 4H, CH=), 4.60 (t, /= 6.2 Hz,
4H, CH,), 4.56 (s, 4H, CH,), 3.94 (t, J = 6.0 Hz, 4H, CH,), 3.66 (s, 4H, CH,), 3.43 (s, 4H, CH,), 2.88 (s, 6H,
NCH;), 1.37 (s, 18H, t-Bu), 1.36 (s, 6H, CH;). **C NMR (100 MHz, CDCl,): & (ppm) = 172.08, 160.02, 156.91,
149.89, 145.52 (C,); 137.98, 129.97, 123.55 (CH,,); 115.82, 115.71 (C,); 114.02 (CHa,); 112.10, 105.95,
102.58 (CH=); 98.37 (C,); 69.65, 64.96, 62.91 (CH,); 58.32 (C,); 52.56, 47.69 (CH,); 38.89 (CH3), 36.83 (C,, t-
Bu); 28.28, 23.88 (CH;). HRMS (ESI-HRMS): m/z [M+H]* calcd. for [CeHesN1,06]": 1053.5458; found
1053.5454.,

5.1.2.2 3DCM

Compound 26
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Scheme 22: Synthesis of trichromphoric compound 26.

Compound 7 was prepared from pentaerythritol according to the reported method."”> Compound 7 (50
mg, 0.14 mmol), DCM-azide (3.3 equiv.), CuSO,-5H,0 (0.4 equiv.) and sodium ascorbate (0.8 equiv.) were
added together in a mixed solvent THF/H,0 (4 mL, 3:1, v/v) to a microwave reactor tube. The reaction
mixture was kept irradiated with microwave, holding at 110°C for 30 minutes. After the reaction mixture
returned to room temperature, it was poured into 0.1 M EDTA solution. The mixture was extracted with
ethyl acetate (30 mL) for 3 times. The organic layer was washed with brine, dried over anhydrous MgSO,.
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The crude product was purified by CombiFlash® chromatography with dichloromethane and ethanol as
eluent (gradient, 100:0 to 90:10, v/v) to afford compound 26 as red powder (170 mg, 78%). "H NMR (400
MHz, CDCl5): 6 (ppm) = 7.53 (s, 3H, triazole-H), 7.43-7.41 (m, 6H), 7.32-7.27 (m, 3H), 6.63 (d, J = 8.8 Hz, 6H,
CH=), 6.59-6.58 (m, 3H, CH=), 6.54-6.50 (m, 6H, CH=), 4.60 (t, J = 6.2 Hz, 6H, CH,), 4.52 (s, 6H, CH,), 3.93 (t,
J=5.6 Hz, 6H, CH,), 3.70 (t, J = 6.0 Hz, 2H, CH,), 3.58 (t, J = 5.6 Hz, 4H, CH,), 3.49 (m, 2H, CH,), 3.41-3.38
(m, 8H, CH,), 2.87 (s, 9H, NCHS;), 1.37 (s, 27H, t-Bu). *C NMR (100 MHz, CDCls): & (ppm) = 172.11, 160.05,
156.92, 149.92, 145.66 (C,); 137.99, 129.98, 123.64, 123.53 (CH,,); 115.87, 115.72 (C,); 113.95, 112.12,
105.93, 102.57 (CH=); 71.36, 71.05, 70.51, 69.29, 64.96 (CH,); 58.22 (C,); 52.71, 47.56 (CH,); 45.37 (C,),
43.25 (CH,), 38.82 (NMe), 36.79 (C,), 28.28 (CHs, t-Bu). HRMS (ESI-HRMS): m/z [M+H]" calcd. for
[Ca7HogN1505Cl] : 1557.7498, 1558.7532 ; found 1557.7498, 1558.7529.

3DCM

Nal, NaN; 8 equiv. DMF, 80°C,18 h
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Scheme 23: Azidation to yield 3DCM.

To a solution of compound 26 (136 mg, 87 umol) in DMF (5 mL), Nal (0.1 equiv.) and NaNj; (8 equiv.) were
added. The reaction mixture was heated up to 80°C and kept for 18 hours. After concentration, the
residue was diluted in EtOAc (20 mL), washed successively with water
and brine, dried over MgSO,, concentrated and purified by CombiFlash® chromatography with
dichloromethane and ethanol (gradient, 100:0 to 90:10, v/v) to yield (EEE)-3DCM as a red solid (64 mg,
47%). *H NMR (400 MHz, CDCl5): 6 (ppm) = 7.54 (s, 3H, triazole-H), 7.41 (d, J = 8.7 Hz, 6H, CHy,), 7.32-7.27
(m, 3H), 6.64 (d, / =9.2 Hz, 6H, CH=), 6.58-6.57 (m, 3H, CH=), 6.53-6.49 (m, 6H, CH=), 4.60 (t, /= 6.0 Hz, 6H,
CH,), 4.52 (s, 6H, CH,), 3.93 (t, J = 6.0Hz, 6H, CH,), 3.64-3.61 (m, 2H, CH,), 3.58-3.56 (m, 2H, CH;), 3.52-
3.49 (m, 2H, CH,), 3.42-3.39 (m, 8H, CH,), 3.33 (t, J = 5.2 Hz, 2H, CH,), 2.87 (s, 9H, NCHS;), 1.37 (s, 27H, t-Bu).
BC NMR (100 MHz, CDCls): & = 172.07, 160.04, 156.88, 149.90, 145.61 (C,); 138.01, 129.95, 123.60,
123.42 (CH=); 115.84, 115.72 (C,); 113.88, 112.07, 105.85, 102.48 (CH=); 71.05, 70.55, 70.08, 69.91, 69.25,
64.91, 58.02 (C,); 52.65, 50.82, 47.51, 45.33 (C,); 38.76 (NMe), 36.73 (C,), 29.79 (CH,), 28.22 (CHs, t-Bu)
ppm. HRMS (ESI-HRMS): m/z [M+H]" calcd. for [Cg;HosN,10g]": 1564.7902, 1565.7936; found 1564.7915.
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5.1.2.3 4DCM
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Scheme 24: Synthesis of tetrachromophoric 4DCM.

Compound 5 was prepared from pentaerythritol according to the reported method."*

Compound 5 (50 mg, 0.14 mmol), DCM-azide (1.1 equiv.), CuSO,-5H,0 (0.1 equiv.) and sodium ascorbate
(0.2 equiv.) were added together to a mixed solvent THF/H,0 (4 mL, 3:1, v/v). The reaction mixture was
kept stirring for 24h at room temperature. After that the reaction mixture was poured into 0.1 M EDTA
solution, then extracted with ethyl acetate (30 mL) for 3 times. The organic layer was washed with brine,
dried over MgSQ,, concentrated, then purified with CombiFlash® chromatography with petroleum ether
and ethyl acetate (gradient, 100:0 to 50:50, v/v) as eluent to afford 4DCM as a red powder (56 mg, 58%).
'H NMR (400 MHz, CDCls): 6 = 7.55 (s, 2H, triazole-H), 7.53 (s, 2H, triazole-H), 7.43-7.39 (m, 8H), 7.32-7.27
(m, 4H), 6.63-6.57 (m, 12H, CH=), 6.53-6.47 (m, 8H, CH=), 4.62-4.60 (m, 8H, triazole-CH,), 4.52-4.50 (m, 8H,
triazole-CH,0), 4.01-3.91 (m, 8H, CH,N), 3.42-3.35 (m, 8H, CH,), 2.86 (s, 12H, NCH;), 1.36 (s, 36H, t-Bu)
ppm. *C NMR (100 MHz, CDCl3): § = 172.07, 160.03, 156.87, 149.89, 145.40 (C,); 137.97, 129.94, 123.78,
123.43 (CH=); 115.86, 115.70 (C.); 113.92, 112.05, 105.86, 102.48 (CH=); 68.08, 64.91 (CH,); 58.01 (C,);
52.63, 47.52 (CH,); 38.72 (NMe); 36.73 (C,); 28.21 (CHjs, t-Bu) ppm. HRMS (ESI-HRMS): m/z [M+H]" calcd.
for [CiogH117N2404]": 1889.9481; found 1889.9483.
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Scheme 26: Synthesis of 14-valent 14DCM.

Compound 24 was prepared from -CD according to the reported method.™

Compound 24 (5 mg, 30 umol), DCM-azide (21 equiv.), CuSO,4-5H,0 (7 equiv.) and sodium ascorbate (14
equiv.) in a mixed solvent THF/H,0 (3 mL, 2:1, v/v) were introduced into a microwave reactor tube. The
reaction mixture was kept irradiated at 110°C for 90 minutes. After that the reaction mixture was poured
into 0.1 M EDTA solution. The mixture was extracted with ethyl acetate (30 mL) for 3 times. The organic
layer was washed with brine, dried over MgSO,, concentrated, then purified with CombiFlash®
chromatography with petroleum ether: dichloromethane (90:10, v/v) and dichloromethane: methanol
(gradient, 10:90 to 95:5, v/v) as eluent to afford 14DCM as a red powder (12 mg, 58%). m/z [M+Na]" calcd.
for [CaosHa3aNgsNaOyo]*: 7295.4044, MALDI-TOF found 7295.
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5.1.2.5 YN-3c

Compound 31

HO Br NaN,, TBAB HO N3 .
—_—
Ho: :Br DMSO, 18 h Ho: :Br
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>< \)\/ CN
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Scheme 30: Synthesis of DCM contained compound 31.

DCM-o-propargy!

30, quantitative

Compound 30 was prepared from 2,2-bis(bromomethyl)-1,3-propanediol according to the reported
method.”®* Compound 30 (1 g, 4.46 mmol), DCM-o-propargyl (1.2 equiv.), CuSO,-5H,0 (0.4 equiv.) and
sodium ascorbate (0.8 equiv.) were added together in a mixed solvent THF/H,O (3 mL, 2:1, v/v) to a
microwave reactor tube. The reaction mixture was kept irradiated with microwave, holding at 110°C for
30 minutes. After that the reaction mixture was poured into 0.1 M EDTA solution. The mixture was
extracted with ethyl acetate (30 mL) for 3 times. The organic layer was washed with brine, dried over
MgS0O,, concentrated, then purified with CombiFlash® chromatography with petroleum ether and ethyl
acetate (gradient, 20:80, v/v) as eluent to afford 31 as a red powder (2.19 g, 77%). ‘H NMR (400 MHz,
CDCl3): 6 = 7.60 (s, 1H, triazole-H), 7.43 (d, / = 9.2 Hz, 2H), 7.35-7.30 (m, 1H), 6.72 (d, J = 8.7, 2H, H,,), 6.60
(d, J=1.8 Hz, 1H, CH=), 6.52 (d, J = 1.8 Hz, 1H, CH=), 6.48 (s, 1H, CH=), 4.65 (s, 2H, triazole-CH,), 4.48 (s, 2H,
triazole-CH,0), 3.74 (t, J = 5.5 Hz, 2H, CH,N), 3.64 (t, J = 5.5 Hz, 2H, CH,Br), 3.57-3.53 (m, 4H, CH,0H), 3.07
(s, 3H, NCH;), 1.37 (s, 9H, t-Bu) ppm. *C NMR (100 MHz, CDCl;): § = 172.08, 160.41, 157.02, 150.93,
145.06 (C,); 138.49, 129.86, 124.75 (CH=); 122.43, 116.03, 113.03 (C,); 112.05, 105.60, 102.49 (CH=);
68.06, 64.71, 62.51, 52.11, 49.65 (CH,); 45.87, 39.24, 36.75 (C,); 34.14, 29.81 (CH,); 28.25 (CHs, t-Bu) ppm.
HRMS (ESI-HRMS): m/z [M+H]" calcd. for [C3;H35BrNgO4]": 637.2133; found 637.2129.

Compound 32

NaH, 2.5 equiv.
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Scheme 31: Synthesis of target compound 32 and byproduct 33.

To a solution of compound 31 (123 mg, 0.65 mmol) in THF (5 mL), sodium hydride (60% dispersion in
mineral oil, 2.5 equiv.) was added under argon at -78°C under vigorous agitation. Then propargyl bromide
(20 equiv.) was added immediately to the reaction mixture. These two steps were carried out within 5
minutes. After that, the reaction mixture was allowed to be warm up to room temperature for 24 h.
Saturated NH,Cl aq. was added to quench the reaction and the reaction mixture was extracted by
dichloromethane (20 mL) for 3 times. The organic layer was washed with brine, dried with anhydrous
MgS0O,, filtered and concentrated in sequence. The crude product was purified by CombiFlash®
chromatography with an eluent of petroleum ether and ethyl acetate (gradient, 20:80, v/v) to afford 32 as
a red solid (74 mg, 54%). '"H NMR (400 MHz, CDCls): & = 7.61 (s, 1H, triazole-H), 7.42-7.39 (m, 2H), 7.35-
7.30 (m, 1H), 6.71-6.68 (m, 2H), 6.60-6.47 (m, 3H), 4.64-4.62 (m, 2H, triazole-CH,), 4.46-4.45 (m, 2H,
triazole-CH,0), 4.18-4.09 (m, 4H, OCH,C=CH), 3.74-3.71 (m, 2H, CH;N), 3.64-3.60 (m, 2H, CH,Br), 3.51-3.38
(m, 4H, CH,0H), 3.06 (s, 3H, NCH3), 2.47 (t, J = 2.2 Hz, 1H, C=CH), 2.44 (t, J = 2.2 Hz, 1H, C=CH), 1.37 (s, 9H,
t-Bu) ppm. *C NMR (100 MHz, CDCl,): & = 171.99, 160.32, 156.94, 150.87, 144.86 (C); 138.45, 129.85,
124.78 (CH=); 122.39, 115.86 (C,); 112.96, 112.00, 105.56, 102.45 (CH=); 79.06, 75.50 (C,); 69.17, 67.90,
64.65, 62.23, 58.86 (CH,); 57.68 (C,); 52.07, 50.01 (CH,); 45.29 (C,); 39.24 (NMe); 36.72 (C,); 34.20 (CH,);
28.22 (CH;, t-Bu) ppm. HRMS (ESI-HRMS): m/z [M+H]" calcd. for [Cs;HaBrNgO4]": 713.2446; found
713.2442.
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Scheme 33: Synthesis of 34.

Compound 32 (25 mg, 0.04 mmol), DAE-azide (2.05 equiv.), CuSO,-5H,0 (0.4 equiv.) and sodium
ascorbate (0.8 equiv.) were added together in a mixed solvent THF/H,0 (3 mL, 2:1, v/v) to a microwave
reactor tube. The reaction mixture was kept irradiated with microwave, holding at 110°C for 40 minutes.
After that the reaction mixture was poured into 0.1 M EDTA solution. The mixture was extracted with
dichloromethane (30 mL) for 3 times. The organic layer was washed with brine, dried over MgSQ,,
concentrated, then purified with CombiFlash® chromatography with dichloromethane and ethanol
(gradient, 95:5, v/v) as eluent to afford 34 as a red powder (55 mg, 77%). ‘*H NMR (400 MHz, CDCl3): 6 =
8.15-8.12 (m, 4H, H,,), 8.05-8.03 (m, 4H, H,,), 7.87-7.83 (m, 8H, Hy,), 7.68 (s, 1H, triazole-H), 7.65 (s, 2H,
triazole-H), 7.48-7.46 (m, 6H, Hy), 7.38 (d, J = 8.7 Hz, 2H), 7.33-7.29 (m, 1H), 6.90 (d, J = 8.7 Hz, 4H, H,,),
6.67 (d, J = 8.7 Hz, 2H, H,,), 6.56 (m, 1H), 6.49 (m, 1H), 6.45 (s, 1H), 4.60-4.59 (m, 6H), 4.48-4.43 (m, 6H),
4.03 (t, J = 5.7 Hz, 4H, OCH,), 3.72-3.69 (m, 2H), 3.61-3.59 (m, 2H), 3.41 (s, 2H, CH,Br), 3.37-3.32 (m, 4H,
CH,), 3.03 (s, 3H, NCH;), 2.67 (s, 6H, 2xCH;), 2.13 (s, 6H, 2xCH;), 1.87-1.81 (m, 8H, CH,), 1.35 (s, 9H, t-Bu,
DCM) ppm. BC NMR (100 MHz, CDCl5): 6 =171.98, 167.27, 164.14, 160.40, 150.93, 148.12, 147.57, 144.49,
143.40, 139.30 (Cy); 138.52 (CH=); 135.80, 133.57, 131.61 (C,); 130.47, 129.91, 129.58, 129.13, 127.98,
126.81, 126.68, 124.28, 122.96, 114.87, 112.96, 112.02, 105.54, 102.48 (CH=); 68.87, 67.85, 67.22, 64.84,
64.63, 52.09, 50.35, 50.14 (CH,); 44.92, 41.47 (C,); 39.26 (CHs); 36.74 (C,); 34.73, 32.06, 29.83, 29.19 (CH,);
28.26 (CHs), 27.34, 26.30 (CH,); 22.76 (CHs); 20.57, 19.57, 14.26 (C,); 13.21, 12.44 (CHs); 11.57 (C,) ppm.
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Scheme 33: Synthesis of YN-3c.

To a solution of compound 34 (56 mg, 27 pmol) in DMF (10 mL), Nal (0.1 equiv.) and NaN; (8 equiv.) were
added. The reaction mixture was heated up to 80°C and kept for 72 hours. After concentration, the
residue was diluted in EtOAc (20 mL), washed successively with water
and brine, dried over MgS0O,, concentrated and purified by CombiFlash® chromatography with
dichloromethane and ethanol (gradient, 100:0 to 90:10, v/v). After The crude was purified by
CombiFlash® chromatography with an eluent of dichloromethane and ethanol (gradient, 95:5, v/v) to
yield YN-3c as a red solid (50 mg, 91%). "H NMR (400 MHz, CDCl,): & = 8.13-8.10 (m, 4H, H,,), 8.05-8.02 (m,
4H, H,,), 7.87-7.81 (m, 8H, Hya,), 7.66 (s, 1H, triazole-H), 7.63 (s, 2H, triazole-H), 7.48-7.45 (m, 6H, H,,), 7.38
(d, J = 8.7 Hz, 2H), 7.32-7.26 (m, 1H), 6.89 (d, J = 8.7 Hz, 4H, H,,), 6.66 (d, J = 8.7 Hz, 2H, H,,), 6.55 (d, J =
1.8 Hz, 1H), 6.48 (d, J = 2.3 Hz, 1H), 6.44 (s, 1H), 4.60-4.59 (m, 6H), 4.47-4.42 (m, 6H), 4.02 (t, J = 5.7 Hz, 4H,
OCH,), 3.71-3.68 (m, 2H), 3.60-3.58 (m, 2H), 3.41 (s, 2H, CH,Br), 3.36-3.31 (m, 4H), 3.02 (s, 3H, NCH3), 2.66
(s, 6H, 2xCH3), 2.12 (s, 6H, 2xCH;), 1.86-1.80 (m, 8H), 1.34 (s, 9H, t-Bu, DCM) ppm. *C NMR (100 MHz,
CDCl3): 6 = 172.01, 167.31, 160.36, 156.97, 148.11, 147.52, 144.39, 143.39, 142.26, 139.31 (C,); 138.50
(CH=); 135.82, 133.55, 131.67 (C,); 130.50, 129.90, 129.14, 128.01, 126.83, 126.70, 124.88, 124.30, 122.61
(CH=); 115.97, 115.90 (C,); 114.86, 112.99, 112.04, 105.59, 102.50 (CH=); 69.36, 67.88, 67.19, 64.69, 64.55,
61.85, 52.12, 51.38, 49.37 (CH,); 45.84, 39.30, 36.76 (C,); 28.27, 27.33, 26.27(CHs); 23.97, 20.92, 17.64
(Cq); 13.24, 12.46 (CHs); ppm. HRMS (ESI-HRMS): m/z [M+Na]" calcd. for [Cio3HgsN23sNaO10S6]": 2028.5849;
found 2028.5775.
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5.1.2.6 YN-12c
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Scheme 34: Synthesis of YN-12c.

Compound 5 (1 mg, 0.04 mmol), YN-3c (4 equiv., 35 mg), CuSO,-5H,0 (7 equiv.) and sodium ascorbate (14
equiv.) were added together in a mixed solvent THF/H,0 (3 mL, 2:1, v/v) to a microwave reactor tube. The
reaction mixture was kept irradiated with microwave, holding at 120°C for 90 minutes. After that the
reaction mixture was added ammonium solution, sonicating until all the solid dissolved. The reaction
mixture was extracted with dichloromethane (30 mL) for 3 times. The organic layer was washed with
brine, dried over MgS0O,, concentrated, then purified with CombiFlash® chromatography with
dichloromethane and methanol (gradient, 100:0 to 95:5, v/v) as eluent to afford YN-12c¢ as a red solid (17

mg, 48%).
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5.1.2.7 YN-42c
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Scheme 35: Synthesis of YN-42c.

Compound 24 (1.5 mg, 0.04 mmol), YN-3c (18 equiv., 32.5 mg), CuSO,-5H,0 (7 equiv.) and sodium
ascorbate (14 equiv.) were added together in a mixed solvent THF/H,0 (3 mL, 2:1, v/v) to a microwave
reactor tube. The reaction mixture was kept irradiated with microwave, holding at 120°C for 90 minutes.
After that the reaction mixture was added ammonium solution, sonicating until all the solid dissolved. The
reaction mixture was extracted with dichloromethane (30 mL) for 3 times. The organic layer was washed
with brine, dried over MgSQO,, concentrated, then purified with CombiFlash® chromatography with
dichloromethane and methanol (gradient, 100:0 to 95:5, v/v) as eluent to afford YN-42c as a red solid
(12.5 mg, 37%).
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