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ABSTRACT

Responsive, adaptive and even intelligent molecular systems have been identified as
the key to next-generation pharmaceuticals and functional materials. Photoswitches,
compounds that isomerise reversibly between two distinct ground-state species upon
excitation with light and consequently give rise to a macroscopic effect, are an
integral part of this future. Their potential application areas range from
photopharmacology to optoelectronics and soft robotics. However, most
conventional photoswitch structures such as azobenzenes absorb ultraviolet light,
high-energy photons that are detrimental to many artificial materials and especially
to living systems. To harness their full potential, photoswitches should function
efficiently with visible light that is benign to the environment. Red or near-infrared
light would be the ideal stimulus for switches utilised in biological context, as these
wavelengths are least absorbed by living tissue. The same applies to light-driven
molecular motors, compounds that exhibit unidirectional rotation upon
photoexcitation. In addition to absorption in the red part of the visible spectrum,
both switches and motors should exhibit efficient and fast photoisomerisation,
favourable thermal isomerisation kinetics and tolerance towards different
environments in order to be useful in real-life applications. In this light, it is crucial
to understand the underlying fundamental mechanisms that govern these attributes.

In this thesis, we explore three different approaches to realise photoswitching
with red light: (i) synthetic modifications of azobenzenes, (i) utilisation of new
photoswitch cores that inherently absorb low-energy photons, and (iii) indirect
isomerisation with red-light photocatalysts. We study each strategy from a theoretical
viewpoint and demonstrate that they all provide means to induce isomerisation with
red light, each with unique advantages and challenges in terms of promoting
efficient, fast and robust switching. As a result, a single optimal photoswitch system
cannot be designed; instead, the challenge lies in identifying the best design for each
application. The same principles can also be applied to molecular motors, giving rise
to visible-light-powered unidirectional rotary motion on a molecular level. We show
that drawing inspiration from red-light-absorbing photoswitches has repercussions

not only on the visible-light absorption but also on enhanced rotation dynamics.
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TIVISTELMA

Vuorovaikutteiset, muotoutuvat ja jopa dlykkadt molekyylirakenteet ovat avain
uuden sukupolven lidkeaineisiin ja toiminnallisiin materiaaleihin. Valokytkimet eli
yhdisteet, jotka isomeroituvat reversiibelisti valon vaikutuksesta johtaen
makroskooppisten ominaisuuksien muutoksiin, ovat erottamaton osa titd
tulevaisuutta. Mahdolliset sovelluskohteet ulottuvat lidketieteesta elektroniikkaan ja
robotiikkaan. Valitettavasti useimmat valokytkinrakenteet, esimerkiksi laajalti
kiytetyt atsobentseenit, absorboivat ultraviolettivaloa, joka on vahingollista monille
materiaaleille ja erityisesti eldville soluille. Jotta valokytkinten koko potentiaali
voidaan hy6dyntiid, tarvitaan harmittomalla nikyvilldi valolla toimivia yhdisteiti.
Puna- tai infrapunavalo olisi ihanteellinen drsyke biologian alalla kiytettiville
kytkimille. Sama pitee my6s molekyylimoottoreihin eli yhdisteisiin, jotka pyorivit
valon vaikutuksesta yksisuuntaisesti. Lisiksi sekd kytkinten etti moottorien tulisi
isomerisoitua  valon  vaikutuksesta tehokkaasti ja  nopeasti, termisten
isomerisaatioreaktioiden tulisi olla sovelluskohteesta riippuen hitaita tai nopeita ja
yhdisteiden tulisi toimia hyvin erilaisissa ympiristdissd. Niiden ominaisuuksien
hallitsemiseksi on tirkedd ymmirtii niiden taustalla olevat mekanismit.

Tissd viitoskirjassa tutkimme kolmea keinoa toteuttaa valokytkentd punaisella
valolla: (i) atsobentseenien absorptiospektrin siirtiminen rakennetta muokkaamalla,
(ii) uusien, valmiiksi punaista valoa absorboivien rakenteiden hyédyntiminen ja (iii)
epasuora  valokytkentdi punavalolla aktivoitavia  katalyytteji  hyodyntden.
Tarkastelemme strategioita teoreettiselta kannalta ja osoitamme, ettd niistd jokainen
mahdollistaa valokytkennin punaista valoa kiyttien. Kullakin strategialla on etunsa
ja haasteensa tehokkaan, nopean ja kestdvin valokytkennin toteuttamiseksi. Tédstéd
johtuen yksi ihanteellinen valokytkinmalli ei voi saavuttaa kaikkia eri sovelluksille
asetettuja tavoitteita, vaan tulevaisuuden haaste on 16ytdd kuhunkin kdytt66n paras
ratkaisu. Samoja periaatteita voidaan soveltaa myds molekyylimoottoreihin, jolloin
molekulaarisen tason yksisuuntainen kiertolitke voidaan saada aikaan nikyvilld
valolla. Lisdksi punaisella valolla toimivien valokytkinten rakenteita hyédyntimalld

moottorien rotaatiota saadaan tehostettua.
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1 INTRODUCTION

Organic chemistry is one of the very foundations on which our modern civilisation
is built. Through deep knowledge of the reactivity of molecules we can investigate
biochemical processes, cure diseases, and ultimately understand life. By establishing
structure-property relationships on the molecular level we are able to tailor materials
for a wide array of vital everyday applications. Few structures and functions are
outside the reach of a capable organic chemist. So few, in fact, that one is left
wondering whether the field is already complete. This illusion is quickly shattered by
a quick comparison of a living organism and a synthetic piece of plastic,
demonstrating how far we still are from truly mastering chemistry. In contrast to the
adaptive, interactive and even intelligent character of biomolecular assemblies and
living organisms, most human-made molecular structures are static by nature. A
pharmaceutical can be engineered to attack predominantly cancerous cells or certain
pathogens, but its activity does not change after it is synthesised. Similarly, the
mechanical properties of a polymer coating are fixed at the time of its fabrication. In
order to realise the next generation of medicine and materials, we must find a way
to bring life-like features to the realm of synthetic systems.2

In search of such materials, scientists have explored ways to control phenomena
such as self-assembly and phase transitions with, for example, electrostatic and
magnetic forces, temperature fluctuations or light, bringing systems out of
equilibrium.3-¢ One of the persisting approaches is based on the use of molecular
switches, compounds that interchange reversibly between two or more distinct states
in response to an external stimulus.” This nanoscopic event alters the
physicochemical properties of the compound, and if the switch is integrated into a
larger structure, may even lead to function at the macroscopic level.5-10 On the other
hand, so-called molecular motors capable of unidirectional rotation!! open up new
pathways for converting nanoscale phenomena into macroscopic response.!2-15

While switches fuelled by chemical reactions,!6-18 electric currents!¥-2! and other
stimuli are also actively studied, in this thesis the focus will be on photoswitches,
molecules that isomerise upon exposure to light. They are particularly attractive
motifs as the wavelength, intensity and polarisation of light can be controlled
precisely in space and time, a light stimulus can be induced remotely, and no waste



is accumulated in the system.2223 Thus, it is no wonder that photoisomerisable
molecules such as azobenzenes, diarylethenes and spiropyrans, as well as light-driven
molecular motors, are increasingly applied for potential use in medicine,24-28
biosciences,?-32 catalysis,?337 soft robotics, 3840 energy storage,*1-47 electronics*8-52
and optics,53-55 and fabrication of both nanoscopic and macroscopic structures.56:57

Each application inflicts different demands on the photoinduced molecular-level
changes needed for the desired function. For this reason, a single photoswitch
structure capable of meeting the requirements of all applications cannot be designed.
Instead, various photoswitch families have been developed, each with unique
behaviour upon isomerisation: some photoswitches exhibit large changes in
geometry and dipole moment, for others it is simply the changes in conjugation or
absorption that give rise to photoinduced function. In addition, the structural and
photochemical properties of the photoswitches need to be compatible with the
application environment. For instance, water solubility and resistance towards
cellular redox reactions are crucial in photopharmacology. Within a photoswitch
family, these features can be tuned through synthetic modifications3$ or by
incorporating the switches into supramolecular assemblies that change their
microenvironment.60-66

Most photoswitches suffer from one critical incompatibility: one of the isomers
is only accessible through excitation with ultraviolet light. This high-energy
irradiation has a degrading effect on many materials and is particularly detrimental
to living systems. To tackle this problem, photoswitches that can be isomerised with
lower-energy red or near-infrared light, while maintaining the favourable properties
of the parent molecule, are needed.8.67.68 Three approaches toward this goal can be
identified: (i) tuning the spectral qualities of conventional photoswitches, (ii)
developing new photoswitch families that inherently operate with low-energy light,
and (iii) utilising red-light photocatalysts to isomerise conventional switches. To this
date, none of these strategies have been perfected to the point of being practically
useful for the aforementioned applications. Thus, more research is needed on all
three fronts to truly harness the potential of photoswitches.

1.1 Aim and scope of this work

The objective of this thesis is to introduce, investigate and optimise strategies for
inducing E—Z photoisomerisation with low-energy light. In particular, we strive

towards systems that can be switched with visible or even near-infrared light in both



directions while exhibiting good thermal stability. Before zooming into this topic,
the reader is provided with general knowledge of the molecular structures,
isomerisation pathways and characterisation of known photoswitch families, as well
as the theoretical principles of photoisomerisation. After this, the aim is to provide
guidelines for shifting the switching wavelengths towards the red end of the visible
spectrum and beyond. The aforementioned three strategies for accomplishing red-
light photoswitching are then presented, providing both theoretical and practical
considerations for each (Figure 1). Finally, it is shown how the same methods can
also be utilised in red-shifting the excitation wavelengths of light-driven molecular
motors.

Strategies for red-light photoswitching
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Beyond switches: visible-
light-driven molecular motors

Indirect excitation

Figure 1. The focal areas of this thesis, with examples from the original publications of this thesis.

Extensive literature reviews are presented for each focal area of this thesis. They are
exemplified by the four original publications. Publication I explores ways to modify
the spectral properties of azobenzenes, the most widely used photoswitches, through
combined or#ho-amination and -fluorination. Through a systematic study of different
substitution patterns and amino substituents, the structural features leading to the
best compromise between highly red-shifted absorption bands and desired
photoswitching dynamics are revealed. Publication IT investigates an emerging class
of photoswitches, IN,N-difunctionalised indigo derivatives, demonstrating that with



a suitable synthetic design this inherently red-light-absorbing photoswitch family can
be utilised efficiently both in a solution and in a polymeric environment. Publication
III presents molecular iodine as a new near-infrared-light photocatalyst capable of
isomerising suitably substituted azobenzenes from Z to E. Most interestingly, it is
shown that the reaction is mediated by molecular oxygen. Publication IV focuses
on the design of a synthetically simple visible-light-driven molecular motor and
comprehensive studies of its photochemical behaviour. Originating from
unexpected reactivity in a Knoevenagel condensation, the motor has a quaternary
stereocentre featuring a hydroxy group, which promotes unidirectional rotation by
stabilising the thermal step leading to progressive motion and by enhancing its
excited-state rotation through a hydrogen-bond lasso effect that improves the
photoisomerisation quantum yield.

While the publications represent different approaches to accomplishing red-light
photoswitching, they are similar in their nature. None of the works present entirely
new concepts or state-of-the-art solutions for accomplishing photoswitching with
red light, although especially Publications II and IV mark distinct advances on the
respective fronts. Instead, our studies aim at understanding different phenomena
crucial for this ultimate goal, paving the way for further research. In addition to
systematic studies made in Publications I and II, unexpected discoveries are
investigated in Publications IIT and IV. All of these add to our understanding of
photoswitch systems responsive to low-energy light.

1.2 Outline

This thesis comprises seven chapters. After familiarising the reader with the
background and motivation for the study in Chapter 1, the theoretical framework of
photoswitching is presented in Chapter 2, which also discusses the related
experimental and computational methods. Chapter 3 showcases the structural
modifications that have been implemented to red-shift the absorption bands of
azobenzenes. In Chapter 4, less known photoisomerisable compounds operating
with visible or near-infrared light are introduced. A third approach for red-light
photoswitching, based on indirect photocatalytic pathways, is discussed in Chapter
5. In Chapter 6, it is shown how the principles explored in Chapters 3—5 can be
applied for designing visible-light-driven molecular motors. Finally, the conclusions
of this thesis are presented in Chapter 7 along with some perspectives on the

potential next steps in this line of research.



2 PHOTOSWITCHING

When azobenzene crystals are irradiated with near-ultraviolet light, their colour
changes from yellow to orange.®® A distortion in the geometry of the crystals may
also be observed. When purple or blue light is shone on the crystals, their original
colour and shape are restored. This, of course, is a classic example of photoswitching
arising from the fact that azobenzene molecules can exist as two isomers with
different spectral properties and geometry.” But what are these isomers and how is
it possible to convert from one to the other with specific wavelengths of
electromagnetic radiation? In this chapter we will take a closer look into the
chemistry behind this phenomenon: What structural features allow for a compound
to function as a photoswitch? What are the photochemical and thermal mechanisms
involved in the isomerisation? How can the various parameters of photoswitching
be studied? An understanding of these fundamentals is crucial for the tailoring of
photoswitching dynamics. Photoswitching is addressed in two sections based on
whether it is purely based on E—Z (or #rans—cis) isomerisation about a double bond
(Chapter 2.1), or (also) involves the closing or opening of a ring (Chapter 2.2). E—Z
switches are emphasised, as they are the focus of the next chapters. It should be
stressed that even though all prominent photoswitch families and their properties
are presented, this chapter is only meant to provide essential background
information for the following chapters. For a proper introduction to the myriad of
photoswitch families reported up to date, the reader is directed to excellent recent
reviews.”58:5 Hinally, in Chapter 2.3, we shall go through the experimental methods

of studying the photochemistry of these molecules.

2.1 Photoswitches based on E-Z isomerisation

The aforementioned azobenzene is a prime example of a molecule that can be
switched with light between two states, the E and Z isomers (Figure 2a). The azo
bridge provides the isomerisable unit, while the phenyl substituents account for the
extended n-system required for absorption in the near-UV and visible light regime.”

In addition to azobenzene derivatives and their heteroarene equivalents built around



a N=N bond,’273 E—Z photoswitches can also be made with other n-systems.
Photoswitches such as (stiff-)stilbenes,” indigoids,’”> hemipiperazines,’ and retinal
that our eyesight is based on,”” are based on the isomerisation of a C=C double bond,
while hydrazone” and iminothioindoxyl™ photoswitches rely on a C=N unit. These
photoswitch families are exemplified in Figure 2b. Although the photochemical
considerations in this section are given for azobenzene, they apply for other E—Z

photoswitches as well, with some exceptions that are mentioned when necessary.
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Figure 2. (a) E-Z isomerisation of azobenzene. (b) Selected examples of E-Z photoswitches based
on N=N, C=C and C=N motifs. The isomer with lowest ground-state energy is depicted.

The E isomer of azobenzene is planar and its phenyl rings point in opposite
directions, hence minimising steric effects. In the case of the Z isomer, however, the
close proximity of the phenyl rings forces the molecule into a twisted conformation
(Figure 2a).70 As a result of increased steric interactions and reduced conjugation, the
ground state energy of the Z isomer is ca. 12 kcal mol! higher in energy compared
to the E isomer.”! Thus, in the absence of light, azobenzene exists solely as the
isomer and the metastable Z isomer is only reached via photochemical pathways (vide
infra). This is generally true for most photoswitches. However, in some cases, the
energy difference between the isomers is so small that under equilibrating conditions

a substantial fraction of the molecules exists as the metastable isomer. For example,



for certain indigoids the energy difference is only ca. 1 kcal mol! or less, leading to
dark equilibria where the isomer distribution is close to equal.89-82 It should also be
noted that for some switches such as 5 and 7, the stable isomer is actually assigned
the Z notation. When generalised E—Z switching is described in this chapter, the Z
isomer is denoted the metastable isomer.

The absorption spectrum of E-1 in the ultraviolet-visible wavelength range is
governed by an intense (¢ = 23,000 M-! cm!) band at 316 nm (#-hexane).”! This
arises from the symmetry-allowed transition from n to 7*, leading to the S state.
Another, significantly weaker (¢ = 405 M1 cm™) band is located at 449 nm,
corresponding to the n—r* transition that leads to the lower-energy S/ state. This
transition is symmetry-forbidden due to the orthogonality of the n and n* orbitals,
and it is only allowed to this extent because of planarity-breaking molecular
vibrations coupled to the electronic transitions. The situation changes for Z-1. Due
to the twisting of the molecule, the n-system is shortened, lowering the energy of the
highest occupied 7 orbital and raising the energy of the lowest unoccupied 7* orbital.
As a result, the energy of the n—r* transition increases, which is observed as a
hypsochromic shift of the related peak in the absorption spectrum.” Simultaneously,
the probabilities of the n—n* and n—n* transitions increase and decrease, respectively,
visible in the peak intensities. These factors together explain the observed spectral
differences between the isomers (Figure 3).
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Figure 3. The absorption spectra of E-2 and Z-2 in n-hexane, visualising the T—1r* and n—r
absorption bands of each isomer and typical isomerisation wavelengths.



The distinct absorption spectra allow for isomer-specific excitation to either §7 or 2
state, which is the key to photoisomerisation between the two species.’” In Figure 4,
a schematic potential energy landscape of 1is presented. Upon excitation at the n—
7* band at ca. 450 nm, E-1is brought to the Frank-Condon geometry on §7. It then
follows a barrierless pathway to a conical intersection leading to the ground-state Z
isomer$3-87 with an overall quantum yield of 0.25 in #-hexane.® When excitation at
the n—n* band is applied, vibrational cooling from S to S takes place before the
aforementioned pathway to Z-1.83-87 The quantum yield of photoisomerisation is
lower when the n—n* band is used, only 0.11 in #-hexane,® which indicates the
existence of an additional, non-productive relaxation mechanism, possibly through
crossing to an S state.86 Due to deficiencies in the experimental and computational
tools used to probe the reaction, no consensus has been reached on the nature of
these pathways, although an out-of-plane rotation is widely supported for the §; —
So deactivation and an in-plane inversion (with perhaps a torsional component) for
the §2 — S/ — Sy route.’2 The matter is further complicated by the fact that the
potential energy surfaces are solvent-dependent.’289 In any case, excitation at both
the n—m* and n—n* absorption bands leads to isomerisation from E to Z. Through
similar pathways, excitation at the respective absorption bands of Z-1 leads to
isomerisation back to E.7287.90 Because of the spectral shapes of the isomers, n—n* is
typically used for E — Z isomerisation and n—n* for the reverse reaction (Figure 3).
Thermal back-isomerisation to Z-1 has a barrier of ca. 22 kcal mol! and occurs with
a half-life of some 2 days at 25 °C.72 This reaction has traditionally been considered
to proceed via inversion,’2%! but the arguably most convincing experimental and
computational studies have instead suggested a rotational mechanism involving

crossing to the first excited triplet state 17.83.92
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Figure 4. A schematic depiction of the photochemical (orange) and thermal (turquoise) isomerisation
pathways of azobenzene. Dashed lines represent the absorption of a photon, solid lines
traversing on the potential energy surfaces, and wavy lines vibrational cooling.

Similar mechanisms exist for other E—Z switches as well, but the exact
photochemical and thermal pathways need to be determined individually for each
photoswitch, as the energy landscapes can differ significantly.’? For instance, the
substitution pattern of azobenzenes and azoheteroarenes dictates whether thermal
isomerisation proceeds via rotation, inversion, rotation-assisted inversion or yet
another pathway, e.g., a hydrazone intermediate possible for tautomerisable
azoarenes.”% Also the absorption spectra are notably different for different
photoswitch families: as an obvious example, the n—n* absorption band does not
exist for switches that isomerise about a C=C bond. The spectral characteristics of
different molecular structures are discussed in more detail in Chapters 3 and 4.

We shall now revisit the concept of isomer-specific excitation leading to exclusive
reaction from E to Z or vice versa. For most photoswitches, quantitative switching
is not possible due to spectral overlap of the isomers. Instead, a photostationary state
(PSS) is reached with wavelength-specific isomer distribution (PSD). If thermal
isomerisation is slow enough (half-life of seconds or more), PSD is determined by
the molar absorptivity coefficients &g /7 and isomerisation quantum yields ¢g,7_,7/g-



At PSS, the isomer concentrations are constant, and thus, the rates of the reverse
photoisomerisation reactions are equal:

Prozlexc(1 = 1071F) = gl (1 — 1075211 M)

Here, I,y is the volumetric photon flux in photon moles per solvent volume over
time (later called the excitation intensity) and [ the light path in the medium. Evident
from Equation 1, the excitation intensity does not have an effect on the PSD. If
ground-state isomerisation is fast, also a thermal component needs to be accounted
for. In dilute solutions (and sometimes in other environments as well) thermal
isomerisation follows simple first-order kinetics with a temperature-dependent rate

constant k. In this case, also the excitation intensity affects the PSD:
Prozlexe(1= 1071 = @7 plere(1 - 10752141) + k7 [Z] @

For most applications, a good PSD is required for the E — Z reaction, i.e. the Z:E
ratio in the PSS should be high. Thus, the metastable state should be stable enough
or the excitation intense enough for the second term in Equation 2 not to affect the
equilibrium. Apart from this, the optimal thermal stability of the metastable isomer
is application-specific: in some cases, fast thermal back-isomerisation is
favourable,54959 in which case Z — E photoisomerisation is not needed. On the
other hand, many applications rely upon efficient photoswitching between two stable
states. On this basis, photoswitches are sometimes classified as T-type switches that
isomerise back to the stable state thermally, and P-type switches for which only
photochemical back-isomerisation is viable. In practice, no such division can always
be made: thermal half-lives of azobenzenes vary from microseconds?” (sub-
picoseconds for certain azoheteroarene salts?) to years? and are often highly
environment-dependent,'00.101 and the whole concept of a “stable” metastable
isomer is linked to the time scale on which the photoswitching-induced function
takes place.

Speaking of function, it is time to look at the photoinduced changes upon
isomerisation. In the case of E—Z switches, geometry is the dominating difference
between the isomers. For azobenzenes, E — Z isomerisation reduces the distance
between the para carbons from 10 to 5.9 A, while the molecular shape changes from
rod-like to bent.”! This can be used to control their self-assembly processes!02-107
and to activate or deactivate catalytic3*35 or biologically active sites26-2% through steric
interactions or preorganisation. When blended with a self-assembled system, for

10



example a liquid crystalline material, the shape change can be used to disturb the
order, leading to phase transition!08-110 and subsequently even macroscopic-level
deformation 8111112 Also mechanical forces can be induced when the photoswitch is
covalently bound to a polymer or elastomer network.!12113 Apart from geometry,
also other properties change upon isomerisation. The dipole moment of E-1 (and
other symmetrical switches) is zero, but that of Z-1is 3.0 Debye, which is often a
complementary factor in driving photoinduced function. The isomerisation can also
be utilised as a memory element for an intelligent material,!'4 or for energy storage
due to the energy difference between the isomers. Most of these demonstrations
have been carried out with azobenzene derivatives,>2!15 but the same principles apply
to all E—Z switches. However, there are differences in the extent to which shape and
other associated properties change and in how well the switch can be utilised in the
application-specific environment. For instance, large geometrical changes are
challenging to induce in confined environments typical for materials science
applications,!16.117 whereas in biological context factors such as water solubility9.118
and resistance to reduction (e.g., by glutathione)?’ are crucial.

2.2 Photoswitches based on cyclisation reactions

Compared to the simple isomerisation of E—Z switches, the pathways of
photocyclisation are diverse: all the examples depicted in Figure 5 proceed via
different isomerisation mechanisms, not to mention the photoswitch families such
as fulgides,!!? dihydroazulenes,!20.121 chromenes!22123 and arene-bridged imidazole
dimers!24-128 that are omitted. Also the photoinduced physicochemical response
varies greatly. We shall first focus on the most straightforward reaction, the
electrocyclisation of diarylethenes.!29.130 Exemplified by 8-o, the open-ring isomer of
a diarylethene features two aromatic sides that are linked by a C=C bridge. This
aromaticity lowers their energy in contrast to the closed-ring isomer.13! Contrary to
stilbenes, the double bond is constrained inside a cyclic structure, preventing E—Z
isomerisation. The n-systems of the molecule are cross-conjugated and as a result,
the transition to the lowest-lying excited state typically requires the use of UV light.
Following excitation, a conrotatory six-electron electrocyclic ring-closure takes
place,132 typically with relatively high quantum yields (mostly 0.3-0.6).130 This
reaction leads to an extended n-system, evident as the appearance of colour (Figure
6). Ground-state isomerisation via a disrotatory mechanism is allowed,!32 but the

energy barriers are typically large, especially so for dithianes for which the energy
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difference between the isomers is small.13 Thus, for well-designed derivatives,
thermal isomerisation takes place on a timescale of years at room temperature.130
Quantitative isomerisation in the reverse direction is, however, easily achieved via
visible-light excitation at the absorption band of the closed-ring isomer. The
switching is highly robust, some structures enduring more than 10,000 switching
cycles.130.133  Because of their outstanding thermal stability and negligible
photodegradation as well as the distinct spectral and electronic differences between
the isomers, diarylethenes are good candidates for memory components.51130,134 The
change in conjugation can also be utilised in photoswitchable organic field-effect
transistors*»5! and catalysts.3 Geometry changes are small compared to E-Z
switches, which makes solid-state switching easy;!16!117 yet, even this small shape
change has been exploited in bringing about macroscopic deformations in crystalline

and polymeric materials.135-137
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Figure 5. Selected photoswitch families based on photocyclisation reactions.
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Another class of photoswitches that undergo photocyclisation in one elementary
step are norbornadienes, derivatives of 9-o. The mechanism is distinctly different, a
[2+2] cycloaddition that can be induced via direct photoexcitation or indirectly using
triplet sensitisers.!3 Because the n-system is lost during cyclisation, no low-energy
transitions exist for quadricyclane and thanks to this negative photochromism
(Figure 6), the system does not suffer from competing photoisomerisation to the
reverse direction. Only thermal back-isomerisation with a substantial barrier is
possible. Isomerisation does not induce changes in geometry or conjugation, but
owing to the ring strain of the two formed three-membered rings, the energy of the
metastable isomer 9-c is ca. 21 kcal mol! higher than that of 9-0, and for some
derivatives, the difference is even greater.!3 Although 9 only absorbs very energetic
UV light (<300 nm), structural modifications lower the excitation energy, allowing
visible-light photoisomerisation while retaining good thermal stability of the
quadricyclane.!* These red-shifted norbornadiene derivatives can be utilised in the
storage of solar energy (the so-called MOST systems);*:43 it can be released as heat
by catalysing the quadricyclane — norbornadiene reaction with homogeneous or

heterogeneous transition metal catalysts.141,142
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Figure 6. Schematic depictions of the absorption spectra of the stable and metastable isomers of a
diarylethene or a spiropyran and norbornadiene or a DASA, demonstrating the difference
between positive and negative photochromism.

The isomerisation mechanisms of the two remaining photoswitches are similar. The
thermodynamically stable ring-closed form of spiropyran can be excited with UV
light to bring about a six-electron electrocyclic ring opening.!43144 The resulting
open-ring Z-merocyanine form will then isomerise thermally to the
thermodynamically favoured E isomer. Merocyanines are highly conjugated and thus

13



absorb in the visible light regime. They exhibit strong solvatochromism, showing
zwitterionic character in polar solvents and a neutral quinoidal structure in non-polar
media.!*> Thermal back-isomerisation takes place on a timescale of minutes and can
also be induced photochemically through excitation at the visible-light absorption
band.!* Moreover, also other stimuli such as changes in temperature, pH or
temperature can be utilised to isomerise the molecule between the spiropyran and
merocyanine forms.!46 Drastic differences in the geometry (and subsequently in, e.g.,
aggregation tendency),!46 dipole moment (4-6 to 14-18 D),!47 acidity!8 and
fluorescence properties'4” exist between the neutral closed-ring and zwitterionic
open-ring structures, which makes spiropyrans particularly interesting for stimuli-
responsive dynamic materials.!46

Donor-Acceptor Stenhouse Adducts (DASAs) isomerise in a reversed fashion.
The highly conjugated linear isomer has strong electron-donating and -withdrawing
units across the n-system, lowering the energy of its n—n* transition considerably:
excitation wavelengths lie in the red end of the visible spectrum.!50.151 After initial £
— Z isomerisation, a thermal conrotatory four-electron electrocyclic ring-closure
takes place.!52-15¢ Conjugation is lost upon cyclisation so that the closed-ring isomer
does not absorb visible light. This negative photochromism allows quantitative
photoisomerisation to the closed-ring isomer. Concurrently, no excitation bands
exist to induce the reverse reaction photochemically, limiting the application areas
of DASASs.155 Furthermore, the optimal structures for highly red-shifted absorption
of the linear form (so-called second-generation DASAs) come with a price: the
energy of the linear form is raised, even over that of the closed form, resulting in
compromised thermodynamic equilibria with 2-83% of the coloured isomer; the
equilibria are both solvent- and temperature-dependent.!51156 This issue can be
countered by modifying the acceptor unit, allowing quantitative photoisomerisation
in one direction and near-quantitative thermal isomerisation in the other.!57 The rate
of the thermal ring-opening is highly solvent-dependent, isomerisation half-lives

ranging from minutes to several hours even for the same molecular structure.!50

2.3 Characterisation of photoswitches

Regardless of the photoswitch family, the essential switching parameters include the
spectral properties and wavelength-specific PSDs for both photoisomers as well as
the thermal stability of the metastable species. The PSDs, in turn, are dictated by the

molar absorption coefficients and isomerisation quantum yields of the isomers. The
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experimental methodology used to determine these parameters is introduced in this
section. Computational tools are also crucial for verifying experimental findings and
understanding the pertinent photochemical mechanisms, but their detailed
description falls outside the scope of this thesis. Herein, it is sufficient to know that
conventional density functional theory (DFT) and time-dependent DFT (TD-DFT)
methods are typically used to model the geometry, electronic transitions and
isomerisation mechanisms of photoswitches, often accompanied by ab initio
simulations,80:83.93,94,99,158,159

Molar absorptivity (or extinction) coefficients & (typically in dm? mol! cm-)
for a specific wavelength are derived from the measured absorbance Abs (unitless)
at that wavelength using the Beer-Lambert law. The value can be determined from
a single spectrum or more accurately from a concentration series. In addition to the
generally reported peak maxima (e.g., the n—* and n—n* bands of azobenzenes),
other wavelength-specific extinction coefficients can also be calculated, for example
in the tail of an absorption band when it is used for excitation.

Photostationary state distribution (PSD) is determined during or after
excitation with a specific wavelength, depending on the thermal isomerisation rate.
The most accurate determination methods are quantitative nuclear magnetic
resonance spectroscopy (NMR) and high-performance liquid chromatography
(HPLC). If thermal isomerisation is negligible on the timescale of minutes, the
sample can be irradiated to PSS and then studied with either of these methods,
although determining accurate values has certain prerequisites: the NMR signals
need to be sufficiently separated and in the case of HPLC, either the e difference of
the isomers needs to be known at the recording wavelength or an isosbestic point
must exist. In the case of faster-isomerising compounds, HPLC cannot be utilised.
'H NMR is functional for switches isomerising even on the timescale of seconds if
custom-made 7z sifu excitation setups are employed. However, at sub-second thermal
isomerisation half-lives, the high concentration of an NMR sample typically hampers
reaching good PSDs (cf. Equation 2 in Chapter 2.1). Moreover, neither NMR nor
HPLC are feasible instruments for characterising solid-state samples. The third way
of determining PSDs is based on the isomerisation-induced differences in the
absorption spectrum of the compound. If the absorbance at a certain wavelength
decreases by a certain factor Y upon isomerisation from a sample constituting of
only the stable isomer, the molar fraction of the metastable isomer is equal to or
bigger than y. The value is only absolute if the absorbance of the metastable isomer
is zero at the wavelength in question or if the pure metastable isomer spectrum can

be determined through deconvolution;!® otherwise, the value gives a lower limit for
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the PSD (Figure 7). Despite this deficiency, the method is valuable when studying
photoswitches whose thermal isomerisation is fast, and for probing the
photoswitching in solid environments. If the PSD is known, the absorption
spectrum of the pure metastable isomer can be calculated from the pure stable

isomer and PSS spectra, as the absorbance at the PSS is

AbsPSS_XEAbSE

Abspgs = xpAbsy + x,Abs, = Abs, = ~

)

Through a similar procedure, the pure stable and metastable isomer absorption
spectra can be calculated from two PSS spectra if the related PSDs are known.

a 10; Pure E b Pure E
- PSS405 nm ——PSS,45mm
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Figure 7. Determination of the PSD with (a) UV-visible absorption spectroscopy and (b) 'H NMR
spectroscopy. The determined lower limit for the PSD from (a) is 51% Z, whereas the
absolute value from (b) is 58% Z.

Isomerisation quantum yields and the molar absorptivities of each isomer govern
the PSDs. To determine quantum yields, the kinetics of isomerisation need to be
monitored.!®! For a general photoisomerisation reaction (here, £ — Z for simplicity)
where thermal isomerisation is slow enough to be neglected, the isomerisation rate
is expressed by Equation 4: it depends on the quantum yields, excitation intensity
and the fraction of light absorbed by each isomer. This equation cannot be solved
analytically. If one of the isomers (here, Z) does not absorb at the excitation
wavelength, the differential equation is simplified (Equation 5) and can be solved to
yield Equation 6. In all cases, I,y is the molar photon flux (mol dm- s-) and can be

determined either with a power meter or more accurately through actinometry.
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In the case of only one absorbing species (here, the E isomer), the PSD can be
monitored over time (e.g., with UV-vis spectroscopy) and this data fitted with
Equation 6, to yield the quantum yield. The procedure is significantly simplified if
the excited sample is concentrated enough to absorb all the irradiated light (i.e. we
are operating in the total absorption regime where the absorbance at the excitation
wavelength is > 2), as the last term in Equation 5 can now be omitted. In this case,
the PSD can be determined before and after an excitation pulse (e.g., with NMR)

and the @ value extracted from Equation 7.

[Z] = _A[E] = (pE—>ZIexct (7)

However, often both isomers absorb at the excitation region, in which case the so-
called initial slope method is utilised. The method approximates that, if starting from
a pure isomer, the small fraction of the other isomer formed upon
photoisomerisation does not affect the kinetics of the reaction in the beginning of
excitation; thus, for the first ca. 10% of the isomerisation, Equations 6 and 7 can be
used even when the forming isomer competes for the excitation light. It should be
noted that when quantum yields are determined in a cuvette with steady-state
spectroscopy, the excitation intensity must be low enough to allow for the sample to
mix sufficiently on the timescale of the measurement. Conversely, if time-resolved
spectroscopy is used on the millisecond timescale, mixing should not be used to keep
the excited molecules inside the observation beam area. Nano- and femtosecond
measurements are already fast enough for the mixing not to affect them.

Thermal isomerisation can be followed by any method where the isomers give
rise to separate signals, thus enabling the tracking of the signal intensities (isomer
distributions) over time. Most commonly, NMR, HPLC or absorption spectroscopy
is utilised. As with the PSD determination, NMR and HPLC are only feasible for
slow-isomerising systems (half-lives of hours or more) due to the minute-long
recording times. Absorption spectroscopy, on the other hand, can be carried out
even on the microsecond timescale, with no downsides compared to NMR or

HPLC. Typically, either whole spectra are recorded with fixed time intervals and the

17



absorbance values at a given wavelength over time are extracted from the data
(Figure 8), or the absorbance at a fixed wavelength is recorded continuously over

time. The data is then fitted with a monoexponential decay function

Abs(t) = Absy, — (Abs,, — Abso)e_Tt, (8)

in which Abs, and Abs,, are the absorbance values at t = 0 and t = 00, and 7 is the
lifetime of the metastable isomer. Another often used parameter, half-life t/2, can
be acquired by multiplying T by a factor of In(2). Full conversion (>99%) is only

acquired in the course of almost seven half-lives (Figure 06).
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Figure 8. A schematic presentation of the monitoring of thermal isomerisation with UV-vis absorption
spectroscopy.

If the environment of the photoswitch is heterogeneous, Equation 8 is modified
accordingly. In the case of two distinct environments (e.g., complexed and freely
solvated molecules), a biexponential fit (Equation 9) can be used, yielding the
lifetimes 7; and T,. If the heterogeneous medium is a continuum of different
environments, a stretched exponential decay fit (Equation 10) is a better choice. In
that case, the stretch factor b (0 < b < 1) expresses the amount of heterogeneity,
being 1 for a homogeneous system (monoexponential decay).

-t -t
Abs(t) = Abs., — (Abs,, — Absy) (eFi-+e o
_e\b
Abs(t) = Absy, — (Abs,, — Abso)e(7) (10)
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3 SPECTRAL TUNING OF AZOBENZENES

Having established the theory and practice of photoswitching, we shall now address
the topic of this thesis, red-light photoisomerisation. Due to the success of various
azobenzene-based applications, considerable effort has been put into tuning the
absorption spectrum of azobenzene through synthetic modifications. Here, we will
focus on the different approaches to red-shift the isomerisation wavelengths of
azobenzene derivatives. Chapter 3.1 covers the structural designs that can be utilised
to shift the n—n* absorption band to longer wavelengths, while the more recent
strategy of excitation at the n—m* band to induce isomerisation in both directions is
presented in Chapter 3.2. Finally, Chapter 3.3 concentrates on the original work of
this thesis, a class of visible-light photoswitches, or#ho-fluoroaminoazobenzenes.
Azoheteroarenes are not covered in this chapter, although visible-light-absorbing

equivalents have been published.!62

3.1 Red-shifting the T—1* absorption band: electron-donating
substituents, push-pull systems and protonated azobenzenes

The n—n* absorption band is readily used for £ — Z isomerisation, but for parent
azobenzene, this requires excitation at ca. 340 nm or below. The introduction of
electron-donating alkoxy and especially amino substituents in or#ho ot para position
relative to the azo bond extends the conjugation of the n-system, thus raising and
lowering the energies of the n and n* orbitals, respectively, leading to a red-shift of
the n—m* band.!63-165 Azobenzenes with pyrrolidino, piperidino or dialkylamino
substituents attached to their para positions such as 12 (Figure 9) typically exhibit
absorption maxima near 400 nm.163.165166 Conjugated systems can also be built
through or#ho amination (cf. Chapter 3.3), in which case the absorption maximum
can be shifted to >500 nm (13).94167.168 Visible-light photoisomerisation of such
azobenzenes is relatively efficient (PSDs up to >70% Z). The absorption band can
be further red-shifted by employing an electron-withdrawing unit conjugated to the
electron-donating moiety across the azo bridge. Typically these push-pull
azobenzenes, exemplified by 14, absorb at around 500 nm.163 Their
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photoisomerisation is often relatively inefficient due to reduced spectral resolution
between the isomers. Through optimised designs based on multiple electron-
donating and -withdrawing units, the absorption band can be shifted to the red
region (15).1¢ In addition, push-pull azobenzenes are solvatochromic, showing most
red-shifted absorption spectra in protic solvents that can best stabilise the
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Figure 9. Absorption spectra of selected amino-substituted azobenzenes.

Generally, the energy of the m—n* transition correlates with the ground-state
isomerisation energy barrier,!70 limiting the application areas of aminoazobenzenes
and push-pull systems. In aprotic organic solvents the thermal isomerisation of
aminoazobenzenes is often relatively slow, half-lives spanning from seconds to tens
of minutes. However, in aqueous environments and especially physiological
conditions, thermal half-lives are shorter, lying in the sub-second range.!”! This kind
of instant switching between two states may be beneficial for applications such as
photoinduced surface patterning,> vision restoration?> and nonlinear optics,’ but
some azobenzenes isomerise so fast (in milliseconds or less) that efficient
photoswitching is rendered practically impossible. These azobenzenes find use as
dyes and photothermal converters in, e.g., photoactuation.!!!

To shift the wavelengths further towards red, the azo bridge can be protonated
to create azonium compounds (Figure 10). Traditionally, protonation has been

utilised to red-shift the absorption maximum of azobenzene dyes!'é3 or to catalyse
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the Z — E reaction since the N=N bond in azonium compounds is weakened.!2
The concept of utilising azonium compounds themselves as photoswitches has been
investigated less. Recently, it was shown that when a vast excess of
trifluoromethanesulfonic acid is used with 4-methoxyazobenzene, the I isomer of
the respective azonium ion 16 is formed.!” This isomer can then be converted to
the metastable Z-azonium with 520 nm light, albeit with a moderate PSD (36% Z).
The Z-azonium is relatively stable in organic solvent (ti2 = 17 min), although
considerably destabilised in comparison with the deprotonated compound (t1,2 = 30
h). Thus, it is possible to switch from E to Z by consecutive acidification, visible-
light excitation and neutralisation steps, although the low PSD undermines the
strategy. Even near-infrared photoswitching has been enabled for the azonium
molecule 17 with para-amino and ortho-alkoxy substituents. Low-intensity excitation
at 720 nm induces fast E — Z photoisomerisation; unfortunately, the PSD was not
reported.!7 When irradiation is ceased, fast thermal isomerisation restores the

original isomer.
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Figure 10. Photochemical properties of selected azonium compounds.

Finally, we shall have a look at azo-BF photoswitches. Strictly speaking, they are not
azobenzenes, so it is somewhat questionable whether they fall into the scope of this
chapter. The bond between the azo group and boron locks the highly conjugated
right-hand side of the molecule in one conformation, thus enabling E-Z
isomerisation about the N=N bond. Because of the extended n-system of 18, a low-
energy and relatively high-intensity n.,—n* transition exists in the green-light regime,
enabling efficient isomerisation from E to Z and back with 570 and 450 nm
excitation, respectively (Table 1). Considering the absorption wavelengths, the
metastable Z isomer is surprisingly stable, showing a half-life of 12.5 hours at room
temperature.!’”> The absorption band can be further red-shifted by employing
electron-donating amino substituents in the para position of the left-hand phenyl
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ring. In a systematic study of various substituents, it was found that the switch 19
functionalised with a morpholinyl moiety yielded the best combination of red-shifted
absorbance (maximum at 680 nm), good PSDE -, z (83% with 710 nm excitation)
and reasonable thermal stability (15 min).!76 The right-hand side can also be
modified. The compound 20, despite exhibiting worse photochemical features than
its two cousins, is particularly interesting: its thermal isomerisation rate is highly
concentration-dependent, the half-life of the Z isomer spanning from 6.5 minutes to
almost 200 hours on a concentration range from 22 pM to 3.8 mM due to
aggregation that hampers the isomerisation.!”” This phenomenon could be exploited
by designing pharmaceuticals that remain in their active form at sites where they are
able to form aggregates (e.g., upon accumulation to cancer cells), while isomerising
to their inactive forms in seconds elsewhere. However, it should be noted that
although the azo-BF, switches show good photochemical properties, their potential
for applications has not yet been demonstrated. One possible downside in utilising

the isomerisation is the minor geometry change as compared to azobenzenes.

Table 1. Photochemical properties of selected azo-BF2 complexes.

(\N
18 OJ 19 20

Amax (E)  Amax(Z) €max(E) PSDe-:z PSDz_. e tir
18 530nm  480nm 8000  97%(570nm)  80% (450nm)  12.5h (21 °C, DCM)
19 680 nm 28000  83% (710nm) - 15 min (21 °C, DCM)

20 535nmm  501nm 12400  91% (600 nm)  65% (430 nm) 6.5 min (21 °C, DCM)2
2 Concentration-dependent: 6.5 min at 22 uM, 195 h at 8.3 mM.

3.2 Utilising the n—1r* absorption band: ortho-substitution

While the energy of the n—n* band has been successfully tuned to realise visible-
light-switching azobenzenes with fast thermal isomerisation, switching between two
stable isomers is not possible via this approach as a red-shift is generally
accompanied by a decrease in the Z stability.!”? To combine visible light
isomerisation with good thermal stability, it is thus necessary to utilise the less
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probable but lower-energy n—r* transition. For most azobenzenes the n—n* bands
of the E and Z isomers overlap to the extent that efficient bidirectional isomerisation
is impossible and somewhat efficient Z — FE isomerisation is only possible because
of the higher molar absorptivity of the Z isomer.’t.72 To overcome this hurdle,
structural modifications have been discovered that selectively alter the energy states
of only one isomer, thus enabling photoisomerisation in both directions using visible
light only. The first such example was the diazocine structure 21 (Table 2). The
ethylene bridge between the orzho carbons separates the n—n* bands by 86 nm,
allowing switching between PSDs of 92% Z and 100% E with 520 and 385 nm light,
respectively.!78 The structure of the E isomer is highly twisted compared to parent
azobenzene, thus increasing the molar absorptivity at its n—n* band compared to the
latter (e = 750 M-t cm-! vs 405 M-! cm-!). Most interestingly, due to its constrained
ring structure, the Z isomer is stabilised by 6—7 kcal mol-! compared to what is now
a metastable E isomer, with a thermal E-half-life of 4.5 hours at room temperature.
In an effort to improve the photochemical properties, heterodiazocines in which one
of the carbon atoms in the ethylene bridge has been replaced with an oxygen, sulphur
or nitrogen atom, have been synthesised.!7%:180 Out of these, oxygen (22) blue-shifts
the n—* band of the Z isomer while also decreasing the thermal stability of the E
isomer, whereas sulphur (23) retains the n—n* absorption band of the Z isomer at
405 nm and stabilises the metastable isomer significantly, leading to better overall
qualities. The tails of the n—n* absorption bands extend to the far-red region,
enabling £ — Z isomerisation with >650 nm light.!” Nitrogen-substituted
diazocines have also been designed, and as the most intriguing group of compounds,
alkylated derivatives (e.g., 24) show remarkable red-shift in their n—n* (E) bands,
enabling quantitative photoisomerisation to Z even with 740 nm light.!80 However,
the PSDz -, £ is only 50% and thermal isomerisation occurs in less than a minute.
Using an acetyl-functionalised nitrogen atom (25) improves the PSD to 85% and
increases the thermal stability of the switch, but at the same time, the narrower
absorption band inhibits the use of NIR light. In addition, true for all diazocines
reported so far, the Z — E isomerisation can only be achieved with UV or purple
light, thus limiting the applicability of these switches in biological context. This
hampers their use in photopharmacology although quantitative photoisomerisation
to the Z isomer might offer interesting possibilities, seeing that (i) many azobenzene-
based potential photoswitchable pharmaceuticals are active in their linear E form
and inactive in the more closed Z form, and (ii) the ability to get rid of traces of the
biologically active isomers is the key to good photoresponsivity in the activity of the
drug.2s
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Table 2. Photochemical properties of selected diazocines.

PR T =0

E
X Amax(Z)  Amax(E) PSDe-z PSDz . e tir
21 CHz 404nm  490nm  >99% (520 nm)  92%(385nm) 4.5h
2 O 385nm  525nm  >99% (520 nm)  80% (385nm)  89s
23 S 405nm  525nm  >99% (520 nm)  70% (405nm)  3.5d
24 NMe 401nm  554nm  >99% (740 nm)  50% (405nm) 40s
25 NAc 400nm  520nm  >99% (590 nm)  85% (405nm) 29 min

Tetra-ortho-methoxyazobenzenes (26 in Table 3) were published in 2011.18! Due to
repulsive interactions between the oxygen and nitrogen lone pairs, the or#ho-methoxy
substituents force the molecule out of planarity, thus increasing the probability of
the n—7* transition tenfold compared to the parent azobenzene (e = 4,030 M- cm?).
In addition, they raise the n orbital energy of the E isomer, which leads to a red-shift
of the n—n* band. This effect is not present in the highly twisted Z isomer where the
methoxy moieties do not clash with the nitrogen atoms. Thus, the n—n* absorption
bands are separated, although only by 36 nm. This is still enough to enable switching
between PSDs of 80% E and 85% Z with 450 and 530 nm light, respectively. In
addition to lowering the excitation energy for the stable — metastable state
photoisomerisation compared to diazocines (from 405 to 450 nm), this molecular

design shows good thermal stability for the Z isomer (ti/2 = 2.4 days).

Table 3. Photochemical properties of ortho-methoxy-18! and ortho-fluoroazobenzenes.%
X X Y
o
Y X X
X Y )\.max (E) )\.max (Z) PSDEH z PSDZH E t1/2
26 OMe NHAc  480nm  444nm  80% (530nm)  85% (450 nm) 14 d (25 °C, DMSO)
21 F H 460nm  417nm  86% (>500nm)  91% (410nm) 1.9y (25 °C DMSO)

282 F  COMe 474nm  421nm  90% (>500nm) 97% (410nm) 56 (20 °C, DMSO)

Tetra-ortho-fluorinated azobenzenes (e.g., 27), published a year after their ortho-
methoxy equivalents, show similar behaviour. Fluorine atoms are considerably
smaller than methoxy substituents, and thus the molecule can assume a mostly planar
structure. Their strongly electron-withdrawing inductive effect lowers the energies
of all frontier molecular orbitals (FMOs) except the n orbital, possibly because of

24



steric interactions between the nitrogen lone pairs and the fluorine atoms. The n
orbital of the Z isomer is lower in energy, leading to 42-nm separation of the n—n*
bands. As a downside compared to 26, the maxima of these bands are located at ca.
30 nm shorter wavelengths compared to the or#ho-methoxyazobenzenes. On a
positive note, near-quantitative bidirectional switching is possible with >500 and 410
nm excitation (E — Z and Z — E, respectively). Even more importantly, the thermal
half-lives of their Z isomers reach years at room temperature, which was
unprecedented at the time and remains a valuable quality for a plethora of
applications.” Thermal stability can be tuned by changing the number of ortho
fluorines to meet the requirements of a given application.!82 Although this degree of
stability can nowadays also be accomplished with certain azoarylpyrazoles,'$3 no
other azoarene families are known to couple year-long Z-half-lives with efficient
visible-light activation. The tail of the absorption band extends to the red-light
region. Thus, even >600 nm light has been used for the E — Z isomerisation of
azobenzenes bearing ester!8* or aldehyde!8> moieties in the para position. Such =
acceptors improve the PSDs in both directions (28 in Table 3). However, they also
destabilise the Z isomer drastically.!82

In addition to the second-row elements oxygen and fluorine, heavier chalcogens
and halogens have been introduced to the or#ho position (29-35, Table 4).186-188 As
the atom size increases and steric interactions become stronger, the planarity of the
E isomer decreases. This effect leads to lessened spectral differences between the
isomers and subsequently worse PSDs.186 At the same time, the increased steric load
raises the energies of both isomers, thus lowering the activation energy of
isomerisation: the half-life of the Z isomer decreases from years to minutes in the
halogen series F > Cl > Br > I and from days to seconds in the chalcogen series O
> § > Se (photoisomerisation was not observed for tellurium-substituted
equivalents).!8¢ Yet, the heavier-atom derivatives have an advantage over their
second-row equivalents: conformational flexibility increases as a function of atom
size, which is observed as a broadening of the n—n* bands — allowing for lower-
energy excitation to be used for the E — Z isomerisation. The absorption band tails
of iodo- and seleno-substituted azobenzenes 32 and 35 extend up to the near-
infrared wavelengths.!8¢ However, in the quest for bistable red-light switches, it is
the ortho-chlorinated azobenzenes 30 that show most potential, combining red-light
E — Z isomerisation and relatively high photostationary states with practically
bistable character (Z-half-lives of days or weeks at room temperature).!86.188-190 Based
on systematic structure—property studies, moderately electron-donating para
substituents are the key to good PSDs upon red-light excitation, as they improve the
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spectral resolution in the absorption tail and also seem to have a positive effect on
the quantum yield of isomerisation in the E — Z direction.!88 Strongly electron-
donating or -withdrawing groups (e.g., amino and nitro), however, are detrimental
for the stability of the Z isomer.

Table 4. Photochemical properties of ortho-halogeno- and ortho-chalcogenoazobenzenes. 8
X X NHBoc F c
\/@E N h @iN h
BocHN X X Cl F
29-35 36
Amax (n—1*, E) PSDEe -z t12 (DMSO)
29 F 454 nm 84% (530 nm) 1.3y (25 °C)
30 Cl 463 nm 77% (625 nm) 6.7d (25 °C)
31 Br 466 nm 66% (625 nm) 12h (25 °C)
32 I 514 nm 50% (625 nm) 5min (25 °C)
33 OMe 460 nm 95% (625 nm) 8.2d(25°C)
34 SEt 515nm 46% (625 nm) 3 min (25 °C)
35 SeMe 534 nm n.d. 345(25°C)
36 - 463 nm 97% (660 nm) 16 h (70 °C)

Mixed ortho substitution has been investigated less although it may provide means to
combine the favourable qualities of two different azobenzene families. As the sole
example in literature, azobenzene 36 carrying two fluorines and two chlorines in orzho
positions has been studied in detail.’! This substitution pattern yields good Z-
stability (half-life of 16 h at 70 °C, cotresponding to weeks at room temperature) as
well as a bathochromic shift even greater than for ertho-chloroazobenzenes. The
compound can be isomerised efficiently from E to Z with 660 nm excitation (PSD

97% Z) back to E with 410 nm (PSD 90% E).

3.3 Fluoroaminoazobenzenes

Despite the developments during the last decade or so in the ways to realise visible-
light-driven isomerisation via n—n* excitation, the Z — E excitation wavelengths of
thermally stable azobenzenes still lie in the blue end of the visible spectrum, which
is an obstacle to their use  vivo. Furthermore, due to the low molar extinction of
the n—n* band, isomerisation via excitation in this region is often very slow. The

issue is most pronounced for ortho-chlorinated azobenzenes for which the red-side
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tail of the absorption band needs to be used for efficient isomerisation. In some
cases, good PSDs are only reached after hours of high-intensity irradiation.!90.191 The
visible-light absorptivity can be enhanced by employing orzho-amino substituents:
they red-shift the n—r* band through the interaction of the amino lone pair and the
n-system, and increase the intensity of the n—n* band by breaking the planarity.94167
Unfortunately, this also shortens the thermal Z-half-life, even to sub-second
timescales in some cases. As their advantage, amino-substituted azobenzenes are
resistant to glutathione,!6” a common cellular antioxidant that reduces less electron-
rich azobenzenes and compromises their applicability in intracellular systems.2:192 In
addition, amino substituents such as piperazine and proline derivatives provide
additional functionalisation sites in the o770 positions, enabling molecular structures
unattainable with o7#ho-halogenated compounds.
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Figure 11. Structures of ortho-aminated and -fluorinated azobenzenes (pyr = pyrrolidine, pip =
piperidine, dma = dimethylamine, prol = prolinol, pres = proline methyl ester, pram =
prolinamide). Modified with permission from ref. 94. Copyright 2022, Springer.
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Thus, we set out to investigate whether the good thermal stability of orzho
fluorination and the high visible-light absorptivity of or#ho amination can be
combined. Starting from ortho-fluoroazobenzenes with four different fluorination
patterns and utilising an efficient nucleophilic aromatic substitution reaction,!68 one
or more fluorines were easily substituted with six secondary amines (pyrrolidine,
piperidine, dimethylamine, L-prolinol, L-proline methyl ester and L-prolinamide) in
good or moderate yields (Figure 11). In total, we synthesised 41 azobenzene
derivatives and studied them in acetonitrile to determine structure—property
relationships in this class of photoswitches.?* Herein, we shall describe separately (i)
the substitution pattern effects in a series of piperidino-substituted compounds and
(i) the effect of the amine within a substitution pattern, restricting our analysis to
only three of the amino substituents (pyrrolidino, piperidino and dimethylamino).

Table 5. Selected ortho-fluorinated and -aminated azobenzenes along with their measured
absorption maxima and molar extinction coefficients, and calculated
(B3LYP+D3(BJ)/6-31G*/PCM(MeCN)) dihedral angles and Namine—Ar bond lengths.
Modified with permission from ref. 94. Copyright 2022, Springer.

Amax (nm) € (M1 cm) weenn (°) wewne (°) wanee () den (A)

37-F 357/432 29110/3608 0 180 0 -

37-pip 341/402/449  14924/10075/6800 16 177 3 1.401
38-pyr+ 335/411/454  16739/8006/7792 23 177 8 1.369
38-pip1 337/381/453  15930/8911/3493 29 177 4 1.398
38-dmay 337/390/449  17179/8293/5555 29 177 4 1.399
39-pip1 349/411/447  16610/10890/9228 15 178 2 1.400
40-pip1 334/394/457  8503/3975/2340 28 177 7 1.394
40-pip2sym  321/384/465 5516/3060/2000 20 177 20 1.395

The fluorinated precursors 37-F, 38-F, 39-F and 40-F are essentially planar and thus
show an intense n—n* band at 343-357 nm (¢ = 25,000-29,000 M-! cmt)
accompanied by a weak n—n* band at 432—435 nm (e = 2,200-3,600 M-! cm-1). When
at least one fluorine is substituted with an amine, the intensities change drastically:

the intensity of the —n* band decreases by half, while a three- to four-fold increase
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is observed in the visible-light absorbance (see selected compounds in Table 5). This
observation indicates the twisting of the structure. Based on DFT geometry
optimisations on the B3LYP+D3(BJ)/6-31G*/PCM(MeCN) level of theory, this is
indeed the case, as the dihedral CCNN angle on the amino side is markedly non-
zero (15-29°) for all amino-substituted compounds. The twisting is most
pronounced for the compounds with two amino groups (e.g., 40-pip2.sym).

In addition to changes in the relative intensities of the bands, other spectral
alterations are observed. Most interestingly, the orzho-amino(fluoro)azobenzenes
show three absorption bands in the UV-visible region (Table 5), in contrast to the
two bands (n—n* and n-n*) that typically form the absorption spectrum of
azobenzenes. A frontier molecular orbital analysis based on the aforementioned
geometry optimisations reveals that the So — S7 and Sy — S transitions have n—n*
and n—n* character, respectively, while the Sy — S> transition can best be described
as an Numino—7* transition, although the “Numino” orbital also has considerable
contribution from the n-system (Figure 12). The 7 orbital (in So — S5) is barely at all
located on the nitrogen, which explains why the n—n* band is not significantly shifted

in comparison to the non-aminated parent compounds.

Hole Particle

So—S1

So—S2

So—S3

Figure 12. Dominating natural transition orbital (NTO) pairs of the three low-energy transitions of E-
38-pip1 from “hole” NTO to “particle” NTO, calculated at the B3LYP+D3(BJ)/6-
31G*/PCM(MeCN) level of theory. The contributions of the shown hole—particle pairs to
the respective transitions are larger than 99%. Adapted with permission from ref. 94.
Copyright 2022, Springer.
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The spectral changes upon or#ho amination are visualised in Figure 13ab for a series
of switches that all have the same amino (piperidino) substituent, thus allowing the
comparison of substitution patterns. The visible-light absorbance is most
pronounced in the case of the 39-x; and 39-x: series that have amino and fluoro
substituents or two amino substituents in opposite rings, respectively, with intense
(e = 9,000-12,000 M- cm-!) absorption bands at >430 nm. If amino and fluoro
substituents are located in the same aryl ring (38-x1), the visible-light absorption is
less pronounced, presumably due to the electron-withdrawing inductive effect of the
fluorine atom that lessens the electronic effect of the amino substituent. If two
amino substituents are located in the same aryl ring (39-x1, 40-X2.asym), the
aforementioned third transition is not visible in the spectrum, but instead the spectral
shape resembles a normal azobenzene with distinctly red-shifted n—n* band (a so-
called aminoazobenzene).
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Figure 13. Normalised absorption spectra of (a) mono- and di-ortho-functionalised and (b) tetra-ortho-
functionalised azobenzenes carrying piperidino substituents, and azobenzenes from (c)
38-x1 and (d) 40-x1 series carrying either pyrrolidino, piperidino or
dimethylamino substituents. Adapted with permission from ref. 94. Copyright
2022, Springer.
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The nature of the amine also affects the absorption profile. The intensity of the n—
7* band is dramatically higher for the pyrrolidino-substituted compounds (e.g., 38-
pyt1 and 40-pyr;) than for the piperidino- and dimethylamino-substituted
equivalents (Figure 13cd). This originates from steric interactions: the five-
membered pyrrolidino ring adopts a planar geometry and thus has significant steric
interactions with the azo nitrogen lone pair, while the larger bond angles in the six-
membered piperidino ring and the unconstrained dimethylamino moiety do not
allow planar structures at the amino nitrogen, thus lowering the amount of steric
clash with the nitrogen bridge. The increased planarity of the pyrrolidino moiety
implicates a notable sp? character for the nitrogen, which is indeed visible in the
length of the N-C., bond, being 2.9 pm shorter for the pyrrolidino than for
piperidino (Table 5) —i.e., the bond has significant double bond character. Thus, the
pyrrolidino substituent is also more capable of donating electron density to the
system. Interestingly, also the n—n*z band (Z-rich PSS) is notably stronger for
pyrrolidino-substituted compounds (Figure 13cd), even exceeding the absorptivity
of the n—m*g band beyond ca. 530 nm for 38-pyr;.

a b c
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Figure 14. Photostationary state spectra of (a) 38-pyr1 and (b) 40-pip1, and (c) PSDs of 38-x1 and
40-x1 upon excitation with 365-595 nm light. Modified with permission from ref. 94.
Copyright 2022, Springer.

As the planarity of the azobenzene reduces, the spectral differences between the
isomers become less pronounced (Figure 13ab). This has a negative impact on the
PSDs. To determine the optimal substitution patterns and amino substituents for
efficient bidirectional switching, we screened the PSDs upon excitation with
wavelengths ranging from 365 to 595 nm. While for most compounds efficient
switching was only possible with UV light and/or thermal back-isometisation (vide
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infra) hampered the photoisomerisation,* two particularly intriguing compounds
stood out: 38-pyr; can be isomerised between PSDs of >85% E and >80% Z with
595 and 405 nm light, respectively (Figure 14a), while 40-pip1 is isomerised relatively
efficiently from E to Z with both UV and orange light (PSDs95 am = 72% Z) but
cannot be photoisomerised efficiently back to E (Figure 14b). In general, the
substitution pattern 38-x1 and pyrrolidino substitution are ideal for efficient
bidirectional switching, while the series 40-x1 shows less efficient Z — E
isomerisation but enables low-energy light to be used to drive the equilibrium
towards Z, especially with the piperidino substituent (Figure 14c).

Finally, we studied the thermal stability of the metastable Z isomer. As expected,
aminated compounds exhibit markedly shorter half-lives than the parent orho-
fluoroazobenzenes. In general, the thermal stability decreased as the number of
amino substituents increased (Figure 15). The shortest half-lives were recorded for
the azobenzenes with two amino substituents in the same aryl ring (39-x2 and
40-x2-asym), whereas the 40-x; series (one amino and three fluoro substituents)
exhibited remarkably slow isomerisation. Within a fixed substitution pattern, the
half-lives followed a trend pip > dma > pyr. This effect originates from their electron
donation ability (vzde supra). Computational investigation reproduced the trends and
suggested a rotational pathway either in the singlet ground-state or partially in the
first excited triplet state.”* The amino substituents can stabilise a partial positive
charge in the system and thus accelerate the rotational isomerisation via (partial)
heterolytic N=N bond cleavage, which explains why the most electron-donating
pyrrolidino substituent exhibits lowest stability. The most stable compound (40-
pip1) had a Z-half-life of 56 days at 25 °C.
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Figure 15. Thermal half-lives of selected ortho-fluorinated and ortho-aminated azobenzenes.
Measured in acetonitrile at 25 °C.
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In conclusion, combined or#ho fluorination and amination promotes visible-light
absorptivity, enabling fast switching between E- and Z-rich PSSs with low-energy
excitation. The substitution pattern and choice of the amino substituent dictate the
photochemical properties and thermal isomerisation rate, allowing the tuning of the
azobenzene photoswitching dynamics. Cyclic amino substituents are in every respect
better than acyclic equivalents: compared to the dimethylamino moiety, pyrrolidino
substituents are stronger and piperidino substituents weaker donors, thus giving rise
to strongest visible-light absorptivity enhancement and conservation of Z-stability,
respectively. The optimal substitution pattern for bidirectional and relatively bistable
switching is 38-pyri, while 40-pip1 couples low-energy isomerisation with high
thermal stability. Moreover, substitution is also feasible with proline derivatives,
enabling further or7ho linkage while controlling the photochemistry. However,
(near)quantitative switching is not possible in this class of photoswitches, and despite
the enhancement of low-energy-light absorptivity, the absorption bands do not
extend to the red region. Further structural modifications are needed to perfect the
photochemistry of orzho-fluoroaminoazobenzenes. Two clear research lines should
be pursued: the functionalisation of meta and para positions, following the guidelines
published for or#ho-fluoro- and chloroazobenzenes,!82:186.188 a5 well as the substitution

of fluorines for chlorines.18%191
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4 INHERENTLY BLUE: INDIGOID
PHOTOSWITCHES

In the previous chapter we focused on how a well-established class of photoswitches
can be modified to make it function with visible, even red light. Herein, we will take
a different approach and examine a more recently developed family of photoswitches
inspired by the structure of a familiar dye that absorbs in the red-light region without
any structural modifications. Now, the challenge is to tune the photoswitching
dynamics and photoresponsive behaviour towards the state of the art, ie.
azobenzenes. The dye in question is indigo, the abundant compound in textile
industry. It comprises two indolinone rings linked by a C=C bond and could, in
principle, function as an E—Z photoswitch. However, the parent indigo E-41
undergoes fast proton transfer to 42 upon excitation, followed by ground-state
regeneration of the original structure,193.194 preventing isomerisation to Z-41 (Figure

16a).
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Figure 16. (a) The photoreactivity of indigo. (b) Indigoid photoswitch structures. Aryl substitution is
omitted for simplicity.

Disabling the excited-state proton transfer is the key to E—Z isomerisation.!% This

can be achieved by (i) switching the nitrogen atom for sulphur, (i) functionalising
the nitrogen atom, or (iii) substituting one of the indolinone halves with a CH-Ph
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or N—-Ph motif — or by combining these strategies (Figure 16b). These so-called
indigoid photoswitches absorb visible light by default. If the other
photoisomerisation properties of these switches can be optimised, they have
potential to accomplish the elusive far-red/neat-infrared switching even better than
azobenzenes, opening doors to applications in biology and medicine. In addition,
contrary to azobenzenes, many indigoids isomerise between two rigid, planar
structures, which may prove beneficial for applications where conformational
flexibility is disadvantageous.”> In this chapter, we will look at the properties,
advantages and challenges of indigoid photoswitches, starting with different half-
indigo structures (Chapter 4.1), continuing with thioindigos and N-functionalised
indigos (Chapter 4.2) and finally focusing on the original work of this thesis, indigo
photoisomerisation in solid state (Chapter 4.3).

4.1 Hemiindigos and hemithioindigos

If one of the indolinone fractions in indigo is replaced with a different aryl ring,
intramolecular proton transfer is disabled and the resulting hemiindigo can operate
as a photoswitch. Considering the simplicity of this idea and the fact that
hemiindigos have been known as chromophores for more than a century,!96-19 it is
astounding that the first comprehensive study on their photoswitching potential is
only a few years old.82 Therein, it was established that a strong push-pull character
across the isomerisable C=C bond is a prerequisite for clean and efficient
isomerisation. This can be achieved by installing an amino substituent to the para
position of the stilbene fraction, thus conjugated to the carbonyl unit in the
indolinone. With this structure, the hemiindigo 43 exhibits efficient switching
between the stable Z and metastable I states with orange-red and green light,
respectively, with relatively high thermal stability (Table 6). Through the
functionalisation of the indolinone nitrogen, the photochemical properties can be
further tuned. As the state-of-the-art example, 44 can be switched almost
quantitatively with 505 and 680 nm light and is virtually bistable (t12 = 1 year at 25
°C). The increased steric interactions between the 7-propyl chain and the aryl ring
raise the energy of the Z isomer so that the energies of the isomers are almost equal,
the E isomer being slightly more stable. Interestingly, the equilibration half-lives of
hemiindigos are strongly solvent-dependent. For instance, for 44, the half-life is 0.9
years in DMSO but only 1.4 days in toluene.52
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Table 6. Photochemical properties of selected hemiindigo, hemithioindigo and indirubin
photoswitches. Thermodynamically stable isomers are depicted.

CO.Me NMe,

Z-45
Ar
O HN™
o —
OMe ¥ OMe ¥
Z-46 Z-47 E-48: Ar = E-49: Ar =
T e
Amax (Z) Amax (E) PSDz-. e PSDEe-. 2 t2 (25 °C)

4382 522 nm 563 nm 81% (505nm)  95% (617 nm) 11 d (DMSO)
4482 520 nm 570 nm 98% (505 nm) 99% (680 nm) 0.9 years (DMSO)
45202 507 nm 560 nm 90% (490 nm)  88% (625 nm) 40 d (PhMe)
4620 617 nm 600 nm 84% (625 nm) 61% (450 nm), 46% (730 nm) 2.6 min (PhMe)
47201 493 nm 515nm 82% (625 nm)  89% (505 nm) 30 d (PhMe)
48202 492 nm 555 nm 99% (460 nm)  99% (623 nm) 7.1 h (PhMe)a

49202 559 nm 619 nm >99% (567 nm)  62% (740 nm) 0.3 h (PhMe)a
a Half-life at 80 °C, cortesponding to approx. 10-70 days (48) and 0.5-3 days (49) at 25 °C.

It is also possible to functionalise the “stilbene end” of the C=C bond twice,
affording more possibilities for further tuning of the photochemical properties.
However, at least so far, the additional functionalisation has not resulted in further
improvement of the switching dynamics, with the best combination of good PSDs
and thermal stability exhibited by 45.203 Yet another way of exploiting the hemiindigo
structure is to bind it to its constitutional isomer, forming indirubin. Most favourable
photochemical properties exist for derivative 46 in which both nitrogen atoms are
functionalised with #-propyl chains.2®® The compound can be isomerised between
relatively high PSDs of the E and Z states with 625 and 450 nm excitation, which in
itself is no improvement from the aforementioned hemiindigos. What makes this
switch interesting is that if Schreiner’s thiourea catalyst is applied, the selective
supramolecular interactions between the E isomer and the catalyst red-shift the
absorption band of the E isomer, thus enabling E — Z photoisomerisation with 730
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nm light — albeit rather inefficiently (Table 6). Thus, bidirectional isomerisation is
possible with red light only. Unfortunately, the thermal stability of the E isomer is
rather low (t1/2 = 2.6 min). Nevertheless, this example is closest so far to the universal
goal of bistable bidirectional switching in the biooptical window.

Hemithioindigos are the most widespread and best-studied indigoid
photoswitches, owing to an unprecedented combination of bidirectional visible-light
isomerisation and thermal stability. The isomerisation wavelengths of unsubstituted
hemithioindigo lie in the blue—green part of the visible spectrum, enabling switching
between PSDs containing 93% E and 84% Z with 405 and 523 nm excitation,
respectively.202 The compound is practically bistable, with AG# = 31.4 kcal mol! for
the thermal E — Z isomerisation in toluene, corresponding to a half-life of hundreds
of years at room temperature.204 The first hemithioindigo applications date back two
to three decades205206 and their fundamental photochemistry has been studied
thoroughly.207-211 The biggest developments in terms of red-shifting the absorption
bands, however, have been taken quite recently.”>204 The red-shift can be
accomplished through the installation of an electron donor in the para position of
the stilbene part, but at the same time, this decreases the stability of the E isomer
significantly (down to 9 minutes for the strongest donor).20! This effect can be
countered with an electron-donating group in the thioindigo fraction: 47, carrying a
para methoxy substituent in the stilbene part and a dimethylamino substituent in the
thioindigo ring (para to the sulphur atom), shows a good combination of thermal
stability and red-shifted absorbance (Table 6). The generally good PSDs can be
further improved by substituting the phenyl ring for a five-membered heteroarene.
The resulting heteroaryl hemithioindigos exhibit distinctly separate absorption
bands, allowing even quantitative switching in many cases, especially with derivatives
containing a pyrrole (48, 49) or imidazole moiety due to the isomer-specific
intramolecular hydrogen bonding between the NH of the heteroaryl ring and the
carbonyl oxygen.202212213 In addition, if strongly electron-donating substituents are
utilised (e.g., 49), switching is enabled even in the near-infrared light region.202
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Table 7. Photochemical properties of unsubstituted phenyliminoindolinone and iminothioindoxy!
photoswitches. Thermodynamically stable isomers are depicted.

E-50 Z-51
Amax (E) Amax (Z) tir
501 510 nm 436 nm 77 ps (PhMe)
519 510 nm 430 nm 12 ms (PhMe)

As the final example of half-indigo photoswitches, we shall have a look at two
families — phenyliminoindolinone and iminothioindoxyl — that combine indigo and
thioindigo fractions, respectively, with an azobenzene half, leading to a C=N bond
as the photoisomerisable unit (Table 7). Both the I and the Z isomer absorb visible
light, the E isomer in the green—orange light region and the Z isomer in the blue
regime, and bidirectional switching with visible light is thus possible, much in a
similar fashion as for hemi(thio)indigos. In stark contrast to the latter, the metastable
isomers of both switches are extremely short-lived, isomerisation occurring on the
timescale of milliseconds or even microseconds. What makes these compounds
unique (for example, compared to push-pull-type azobenzenes) is the great spectral
separation of the isomers, being 74 and 80 nm for 50 and 51, respectively, and even
exceeding 100 nm for some derivatives of 51.79.15 This enables selective excitation
of the thermally stable isomer and thus, more efficient photoisomerisation than
would be feasible for other existing switches of similar ground-state isomerisation
rate. Due to the steric clash by the acetyl group in Z-50 and its derivatives, the E
isomer is lower in energy, while for iminothioindoxyls that lack the steric interaction,
it is the Z isomer that is more stable. Thus, the stable — metastable state reaction is
accompanied by positive photochromism for 51 and negative photochromism for
50. The thermal isomerisation rate and the location of the absorption bands can be

fine-tuned with para substituents in the phenyl fraction of the molecule.

4.2 Indigos and thioindigos

Efficient visible-light isomerisation of thioindigos was demonstrated already in the
1950s: for example, unsubstituted thioindigo exhibits PSDs of 96% E and 57% Z

with <495 and >520 nm excitation, respectively.214 Interestingly, in another early
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study on 6,6’-diisopropoxythioindigo 52, the PSDs are reversed: 90% Z and 74% E
with 458 and 515 nm excitation, respectively (Table 8).215 Despite a number of
spectroscopic studies,214216-219 comprehensive switching studies have not been
made, and no attempts to red-shift the absorption bands have been published —
probably due to solubility issues. Based on the limited data, the half-lives of the
metastable Z isomer seem to be typically shorter than those of hemiindigos and
hemithioindigos, lying in the range of hours. For some hydrogen-bond-stabilised
derivatives the thermal isomerisation is slower, negligible over several hours.220
Opverall, thioindigos do not seem to rival hemiindigos and hemithioindigos in terms
of photochemical properties. Yet, some steps have been taken to bring their
photoswitching to aqueous environments. As an example, the sulfonate-decorated
derivative 53 is well-soluble in water and capable of relatively efficient E — Z

isometisation in water.22!

Table 8. Photochemical properties of selected thioindigos.
0 S 0 H 2
O o<
)\o S o] S SO,
o] 0 o

52 (( H >2 53

O
Amax (E)  Amax (2) PSDe-.z PSDz_.e
52 514nm 459 nm 90% (515 nm) 74% (458 nm) (epoxy resin)
53 520nm 476 nm 65% (578 nm) - (H20)

Different N-functionalised indigo derivatives have been the subject of extensive
spectroscopic studies starting from the mid-20t century.222-225 Unsubstituted -
indigo is extremely pootly soluble in most solvents, with a slightly solvent-dependent
absorption maximum at 595-611 nm. Methylation shifts the spectrum further
towards red, up to 648 nm in ethanol, and enables photoisomerisation to the
metastable Z isomer. However, thermal Z — E isomerisation takes place on a
timescale of seconds.80223 1 acceptors such as acetyl or Zer#-butyloxycarbonyl groups
stabilise the Z isomer, but in both cases the absorption maximum is blue-shifted to
ca. 550 nm.222225 Unfortunately, neither of these indigo derivatives has been properly

characterised in terms of PSDs and thermal isomerisation rates.
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Table 9. Photochemical properties of selected N,N-difunctionalised indigos.22
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Wavelength (nm) Wavelength (nm)
A£ (nm) Az (nm) PSDe.z(%2Z) PSDz_.e(%E) Dark(%E) ti2(min)
54 619 559 88% (660 nm) ~ 90% (500 nm) 100 1.5 (MeCN)
55 627 584 75% (660 nm) ~ 87% (500 nm) 78 41 (MeCN)

Comprehensive studies on a library of N,N-difunctionalised indigos were only
carried out relatively recently, revealing the key to combining red-light absorption
with improved stability of the Z isomer: indeed, electron withdrawal is needed to
stabilise the metastable isomer, but through an inductive effect rather than resonance
in order to not affect the electronic transitions.8) Thus, the indigo 54, carrying
electron-withdrawing ester groups separated from the nitrogen atoms by methylene
units, has an absorption maximum (attributed to the n—n*, i.e. o — S7 transition) at
619 nm and can be isomerised efficiently (88%) to the Z state by exciting at 660 nm
(Table 9). The band is blue-shifted to 559 nm for the Z isomer, with a considerable
60-nm separation between the isomers. Back-isomerisation is thus possible with 500
(or 525) nm irradiation. The compound is by no means bistable, but thermal
isomerisation is still two magnitudes slower than for the methylated equivalent and
slow enough for efficient isomerisation even with low-intensity light. Spectral
separation and thermal stability are best in non-polar solvents such as toluene, while
the spectra of both isomers are most red-shifted in polar solvents such as DMSO.8!
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It should be highlighted here that contrary to most azobenzenes and
hemi(thio)indigos, indigo exhibits negative photochromism, which is highly
beneficial for efficient isomerisation, especially in concentrated samples.

To further enhance the thermal stability, aryl substituents can be utilised: 7,n
interactions stabilise the Z isomer selectively, increasing the ground-state
isomerisation barrier substantially. If electron-withdrawing substituents are installed
on the ring, thermal half-lives are prolonged up to hours, depending on the strength
of the EWG.8 For instance, Z-55 has a half-life of 41 minutes in acetonitrile.226
Judging from the molecular structure in Table 9, the aromatic n-system and the para
substituent seem to be conjugated with the nitrogen lone pair, but this is not the
case. The aryl rings are perpendicular and the orbitals therein are barely at all
involved in the m—n* transition.8) Thus, no hypsochromic shift is seen for the
absorption band. In fact, the absorption maximum of 55 is slightly red-shifted
compared to 54. However, the arylation affects the energy levels of the Z isomer
more drastically, worsening the spectral separation down to 43 nm. Therefore, the
PSDs are compromised: 75% Z and 87% E with 660 and 500 nm excitation,
respectively. As another downside regarding arylated indigos, the energy difference
between the isomers is brought down to the order of 1 kcal mol-!, which results in
dark equilibria containing 12-39% of the Z isomer in contrast to the quantitative
thermal Z — E isomerisation observed for indigos N-functionalised with alkyl
substituents.8) For example, at 25 °C, 55 reaches an equilibrium where the Z-fraction
is 22%.

Despite these restrictions, indigos are so far the most promising candidates for
fast bistable photoswitching with red light. Additionally, especially the aryl-
functionalised compounds experience pronounced geometry changes upon
isomerisation, exceeding by far the extent of steric displacement in hemi(thio)indigos
and even azobenzenes, with a photoinduced 3.5-A change in the distance between
the para positions of the aryl rings.80 Noteworthy, photoisomerisation is possible
(albeit not very efficient) also if only one of the nitrogen atoms is aryl-
functionalised.?2” In this case, the rate of thermal isomerisation is highly dependent
on the amount of water present in the solvent, which makes monoarylated indigos
viable candidates for sensory applications,>? similar to what has been demonstrated
for hydroxyazobenzenes!® but operating with red light.
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4.3 Indigo photoswitching in the solid

Although the theoretical, mechanistic and practical aspects of indigo photoswitching
have been studied quite extensively, no studies existed on whether the favourable
photochemical properties can be transferred to a solid environment, the realm of
most photoswitch applications. The aforementioned great isomerisation-induced
spatial displacements are beneficial for creating photoresponsive systems, but at the
same time, substantial strain may be created inside the solid matrix, changing the
potential energy surfaces of the switch and perhaps prohibiting the switching
altogether.116117 Thus, we investigated the solid-state photoswitching behaviour of
six indigo derivatives based on three fundamental substitution patterns: dialkyl-,
diaryl- and alkyl-aryl-substituted compounds (Figure 17a).226 The ester moieties serve
both as the EWGs to improve the PSDs and thermal stability, and as synthetic
handles for further functionalisation. As the solid matrices, we chose thin films of
five amorphous polymers: polystyrene (PS), poly(4-vinylpyridine) (P4VP),
poly(methylmethacrylate) (PMMA), poly(butylmethacrylate) (PBMA) and
poly(hexylmethacrylate) (PHMA), depicted in Figure 17b. PS, P4VP and PMMA are
rigid (T values ranging from 100 to 137 °C) polymers often utilised in solid-state
photoswitching,100228-230 while PBMA and PHMA were chosen to give information
on the switching performance in a softer environment. The indigos were dispersed

into the material with no covalent linkage.
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Figure 17. (a) Studied indigos and (b) polymers along with their glass transition temperatures.226

We started by preparing polymer films containing 2% (w/w) of the indigos 54-56.
Viscous solutions were spin-cast to create uniform and sufficiently thick (5-20 um)
films. The photochemical properties of the indigos in each polymer were then
characterised with UV-visible absorption spectroscopy. Only negligible differences
were seen in the absorption spectra, with the exception of the polar P4VP in which
the n—n* absorption band was red-shifted by 10 nm.22¢ Photoswitching dynamics
upon 660 nm irradiation, instead, were drastically different. In the rigid PS and P4VP
matrices, switching was very inefficient, with PSDs of only 10-20% Z (Figure 18ac).
Similar behaviour has been observed for other switches that undergo vast geometry
changes upon isomerisation.!’6 In softer PBMA and PHMA, a markedly bigger
fraction of the molecules can be isomerised from E to Z, up to 55% in the case of
54 in PBMA, so that a pronounced colour change is visible (Figure 18bcf).
Compared to PS and P4VDP, switching was relatively efficient in PMMA for 54 but
the difference was less pronounced for 55 and 56. Generally, the least bulky
compound 54 could be isomerised most efficiently. Switching back with 500 nm
excitation worked in all cases as efficiently as in acetonitrile (Figure 18ab). Thermal
lifetimes of the Z isomer (acquired using a stretched exponential fit) were expectedly

longest for the doubly aryl-functionalised 55 and shortest for the dialkyl compound
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54 in all polymers, but the difference between these varied greatly: for the rigid P4VP,
the lifetimes of 54 and 55 were 2.7 and 4.4 minutes, whereas in the softer PBMA,
the respective values were 1.2 and 83 minutes (Figure 18d). It is possible that in a
rigid matrix the E — Z isomerization of the bulky 55 induces considerable
mechanical strain which relaxes upon Z — E isomerisation, increasing the rate
compared to a softer environment. Interestingly, the PSDs and thermal stabilities of
all indigos were lower in PHMA than in PBMA despite the former being even softer.
This is probably the result of lessened miscibility and, subsequently, increased
aggregation in PHMA (vide infra).

The photostability of indigos in the polymer matrices is lower than in acetonitrile:
as a representative example, after 250 sequential 660 and 500 nm excitation pulses
on 54 in PHMA, ca. 75% of the initial dye concentration is decomposed (Figure
18e). In contrast, in acetonitrile, almost half of the initial dye content is conserved
after 1,000 isomerisation cycles. However, in the course of a few cycles, degradation
is barely noticeable. Rapid photodecomposition was observed in PMMA and PBMA.
To understand the phenomenon, the photodecomposition products in acetonitrile,
PBMA and PHMA were studied with UV-visible spectroscopy and mass
spectrometry. In acetonitrile and PHMA, a colourless product with a mass signal of
[M+H+106]* was observed, indicating the formation of a well-known oxygen adduct.
In PBMA, however, a yellow product was formed, absorbing at 400 nm and giving
a mass signal of [M—2+H]*, indicative of some form of cyclisation product.226 We
hypothesised this unexpected product to originate from the end groups or initiator
residues found in PMMA and PBMA, as they were purchased from a different
vendor than the other polymers.
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Figure 18. Absorption spectra of 54 at room temperature in dark and upon irradiation with 660 and 500

nm light in (a) PS and (b) PBMA, showing the difference between inefficient and efficient
switching. (c) Z-fraction in the photostationary state (illumination with 660 nm light) and (d)
Z-lifetime for all indigo—polymer combinations. (e) 250 switching cycles for 54 in PHMA. (f)
Photographs of PHMA films with 55 upon irradiation with 500 and 660 nm light. Indigo
content: 2% (w/w) except 0.5% in (e) and (f). Excitation intensities: 670 mW cm2 (660 nm),
220 mW cm2 (500 nm). Modified with permission from ref. 226. Copyright 2023, RSC.

Having established that solid-state photoswitching of indigos is possible in these
matrices, we studied the effect of dye loading. PHMA films with 0.25-10% (w/w)
of indigo were prepared; this polymer was chosen because it combined relatively
efficient switching with good photostability (in contrast to PBMA). Unexpectedly
big spectral changes were found in both absorption and fluorescence spectra (Figure

192) with a clear broadening and red-shift of the bands as a function of increasing
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indigo concentration (10 nm between the 2% and 10% samples). We hypothesised
this to stem from the aggregation of indigo molecules. To inhibit agglomeration, we
prepared 57, electronically identical to 54 but capped with bulky zr#butyl units that
should hamper the packing of these molecules. Indeed, the absorption spectra of the
whole concentration series were now identical, and only minute changes were
observed in their fluorescence spectra (Figure 19b). Concentration dependence was
seen in the fluorescence spectra of 55 and 56, but their absorption spectra were not
affected by dye loading, probably because the perpendicular aryl groups inhibit
aggregation. Likewise, no shifts were observed in the absorption spectra of 54 in PS
or in PBMA, although shifts were visible in the fluorescence spectra (Figure 19c).
The 7,n interactions between PS and the indigos are an obvious explanation for the
inhibited aggregation, but the origin of the aggregation control in PBMA is less clear.
Possibly, the longer alkyl chains in PHMA lead to lower miscibility of the indigo.
Alternatively, the different end groups in PBMA (vide supra) may play a role in

breaking the aggregation.
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Figure 19. Absorption and emission spectra of (a) 54 and (b) 57. (c) Absorption and emission maxima
of 54 in PS and PBMA, and 55 and 56 in PHMA (squares for absorption, triangles for
emission). Modified with permission from ref. 226. Copyright 2023, RSC.

The effects of dye loading are not restricted to spectral properties. To our surprise,
both PSDs and thermal isomerisation rates are strongly concentration-dependent,
even when using very low indigo concentrations. For example, for 54 in PHMA, the
PSD decreases from 67% to 10% when the indigo concentration is increased from
0.5% to 10%. At the same time, the thermal Z-lifetime decreases from 61 to 5
seconds (Figure 20a). It should be emphasised that although these two parameters
correlate, the deteriorating PSDs do not result from decreased thermal stability, but
a common factor drives both changes. The stretch factor in the exponential decay

fit (see Chapter 2.3) grows more pronounced as the dye loading increases, which is
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an indication of decreased homogeneity, further validating the aggregation
hypothesis. However, the same trends are also observed for 55-57 despite the aryl
(55, 56) and zerz-butyl (57) units that inhibit aggregation (Figure 20) and also in PBMA
and PS where aggregation-induced spectral changes are smaller. Apparently,

additional intermolecular interactions contribute to the behavioutr.
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Figure 20. (a) PSD and Z-lifetime of 54 and 57 in PHMA. (b) PSD of 55, 56, 58 and 59 in PHMA and
58 in PS. PSDs are measured upon illumination with 660 nm light. Modified with
permission from ref. 226. Copyright 2023, RSC.

Increasing the steric bulk of a molecule and thus the free volume around it is a
general structural feature for enhancing solid-state switching.#>23! Gratifyingly, this
is also the case for indigos: both PSDs and thermal stability are better for the zerr-
butyl-capped derivative 57 than the less bulky, electronically equivalent 54 (Figure
20a), reaching a PSD of 83% Z and a thermal Z-lifetime of 5.5 minutes at a dye
loading of 0.5%. Similarly, 58-59 isomerise more efficiently than 55-56 (Figure 20b).
Using this approach, relatively efficient switching (PSD of 51% Z) is enabled even
in the rigid polystyrene (Figure 20b). In this case, the compound exhibits a Z-lifetime
of 5.8 hours, far exceeding the value measured in acetonitrile.

In conclusion, indigoid photoswitches offer efficient and fast visible-light
isomerisation coupled to good or even excellent thermal stability. Even red light can
be utilised in the case of suitably N,N-difunctionalised indigo derivatives. However,
solid-state switching of these compounds had not been attempted thus far. Herein,
we studied the factors that govern the photoswitching dynamics in polymer thin
films, a typical solid-state environment for many photoresponsive materials. Utilising
different indigo derivatives, we were able to realise E—Z isomerisation in a solid
matrix with red light for the first time. Best PSDs were acquired in soft matrices.
Furthermore, our studies revealed that the E — Z photoisomerisation efficiency and
the thermal stability of the metastable Z isomer have a strong dependence on the
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indigo loading, probably due to aggregation and other intermolecular interactions of
the indigo chromophores. Based on these findings, we propose three factors that
promote efficient red-light switching in the solid: (i) a soft matrix, (ii) low (<1%)
loading, and (iii) installation of bulky elements that increase the free volume around
the switch. Our findings somewhat determine the potential application areas of these
switches, as high photoswitch concentrations cannot be utilised. In the future, it
should be investigated whether other indigoid families exhibit a similar concentration
dependence, and if further bulking of the indigo core could improve the
photoswitching parameters. The addition of alkoxy (or other) substituents in the 5
or 6 positions of the aryl rings has been shown to further red-shift the absorption
band of indigo?32 and would thus enable additional tuning of the spectral properties
as well as thermal isomerisation rates, in addition to inhibiting the aggregation of the

molecules.
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5 INDIRECT ISOMERISATION OF AZOBENZENES

In this thesis, the need for red-light photoisomerisation has so far been addressed
with structural modifications. However, while red-light-induced isomerisation in one
direction (typically, from stable to metastable state) is nowadays possible with
multiple molecular structures, the reversed reaction is realised with higher-energy
excitation.80.18519 Thus, the complete switching cycle is not confined within the
biooptical window (>650 nm). However, there is a way to circumvent this deficiency:
indirect isomerisation via photocatalysis in which a catalytic species is activated with
near-infrared light (i.e., in a region where neither isomer of the photoswitch absorbs)
to induce the back-isomerisation. The working principle of an ideal photoswitch
system is depicted in Figure 21. In this system, red light (650 nm) is utilised to
isomerise the switch from stable to metastable, while 750 nm near-infrared light
brings about the catalytic isomerisation back to the stable state. Here, it is important
that the spectral separation of the catalyst and photoswitch is sufficient.

Catalyst
750 nm

650 nm
550 nm

Metastable

Absorbance

L [ [ L
5(')0 nm 6(')0 nm 7(')0 nm 8(')0 nm

Figure 21. A schematic illustration of an optimal spectral profile of a catalyst-driven photoswitch
system operating inside the biooptical window.
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Herein, we shall explore different catalytic systems that can be exploited to induce
the Z — E isomerisation of azobenzenes. Considering how thoroughly azobenzenes
and photocatalysis have been investigated, 233236 catalytic photoswitch systems are
surprisingly scarce. Chapter 5.1 will cover catalytic isomerisation mechanisms based
on photoinduced electron transfer and triplet energy transfer, with a particular
emphasis on examples that function via excitation with low-energy light. For clarity,
indirect isomerisation processes featuring photon upconversion (formation of one
high-energy photon from two low-energy photons)237-239 or two-photon excitation
(simultaneous absorption of two low-energy photons to cover an energy gap of the
sum of their energies)240.241 are not discussed in detail. Chapter 5.2 will then focus
on the original work of this thesis where the azobenzene isomerisation is catalysed
by molecular iodine and mediated by oxygen. It should be mentioned that even
though this chapter focuses solely on azobenzenes, similar principles have also been
utilised with other photoswitch families.242-245

5.1 Catalytic isomerisation mechanisms

The longest-known way to accelerate the thermodynamically favourable Z — E
isomerisation of azobenzenes relies on binding one of the azo group lone pairs to a
proton or a Lewis acid and thus decreasing the double bond character.!72 Also both
electron donors and acceptors,24 phosphines?t’ and transition metal complexes248
were shown to accelerate the thermal isomerisation already in the 20t century. In
the last decade gold nanoparticles were proven effective for this purpose, working
via electron transfer from the azobenzene to the gold nanoparticle.249-25! Building
on these findings, reductive?>? and oxidative?>? electrocatalytic isomerisation
methods have been developed. These routes depend on the formation of anionic
and cationic azobenzene radicals, respectively. Both radicals isomerise at an
extremely fast rate, 1012 to 10'5 times faster than the respective neutral molecules. As
a consequence, the overall isomerisation rate is governed by diffusion and the initial
intermolecular electron transfer step.251-255 This redox reaction can be induced by
applying a current or, in the case of the oxidative pathway, chemically by utilising
suitable ground-state electron donors/acceptors. Moreover, and most importantly
in the context of this thesis, both routes are accessible photochemically via
photoinduced electron transfer (PET).

To understand the PET-catalysed isomerisation (and alternative mechanisms

discussed below), we need to establish the basic photochemistry of a general
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photocatalyst molecule and the interactions that are possible between an excited
catalyst (Cat®) and a ground-state azobenzene molecule (AB). Upon absorption of a
photon, the catalyst is excited from its singlet ground state to its singlet excited state
1Cat*, much in the same fashion as we discussed the excitation of azobenzene in
Chapter 2.1. Note that the notations Sy, §7 and T7 used therein are interchangeable
with the notations !AB, 'AB* and 3AB* (or, in the case of the catalyst, !Cat, !Cat” and
3Cat"); here, the latter form is used to distinguish between the catalyst and
azobenzene molecules. In the case of an excited azobenzene, we only considered the
isomerisation pathway for deactivation. As isomerisation is not possible for the
excited catalyst, we are left with three relaxation mechanisms: non-radiative internal
conversion to the ground state, radiative transition to the ground state
(fluorescence), and intersystem crossing (ISC) into the slightly lower-energy triplet-
excited state 3Cat” that can further relax radiatively (phosphorescence) or thermally
(external conversion) back into the singlet ground state.25¢ These processes are

depicted schematically in Figure 22.
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Figure 22. A Jablonski diagram depicting the energy states of a photocatalyst (Cat) and the related
transitions. Radiative transitions are coloured orange and non-radiative turquoise.

Since we are interested in a process involving an excited catalyst molecule, the
pathways leading back to the ground state will not be discussed further. Instead, we
will focus on ISC as it determines whether the catalyst interacting with our

53



azobenzene is in a singlet or a triplet state — which, as we will soon see, will have an
effect on the range of possible interactions. While singlet — singlet transitions are
typically fast, transitions between different spin states (e.g., ISC) are slower.257 This
difference arises from the requisite of conserving the spin angular momentum during
any transition, making singlet — triplet and triplet — singlet transitions
improbable.23825 However, the coupling between spin and orbital angular
momentum and, in some cases, molecular vibrations, increases the efficiency of
ISC.257,260 The theoretical background of spin-orbit and spin-vibration coupling lies
outside the scope of this thesis. In this context, it suffices to know that heavy atoms
(such as palladium and iodine) in the catalyst structure and a small energy difference
between the !Cat® and 3Cat* states promote ISC.257261 Because the energy gap
between 3Cat* and 'Cat is substantially larger, any form of relaxation from the triplet-
excited state to ground state is very slow compared to ISC, and naturally also to 'Cat*
— !Cat. Thus, the triplet excited state is typically many orders of magnitude longer-
living than the respective singlet state.25” In other words, the catalyst has more time
to interact with the azobenzene if it can efficiently cross into the triplet state.
Regardless of the spin state the excited catalyst is in, a collision with an
azobenzene can result in either reductive or oxidative charge transfer. From the
viewpoint of the initially excited molecule (here, the catalyst), these are respectively
called electron and hole transfer (Figure 23). Both reactions require the
reduction/oxidation potentials of the catalyst and azobenzene to be sufficiently
matched, and the mechanism is promoted by a polar medium that can stabilise the
pair of radical ions formed.262 Returning to the aforementioned oxidative
photocatalytic system, 4,4-dimethoxyazobenzene 2 has an oxidation potential of 1.41
V, matching well the reduction potential of a red-light photocatalyst methylene blue
(60, MB) in ecither singlet or triplet excited state (1.56 and 1.60 V,
respectively).235.253.263 Thus, MB can be used as a red-light photocatalyst to bring
about quantitative and fast Z — E isomerisation (full conversion in 6 minutes at a
MB loading of 10%).253 However, UV or blue light is needed for the E = Z
photoisomerisation since MB absorbs in most of the visible spectrum, differing from

the ideal photoswitch—catalyst system presented in Figure 21.
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Figure 23. A schematic representation of photoinduced electron and energy transfer mechanisms
from a photoexcited catalyst (Cat’) to a ground-state azobenzene (AB). Turquoise and
orange spheres represent the frontier molecular orbitals without assigned spin signs.

The catalytic cycle is described with Equations 11-17. After initial excitation with
660 nm light, MB is able to abstract an electron from the Z-azobenzene, which
undergoes rapid thermal Z — E isomerisation before retrieving an electron from
another azobenzene molecule, thus continuing a free radical chain reaction that
allows the quantum yield of photocatalysed isomerisation to exceed unity.2>3
Equations 14 and 15 are equally plausible and probably both reactions take place.
The reaction tolerates oxygen, albeit with diminished quantum yields. As molecular
oxygen is infamous for quenching triplet excited states (vide infra), this indicates that
a triplet state is involved in the mechanism — but also that the mechanism does not
fully depend on the triplet-excited MB.

365 nm

E-2——7-2 (11)
660 nm

MB —— MB* (12)
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ISC
MB* = 3MB" (13)

MB* + Z-2 - MB*~ + Z-2°* (14)
3SMB* + Z-2 -» MB"™ + Z-2°* (15)
Z-2"t > E-2% (16)
E-2Y+7Z-2->E-2+27-2" 17)

Another possible interaction between the catalyst and azobenzene molecules is
energy transfer. In contrast to charge transfer, no changes occur in the oxidation
states of the two interacting species: only energy (excitation) is transferred. In
addition to the trivial radiative energy transfer (emission by one molecule and
consequent absorption by the other), two distinct mechanisms exist (Figure 23).
(Forster) resonance energy transfer is based on coulombic dipole—dipole coupling
between the transition state dipoles of the interacting species and is the short-range
equivalent of radiative energy transfer, energy transferred in the form of an imaginary
photon.264-266 It is conventionally considered to occur mainly between singlet states,
although exceptions are found when spin-orbit coupling is strong.266-268 (Dexter)
exchange energy transfer, instead, is caused by FMO interactions and has no
restrictions regarding the spin states of the two species: energy can be transferred
from an excited singlet or triplet to a ground-state singlet or triplet.269270 All the
energy transfer processes discussed henceforth follow the Dexter mechanism and,
more specifically, involve energy transfer from a triplet-excited catalyst molecule
(triplet sensitiser) to a ground-state AB, resulting in a triplet-excited 3AB*.
Azobenzenes have a low-lying triplet state, so this interaction, triplet energy transfer
(TET), can be induced with a plethora of sensitisers.88.271-275

The reason we are interested in this form of interaction is that alike azobenzene
radicals, also triplet-excited azobenzenes isomerise extremely fast. The triplet state is
completely barrierless (see Figure 4 in Chapter 2.1) and thus, sensitisation from either
E or Z isomer yields the same 3AB* state where the molecules cannot be assigned as
E or Z (Equation 18).27¢ Due to the degeneracy of the triplet-excited state and the
singlet ground state, intersystem crossing to the ground state is extremely fast: £rsc
~ 1011 s-1.83 Moreover, the E isomer is produced almost exclusively, in a 98-99%
yield, due to a >50-time difference in the rates of the reactions in Equations 19 and
2().88276
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3Cat* + Z-AB - Cat + >AB” (18)
SAB* — E-AB (19)
SAB* — Z-AB (20)

As a result of these properties, triplet sensitisation can be utilised to catalyse the Z
— E isomerisation. Contrary to charge transfer photocatalysis where the redox
potentials of the catalyst and azobenzene need to match, triplet sensitisation is
relatively universal as the triplet energy of azobenzenes is little affected by structural
modifications$488.253.275 and efficient sensitisation is possible regardless of whether
the reaction is exothermic or endothermic.27¢ In fact, MB, the red-light photocatalyst
used to initiate the oxidative PET-based isomerisation pathway, functions as a TET
agent for azobenzenes where charge transfer is unfavourable.?3 Also porphyrin-
based triplet sensitisers such as 61 can be used (Figure 24).276 Thus, red light can be
utilised to indirectly isomerise a wide range of azobenzenes. Even the use of neat-
infrared light is possible, although the rate is slower due to the increased endothermic
energy difference between the triplet states of the azobenzene and the deeply
conjugated sensitiser 62.27¢ Because 61 and 62 do not absorb in the blue end of the
visible spectrum, blue or green light can be used to isomerise the compounds to the
Z state (in contrast to UV light used with MB). Recently, TET-catalysed
isomerisation with far-red light was accomplished also in a solid bioplastic

material.277

Figure 24. Selected low-energy-light triplet sensitisers.
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The biggest drawback in indirect isomerisation via TET is its susceptibility to
quenching by molecular oxygen, the phenomenon already mentioned in the context
of redox catalysis. Dioxygen O: is a species that exists as a triplet in its ground
state.278.279 It is readily sensitised to the excited singlet state by visible-light triplet
sensitisers,?80 which in turn hampers the sensitisation of the azobenzene molecules.
In addition, singlet oxygen is extremely reactive and may degrade either the
azobenzene or the catalyst. As the concentration of oxygen in ambient solutions lies
in the range of millimoles per litre,281.282 any experiments featuring micromolar
concentrations of the catalyst—azobenzene system are seriously affected without
precautions. Common measures to tackle the problem include the deaeration of the
solvent via freeze-pump-thaw cycles or bubbling with an inert gas, and the use of
oxygen scavengers.88.253.271.274.276 n the aforementioned solid-state study, the catalyst
and azobenzene molecules were confined within a gelatine matrix that blocks the
diffusion of oxygen, thus removing the need for further deaeration steps.2’?

2.2 Isomerisation catalysed by iodine and molecular oxygen

One catalyst we have not discussed yet is molecular iodine, a species that has found
use in both thermal and photochemical processes,283-287 including the isomerisation
of azobenzenes.288289 It absorbs in the visible-light region, the absorption maximum
ranging from 410—470 nm in solvents with nucleophilic electron pairs to ca. 520 nm
in inert solvents. In an inert solvent, the absorption spectrum is governed by an
intense Sy — S transition which, after crossing to a dissociative unbound triplet
state, leads to the formation of two I* radicals. This forms the basis of most
photocatalytic processes where iodine is utilised.220-295 The mechanism has been
demonstrated also for azobenzene isomerisation: after dissociation, the iodine
radical forms a bond to one of the nitrogen atoms in the azo group, weakening the
double bond in a similar fashion as in acid-catalysed isomerisation. Following the
accelerated Z — E isomerisation, the iodine atom cleaves off, regenerating the
radical and yielding E-AB.288 In the presence of a strong-enough electron donor,
also photoinduced electron transfer through the excitation of a charge transfer
complex is possible. This transition is evident as an additional band on the blue side
of the molecular excitation band, and thus, is of little intetest to us.

However, one more transition is visible in the absorption spectrum of I, a weak
and broad shoulder peak on the red side of the absorption maximum, extending

even to the near-infrared regime. This band is associated with a transition to a low-
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lying bound triplet state which is not crossed by dissociative states.2% Instead, a
relatively stable triplet-excited iodine molecule 31" is formed. Probably because of
the low intensity of this spin-forbidden transition, the notion of utilising this band
for catalytic function had not been pursued, but we speculated that it might have
potential in, for example, indirect photoswitching of azobenzenes. To investigate
this idea, we studied the isomerisation of a moderately electron-rich 4,4’-
dimethoxyazobenzene 2 in #-hexane, dichloromethane and carbon tetrachloride. 2
was chosen since it had been used successfully in previous studies?>? and the inert
solvents of varying polarity and density were used to retain the absorption band in
the red part of the spectrum while acquiring information on the mechanism.27 We
started with dichloromethane. The absorption bands of E-2 and Z-2 + I, as well as
pure Iz, are depicted in Figure 25. Since iodine barely absorbs any light at around 365
nm where the n—n* band of 2 is located, we used this wavelength for the direct E —
Z isomerisation. The pure Z-2 has an n—n* band at around 440 nm, and this band
does not extend to the red-light region. The absorption of iodine, however, does
extend to the red and even beyond the visible range, albeit with low absorptivity: esso
=41 M- cm! and e770 = 8.6 M-! cm1.298 Thus, irradiation at >650 nm can only excite
iodine.
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Figure 25. Absorption spectra of a mixture of 2 (50 uM) and I2 (200 pM) in dichloromethane in dark
and upon 365 nm excitation, and of 2 and |2 separately upon 365 nm excitation. The
absorption tail of I2 is shown in the inset. The wavelengths used for E — Z (365 nm) and Z
— E (660 or 770 nm) isomerisation are illustrated with purple and red shading,
respectively.
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We then proceeded to studying the iodine-catalysed back-isomerisation with varying
amounts of iodine. The kinetics of the isomerisation are visualised in Figure 26a by
plotting the absorbance at 372 nm (the n—n* band of E-2) as a function of time.
After initial E — Z isomerisation with 365 nm excitation (purple shading), the
absorbance value increased slightly, probably due to diffusion from unilluminated
parts of the solution. When 770 nm excitation was then started (red shading),
quantitative Z — E isomerisation took place. Due to the extremely low molar
extinction value, the reaction is only fast when stoichiometric amounts of iodine are
used. However, the reaction takes place also with a catalyst loading of 10% (Figure
26b), and the reaction with a low catalyst loading can be made reasonably fast by
using 660 nm light instead of the 770 nm light. We also tested the robustness of the
reaction. Gratifyingly, the system was fully functional even after 1,000 cycles (Figure
26¢).
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Figure 26. (a) Photoisomerisation curves of 2 with varying amounts of iodine; excitation pulses with
365 and 770 nm are illustrated with purple (1-1.5 min) and red (3—10 min) shading,
respectively. (b) Photoisomerisation curves of 2 with low iodine loading. Excitation (660 or
770 nm) starts at 1.0 min. (c) Recurring isomerisation cycles with pulses of 365 and 770
nm excitation (15+45 s).

To determine whether the reaction is driven by TET, PET or I* radicals, we
compared the reaction rates in the three solvents (Figure 27a). The photocatalysed
reaction was 3.3 times faster in CCly than in hexane although the rate of homolytic
dissociation of I, is 5-fold in the latter.299 Thus, the I*-mediated mechanism was
refuted. The lifetime of 3L* is longer in CCly than in DCM (2.7 vs 0.51 ns)2% and
thus, TET should be more efficient in CCly, especially given that the molar
absorptivity at 770 nm is higher in CCl4.2% However, the reaction rate was 2.1-fold
in DCM compared to CCly (Figure 27a). Thus, the rate seems to be determined
rather by the polarity of the solvent than any other parameter, which is indicative of
a formation of a charged species during the reaction, i.e. PET.262 Furthermore, we

tested the reaction with three other azobenzenes and found that the catalytic
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isomerisation only takes place with sufficiently electron-rich substrates; no reaction
was observed with unsubstituted azobenzene 1 and the electron-poor 64, and the
rate was significantly lower for the 4-methoxyazobenzene 63 (Figure 27b). Thus, we
concluded that oxidative PET lies behind the catalytic behaviout.
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Figure 27. (a) Photoisomerisation curves of 2 in dichloromethane, carbon tetrachloride and n-hexane.
Excitation with 365 nm at 0.5-1.0 min and with 770 nm at 3-7 min. (b) Photoisomerisation
curves of 2, 63, 1 and 64 in dichloromethane. Excitation with 770 nm at 0-5 min. In both
cases 4 equivalents of iodine was used.

As we postulated the reaction to proceed via a triplet state, the catalysed
isomerisation was also studied in a freeze-pump-thaw-deaerated solution and
solutions bubble-degassed with either argon or nitrogen, hypothesising that an
oxygen-free environment might make the isomerisation more efficient. To our great
surprise, the reaction was pronouncedly shower in these (partly) deoxygenated
solutions as compared to the respective cases under an ambient atmosphere (Figure
28a). This is remarkable, as in all previous TET- and PET-mediated systems the
presence of oxygen has been an impediment to efficient isomerisation.253276 In our
system, the oxygen instead proved to hold a central role in the mechanism. Iodine is
known to sensitise singlet oxygen,% which in turn has been demonstrated to
isomerise certain alkenes, ! so we hypothesised this to be involved in the
mechanism. Due to the low concentration of 3%, we were unable to directly show
the formation of singlet oxygen or other oxygen species. Singlet oxygen scavengers
were not successful as they have nucleophilic lone pairs that can interact with
iodine.28 Hence, we probed the oxygen-mediated mechanism indirectly, by utilising
palladium (II) phthalocyanine (65, PdPc), an efficient near-infrared-light singlet
oxygen sensitiser with a low triplet energy and relatively short triplet lifetime; due to
these properties, direct TET to Z-2 is improbable.302 When the optical density of

61



PdPc at 770 nm was matched with that of iodine in the earlier measurement, no
catalytic behaviour was observed although the [!Oz] produced is undisputedly higher
based on the reported quantum yields.300.302 When the concentrations of iodine and
PdPc were matched, photocatalysed isomerisation occurred — but even then, slower
than for iodine despite the fact that now the fraction of excited sensitisers was
considerably higher. Moreover, also the PdPc-mediated isomerisation was oxygen-
dependent, and contrary to the iodine-catalysed reaction, it was faster in CCly than

in DCM (Figure 28b).
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Figure 28. Photoisomerisation curves of 2 with (a) iodine under ambient conditions and after freeze-
pump-thaw deaeration, and (b) with PdPc in DCM and CCls under ambient conditions and
in DCM after freeze-pump-thaw deaeration. Excitation with 365 nm at 0.5-1.0 min and
with 770 nm from 3.0 min.

Building on these results, we proposed that the mechanism does indeed involve the
formation of singlet oxygen which subsequently oxidises the Z-azobenzene, forming
a radical cation Z-AB'* and a superoxide radical anion 2303304 After rapid
isomerisation,?53 a reverse electron transfer reaction takes place, regenerating the
ground-state triplet oxygen and E-AB. These reactions are shown in Equations 21—
25; although I» is used as a sensitiser, the same steps apply to PdPc.

I, = 313 1)
3 +30, > 1, + 10, (22)
'0, + Z-AB = 05 + Z-AB** (23)
Z-AB'* — E-AB'* (24)
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E-AB'* + 0y = Z-AB + 30, (25)

In the case of PdPc, its triplet lifetime (highest in CCl43%5) and the solubility of oxygen
(higher in CCly than in dichloromethane281.282) seem to determine the rate of the
catalytic isomerisation. Cleatly, some additional reaction is possible with iodine,
based on the different solvent dependency and markedly higher rates. We proposed
that both of these observations are explained by an additional electron transfer step
between ground-state iodine and the anionic oxygen radical,3% in which case the
formed oxygen would be singlet-excited and thus further accelerate the reaction
(Equation 26).307 It is also possible for reactive oxygen species to cause the
dissociation of iodine % creating neutral I* radicals that would catalyse the

reaction.?88 However, the observed solvent effect does not support this possibility.
0y +1, » 10, + 13 (26)

To conclude, indirect Z — E isomerisation pathways have been demonstrated with
red- or near-infrared-light TET or PET agents, even coupled to visible-light £ — Z
isomerisation in one case.?’¢ Molecular oxygen, abundant in most media of interest,
hampers the use of triplet sensitisers. PET is less sensitive to oxygen. Interestingly,
molecular iodine can be used as a near-infrared photocatalyst to induce the Z — E
isomerisation of suitably electron-rich azobenzenes. The reaction is not only
tolerated but in fact mediated by oxygen, which is unprecedented in photoswitching.
Based on our studies and existing literature, we propose that the reaction proceeds
via singlet oxygen produced by triplet-excited iodine and subsequent electron
transfer from the azobenzene to singlet oxygen, resulting in a radical cation that
rapidly isomerises to the E form. In addition, another PET step featuring iodine and
further accelerating the reaction seems probable. However, additional spectroscopic
and computational studies are required to accurately determine the mechanism. It
should also be noted that although the catalytic system functions with near-infrared
light and tolerates ambient conditions, it only functions with selected azobenzenes
and inert solvents and absorbs across the whole visible spectrum, disabling the use
of low-energy light for the E — Z isomerisation. Furthermore, iodine can also
catalyse organic reactions in the ground state, limiting its suitability. Thus, in order
to make the photoswitching system practically useful, other singlet oxygen sensitisers
with appropriate redox properties should be found. In this light, the fact that PdPc
can be used (although inefficiently) in the place of iodine is encouraging. Another

viewpoint is that near-infrared excitation of iodine and the subsequent production
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of reactive oxygen might have yet unexplored uses in organic synthesis or other
applications. For both photoswitching and other prospects, a better understanding

of the underlying mechanism is integral.
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6 BEYOND SWITCHES: MOLECULAR MOTORS
DRIVEN BY VISIBLE LIGHT

In the last three chapters we have investigated ways to realise photoswitching with
red or even near-infrared light. In addition to photoswitch-specific approaches such
as the ortho substitution of azobenzenes, general strategies have been introduced:
tuning established switches by extending the w-system or creating push-pull
character, taking advantage of less-explored molecular structures such as indigoids,
or inducing the switching indirectly with photocatalysts. Herein, we shall see how
these approaches are also applicable to light-driven molecular motors, a special class
of photoswitches where the switching between multiple states occurs via
unidirectional rotation around a double bond. Chapter 6.1 introduces the
fundamentals of photochemically-driven single-molecule motors, followed by an
account of different steps taken towards systems operating with visible light. In
Chapter 6.2, we shall present the final original piece of this thesis, the synthesis and
characterisation of a barbituric-acid-based molecular motor that absorbs in the
visible light regime. It should be highlighted that Chapter 6.1 can barely scratch the
surface of the beautiful chemistry built around molecular motors and should only be
regarded as essential background information for our work. Comprehensive reviews
on the theoretical and practical aspects of molecular motors, as well as a broader

scope of rotatory molecular structures, may be consulted for further information.!!-
13,309-312

6.1 Molecular motors based on rotation around a double bond

The chemistry of E—Z photoswitches was reviewed in Chapter 2.1. Stiff-stilbenes
are an exemplary family of compounds that can be interconverted between their
stable E and metastable Z isomers photochemically or thermally. What makes this
class of photoswitches particularly intriguing is that through the addition of steric
bulk around the central double bond (in the fjord region), the molecule is forced out
of planarity into a helical structure, and if a (pseudo)stereogenic centre is located in

this region, the helicity of this compound, aptly named overcrowded alkene, is
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predetermined by the non-symmetrical steric interactions (Figure 29).309 As a
consequence, photoexcitation of the compound results in unidirectional rotation, in
contrast to the stochastic motion of photoswitches. Three generations of molecular
motors based on overcrowded alkenes have been designed so far. The original first-
generation motor 66 features two symmetric halves separated by a C=C axle, both
of which have a stereogenic centre.3!? In the second-generation motors (e.g., 67), the
top and bottom halves differ and the molecules have only one stereogenic
centre.314315 The half with a higher moment of inertia is defined as the stator, while
the smaller half is called a rotor (or rotator).31¢ Finally, third-generation motors such
as 68 lacking any point chirality at all but instead carrying a pseudo-asymmetric centre
have been contrived, now featuring two rotating units.3!7 There are also motors
based on other structures which will be covered later in this chapter.

photochemical
E-Z switching
>280 nm
Es:Z) 5:95

first-generation

Eg-66 Z-66 second-generation
unidirectional 67
AGE =26 rotation AGE= 22 central double bond axle
kcal mol! kcal mol! fiord region

photochemical
E-Z switching
>280 nm
En:Zs 90:10

third-generation
68

Z5-66

Figure 29. The rotation cycle of a first-generation molecular motor and the structures of
representative second- and third-generation motors.

The key to unidirectional net rotation is a closed cycle consisting of an oriented
sequence of propagating steps. As a representative example, the rotation cycle of a
first-generation motor 66 is depicted in Figure 29 and discussed herein.3® Four
distinct isomers can be identified: the E and Z isomers can both have either M or P
helicity, one of which is more stable than the other due to differences in the steric
strain. Starting from the stable helical form of the E isomer (Es), excitation at the n—
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m* band of the motor brings the molecule into its first excited state where relaxation
from the Frank-Condon state to the S7 minimum takes place with a lifetime on the
order of 100 fs and subsequent relaxation to ground state in 5-10 ps.318 In total, this
photochemical E — Z isomerisation (PEZI) step has a quantum yield of up to 85%,
resulting in the metastable state of the Z isomer (Zy).31° Thermal helix inversion
(THI) to the stable Z isomer (Zs) has a half-life of ca. 15 minutes at room
temperature.3? It can in turn be photoisomerised, yielding the metastable I isomer
(Em). Finally, another THI step refurnishes the original Es state. This step has a
considerably higher energy barrier, corresponding to a half-life of months at room
temperature; thus, heating is required to induce the last isomerisation step.309:313
Although a PSS is formed during both PEZ steps and hence, a fraction of the
molecules does not proceed to the next THI step, no molecules rotate in the reverse
direction as the THI steps are irreversibles and the barriers for thermal Z — E
isomerisation (TEZI) are typically even higher. Thus, THI acts as a ratchet to ensure
net unidirectional rotation. However, competing thermal back-isomerisation is a real
possibility when AG#ryy is high or AGiz s  low.320 In such cases, the molecules are
rendered switches instead of motors.32!

The rotation cycles of second- and third-generation motors follow the same
fundamentals, although differences exist: the E and Z isomers of second-generation
motors with a symmetrical bottom half (e.g., 67) are interchangeable and thus these
molecules have only two states, stable and metastable. This design simplifies the
characterisation of such motors, but at the same time, makes proving the
unidirectionality of the rotation impossible without desymmetrisation of the
symmetric half or the preparation of an enantiomerically pure sample. Third-
generation motors share the same fundamental steps, but because of two
independently moving rotors, they exhibit at least four states even if the individual
rotor parts are symmetrical, and with desymmetrised rotors even more states are
observed.3!” Herein, we will focus on second-generation motors. As an advantage
over first-generation motors, both THI barriers are the same (AG# = 25 kcal mol!
for 67), which results in a steady rotation speed over the whole cycle.31¢ The excited-
state dynamics is also different, the §7 — Sy relaxation occurring on a 1 ps timescale
(cf. 5-10 ps for first-generation motors).322323 Concurrently, quantum yields of
isomerisation are significantly lower, ranging from <1% to 2090315324326 and even
the theoretical upper limits lie below 30%.327 Electron-withdrawing units conjugated

a Although THI is in principle an equilibrium process, the energy difference between the stable and
metastable states is large enough (8.6 and 11 kcal mol! for E-66 and Z-66, respectively) for the reaction
to be considered irreversible.
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to the C=C axle often improve these values,?24326 and push-pull systems promote
quantum efficiency even more.’28 This effect arises from the geometry of the S
minimum and the conical intersection between the 7 and Sy states. After initial
homolytic cleavage of the central C=C bond upon photoexcitation, electron density
is shifted towards one side of the = bond as the molecule traverses to the conical
intersection, and to stabilise the forming anionic electron pair, the atom at the central
carbon axle pyramidalises. This charge transfer causes the motion about the central
axis to be precessional (Figure 30a).322327.329.330 If an electron-withdrawing group can
delocalise the electron pair, less pyramidalisation takes place and the rotation is more
axial. This geometry, in turn, has been linked to higher PEZI quantum yields.328329
Thus, to efficiently harness photonic energy for rotation instead of simply dissipating
it as heat, structures with sufficient push-pull character are favourable. In the quest
for optimal properties, chemists have designed (i) biomimetic motors331-333 inspired
by the natural unidirectional motor rhodopsin?** and (i) theoretical motors
constituting of minimal rotor and stator parts,335-33 both equipped with sufficient
push-pull character. Computational studies have revealed high quantum yields up to
90% for some of the theoretical motors,?3? although many of them suffer from
reduced rotation directionality. These structures can be used as inspiration for

synthetic motors, as we will see in Chapter 6.2.

a PEZ quantum yield : THI speed
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Figure 30. (a) Schematic TS geometries showing a pyramidalised and non-pyramidalised structure,
leading to precessional and axial rotation, respectively. (b) Selected second-generation
motors and their THI half-lives, demonstrating the features that speed up the reaction.

Since the THI steps of the molecular motors 66 and 67 are slow, the characterisation
and even isolation of each isomer is rather easy. This also means that elevated
temperatures are required for fast rotation. To speed up the thermal ratcheting steps,
the steric hindrance in the transition state structure can be reduced by switching the

six-membered rings attached to the C=C axle to five-membered rings, thus making
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the fjord region less crowded (Figure 30b, 69 vs 70).315340341 Alternatively,
heteroatoms can be installed in the place of the bridging carbons for the same
effect.315.342 Motors with such structures exhibit THI half-lives of seconds or less.3%
Another approach to make rotation faster is to switch the methyl group in the
stereogenic centre for a larger alkyl group (70 vs 71). Due to the perpendicular
arrangement in the THI transition state, the alkyl substituent does not affect the
energy of the transition state. Instead, it selectively raises the energy of the metastable
state through increased steric load.3#3 It should be noted that the aforementioned
modifications have predictable effects in second-generation motors, but the
structure—property relationships are less easily anticipated for the first generation due
to the two different THI steps. Finally, also fully photochemical switches have been
designed.3#4346 Since all steps are driven by photonic energy, the rotation does not
rely on heat and can, in principle, occur on a picosecond timescale.

The motors discussed thus far function upon irradiation with ultraviolet light.
Second-generation motors are somewhat red-shifted compared to first-generation
compounds (operation wavelengths shifted from 280 to 365 nm between 66 and 67),
but additional measures are needed to bring the wavelengths to the visible part of
the spectrum. Direct two-photon absorption of the motor core enables excitation
with 710 nm light, but it is not practically feasible for most applications due to the
enormous irradiation intensities required (TW cm2).347 The energy gap for one-
photon absorption can be reduced by extending the n-system with additional
aromatic rings on either half.348.349 For instance, the second-generation motor 72 can
be rotated with 490 nm excitation because of its red-shifted and broadened
absorption band as compared to the otherwise identical parent motor 70 (Figure
31).348 As a disadvantage, these motors exhibit lower isomerisation quantum yields
and worse PSDs. Also the application of push-pull substituents has been
utilised.26350 As an example, the methoxy and cyano substituents conjugated across
the C=C axle in 73 lower the HOMO-LUMO gap sufficiently for the motor to be
efficiently isomerised with 530 nm light.326 The PSDs and quantum efficiencies are
also good. The motor 74, featuring a pyrrolidino moiety as the electron donor, has
an even further red-shifted absorption band, extending to the red part of the visible
spectrum in polar solvents where the polarisation of the molecule is strongest. Due
to this effect, the compound actually only functions as a motor in non-polar solvents.
In polar solvents the C=C bond is weakened to a point where thermal Z — E

isomerisation outcompetes THI, rendering 74 to a switch.3!
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Figure 31. Selected red-shifted molecular motors along with the irradiation wavelengths used to
induce the photochemical isomerisation steps.

Like with switches, the absorption of motors can also be shifted towards the red end
of the visible spectrum by employing novel molecular structures instead of individual
small modifications. One such family are oxindole-based motors, a subclass of
second-generation overcrowded alkene motors.315.328352 Because of the intrinsically
electron-withdrawing nature of the lower half, compounds such as 75 absorb well in
the visible range, and further red-shift as well as enhancement of photoisomerisation
quantum efficiency can be realised with small synthetic modifications.352

Stepping further away from the conventional overcrowded-alkene-based motors,
structures featuring hemithioindigos can also perform unidirectional rotation about
a C=C double bond. The earliest hemithioindigo motor 76 resembles oxindole
motors, except for the origin of chirality: contrary to hemithioindigo photoswitches,
the sulphur atom is oxidised into a sulfoxide, thus creating an asymmetric centre in
the lower half (thioindigo part) of the molecule. The rotation mechanism itself is
identical to that of a second-generation motor, and like oxindole motors, also
hemithioindigo motors are intrinsically red-shifted.3>3 PEZI occurs on a timescale of
0.3-10 ps, depending on the substitution pattern, and the lifetimes of the THI steps
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range from 3 ns to 40 ms.35435 Further structural developments led to the discovery
of an entirely different working mechanism, the figure-of-eight motion by 77.35¢ The
rotation cycle features four steps: two PEZI steps, each followed by a thermal so-
called hula twist step that consists of concerted E—Z isomerisation and single bond
rotation.>” The latter is only allowed in this kind of structure where the C—C bonds
connected to the C=C axle are not bound inside a ring structure. Because of the
strong push-pull character caused by the julolidine unit in the top half conjugated to
the carbonyl group in the lower half, the absorption band is even more red-shifted,
enabling the operation of the motor with 530 nm excitation. Unfortunately, the
photochemical steps are only efficient in apolar solvents, whereas the thermal steps
are only fast in strongly polar solvents, and continuous irradiation in moderately
polar solvents leads to a decrease in the directionality of the rotation.35¢ Following a
similar molecular design, fully photochemical rotation has been realised. In this case,
the rotation cycle consists of sequential PEZI and single bond rotation steps or hula
twists combining the two thereof, all of which are induced photochemically.
However, multiple possible photoreactions are possible from each isomeric species
and although the quantum yields of individual steps are biased towards one cycle
(with a probability of 86% against all possible outcomes), the rotation is not
completely unidirectional. It can, however, be made almost unidirectional at low
temperatures where the competing photoreactions become less probable.358 This
finding is in stark contrast to conventional motors that lose their unidirectionality
when the thermal ratcheting steps cannot operate at reduced temperatures. Finally,
it should be mentioned that motors based on rotation around a C=N bond have also
been designed and synthesised, 78 absorbing in the visible range.3%-361 Depending
on the structure, the rotation cycle consists of either two or four parts. In a two-
stroke mechanism, PEZI is followed by thermal inversion of the nitrogen
stereocentre that restores the original conformation. The four-stroke mechanism
contains two sets of consecutive PEZI and ring inversion steps. More detailed
descriptions of the hemithioindigo and imine motor rotation cycles are presented in
an excellent recent review.30”

Also indirect excitation has been exploited to avoid high-energy light, using
palladium (II) porphyrin as a sensitiser to bring the motor into its triplet-excited
state, from where relaxation may lead to E—Z isomerisation.?2 The process was most
efficient for 79 which has the sensitiser covalently linked to the motor core (Figure
32). A PSD of 67:33 79::79s was recorded upon excitation with 532 nm light, with
a quantum efficiency of 11% (cf. 14% upon direct excitation). This may seem odd,

remembering how triplet sensitisation was used to drive azobenzene isomerisation
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almost quantitatively from Z to E in Chapter 52760 However, the T; state of
azobenzene is inherently different because of its n—n* nature. From the T state of
stilbene that has n—n* nature, external conversion to the ground state yields both
isomers with almost the same probability, the Z isomer slightly favoured in most
conditions.243.363,364 The same fundamentals apply to overcrowded alkenes. Despite
the difference to azobenzene sensitisation, the same drawback is present: the system

functions only in strongly deaerated conditions.362

79 80
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NC CN
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Figure 32. Molecular motors operating upon indirect excitation.

Also using the motor as a ligand in a transition metal complex such as 80 has been
demonstrated as a way to induce the excitation indirectly. The complex can be
excited with 450 nm light, leading to charge transfer to the ligand and subsequently
PEZI to a PSD of 36:64 80,:80s. Although the PSD is low, the following THI step
is faster than without coordination to the metal, leading to overall faster rotation and
allowing visible light to be used.365 Finally, although direct two-photon excitation
requires extreme light intensities which are detrimental to living cells, indirect two-

photon absorption with a well-designed antenna sensitiser is feasible. The motor 81
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features a two-photon absorber with a large absorption cross-section. It can be
efficiently excited to its singlet-excited state upon irradiation with 800 nm light,
keeping the intensity at 150 mW cm2, which is below the threshold for cell
degradation. Forster-type resonance energy transfer from the sensitiser and the
motor may now take place, resulting in the singlet-excited motor, from which the
PEZI step proceeds like upon direct excitation.366

6.2 Molecular motors based on barbituric acid

Despite the steps taken towards motors operating with visible light, these molecular
designs often suffer from relatively low photoisomerisation quantum yields and
PSDs as well as synthetic complexity. Taking inspiration from the biomimetic and
theoretical motors and switches that feature high quantum efficiencies and fast
rotation kinetics (e.g., 82),367.368 we were searching for a simple structural design that
would yield a visible-light-absorbing motor with considerable push-pull character.
Barbituric acid is a strong electron acceptor, ideal for different donor-acceptor
(push-pull) systems such as DASAs (see Chapter 2.2). Its alpha hydrogens are
remarkably acidic (pK, = 4), which enables efficient reactions with various
electrophiles under mild conditions. Recently, a library of ultrafast visible-light-
responsive photo-oscillators (e.g., 83) based on barbituric acid was synthesised via a
Knoevenagel condensation in water.3® We envisioned that coupling barbituric acid
with a moderately electron-rich top half might yield a molecular motor with desirable
properties. Thus, we designed the structure 84 that was expected to function as a
second-generation motor (Figure 33a). Efforts to synthesise the compound from 85
and 86 using conditions reported for barbituric acid condensations with ketones370-
372 failed, so we reverted to the procedure utilised for oxindoles with similar top
halves (Figure 33b).352 Surprisingly, instead of the expected product, we consistently
and exclusively acquired the compound 87 featuring an additional hydroxy group in
the asymmetric centre.373 Since this site is intrinsically nucleophilic in both 84 and 85
and oxygen electrophiles are notoriously elusive, the reaction is truly astonishing.
Under standard conditions, 87 was acquired in a 15% yield, accompanied by

recovered starting material (65%) and traces of an elimination product 88.
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Figure 33. (a) Molecular design and (b) synthesis of a molecular motor based on barbituric acid. (c)
Side products and starting materials of mechanistic studies.

To understand the unexpected formation of 87, we probed the reaction with a range
of parallel control experiments, changing one parameter at a time. Because of
prominent side products arising from a reaction between THF and TiCl4,>™* the
isolation of 87 was difficult and could not be done quantitatively. Thus, the reaction
yields were estimated with 'H NMR. The reaction was carried out in dry solvent
under a nitrogen atmosphere by default, and its outcome was independent of
whether residual moisture was removed with molecular sieves or ambient light
blocked. Pristine reagents were used to eliminate the possibility of phantom
reactivity by degraded or contaminated reagents, with no effect on the product
composition. Interestingly, the reaction proceeded only when both a Lewis acid
(TiCly) and a non-nucleophilic base (DIPEA) were present although the acidity of
barbituric acid should allow the condensation without any base. When the amount
of base was increased, the elimination product 88 became prominent. Because of
this side product, we considered an alpha-chlorinated intermediate 89 (Figure 33c)
but refuted it as no product was formed when starting from this substrate.
Furthermore, when the reaction was carried out with an oxygen-18-labelled ketone
90, no 80O was found in the product; thus, the oxygen must come from outside, as
opposed to a rearrangement of the initial carbonyl structure. Next, we considered
that the hydroxy moiety would form during the quenching step, but the product
composition was unaffected by whether the reaction mixture was quenched with
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aqueous ammonium chloride, water, deuterium oxide or methanol. We tried to
observe the reactive intermediate directly by carrying out the reaction in THF-ds, but
recording the NMR spectra from an unquenched reaction mixture was not possible,
presumably because of paramagnetic titanium species formed during the reaction.
However, we were able to get some insight into the mechanism by recording a mass
spectrum immediately after quenching the reaction, before further work-up. We
observed a mass signal for [M+H+16]*, i.e. containing an extra oxygen atom. The
same signal was observed when starting from 90. This signal was replaced by the
correct [M+H]* value after full work-up. Thus, we postulate that a peroxide-type
intermediate is initially formed before decomposition to 87 when heated up in the
rotary evaporator. The most obvious peroxide source would be O2, but we observed
no difference in the product composition when using carefully degassed THF
solutions. The finer details of the mechanism remain unclear to us.

Regardless of its formation mechanism, 87 turned out to absorb well within the
visible spectrum with reasonable molar absorptivity values, Amax ranging from 421 to
444 nm and ema from 12,800 to 20,100 dm3 mol! cm! in different solvents (Figure
34a, Table 10). Moreover, an X-ray diffraction analysis of single crystals (grown from
an ethyl acetate/pentane solution) revealed that the molecules adopt a twisted, helical
structure, a prerequisite for unidirectional rotation (Figure 34b). Interestingly, an
intramolecular hydrogen bond is found between the OH group and one of the
carbonyl oxygens of the lower half. Since the lower half of the molecule is symmetric,
only two states, stable and metastable, can potentially be observed. We studied the
possible photoisomerisation process first with 1H NMR at -90 °C where thermal
processes do not compete with photochemical pathways. Starting from the stable
state, a PSD of 63:37 87m:87s was observed (in MeOD) upon excitation at 420 nm
(Figure 34c). After heating the sample to -45 °C for 15 minutes, the stable state was
repopulated with no sign of photodegradation.
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Figure 34. (a) Absorption spectra of 87 in different solvents. (b) ORTEP image (ellipsoid probability of
50%) of the crystal structure of 87; only one molecule of a two-molecule conglomerate is
shown for clarity. (c) "H NMR spectra of 87 (i) in dark, (i) upon excitation with 410 nm
light, and (iii) after 15 minutes at -45 °C, all measured at -90 °C in MeOD. Modified with
permission from ref. 373. Copyright 2023, RSC.

Femtosecond transient absorption spectroscopy revealed that after initial excitation
to the S state, the 87s — 87y photoreaction occurs with a lifetime of less than 1 ps
(11; 0.5 ps in #-hexane), which is visible as ground state bleach at around 410-430
nm and subsequently as product absorption at 460—480 nm. This event is followed
by vibrational and solvent-induced relaxation (12 and 13) to the metastable state
energy minimum (Table 10). This relaxation is slower and depends on the polarity,
polarisability and viscosity of the solvent.

76



Table 10.

Absorption maxima Amax and molar coefficients ¢, excited state lifetimes 1113 and 87m
— 87s isomerisation lifetimes for 87 in various solvents. Evolution-associated
difference spectra obtained from global analysis of the transient absorption data of 87
is shown for MeOH. Modified with permission from ref. 373. Copyright 2023, RSC.

0.04.

0.02-

0.00-

-0.021

S 0.04

-0.064 07 ps

o

-0.104 —>15ns

450 500 550 600 650 700
Wavelength (nm)
Amax (nm) € (M'em?)  1187s*(ps)  T287s*(ps) 13875 (ps) T 87m—> 87s(ms)

Pentane 425 19200 12.3
Hexane 0.5 10.5
1,4-dioxane 421 18900 19.7
Toluene 441 18500 0.6 8.5 38.2 28.8
DCM 432 20400 0.7 6.6 30.3 75.0
THF 428 18300 1.7
Decanol 433 18100 14.6
iPrOH 435 19100 5.88
EtOH 428 20100 1.81
MeOH 432 19100 0.7 33 44.4 1.34
MeCN 424 18600 0.6 1.5 13.7 34.2
Glycerol 430 15300 1.81
DMSO 432 14400 0.7 6.8 170.9 75.5
H20 444 12800 7.87-103

To gain insight into the photoisomerisation mechanism, we carried out excited state
molecular dynamics simulations of 87s at the OM2/MRCI level of theory. The
simulations correctly predict the unidirectional 87s — 87 step to be ultrafast, with

an excited-state lifetime of 0.53 ps (well in accordance with the experimental value

in #-hexane) and a quantum yield of 68% (Figure 35a). The latter value is high

compared to second-generation molecular motors, which is probably caused by two

factors: (i) the electron-withdrawing nature of barbituric acid that inhibits

pyramidalisation in the excited state and leads to axial rotation, and (ii) hydrogen
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bonding that actively promotes rotation. Upon excitation, the intramolecular
hydrogen bond found in 87s is broken. After the molecule reaches the perpendicular
orientation at the conical intersection, a new hydrogen bond is formed between the
OH and the other carbonyl, creating a “lasso” effect that pulls the rotation forward

(Figure 35a). This effect is a unique feature for this serendipitous molecular structure.
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Figure 35. (a) Evolution of the dihedral angle associated with the rotation about the central C=C bond
over time obtained at the OM2/MRCI level and snapshots of the isomerisation of 87
selected from a productive MD simulation that led to the formation of 87w underlining the
hydrogen bond “lasso” effect. (b) Gibbs free energies (DSD-BLYP-D3BJ/def2-
QZVP/Ir2SCAN-3c level, in kcal mol*) for the thermal processes of motor 87 on the ground
state surface. The black and blue surfaces depict the energies of the structures in gas
phase and using water as implicit solvent (conductor-like polarisable continuum model),
respectively. Modified with permission from ref. 373. Copyright 2023, RSC.
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The kinetics of the thermal 87y —> 87s isomerisation was further investigated with
nanosecond transient absorption spectroscopy, yielding room-temperature
isomerisation lifetimes ranging from 1.3 to 76 ms without a strong correlation to
solvent polarity (Table 10). However, in water the lifetime was significantly shorter,
only 7.9 ps, which may hint at an alternative isomerisation mechanism in an aqueous
environment. At the same time, we also observed relatively rapid decomposition of
the motor in water; thus, further investigation of the isomerisation mechanism was
restricted to other solvents. We also synthesised the motor 91 (Figure 36) with a
desymmetrised lower half, which enables observing sequential steps of the rotation
cycle. The molecule was initially isolated in a 1:1 ratio of the Es and Zs isomers, and
using supercritical fluid chromatography, this was enriched to a 73:27 mixture. We
were not able to unequivocally determine the exact stereochemistry; thus, we call
these the isomers a and c, respectively. Starting from this mixture, excitation with
420 nm light at -90 °C in MeOD resulted in a PSS mixture with four isomers, a:b:c:d
= 12:61:9:19, and after 70 minutes in datk at -90 °C, a new datk equilibrium with
77:23 a:c was reached. Based on this data, the molecule does not seem to function
as an (efficient) motor; the small change in the a:c integral ratio may be a sign of
some degree of directionality but is within the error margin of integration. To further
assess the directionality of the cycle, we also studied the two possible thermal
isomerisation reactions computationally in gas phase at the DSD-BLYP-D3BJ/def2-
QZVP//t2SCAN-3c level of theory. We optimised the structures of 87s, 87n and
the THI transition state in gas phase and using water as the implicit solvent
(conductor-like polarisable continuum model). According to these results, THI is
more favourable than TEZI in gas phase where the energy difference of the thermal
barriers is 7.2 kcal mol!, favouring THI by a ~105-time difference in the respective
reaction rates. This is also the case in non-polar solvents. However, in polar solvents
such as methanol or water, the situation is reversed: polar solvents stabilise the
polarisation of the push-pull structure in the molecule, leading to diminished double
bond character in the central C=C axle. Thus, in water the AGt of TEZI is lowered
down to 14 kcal mol'l. Simultaneously, polar solvents weaken intramolecular
hydrogen bonding, which raises the AG#rur by 2 kcal mol-!. Overall, due to these
effects, TEZI is favoured over THI in polar solvents, similarly as in the case of
another recent motor that had a strong push-pull character.35! This explains the
observed lack of directionality for 91 in methanol-ds.
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Figure 36. The rotation cycle of 87 and 91 and the thermal barriers of THI and TEZI, calculated at the
DSD-BLYP-D3BJ/def2-QZVP//Ir2SCAN-3c level of theory.

In conclusion, we synthesised a new molecular motor scaffold based on barbituric
acid, featuring high absorptivity in the visible-light regime, sub-picosecond
photoisomerisation kinetics and unidirectional thermal helix inversion on a
millisecond timescale. Surprising reactivity in a Knoevenagel condensation yielded a
quaternary stereocentre fitted with a hydroxy group alpha to the C=C axle. Molecular
dynamics simulations suggest that this serendipitous OH unit forms a hydrogen
bond to a C=O unit in the barbituric acid during the photoreaction and thus actively
pulls the rotation forward. Owing to this feature, as well as the electron-withdrawing
nature of barbituric acid that stabilises the excited state structure, the predicted
photoisomerisation quantum yield was high, 68%, more than double the theoretical
maxima of conventional second-generation molecular motors. Based on
experimental and computational studies, the compound seems to function as a
motor only in non-polar media where intramolecular hydrogen bonding lowers the
thermal barrier of the ratcheting THI step, while in polar solvents the backwards
TEZI step becomes more favourable, reducing the efficiency of unidirectional
rotation. Several questions should be answered in future research. Despite our best

efforts to elucidate the oxidation mechanism, the fine details of the reaction pathway
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remain to be determined. The generality of the reaction with different ketones
(potentially yielding motors with different properties) should also be screened.
Furthermore, it should be tested whether hydrogen bonding can be utilised to
improve the photochemical performance of other molecular motors as well. For
example, a retinal-based theoretical motor design exploiting hydrogen bonding was
proposed already a decade ago37> but has not been realised.
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7 CONCLUSIONS AND OUTLOOK

Photoswitches and molecular motors hold great potential in creating revolutionary
nanoscopic devices and intelligent materials. However, conventional photoswitch
systems operate almost exclusively with ultraviolet light, which hampers their
applicability in environments where short wavelengths cause damage to the
surrounding material or suffer from poor penetration, especially in the context of
biosciences and medicine. In this thesis we have studied different approaches to
realise photoswitching with benign lower-energy excitation, preferably with light
from the red end of the visible spectrum. We have identified three distinct strategies
that can be employed to accomplish this goal and progressed each of these research
fronts with one original study. Finally, we have shown how these ideas may be
applied to molecular motors, enabling unidirectional rotation on a molecular level
with visible light. The common theme in this thesis is to apply molecular orbital
theory and mechanistic thinking to photoswitching systems in order to understand
the fundamental chemistry behind successful molecular designs.

The most common approach towards photoswitching with visible light is to shift
the absorption bands of well-established photoswitches via synthetic modifications.
For instance, azobenzenes can be functionalised in the orzho positions to tune the
photoswitching dynamics. In Publication I we established structure—property
relationships in orzho-fluoroaminoazobenzenes in search of an optimal combination
of enhanced visible-light absorptivity and retained thermal stability of the metastable
Z isomer. We showed that it is possible to obtain fast and efficient bidirectional
photoisomerisation with visible light while simultaneously providing further
functionalisation sites in the orzho positions. While we were unable to shift the
isomerisation wavelengths to the biooptical window, the boosted absorptivity makes
isomerisation very fast compared to the state-of-the-art ortho-fluorinated
azobenzenes. Further tuning of the photochemical properties might be feasible
through functionalisation of the mefa and para positions, and thus far unexplored
ortho-chloroaminoazobenzenes would, potentially, yield switches whose absorption
band extends to the red-light regime. As an interesting detail, with one molecular
design the isomer distribution in the photostationary state was virtually unaffected
by the excitation wavelength, yielding ca. 50-70% Z in all cases, while also exhibiting
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a Z-half-life on the month timescale. This might be beneficial for the storage of solar
energy, as the whole UV-visible spectrum could be utilised without any need for
filters. To this end, the energy storage capability (the energy difference of the E and
Z forms) and the possibility to release the energy at will through sensitised back-
isomerisation should be studied.

In Publication II we utilised indigos, an emerging photoswitch family that
inherently absorbs red light. Instead of tuning the absorption bands, the challenge is
to achieve the same level of photoswitching as with more conventional switches. In
our case, we set out to accomplish efficient switching of indigos in a polymeric
(semi)solid matrix, the environment of most materials applications. We discovered
three ways to promote the switching parameters of indigo photoswitches: creating
free volume around the switches through the addition of bulky substituents,
choosing a soft matrix to minimise physical strain upon isomerisation, and keeping
the indigo loading low to avoid aggregation. When all of these are implemented in
concert, switching can be made as efficient as in solution. The obstacle to further
use seems to be the aggregation tendency at high loadings. Efficient switching with
up to 10% of the indigo is a prerequisite for, e.g., photochemical actuation of
polymer films, while in our case the best PSDs were acquired when <1% of the
indigo was utilised. To tackle this problem, further synthetic modifications in the
indigo core could be beneficial to suppress the stacking of the molecules. If suitable
long-chained substituents were installed on opposite sides of the core, this might
even promote the incorporation of these molecules into liquid-crystalline systems,
enabling the design of novel red-light-responsive functional materials. Core
functionalisation provides also an additional means to tune the photochemical
properties of these switches. Last, the same design principles could be applied to the
solid-state switching of other indigoid photoswitches.

Indirect isomerisation of azobenzenes with low-energy irradiation was
investigated in Publication III, utilising molecular iodine as a near-infrared light
photocatalyst. The catalytic system is robust but only functional with selected,
moderately electron-rich azobenzenes, as it requires an electron to be abstracted
from the azobenzene. Most intriguingly, the catalytic isomerisation reaction is
mediated by singlet oxygen and can be catalysed without iodine by using other singlet
oxygen sensitisers. Thus, we envision that the catalysis can be made more efficient
and practical by designing a singlet oxygen sensitiser with optimal photo- and
electrochemical properties, although the approach might still be limited to selected
azobenzenes. To continue on this line of research, the underlying mechanism of the

oxygen-mediated catalysis should first be unravelled through time-resolved
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spectroscopy studies and computational considerations, which would give insight
into the properties of an ideal photocatalyst for this reaction. In terms of generality,
triplet sensitisation and hole catalysis remain the best choices for catalytic
isomerisation, although sensitisation requires work in terms of improving the oxygen
tolerance of the systems. Finally, a catalytic method to induce E — Z isomerisation
is waiting to be developed.

In the final piece of this thesis, Publication IV, we turned our attention beyond
switches, to single-molecule motors that function upon absorption of visible light.
During the preparation of a barbituric-acid-based motor we encountered unexpected
reactivity in a Knoevenagel condensation, resulting in an additional hydroxy group
near the central axle of rotation. This turned out to be highly fortuitous, as the
hydroxy group enhances the quantum yield of rotation through hydrogen bonding
during the photochemical isomerisation step. This, combined with the electron-
withdrawing nature of the barbiturate unit, makes the rotation highly efficient
compared to any conventional second-generation motor. Further studies are needed
to determine whether hydrogen bonding could be applied to boost the performance
of other motor structures as well. The barbituric-acid-based motor features ultrafast
sub-picosecond photochemistry and millisecond-scale thermal rotation steps. It
absorbs strongly inside the visible spectrum, being the synthetically simplest example
of a visible-light-driven molecular motor. It is, however, worth noting that direct
isomerisation wavelengths are still restricted to below 600 nm, both with our design
and with earlier examples. In this sense, motors are clearly less developed than
switches. Whether motors that can be excited directly with red light are within reach
using the design principles covered in this thesis is not certain and remains a
challenge for future research.

While we have herein focused on shifting the excitation wavelengths to the red
part of the visible spectrum and even beyond, it is important to remember that not
all applications require this feature. For most uses, blue—green light is just as good,
and in some cases even ultraviolet light can be utilised. However, the use of red light
is crucial for most potential applications in biosciences and medicine. Despite our
own studies and the efforts of the whole photoswitching community to optimise
red-light photoswitching systems, near-quantitative bidirectional switching within
the biooptical window remains elusive, especially when coupled to good thermal
stability. The steps taken towards this ultimate goal seem promising for all of the
three directions covered in this thesis. Because of the vast variety of potential
applications, it is likely that numerous different approaches are needed, probably

representing all of the covered strategies and even mixing them: for instance, using
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a near-infrared-light photosensitiser with a red-light photoswitch (such as a modified
azobenzene or an indigo derivative) would enable switching in both directions with
low-energy light. It is also clear that one molecular design or even one photoswitch
family cannot meet the requirements of all potential applications, and that insight
into structure—property relationships and various isomerisation mechanisms of
different photoswitches is crucial for the future of responsive, even intelligent
molecular systems. Thus, further optimisation of the aforementioned (and perhaps
altogether new) strategies for photoswitching with low-energy light is needed. Only
then may photoswitchable systems finally take the final step from proof-of-concept
to real-world applications. We believe that through this work, we have done our

share to progress this objective.
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Abstract

Thermally stable photoswitches that are driven with low-energy light are rare, yet crucial for extending the applicability of
photoresponsive molecules and materials towards, e.g., living systems. Combined ortho-fluorination and -amination couples
high visible light absorptivity of o-aminoazobenzenes with the extraordinary bistability of o-fluoroazobenzenes. Herein,
we report a library of easily accessible o-aminofluoroazobenzenes and establish structure—property relationships regarding
spectral qualities, visible light isomerization efficiency and thermal stability of the cis-isomer with respect to the degree of
o-substitution and choice of amino substituent. We rationalize the experimental results with quantum chemical calculations,
revealing the nature of low-lying excited states and providing insight into thermal isomerization. The synthesized azobenzenes
absorb at up to 600 nm and their thermal cis-lifetimes range from milliseconds to months. The most unique example can be
driven from trans to cis with any wavelength from UV up to 595 nm, while still exhibiting a thermal cis-lifetime of 81 days.
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N=N bond, are particularly attractive photoswitches due to
their synthetic versatility, good fatigue resistance and high
isomerization quantum yields [1]. The photochemical prop-
erties of azobenzene photoswitches can be tuned with simple
structural modifications to meet the requirements of a given
application. In particular, many applications benefit from
switching with low-energy and low-intensity light as well
as from high thermal stability of the metastable cis-isomer.
These attributes are crucial for switches used in living sys-
tems [19] or memories [20] and often times advantageous
for applications in solar thermal fuel systems [21, 22] and
soft-robotic materials [23-25] as well: high-energy irradia-
tion generally has a degrading effect on the switch and its
surroundings [26, 27] and, on the other hand, constant illu-
mination is not always possible.

The observed absorption of azobenzene in the UV-Vis-
ible range is a combination of two transitions, the symme-
try-allowed m—n* and the symmetry-forbidden n—n*. While
many substitution patterns red-shift the =—n* band signifi-
cantly [19, 28, 29], this is accompanied by a drastic drop
in the thermal stability of the cis-isomer [30], rendering
these azobenzenes unsuitable for applications in photobi-
ology where constant irradiation is not possible and near-
bistable systems are, therefore, required. ortho-Substitution
with suitable moieties, in turn, decouples the n—* absorp-
tion bands of the cis and trans isomers, red-shifting it for
the trans-form while simultaneously prolonging the cis-
lifetime [31, 32]. However, while ortho-methoxylated [33],
fluorinated [31, 34-36] and chlorinated [37-39] compounds
enable efficient switching between two essentially bistable
forms with visible light, high irradiation intensities or long
illumination periods (hours for ortho-chlorinated com-
pounds [38, 39]) are required for efficient switching because
of the low molar absorptivity of the n—* band. This is a
drawback particularly when the photoswitch is illuminated
through tissue or other light-scattering or -absorbing mate-
rial. ortho-Amination increases the molar absorptivity but
concurrently decreases the cis-lifetime to the time scale of
seconds [19]. However, as their advantage, amino-substi-
tuted azobenzenes are resistant to glutathione that reduces
less electron-rich compounds and hampers their applicabil-
ity in biological systems [40, 41]. In addition, compared to
halogens, amino substituents such as piperazine and proline
derivatives provide additional functionalization sites in the
ortho positions, enabling molecular structures unattainable
with ortho-fluorinated or chlorinated compounds. Thus, it
would be highly desirable to combine the best qualities of
both o-amino- and o-halosubstituents.

Recently, we have shown that combined ortho-fluori-
nation and amination yields azobenzenes with high molar
absorptivity at visible wavelengths and tunable cis-lifetimes
[42]. Starting from mono- or di-ortho-fluorinated precursors,
we selectively substituted one or both of the fluorines with
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pyrrolidine via a high-yielding nucleophilic aromatic substi-
tution reaction, producing azobenzenes with a relatively long
(3 days) or extremely short (1 s) cis-lifetime depending on
the substitution pattern. However, the studied library of mol-
ecules did not include tetra-ortho-substituted azobenzenes
that have widely shown the best isomerization efficiencies
and cis-lifetimes among different classes of ortho-substituted
azobenzenes [31, 34]. The study also gave no information on
how the choice of amine affects the photochemical proper-
ties of the ortho-functionalized azobenzenes. Furthermore,
even though the molar absorptivity in the visible region was
high, efficient trans—cis isomerization was only achieved at
relatively short wavelengths (365-405 nm). Hence, there is
aneed for systematic studies to better understand and utilize
this class of azobenzenes.

Herein, we present a library of 41 ortho-aminofluoro-
azobenzenes acquired by substituting one or more of the
fluorine atoms in mono-, di- and tetra-ortho-fluorinated
azobenzenes with different secondary amines. Through a
systematic survey of the photochemical properties of each
compound, we explore the effects of (i) degree of substi-
tution and (ii) choice of amine, searching for the optimal
molecular structures that can be isomerized efficiently
with low-energy light while maintaining long cis-lifetimes.
The observed structure—property relationships are further
rationalized with density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations which provide elec-
tronic insight into low-lying excited states and shed light
on thermal isomerization. Additionally, we show that com-
mercial and inexpensive L-proline derivatives can be used to
create azobenzenes with similar photoswitching properties
as the pyrrolidine-substituted ones, while enhancing water
solubility and providing easy synthetic access to ortho-link-
age to, e.g., bioactive molecules or polymer networks.

2 Results and discussion
2.1 Synthesis

Starting from the ortho-mono- and difluorinated azobenzene
precursors 1-3-F and utilizing previously reported synthetic
procedures [42], we complemented the mono- and di-ortho-
substituted series with piperidino- and dimethylamino-sub-
stituted azobenzenes (Scheme 1); pyrrolidino-substituted
equivalents were already published [42]. The degree of
substitution can be easily controlled for the difluorinated
precursors 2-F and 3-F, yielding series 2-x, and 2-X,, and
3-x; and 3-x,, respectively, x standing for the amine and
subscript for the number of fluorines that have been substi-
tuted. This is because the activation Gibbs free energy for
the second substitution is significantly greater than for the
first reaction due to electron-donating nature of the amino
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Scheme 1 Substitution patterns of studied azobenzene derivatives
and the abbreviations used for different secondary amines. (pyr pyr-
rolidine, pip piperidine, dma dimethylamine, prol L-prolinol, pres
L-proline methyl ester, pram L-prolinamide)

moiety, leading to excellent yields for either mono- or diami-
nated product [42]. The reaction proved to be less selec-
tive for the tetra-fluorinated 4-F, creating a mixture of 4-x,,
4-X5 gym and 4-X, ¢\, (monoaminated, symmetrically diami-
nated and asymmetrically diaminated products, respectively)
despite our efforts to optimize the reaction conditions. As an
example, the optimized yields for 4-pip, and 4-pip;.,, only
reached 58% (85% based on recovered starting material) and
54%, respectively. The diaminated products 4-pip;.q, and
4-pip,.,ym Were acquired in a 5:1 ratio. The selectivity of
the pyrrolidine and piperidine substitution for 2-F, 3-F and
4-F is illustrated in Table 1. For the reactions of 4-F with
other amines, the conditions were chosen so that all the
products were acquired simultaneously.

The series 1-X, 2-x;, 3-Xy, 3-X,, 4-x; and 4-X, ;,,,, Were
stable enough to be isolated and studied regardless of the
chosen amine, but 2-pyr, and 4-pyr;_,g,,, degraded over
time. Of the three amines, piperidine produced the most sta-
ble products, demonstrated by the fact that the only stable
products of higher degree of substitution were 4-pip; and
4pip,; for pyrrolidine and dimethylamine, no stable products
were acquired when more than two fluorines were substi-
tuted. Similar decomposition has been reported in earlier
studies of ortho-amination [40, 42]. Conversely, the reaction
times were longer for piperidine than for pyrrolidine and/or
the former required heating in order to progress (Table 1),

Table 1 Selectivity of the amination of 2-F, 3-F and 4-F, the reaction
scheme of entry 2 as an example

MeCN
50°C,20 h MeO' F
95% .
2-pip4
Substrate  Reaction conditions Product(s) and yield(s)
2-F+pyr® 5eq.in MeCN,rt,2.5h 2-pyr, (92%)
2-F+pip 2eq.in MeCN, 50 °C, 2-pip; (95%)
20h
3-F+pyr® neat,rt, 20 h 3-pyr, (81%), 3-pyr, (15%)
3-F+pip 20eq.in MeCN, rt, 20 h 3-pip, (94%)
4-F+pyr 2eq.in MeCN,rt,2h 4-pyr; (56%), 4-pyrs gym
(11%)
4-F+pyr 4eq.in MeCN,rt, 20 h 4-pyr;.ym (28%), 4-pyr,
(10%)
4-F+pip 2eq.in MeCN, 50°C,2h  4-pip, (58%), 4-PiPs.ym
(9%), recovered 4-F
(25%)
4-F+pip 4eq.in MeCN, 50 °C, 4-pip, gy, (54%), 4-pip,
20h (11%), 4pip;.aeym (11%).
4pip; (6.7%)

rt room temperature

*Previously published [42] reaction

probably due to greater steric interactions in the transition
state of the piperidine substitution.

Next, we investigated L-prolinol (prol), L-proline methyl
ester (pres), and L-prolinamide (pram), using these pyrroli-
dine-resembling molecules to elaborate the series 2-x,, 3-x,
4-x; and 4-X, - The proline derivatives were consistently
less reactive towards the fluorinated precursor than pyrroli-
dine (see Supporting Information), probably due to increased
steric interactions and decreased nucleophilicity of the nitro-
gen lone pair. We also attempted to synthesize the L-proline-
substituted products from 2-F to 4-F with the parent amino
acid, but these could not be isolated, presumably because of
intramolecular protonation of the azo bridge and subsequent
decomposition. DFT calculations verify that the carboxylic
proton is perfectly poised towards one of the nitrogen lone
pairs at a hydrogen bonding distance (Fig. S142).

2.2 Spectral properties

Overall, 41 synthesized compounds were stable enough to
be studied. The absorption wavelengths and molar extinction
coefficients of the trans-isomer, cis-fractions in the photosta-
tionary state (PSS) and thermal lifetimes of the cis-to-trans
isomerization of the compounds are presented in Table 2.
The ortho-fluorinated azobenzenes 1-3-F exhibit typical

@ Springer



162

Photochemical & Photobiological Sciences (2022) 21:159-173

Table 2 Photochemical properties and thermal cis-to-trans isomerization lifetime of synthesized azobenzenes®

A (nm) e (Imol™' cm™) PSS (% 2)° t,¢ A (nm) e(mol'em™) PSS (%2 t,°
1-Ff 357/432 29,110/3608 93[365] 42h  4-F 343/435 27,815/3086 91[365] 2044
2-Ff 350/432 24,652/2286 93[365] 60h  d-pyr, 332/419/463  10,686/4840/4956 60 [365] 244 h
3-F 343/435 27,815/3086 94[365] 430h  4-pip, 334/394/457 8503/3975/2340  71[365]  81¢
1-pyrf  340/430/462 12,693/10818/12749  72[470] 155  4-dma, 332/395/457 15,219/6778/5064 64 [365]  257h
1-pip!  341/402/449 14,924/10075/6800  75[405] 9.1h  4-prol, 331/393/457 5184/2824/2011  39([405]  276h
1-dma  341/415/449 11,421/7730/6943 75[405] 2195  4-pres, 329/400/465 15,818/6722/7227 58[405]  260h
2-pyr,f  335/411/454 16,739/8006/7792  809[405] 72h  4-pram, 329/394/466 11,525/4717/4326 55[405]  270h
2-pip;  337/381/453 15,930/8911/3493 76[385] 445h  4-pyry,,,  318/408/488 7680/5661/5538  54[405]  7.4h
2-dma;  337/390/449 17,179/8293/5555 73[385] 286h  4-pipy,  321/384/465 5516/3060/2000  43[405]  3lh
2-prol,  333/405/456 4955/2526/2307 75[385] 131h  4-dma,,,  324/403/457 13,103/9225/7178 56[385]  31h
2-pres,  339/396/447 14,010/8144/7368 62[405] 8.5h  4-proly,,  317/387/487 6111/3822/4084  44[405]  75h
2-pram,; 338/400/437 13,362/7322/6544 69[385] 69h  d-pres,,,  324/388/482 5175/5274/4346  47[405]  24h
3-pyr,f  344/479 13,777/15042 71[405] 2585  d-pram,,, 325/392/482 5778/4039/3406  60[405]  29h
3-pip;  349/411/447 16,610/10890/9228  71([365] Sh 4Pyl qm  365/445 5466/6200 45[405]  Lls
3-dma, 346/436/456 16,315/11589/11804  69[405] 1655  4-PiPyygym 374/ 19,726/7¢ 64[405] 192
3-prol,  344/446/468 9404/7590/8571 61[405] 219s  4-dma,,., 388/% 10,350/28 39[405] 025
3-pres,  354/436/464 14,391/7205/8159 64[405] 74s  d-pram,,,. 360/448 6872/5770 40[405]  0.05s
3-pram, 343/436/462 7068/6323/6777 67[405] 645  4-pip; 366/460 Ll 28[405]  3.8s
2-pip, 380 13,480 69[365] 10 min 4-pip, 356/471 e 5[405]  02s
2-dma, 389 10,330 55[365] 045
3-pyryf  488/514 3701/3456 62[365] 1.2
3-pip,  336/434 10,110/12160 61[365] 59 min

Studied in 50-150 puM acetonitrile solutions. Spectral properties belong to the frans isomer

®Minimum values estimated from the difference in absorbance. Irradiation wavelength is specified in square brackets

“Thermal lifetime of the cis-isomer at 25 °C, determined as an inverse of the rate constant in an exponential fit

dMeasured with '"H NMR

“Poorly soluble, accurate concentration not known
fPreviously published [42] data

£Hard to extract peak value

azobenzene absorption spectra, strong n—n* peaks at ca.
350 nm accompanied by weak n—n* bands at ca. 430 nm.
When fluorines are substituted with amines, the absorption
spectrum changes significantly: the molar absorptivity in
the m—* band is lowered by half, while the absorptivity in
the visible wavelengths (the n—r* band, >400 nm) increases
multifold and is shifted towards red.

To explain the enhanced visible range absorption, we
optimized the geometries of selected compounds at the
B3LYP [43, 44] + D3(BJ)[451/6-31G*[46] level of theory,
using the polarizable continuum model [47, 48] (PCM)
to account for the solvation effects by acetonitrile (see
sect 4.4). The ortho-fluorinated precursor 1-F is perfectly
planar with orthogonal n and ©* orbitals, which accounts
for the almost negligible absorbance in the n—n* band
(Table 2), only non-zero due to molecular vibrations cou-
pled with the electronic transitions [49]. The fact that the
absorbance for the ortho-aminated compounds is rela-
tively high in the n—n* band (the nature of the electronic

@ Springer

transitions is discussed later in this section) would sug-
gest that the planarity is broken. Optimized geometries
indeed show that the amino-substituted compounds are
twisted compared to their planar parent precursors. The
degree of twisting can be quantified with three dihedral
angles (Table 3): ®ccnns Ocnne and ©ynee- For symmetri-
cal azobenzenes, the first and third angle have the same
value, and for asymmetrical ones, we have assigned 0-cnn
to the amino-substituted side. While 1F is completely pla-
nar, its aminated derivatives exhibit dihedral angles of up
to ca. 30° on the side of the aminated ring. This improves
the overlap between the n and ©* orbitals and explains the
increased absorbance. We note, however, that the CCNN
values of Table 3 alone cannot explain changes in absorb-
ance observed when going, e.g., from 1-x to 2-x,. Apart
from an effect of further CN torsion out of the equilibrium
(discussed below), there is an intrinsic electronic effect
of fluorine (see Supporting Information, p. S69). The red
shift can be attributed to donation of electron density from
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Table 3 Dihedral angles and C-N bond length of selected azoben-
zenes, calculated at the B3LYP+D3(BJ)/6-31G*/PCM(ACN) level
of theory. The dihedral angles of interest are shown on the example
of 4-pipl

oceny (°) oenne (°) onnee () dey A)

1-F 0 180 0 -

1-pyr 2 180 3 1368
1-pip 16 177 3 1.401
2-pyr, 23 177 8 1369
2-pip, 29 177 4 1398
2-dma, 29 177 4 1.399
3-pip, 15 178 2 1.400
d-pip, 28 177 7 1394
4pipryy, 20 177 20 1395

the amino substituent, demonstrated by bond lengths of
ca. 1.37-1.40 A between the amino substituent and the
aromatic ring, displaying significant double bond character
(Table 3).

The effect that the substitution pattern has on the spec-
tral properties is illustrated in Fig. 1a and b by comparing
the spectra of different piperidino-substituted compounds.
Piperidine was chosen because of the remarkable stability
of the products, thus enabling the comparison of all relevant
substitution patterns. Relative to ortho-fluoroazobenzenes,
the absorptivity in the visible wavelength range increases
the least for 2-pip,, i.e., when the fluorine and piperidine
are located on the same aryl ring (red curve). Having only
one piperidino substituent (1-pip, black curve) or a piperi-
dine and a fluorine in opposite rings (3-pip;, blue curve)
promotes visible light absorptivity more, with the absorp-
tion spectrum of 3-pip, slightly red-shifted compared to
1-pip. Having two piperidines in the same ring (2-pip,,
magenta curve) or in opposite rings (3-pip,, green curve)
red-shifts the spectrum more pronouncedly, and the greatest
visible range absorbance is exhibited by 3-pip,. The spectral
shape is different for the asymmetrically diaminated mol-
ecules 2-pip, and 4-pipy,yy, compared to the symmetrical
3-pip, and 4-pip, yyy,, the former showing only one major

absorption band in the visible range due to strong one-sided
electron donation. The absorption maxima of the tetrasu-
bstituted 4-pip;, 4-pip;.qym and 4-pip, gy are shifted by
only a few nanometers compared to the respective disub-
stituted series, but the tail of the absorption band reaches
significantly further on the red side, especially for 4-pip, ¢y,
(Fig. 1b, red curve). Same trends were observed with other
amines as well (Fig. S128-S138).

The choice of amine has a consistent effect on the absorp-
tion spectra: the compounds substituted with pyrrolidine or
its derivatives show strong absorptivity from 400 to 550 nm,
whereas these peaks are smaller for piperidino- and dimeth-
ylamino-substituted molecules (Fig. 1c). The phenomenon
is known for amino-substituted azobenzenes and arises from
the degree of delocalization of the nitrogen lone pair, the
nitrogen in the pyrrolidino moiety having more sp® character
than the ones in piperidino and dimethylamino substituents
[50], as also demonstrated by shorter C—N bond lengths for
pyrrolidino-substituted compounds (Table 3). This differ-
ence is explained by steric interactions between the o pro-
tons of the amino group and the meta-proton in the aromatic
ring that are stronger for piperidine and dimethylamine [50].
In addition, exo double bonds stabilize five-membered rings
but destabilize six-membered rings [51]. Another trend is
found in the photostationary state spectra: even though the
compounds have almost equal cis-fractions upon illumina-
tion, the n—xt* absorbance in the cis-rich mixture is highest
for pyrrolidine, exceeding the absorbance of the pure trans
isomer (and creating an isosbestic point) at the red end.

To further rationalize the experimental spectral data, we
computed the excitation energies and oscillator strengths
of the electronic transitions from the ground state to the
low-lying excited states of selected molecules using linear
response time-dependent density functional theory (TD-
DFT) [52] and PCM (in the non-equilibrium regime [53]) to
account for solvent (ACN). We used B3LYP and ®B97X-D
[54] density functional approximations as representatives of
the global hybrid and long-range corrected families, respec-
tively, as they are expected to give different results, in par-
ticular, not only different excitation energies but also order-
ing of excited states when intramolecular charge-transfer
states are present [55, 56]. The nature of excited states was
analyzed by means of natural transition orbital [57] (NTO)
analysis.

The structure—property relationships are reproduced on
a semi-quantitative level computationally (see Fig. 2 for
comparison of experimental and computational trends as
well as Table S1 and Fig. S139 for calculated transitions
and broadened absorption spectra, respectively). For the
trans isomer, the amino substituents induce the splitting
of the n—x* transition in two, one of which (Sy— S,, the
second band from the red side) is red-shifted and the other
one (S,— S3, the third band) is blue-shifted with respect to
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Fig.2 Comparison of experimental and calculated peak positions
(a—c) and relative intensities (d—f) for first three absorption bands
of trans isomers (panels a,d for band 1; panels b,e for band 2; and
panels c,f for band 3). The relative intensity is calculated as the ratio

the m—n* transition (S, — S,) of the parent molecule 1-F.
The hole NTOs of these transitions reveal considerable
contribution of the nitrogen lone pair orbital of the amino
substituent, especially for the second band (see Fig. 3 for
the case of 2-pip, and Table S2 for other molecules), giv-
ing the nitrogen substantial sp> character. Moreover, the
n—m* transition (S,— S;) acquires a non-zero oscillator
strength for all the considered aminoazobenzenes except
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in (e) and (f)

of extinction coefficients (taken from Table 2) for the experimental
trends and as the ratio of oscillator strengths (taken from Table S1)
for the computational trends, relative to 4-pip,.gy, in (d) and to 1-F

1-pyr. When using B3LYP, the S, — S; transition is usu-
ally more intense than the S;— S, transition. This trend is
reversed when using @B97X-D. The B3LYP trend appears
to better reproduce experimental intensities, especially for
the second and third bands (Fig. 2 e,f). We also note that
B3LYP red-shifts the spectra with respect to the meas-
ured ones, whereas ®B97X-D blue-shifts the 7—n* transi-
tions and either slightly red-shifts or blue-shifts the n—n*
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Particle

Fig.3 Dominant natural transition orbital pairs for the first three
transitions (Sy—S;, Sy—S,, and S;— S5) of the trans-2-pip, calcu-
lated at the TD-B3LYP + D3(BJ)/6-31G*/PCM(ACN) level of theory.
Upon a given transition an electron is transferred from the “Hole”
NTO to the “Particle” NTO. The contributions of the shown hole—
particle pairs to the respective transitions are larger than 99%

transition depending on the molecule in question (Fig. 2
a—Cc).

The S;— S, oscillator strengths of 2-pyr;, 2-pip; and
2-dma, show the same trend as the experimental extinction
coefficients (Fig. 2d). The S, — S, transition is also red-
shifted for 2-pyr; compared to the other two compounds.
In addition, the computations reproduce the red shift 1-pi
p <2-pip; <4-pip; <4pip,. gy, (Fig. 2a). The experimental
spectral differences in intensity between 2-pip, and 3-pip;,
however, are only reproduced computationally in the case
of Sy— S, and not for S, — S, (Fig. 2 d,e and Fig. S139).
Explaining this would require computational studies beyond
single geometries, e.g., molecular dynamics simulations or
Wigner distributions [58]. Judging the performance of the
two used functionals by comparing with the experiment,
we find that TD-wB97X-D performs particularly well for
the excitation energies of the first band (Fig. 2a) and TD-
B3LYP works very well for the relative intensities of the sec-
ond and third bands (Fig. 2 e,f). It is worth noting, however,
that these results are obtained using an implicit solvation
model (PCM in our case), which simplifies the complexity
of the environment.

Interestingly, the n—n* absorption band of 1-pyr is strong
in the measured spectrum (Table 2), while zero S;— S,
oscillator strength is found computationally (Table S1).
To explain this discrepancy, we analyzed the change in the

oscillator strength of the lowest transitions upon torsion
around the C-N bond (varying wccyy), since this type of
motion is expected to occur at room temperature. We found
that this torsion does not require much energy and causes the
increase in the S, — S, oscillator strength (Fig. S140), thus
explaining the experimental results.

For the cis-isomer, we also observed the appearance of
additional transitions in the low-energy region. Whereas for
1-F the Sy — S, transition bears the largest oscillator strength
(out of four lowest transitions), it is either the S;— S; or
Sy— S, transition which is the most intense one in the case
of aminoazobenzenes, depending on the density functional
in use and the molecule under consideration (Table S1). For
most molecules, it is Sy— S, with B3LYP and S, — S; with
®B97X-D. The oscillator strengths of the S;— S, transi-
tion of cis-2-pyry, cis-2pip; and cis-2-dma, reproduce the
experimentally observed trend in the absorbances of the cis-
rich photostationary state mixtures (pyr >dma > pip) with
both functionals (Table S1 and Fig. S139). The NTOs of the
cis-isomers are shown in Table S3.

2.3 Photoisomerization efficiency

To determine how efficiently the products can be switched
from trans to cis, we estimated the cis-fraction in the most
cis-rich PSS mixture by comparing the UV—-Vis spectra in
the PSS upon illumination (365, 385 or 405 nm) and in the
dark after sufficient heating, i.e., with only trans-isomer pre-
sent (see sect 4.2). The molar fractions should be viewed as
minimum values, as the method assumes the cis-absorbance
to be zero at the wavelength in question. As a representative
example, the minimum cis-fraction in the PSS for 2-pyr,
upon irradiation with 405 nm light calculated with this
method is 68%, but with '"H NMR measurements, 80% trans-
to-cis switching is observed [42]. Similarly, upon 405 nm
irradiation, the cis-fraction of 4-pip, was determined as 66%
with "H NMR (Fig. S94c¢), compared to the 59% calculated
from the UV—-Vis spectra. The efficiency is best for the series
1-x, 2-x; and 3-x,, all of which can be driven to>70% cis.
The tetrasubstituted compounds cannot generally be isomer-
ized as efficiently (Table 2).

We were particularly interested in switching with low-
energy illumination and screened excitation wavelengths
from 365 to 595 nm for each product in the series 1-x, 2-x,,
3-x, 4-x; and 4x2_sym, i.e., the series that are stable with
all amino substituents. The cis-fractions upon illumination
with specific wavelengths are presented in Table S5. It turns
out that even though most compounds absorb strongly from
400 to 500 nm, not all of them can be efficiently driven
to the cis-state with > 435 nm illumination. For instance,
the highly absorbing 2-pyr; is efficiently driven to cis with
365-435 nm, but longer wavelengths drive the equilibrium
towards trans (Fig. 4a). This holds true for many other
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Fig.4 Normalized absorption spectra of a 2-pyr; and b 4-pip, upon illumination with 365-595 nm light, and ¢ the photostationary state compo-

sitions of selected azobenzenes with different illumination wavelengths

ortho-aminoazobenzenes as well, especially pyrrolidino- or
proline-derivative-substituted ones that even exhibit an isos-
bestic point at ca. 520 nm (Fig. Ic, Fig. S134). Even though
efficient isomerization is not possible at the absorbance max-
imum of the n—r* region, this feature enables switching from
trans to cis with short wavelengths (365—435 nm) and in the
opposite direction with lower energy light (525-595 nm).
For piperidino- and dimethylamino-substituted compounds
the back-isomerization is less effective (Fig. 4c), probably
due to spectral differences for the cis-isomer (Fig. lc).
We wish to highlight that the photostationary states were
acquired fast (<30 s) with illumination intensities rang-
ing from 11 to 77 mW cm™2 depending on the wavelength
(Table S5).

The cis-to-trans photoisomerization is less efficient
for the series 4-x; and 4-X, ¢, hampering the switching
between the isomers (Table 2). This is likely due to worse
spectral separation of the isomers caused by increased twist-
ing of the trans-isomer (Table 3). However, driving the equi-
librium towards cis with low-energy light (435-595 nm) is
more efficient than in the case of the disubstituted series. As
the most promising example, 4-pip, can be driven to > 64%
cis state with 550 and 595 nm illumination (Fig. 4 b, ¢), a
unique feature for thermally stable azobenzenes (cis-lifetime
of 81 days at 25 °C, see next section). In fact, with 'H NMR
studies, a cis-fraction of 72% was observed (Fig. S94d).
Direct photoisomerization in the opposite direction is not
effective, but the back-isomerization can be accomplished
with, e.g., a red- or near-infrared-activated triplet sensitizer
[59] or via electron transfer [60-63].

Considering the strong molar absorptivity of the pyrroli-
dine-substituted compounds in the visible range, it is inter-
esting that the cis-to-trans isomerization is more efficient
for piperidino- and dimethylamino-substituted azobenzenes
at 400-500 nm (Fig. 4c). This is a good reminder that high
molar absorptivity alone is not an indication of efficient
switching if the spectral separation of the isomers and ratio
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of quantum yields are not favorable. The trend correlates
with the absorbance of the cis-isomer at 400—-600 nm which
is highest for pyrrolidino- and lowest for piperidino-substi-
tuted azobenzenes (Fig. 1c, Fig. S139). As an interesting
detail, the cis-fractions of 4-pyr; and 4-pyr, g, decrease
monotonically with increasing excitation wavelength,
whereas for the piperidine and dimethylamine equivalents,
the cis-fraction decreases from 405 to 470 nm but increases
when moving further to the red (Fig. 4c, Table S5).

2.4 Thermal cis-trans isomerization rate

The cis-lifetimes were determined by monitoring the absorb-
ance values after trans-to-cis photoisomerization and fitting
a monoexponential formula to the kinetic data. The life-
time 7 is an inverse of the rate constant (see Sect 4.3). The
thermal stability of the cis-isomer is inversely correlated
with the degree of n donation from the amino group: when
compounds with the same substitution pattern but different
amino substituents are compared, the order in cis-lifetimes
is piperidine > dimethylamine > pyrrolidine, reversed to the
order seen for the molar absorptivity in the visible range.
In effect, this means that the molecular design is often a
trade-off between long cis-lifetimes and high absorptivity in
the visible range, a typical dilemma of azobenzenes. In the
series 1-x, 3-x;, 2-X, and 3-x,, only piperidino products can
be described as near-bistable, whereas the pyrrolidino- and
dimethylamino-substituted azobenzenes isomerize in min-
utes or seconds. The series 2-x,, and 2-pyr, in particular,
provides a compromise: the cis-lifetimes range from 7 to
445 h (72 h for 2-pyr; ), while the molar absorptivity remains
high above 450 nm.

In the earlier studies of ortho-fluorinated azobenzenes,
tetra-ortho-fluorinated compounds exhibited the best cis-
stability [31]. When compared to series 2-xy, the cis-life-
times are indeed increased for series 4-x; (up to 81 days
at 25 °C for 4-pip,) with the exception of 4-dma,, for
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which the thermal isomerization is actually faster than for
2-dma,, although remaining in the time scale of hours
(Table 2). The stability of the cis-isomers in the series
4-X;.a5ym 18 €ven lower than in the series 2-x, (from 0.05
to 192 s), probably due to a push—pull effect by the amino-
and fluoro-substituents on opposite rings.

To corroborate our experimental findings, we studied
the thermal isomerization kinetics computationally by
Eyring’s transition state theory [64] using the B3LYP
functional which has been found to perform well for kinet-
ics of azobenzene [65]. We considered both inversion and
rotation pathways for the cis — trans isomerization. Spin-
restricted DFT (RDFT) calculations were done to locate
inversion transition states and broken-symmetry spin-
unrestricted (UDFT) calculations were performed to find
rotation transition states (we note that for 1-pyr we also
found a rotation transition state using RDFT).

In the case of the inversion path, the linearization of
the CNN unit may occur on either side from the azo group
(Tables S10-S12). The intrinsic reaction coordinate (IRC)
calculations [66, 67] with subsequent geometry optimiza-
tions showed that the cis-isomers corresponding to these
two types of inversion transition states generally differ
in geometry (conformation) from one another (Tables
S10-S12). We note that these different cis-isomers of
a given molecule have different ground-state energies
(Table S6) but they may, in principle, be populated photo-
chemically. See further discussion of different cis-isomer
conformations in Supporting Information (pp. S83-S85).

In the case of the RDFT treatment (inversion path-
ways), we performed calculations with and without sol-
vent (PCM(ACN)) and dispersion (D3(BJ)) corrections.
The calculated lifetimes increase in the order gas phase
<PCM(ACN) < PCM(ACN) + D3(BJ), with the latter
being too long in comparison with the experimental val-
ues (Table S6). The too long lifetimes can be attributed to
too large calculated activation Gibbs free energies. Inter-
estingly, the too large calculated inversion barriers (in
comparison with experimental activation energies) when
accounting for dispersion and solvation have recently been
found for azobispyrazoles [68].

The lifetimes corresponding to the two inversion path-
ways are different, allowing one to assign a faster and a
slower pathway (Fig. 5). That being said, the lifetime for
the faster pathway (calculated taking into account PCM
and D3 corrections) is still longer than the experimental
lifetime.

For 1-pyr, we found an inversion and a rotation transition
states (on the RDFT level) with virtually the same activa-
tion barrier. These two transition states correspond to the
same cis conformation. In this case, the total rate constant
was calculated as the sum of rate constants corresponding to
rotation and inversion, and the lifetime was calculated as the
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Fig.5 Comparison of experimental and calculated lifetimes of ther-
mal Z— E isomerization. The rotational pathway was treated with the
UB3LYP+D3(BJ)/6-31G*/PCM(ACN) method (green curves) and
the inversion pathway with RB3LYP+D3(BJ)/6-31G*/PCM(ACN)
(red and blue curves). “Corrected UDFT” corresponds to the activa-
tion barriers corrected using the approach by Yamaguchi et al. [69]

“CASPT?2 corrected UDFT” corresponds to AG@DFT + 0.26 eV barri-

ers, where 0.26 eV comes from the difference in UDFT and CASPT2
energies of parent azobenzene (taken from ref [70]). See text for the
details

inverse of the total rate constant. Yet, this lifetime is much
larger than that found in experiment (Fig. 5).

We also considered the rotational pathway for all selected
molecules applying broken-symmetry UDFT. The rotational
transition states (with the CNNC dihedral of about 90° and
both CNN units bent) are expected to exhibit homolytic
cleavage of the azo bond and, therefore, RDFT is expected
to fail [70, 71]. Interestingly, for the recently introduced
azobispyrazole family mentioned above, the rotational bar-
riers calculated with UDFT were found to be lower than the
experimental ones, in contrast to the inversion barriers (see
above)[68].

We were able to locate rotation transition states for all
selected molecules using the broken-symmetry UDFT,
namely UB3LYP + D3(BJ)/6-31G*/PCM(ACN). The cor-
responding lifetimes calculated using UDFT barriers are
too short (by a factor of 10~107%) when comparing to the
experiment (Fig. 5). Yet, the (S?) values (at the rotational
TS geometries) are slightly above 1 for all the studied mol-
ecules, meaning that the electronic state is a mixed-spin state
of singlet and higher multiplets. To estimate the energy of
a pure-singlet state, with (S§?) = 0, (at the rotational TS
geometry) we used the approach proposed by Yamaguchi
et al. (see sect 4.4) [69]. The lifetimes calculated from the
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corrected barriers, while being shorter than the experimen-
tal ones, are closer to the experiment than the uncorrected
UDFT lifetimes (Fig. 5). Moreover, for azobenzene, the
difference between energies calculated with broken-sym-
metry UB3LYP and CASPT?2 (at the rotational TS geom-
etry) was found to be Ecpgpr2 — EypaLyp = 0.26 €V (6 kcal/
mol)[70]. Therefore, we also tried to correct AG@DFT as
AGZDFT +0.26 eV, to estimate the correction coming from a
multireference treatment. The lifetimes calculated using this
approach (called “CASPT?2 corrected UDFT”) are in fairly
good agreement with the experimental lifetimes. Moreover,
the trend in experimental lifetimes with changing the amine
is qualitatively reproduced (Fig. 5). In particular, for series
1-x and 2-x, the experimental and computational trends
coincide. We note that, while quantitative lifetimes may be
wrong, the correct trends are also followed by the other theo-
retical treatments reported in Fig. 5.

Finally, several reports proposed that the thermal
cis — trans isomerization may proceed via a nonadiabatic
pathway involving the ground (lowest) singlet and triplet
states, i.e. S) — T, — S transitions [70, 72, 73]. This
hypothesis is based on (i) the fact that for azobenzene, the
T, state is located below the S, state at the geometries close
to the rotational transition state, and (ii) sufficiently large
spin—orbit coupling along the rotational pathway [72].

To check the triplet energetics for our molecules, we cal-
culated the energy of the T state at the rotational TS geom-
etry. We also optimized the geometry in the T, state (starting
from the rotational transition state). Similar to the parent
azobenzene, the triplet state (T) was found to be lower than
the singlet state (S;) at the geometries near the rotational
transition state for all the molecules (Table S8). One thus
cannot exclude the nonadiabatic pathway from considera-
tion. We also note that the optimized triplet geometries are
similar to the optimized UDFT rotational transition states,
i.e. the minimum of the T, PES is located on the rotational
pathway.

In summary, our calculations indicate that for the inves-
tigated molecules, the thermal isomerization proceeds via
rotation, which, in turn, may occur on the ground-state sin-
glet PES or, probably, involves the nonadiabatic singlet—tri-
plet pathway.

2.5 Proline derivatives

The spectral properties and photoswitching dynamics of the
prolinol, proline ester and prolinamide series are close to
those of the respective pyrrolidine-substituted azobenzenes:
for example, 2-prol;, 2-pres,; and 2-pram, can all be cycled
with 405 and 595 nm the same way as 2-pyr; (Table S5),
and the cis-lifetime of 2-prol; is actually even longer than
for 2-pyr, (131 vs 72 h, Table 2). Similarly, 3-pram, is
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isomerized to both directions even more efficiently than
3-pyr;. As an unexpected benefit, prolinamido-substituted
products proved to be particularly robust towards decom-
position over time, a problem especially associated with
pyrrolidine-substituted azobenzenes.

In this light, the utilization of the proline derivatives
for ortho-linkage to, e.g., biologically active molecules or
polymeric materials while simultaneously gaining good
photochemical properties seems feasible. We also noticed
that the introduction of two prolinamido units into the sys-
tem (4-pram,,,,) was enough to promote water solubility
from 0 to>500 uM (Fig. S143) without compromising the
photoswitching qualities. When more hydrophilic moieties
are linked to the amines, even better water solubility will
be attained.

3 Conclusions

‘We have synthesized and characterized 41 ortho-fluorinated
and -aminated azobenzenes, varying the substitution pattern,
degree of amination and choice of amine. Our simple syn-
thetic routes yield ortho-aminofluoroazobenzenes, new pho-
toswitches that combine the exceptionally long cis-lifetimes
of ortho-fluorinated azobenzenes with the high visible-range
absorptivity of ortho-aminated azobenzenes. Through sys-
tematic studies, we have determined how the aforementioned
structural factors affect the photochemical properties. Com-
pared to the parent ortho-fluoroazobenzenes, the degree to
which the properties of the amino-substituted products differ
depends on the ® donation strength of the amino substituent:
a strong donor such as pyrrolidine promotes the visible light
absorptivity more than other amines, whereas piperidine, a
weaker donor, preserves the long cis-lifetime better. DFT
calculations revealed non-planarity of the frans-isomers and
TD-DFT calculations disclosed the nature of three absorp-
tion bands. The experimental trends for band shifts and
changes in absorbance upon varying the substituents were
semi-quantitatively reproduced. Moreover, the calculations
indicated a preference for the rotational pathway for thermal
cis — trans isomerization and corroborated trends within a
given class of molecules.

Three of the studied substitution patterns (series 2-X;,
4-x; and 4-X, ,,,) yielded nearly bistable photoswitches, cis-
lifetimes in solution ranging from several hours to weeks at
25 °C. Of these, the most promising switches were 2-pyr;
that could be switched efficiently to both directions with
405 and 595 nm (trans-to-cis and cis-to-trans, respectively),
and 4-pip, that could be driven efficiently to cis with as
long wavelengths as 595 nm. For applications where rela-
tively fast (seconds to minutes) thermal isomerization is
desired, series 1-x and 3-x; provide systems that can be
driven with visible light to either direction. In all cases, the
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photostationary state is reached extremely fast compared
to, e.g., reported ortho-chlorinated azobenzenes. Lastly,
we have shown that inexpensive L-proline derivatives can
be used to synthesize switches with similar photochemical
properties as the respective pyrrolidino-substituted com-
pounds, paving the way towards easy ortho-linkage.

4 Methods
4.1 Synthetic procedures

Synthetic work was carried out in Tampere University. All
reagents and solvents were commercial and purchased from
Sigma Aldrich, TCI Europe, VWR or FluoroChem. The
ortho-aminated azobenzenes were synthesized by stirring
an ortho-fluorinated precursor and the selected amine in ace-
tonitrile in ambient conditions. The amount of amine, reac-
tion time and temperature were chosen with respect to the
reactivity of the precursor and the desired degree of substitu-
tion (see Table 1 and Supplementary Methods). The synthe-
sis of 4-pipy, 4-PiP;.eym and 4-pip;.,qm is exeplary: Tetra-
ortho-fluorinated precursor 4-F (31.1 mg, 0.1 mmol) and
pyrrolidine (16.5 ul, 0.2 mmol) were stirred in acetonitrile
(1 ml) at room temperature for 2 h. The reaction mixture was
then concentrated under reduced pressure and purified by
column chromatography (10-20% ethyl acetate in hexane)
to yield 4-pyr, (19 mg, 52%) as an orange solid, 4-pyr; ¢,
(4.0 mg, 9.6%) as a red solid and 4-pyr, 5, (4.0 mg, 9.6%)
as an orange-brown solid. Unreacted 4-F (5 mg, 16%) was
also recovered. Reactions were monitored with thin-layer
chromatography (TLC) on commercial Merck Silica 60 Fs,
TLC plates, and the developed plates were visualized with
UV irradiation (254 nm) or with potassium permanganate
and cerium ammonium molybdate stains. The nuclear mag-
netic resonance (NMR) and high-resolution mass spectros-
copy results are given in Supplementary Methods and NMR
spectra are depicted in Fig. S1-S94.

Accurate mass experiments were performed with Agi-
lent 6560 Ion mobility Q-TOF mass spectrometer, which
was equipped with dualAJS ESI ion source. The compounds
were dissolved in DCM (1 mg/ml) and samples were pre-
pared with 1 uM concentration in methanol. Samples were
injected from syringe pump generally with 5 pl/min flowrate.
ES tuning mix (Agilent technologies) was used for calibra-
tion. The exact mass values were calculated using Isotope
Distribution Calculator (part of Agilent MassHunter Data
Analysis Core) and the data was analyzed using MassHunter
Workstation Software B08.00 from Agilent Technologies,
USA. Characterization was done using accurate mass values
(limit values < 3mDa or <5 ppm) and fit of isotopic distri-
butions. In case of overlapping distributions, the result was

verified with measurement of ion mobility mass spectra
(AM-MYS).

The NMR spectra were measured with a 500 MHz
JEOL ECZR 500 (125 MHz for '3C) at 25 °C and pro-
cessed with the JEOL Delta NMR software version 5.3.1
(Windows).

4.2 Photochemical studies

UV-Visible absorption spectra were recorded with an Agi-
lent Cary 60 spectrophotometer equipped with an Ocean
Optics Qpod 2e Peltier-thermostated cell holder whose
temperature accuracy is 0.1 °C. Photoexcitation was con-
ducted using a Prior Lumen 1600 light source containing
multiple narrow-band LEDs at different wavelengths. The
spectra of the LEDs were measured with the aforemen-
tioned spectrophotometer without taking into account the
wavelength dependency in the sensitivity of the sensor.
The illumination intensities were acquired by measuring
the illumination powers with a Coherent LabMax thermal
power meter and dividing the number by the area of the
cuvette being illuminated (0.78 cm?). Full-width-half-
maximum values and illumination intensities are shown
in Table S5. Quartz fluorescence cuvettes with an opti-
cal path of 1.0 cm were used for all measurements. The
molar absorption coefficients were calculated with the
Beer-Lambert law for each distinguishable absorption
peak. For figures the absorption spectra were normalized
to 1 with respect to the =—r* band.

Photostationary state (PSS) refers to the mixture of
isomers upon constant illumination with a chosen excita-
tion wavelength. Dark, in turn, refers to the mixture of
isomers after an elongated period in a dark cavity at room
temperature or at an elevated temperature. Based on the
thermal relaxation lifetime of the molecules, the time and
temperature were chosen so that the mixture would consist
of azobenzenes only in the trans state.

The photostationary state compositions were deter-
mined by comparing the absorbance values of the photo-
stationary state mixture with those in the dark spectrum.
The cis-fraction was calculated from the wavelength that
had the greatest difference in the absorbance values. If
the cis-absorbance at this wavelength is assumed zero
and the dark spectrum is assumed to equal to that of pure
trans isomer, the cis-fraction is 1 — Abs, /Abs . This is
a minimum value, as the cis-absorbance is typically non-
zero. If the dark spectrum is not entirely trans (i.e., the
mixture has not been in dark for long enough to isomerize
completely to trans), this will also lower the calculated
cis-fraction compared to the true value. However, these
values are relatively accurate: for instance, for 4-dma, g,
the isomer composition calculated from an NMR sample
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after prolonged irradiation is 58% cis and 42% trans (Fig.
S94a), exactly the composition estimated from the UV-Vis
spectra.

4.3 Thermal isomerization studies

The thermal isomerization rates were determined with
the same methodology as in our earlier study [42]. The
50-150 uM acetonitrile solutions were illuminated with 365,
385 or 405 nm light until a photostationary state was reached.
The illumination was then stopped and the absorbance near
the absorption maximum of the frans isomer was monitored
as a function of time. The measured absorbance values were
fitted with a monoexponential function. If the thermal cis-to-
trans isomerization was fast, one measurement at 25 °C was
carried out. Otherwise, the rates were determined at 50, 60
and 70 °C and extrapolated to 25 °C using the Arrhenius equa-
tion. The analyses are presented for all new compounds in Fig.
S95-S127.

4.4 Computational studies

All calculations were done with Gaussian 16, revision C.01
[74]. The B3LYP functional [43, 44] with D3(BJ) [45] dis-
persion correction and PCM(ACN) [47, 48] has been used
for geometry optimizations to produce structures for spectra
calculations. Low-lying electronically excited states have been
calculated with TD-DFT [52] using B3LYP and @B97X-D[54]
functionals, with PCM(ACN). Natural transition orbitals
(NTOs) [57] have been computed (using Gaussian) to visual-
ize the nature of the excited states.

NTO analysis allows one to simplify an orbital description
of electronic transitions. Often, a single NTO hole—particle
pair may describe the transition in question whereas several
conventional occupied—virtual orbital pairs are needed to char-
acterize the same transition. Upon the electronic transition the
excited electron goes from the hole NTO to the particle NTO.

The geometries of the transition states (TSs) and the cis
(Z) isomers have been optimized using spin-restricted (R) und
spin-unrestricted (U) B3LYP +D3(BJ)/6-31G*/PCM(ACN)
calculations. In the case of spin-restricted calculations, we
have also performed calculations without dispersion correc-
tion and without PCM to determine the influence of these cor-
rections on thermal lifetimes. Reaction rate constants for the
thermal cis — trans isomerization have been calculated using
Eyring’s transition state theory [64]:

p kgT AGE
= —oep|——
n P\ kT

and the corresponding thermal lifetime as:
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k
Here, kg and h are the Boltzmann and Planck constants,
respectively, and T is the temperature. We used 7' = 298.15 K
(25 °C). AG* = G(TS) — G(Z) is the activation Gibbs free
energy.

We located transition states using the Berny algorithm as
implemented in Gaussian (TS keyword). Intrinsic reaction
coordinate [66, 67] calculations (IRC keyword) have been
done to locate the corresponding cis isomers, which have
been further reoptimized. We have located two transition
states and two cis isomers for each molecule. Energy differ-
ences between different cis isomers of the same molecule
were calculated with respect to the lowest energy cis-isomer
(of two isomers) of this molecule:

AB;Z] = B(Zi) - B(Zlowesl energy);B =G,E;

G is Gibbs free energy; E is energy, i.e. a point on the poten-
tial energy surface (PES). Thus, AB;ZI = 0 for the lowest
energy cis-isomer, and positive for the second isomer.

Normal mode analysis has been performed to confirm the
nature of minima (no imaginary frequency) and transition
states (one imaginary frequency).

In the case of spin-unrestricted calculations (performed
at the UB3LYP +D3(BJ)/6-31G*/PCM(ACN) level), the
Guess(Mix) keyword was used to generate an initial orbital
guess, and the broken-symmetry solution was found for all
considered molecules. The (S?) values (at the rotational TS
geometries) were slightly above 1 for all the molecules.

To estimate the energy of a pure-singlet state AE(I}Sg }T (at
the rotational TS geometry), we used an approach proposed
by Yamaguchi et al. [69]

AESH = AE:

UDFT UDFT

(8% %
+ (AE UDFT

(T.%)
2—(s?) UDFT ~ AE )

Here, the (SZ) values are for rotational TSs, i.e., about 1;
AEi prr 18 the energy of the mixed-spin state, and AE(JL‘)?,T is
the energy of the triplet state at the rotational TS geometry.
The second term on the r.h.s. was added to the UDFT acti-
vation Gibbs free energies AG@DfST.to obtain the corrected
activation Gibbs free energies AG[/E;T corresponding to the
pure-singlet state.

The lowest triplet state was optimized starting from the
rotational TS structures using the same level of theory, i.e.,
UB3LYP + D3(BJ)/6-31G*/PCM(ACN). The (S?) values
were slightly above 2, for the optimized triplets. The opti-
mized triplet geometries are similar to the rotational TS
structures.

In all the calculations, the 6-31G* basis set [46] has been
used.
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The molecular structures and NTOs have been visual-
ized using Jmol, an open-source Java viewer for chemical
structures in 3D (http://www.jmol.org/).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-021-00145-4.
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Through simple synthetic derivatisation, the parent indigo dye becomes a red-light E-Z photoswitch
exhibiting negative photochromism and tuneable thermal isomerisation kinetics. These attributes make
indigo derivatives extremely attractive for applications related to materials and living systems. However,
there is a lack of knowledge in translating indigo photoswitching dynamics from solution to solid state —
the environment crucial for most applications. Herein, we study the photoswitching performance of six
structurally distinct indigo derivatives in five polymers of varying rigidity. Three key strategies are
identified to enable efficient photoswitching under red (660 nm) light: (i) choosing a soft polymer matrix
to minimise its resistance toward the isomerisation, (ii) creating free volume around the indigo molecules
through synthetic modifications, and (i) applying low dye loading (<1% w/w) to inhibit aggregation.
These strategies are shown to improve both photostationary state distributions and the thermal stability
of the Z isomer. When all three strategies are implemented, the isomerisation performance (>80% Z form
in the photostationary state) is nearly identical to that in solution. These findings thus pave the way for
designing new red-light photochromic materials based on indigos.

Introduction

The focus of materials research is steadily shifting towards
interactive, “intelligent” materials that adapt to environmental
changes and can be controlled with (multiple) external
stimuli.»” Light is arguably the most attractive external stimulus
for this purpose as it is non-invasive, waste-free, and can be
applied in a highly controllable fashion with superior temporal,
spatial and spectral resolution. Thus, systems responding to
light are increasingly investigated, with applications
emerging in a wide range of research fields from optics>® and
(opto)electronics™® to photobiology®** and photomechanics.****
Among other strategies, photoresponsive materials can be
designed by incorporating photochromic molecules (photo-
switches) onto the surface of a metal particle’® or into the bulk
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and thermal
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of a macroscopic material. Photoswitches are organic
compounds that upon excitation with light of a suitable wave-
length interconvert reversibly between two or more isomeric
ground state species, inducing changes to the macroscopic
properties of a material when the physicochemical character-
istics of the involved isomers differ.* A multitude of photo-
switches has been developed over the last few decades, mostly
based on E-Z isomerisation around C=C,"”*®* C=N""?' and N=
N*>** double bonds or cyclisation reactions.**”

The wide array of photoswitches with their unique properties
has so far provided chemists with flexible options when
designing photoresponsive systems with the desired functions.
Beyond solution studies, the performance of various photo-
switches has been investigated in different solid-like
matrices,** especially in thin polymer and hydrogel films,
where the photochromic molecules can either be covalently
bound or simply blended with the polymer matrix.** Azo-
benzene thin films, in particular, are increasingly used in the
development of smart materials that are reversibly deformed or
patterned thanks to the E-Z switching of photoisomerisable
units.**

On the other hand, most photoswitches isomerise upon
excitation in the ultraviolet region. UV irradiation is absorbed
by various materials, causing damage to many polymers and
especially to living tissue in addition to suffering from low
penetration depth.**** Hence, extensive research has been
carried out to red-shift the isomerisation wavelengths, ulti-
mately aiming for the therapeutic window above 650 nm.***3%%*

© 2023 The Author(s). Published by the Royal Society of Chemistry



Edge Article

To this end, progress has been made by (i) changing the elec-
tronic properties of conventional photoswitches such as azo-
benzenes through structural changes,*** (ii) designing new
photoswitchable scaffolds and structures that intrinsically
absorb low-energy light,»***** and (iii) exploiting indirect iso-
merisation using photocatalysts.**™*” Yet, the vast majority of
these investigations has been restricted to solution, and
switching with red or near-infrared light in solid matrices has
remained largely unexplored.***

With its long history in providing blue colour, indigo is
nowadays one of the most widely used dyes (Scheme 1). Struc-
turally, it is composed of two indole-type subunits connected by
a central C=C bond. This central double bond conjugates two
push-pull pairs of nitrogen/carbonyl groups, and as a result,
indigo intrinsically absorbs in the red-light region. Although
photoisomerisation of the parent indigo is inhibited by fast
excited-state proton transfer,* it is possible to enable photo-
switching through N-functionalisation. Upon N-arylation and/or
N-alkylation of the parent indigo, efficient isomerisation from
the stable E isomer to the metastable Z form can be realised by
red light.** The rate of thermal Z — E isomerisation can be
tuned from seconds to hours, being the slowest for compounds
with electron-poor N-aryl substituents.** Perhaps most impor-
tantly, indigos are negative photochromic compounds: the
prominent visible light absorption band is blue-shifted upon E
— Z isomerisation, which enables an increasing amount of red
light to penetrate the sample as the content of the photo-
generated Z isomer increases. These features combined make
indigo derivatives attractive candidates for the design of smart
materials.

Although the isomerisation of indigo derivatives has been
studied extensively in solution,**~** only scattered observations
have been made regarding their isomerisation in the solid
state.*»** Importantly, no information is available on their
photoswitching in organic polymers, which represent a ubiqui-
tous chemical host in materials science. At the outset, it is
unclear whether photoisomerisation of indigos can be

o @
N O red light O .
N N N

o
é Indigo photoswitches 6 é

solution phase: well-studied H

solid state: unknown W
« Interactions with polymer network

« Switching efficiency in solid state

i

Scheme 1 E-Z isomerisation of indigo photoswitches and the focus
of this work.
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successfully translated from solution to polymers. One potential
hurdle is that the £ < Z isomerisation of indigos brings about
a greater spatial displacement as compared to other steric
switches such as azobenzenes. While it is a desirable trait in the
view of applications where the molecular-level geometrical
changes are utilised to trigger macroscopic transformations in
a bulk material, the isomerisation process in a rigid environ-
ment may also be more hindered, rendering switching of the
indigos in the solid state more challenging than for other
classes of photoswitches. Thus, there is a need for a systematic
investigation of the solid-state switching behaviour of indigo
derivatives to determine criteria enabling their good perfor-
mance and successful application.

Herein, we present the first example of efficient photo-
switching of indigo derivatives in polymer matrices under red
light. The effects of N-substituents as well as supporting poly-
mer network on the photoswitching dynamics are elucidated.
Moreover, we reveal a strong dependence between indigo
concentration and the switching properties, critical for the
range of applications these switches can best be exploited in.
Based on these findings, we demonstrate a strategy by which the
photoswitching performance in the solid can be enhanced
dramatically - to reach the same level as in solution.

Results and discussion

We chose to study the indigo derivatives Al-Me, Ar-Me and As-
Me (Scheme 2a) that represent the three principal substitution
patterns yielding functional red-light photoswitches.** The ester
moieties have a dual purpose: they function as electron-
withdrawing substituents that stabilise the metastable Z
isomer through an inductive effect, while also providing
a linkage for further functionalisation with, e.g., polymerisable
groups. The compounds were prepared in one or two steps in
moderate to good yields from unsubstituted indigo by utilising
the previously published mild nucleophilic substitution reac-
tion* for Al-Me and a copper-catalysed coupling® for Ar-Me.
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Scheme 2 (a) Studied indigo derivatives. (b) Studied polymer envi-

ronments and their glass transition temperatures (Tg).
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Fig. 1 Absorption spectra of (a) Al-Me, (b) As-Me and (c) Ar-Me in
solution (50 pM in acetonitrile, 25 °C). (d) 1000 switching cycles with
alternating 660 and 500 nm light pulses for Al-Me.

The non-symmetric derivative As-Me was prepared through
a selective mono-arylation followed by an alkylation reaction.
Detailed synthetic protocols are given in the ESL{

To confirm that the compounds have similar photochemical
properties to the electronically analogous derivatives reported
before, we first studied their photoswitching in dilute acetoni-
trile solutions. As expected, the compounds form photosta-
tionary states (PSS) with 75-88% and 3-11% Z upon excitation
with 660 nm (250 mW cm 2, <30 s) and 500 nm light (85 mW
em™ %, =2 min), respectively. Their Z half-lives range from
1.4 min (Al-Me) to 41 min (Ar-Me) (Fig. 1, Table 1). Whereas Al-
Me and As-Me exist exclusively as their E isomers in the dark, Ar-
Me reached an equilibrium with 22% Z in darkness, irrespective
of whether starting from E- or Z-enriched solutions. The same
phenomenon has been reported for other indigos functional-
ised with two N-aryl substituents, originating from the fact that
this substitution pattern renders the ground state energy
difference between the E and Z isomers down to ca. 1 kcal
mol .* Overall, all three compounds exhibit very similar
photochemical properties to their previously reported
analogues.”* The switching is relatively robust: 82% of As-Me
and 90% of Ar-Me were conserved after 1000 cycles and more
than 16 hours of continuous irradiation with alternating 660
and 500 nm light pulses (Fig. S11) under ambient conditions.
Al-Me seems, however, less fatigue resistant, with 46% of the
original concentration remaining after an identical experiment
(Fig. 1d).

Table 1 Photochemical properties of the studied compounds in
solution (50 pM in acetonitrile, 25 °C)

g Az PSSe60 nm PSSs00 nm  Dark
(m)  (m) (%2 (%E) (%)t (min)
Al-Me 619 559 88 90 100 14
As- 623 577 75 97 100 3.8
Me
Ar-Me 627 584 75 87 78 41

2484 | Chem. Sci, 2023, 14, 2482-2488
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Next, we proceeded to studying whether the compounds
switch when doped into polymer matrices. We focused our
studies on five amorphous polymers: polystyrene (PS), poly(4-
vinylpyridine) (P4VP) and polyacrylates with methyl (PMMA),
n-butyl (PBMA), and n-hexyl (PHMA) side chains (Scheme 1b).
PS, P4VP and PMMA are rigid (T, values between +100 and +137
°C) matrices often utilised as scaffolds for photoswitches,***
differing in polarity and aromaticity. PBMA and PHMA (T,
values +32 and —5 °C) were chosen to give information on the
photoswitching behaviour in a softer polymeric environment.
We began our studies by preparing thin polymer films con-
taining 2% (w/w) of the indigo derivatives. After optimising the
spin-casting procedure for each polymer, we were able to create
uniform and sufficiently thick (5-20 pm) polymer films from
viscous solutions of different polymer-indigo combinations
(see the ESIt for details). Each sample was studied with UV-
visible absorption spectroscopy. The Z-fraction in the photo-
stationary state was estimated by comparing the absorbance
values of the dark and PSS spectra (see the ESI} for details). The
half-life of thermal isomerisation was determined by recording
the absorbance values at a chosen wavelength over time after
ceasing the excitation, using a stretched exponential function®
to account for the continuum of different microenvironments
inside the polymer matrix. Since indigos are known to emit
light,* we also recorded the fluorescence spectra of the
samples.

The polymer environment induced only minute changes in
the absorption spectra of the studied compounds (Fig. S2t) with
the exception of P4VP in which the major absorption band of all
three switches was red-shifted by ca. 10 nm, presumably due to
the more polar environment.* Their photoswitching behaviour,
however, proved to be highly polymer-dependent. In the rigid PS
and P4VP matrices, only 15-20% of the switches isomerised
from E to Z upon irradiation with 660 nm light (Fig. 2a). Simi-
larly inefficient switching in rigid matrices has been observed
for other switches that undergo a large geometric change upon
isomerisation.?® In less rigid environments the PSS distribution
improved notably, up to 55% Z for Al-Me in PBMA (Fig. 2b). The
Z-fraction was typically largest for Al-Me and smallest for As-Me,
the difference being most pronounced in PMMA (Fig. 2c).

Surprisingly, photodegradation leading to a yellow-coloured
decomposition product was observed in PMMA and PBMA
(visible in Fig. 2b as a missing isosbestic point) but was almost
negligible in the other three polymers unless repeated switch-
ing cycles were carried out. Furthermore, even though bleach-
ing did eventually take place in all surroundings, in the case of
PS, PAVP and PHMA the films turned colourless without any
yellow hue. To gain insight into the degradation mechanisms,
an LC-MS (liquid chromatography coupled to high-resolution
mass spectrometry) analysis was carried out after prolonged
irradiation of the indigo switches in solution, in a PHMA film,
and in a PBMA film (see the ESI{ for details). In solution and in
PHMA, the irradiation yielded exclusively a product with a mass
of M + 16 (Fig. S3t) and no absorption in the visible range, most
probably the well-known oxygen adduct.®® In PBMA, we also
observed a species absorbing at around 400 nm with a mass
corresponding to M — 2 (Fig. S31), hinting towards a cyclisation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Absorption spectra of Al-Me at room temperature in (a) PS and
(b) PBMA, showing the difference between inefficient and efficient
switching. (c) Z-Fractions in the photostationary state (illumination
with 660 nm light) and (d) Z-half-lives for all indigo—polymer combi-
nations. The half-life of Ar-Me in P4VP is calculated with a biexpo-
nential fit due to large error margins with the stretched exponential
function (see the ESIT). () 250 switching cycles for Al-Me in PHMA. (f)
Photographs of PHMA films with Ar-Me upon irradiation with 500 and
660 nm light. Indigo content: 2% (w/w) except 0.5% in (e) and (f).
Excitation intensities: 670 mW cm~2 (660 nm), 220 mW cm~2 (500
nm).

product. Thus, an additional degradation pathway exists in
PBMA and PMMA, which we believe to originate from the end
groups or initiator residues present in PMMA and PBMA that
were purchased from a different vendor than PHMA. However,
the accurate determination of the degradation pathways and
how they could be inhibited would require additional experi-
mental and computational studies. The effect of degradation
was taken into account when estimating the PSS distributions.

Interestingly, the half-life of the thermal Z — E isomer-
isation remained on the timescale of minutes for both Al-Me
and As-Me in all studied polymers (Fig. 2d, Table S37), even

Normalised abs./em.
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though thermal isomerisation of E-Z switches is often more
than one magnitude faster in solid matrices than in solution.?®
The thermal isomerisation of Ar-Me was significantly slower in
the soft PBMA compared to the more rigid PS, PAVP and PMMA.
It is possible that in a rigid matrix the E — Z isomerisation
induces considerable mechanical strain which relaxes upon Z
— E isomerisation, speeding up the kinetics compared to
a softer environment. Somewhat surprisingly, the Z half-lives
were not longest in PHMA, the least rigid polymer. This obser-
vation, as well as the slightly diminished PSS distributions
(Fig. 2c), can be explained by aggregation that is most
pronounced in this matrix (vide infra).

Having established that all switches can be successfully
isomerised inside a polymer matrix, we investigated the effect of
loading by preparing PHMA films with 0.25-10% (w/w) of Al-Me.
This polymer was chosen as it exhibited the best combination of
efficient and clean isomerisation. The isomerisation of azo-
benzenes in polymeric environments is typically unaffected by
the azobenzene concentration, at least up to 10%.%* Thus, we
were surprised by the drastic effect indigo loading had on the
photochemical properties. Absorption spectra were identical up
to 2% after which the band broadened and red-shifted (by
10 nm between 2% and 10%), whereas in the fluorescence
spectra a shift was visible already between 1% and 2% (Fig. 3a
and c). This result indicates the formation of aggregates upon
higher loadings. We hypothesized that by increasing the steric
bulk of the indigo molecules, their aggregation could be cir-
cumvented or at least alleviated, as a similar strategy has been
successfully used to minimise diarylethene aggregation in
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Scheme 3 Studied tert-butyl-substituted indigo derivatives.
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Fig. 4
tBu and As-tBu at different dye loadings in PHMA and Ar-tBu in PS.

polymer blends of thin film transistors.®> To this end, we syn-
thesised Al-tBu (Scheme 3) with bulky tert-butyl groups to
inhibit the aggregation, yet exhibiting similar electronic prop-
erties (Fig. S4 and Table S17). Indeed, the absorption band of Al-
tBu did not show any bathochromic shift from 0.5 to 10%,
although a slight 5 nm shift could still be observed in the
fluorescence spectra (Fig. 3b and c). Either some degree of
agglomeration takes place even with the new molecular design
or the mere changes in the dielectric constant of the
surrounding medium are enough to affect the orbital energy
levels. Similar trends were also observed in the fluorescence
spectra of As-Me and Ar-Me, but their absorption spectra
showed no red-shift, probably because the aryl groups
(perpendicular to the indigo core*) inhibit aggregation
(Fig. S51). No shifts were observed in the absorption spectra of
Al-Me in PS (Fig. 3c and S6t) and in PBMA (Fig. S77), although
a shift was visible in the fluorescence spectra. While it is
conceivable that the 7, 7 interactions between PS and the
indigos could hamper aggregation, the origin of the difference
between the spectral changes in PHMA and PBMA is less
obvious. One possibility is that the longer alkyl chains in PHMA
could lead to lower miscibility of the indigo. Alternatively, the
different end groups in PBMA (vide supra) may play a role in
breaking the aggregation.

Even more importantly, we found that dye concentration
plays a major role in determining the photoswitching dynamics
of indigos in a solid environment. At an Al-Me loading of 10%
(in PHMA), the Z-content in PSSes is 10% and the Z half-life
only 0.14 seconds. At a loading of 0.5%, the respective values
are 67% and 39 s (Fig. 4a). In terms of thermal energy barriers,
the difference (AAGY) is approximately 1.8 kcal mol~'. This
could easily be interpreted as a result of aggregation; also the
exponential factor b in the stretched exponential fit decreased
as the dye loading increased, pointing towards reduced homo-
geneity (Table S31). However, even though the bulky tert-butyl
groups prevent or decrease the aggregation of the indigos, the
same trend is seen for Al-Bu. We note that although these two
parameters correlate, there is no causality between them. Apart
from perhaps the highest Al-Me loadings, thermal isomer-
isation is not fast enough to affect the PSS distribution with our
experimental setup. Most likely the changes in spectra, PSS

2486 | Chem. Sci., 2023, 14, 2482-2488
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distribution, and thermal isomerisation kinetics are caused by
additional intermolecular interactions between the switched
molecules. Similar dependence between concentration and the
isomerisation efficiency was observed for all other indigo-
polymer combinations for which concentration series were
studied: Ar-Me and As-Me in PHMA (Fig. 4b) as well as for Al-Me
in PBMA and PS (Fig. S87).

Gratifyingly, our strategy to enhance the solid-state switch-
ability by bulking the indigo molecules is effective: Al-tBu
exhibits generally better PSS distributions and longer Z half-
lives than the electronically similar Al-Me, reaching a Z-
content of 83% in the PSS and a 4.6 min thermal Z half-life at
a loading of 0.5% (Fig. 4a). This is logical, as the addition of
bulky groups is known to improve the photoswitching param-
eters of other E-Z photoswitches in a constrained environment
by increasing the free space these molecules can operate in.*>%®
Much to our delight, this approach is also applicable to other
derivatives. We synthesised Ar-tBu and As-tBu and studied their
isomerisation in PHMA at loadings from 0.5 to 2%, and the Z-
fraction in PSS increased for both switches when compared to
the respective methyl-capped compounds (Fig. 4b), especially at
a loading of 2%. Using this strategy, switching was relatively
efficient even in PS, a film containing 0.5% of Ar-tBu reaching
a PSS with 51% Z. In this case, thermal Z-to-E isomerisation was
very slow, exhibiting a half-life of 9.7 hours. This extended
stability comes with a markedly greater value than the 26
minutes measured in solution, corresponding to a difference of
approximately 1.9 kcal mol™' in the thermal barrier. For
applications operating on the timescale of minutes, the system
is virtually bistable (Fig. S97).

Conclusions

In just one or two synthetic steps, the familiar indigo dye yields
photoswitches that operate with red light and exhibit negative
photochromism, two key characteristics particularly intriguing
for a range of applications from optics to photobiology.
Although the synthetic pathways to indigo photoswitches and
their photochemistry in solution have been studied in recent
years, it has not been established whether their favourable
properties can be transferred to solid matrices - which is crucial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for real-world applications. Herein, we have for the first time
studied indigo photoswitching in amorphous polymer films
made of PS, PAVP, PMMA, PBMA and PHMA. We have doped the
polymer matrices with six indigo switches that share favourable
photochemical properties but differ in their N-substituents and
thermal isomerisation dynamics. Every switch is decorated with
two ester moieties which, in addition to improving the photo-
chemical properties, serve as synthetic handles for potential
further functionalisation. In all of the polymers, the switches
can be reversibly isomerised between their E and Z forms with
660 and 500 nm light, respectively, conserving their spectral
qualities with the thermal isomerisation half-lives in the range
of minutes. Initial trial showed that the switched percentage is
low in rigid environments (PS, PAVP, PMMA), where the Z-
content remains mainly below 20% under red-light excitation.
This inefficiency is presumably due to the constraints applied
on the steric switching by the matrix.

We propose that the distribution can be improved by
reducing the amount of mechanical strain the E-to-Z isomer-
isation creates with one of the two means: (i) choosing a softer
polymer matrix such as PBMA or PHMA, or (ii) incorporating
bulky tert-butyl groups in the molecular design to increase the
free volume surrounding the switch. Both strategies are proven
effective for all studied indigos, and the switched fractions are
greatly improved. Furthermore, as the most intriguing finding,
indigo photoswitching is shown to be highly concentration-
dependent in a solid environment, even at low loadings (e.g,
from 0.5 to 1%): both PSS distribution and the thermal stability
of the Z isomer increase when indigo concentration is
decreased. The behaviour is common for all studied derivatives
and can be exploited as a third strategy for enabling efficient
solid state photoswitching. When these strategies work in
concert (i.e., low loadings of a tert-butyl-decorated indigo in
a soft polymer), isomerisation in the solid state is as efficient as
in solution, reaching up to 83% Z for Al-tBu in PHMA. Simul-
taneously, the thermal stability of the Z isomer can be improved
even beyond the stability in solution. Thus, we conclude that
indigo photoswitches show great potential as red-light-
responsive molecular tools in material applications. By judi-
cious choice of molecular structures and the solid-state
surrounding, photo-isomerisation can occur efficiently in
polymer environments. Our current effort is thus focused on
translating the indigo photoswitching from the molecular level
to the macroscopic level, where the material properties can be
modulated by red light.
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ABSTRACT: Efficient photoisomerization between the cis and the
trans states of azobenzenes using low-energy light is desirable for a
range of applications in, e.g, photobiology yet challenging to
accomplish directly with modified azobenzenes. Herein, we utilize
molecular iodine as a photocatalyst to induce indirect cis-to-trans
isomerization of 4,4’-dimethoxyazobenzene with 770 nm near-
infrared light, showing robustness during more than 1000 cycles in
ambient conditions. Intriguingly, the catalysis is mediated by
molecular oxygen, and we demonstrate that other singlet-oxygen-
generating photosensitizers besides iodine, i.e., palladium phthalo-
cyanine, catalyze the isomerization as well. Thus, we envision that the
approach can be further improved by employing other catalysts with
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suitable photoelectrochemical properties. Further studies are needed to explore the applicability of the approach with other

azobenzene derivatives.

Bl INTRODUCTION

Molecular iodine is known to catalyze organic reactions when
illuminated with visible light. The list of iodine-photocatalyzed
reactions includes the oxidation of tertiary amines," allylic and
benzylic alcohols,”® and styrenes® into the respective
aldehydes and has recently been extended with the degradation
of trichlorophenol” and selected intra- or intermolecular metal-
free coupling reactions.’”” In most reactions, the catalytic
activity is attributed to iodine radicals formed in the homolysis
of the I-I bond, presumably after initial excitation to >L*.'~*
Also ionic pathways have been reported in which the triplet
excited state of iodine functions as a singlet oxygen sensitizer'’
and the singlet oxygen in turn regenerates the iodine at the end
of the catalytic cycle.”® The photochemistry of iodine has
been studied over many decades,'' ™" and it is known that the
absorption of molecular iodine in the visible range is attributed
to overlapping electronic transitions to three excited states:
bound triplet states A and B and an unbound singlet state C
(Figure S1)."” The C « X and B « X transitions account for
the absorption in most of the visible range, and although the B
state is bound, it is crossed by unbound states. This explains
the observed dissociation of the iodine molecule when excited
with blue or white ligh’c.”'m‘20 However, the A state, reached
by irradiation with longer wavelengths (>650 nm), is not
crossed by unbound states. Recombination of iodine atoms
may result in a slightly lower energy A’ state but does not lead
to unbound states either.'” Therefore, excitation at long
wavelengths can lead to a fairly stable triplet-excited (A or A’
state) iodine molecule which may act as a donor in triplet
energy transfer (TET). Even though excitation inside the

© 2021 The Authors. Published by
American Chemical Society
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therapeutic optical window (>650 nm) would be greatly
beneficial for biological applications, no studies on iodine
catalysis using red or near-infrared light excitation have been
performed.

An important photochemical reaction that iodine is known
to photocatalyze is the cis—trans isomerization of azoben-
zenes,”"?> a photoswitch family utilized in photoresponsive
pharmaceuticals,”>** catalysts,”> and materials.”*">° These
applications benefit from precisely controlled light-driven
isomerization, preferably with low-energy (red/near-infrared)
light.** Unfortunately, the lifetime of the metastable cis isomer
is typically short for red-light-absorbing azobenzenes, an
undesired feature in most applications. This deficiency can
be addressed by synthetic modifications, especially ortho
substitution with certain moieties’ >° that stabilize the cis
isomer and in some cases separate the low-energy n—n*
absorption bands of the isomers, allowing selective trans—cis
and cis—trans photoisomerization with visible light. These
bands are, however, limited to wavelengths below 600 nm with
low molar absorptivity in the red end of the visible spectrum.
Suitable photocatalysts offer an alternative pathway to control
the photoswitching with low-energy irradiation. Azobenzenes
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have a short-living triplet state whose excitation leads mainly to
trans-azobenzenes via rapid intersystem crossing.”>**"** Thus,
with a suitable triplet sensitizer it is possible to accelerate the
cis—trans isomerization using significantly longer wavelengths
than those absorbed by the azobenzene.””** However,
isomerization via TET suffers from sensitivity toward oxygen,
hampering the functionality of the systems in ambient
conditions. If the redox potentials of the cis-azobenzene and
the sensitizer are matched, photoinduced electron transfer
(PET) becomes feasible, and both reductive® and oxidative™
PET processes have been used to drive the isomerization with
wavelengths as long as 660 nm in the latter case. Despite recent
progress in the field, iodine-catalyzed photoisomerization has
not been studied since the first reports in the 1960s and 1970s.
Therein, either 545 nm green light excitation of iodine or
ultraviolet light excitation of a charge transfer complex between
iodine and azobenzene was utilized, neglecting the possibility
of low-energy-light excitation.”"””” Yet iodine would be highly
attractive for this purpose because of its low cost, nontoxic
nature, environmental friendliness, and, above all, the potential
of catalyzing the isomerization in response to NIR light in
ambient conditions. In this study, we set out to explore the
photocatalytic properties of molecular iodine with the aim of
controlling the azobenzene isomerization with low-energy light
while also broadening the utility of molecular iodine in other
photocatalytic processes.

Bl RESULTS AND DISCUSSION

Initially, we restricted our studies to the moderately electron-
rich 4,4'-dimethoxyazobenzene (1) that has a relatively stable
cis isomer (halflife 13 h) and has been found to isomerize
efficiently with triplet sensitizers and photoinduced electron
transfer agents without considerable fatigue.*> Solvents with
nucleophilic electron pairs blue shift the absorption spectrum
of iodine, so we studied the isomerization in three inert
solvents of varying density and polarity: dichloromethane
(DCM), carbon tetrachloride (TCM), and n-hexane (hexane).
First, we recorded and analyzed the absorption spectra of 1
and iodine separately and in one solution (Figure 1). The
absorption spectrum of trans-1 is governed by an intense band
at ca. 370 nm, corresponding to the 7—7z* transition. Upon
irradiation with 365 nm light, a photostationary state of >95%
cis-1 is acquired. Both trans-1 and cis-1 also exhibit a less
intense n—7x* band between 400 and 600 nm, but neither
isomer absorbs at >650 nm. The absorption band of iodine, on
the other hand, reaches well beyond the visible range:
absorption can be observed even at >800 nm with a more
concentrated sample (Figure S2). The absorption spectrum of
the cis-1 + I, mixture is the sum of the spectra of cis-1 and I,
with no indication of additional absorption bands correspond-
ing to a charge transfer complex.

Having established that in the red/NIR region the only
absorbing species is molecular iodine and the excitation should
result in °L,* in a nondissociative manner, we proceeded to
study the photoisomerization with varying iodine concen-
trations. This was monitored by recording the absorbance
value near the maximum of the 7—z* band of trans-1 (372
nm). Starting from trans-1, a cis-1-rich mixture was reached by
illuminating the mixture with 365 nm light (Figure 2a), which
is seen as a drop in the absorbance. The cis fraction in the
photostationary state decreased with increasing iodine
concentration due to competing absorption by the iodine
molecule and subsequent iodine-catalyzed cis-to-trans isomer-
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Figure 1. Absorption spectra of 1 (50 uM) + I, (200 #M) in the dark
and upon illumination with UV light as well as pure 1 and iodine in
dichloromethane.

ization. When the irradiation was stopped, the absorbance
increased slightly, mostly due to diffusion from the
unilluminated parts of the solution as thermal isomerization
is too slow to be observed in this time scale. Upon illumination
with 770 nm near-infrared light, cis-to-trans isomerization took
place rapidly. Initially, we used 1—10 equiv of iodine to ensure
fast photoisomerization, as the molar absorptivity of iodine is
very low in the NIR region (£, = 8.6 M™' cm™"). However,
the catalysis worked perfectly with only 0.1 equiv of iodine
(Figure 2b, Figure S3). In addition to using higher iodine
loadings, the rate can be accelerated by a factor of 4.8 using red
instead of NIR light (g5 = 41 M™' cm'), still keeping the
excitation wavelength well within the therapeutic optical
window. An increase in the rate by approximately this factor
(4.4) was indeed observed when switching from 770 to 660
nm excitation (Figure 2b, Table S1), although comparison
between different excitation wavelengths is hampered by the
differences in the intensities and spectral shapes of the light
sources. Furthermore, we would like to highlight the
robustness of the system: virtually no photobleaching was
observed over the course of 30 switching cycles under ambient
conditions (Figure 2c), and the system was fully functional
even after 1000 cycles (Figure S4).

Three mechanistic pathways can give rise to the iodine-
catalyzed photoswitching: (i) formation of I° radicals and
subsequent radical mechanism,”" (ii) triplet energy transfer,
and (iii) photoinduced electron transfer. To distinguish
between these, we first studied the effect of the solvent. The
photocatalyzed reaction proceeded fastest in dichloromethane
and slowest in hexane (Figure 3, Table S1). The fact that the
catalysis is faster in carbon tetrachloride than that in hexane
(by a factor of 3.2) speaks against the I* mechanism, as the
photodissociation rate should be ca. § times higher in hexane
than that in TCM.> In addition, the dissociation reaction is
unlikely in the NIR region.'” TET is ruled out by the
observation that the rate is 2.2-fold in dichloromethane
compared to carbon tetrachloride in which &5, is higher
(Figure S2) and the triplet state lifetime of iodine is longer,
and, thus, TET should be more efficient.'” This hints toward

https://doi.org/10.1021/acs.jpcb.1c08012
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Figure 2. (a) Photoisomerization curves of 1 in DCM with 0—10
equiv of iodine. Illumination with 365 and 770 nm is shown in light
purple and red shading, respectively. (b) Photoisomerization curves of
1 in DCM with 0.1 equiv of iodine under illumination with 660 and
770 nm light. (c) Cycles of 365 and 770 nm illumination (~15 s).
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Figure 3. Photoisomerization curves of 1 with 4 equiv of iodine in
dichloromethane, carbon tetrachloride, and n-hexane. Illumination
with 365 nm at 0.5—1.0 min and with 770 nm from 3.0 min onward.

the formation of a charged species during the process. PET
seems probable as electron transfer processes are polarity
dependent.”® We note that the observed solvent effect is not

attributed to the solubility of oxygen, which is highest for n-
hexane and lowest for dichloromethane.*”**

Both oxidative and reductive PET processes are feasible, but
for an electron-rich azobenzene such as 1, the oxidative
pathway is more probable.** We also screened the reaction for
three other less electron rich azobenzenes: 4-methoxyazoben-
zene 2, unsubstituted azobenzene 3, and an azobenzene diester
4. The photocatalysis did not take place for 3 and 4 and was
pronouncedly slower for 2 (Figure 4). This is another
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Figure 4. Photoisomerization curves of 1—4 with 4 equiv of iodine in
dichloromethane. Illumination with 770 nm starting at 0 min; trans-
to-cis isomerization with 365 nm is omitted for clarity. Vertical axis
shows the absorbance relative to the initial value, ie., pure trans
isomer.

indication of an oxidative process. We also tried to test the
reaction on a more electron-rich azobenzene 5 but were unable
to induce the trans-to-cis photoisomerization upon excitation
with 405 nm light, probably due to a ground-state interaction
between § and iodine that blue shifts the absorption spectrum
of iodine (Figure S5).

We also carried out the same experiment in nitrogen/argon-
purged and freeze—pump—thaw-deaerated solutions, as both
PET and TET systems are typically sensitive to oxygen.">*’ To
our great surprise, photoisomerization was pronouncedly
slower in the partly (see SI) deoxygenated solutions than that
under ambient conditions (Fig;ure 3, Table S1), contrary to
earlier TET and PET studies.** This indicates a central role
for oxygen in the mechanism. As triplet iodine is capable of
sensitizing singlet oxygen,'® which in turn has been shown to
isomerize alkenes,"” we investigated the possibility of a singlet-
oxygen-mediated route (Figure 5). Our attempts to use oxygen
scavengers failed due to ground-state interaction with iodine
(Figure S6), and similar results are expected with any
scavenger containing nucleophilic electron pairs. Hence, we
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Figure 5. Photoisomerization curves of 1 with 4 equiv of iodine in
dichloromethane at ambient conditions and after freeze—pump—thaw
deaeration. Illumination with 365 nm at 0.5—1.0 min and with 770
nm from 3.0 min onward.

probed the possibility of a singlet-oxygen-mediated route with
palladium octabutoxyphthalocyanine (PdPc), an efficient
singlet oxygen sensitizer with a low triplet energy (1.13 V)
and short lifetime (3.5 ps) and thus low probability of direct
TET to 1 to occur.’® We first chose the concentration of PdPc
(0.36 uM) so that its optical density at 770 nm was matched
with that of a 200 uM iodine solution. Thus, ['O,] should be
higher for the PdPc solution as it has a higher quantum yield of
singlet oxygen generation.'”” Almost no photocatalyzed
isomerization was observed (Figure S7). With an equimolar
(50 uM) concentration of PdPc, however, the cis-to-trans
isomerization was relatively rapid, albeit slower than that for an
equivalent amount of iodine (Figure S8). Most importantly,
PdPc was also found to function only in the presence of oxygen
(Figure S7), ruling out any direct TET or PET processes.
These findings reveal that (i) singlet oxygen indeed plays a key
role in the mechanism, as this is the only known product of the
reaction between excited PdPc and oxygen, and (ii) iodine
must have another role besides generating singlet oxygen, since
the iodine-catalyzed reaction is faster than the equivalent
PdPc-catalyzed reaction even though PdPc undisputedly
produces more singlet oxygen to the solution. Thus, the PET
most probably takes place between singlet oxygen (a strong
oxidant®") and 1.

*Combining these results, we propose an oxygen-mediated
PET mechanism for the catalysis, as illustrated in eqs 1-7.
After the initial excitation of I to *L,* (eq 1), the triplet excited
species sensitizes the formation of singlet oxygen 'O, (eq 2),
which then oxidizes 1 (eq 3).” The formed radical cation cis-
1°* has an extremely low isomerization energy barrier, rapidly
yielding trans-1** (eq 4).*° Electron transfer from 0,*” to
trans-1°* then terminates the cycle (eq S). All of these
reactions are also possible for PdPc.

*
Lo, )
3r %34 1

L +°0,=5L+ 0, (2
'0, +cis-1 2 05 +cis-1"F (3)
cis- 1% = trans- 1"* 4)
trans - 1" + O3 — trans- 1 + 0, (s)

In the case of iodine, additional steps are possible. The
termination stezp can proceed via electron transfer from O,°” to
iodine (eq 6)°” and then to trans-1** (eq 7). In addition, it is
possible that the oxygen formed when interacting with iodine
is singlet excited, further accelerating the reaction.”® These
additional routes could explain the markedly higher rate when
using iodine as compared to PdPc. We also considered the
possibility of iodine dissociation upon interaction with the
sensitized singlet oxygen®* and subsequent I° radical
mechanism but ruled it out as it did not explain the solvent
polarity dependence. However, we want to highlight that more
mechanistic studies, both experimental and computational,
should be carried out for further verification of this plausible
mechanism.

L+0," 2L +0, (6)

trans- 17 + 1,°" = trans-1 + 1, 7)

Bl CONCLUSIONS

‘We have shown that singlet oxygen generated upon NIR light
excitation of molecular iodine or another sensitizer can be used
to induce robust azobenzene photoswitching. In fact, and most
interestingly, the catalytic cycle is dependent on molecular
oxygen, a feature unknown for any photocatalytic systems
operating on photoswitches. Noteworthy, practically no
photobleaching was observed after 1000 cycles. This is in
stark contrast to our recently published TET-based NIR light
catalysis, where molecular oxygen was detrimental for the
performance of the azobenzene catalytic system. We envision
that our concept can be further developed with other perhaps
even more efficient NIR-absorbing singlet oxygen sensitizers
with the same or better photoelectrochemical properties than
iodine and PdPc. Moreover, our approach provides inspiration
for future iodine photocatalysis also outside the field of
photoswitch isomerization. Further studies should be carried
out to determine what other azobenzene derivatives (and
perhaps other photoswitches) the approach can be applied to.
Additional experimental and computational studies are also
needed to verify the mechanistic pathway of the catalysis.
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We present a class of visible-light-driven molecular motors based on barbituric acid. Due to a serendipitous
reactivity we observed during their synthesis, these motors possess a tertiary stereogenic centre on the
upper half, characterised by a hydroxy group. Using a combination of femto- and nanosecond transient
absorption spectroscopy, molecular dynamics simulations and low-temperature *H NMR experiments we
found that these motors operate similarly to push—pull second-generation overcrowded alkene-based
molecular motors. Interestingly, the hydroxy group at the stereocentre enables a hydrogen bond with
the carbonyl groups of the barbituric acid lower half, which drives a sub-picosecond excited-state
isomerisation, as observed spectroscopically. Computational simulations predict an excited state "lasso”
mechanism where the intramolecular hydrogen bond pulls the molecule towards the formation of the
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Introduction

The fast (<200 fs)* and efficient (quantum yield, ¢ = 67%)* light-
triggered nanoscale motion of the protonated Schiff base of 11-
cis-retinal (PSBR) represents a continuous inspiration for
chemists developing photoactive molecules based on E-Z iso-
merisation which can harvest light as effectively as the ones
designed by Nature.>®* Among these, light-driven rotary molec-
ular motors have been developed (Fig. 1A), which absorb
photons to fuel the unidirectional rotation of a rotator moiety
about a stator moiety through successive photochemical E-Z
isomerisations and thermal ratcheting steps.”® These motors
can undergo repetitive, unidirectional rotary motion,*™** can be
integrated into larger artificial molecular machines,**** and are
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metastable state, with a high predicted quantum yield of isomerisation (68%) in gas phase.

the key components to drive complex systems out of
equilibrium.***® Their ability to control dynamic movement at
the molecular level is a marvellous prospect, with potential
applications ranging from biotechnology'®>* to materials
science.””?* Further adaptation of these molecular motors
towards structures similar to PSBR stimulated the development
of an oxindole-based molecular motor (Fig. 1A), exploiting an
engineered electronic charge-transfer effect which drives the
decay from the excited state in a similar manner to PSBR.*

Taking direct inspiration from the molecular structure of
a natural product and translating it into a synthetic molecule is
a powerful biomimetic strategy, which has been employed
successfully by Olivucci and co-workers with respect to PSBR,
giving rise to the positively charged N-alkylated indanylidene-
pyrrolinium (NAIP) photoswitches that demonstrate similar
photoreaction dynamics to PSBR.***° As another example, the
biomimetic strategy has also been applied to the chromophore
of the Green Fluorescent Protein (GFP), another natural product
with  impressive  photoactivity,®® to  synthesise p-
hydroxydimethylindanylidene-oxopyrroline (p-HDIOP) anionic
photoswitches.?* In both NAIP and p-HDIOP photoswitches, the
E-Z isomerisation is driven by biomimetic charge-transfer
character in S;, a result echoed in the aforementioned
oxindole-based molecular motor (Fig. 1A).2°

Barbituric acid is a readily available chemical building block
with a strongly electron-withdrawing core. For this reason, it
has remarkably acidic methylene protons (pK, = 4) enabling
Knoevenagel condensations with various electrophiles under
mild conditions.*” Its electron-withdrawing nature has also
been exploited in the design of dyes and photoswitches with
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Fig. 1 (A) Previous literature examples that led to the Feringa-type
light-driven molecular motor presented in this work. The molecule is
based on a charge-transfer oxindole structure and barbituric acid-
based photo-oscillators. (B) This work, an investigation of barbituric
acid-based molecular motors 1 and 2 (X-ray structure of 1: non-H
atoms represented as 50% probability ellipsoids, H-bond evidenced for
clarity). (C) Proposed rotational cycle of motors 1 and 2.

push-pull character, most notably donor-acceptor Stenhouse
adducts.* Recently, a family of photo-oscillators based on bar-
bituric acid were introduced, featuring high molar absorptivity
between 350-400 nm and ultrafast photodynamics (Fig. 1A).>
They can be readily obtained in high yields by an easily acces-
sible synthetic route via a Knoevenagel condensation in water.
However, the possibility of utilising barbituric acid derivatives
in photoswitches or molecular motors has not been explored
yet.
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Intrigued by this work, we envisioned that an overcrowded
alkene-based design featuring barbituric acid in the lower half
could operate as a second-generation Feringa-type molecular
motor with high visible light absorptivity (1/, Fig. 1B). Surpris-
ingly, when attempting to synthesise motor 1’ we consistently
obtained motor 1, with a stereocentre featuring a tertiary
alcohol. Mechanistic experiments support the presence of
a peroxide as an intermediate in the formation of the motor and
quantum chemical calculations show that 1 is 2.4 keal mol "
more stable than its hydrogenated counterpart 1’ (see ESIT for
further details). These results hint towards the formation of
a thermodynamically favoured product in the dynamic covalent
chemistry of barbituric acid condensation.*

Inspired by this serendipitous discovery, we report the
detailed investigation of the photochemical E-Z (PEZ) steps that
convert the stable states (Es or Zs) into the respective isomerised
metastable states (Zs or Ey), and thermal helix inversion (THI)
steps of the novel motor 1 (Fig. 1C).>> We show that the OH
group present in 1 plays a crucial role in the S; photo-
isomerisation step: as the lower half rotates, the OH group
forms hydrogen bonds with the carbonyl groups on the barbi-
turic acid half, actively pulling the rotation forwards. The
absence of a strong solvent effect and computational insights
suggest that 1 may act as a motor in apolar solvents, with its
unidirectional efficiency decreasing in more polar ones.*

Results and discussion
Synthesis

Aiming to further expand the scope of motors operating
continuously at room temperature,**** we reacted the barbituric
acid moiety with an upper half featuring a five-membered ring
because the combination of the latter with six-membered lower
halves typically provides motors with low THI barriers.* The
ketone precursor is synthesised in one step from 3-methyl-
anisole and methacrylic acid in a Friedel-Crafts acylation fol-
lowed by a Nazarov cyclisation, facilitated by polyphosphoric
acid (PPA). To attain our motor design, we tested typical

i TiCly (1.5 equiv.)
DIPEA (1.5 equiv.)

THF (0.26 M)
0-60 °C, 24 h
N - @
- \ﬂ/ ® : @=Me 15% \g
o 2 @ =Ph 5%
OMe OMe
Cl., OO
cl-s1 E1
o) o)

Scheme 1 Synthetic procedure for motor 1 and 2, initially hypoth-
esised alpha-chlorinated intermediate Cl-S1 and elimination side
product, E1.
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Knoevenagel conditions reported for barbituric acid conden-
sations with ketones.*” Contrary to previously published reac-
tions involving less hindered ketones or aldehydes,** we only
observed reactivity when both a Lewis acid (TiCl,) and a non-
nucleophilic base (diisopropylethylamine, DIPEA) were used*
(Scheme 1). Even though barbituric acid is more enolisable than
oxindole,** the reaction was markedly slower than in our
previous studies on oxindole-based motors: after 24 hours at
60 °C, 65% of the ketone precursor was recovered. Most
surprisingly, instead of the typical tertiary stereogenic centre at
the allylic position of overcrowded alkene-based motors (1,
Fig. 1B), we isolated exclusively compound 1, featuring a ster-
eocentre with a hydroxy group at the tertiary carbon (Scheme 1).
To the best of our knowledge, this alpha-hydroxylation during
a Knoevenagel condensation is unprecedented in the literature.
In addition to 1 and recovered starting materials, the reaction
yielded varying amounts of an elimination product E1 (see
Scheme 1) as well as side products originating from the reaction
between TiCl, and tetrahydrofuran.”

To gain insight into the mechanism of the unexpected
reaction, we explored how various parameters affected its
outcome. The product composition was unaffected by ambient
light, residual moisture, atmospheric oxygen and whether the
reaction was quenched with water, deuterium oxide or meth-
anol (see ESI, Table S17). Our initial hypothesis of an alpha-
chlorinated intermediate was refuted when no product was
acquired starting from the alpha-chloroketone CI-S1 (Scheme
1). We also ran the reaction with an '®0-labelled S1, yielding 1 in
an identical yield to a control reaction run in parallel, and with
no trace of 0 in the structure (see ESI, Fig. $1t). Thus, we
concluded that the unexpected oxygen originates from outside
the starting materials and not from a rearrangement reaction.
Probing the reaction mixture directly to record any reactive
intermediates was attempted by running the reaction in THF-
dg, but NMR on the unquenched reaction mixture could not be
measured possibly due to paramagnetic species forming during
the reaction.

However, some hints to the mechanism were obtained by
studying the reaction mixture with UPLC-MS immediately after
quenching. Interestingly, instead of the expected [M + H]" and
[M + Na]" signals for 1, we observed for each m/z values 16 mass
units larger. After full work-up, the expected signals for 1 were
observed. This result might suggest that the reaction proceeds
through the addition of an O, molecule forming a peroxide
intermediate, and that the O-O bond is broken during the work-
up. However, such a mechanism seems to be at odds with the
observation that the reaction appears to proceed similarly
under ambient conditions and in carefully degassed solutions
under an argon atmosphere.

Single crystals of 1 suitable for X-ray diffraction were grown
from a saturated solution of the compound in an EtOAc/
pentane mixture (see Fig. 1 and ESIf). Compound 1 crystal-
lised with two molecules of 1 in the unit cell, both possessing
the same chirality at the methyl stereocentre. The molecules
have a C=C bond length of 1.38 A, a value which is relatively
elongated compared to typical overcrowded alkenes (~1.35
A).** This result may allude to a higher degree of single-bond

© 2023 The Author(s). Published by the Royal Society of Chemistry
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character in the central alkene bond, possibly due to push-pull
nature arising from the highly electron-withdrawing barbituric
acid lower half and the electron-donating OMe group on the
upper half. The dihedral angles (angle C,CgCcCp, see Scheme 1
for labelling) of both motors in the unit cell were 27.35° and
29.70° respectively, consequently showing helical chirality,
a key requisite for unidirectional molecular motors.* Addition-
ally, due to the hydroxy group at the stereocentre, compound 1
undergoes hydrogen bonding in the solid state. The preferred
intramolecular interaction is reflected in the length of the H-
bond between the OH and the C=0 group on the barbituric
acid moiety, which is either 2.61 or 2.65 A, while the intermo-
lecular H-bonding between the OH group and the OMe group
on a neighbouring molecule is considerably longer (3.03 A, see
Fig. 1 and S77).

Desymmetrised motor 2 was synthesised using the same
method as motor 1 but with 1-methyl-3-phenylbarbituric acid as
the lower half reactant. The asymmetric barbituric acid lower
half was prepared in two steps from methylamine, phenyl
isocyanate and malonic acid. The Knoevenagel step was slower
and lower-yielding than for 1, but the same stereocentre bearing
an OH group was formed. The product was isolated as a 1:1
mixture of the E and Z isomers. They were separated by super-
critical fluid chromatography (SFC, see ESIt) and subsequently
concentrated by freeze-drying in the dark, to mitigate unwanted
thermal and photochemical isomerisation processes. After
purification, the 1:1 mixture could be enriched to contain
a 73 :27 ratio of both stable isomers (2a : 2¢). Unfortunately, the
exact stereochemistry of these isomers could not be deter-
mined, due to fast thermal and photochemical isomerisation at
ambient conditions.

Photochemical isomerisation

Motor 1 shows an absorption maximum between approximately
420-445 nm in multiple solvents (Fig. 2A and Table 1) with
a solvatochromic effect, reflecting the push-pull nature of the
molecule. The molar absorption coefficients reflect the mm*
nature of the first absorption band. Since 1 has an asymmetric
centre alpha to the central alkene axle, the structure presents
strong similarities with typical molecular motors.** Due to the
symmetrical nature of the lower half, we predict that 1 will act
similarly to a second-generation motor with only two isomers:
a stable isomer, 15 and a metastable isomer, 1. By extension,
the asymmetric structure 2 will operate in a 4-step process, as
described by Fig. 1C.

We studied the ultrafast excited state behaviour of
compounds 1 and 2 by measuring their transient absorption
spectra upon excitation at 400 nm in multiple solvents. The
ultrafast behaviour of the two compounds is similar, so we will
describe the behaviour of compound 1 and refer the reader to
the ESIf for compound 2.

Fig. 3 displays a selection of transient absorption spectra
recorded upon 400 nm excitation of solution of 1 in MeOH. As
noticed by looking at the time/wavelength map (Fig. 3A), an
intense negative band peaking at ~430 nm appears immedi-
ately after excitation. Considering the steady-state absorption of
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Fig. 2 (A) Normalised UV-vis absorption spectra of 1s in different
solvents. (B) *H NMR irradiation studies of 1gin CDzOD (c =1 x 1073 M)
at —90 °C. (i) 15 before irradiation; (ii) PSS420, 63: 37 (1m: 1s); (iii) THI,
—45 °C, 15 min.

the samples, this band is attributed to ground state bleaching. A
very broad and less intense negative signal is also noticed,
extending up to 650 nm, associated with a very weak stimulated
emission (see ESIT). This transient signal is a fingerprint of the
emissive Franck-Condon state in molecular motors.>** In less
than 1 ps, the ground state bleaching signal recovers signifi-
cantly and a red-shifted positive band develops, which we
assign to the absorption of the photoisomerisation product.
This band indicates that once excited, the sample rapidly rea-
ches a conical intersection (CInt)** and subsequently returns to
the ground state, S,. The excited sub-ps dynamics is similar to
the one observed in the barbituric acid photo-oscillators.*
During the ensuing evolution occurring on the picosecond time
scale, the intensity of the differential signal decreases without
a significant change of the bandshape.

We attribute these dynamics to vibrational and solvent-
induced relaxation of the photoproduct in the ground state.
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We assign the final signal to the metastable state (1y), which is
characterised by a red-shifted absorption band for molecular
motors.>>**

This assignment is also confirmed by "H NMR at —90 °C in
CD;OD. A new set of signals were formed upon in situ irradia-
tion with 420 nm light, which we ascribe to 1y, giving a photo-
stationary distribution (PSD) of 63:37 1y:1s (Fig. 2B). The
isomerisation can be clearly followed by the substantial shift of
the stereogenic group protons, H,, from 1.51 ppm to 1.62 ppm.
Under these conditions, no photodegradation was observed,
proving motor 1 to be photochemically robust. Furthermore, we
analysed the solvent dependence of the actinic process by
measuring the transient absorption spectra of the compounds
in a variety of solvents of different polarity/polarisability. As
noticed by the comparison of the kinetic traces recorded at the
maximum of the bleaching signal (Fig. 3B), the dynamics of the
excited state evolution is almost independent from the solvent
properties. Comparing the Kkinetic traces recorded on the
product band, we instead notice a higher solvent dependence
(Fig. 3C).

This effect is attributed to the different solvent-induced
relaxation dynamics of the 1y that reaches the ground state
on a sub-ps scale, in a vibrationally hot state. It appears that the
relaxation process is slightly faster in polar solvents, such as
DMSO, than in non-polar ones, like hexane, but this may also be
attributed to viscosity*® and the possibility to interact with the
hydroxy group of the upper half. The relaxation dynamics of
compound 2 is slightly more sensitive to the solvent nature as
compared to compound 1 (see ESI, Fig. S97).

We performed an excited state molecular dynamics simula-
tion of 1g at the OM2/MRCI level of theory*”*° to obtain a more
qualitative understanding of the excited state dynamics. Out of
the initial 400 initial conditions obtained from a Wigner
sampling, 332 were successfully propagated for 2 ps using an
NVT ensemble with a Nosé-Hoover thermostat after initial
excitation to the S; state. The simulation predicted an excited-
state lifetime of 0.53 ps in the gas phase, which is in excellent
agreement with the experimental value of 0.5 ps obtained from
the femtosecond spectroscopy experiments in hexane (see Table
1 and ESIf for details on data analysis). In our simulation, the
ensemble proceeds following a rotational movement of the
double bond towards a perpendicular configuration of the
upper and lower halves. In this region, characterised by a dihe-
dral angle of rotation about the double bond of 90°, the mole-
cule funnels to the ground state via a CInt, populating either the
metastable 1y or leading unproductively back to 1s.

Interestingly, we predicted the excited state of the molecule
to be diradical in nature along the entire isomerisation path,
explaining the limited effect that the solvent has on the actinic
process. The simulation conducted in the gas phase led to
a predicted quantum yield of 68% (see Fig. 4A), a high value in
which the hydroxy group and the absence of explicit solvents
interacting with it could play a crucial role. Indeed, after exci-
tation the hydrogen bond between the OH group and the C=0
in its immediate proximity is lost, with the concomitant rota-
tion of the lower half about the double bond. Immediately after
the molecule reaches the perpendicular orientation of the Cint
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Table1 Photophysical parameters of motor 1 in different solvents, excited state lifetimes of 15 and thermal lifetimes of 1,, as measured by laser
flash photolysis. The solvents are ordered according to increasing polarity

Amax (nM) eM 'em™) 71 14* (ps) 7, 1.* (ps) 73 15* (ps) 1y, — 15(107%s)
Pentane 425 19200 1.23
Hexane 0.5 10.5
1,4-Dioxane 421 18900 1.97
Toluene 441 18 500 0.6 8.5 38.2 2.88
DCM 432 20400 0.7 6.6 30.3 7.47
THF 428 18300 1.17
Decanol 433 18100 1.46
iPrOH 435 19100 0.588
EtOH 428 20100 0.181
MeOH 432 19100 0.7 3.3 44.4 0.134
MeCN 424 18 600 0.6 1.5 13.7 3.42
Glycerol 430 15300 0.181
DMSO 432 14 400 0.7 6.8 170.9 7.55
H,O0 444 12 800 7.87 x 1074

and funnels through it to the ground state, the OH starts to
interact with the second C=0, leading to a “lasso” effect that
pulls the geometry towards the formation of the metastable
state (see Fig. 4B). This behaviour is similar to the one predicted
by Garcia-Iriepa and coworkers, who designed computationally
a retinal-based motor with high rotational speed and absence of
thermal steps, thanks to the formation of hydrogen bonds
imparting directionality to the motion.* We also underline that
the diradical nature of the excited state could be crucial in the
sub-ps dynamics observed.” Indeed, the limited pyramidaliza-
tion at the computed conical intersection geometry could allow
a fast rotational movement at the excited state, as hypothesized
by Olivucci and Filatov.® It is worth mentioning that the high
quantum yield values could be a reflection of the absence of
medium in the molecular dynamics simulation. Indeed there
are different reports that confirm the fundamental contribution
of explicitly treated solvent molecules in lowering the predicted
efficiency of the photochemical step.*® This observation is
further explored in a recent preprint of Olivucci et al. focusing
on the explicit cavity effect on the computed quantum yields of
Rhodopsin and the biomimetic molecular rotor para-methoxy
N-methyl indanylidene-pyrrolinium.**

Thermal isomerisation steps

The thermal pathway of isomerisation of 1 was studied using
nanosecond transient spectroscopy. After the pump pulse, we
were able to observe the formation of a transient signal red-
shifted compared to the ground state bleach (see ESIt), which
we assigned to the absorption of the metastable state 1, in
accordance with the femtosecond transient spectroscopy data
(vide supra). In most of the solvent analysed, we noted only
a minimal effect of the solvent polarity on the recovery of the
metastable state (see Table 1). This finding is expected for the
THI process,* and is supported by our calculations at the DSD-
BLYP-D3B]J/def2-QZVP//r*SCAN-3¢c level (see Fig. 4D), which
predict the THI step to be considerably lower in energy than the
transition step associated with the thermal E-Z isomerisation
(TEZI). We found two pathways for the THI with barriers of 19

© 2023 The Author(s). Published by the Royal Society of Chemistry

and 14 keal mol~" when considering the presence (or absence,
respectively) of hydrogen bonding between the OH and the
neighbouring C=0 group of the lower half.

These values equate to lifetimes of milliseconds at room
temperature, well in line with our experimental results (Table
1). However, when attempting to measure exchange spectros-
copy (EXSY) in a D,0:DMSO-ds (9:1) mixture, we observed
gradual bleaching of the solution and the disappearance of the
signals for 1. Hence, it is not possible to clearly assign the
process observed in water, due to a competing decomposition
pathway (see Fig. S51t).

The different solvent polarisability could have a more peculiar
effect. We computed the barriers for TEZI and THI using both gas
and water as implicit solvent at the CPCM level.*> We observed
that the barrier for TEZI is higher in gas phase than THI
(21 keal mol " vs. 14 keal mol™"), but this is inverted in a highly
polar medium, viz. water (14 kcal mol ™" vs. 16 keal mol ™).

This finding is supported by the OM2/MRCI computations
which predict a zwitterionic, closed-shell nature for the TEZI
transition state, explaining the stabilisation of the thermal
C=C bond breaking pathway. Nevertheless, we predict this
molecule to be a motor at room temperature in all solvents of
different polarisability (although with different degrees of effi-
ciency). Indeed, due to the relatively similar energy barriers
between TEZI and THI, in water the thermal E-Z isomerisation
remains a competing event which can be compared to the
metastable to stable photochemical back isomerisation
competing with the formation of 1. Indeed, upon photo-
chemical population of the metastable state, 1y can revert back
to 1g via TEZI which is slightly more favoured than the THI.
However, considering the low values of both barriers (see
Fig. 4B, blue lines), also the THI transition state will be acces-
sible. Hence, the ratcheting step of the THI at room temperature
will lead to an overall continuous unidirectional motion.
Moreover, the similar values of the predicted thermal barriers
explain the minimal difference observed with nanosecond
transient spectroscopy when evaluating the metastable to stable
thermal recovery. In addition, the presence of a solvent that
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Fig. 3 (A) Evolution Associated Difference Spectra (EADS) obtained

from global analysis of the transient absorption data of compound 1
recorded in MeOH. (B) Comparison of kinetic traces recorded on the
ground state bleach band of compound 1 in various solvents. (C)
Comparison of kinetic traces recorded on the product absorption
band of compound 1 in various solvents. The solid lines represent the
global fit of the signals.

weakens the intramolecular hydrogen bond lowers the barriers
(Fig. S25t), but provides qualitative trends similar to the ones
predicted in Fig. 4B.

To prove these hypotheses experimentally, photochemical
switching of compound 2 was carried out in "H NMR at —90 °C
in CD;0D, in an effort to see sequential population of all four
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Fig. 4 (A) Evolution of the dihedral angle associated with the rotation
about the central C=C bond over time obtained at the OM2/MRCI
level. It is possible to appreciate the different distribution of 1y and 1
after reaching the Cint region (highlighted in the figure). Top: Snap-
shots of the isomerisation of 1 selected from a productive MD simu-
lation that led to the formation of 1y underlining the hydrogen bond
“lasso” effect. (B) Gibbs free energies (DSD-BLYP-D3BJ/def2-QZVP//
r?’SCAN-3c level, in kcal mol™) for the thermal processes of motor 1
on the ground state surface. The black surface depicts the energies of
the structures computed in the gas phase. The blue surface, in
contrast, represents the energies of the structures computed using
water as implicit solvent (CPCM).

isomers in the rotation cycle (see ESIT). Upon irradiation of the
enriched mixture of the diastereomeric stable isomers (77 : 23,
2a:2c after SFC separation, dubbed as such due to the
nontrivial assignment of the E/Z configuration to a specific set
of NMR signals) with a 420 nm LED, two new sets of signals
appeared, which we assign to the metastable isomers 2b and 2d.
The PSS ratio at 420 nm was found to be 12:19:9:61 (2a:2b:
2¢: 2d) (Fig. S3t). The THI process was monitored at —90 °C in
the NMR, and both metastable states fully converted back to
their corresponding stable states after 70 min in the dark
(Fig. S47) to a new population of 73 : 27, 2a: 2c. From this data,
it can be determined that both processes are unimolecular, that
2d converts thermally into 2a, and that 2b converts thermally
into 2¢. While the directionality of rotation cannot be univocally
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proven with this data, the variation of the distribution of the
stable diastereomers hints towards a motor function.

Conclusions

In summary, we present a novel light-driven rotary molecular
motor with a lower half based on barbituric acid. The motor could
be obtained in modest yields in a simple synthetic route, the key
step being a Knoevenagel condensation. Surprisingly, a hydroxy
unit is installed in the stereogenic centre during the condensa-
tion. Many modifications of the original synthetic strategy were
ventured, however we cannot yet be sure of the mechanistic steps
towards motor 1. Due to this unexpected reaction, the stereogenic
centre on the upper half becomes a tertiary alcohol. We investi-
gated the photochemical and thermal isomerisation steps with
femtosecond- and nanosecond-scale transient absorption spec-
troscopy and low-temperature NMR spectroscopy. Motor 1 func-
tions as a second-generation Feringa-type molecular motor,
exhibiting sub-picosecond E-Z isomerisation dynamics under
visible-light excitation and ultrafast thermal barriers for helix
inversion. Compared to typical second-generation motors, 1 has
high isomerisation quantum yields (68% estimated computa-
tionally), which is attributed to two factors: (i) the strongly
electron-withdrawing nature of the barbituric acid lower half
leads to efficient axial rotation, and (ii) hydrogen bonding
between the fortuitous hydroxy group and the carbonyl groups of
the lower half actively promotes the isomerisation.
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