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Abstract

Supramolecular chemistry enables dynamic, functional architectures to be constructed
through reversible, non-covalent interactions. Metal-organic cages, in particular, offer a
versatile platform for exploring light-responsive behaviour, owing to their defined
geometry, internal cavities, and capacity for structural reconfiguration. This thesis
explores how light can be harnessed to control and drive the behaviour of these
assemblies, progressing from reversible molecular photoswitching to out-of-equilibrium

transformations sustained by continuous irradiation.

Three interconnected projects examine how metal coordination, ligand geometry, and
continuous light input influence the switching behaviour and structural dynamics of self-
assembled cages. The first project explores the influence of metal coordination on the
photochemical properties of azobenzene derivatives. A tridentate azobenzene-based
ligand was designed to form a mononuclear Pd(II) complex, enabling the systematic
investigation of the effects of coordination on isomerisation efficiency, thermal
relaxation, and reversibility. These studies provide a foundation for understanding how

proximity to metal centres modulates switching behaviour.

The second project investigates how variations in coordination vectors, resulting from
ligand connectivity and E/Z isomerisation, influence the geometry and responsiveness of
metal-organic cages. Comparative studies of para- and meta-substituted photoswitchable
azobenzene ligands revealed that subtle structural changes can have a significant impact
on the extent and reversibility of light-induced reconfiguration in Co(Il)-based
assemblies. The conditions under which concerted, reversible switching can be achieved

were also examined in this work.

The final project applies these principles to out-of-equilibrium systems, demonstrating
how continuous light input can drive a metallo-supramolecular assembly away from
equilibrium via a molecular ratchet mechanism. Pd(II)-based structures incorporating
azobispyrazole ligands were designed to undergo directional transformations between
discrete assemblies under sustained irradiation. As both the £ and Z states absorb visible
light, the system remains responsive under constant white-light and sunlight exposure,

operating autonomously and temporarily storing light energy as chemical energy.
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Together, these studies advance our understanding of how molecular photoswitching
translates into controllable supramolecular behaviour, and how light can be harnessed to
not only modulate structure, but also drive directional, energy-fuelled transformations.
By establishing design principles that preserve switching function, elucidating how ligand
geometry governs responsiveness, and demonstrating autonomous operation under
continuous irradiation, this work bridges the gap between molecular photoswitches and
functional, light-powered supramolecular machines. These insights pave the way for
future designs that couple structural adaptability with energy-driven functionality,
providing a blueprint for artificial molecular devices capable of converting light into

stored chemical energy.
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1. Introduction

Supramolecular chemistry explores how molecules interact beyond covalent bonds to
form larger, functional architectures.!!! These systems exhibit organisation and
adaptability reminiscent of biological structures through reversible, directional, and
selective non-covalent interactions.[?! Nature’s intricate assemblies, ranging from lipid
bilayer formation to enzyme-substrate recognition, provide an ongoing source of
inspiration, showcasing how functionality can arise from the controlled interplay of weak
interactions.>* By mimicking these processes in synthetic systems, chemists can design
dynamic materials that are capable of reversible organisation, environmental

responsiveness, and adaptive behaviour.!

At the heart of supramolecular chemistry lies the concept of self-assembly, whereby
molecular building blocks spontaneously organise into ordered structures under
thermodynamic control.!”! The resulting architecture represents the lowest free-energy
configuration compatible with the system’s constraints.[”] This principle has enabled the
construction of a vast range of discrete and extended structures, including metal-organic
cages, which are the focus of this thesis. These hollow architectures, commonly referred
to as capsules, are formed through the self-assembly of metal centres with multitopic
ligands.® However, given that even slight variations in molecular design or
environmental conditions can result in significant differences in the structure and
behaviour of the resulting assemblies, understanding how to guide and manipulate metal-

ligand coordination processes to achieve specific functions remains a primary objective."’

Structural control in supramolecular systems can be achieved by exploiting external
stimuli that trigger specific molecular responses within the building blocks. These stimuli
may be chemical,!” electrochemical,'' or photochemical.l'”) Amongst these, light is
exceptionally versatile for in-sifu manipulation: it can be applied remotely with high

3] Furthermore, its

spatial and temporal precision without introducing further chemicals.
reversibility allows for repeated, non-invasive modulation of structure and function. The
ability to convert light energy into precise molecular reconfiguration establishes light as
a cornerstone in the design of responsive supramolecular systems. Consequently, this

thesis will focus exclusively on light-responsive assemblies.



To make a supramolecular structure light-responsive, molecular photoswitches are

(14] Molecular photoswitches undergo

typically incorporated into the building blocks.
reversible structural and electronic changes upon exposure to light, interconverting
between two or more isomeric states.!'>] These states typically differ in geometry, polarity,
or coordination properties, enabling the photoswitch to exert control over a larger
assembly. Azobenzenes are one of the most widely used classes of photoswitches,
interconverting between planar E- and bent Z-isomers under light or thermal stimuli via
the N=N azo group.'®! While azobenzenes are well established, this thesis also explores
the incorporation of other, less commonly studied, photoswitches into the building blocks.
Azobispyrazoles photoswitches, which are also N=N based, have been scarcely
investigated in supramolecular systems and, to our knowledge, have not previously been

incorporated into metal-organic cages.!!”)

Combining metal ions with photoswitches significantly broadens the design space for
light-responsive materials.['®! Metal ions offer defined coordination preferences and
geometries that complement and extend those of purely organic switches.!!”) Integrating
photoswitches into metal-organic coordination cages opens new possibilities for the
development of assemblies whose geometry and stability can be reversibly tuned by light.
However, the intrinsic photoresponsive properties of photoswitches are not always
preserved upon coordination to metal centres.[*) Metal binding can perturb the electronic
environment around the switching unit, i.e. the N=N bond in azo systems, thereby altering
or even inhibiting its switching behaviour.?!! Therefore, understanding how metal
coordination affects photoswitching is a fundamental step towards the rational design of

light-responsive supramolecular architectures.

Metal-organic cages can serve as model systems for studying light-responsive
supramolecular behaviour. These discrete assemblies, formed through metal-ligand
coordination, possess well-defined internal cavities capable of encapsulating guest
molecules or mediating confined chemical reactivity.”? By incorporating
photoswitchable ligands, it becomes possible to reversibly alter the cavity volume and
shape in response to light, thereby enabling reversible control over molecular recognition
and reactivity.l'?l However, even subtle changes in ligand design — such as variations in
substitution patterns or connectivity — can significantly influence coordination geometry

and consequently the assembly’s overall structure.l”’ These effects become even more

2



pronounced when combined with light-induced configurational changes, making it
difficult to predict how molecular-level photoisomerisation will translate into well-
defined structural outcomes at the supramolecular level. Moreover, achieving cooperative
switching, where all the ligands within a cage respond in simultaneously to light by

switching to the same isomer, is challenging.!?’!

Although many supramolecular assemblies operate under thermodynamic control,
whereby the system relaxes to the lowest free-energy state, nature’s most sophisticated
molecular systems function far from equilibrium.?¥ In equilibrium systems, once the
most stable structure is reached, the assembly remains static unless the energy landscape
is perturbed. In contrast, out-of-equilibrium systems rely on continuous energy input to
maintain metastable states, which enables transient access to structures and functions that

[25

would otherwise be thermodynamically unfavourable.”! When the energy supply ceases

(e.g. light), these systems relax back to equilibrium.2®!

Light offers a particularly powerful means of driving systems away from
equilibrium.”?”! Its spatial and temporal precision, reversibility, and non-invasive nature
enable it to fuel complex reaction networks without generating chemical waste. When
coupled to reaction cycles that selectively link energy-releasing and energy-consuming
steps, light can bias molecular transformations and sustain non-equilibrium
behaviour.[*® This concept underpins molecular ratchets: chemical reaction cycles in
which components react preferentially in one direction. While molecular ratchets have
been demonstrated in supramolecular systems, their integration into metal-organic cages
remains limited.”””! Additionally, achieving autonomous, light-driven ratcheting in these
assemblies represents a critical step towards mimicking the operation of natural molecular

machines.

The work in this thesis explores how light can be harnessed to control and, ultimately,
drive supramolecular assemblies beyond equilibrium. First, it examines how metal
coordination influences the photochemical properties of azobenzene ligands, revealing
the interplay between the coordination environment and photoswitching behaviour.
Transitioning from mononuclear systems to three-dimensional, discrete cages, the thesis
then investigates how subtle ligand modifications dictate their geometry and light

responsiveness. Finally, it demonstrates how continuous light input can sustain a non-

3



equilibrium state in a metallo-supramolecular assembly, enabling autonomous,
directional molecular ratcheting. Together, these studies advance our fundamental
understanding of light-controlled supramolecular systems and pay the way for future

designs that couple structural adaptability with energy-driven functionality.



2. Theoretical background

2.1 Photoswitches

A central strategy in designing responsive chemical systems is to control the molecular
structure and function with external stimuli. Various triggers, such as

1 or light,['>!*! can be used to induce specific

temperature,*®) pH,1!% redox conditions,!
molecular changes. Light is a particularly versatile stimulus for in-situ manipulation, as
it can be spatiotemporally controlled, its wavelength and intensity can be precisely
regulated, it is waste-free, and it avoids introducing further chemicals.['*3! These
advantages have driven the development of photoresponsive compounds, known as
photoswitches, which can undergo reversible structural and electronic changes when

exposed to light.32-3]

A photoswitch is a compound that can be reversibly interconverted between two or more
isomeric states upon irradiation with light (Figure 1a).['¥ This photochemical
isomerisation process is accompanied by changes in molecular geometry and electronic
distribution, which often produce distinct UV-vis absorption spectra for the different
isomers.l*371 UV-vis spectroscopy is therefore a widely used method for characterising
photoswitches, as it allows isomers to be distinguished and their interconversion kinetics
to be monitored over time.*®! The shapes of the absorption bands, as well as the
differences in the absorption maxima between the isomers, can be exploited to drive

switching by selecting an appropriate wavelength for irradiation.[*"]

In a typical isomerisation process (Figure 1b), the thermodynamically stable isomer
absorbs a photon and is promoted to an electronically excited state.[**] After rapid
vibrational relaxation, the molecule returns to the ground state via a pathway that can lead
either back to the original isomer or to a different isomeric form.!*’! The newly generated
photoisomer has a higher free energy than the original one and is, therefore, referred to
as the metastable isomer. This metastable isomer can thermally relax back to the stable
form; this process is described by its half-life (z), the time required for 50% of the

metastable population to relax back to the stable form.[!*]



Stable > Metastable
isomer - isomer

i
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E Excited state

Photoisomerisation

A/
- - - -
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Stable isomer

Figure 1. (a) General photoswitch isomerisation upon light irradiation, interconverting between stable and
metastable forms. (b) A simplified representation of the potential energy surfaces involved in the

isomerisation of a photoswitch.

Photoswitching is generally a reversible and non-destructive process. However, in some
systems, repeated cycling can lead to a gradual loss of performance due to side reactions
such as photodegradation, irreversible cyclisation, or dimerisation.[*!) The extent of
1somerisation can be described by the photostationary state (PSS), defined as the steady
state between isomers that is established under continuous irradiation with light of a given
wavelength.[*?] At the PSS, the ratio of isomers is determined by: how strongly each one
absorbs light at the wavelength used for irradiation (its molar attenuation coefficient, €),
how efficiently the absorbed light drives isomerisation (its quantum yield, ®@), and how

(2] This spectral overlap also

much their absorption bands overlap in the UV-vis spectrum.
forms the basis for bidirectional switching using different irradiation wavelengths. When
the absorption spectra of the two isomers overlap significantly, both forward and
backward photoisomerisations occur simultaneously, which limits the maximum
enrichment of either isomer and reduces the efficiency of switching. A large spectral
separation between the absorption bands therefore enables higher PSS values and more

selective photoswitching. ("]



If the thermal barrier for relaxation from the metastable to the stable form is relatively
low, back-isomerisation occurs readily under ambient conditions, and the photoswitch is
classified as a T-type. Conversely, when this barrier is high, both isomers are kinetically
stable and interconversion takes place almost exclusively via light irradiation; such

systems are referred to as P-type photoswitches.*!

These kinetic behaviours are found in different photoswitch families. The following
subsections introduce four relevant classes: azobenzenes, azobispyrazoles, diazocines,

and dithienylethenes (DTEs).

2.1.1 Azobenzenes

Azobenzene is amongst the most widely studied molecular photoswitches, characterised
by a diaryl-diazene (Ar-N=N-Ar) core that can adopt two distinct geometric
configurations: the thermodynamically favoured E-isomer and the higher-energy,
metastable Z-isomer (Scheme 1).[**! Where Z-azobenzene is reported to be 42-55 kJ/mol

less stable than E-azobenzene.!**)

O & O

N« —_—

oY %o O
PO

E-azobenzene Z-azobenzene

Scheme 1. Structure of azobenzene in its ground state (E-azobenzene) and its metastable state (Z-

azobenzene).

Despite having the same chemical composition, the different configurations of these
1somers significantly impact their molecular geometry and physicochemical properties.
The planar E-isomer has no dipole moment, whereas the bent Z-isomer has a dipole
moment of almost 3 D.[*¢! Structurally, the distance between the para-carbons decreases
from approximately 9 A in E-azobenzene to 5.5 A in the Z-form.[** These geometric
differences produce a noticeable anisotropic effect in the '"H NMR spectra, with Z-
azobenzene signals shifting upfield relative to the E-form.[**! Additionally, as the Z-

isomer’s ring orientation increases its polarity, the stability of Z-azobenzene is enhanced



in polar solvents.[**) Consequently, the PSS of both isomers is strongly influenced by the

polarity of the solvent.

The interconversion between these isomers can be triggered by light or heat. Typically,
E—Z photoisomerisation occurs upon irradiation with UV light (commonly 320-360 nm),
whereas Z—FE switching is promoted either photochemically via irradiation with visible
light (400-450 nm) or thermally.*’! The half-lives of the Z—E thermal isomerisation
range from milliseconds to days, depending on the substituents, the solvent polarity, and

the temperature.!*3-51]

UV-vis spectroscopy is the primary analytical method used to monitor azobenzene
switching. Most azobenzene derivatives display two characteristic absorption bands: a
high-intensity n—n* transition at shorter wavelengths, and a weaker n—n* transition at
longer wavelengths, which arises from non-bonding electron pairs on the nitrogen (Figure
2).[46:52.331 I unsubstituted E-azobenzene, the n—m* transition is symmetry-forbidden
and thus, minimally observable.> However, this transition becomes more pronounced
upon functionalisation and in the Z-form.[*”) Selective irradiation of these bands enables
the controlled enrichment of either isomer, with the PSS composition depending on the
wavelength, the substituents, and the solvent used.!>’] Reported photoconversion values
for unsubstituted azobenzene therefore vary; however, efficiencies of up to ~90% have

been observed, with slightly lower values for the reverse process.!*>

a.u. T—-T* — E-azobenzene
1.0 — Z-azobenzene
0.5
n—1*
0.0 I I
300 400 A [nm]

Figure 2. UV-vis absorption spectra of E and Z azobenzene in acetonitrile. Spectra plotted from data reported

by Kovalenko and co-workers.52



The photoisomerisation pathway remains an ongoing area of research. Two mechanisms
are commonly proposed: (i) inversion at one nitrogen atom and (ii) rotation involving
torsion about the N=N double bond (Scheme 2).[!34433:56:57] While both mechanisms are

supported by computational studies, there is still a lack of experimental evidence.®!

Z | O N

C}% SO

Inversion

AN =
\ N=N© /

Scheme 2. Proposed mechanisms for the isomerisation of azobenzene.

The substitution pattern on the aromatic rings has a significant impact on the absorption
maxima, quantum yield, and thermal stability of azobenzenes. A 2022 study by Hans-
Dieter Arndt and co-workers demonstrated that electron-donating groups (EDGs) in the
para position can increase the PSS of the Z-isomer, whereas ortho or meta substituents
may accelerate thermal relaxation (Figure 3).°”7On the other hand, bulky ortho
substituents can sterically hinder back-rotation, thereby slowing relaxation and extending
half-lives from milliseconds to days."®! In 2012, Hecht and co-workers observed that
electron-withdrawing groups, such as fluorine, can shift the absorption spectrum into the
visible region and enhance the stability of the Z-isomer.[*) Despite decades of azobenzene
studies, a universal predictive trend for substituent effects remains elusive, and achieving

detailed tuning of photophysical properties usually requires empirical optimisation.[61-6]



para substitution with EDG = high PSS

EDG;

74 N

Influence of ortho substitution on 7, Influence of meta substitution on

R R2 -7 R3
1 .
C[N¢N:© N /@
.- R, Ri ©/ N R4

Polar interactions with N=N reduce 7., _ .
) ) R;= R4 no influence on 7,
Steric effects increase 1,
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R, # R, decrease of 7y,

2

Figure 3. General influence of azobenzene substitution patterns studied by Hans-Dieter Arndt and co-

workers.59

In recent years, azobispyrazoles, another class of azo (N=N) photoswitches, have been
studied to address some of the limitations of classical azobenzenes, i.e., low PSS
conversion. These compounds have been incorporated into supramolecular systems and
are becoming increasingly relevant in light-controlled molecular applications, including

those explored in this thesis.!°6-7]

2.1.2 Azobispyrazoles

Azobispyrazoles are a family of bis-heteroaryl azo switches (Het-N=N-Het) that offer
near-quantitative, bidirectional photoisomerisation alongside widely tuneable Z-isomer
thermal half-lives, ranging from hours to years (Scheme 3).1'7! Similar to azobenzenes,
the E-configurations is the thermodynamically stable state and the Z-isomer is metastable.
Isomerisation from E to Z is typically triggered by irradiation with UV light, while the
reverse Z—FE process can be achieved either photochemically using white light or
thermally in the dark.!'”) Whilst both mono- and bis-heteroaryl azo compounds have been

explored, this thesis focuses specifically on bis-pyrazolyl systems.

10



~©— Ne=N s :

E-azobispyrazole Z-azobispyrazole

Scheme 3. Structure of azobispyrazole in its ground state (E-azobispyrazole) and its metastable state

(Z-azobispyrazole).

Structurally, replacing the phenyl rings of azobenzenes with pyrazoles alters the
electronic structure and geometry of the azo unit, resulting in unique switching
characteristics.[®®! A defining feature is the geometry of the Z-azobispyrazole isomer,
which adopts a twisted conformation that makes efficient Z—FE photoisomerisation
possible.l'” However, the thermal half-life of the Z-isomer is not solely determined by
this geometry. Instead, it can be tuned across several orders of magnitude by changing
how the azo group is connected to the pyrazole rings (whether through carbon or
nitrogen).'”) Thereby, modulating conjugation and electronic delocalisation. This
structural flexibility allows for both high photoconversion and controllable thermal
stability within the same molecular family, although no general trend has yet been

established.

Another important feature of azobispyrazoles is the clear separation of their absorption
bands, as can be seen in the UV-vis spectrum (Figure 4).' The n—n* and n—m*
transitions in these heteroaryl systems are distinctly resolved, enabling very efficient

bidirectional switching and, as a result, achieving favourable PSS compositions.!”]
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Figure 4. UV-vis absorption spectra of E and Z 1,2-bis(1-methyl-1H-pyrazol-3-yl)diazene in acetonitrile.

Spectra plotted from data reported by Tao Li co-workers.['”]

The importance of this new family of photoswitches was demonstrated in 2021, when Tao
Li and co-workers reported a detailed study of azobispyrazole switches.[!”) They
synthesised a series of C-linked azobispyrazole compounds, where the position of the
linkage was varied (Figure 5a). All of the switches exhibited excellent bidirectional
photoconversion efficiencies, and by altering the linkage, the half-life of the Z-isomer
could be tuned from hours to years while maintaining nearly quantitative switching in

both directions (Figure 5a).

Subsequent work by Fuchter, Han, and co-workers further broadened the scope of
application of azobispyrazoles.!®! The introduction of ortho-methyl substituents, at
carbon positions adjacent to the azo linkage within the pyrazole rings (Figure 5b),
improved fatigue resistance and slightly increased the Z-isomer content at the PSS. These
modifications were reported to make azobispyrazoles suitable for use in photocontrolled

energy storage applications.[®”]
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Azobispyrazole structures reported
by Tao Li et al.

Azobispyrazole structures reported
by Han and Fuchter et al.
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Figure 5. (a) Azobispyrazole structures and Z-isomer half-lives reported by Tao Li and co-workers.['" (b)

Azobispyrazole structures reported by Han, Fuchter, and co-workers.6%

Taken together, these results establish azobispyrazoles as a next generation of azo
photoswitches. They combine: (i) well-separated absorption bands for high PSS
conversion, (ii) near-quantitative bidirectional photoisomerisation, and (iii) thermally
tuneable Z-isomer half-lives. While the full potential of azobispyrazoles-based

architectures remains far from fully explored, their future prospects are highly promising.
Although the two photoswitches discussed so far, azobenzenes and azobispyrazoles,

favour the FE-isomer as their most stable configuration, this is not true of all

photoswitches. Diazocines, another class of azo switches, will be introduced next.
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2.1.3 Diazocines

Diazocines are a class of bridged azobenzene derivatives (see Section 2.1.1), where the
two aryl rings are covalently connected by a short linker, most commonly by a CH>-CH>

[70] Variants in which the

unit, to form an eight-membered cyclic structure (Scheme 4).
bridge contains heteroatoms, such as O, S, or NR (e.g., NH, NMe, Net or NAc), are
generally referred to as diazocine derivatives since they have the same core architecture,
but differ in the bridge composition.['*! In this thesis, the term ‘diazocine’ primarily refers
to the parent CH>-CH; bridged system, while the heteroatom-containing analogues are

treated as derivatives.

L0 == 0

Z-isomer E-isomer

X =CH,, O, S, NH, NMe, NEt, NAc

Scheme 4. Structure of diazocine in its ground state (Z) and metastable state (E) with different substituents

X in the bridging unit.

The conformational constraint introduced by the bridge reduces the system’s flexibility,
resulting in a more rigid tricyclic framework than that of unbridged
azobenzenes.!”") Notably, this ring strain inverts the relative stability of the photoisomers:
unlike azobenzenes, the U-shaped Z-isomer of diazocine is thermodynamically favoured,

while the planar E-isomer is metastable.!’!]

The photochemical behaviour of diazocines is characterised by well-resolved UV-vis
absorption bands corresponding to the n—m* transition of the Z-isomer and the n—m*
transition of the E-isomer, which facilitate selective excitation (Figure 6).°7% Typically,
Z—F isomerisation is induced by near-UV light, whereas the reverse E—Z switching
proceeds quantitatively under green light.[?! In some derivatives, even far-red or near-
infrared light can promote switching, highlighting the versatility of these systems and

their potential use for in vivo medical applications.l’"]
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Figure 6. UV-vis absorption spectra of Z and E diazocine in acetonitrile. Spectra plotted from data reported

by Herges and co-workers.["%

Beyond their inverted thermodynamic preference relative to azobenzenes, the rigid cyclic
structure of diazocines also improves the photoisomerisation quantum yields.[”! The
metastable E-isomer is typically thermally stable for several hours at room temperature,
though exact values depend on the solvent and substituents present.[’# Diazocines also
exhibit remarkable photostability, showing no signs of photodegradation even after
repeated alternating irradiation cycles.[”” Together with their stable Z ground state,
tuneable E lifetime, efficient bidirectional switching, and favourable PSS, these features
make diazocines a particularly valuable class of photoswitches, offering high efficiency,

precise control, and robust switching behaviour.[”®!

The photoswitches discussed so far (azobenzenes, azobispyrazoles, and diazocines)
operate via light-driven interconversions between E and Z-isomers of an azo unit.
However, not all molecular photoswitches are based on an N=N double bond. An
important and widely studied class of non-azo photoswitches are dithienylethenes
(DTEs), which interconvert between open- and closed-ring isomers. This photoswitch

type will be discussed in the following section.
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2.1.4 Dithienylethenes (DTESs)

Dithienylethenes (DTEs) are characterised by a central ethene (C=C) bridge that is
substituted with two thiophene rings which undergo reversible photochemical
electrocyclisation (Scheme 5).'3! These reactions interconvert between an open-ring (o)
and closed-ring (c¢) form via photocyclisation (o—c) and cycloreversion (c—o0).l’’! Ring
closure is typically induced by UV light irradiation, whereas the ring-opening reaction is

(78]

driven by visible light.'”®! The o-form is usually the thermodynamically stable state,

whereas the c-form is a higher-energy, photoinduced, kinetically trapped state.[”"]

ff\h IQI
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Scheme 5. Photochromic inversion of a dithienylethene (DTE) scaffold between its open (0) and closed (c)

form.

The structural change between isomers is accompanied by significant differences in
conjugation. In the o-form, the n-systems of the thiophene units are electronically
decoupled due to a non-planar geometry that disrupts m-overlap and conjugation.l””%% In
contrast, in the c-form, extended conjugation across the ethene bridge establishes the
continuous delocalisation of m-electrons.!'>’”) This electronic reorganisation results in
distinct optical properties that can be observed by UV-vis absorption spectroscopy (Figure
7): the o-form primarily absorbs in the UV region, while the c-form displays new, red-

shifted absorption bands in the visible region.!”®!

A defining feature of DTE photoswitches is their excellent thermal stability. Under
ambient conditions, both isomers are thermally irreversible; interconversion occurs only
upon photoexcitation, classifying them as P-type molecules (see Section 2.1).13! This
contrasts with azobenzenes and related azo switches, where the metastable isomer
undergoes thermal relaxation in the dark (see Sections 2.1.1-2.1.3). The bistability of
DTEs, together with their typically high photoisomerisation quantum yields, and their
ability to achieve photostationary states approaching quantitative conversion (>95%),

makes them highly reliable photoswitches.[”82! Additionally, DTEs exhibit excellent
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fatigue resistance, with repeated irradiation cycles proceeding without appreciable

photodegradation.[8!-3]

0.0— I T | I | |
300 500 700 A [nm]

Figure 7. UV-vis absorption spectra of a dithienylethene (DTE) scaffold in its open (0) and closed (c) form in

acetonitrile. Spectra plotted from data reported by You and co-workers.[™

Despite the described advantages, some challenges remain. For most DTE derivatives,
the o—c photocyclisation requires high-energy UV light, which can promote side
reactions that limit practical applications.®! To address this, extensive synthetic
strategies have focused on red-shifting the excitation wavelengths into the visible region
by extending conjugation on the thiophene rings, modifying the central ethene bridge, or
introducing electron-donating or withdrawing substituents.!3*3% While such structural
modifications can enable visible-light responsiveness, they may also reduce quantum
yields or compromise switching behaviour if the electronic balance of the switching core
is perturbed.[®” Thus, developing DTEs that combine reliable bistability with efficient,

fully visible-light responsiveness remains an important and active area of research.
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2.2 Light responsive complexes

Molecular systems capable of undergoing light-induced structural transformations have
attracted considerable research interest due to their wide range of applications, from smart

88891 Coupling photoswitches, such as those

materials®®371 to photopharmacology.!
introduced in Section 2.1, to metal ions provides a means of developing such light-
responsive molecular systems.!'8] This section focuses, in particular, on mononuclear
metal complexes bearing photochromic ligands that switch between two states under light

irradiation, although the reversibility of this process varies between systems.

Incorporating a metal centre into the molecular framework of light-responsive systems
significantly broadens the design space.”” Metal ions bring defined coordination
preferences and geometries that complement and extend those of purely organic switches.
Factors such as the preferred coordination number, ligand denticity, and the geometric
constraints imposed by chelating ligands (e.g., bite angle) provide versatile design
parameters  for  tailoring  molecular  architecture = and  light-responsive
behaviour.['! Furthermore, metal ions can influence the electronic properties of
coordinated ligands, often affecting their absorption characteristics and switching

behaviour.”'%]

Nonetheless, the intrinsic photoresponsive properties of the ligands are not always
preserved upon coordination. Metal binding can perturb the electronic environment
around the switching unit, i.e. the N=N bond in azo systems, leading to altered UV-vis
absorption profiles, shifts in the relative stability of isomeric states, and changes in
thermal relaxation kinetics.*"! In some cases, coordination can even inhibit switching
altogether.”!l A clear understanding of these effects is essential for designing metal-
photoswitch systems that retain functional responsiveness and enable reliable light-

induced control within molecular architectures.
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In 2021, Bogliotti and co-workers reported the synthesis of arene Ru(Il) complexes based
on 2,2'-azobispyridine (Scheme 6), a photochromic ligand structurally related to
azobenzene (Section 2.1.1).*] As with azobenzene, the free ligand can adopt either the
thermodynamically stable £ or the metastable Z-configuration and undergo reversible £/Z
isomerisation upon UV light irradiation. Using column chromatography, the authors were
able to separate both ligand isomers, obtaining 60% of the E-form and 40% of the Z-form,

the latter of which was remarkably stable in the dark for several months when stored

below 4 °C.
N EOS NN
lN\ N:N N —)\, @ —
z X —/~N=N
E-azobispyridine Z-azobispyridine
[Ru(Ar)Cl,], [Ru(Ar)Cl,],
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Scheme 6. Top: structure of 2,2"-azobispyridine in its ground state (E-azobispyridine) and its metastable state
(Z-azobispyridine). Bottom: irreversible light induced isomerisation of Z-configured 7-membered chelate

Ru(ll) complexes into E-configured 5-membered chelate complexes.3

Complexation was achieved by reacting the isolated ligand isomers in methanol with the
Ru(Il) dimer precursors [Ru(Ar)CL]. (Ar = benzene or para-cymene), followed by
counterion exchange with NH4PFs. Crucially, the isomeric state of the ligand was
preserved during complex formation: E-azobispyridine produced the E-complex, while
Z-azobispyridine yielded the Z-complex (Scheme 6). Structural analysis revealed that the
E-complex forms a five-membered chelate ring in which one nitrogen atom from the azo
bridge coordinates to the Ru(Il) metal centre. In contrast, the Z-complex forms an
unprecedented seven-membered chelate ring in which the azo bridge is not involved in

coordination.
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The light response of these complexes, however, differed from that of the free ligand. UV
light irradiation of the Z-complex induced irreversible Z—E isomerisation, accompanied
by reorganisation of the coordination mode to generate the thermodynamically favoured
five-membered chelate ring (Scheme 6). In contrast, irradiation of the E-complex
produced no detectable E—Z conversion. Thus, both complex isomers could be accessed
synthetically, but light only enabled a one-way Z—E transformation. Furthermore,
thermal studies of the Z-complex at room temperature and in the dark showed that no
isomerisation occurred over several weeks. Similarly, heating the Z-complex to 60 °C for
24 h did not induce any detectable isomerisation, demonstrating that thermal Z—F
relaxation does not occur under the conditions tested. Consequently, the authors defined

the Z-complex as being kinetically trapped under thermal conditions.

Together, these findings emphasise the crucial impact of metal coordination on the
photoswitching behaviour. While the free 2,2"-azobispyridine ligand undergoes reversible
photoisomerisation, binding to Ru(II) fundamentally alters this process, enforcing a one-
way, irreversible Z—FE transformation. This example demonstrates how coordination to a
metal can prevent the usual bidirectional switching and instead impose unidirectional

switching behaviour.

The above case study illustrates how metal coordination can strongly affect switching,
however; the ligand framework itself can also play a decisive role in shaping the
photoresponse of the resulting complexes. In 2023, Bogliotti and co-workers reported a
series of sulfonamide azobenzene ligands bearing alkyl substituents of increasing steric
bulk at the ortho position of the N=N bond, and their corresponding Ru(II) complexes
(Scheme 7).°* This study revealed how subtle variations in ligand substitution can
strongly influence the photoisomerisation behaviour and stability of the resulting

complexes.

Complexation of the monosubstituted ligands afforded Ru(II) complexes in the E-
configuration, in which the azo bond adopted an exocyclic arrangement (Scheme 7).
These complexes underwent E—Z isomerisation under visible light irradiation, followed
by Z—FE thermal relaxation in the dark at room temperature. Notably, the half-lives of the
Ru(Il) Z-complexes were significantly shorter, ranging from 22 to 63 min, than those of

the corresponding free Z-ligands (between 4.1 and 59 h) in dichloromethane.
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Scheme 7. Structure overview and photoisomerisation behaviour of the monosubstituted and disubstituted
azobenzene Ru(ll) complexes studied by Bogliotti and co-workers.!*¥! The disubstituted Z-complex undergoes

photodissociation under 485 nm light irradiation.

Building on the monosubstituted system, the authors also examined a disubstituted ligand,
namely 2,6-dimethylazobenzene, to assess the impact of enhanced steric bulk at both
ortho positions (Scheme 7). Its Ru(Il) complex was crystallographically characterised in
the Z-configuration, despite its free ligand favouring the E-isomer in solution. Upon
visible-light irradiation, the Z-complex did not undergo Z—FE isomerisation, but instead
underwent irreversible dissociation of the coordinated azobenzene ligand, observed in the

E-configuration (Scheme 7).

The dissociation process of the disubstituted 2,6-dimethylazobenzene Ru(Il) complex
was found to be solvent-dependent. Under visible-light irradiation in acetonitrile,
dichloromethane, or chloroform, the complex underwent irreversible photodissociation
of the azobenzene ligand. On the other hand, in toluene, a non-polar solvent, the 2,6-
dimethylazobenzene Ru(Il) complex showed no photodissociation under visible-light
irradiation and retained the Z-configuration. Unfortunately, the thermal relaxation of this

Z-complex was not investigated.
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These results demonstrate that the presence of substituents ortho to the N=N bond,
together with the solvent environment, significantly impacts the photoresponse and
stability of Ru(Il)-photoswitch complexes. Monosubstituted azobenzene complexes
underwent light-induced £E—Z isomerisation, followed by thermal Z—FE relaxation. In
contrast, introducing steric hindrance at both ortho positions enforced a Z-configured

complex that only underwent irreversible ligand dissociation in polar solvents.

Although the above examples focus on Ru(Il) complexes, light-responsive behaviour is
not limited to this metal centre. For example, Pd(I) can also form photoswitchable
complexes with azo-based ligands.?!! Furthermore, not all systems yield exclusively E-
or Z-configured complexes; in some cases, distinct £- and Z-complexes can coexist in
solution. In these systems, the £/Z ratio can be tuned photochemically, with the PSS

depending on the irradiation wavelength used.*”

In 2010, Han and co-workers reported a mononuclear Pd(I) complex with ortho-
diethylated azobenzene ligands (Scheme 8).!In the solid state, X-ray diffraction
confirmed a square-planar Pd(II) centre coordinated to two chloride ligands and two
monodentate £ azobenzene-based ligands, each binding through one azo nitrogen atom.
In solution, however, both E- and Z-configured complexes were present, with their
relative abundances dependent on the irradiation wavelength. Irradiation with UV light
(365 nm) yielded a PSS of approximately 40:60 (E£:Z), while visible light (436 nm)
reversed the distribution to 60:40 (£:Z). Importantly, no photodegradation was detected

over five consecutive switching cycles.
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Scheme 8. Structure overview and photoisomerisation behaviour of the Pd(ll) complexes studied by Han and
co-workers.[®® [rradiation with 365 nm induces Z—E isomerisation yielding 60% of the Z-complex. Irradiation

with 436 nm induces E—Z isomerisation affording 60% of the E-complex.
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The thermal back-isomerisation (Z—FE) of the UV-exposed Pd(II) complex was
monitored by 'HNMR spectroscopy in the dark at ambient temperature. However,
gradual dissociation of the Pd(II) complex released free azobenzene ligand, detected

already after one day and increasing to 67% after 32 days.

This system illustrates two key properties of photoswitchable metal complexes. Firstly, it
exemplifies that both £- and Z-complexes can coexist in solution, with their ratios
precisely and reversibly regulated through wavelength-dependent irradiation. Secondly,
it reveals that while such systems offer reversible switching, their long-term stability may
be limited by ligand dissociation, highlighting a potential constraint in the design of

durable photoswitchable systems.

Altogether, these examples of mononuclear photoswitchable complexes illustrate how
metal coordination can dictate not only the isomerisation pathway, whether reversible or
unidirectional, but also the stabilised isomeric form of the resulting complex. The ligand
substitution pattern and the solvent environment can also influence the photoresponse,
demonstrating that the photoswitch plays a direct role in modulating the light-induced
switching behaviour of the metal complex. These principles can be extended beyond
discrete mononuclear complexes to multinuclear architectures, in which various ligands
and metals are combined to form more complex, light-responsive systems. How such

assemblies are formed will be the focus of the next chapter.
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2.3 Self-assembly

The ability to construct large, topologically complex molecular architectures is essential
for advancing the design of adaptive, stimuli-responsive molecular systems. Accessing
these architectures via conventional covalent synthesis is often challenging and usually
involves multistep routes, protection and deprotection strategies, and precise control of
functional group compatibility. On the contrary, self-assembly is a complementary
strategy: instead of building architectures step by step, simple building blocks can

spontaneously organise to form ordered structures (Scheme 9).[6!

Scheme 9. Representation of a self-assembly process wherein curved building blocks bearing

complementary recognition sites organise into a discrete macrocyclic architecture.

Self-assembly refers to the spontaneous organisation of molecular subunits into larger,
well-defined architectures through reversible, non-covalent interactions, which are often
complemented by metal-ligand coordination.”! In supramolecular chemistry, self-
assembly specifically describes the formation of structures in which molecules or ions are
held together by forces such as hydrogen bonding, n-r stacking, electrostatic interactions,
halogen bonding, and coordination bonds.”® While these interactions are individually
much weaker than covalent bonds, their cooperative effects provide sufficient stability to
generate discrete, highly ordered structures.l””) The geometric complementarity of the
building blocks, together with the binding preferences of their functional groups, guides
the components towards specific architectures rather than forming ill-defined

aggregates.*®!

A defining feature of self-assembly is its reversibility. During the assembly process,
dynamic bond exchange allows misbound components to dissociate and re-coordinate
into lower-energy configurations.[”) Defects are thus corrected, allowing the ensemble to
relax towards the most stable structure available under the given conditions. This intrinsic

capacity for error correction is one of the main reasons why self-assembly is such a
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powerful strategy for constructing elaborate architectures with comparatively little
synthetic effort. Not only is reversibility essential for error correction, it is also crucial for

guiding the system towards its thermodynamically most stable state.®!

The driving force for self-assembly is described by the free energy relation
AG = 4H — TAS, which relates the change in Gibbs free energy (4G) to the change in
enthalpy (4H), temperature (7), and the change in entropy (45).1! Enthalpic contributions
arise from the formation of multiple non-covalent and coordination interactions, which
together stabilise the final assembly.”®! An additional enthalpy gain arises from the
chelate effect, whereby multidentate ligands increase the stability of the complexes

100

formed.l'®! By contrast, entropy is often unfavourable, since combining several free

components into one assembly reduces their overall translational and rotational

101

freedom.!'°! Nevertheless, entropy can sometimes favour self-assembly — for example,

when solvent molecules or counterions are released upon ligand coordination to

[102

metals.['%?! Other effects can also promote assembly. For instance, the hydrophobic effect

drives nonpolar groups to cluster in aqueous media, reducing the number of ordered water

molecules and thereby increasing the entropy of the system,!103:104]

The resulting supramolecular structures are strongly influenced by the experimental
conditions, particularly the polarity of the solvent used. Polar solvents, such as water or
methanol, compete with the building blocks for hydrogen bonding sites, thereby
disrupting the non-covalent interactions. In contrast, non-polar solvents, such as hexane,
do not interfere with hydrogen bonding, allowing these interactions to persist and form

stable assemblies.[!?%]

Beyond solvent effects, other experimental parameters can also critically shape the
outcome of the self-assembly. Temperature modulates the delicate balance between
enthalpy and entropy, as described by the Gibbs free energy equation
(4G = AH — TAS).I'%] At low temperatures, enthalpic interactions dominate, favouring
the formation of ordered structures that are thermodynamically stable under those
conditions. Whereas at elevated temperatures, the entropic contribution becomes more
significant,['%”l and depending on the system, this can either disrupt existing assemblies
or promote reorganisation into less ordered, entropically favoured structures by

overcoming kinetic barriers.'1%!
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Concentration also plays a crucial role, influencing both the rate of formation and the

19 From a kinetic perspective, higher

thermodynamic favourability of assembly.
concentrations statistically increase the likelihood of building blocks colliding and
assembling, thereby accelerating the rate at which discrete components associate into
larger, organised architectures. Thermodynamically, concentration influences the entropy
term (45). At low concentrations, below the critical self-assembly concentration (defined
as the minimum concentration required for spontaneous assembly), the entropic cost of

organisation is less easily compensated by enthalpic gains. This often favours smaller,

discrete assemblies or can even prevent formation altogether.!!%!

Amongst the various classes of supramolecular self-assembly, coordination-driven self-
assembly is of particular relevance to this thesis. In such systems, metal ions and organic
ligands spontaneously organise into well-defined supramolecular architectures through

(1L12] These resulting assemblies combine

directional metal-ligand coordination bonds.
the structural rigidity of the metal’s preferred coordination geometry and the geometric
constraints of the ligand framework, while retaining the dynamic reversibility of ligand-
exchange processes at the metal centre.l!!3! In addition to the solvent, temperature, and
concentration effects outlined above, the equilibrium distribution between possible
coordination-driven architectures is also strongly influenced by stoichiometry, the nature
of the counter-ion, and the use of pre-organised templates.[''*!!3] These parameters can
bias the assembly pathway by stabilising particular intermediates or preferentially
lowering the free energy of certain products, thereby directing the system towards
selected target topologies even when alternative structures are thermodynamically

accessible.[!16:117

I Coordination-driven self-assembly thus provides a versatile platform
for constructing structurally complex supramolecular architectures with high precision

and tuneability.

As a whole, self-assembly is a versatile approach to building complex architectures. It
offers rapid access to large structures from relatively simple components, and allows
access to related assemblies through variation of the building blocks. Functionalisation
of the building blocks enables responsiveness to external stimuli, such as light. The
following chapter explores examples of coordination-driven self-assembly in the context

of photoswitchable supramolecular cages.
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2.4 Self-assembled photoswitchable metal-organic cages

Metal-organic cages are discrete, hollow architectures formed through the self-assembly
of metal centres with multitopic ligands.!® These structures, sometimes referred to as
capsules, feature well-defined internal cavities capable of hosting and stabilising guest
molecules.!??! Such host-guest interactions have enabled a wide range of applications

(I8.119) gryg delivery,['2%12!) and selective molecular

including catalysis,
separation.!'?>121 Beyond their encapsulation capabilities, metal-organic cages are
increasingly recognised as dynamic molecular platforms that can support mechanical
motion, "% modulate chemical behaviour,!'?* and serve as modular building blocks for

extended functional materials.['?*]

To harness the full potential of these systems, introducing external stimuli —
chemical,l'” electrochemical,'' or photochemicall'??’l — offers an effective means of
controlling their behaviour. As discussed in Section 2.1, light is a particularly versatile

(13 When photoswitches, such as those introduced in

stimulus for in-situ manipulation.
Section 2.1, are incorporated into the ligands of metal-organic cages, light can regulate
the ingress and egress of guest molecules, drive transformations between distinct cage
architectures, and sustain assemblies away from equilibrium.!'>!421 This section will

therefore focus on light-responsive metal-organic cages.

In 2013, Clever and co-workers reported one of the emerging examples of light-reversible
regulation of host-guest interactions in a cage system.!'”*) They synthesised a bis-
monodentate pyridyl ligand (L!) bearing a DTE photoswitch (introduced in Section 2.1.4)
which can be reversibly interconverted between its flexible open form (o-L') and its rigid
closed-ring isomer (c-L!') upon irradiation with UV and white light, respectively. Self-
assembly of o-L! with Pd(II) afforded the open-form cage [Pd2(o-L!)4](BF4)4 (0-C), while
c-L! yielded the closed-form cage [Pdx(c-L!)4](BF4)s (c-C) (Scheme 10). Irradiation with
UV and white light also enables reversible interconversion between the two cage isomers,
thereby directly transferring the photoresponsiveness of the ligand framework into the

supramolecular assembly.
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Scheme 10. Structure and photoisomerisation behaviour of the Pd(ll) cages studied by Clever and co-
workers.['?8] |rradiation with 365 nm converts the open-form cage (0-C) to the closed-form cage (c-C); white

light reverses the process, regardless of guest encapsulation.

Diffusion-ordered NMR spectroscopy (DOSY) confirmed that, although both o-L! and
c-L! adopt an MzL4 composition, they differ in size due to the ring closure of the DTE
units, with 0-C being smaller than c-C (Scheme 10). This difference in cavity size
prompted a study of their anion-binding behaviour. The dodecafluorododecaborate
anion ([B12F12]*") was chosen as the guest molecule, and it was found that both cage
1somers encapsulated this spherical anion, forming a 1:1 host-guest complex. However,
titration experiments revealed that o-C binds the anion approximately two orders of
magnitude more strongly than c-C. Nonetheless, photoswitching between the two cage

isomers was not affected by the encapsulated guest (Scheme 10).
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This study laid the foundation for light-responsive cages by showing that irradiation can
be used to not only interconvert cage architectures, but also to modulate their binding
properties. This is an essential step towards designing artificial host systems with

programmable, light-driven functions.

Stimuli responsive metal-organic cages can not only interconvert between architectures
of the same overall composition, but can also undergo substantial structural changes upon
photoswitching. In 2022, Beves and co-workers reported a bis-monodentate quinoline
ligand (L?) incorporating an ortho-tetrafluoroazobenzene photoswitch (introduced in
Section 2.1.1).'27] This ligand undergoes reversible E/Z isomerisation under visible-light
irradiation; however, complete conversion to a single isomer cannot be achieved in
solution (405 nm =80% E-L? and 617 nm =90% Z-L?). In the E-configuration, the
coordination vectors are almost parallel, while in the Z state they diverge to form an angle
approaching 180°, which significantly influences the type of assembly formed (Scheme
11).

Upon coordination of predominantly E-L? with Pd(II), a single isomeric cage was
obtained: Pdy(E-L?)s. Metal coordination therefore imposed a strong structural
preference, stabilising the lantern-shaped M>L4 assembly. Nonetheless, coordination did
not suppress photoswitching. Irradiation of Pd>(E-L?)s with green light induced E—Z
isomerisation, yielding a mononuclear Pd(Il) complex: Pd(Z-L?), (Scheme 11). This
example illustrates how a change in ligand geometry upon isomerisation can transform a

defined cage into discrete mononuclear complexes.
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Scheme 11. Structure and photoisomerisation behaviour of the Pd(Il) assemblies studied by Beves and co-
workers.['?"l Irradiation with 530 nm light induces E—Z isomerisation; 405 nm light or thermal relaxation
reverses the process. The arrows highlight the ligand’s bite angle which dictates whether a lantern-shaped

cage or mononuclear complex is formed.

A further notable feature of this system is the enhanced thermal stability of the metastable
Z-isomer upon coordination. Whereas the free Z-L? undergoes thermal Z—E
isomerisation with a half-life of 40 days at room temperature, the corresponding
Pd(Z-L?); complex has a thermal half-life of 850 days. This shows that, in this case, metal
coordination improves both the PSS distribution and the stability of the metastable

isomer, rather than limiting its photoresponsiveness.

Interconverting between two discrete architectures upon light exposure, as shown in the
previous examples, is not always possible. In some systems, irradiation instead enables
the reversible transformation of ill-defined species into a single defined cage. In 2022,
Clever, Herges, and co-workers reported the first coordination-driven cage embedding a
diazocine photoswitch (introduced in Section 2.1.3).['?8) They synthesised a bis-pyridyl
diazocine-based ligand (L?) that adopts a thermodynamically stable Z-configuration
(Z-L3), which can be switched to the metastable E-form (E-L*) under UV light irradiation
(385 nm). Exposure to green light (530 nm) or thermal relaxation induces the reverse

E—Z isomerisation.
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Scheme 12. Structure and photoisomerisation behaviour of the Pd(ll) cages studied by Clever, Herges, and
co-workers.['?8 [rradiation with 385 nm light induces Z—E isomerisation; 530 nm light or thermal relaxation

reverses the process. Guest uptake and release was controlled by light irradiation and thermal relaxation.

The self-assembly of Z-L3 with Pd(II) produced a mixture of species of varying
nuclearity, formulated as Pdn(Z-L3)2n (n= 2.3, ...). Structural strain within the ligand
framework hinders the exclusive formation of a single, well-defined architecture,
resulting instead in a distribution of assemblies. By contrast, the coordination of the
metastable E-L3 yielded a single lantern-shaped cage, Pd2(E-L*)s (Scheme 12).
Nonetheless, this discrete assembly only persists under continuous UV irradiation; upon
removal of the stimulus, thermal relaxation (zv, = 6.1 h, 298 K) or irradiation with 530 nm
light regenerates the ill-defined mixture. The system can be cycled reversibly over twenty
times without any detectable photodegradation, which highlights the robustness of the
diazocine motif within a self-assembled structure. Moreover, free E-L? and the Pd2(E-L3)4
cage exhibit similar thermal half-lives, suggesting that the switching behaviour of E-L3

is largely retained upon coordination.
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A further feature of this system was revealed through host-guest studies. The lantern cage
Pd,(E-L3)s was shown to encapsulate one bis-anionic 2,6-naphthalene bissulfonate guest
molecule in a 1:1 complex, whereas the Z-assemblies do not support encapsulation.
Therefore, guest uptake is restricted to the E-cage, with light-driven interconversion
providing reversible control over the ingress and egress of the guest molecule. Similarly,
thermal relaxation results in guest release, underscoring the direct link between

photoswitching and the cage’s guest binding behaviour.

This study demonstrated that photoswitching can be harnessed to not only switch between
distinct, well-defined cages, but also to interconvert between an ill-defined mixture and a
single discrete architecture. Furthermore, the diazocine moiety preserves its full
photoswitching properties upon coordination, showing that photoswitches can retain their

intrinsic function within self-assembled architectures.

All of the systems discussed so far were based on Pd(Il); however, light-responsive
assemblies can also be constructed using other metals. Additionally, while different types
of photoswitches have been employed to induce substantial changes in assembly
outcome, alterations in ligand substitution pattern can be equally decisive. In 2023,
McConnell, Herges, and co-workers reported two regioisomeric bis-bidentate ligands (L4
and L®) embedding a diazocine photoswitch.”) Each ligand contains two 2-pyridyl-
triazole coordination sites linked by a diazocine backbone, however, they differ in their
point of attachment. In L*, the triazole-pyridyl units are connected at the para position
relative to the N=N azo bridge, whereas in L3 they are attached at the meta position. As
expected for diazocines, both ligands undergo reversible Z/E isomerisation: the
thermodynamically stable Z-isomer converts to the metastable £-form upon irradiation
with UV light (385 nm), and the reverse process occurs under green light (520 nm) or

upon thermal relaxation.

The self-assembly behaviour with Co(II) depends on both the substitution pattern and the
photoisomeric state. In the Z-configuration, only L* formed a well-defined M>Ls helicate,
Coa(Z-L*)3, whereas Z-L® afforded ill-defined species. Upon Z—E photoisomerisation,
however, the situation is reversed: E-L° assembled into the corresponding helicate
Co(E-L3)3, while E-L* produced a mixture of undefined assemblies. The E-helicate is

only metastable and reverts back upon thermal relaxation, whereas Cox(Z-L#); remains
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thermodynamically stable. Photoswitching between the helicate and the ill-defined
mixtures is fully reversible for both ligands and occurs without photodegradation over

twenty cycles.
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Scheme 13. Structure and photoisomerisation behaviour of the Co(ll) cages studied by McConnell, Herges,
and co-workers.®! The Co2(Z-L*)2 helicate disassembles under UV light while Coz(E-L5)2 is formed; green light

and thermal relaxation reverse the process.

When both regioisomers were present in solution, light irradiation selectively determined
which ligand participated in the helicate formation. Under green light, the stable Z-isomer
predominated, leading to Co2(Z-L#); formation alongside uncoordinated Z-L3. Upon UV
light irradiation, Z—E isomerisation triggered the formation of Cox(E-L%)3, with E-L*
remaining uncoordinated (Scheme 13). Thus, light enables the selective and reversible

exchange of helicates derived from the two regioisomers.

This study emphasises the pivotal role of substitution patterns in determining the
coordination vectors of diazocine-based ligands and consequently, the supramolecular
architectures formed. Both para and meta substitution lead to orthogonal assembly
preferences, enabling light to switch between not only assembled and non-assembled

states, but also between helicates derived from different regioisomers.

33



2.5 From equilibrium to out-of-equilibrium systems

Most of the supramolecular assemblies described so far operate under thermodynamic
control, where the system explores possible configurations and ultimately adopts the most
stable, lowest free-energy structure.*! These systems are referred to as equilibrium
systems, in which the final assembly corresponds to the thermodynamic minimum under
the given conditions. Once formed, the assembly remains stable unless the free energy
landscape is perturbed; for instance, changes in temperature can alter the preferred
assembly outcome (see Section 2.3).['*”) Thermodynamic assembly under equilibrium
conditions has thereby enabled the construction of many well-defined supramolecular

architectures, including some examples described in Section 2.4 by Beves and

Clever.[126:127]

In contrast, out-of-equilibrium systems do not reside at the global free-energy minimum

but instead rely on continuous energy input to maintain a dynamic state.!>!

If this energy
supply is removed, the system returns to equilibrium.[*®! Operating away from
equilibrium introduces additional complexity, allowing new behaviours to emerge that

cannot be achieved under equilibrium conditions, i.e. directional motion.!3%

Driving a system out of equilibrium requires a continuous supply of energy, which can be
provided by external stimuli.*') As discussed in Section 2.1, light is a particularly
advantageous stimulus that can be applied with high spatial and temporal precision. In
some cases, light irradiation can drive a system away from equilibrium and prevent it
from returning to the thermodynamic minimum, thereby enabling new structural
transformations and functional responses./*”) While various classes of out-of-equilibrium
supramolecular systems have been studied, the following section focuses on an important
concept in this thesis: the molecular ratchet, a system capable of biasing molecular motion

to achieve directed, non-equilibrium behaviour.!?3!3]
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2.6 Molecular ratchets

Building on the principles of energy-driven assembly, see Section 2.5, molecular ratchets
represent a class of out-of-equilibrium systems that achieve meta-stable states by
coupling energy-releasing and energy-consuming reactions.”8) At the heart of this
mechanism lies a fundamental distinction: exergonic reactions, which release free energy
and proceed spontaneously, and endergonic reactions, which require energy input and are
non-spontaneous.!'3?l When these reactions are embedded within the same chemical
network, the energy liberated by the exergonic step can be channelled into driving the
endergonic one, enabling the system to perform work and sustain non-equilibrium

behaviour.[!33]

Molecular ratchets exploit this coupling by integrating exergonic and endergonic steps
within a single, unified reaction network. Crucially, these processes are chemically linked
so that the energy dissipated during the driving step can be harnessed to promote the
otherwise unfavourable driven step.['*¥] Through this coupling, molecular ratchets can
access reaction pathways and structural outcomes that would otherwise remain

thermodynamically inaccessible under equilibrium conditions.!**

This ratcheting mechanism can be illustrated (Scheme 14) by considering two states: A,
a low-energy state, and B, a high-energy state. The direct A—B conversion is endergonic
and therefore does not occur spontaneously. However, if the reaction network provides
an alternative pathway from A to B that includes an exergonic driving step, the overall
transformation can proceed. This constitutes a chemical reaction cycle incorporating both
the driving and the driven processes. When such a cycle exhibits a directional bias,
progressing preferentially in one direction rather than shifting randomly, it defines a
ratchet mechanism. It is this directional bias that enables molecular ratchets to maintain

non-equilibrium behaviour and, in some cases, perform work.!3?
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Scheme 14. lllustration of a chemical reaction cycle in which a lower-energy species (A) is converted into a
higher-energy form (B), maintaining the system in a non-equilibrium state through continuous energy input.
Vertical arrows denote generic fluxes of energy and matter entering or leaving the system. This cycle is
intended as a general representation of a chemical reaction network and does not specifically depict and

energy ratchet or information ratchet.

Molecular ratchets can be powered by various energy sources, including chemical

fuels,['3*) redox reactions,['3¢

Tand light.?®?) This thesis will focus on light-driven
ratchets, which harness light to drive structural changes that push the system away from
equilibrium. As introduced in Sections 2.1, 2.2, and 2.4, photoswitches and
photoswitchable cages provide versatile platforms to exploit light-induced isomerisation
processes. Upon absorption of photons, photoswitches undergo conformational changes
that temporarily shift the system from its equilibrium state. The energy involved in these
photoinduced transformations can be coupled to other reactions within the network,
allowing light-driven molecular ratchets to channel light energy into driving directional
ratchets and sustaining non-equilibrium behaviour.!'¥?! Irrespective of the energy source,

two main classes of ratchet mechanisms are commonly distinguished: energy ratchets and

information ratchets.

2.6.1 Energy ratchets

Energy ratchets represent one of the two principal mechanisms by which directional bias
within a reaction cycle can be achieved. They operate by exploiting changes in external
conditions, such as light, to temporarily alter the population distribution between existing
states (e.g. A and B; see Scheme 15), without affecting the underlying equilibrium
between them (i.e. A=B remains unchanged).[*” These external changes enable access to

an alternative pathway (e.g. A’=B’; see Scheme 15), where the forward and reverse
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reaction from the alternative pathway (A’=B’) is different, creating conditions under
which the system is more likely to proceed in one direction rather than fluctuate randomly.
After an initial energy input alters the reaction landscape, the energy ratchet guides the
system through a sequence of thermodynamically downhill steps.”?®! For a successful
energy ratchet, where a metastable state can actually be observed, the reverse reaction
B— A must be slower than the forward sequence A—A’—B’—B. This results in a biased

cycle that accumulates metastable states.

In 2022, Feringa, Kathan, and co-workers reported a light-driven system exemplifying

[137) Azobenzene dialdehydes were combined with triamines to form a

this principle.
triply-stranded dynamic covalent cage via reversible imine condensation (Scheme 15).
With the azobenzene unit in its £-configuration, the cage is highly stable and is referred
to as the E-cage. Upon irradiation with UV light, the azobenzene units undergo E—Z
isomerisation, introducing strain to the cage and thus forming the less stable Z-cage. To
relieve this strain, the Z-cage undergoes imine exchange with added monoamines,
opening the structure. Subsequent visible light irradiation of the open Z-cage switches the
azobenzene units back to the E-form, yielding a high-energy open E-cage. Over time, this

kinetically trapped open E-cage relaxes to its thermodynamic minimum, displacing the

monoamine and regenerating the stable E-cage.

This sequence of light-induced switching, exchange, and thermal relaxation constitutes a
full cycle, whereby light energy is converted into chemical energy. The system repeatedly
departs from equilibrium, accumulating metastable intermediates that would not form
under thermodynamic control alone. In this context, the cage functions as an energy
ratchet, with directionality arising from stepwise irradiation with different wavelengths,
rather than from the network’s inherent structure. The cycle harnesses the A’ to B’
(Scheme 15) directionality maintaining the system in a non-equilibrium regime and

enabling controlled, directional transformation.

37



E-cage (A open E-cage | B

o} N/

POy X

340 nm 420 nm
N /N
Noc ? No— /R
) l N \
Ar” > NH,
N NN N N
o, = L

Z-cage (A open Z-cage 'B'

Scheme 15. Feringa’s light-driven energy ratchet reaction network illustrates the interconversion between E-
and Z-configured cages and their open forms.['37] The highlighted driven step represents where light energy

directs the system away from equilibrium via azobenzene isomerisation coupled with imine exchange.

2.6.2 Information ratchets

Information ratchets represent another principial mechanism by which directional bias
within a reaction cycle can be achieved. Unlike energy ratchets, where directionality is
typically governed by the thermodynamics of the A’—B’ transformation (Scheme 15),
information ratchets operate under steady-state conditions, with directionality arising
from kinetic control.!'*%! Their bias stems from kinetic asymmetry — where the forward
(A—A’) and backward (B—B’) steps in a reaction cycle proceed at different rates —
favouring moment in one direction (Scheme 16). This built-in preference allows the
system to move directionally through a repeating sequence of molecular transformations

without requiring changes to the external conditions.['*®]
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In 2006 Tamaoki and co-workers reported an illustrative example of an information
ratchet based on a photoactive bicyclic azobenzene system.['*”) The molecule
incorporates two azobenzene switches (see Section 2.1.1) arranged within a chiral
framework (Scheme 16). In the FE-configuration, the structure is rigid and
enantiomerisation between its R and S forms is negligible. However, when both
azobenzene units adopt the Z-configuration, conformational flexibility increases and
racemisation becomes possible, creating a dynamic network that interconverts the two

enantiomers.
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Scheme 16. CPL-driven information ratchet of a bicyclic azobenzene system where Z-isomerisation enables
enantiomerisation.!'*® CPL introduces kinetic asymmetry, favouring one enantiomeric pathway and causing
enantioenrichment under steady irradiation: right-CPL favours the S-EE-dimer, while left-CPL favours the

R-EE-dimer.

The crucial element of the ratchet arises under circularly polarised light (CPL), which
introduces kinetic asymmetry because left- and right-handed CPL interact differently with
the chiral environment, causing the rates of photochemical reactions leading to each
enantiomer to differ. This kinetic asymmetry results in the preferential accumulation of
one enantiomer over another. For instance, irradiation with right-CPL favours the

formation of the S enantiomer (Scheme 16), whereas left-CPL favours the R form. Over
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continuous irradiation, a small but measurable enantiomeric excess (around 1.1%)
accumulates. In this context, the system functions as an information ratchet: directionality
arises from kinetic asymmetry induced by CPL, rather than from external modulation of

the reaction landscape.
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3. Aims and objectives

Building on the concepts introduced in Sections 1 and 2, this thesis aims to elucidate how
light can be harnessed to control, and ultimately drive, the behaviour of supramolecular
assemblies. The overarching goal is to understand how photoisomerisation at the
molecular level translates into well-defined, controllable changes in supramolecular
assemblies, and how continuous energy input can push such systems out of equilibrium.

To this end, the research addresses three central questions:

(i) How does metal coordination influence the photochemical properties of
azobenzene ligands?

(ii)) How do wvariations in coordination vectors determine the geometry,
responsiveness, and potential for concerted switching in photoswitchable metal-
organic cages?

(ii) Can continuous light input drive a metallo-supramolecular system out of
equilibrium, enabling autonomous, directional transformations via a molecular

ratchet mechanism that converts light into stored chemical energy?

Each of these questions will be explored through a dedicated project, progressing from

fundamental molecular insights to increasingly complex supramolecular functions.

The first project (1) investigates how coordination to metal centres affects the intrinsic
photoresponsive properties of azobenzene-based ligands. Although azobenzenes are well-
established photoswitches (Section 2.1.1), their isomerisation efficiency and thermal
stability are often affected upon metal binding due to changes in the electronic
environment around the N=N azo group (Section 2.2). To probe this relationship, a
tridentate azobenzene-based ligand was designed to coordinate in its E-form to Pd(II),
forming a mononuclear ML complex that serves as a minimal model system (Scheme
17). Upon irradiation, E—Z isomerisation is expected to induce a change in denticity,
converting the tridentate £ ligand into a bidentate Z-ligand. This transformation enables
the investigation of how metal coordination influences switching efficiency, thermal
relaxation, and reversibility — including the possibility of isomerisation inhibition. These
insights will provide a foundation for understanding how proximity to metal centers
affects switching behaviour, guiding the design of more complex supramolecular

assemblies explored in later projects.
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Scheme 17. Design of a Pd(ll) complex to investigate how metal coordination affects the photoswitching
behaviour of azobenzene-based ligands. The shown structures reflect the intended coordination mode and

switching behaviour. R = solvent molecule or counter anion.

The second project (i1) addresses how subtle differences in coordination vectors, arising
from ligand connectivity and E/Z isomerisation, influence the geometry and
responsiveness of self-assembled metal-organic cages. Incorporating azobenzene
photoswitches into ditopic bridging ligands enables the coordination angles to be
modulated using light, allowing structural reconfiguration of the resulting assemblies.
Two regioisomeric ligands, differing in meta and para connectivity (Scheme 18), will be
synthesised to investigate the effect of these variations on the structure of Co(II)-based
cages (Scheme 19). The project will also explore how photoinduced configurational
changes (£/7) influence the overall assembly, and the conditions under which concerted,
reversible switching can be achieved (Scheme 19). Together, these studies aim to deepen
our understanding of how ligand geometry and switching behaviour shape the emergent

properties of light-responsive metal-organic cages.
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Scheme 18. Light induced isomerisation of para- (L?) and meta-connected (L™) azobenzene ligands used to

probe how changes in coordination vectors influence the geometry of metal-organic cages.
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Scheme 19. Co(ll)-based cages formed from para- and meta-substituted azobenzene ligands in their E- and

Z-configurations. Adapted from Tipping et al.l®!

The third project (iii) finally investigates whether sustained light input can drive a
metallo-supramolecular system out of equilibrium, enabling autonomous, directional
transformations via a molecular ratchet mechanism that converts light into stored
chemical energy. To achieve this, a Pd(II)-based assembly will be designed that
incorporates a photoswitchable azobispyrazole ligand capable of undergoing reversible
E/Z isomerisation and conformational change. The system will be constructed to undergo
directional switching between discrete cage structures under sustained irradiation
(Scheme 20). By mimicking nature’s strategy of coupling exergonic and endergonic
processes, this project aims to develop a functional supramolecular system that can
translate light energy (i.e. sunlight) into controlled, directional motion, and temporarily

store it as chemical energy within an out-of-equilibrium structure.
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Scheme 20. Schematic representation of the autonomous, light-powered molecular ratchet designed to
investigate how continuous irradiation (sunlight) can drive a Pd(ll) cage out of equilibrium. Adapted from

Prufionosa Lara et al.l'40
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4. Influence of metal coordination on the photoswitching

properties of azobenzene derivatives

As introduced in Section 2.1, photoswitches, such as azobenzenes, are key components
in the development of light-responsive metal-ligand (M—L) architectures, including
dynamic coordination cages capable of controlling guest binding and release (e.g., for
drug delivery).!"*!) However, the intrinsic photoresponsive properties of these ligands are
not always preserved upon coordination to metal centres. In some cases, metal binding
can significantly alter,/'**!*3 or even inhibit,!**1%] the switching behaviour by
perturbing the electronic environment around the azo bridge (N=N), see Section 2.2.
Therefore, a thorough understanding of how coordination to a metal ion affects
azobenzene-based ligands at the molecular level is essential before progressing towards

more complex supramolecular assemblies.

The first project of my PhD served a dual purpose. Scientifically, it was designed to
investigate how metal coordination influences the photoswitching properties of
azobenzene derivatives, with mononuclear ML: complexes acting as model systems.
Practically, it established the experimental foundation for the remainder of my PhD
journey, equipping me with the practical skills and conceptual understanding needed to

work with light-responsive molecular systems.

The main research objectives were:

e To understand how to characterise azobenzene-based photoswitches in solution.

o To identify how metal coordination affects the switching efficiency and thermal
stability of these photoswitches.

e To investigate whether metal coordination inhibits photoswitching, and if so,
whether this depends on direct coordination to the azo core.

o To determine which experimental techniques and instrumentation are required to
study such effects.

o To establish a basis for assessing structure-property relationships between ligand

design, metal binding, and switching behaviour.
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To address these questions, an azobenzene-based ligand (1) was designed, featuring a
central N=N azo bridge bonded to a quinoline and a pyridine group (Scheme 21). To the

best of our knowledge, this particular ligand architecture had not been reported before.
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Scheme 21. Structures of the E- and Z-isomers of the azobenzene-based ligand 1 designed for this study.

The E-isomer of 1 (E-1) was intentionally constructed to function as a tridentate ligand
upon coordination to Pd(IT). Where such metal centre would be expected to bind to three
nitrogen (N) atoms: the N-quinoline, one of the azo N=N nitrogens, and the N-pyridine.
This specific design would enable the formation of a mononuclear ML complex (Scheme
22). The photoswitchable nature of 1 raises a key question for this study: can light
irradiation induce E—Z isomerisation while 1 remains metal-bound? Based on the
intended design, photoisomerisation of the azo unit would convert 1 from a tridentate to
a bidentate coordination mode. Scheme 22 illustrates this proposed behaviour, showing
the expected structural change upon irradiation and highlighting the targeted E/Z
switching of the bound ligand. Allowing us to probe how metal coordination influences

photoswitching properties.
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Scheme 22. Proposed formation of the Pd(ll) complex with ligand 1 and its expected light-induced
isomerisation behaviour. Shown structures reflect the intended coordination mode and targeted E/Z

switching under light irradiation.
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Pd(IT) was selected as the metal centre for two main reasons, the first being its strong
preference for a square planar geometry with four coordination sites.'*¢!4”1 In this
arrangement, the coordination of a tridentate ligand leaves only one remaining site
(occupied by a solvent molecule or anion), thereby favouring the exclusive formation of
a ML: complex. In contrast, octahedral metals such as Fe(I) or Co(II) can bind two
tridentate ligands, forming ML: species with added stereochemical intricacy: the
octahedral coordination environment introduces metal-centred chirality (A/A) in addition
to the E/Z photoisomerism of the ligands, substantially complicating structural analysis.
Secondly, Pd(IT) was preferred over other square-planar metals, such as Pt(Il), due to its
higher ligand-exchange lability. Making, in theory, any Pd-L bonds easier to break and

re-form under light irradiation.

To investigate how metal coordination affects the fundamental photoswitching properties
of the azobenzene core, the free ligand will be directly compared with its Pd(IT) complex.
The analysis will include optimal irradiation wavelengths, photostationary states,

resistance to photobleaching, and thermal half-life.

This project was also shaped by the unique context of our research group at the time. As
the second PhD student to join the group, much of the early work involved learning from
the ground up how to handle, study, and interpret the behaviour of photoswitches.
Together with other group members, I took part in establishing the experimental strategies
and characterisation methods that later become routine in our laboratory for studying

light-responsive systems.

By focusing on the fundamental relationship between coordination chemistry and the
photoswitching behaviour of azobenzene-based ligands, this chapter highlights the
importance of understanding how metal binding influences photoresponsiveness. In doing
so, it lays the groundwork for the more complex light-sensitive supramolecular

assemblies presented later in this thesis.
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4.1 Synthesis and photoswitching properties of 1

Ligand 1 was synthesised following an azo coupling between quinolin-8-amine and
pyridine-3,5-diol, proceeding through in-situ diazotisation, to give precursor 1°H (23-
48% yield). Subsequent O,0-dimethylation of 1°H with dimethyl sulfate via an Sx2
reaction produced ligand 1 (0-15% yield) (Scheme 23).

1) 6 M HCI
1.1 equiv. NaNO,, 0 °C
2) 1 M NaOH on  1.0equiv.
. z \
1.0 equiv. | | N |
1.0 equiv. X P 1) 5.0 equiv. K,CO3 N
N 2) 2.4 equiv. (CH3),S0,
BN OH .
| . Non > N
N/ H,0,0°Ctort., 1h DMF, r.t, 19 h o
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NH, | |
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OH O
10H 1

Scheme 23. Two step synthesis of ligand 1 via an azo coupling and subsequent methylation of 1°H,

Despite successfully synthesising ligand 1, the low yields of 1°H, coupled with the limited
reproducibility of the subsequent methylation step, made obtaining sufficient quantities
of 1 challenging. Thereby, efforts were made to develop a one-step synthesis of 1 that

bypassed the preparation of 1°H (Scheme 24).

1) 6 M HCI
1.1 equiv. NaNO,, 0 °C
2)1 M NaOH
NZ (ONg Detected by ESI*
1.0 equiv. | X
1.0 equiv. N |
G o
| A (O N N* | ~
P/ > z O\ + NS
N H,0,0°Ctort, 1h N7
NH, X (ONQ

Scheme 24. Attempted synthesis of ligand 1 from 3,5-dimethoxypyridine. Unreacted starting material and 8-

(3,5-dimethoxypyridin-2-yl)quinoline were detected by ESI*; no isolable products were obtained.

Performing the azo coupling under the same reaction conditions as previously described
(Scheme 23), this time using 3,5-dimethoxypyridine in place of pyridine-3,5-diol, did not
yield the desired ligand 1. Traces of unreacted 3,5-dimethoxypyridine and the undesired
8-(3,5-dimethoxypyridin-2-yl)quinoline were detected by ESI', although neither was
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isolated (Scheme 24). These results, together with examples from the literature, suggest
that the presence of hydroxyl groups in the nucleophilic coupling compound may
facilitate azo bond formation under the conditions used.!'*®!4°1 Consequently, the two-
step reaction sequence, azo coupling followed by methylation, remains the only viable

route to access ligand 1.

Methylating 19" prior to photochemical studies was necessary to address the potential
hindrance of photoswitching. In literature, hydroxy-substituted azobenzenes are often
further functionalised to alkoxy derivatives prior to photochemical studies to improve
their photoswitching properties by modifying electronic effects and preventing undesired
intramolecular interactions.!'>’! In particular, hydroxyl groups proximal to the azo (N=N)
bridge are known to engage in intramolecular hydrogen bonding, which can restrict or

inhibit efficient photoisomerisation.[¢4131]

Consistent with this, compound 1°H showed no detectable photoresponse in acetonitrile
at 25 °C upon in-situ irradiation across a broad range of wavelengths (310-655 nm), as
evidenced by unchanged UV-vis absorbance spectra (Figure 8). This lack of
photoswitching is in line with hydrogen bonding effects hindering the isomerisation
process, thereby motivating the methylation of 1°H to the dimethoxy-substituted ligand
1. Despite the limited reproducibility of the methylation step (Scheme 23), converting the

free hydroxyl groups to methoxy substituents was essential to enable photoswitching.
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Figure 8. UV-vis spectrum of 1°" (74 uM, CHsCN, 25 °C) when exposed to different wavelengths of light (A =
310, 325, 365, 390, 405, 430, 450, 500, 550, 590, 655 nm) and its proposed structure with hydrogen bonding.

49



The photoswitching behaviour of ligand 1, summarised in Scheme 25, was investigated
in acetonitrile at 25 °C by UV-vis and '"H NMR spectroscopy. The optimal wavelengths
for bidirectional switching were identified as 390 nm (E—Z) and 310 nm (Z—E) via in-
situ UV-vis measurements, as these produced the largest changes in the absorbance
spectrum (Figure 9). The UV-vis spectrum of the E-isomer (£-1) displayed a strong n—m*
absorption band centred at 365 nm (Figure 10a). Upon irradiation with 390 nm light, the
band intensity decreases, indicating conversion to the Z-isomer (Z-1), which exhibits a
blue-shifted m—n* absorption at 305 nm (Figure 10a). The switching process was fully
reversible over at least ten irradiation cycles with no detectable photobleaching (Figure

10b), indicating good fatigue resistance.

X 300nm [
I z o
N — N NTY ™
- |
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Scheme 25. E- and Z-isomer structures of ligand 1 upon irradiation with 390 nm light (E—Z, PSS 67% Z-1)
and 310 nm light (Z—E, PSS 92% E-1).
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Figure 9. UV-vis spectra of ligand 1 (76 uM, CHsCN, 25 °C) before and after irradiation with different
wavelengths of light for 1 min each.
Notably, no clear isosbestic point was observed during the in-situ UV-vis measurements

(Figure 9), suggesting that the £/Z photoisomerisation may not have occurred exclusively

between E-1 and Z-1. This could be attributed to sample impurities present during early-
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1521 In contrast, the thermal relaxation spectra (Figure 11a), recorded

stage measurements.|
at a later stage with a purer sample, display distinct isosbestic points that are consistent

with clean Z—FE isomerisation of ligand 1.
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Figure 10. (a) UV-vis spectra of ligand 1 (85 uM, CHsCN, 25 °C) under ambient light and after irradiation with
390 nm and 310 nm light for 1 min, respectively. (b) UV-vis switching reversibility experiment of 1 (85 pM,
CH3CN, 25 °C) showing absorbance at 370 nm after alternating light irradiation with 390 nm (1 min) and

310 nm (1 min), respectively. No apparent photodegradation was observed over 10 switching cycles.

The thermal relaxation of Z-1 in the dark at 25 °C was monitored over 14 h by UV-vis
spectroscopy (Figure 11), revealing a thermal half-life of 3.7 h for the Z—E isomerisation;
which falls within the typical range observed for alkoxy-substituted azobenzenes.**! This
thermal stability is sufficient to allow controlled photoswitching experiments and ensures

that the Z-isomer remains stable for NMR analysis within a few minutes after irradiation.
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Figure 11. Thermal relaxation of ligand 1 (85 uM, CHsCN, 25 °C). (a) UV-vis spectra of 1 measured every
30 min in the dark after irradiating with 390 nm light. (b) Change in absorption (A: — A«) * (Ao — Ax)~" plotted

over time t following thermal relaxation of 1 to provide its half-life, T = 3.7 h.
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Determined by 'H NMR analysis, upon irradiation with 390 nm light for 20 min E-1 was
converted to Z-1, achieving a PSS comprising of 67% Z-1 (Figure 12). Back-
isomerisation of Z-1 to E-1 was accomplished by irradiation with 310 nm light overnight,

yielding a PSS with 92% E-1 (Figure 12).
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Figure 12. '"H NMR spectra (500 MHz, CDsCN, 298 K) of ligand 1 under ambient light, after irradiation with
390 nm light (20 min, PSS 67% Z-1), and after irradiation with 310 nm light (17 h, PSS 92% E-1). Signals

marked with an asterisk correspond to Z-1.

These spectroscopic studies confirm that the dimethoxy-substituted ligand 1 undergoes
efficient, reversible photoswitching between its £- and Z-isomers upon UV irradiation. In
comparison to classical azobenzenes, which often exhibit higher Z-isomer
photostationary states (commonly >80-90%)4), ligand 1 shows a low PSS for Z-1 of
67% under irradiation with 390 nm light.
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The substitution pattern in ligand 1 provides one possible explanation for this behaviour.
Electron-donating methoxy groups are known to modulate the absorption properties and
isomerisation behaviour of azobenzenes by red-shifting the n—n* and n-m*
transitions,!'>> thereby altering the wavelengths at which photoisomerisation is most
effective. Moreover, the PSS of the Z-isomer depends strongly on the position of
substitution and the electronic nature of the azo framework.!'**! In systems with both
ortho- and para-methoxy groups, as in ligand 1, competing electronic and steric effects
may influence the PSS alongside the intrinsic properties of the quinoline—pyridine azo
scaffold. Comparative studies with an unsubstituted analogue 1 would help to determine
whether the observed switching behaviour is dominated by the methoxy substituents or

by the quinoline—pyridine azo framework itself.

4.2 Synthesis and photoswitching properties of Pd1

Having established the photoswitching behaviour of ligand 1, its coordination to Pd(II)
was next investigated to assess the effect of metal complexation on its photoswitching

properties.

oL

1.0 equiv. 1.1 equiv. PdCly( CH3CN)2 | / N

(\ CD4CN, 40°C, 72 h o \N/ I O~
Nig N
0
N 2+
O\ 1.1 equw Pd(CH3CN)4 BF4)2 (\/Q BF4)2

CD4CN, 40°C, 16 h

MeCN-" \ o

Scheme 26. Complex formation of ligand 1 with PdCI2(CH3zCN)2 and Pd(CH3CN)4(BF4)2 in acetonitrile.
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The complex formation between ligand 1 and a Pd(II) salt was found to be highly
dependent on the choice of counteranion (Scheme 26). When 1.0 equiv. of
PdCI>(CH3CN); was added to 1.0 equiv. of 1 in acetonitrile at 40 °C, an immediate colour
change from light to dark red was observed. The immediate colour change is typically a
strong indication of complex formation; however, the complex was only detectable by
ESI" mass spectrometry. In the corresponding NMR spectrum, only signals corresponding
to the deuterated solvent were observed, with no detectable signals of either free ligand 1
or the complex. This behaviour is likely due to the poor solubility of the chloride-
containing complex in acetonitrile, limiting its detection by the less sensitive NMR

technique.[!>”]

In contrast, when 1.0 equiv. of Pd(CH3CN)4(BF4)> was used, the desired complex was
readily characterised by NMR, ESI" mass spectrometry (Section 4.6.3, Figure 54), and
UV-vis spectroscopy. These observations highlight the influence of the counteranion (Cl~
vs BF4") on the stability and solubility of the Pd(II) complexes formed with ligand 1. For
this reason, all subsequent experiments were conducted using the metal salt
Pd(CH3CN)4(BF4)2 and thus, references to Pd1 in this chapter refer specifically to the

complex formed with BF4~ as the counteranion.

"H NMR spectroscopy was used to compare free ligand 1 and its Pd1 complex (Figure
13). In acetonitrile at 298 K, ligand 1 exists as a mixture of E- and Z-isomers in a ratio of
79:21, respectively. Strikingly, only a single ligand environment is observed in the
spectrum of Pdl, consistent with exclusive coordination of the E-isomer to the metal
centre. This indicates that metal complexation significantly shifts the isomeric
equilibrium, favouring the E-isomer in solution. Furthermore, upon coordination to
Pd(II), the "H NMR signals of ligand 1 shift predominantly downfield, consistent with
deshielding upon metal binding. Only the quinoline proton adjacent to the coordinating
nitrogen (H-a) shifts upfield, likely due to its spatial orientation relative to the aromatic

system and metal centre, resulting in local shielding effects.
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Figure 13. Stacked 'H NMR spectra (500 MHz, CDsCN, 298 K) of 1 (top) and Pd1 (bottom). Signals marked

with an asterisk correspond to Z-1.

Having established that Pd1 exists exclusively in the £-configuration in solution, the key
question is whether ligand 1 can undergo E—Z isomerisation while bound to Pd(Il)
(Scheme 27). This directly addresses one of the central aims of this chapter: to evaluate
the extent to which metal coordination inhibits photoswitching, and to establish if such

effects are linked to direct coordination to the azo core.

| D r+
BF
N7 (BF4)2 2+

Pd —> N N~
~N 0] P I
MeCN N* | ~ . /P'S/N N NP
N
MeCN MeCN O
2N
Pd1

Scheme 27. Proposed reversible E/Z isomerisation of Pd1 upon irradiation with UV light and visible light.

As only a single species was detected in the '"H NMR spectrum of Pd1, in-situ UV-vis
spectroscopy was employed to study its photoswitching behaviour, as it is more readily
accessible for continuous irradiation studies. The UV-vis spectrum of Pd1 in acetonitrile

exhibited a red-shift in the absorption maximum compared to free ligand 1; while £-1
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displays a strong n—n* absorption band centred at 365 nm, Pd1 showed this band shifted
to 510 nm (Figure 14). Unlike free ligand 1, Pd1 exhibited no changes in its UV-vis
spectrum upon irradiation with different wavelengths of light (Figure 14). Furthermore,
repeated irradiation experiments were conducted at various temperatures (25-60 °C) to
determine whether thermal energy could overcome the kinetic barriers to E/Z
isomerisation imposed by coordination to Pd(II). However, no spectral changes were
observed. This demonstrates that Pd1 does not undergo detectable E/Z isomerisation
under these conditions and that coordination to Pd(Il) effectively suppresses
photoswitching in solution. However, could the addition of a competitive ligand in

solution enable photoswitching?
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Figure 14. UV-vis spectra of ligand 1 (85 uM, CH3CN, 25 °C) under ambient light and of Pd1 in CH3CN when
exposed to different wavelengths of light (A = 310, 325, 365, 390, 405, 430, 450, 500, 550, 590, 655 nm) at
various temperatures (25 °C, 30 °C, 40 °C, 50 °C, 60 °C). No changes were observed for Pd1 upon irradiation

with UV and white light at various temperatures.

4.3 Photoswitching properties of Pd1 in the presence of a

competitive ligand

Coordination of 1 to Pd(II) inhibits the photoswitching of Pdl in solution, which
motivated an investigation into whether competitive ligand binding could restore its light
responsiveness. The underlying concept was that light-driven E—Z isomerisation of 1, in
combination with competition from an external ligand, would destabilise 1’s tridentate
binding mode and enforce bidentate coordination. This would create an open site on

Pd(II) for substitution. Introducing a competitive ligand under irradiation was therefore
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intended to both probe the stability of the Pd—ligand 1 coordination environment and test

whether displacement of one coordination site could re-establish photoswitching of 1.

Pyridine was selected as the competitive ligand due to its strong Pd(II)-N coordination
affinity.l'*! Under irradiation with light of a specific wavelength, pyridine binding was
expected to displace one donor site of 1, yielding a Pd1-pyridine complex in which 1
adopts its Z-configuration (Scheme 28). In this experiment, 2.0 equiv. of pyridine were
added to a solution of Pdl (1.0 equiv.) and the resulting mixture, described as Pd1-

pyridine, was immediately analysed by UV-vis spectroscopy to assess photoswitching.

X 2z N
I v.[| A
N (BFy), 20 equiv. @ | (BF4)2
A

N
N. N"X-O
P|d/ N ; Y, —Pd— N Al b
N2 O MeCN /i N/I N =
MeCN N7 = N )
S i | N
X
O\
Pd1 Pd1-pyridine

Scheme 28. Proposed formation of the pyridine adduct, labelled as Pd1-pyridine, upon addition of 2.0 equiv.

of pyridine under irradiation with UV or white light in acetonitrile at various temperatures.

Irradiation of Pd1-pyridine at various wavelengths (310, 325, 365, 390, 405, 430, 450,
500, 550, 590, 655 nm) revealed minor spectral changes only upon exposure to 405 nm
light for 5 min at 25 °C. Specifically, the major absorption peak at 500 nm decreased
slightly, while a broader band around 600 nm increased, corresponding to the n-n* and n-
m* transitions, respectively. Increasing the temperature enhanced these spectral changes,
with higher temperatures resulting in greater absorbance differences. Measurements were
carried out at 25, 35, 45, 55, and 65 °C, with irradiation at 405 nm light at 65 °C producing
the greatest absorbance change of 0.2 a.u. (Figure 15).
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Figure 15. UV-vis spectra of the potential Pd1-pyridine complex in CH3CN under 405 nm light irradiation at
various temperatures (25 °C, 30 °C, 40 °C, 50 °C, 60 °C).

It should be noted that the observed spectral changes cannot be conclusively attributed to
the formation of the described Pdl1-pyridine complex (Scheme 28), as no follow-up

characterisation by NMR or mass spectrometry was performed.

Attempts to reverse the changes observed in the UV-vis spectrum by irradiating the
sample with white light were unsuccessful, as no spectral reversion was observed. These
findings suggest that the process is irreversible to light, supporting the hypothesis of

irreversible ligand displacement or structural modification.

To better understand the minimal spectral changes observed for Pd1-pyridine upon
irradiation at different temperatures, it is important to consider the nature of the ligands
involved. While pyridine is a monodentate ligand, ligand 1 coordinates in a tridentate
manner, benefiting from the chelating effect which generally increases binding strength
and complex stability.['>!57] This chelating effect is favoured both enthalpically and
entropically, making the partial displacement of ligand 1 by pyridine to form a bidentate
coordination mode unfavourable. In an attempt to overcome this limitation, the UV-vis
photoswitching experiment was repeated with progressively increasing amounts of
pyridine, up to 32 equiv., to evaluate whether higher pyridine concentrations could induce

more significant changes in the UV-vis absorbance spectrum.
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Increasing the equivalents of pyridine (x = 2, 4, 8, 16, 24, 32) failed to cause immediate
changes in the UV-vis absorption spectra when irradiated with 405 nm light at 25 °C,
indicating no rapid displacement or photoswitching under these conditions.

Consequently, a more suitable competitive ligand was selected to repeat the experiment.

The bidentate ligand bipyridine was chosen for its stronger chelating effect compared to
the monodentate pyridine ligand, making it a more competitive candidate for binding to
the Pd(II) centre. Under irradiation with light of a specific wavelength, bipyridine binding
was expected to displace one donor site of 1, yielding a Pd1-bipyridine complex in which
1 adopts its Z-configuration (Scheme 29). In this experiment, 1.0 equiv. of bipyridine was
added to a solution of Pdl (1.0equiv.) and the resulting mixture, defined as Pdl1-

bipyridine, was analysed directly by UV-vis spectroscopy to assess photoswitching.
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N 1.0 equiv. N/
| Ney A A S
Pd —_— ™ —Pd— NV —
MeCN N MeCN
I NN o)
NS , AN N
O =
Pd1 Pd1-bipyridine

Scheme 29. Proposed formation of the bipyridine adduct, defined as Pd1-bipyridine, upon addition of

1.0 equiv. of bipyridine under irradiation in acetonitrile at 25 °C.

Irradiation with 405 nm light was again found to elicit the greatest change in absorbance
amongst all wavelengths tested. Unlike in the experiments with Pd1-pyridine, changes in
the UV-vis spectrum were still observed after 5 min of irradiation and thus, the sample
was irradiated for 10 h to ensure sufficient exposure. This resulted in a significant change
in UV-vis absorbance spectrum of Pd1-bipyridine, potentially indicating the breakage of
the Pd-Npyrigine bond (Figure 16). However, this cannot be confirmed solely through UV-
vis spectroscopy, as supporting mass spectrometry and NMR data are lacking.
Additionally, the stability of ligand 1 under prolonged 405 nm light irradiation remains
unknown. Further experiments, including mass spectrometry and NMR analysis, are
necessary before drawing definitive conclusions. Nonetheless, irradiating the sample with

different wavelengths of light, in an attempt to reverse the spectral changes, produced no
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observable changes to the UV-vis spectrum, indicating that the process was irreversible

under the tested conditions.
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Figure 16. UV-vis spectra of the potential Pd1-bipyridine complex (CHsCN, 25 °C) under 405 nm light

irradiation for 10 h.

The inhibited photoswitching of Pd1 may arise from coordination of the N=N azo moiety
to the Pd centre, from the stabilising chelate effect of the tridentate ligand 1, or from a
combination of the two. To clarify the origin of this inertness, three new bidentate

derivatives were designed and synthesised for further study.

4.4 Derivatives of 1: synthesis, Pd complexes, and photoswitching

studies

To clarify whether the lack of photoswitching in Pd1 arises from coordination of the azo
N=N group to the Pd(II) centre and/or from the strong chelating nature of 1’s tridentate
ligand framework, three new bidentate derivatives were designed (Figure 17). In these
derivatives, the pyridine donor of 1 was replaced with a phenyl ring to eliminate the
tridentate binding mode. Ligand 2 retains the same methoxy substitution pattern as 1, two

methoxy groups ortho and para on the phenyl ring, enabling direct comparison of the two
scaffolds.

As discussed in Section 2.1.1, ortho substituents to the azo bond can sterically hinder
back-rotation, thereby slowing down thermal relaxation.*”) Furthermore, tetra-ortho-

substitution around the N=N unit in azobenzenes is known to distort the planarity of the
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E-isomer, separating the n—n* absorption bands of the two isomers and improving
photoswitchability in the visible region.!'¥! On this basis, ligands 3 and 4 introduce
additional steric bulk by incorporating an extra methoxy group ortho to the N=N bond on
the quinoline ring, intended to modulate the photoswitching behaviour. Both 3 and 4 also
contain three methoxy groups on the phenyl ring, resulting in four substituents per ligand
overall. However, in ligand 3, three of these methoxy groups occupy ortho positions
relative to the azo group, making it the most sterically hindered derivative. Whereas
ligand 4 features meta and para substitution in the phenyl ring providing a slightly

different steric and electronic environment to ligand 3.

N? N” N” o~ N? o~
Niy N Ney Ney
N O _0 O
1 2 3 4

Figure 17. Structures of ligand 1 and its derivatives 2-4 prepared for comparative studies.

These structural variations were designed to probe both the coordination behaviour and
photoswitching properties of the resulting Pd(I) complexes, as well as the substitution
effect of the electron-donating OMe groups on the PSS and the thermal Z—F relaxation

rates of the free ligands.

4.4.1 Studies of derivative 2

Ligand 2 was synthesised following an azo coupling between quinolin-8-amine and
resorcinol, proceeding through in-situ diazotisation, to give precursor 2°H (61% yield).
Subsequent O,0-dimethylation of 20 with dimethyl sulfate, via an Sx2 mechanism,
produced ligand 2 (2% yield) (Scheme 30). The extremely low yield of 2 is attributed to
purification challenges in separating singly and double methylated products. Despite
numerous attempts using column chromatography and HPLC, minor impurities remain

detectable in the aliphatic region of the "TH NMR spectrum (Figure 21).
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Scheme 30. Two step synthesis of ligand 2 via an azo coupling and subsequent methylation of 2°1.

The photoswitching behaviour of ligand 2, summarised in Scheme 31, was investigated

in acetonitrile at 25 °C by UV-vis and '"H NMR spectroscopy. The optimal wavelength

for E—Z isomerisation was identified as 405 nm via in-situ UV-vis measurements, as this

produced the largest change in the absorbance spectrum (Figure 18). The UV-vis spectrum

of the E-isomer (£-2) displayed a strong n—n* absorption band centred at 375 nm, which

decreased upon exposure to 405 nm light, consistent with the conversion to its Z-isomer,

Z-2 (Figure 20a). Irradiation of Z-2 with the available laboratory wavelengths did not

restore the E-2 absorbance to the value observed under ambient conditions prior to

irradiation (Figure 18). Consequently, the thermal Z—FE relaxation of 2 was next

examined.
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Scheme 31. E- and Z-isomer structures of ligand 2 upon irradiation with 405 nm light (E—Z, PSS 69% Z-2)

and thermal relaxation (Z—E, >99% E-2).
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Figure 18. UV-vis spectra of ligand 2 (89 uM, CHsCN, 25 °C) before and after irradiation with different

wavelengths of light for 1 min each.

The thermal relaxation of Z-2 in the dark at 25°C was monitored using UV-vis
spectroscopy (Figure 19), revealing a thermal half-life of 1.3 min for the Z—FE
isomerisation in acetonitrile. This is significantly faster than that of its parent ligand 1
(zv» = 3.7 h). The short thermal lifetime of Z-2 means that all controlled photoswitching

experiments must be performed in-situ.
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Figure 19. Thermal relaxation of ligand 2 (89 uM, CH3CN, 25 °C). (a) UV-vis spectra of 1 measured every
9 s in the dark after irradiating with 405 nm light. (b) Change in absorption (A: — Ax) * (Ao — Ax)~" plotted

over time t following thermal relaxation of 1 to provide its half-life, T = 1.3 min.

Investigated by in-situ UV-vis, the E—Z isomerisation with 405 nm light and the thermal
Z—F relaxation were fully reversible over at least ten cycles, with no detectable

photobleaching (Figure 20b).
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Figure 20. (a) UV-vis spectra of ligand 2 (89 uM, CH3CN, 25 °C) under ambient light, after irradiation with
405 nm light for 1 min and after relaxing 5 min in the dark. (b) UV-vis switching reversibility experiment of 2
(89 uM, CHsCN, 25 °C) showing absorbance at 375 nm after alternating light irradiation with 405 nm light

(1 min) and relaxing in the dark (5 min).

Determined by in-situ '"H NMR, upon irradiation with 405 nm light E-2 was converted to
Z-2, achieving a PSS comprising of 69% Z-2 (Figure 21). Back-isomerisation of Z-2 to
E-2 was accomplished by leaving the sample in the dark for 20 min, with >99% E-2
(Figure 21).
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Figure 21. "H NMR spectra (500 MHz, CDsCN, 298 K) of ligand 2 under ambient light, after irradiation with
405 nm light (5 min, PSS 69% Z-2), and after being in the dark (20 min, PSS 100% E-2). Signals marked with

an asterisk correspond to Z-2.
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Having established the photoswitching behaviour of ligand 2, its coordination to Pd(II)

was next investigated to assess the impact of metal complexation on isomerisation.

Unlike tridentate ligand 1, which can only form a single ML complex, bidentate ligand
2 allows for multiple coordination isomers. Even when reacted with Pd(I) in a 1:1 ligand-
to-metal ratio, three complexes are possible: the monoligated Pd2 complex, and the bis-

ligated cis-Pd(2); and trans-Pd(2), isomers (Scheme 32).
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1.1 equiv. Pd(CH3CN)4(BF4)2
CD3CN, 40 °C, 16 h
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MeCN— Pd — g — Pd—pg Pd
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Scheme 32. A schematic representation of ligand 2 highlighting its two coordination sites: A = N-pyridine,
and B = N-azo. Reaction of ligand 2 with Pd(CHsCN)4(BF4)2 under a 1:1 stoichiometry can theoretically yield

three products: the monoligated Pd2 complex and the bis-ligated cis-Pd(2). and trans-Pd(2). isomers.

Following the same synthetic procedure as for Pd1, equimolar amounts of 2 and
Pd(CH3CN)4(BF4)2 were combined in CD3CN at 40 °C (Scheme 32). Analysis by ESIT*
mass spectrometry revealed two peaks assignable to [Pd+2+CN]" and
[Pd + 2 — H + CH3CN]", with no evidence of any Pd(2) species (Section 4.6.3, Figure
56). On this basis, the subsequent 'H NMR analysis was interpreted under the working
assumption that only monoligated Pd2 species were present. Comparison of the 'H NMR

spectra of free ligand 2 (predominantly E-2, 98:22 E:Z) and its Pd(II) complex (Figure
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22) showed that, upon coordination, two distinct ligand environments (x and y) appeared

in a 35:65 ratio, with no detectable free ligand.
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Figure 22. '"H NMR spectra (500 MHz, CD3CN, 298 K) of ligand 2 (top), its Pd(ll) complex (middle), and the
complex solution following 5 min irradiation with 405 nm light (bottom). Two distinct ligand environments in
the complex are labelled as x and y; their assignment to specific isomers remains unresolved. Signals marked
with an asterisk correspond to free ligand Z-2. Peaks marked with a question mark indicate unassigned

resonances. Signals labelled M are tentatively attributed to decomposition products of MeCN.[5%

To investigate whether the two sets of signals (x and y) originated from different isomeric
forms of a monoligated Pd2 complex rather than from a Pd2: Pd(2), mixture, the NMR
sample of the Pd(II) complex was irradiated with 405 nm light for 5 min. This wavelength
was chosen as it induces E—Z isomerisation in the free ligand form (Figure 21).
Irradiation caused a slight change in the ratio of the two ligand environments (44:56, x:y),
enriching environment x (Figure 22). These spectral changes suggest that the two
environments are light-responsive and may correspond to different geometric isomers of
Pd2. In azobenzene systems, m-m stacking anisotropy often causes the Z-isomer to
resonate at slightly lower chemical shifts.[!°%!®1 On this basis, environment x may

correspond to Z-Pd2, as it resonates at a lower ppm value. However, a definitive
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assignment would require further experiments, such as ROESY NMR, to identify key

through-space correlations and proton interactions.

An important observation is that, while free ligand 2 is predominantly its E-isomer in
solution (98:2, E:Z), the Pd(II) complex appears to have a much lower E content (either
35% or 65%, depending on the assignment). If these two environments indeed correspond
to E-Pd2 and Z-Pd2, this would suggest that Pd coordination does not prevent
photoswitching, but rather reduces its efficiency. However, it should be emphasised that
photoswitching of free ligand 2 was investigated via in-situ NMR due to its fast Z—FE
relaxation time; thus, larger changes in the x:y ratio might be observed if the irradiation
experiment were to be repeated under in-situ conditions. These results are consistent with
the hypothesis that the apparent inertness of Pd1 stems from the rigid, tridentate chelation
of ligand 1 rather than the Pd-azo interaction itself. However, further data would be

needed to confirm this.

Although the ESI' data indicated only monoligated Pd2 (Section 4.6.3, Figure 56),
dilution of the MS sample could have favoured Pd2 over Pd(2).. Thus, the presence of
higher-order species cannot be completely excluded without targeted experiments. For
example, a dilution series of the NMR sample would reveal whether the relative
populations of x and y are concentration-dependant. Another experiment could involve
preparing Pd(2), at a 2:1 L:M ratio and comparing its '"H NMR spectrum with that of the
current sample to determine whether any of the observed environments correspond to an

ML, species.

Having studied the photoswitching behaviour of free ligand 2, with its coordination
behaviour still only partially understood, attention next shifted to ligand 3, which has an
increased steric bulk. The main questions to be addressed were: (i) whether ligand 3
would also favour the ML: monoligated complex and (ii) if the coordinated form would

retain photoresponsiveness.
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4.4.2 Studies of derivative 3

Ligand 3 was synthesised following an azo coupling between 2,4,6-trimethoxyaniline and
quinolin-7-ol, proceeding through in-situ diazotisation, to give precursor 3°H (90% yield).
Subsequent O-methylation of 3°H with methyl iodide, via an Sx2 mechanism, produced

ligand 3 (10% yield) (Scheme 33).

1) 1 M HCI
1.0 equiv. NaNO,, 0°C 1.0 equiv.

1.0 equiv.  2) 20 equiv. Na;CO3 | N
NH, 1.0 equiv. (D\ 1) 5.0 equiv. Ag,0 N o
-0 2) 5.0 equiv. CHs|

\

H,0,0°Ctort., 22 h _0 o. DMF,rt,20h _0 O
90% 10%

o} 0
30H > 3 >

Scheme 33. Two step synthesis of ligand 3 via an azo coupling and subsequent methylation of 3°H.

The photoswitching behaviour of ligand 3, summarised in Scheme 34, was investigated
in acetonitrile at 25 °C by UV-vis and '"H NMR spectroscopy. The optimal wavelengths
for bidirectional switching were identified as 550 nm (E—Z2) and 405 nm (Z—F) via in-
situ UV-vis measurements, as these produced the largest changes in the absorbance
spectrum (Figure 23). The UV-vis spectrum of the E-isomer (£-3) displayed a strong
n—mn* absorption band centred at 320 nm (Figure 24a). Exposure to 550 nm light
decreased the band intensity, consistent with conversion to its Z-isomer (Z-3) (Figure
24a). The switching process was fully reversible over at least ten irradiation cycles with

no detectable photobleaching (Figure 24b), indicating good fatigue resistance.
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Scheme 34. E- and Z- isomer structures of ligand 3 upon irradiation with 550 nm light (E—Z, PSS 71% Z-3)
and 405 nm light (Z—E, PSS 91% E-3).
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Figure 23. UV-vis spectra of ligand 3 (84 uM, CHsCN, 25 °C) before and after irradiation with different

wavelengths of light for 1 min each.

®
N—

(b
— Ambient
— 405 nm
— 550 nm

=
o
]

Absorbance @320 nm [a.u]
o
¢

Absorbance [a.u.]
o
7

O-O l L] l L] L] L] l L]
300 400 500 600 0 2 4 6 8 10

Wavelength [nm] Cycles

Figure 24. (a) UV-vis spectra of ligand 3 (84 uM, CHsCN, 25 °C) under ambient light and after irradiation with
405 and 550 nm for 30 s and 3 min, respectively. (b) UV-vis switching reversibility experiment of 3 (84 uM,
CH3CN, 25 °C) showing absorbance at 320 nm after alternating light irradiation with 405 nm (30 s) and

550 nm (3 min), respectively. No apparent photodegradation was observed over 10 switching cycles.

Thermal relaxation of Z-3 in the dark at 25 °C was monitored by UV-vis spectroscopy
(Figure 25), revealing a thermal half-life of 29 min for the Z—FE isomerisation in
acetonitrile. This value falls between the thermal half-lives of Z-1 and Z-2 (7s = 3.7 h and
1.3 min, respectively). Although the thermal stability of Z-3 is limited, it remains

sufficient for subsequent NMR analysis within a few minutes after irradiation.
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Figure 25. Thermal relaxation of ligand 3 (84 uM, CHsCN, 25 °C). (a) UV-vis spectra of 3 measured every
1 min in the dark after irradiating with 550 nm light. (b) Change in absorption (A: — A«) * (Ao — Ax)~" plotted

over time t following thermal relaxation of 3 to provide its half-life, T = 29 min.

Determined by 'H NMR, upon irradiation with 550 nm light E-3 was converted to Z-3,
achieving a PSS of 71% Z-3 (Figure 26). Back-isomerisation of Z-3 to E-3 was
accomplished by irradiation with 405 nm light, yielding a PSS of 91% E-3 (Figure 26).
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Figure 26. 'H NMR spectra (500 MHz, CDsCN, 298 K) of ligand 3 under ambient light, after irradiation with
550 nm light (10 min, PSS 71% Z-3), and after irradiation with 405 nm light (10 min, PSS 91% E-3). Signals

marked with an asterisk correspond to Z-3.

70



Having established the photoswitching behaviour of ligand 3, its coordination to Pd(II)
was next investigated to determine how metal binding influences its switching properties.
Specifically, whether ligand 3 behaves in a similar manner to the previously examined

bidentate ligand 2.

Tridentate ligand 1 can only form a single ML complex, whereas the coordination mode
of bidentate ligand 3 allows for multiple isomers. Even when reacted with Pd(Il) in a 1:1
ligand-to-metal ratio, three complexes are possible: the monoligated Pd3 complex, and

the bis-ligated cis-Pd(3) and trans-Pd(3), isomers (Scheme 35).

Z
1l

1.1 eqUiV. Pd(CH3CN)4(BF4)2
CD4CN, 40 °C, 16 h

2+ 2+
| \ (BF4)2 | \ (BF4)2 | \ \ (BF4)2
MeCN— Pd —p — Pd—p B— Pd

| | \_|
MeCN B

Pd3 cis-Pd(3), trans-Pd(3),

Scheme 35. A schematic representation of ligand 3 highlighting its two coordination sites: A = N-pyridine,
and B = N-azo. Reaction of ligand 3 with PdA(CH3sCN)4(BF4)2 under a 1:1 stoichiometry can theoretically yield

three products: the monoligated Pd3 complex and the bis-ligated cis-Pd(3). and trans-Pd(3)2 isomers.

Following the same synthetic procedure as for Pd1, equimolar amounts of ligand 3 and
Pd(CH3CN)4(BF4), were combined in CD3CN at 40 °C. ESI” mass spectrometry revealed
three assignable peaks corresponding to [Pd + 3 + CN]", [Pd + (3)2]*", [Pd + (3)2 + BF4]"
(Section 4.6.3, Figure 58). Notably, in contrast to the Pd(II) complex of bidentate ligand

2, ligand 3 clearly formed a bis-ligated species detectable by mass spectrometry.

71



Comparison of the 'H NMR spectra of free ligand 3 (£:Z = 67:33) and the solution after
complexation with Pd(II) (Figure 27) showed complete consumption of free ligand and
the appearance of two distinct ligand environments (x and y) in a 38:62 ratio. As mass
spectrometry indicates the presence of both mono- and bis-ligated complexes
(Section 4.6.3, Figure 58), the two distinct ligand environments observed in the 'H NMR
spectrum likely correspond to Pd3 and Pd(3).. The bis-ligated complex displays only a
single ligand environment, which is consistent with either a trans arrangement (Cz
symmetry) or a cis arrangement (inversion centre). However, the steric bulk introduced
by the tetra-ortho-substitution strongly favours the frams configuration, as a cis
arrangement would bring the OMe groups of each ligand into close proximity, resulting
in unfavourable steric interactions. Although the formation of trans-Pd(3). prevents a
direct structural comparison with the parent complex Pd1, irradiation remains worthwhile
to determine whether the coordinated ligand 3 can undergo photoisomerisation despite its

altered coordination geometry.

Upon light irradiation of the Pd(Il) complex mixture at 550 nm, a wavelength that
efficiently induces E—Z isomerisation in free ligand 3 (Figure 26), no change was
detected in the relative ratio of environments x and y (Figure 27). Moreover, no additional

signals indicative of new species were observed (Figure 27).

Additional irradiation experiments with 365 nm and 405 nm light produced no observable
changes in the 'H NMR spectra (Figure 27), consistent with Pd(II) coordination
suppressing photoswitching of 3. The potential effect of other wavelengths could be
examined in future in-situ "H NMR studies to account for rapid thermal relaxation of the

Pd(II) complexes.
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Figure 27. "H NMR spectra (500 MHz, CDsCN, 298 K) of ligand 3, its Pd(ll) complex, and the complex solution
following light irradiation with: 550 nm, 365 nm, and 405 nm (5 min each). Two distinct ligand environments
in the complex are labelled as x and y; their assignment to specific complexes remains unresolved. Signals
marked with an asterisk correspond to free ligand Z-3. Signals labelled M are tentatively attributed to

decomposition products of MeCN.['5

Although the precise assignment of ligand environments x and y to mono- versus bis-
ligated complexes remains uncertain, the results suggest that Pd(II) coordination
suppresses photoswitching of 3 under the conditions tested, as was also observed for
tridentate ligand 1. The greater steric bulk of ligand 3 compared to ligand 2 may further

contribute to the loss of photoresponsiveness in its complexes.

Having established the behaviour of ligand 3, attention then turned to ligand 4, which is
structurally related. The principal questions to address were whether ligand 4 would also
form both ML, and bis-ligated species, and whether its coordinated forms would similarly

exhibit complete suppression of photoresponsiveness upon light irradiation.
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4.4.3 Studies of derivative 4

Ligand 4 was synthesised following an azo coupling between 3,4,5-trimethoxyaniline and
quinolin-7-o0l, proceeding through in-sifu diazotisation, to give precursor 4°H (55-95%
yield). Subsequent O-methylation of 4°H with dimethyl sulfate, via an SN2 mechanism,

produced ligand 4 (15% yield) (Scheme 36).

1) 1 M HCI
1.0 equiv. NaNO,, 0 °C 10 .
. 2) 20 equiv. Na,CO3 U equiv.
1.0 equiv. N X X
NH> 1.0 equiv.m\ | P 1) 1.5 equiv. K,CO3 @\ )
N oH N OH  2)1.0 equiv. (CH;),80, N O
> N:N > N:N
\O O/ H,O,0°Ctor.t,68h DMF, r.t., 15h
55-95% 15%
O\
(0) @)
aoH 4 h

Scheme 36. Two step synthesis of ligand 4 via an azo coupling and subsequent methylation of 4°H,

The photoswitching behaviour of ligand 4, summarised in Scheme 37, was investigated
in acetonitrile at 25 °C by UV-vis and '"H NMR spectroscopy. The optimal wavelengths
for bidirectional switching were identified as 365 nm (E—Z) and 405 nm (Z—F) via in-
situ UV-vis measurements, as these produced the largest changes in the absorbance
spectrum (Figure 28). The UV-vis spectrum of the E-isomer (E£-4) displayed a strong
n—7n* absorption band centred at 335 nm (Figure 29a). Exposure to 405 nm light
decreased the band intensity, consistent with conversion to its Z-isomer (Z-4) (Figure
29a). The switching process was fully reversible over at least ten irradiation cycles with

no detectable photobleaching (Figure 29b), indicating good fatigue resistance.
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Scheme 37. E- and Z-isomer structures of ligand 4 upon irradiation with 365 nm light (E—Z, PSS 65% Z-4)
and 405 nm light (Z—E, PSS 76% E-4).

74



1.0 — Ambient
— 365 nm
— 405 nm
310 nm
325 nm
390 nm
450 nm
500 nm

550 nm

Absorbance [a.u.]

0.0+

I I
400 500 600
Wavelength [nm]

T
300

Figure 28. UV-vis spectra of ligand 4 (78 uM, CHsCN, 25 °C) before and after irradiation with different

wavelengths of light for 1 min each.
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Figure 29. (a) UV-vis spectra of ligand 3 (78 yM, CH3CN, 25 °C) under ambient light and after irradiation with
405 and 365 nm for 1 min, respectively. (b) UV-vis switching reversibility experiment of 4 (78 uM, CHsCN,
25 °C) showing absorbance at 350 nm after alternating light irradiation with 405 nm (30 s) and 365 nm (30 s),

respectively. No apparent photodegradation was observed over 10 switching cycles.

Thermal relaxation of Z-4 in the dark at 25 °C was monitored by UV-vis spectroscopy
(Figure 30), revealing a thermal half-life of 31h for the Z—F isomerisation in
acetonitrile. This value exceeds those measured for Z-1, Z-2, and Z-3 (t, = 3.7 h, 1.3 min,
and 29 min, respectively). The high thermal stability of Z-4 readily permits controlled
photoswitching experiments and ensures that the Z-isomer remains stable for subsequent

NMR analysis without the need for in-situ irradiation.
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Figure 30. Thermal relaxation of ligand 4 (78 uM, CHsCN, 25 °C). (a) UV-vis spectra of 4 measured every 1 h
in the dark after irradiating with 365 nm light. (b) Change in absorption (A: — Ax) - (Ao — Ax)~" plotted over

time t following thermal relaxation of 4 to provide its half-life, 7. = 31 h.

Determined by '"H NMR, irradiation with 365 nm light converted E£-4 to Z-4, achieving a
PSS of 65% Z-4 (Figure 31). Back-isomerisation of Z-4 to £-4 was achieved by irradiating
with 405 nm light, yielding a PSS of 76% E-4 (Figure 31). Interestingly, in contrast to
ligands 1-3, the Z-isomer of 4 was present in slightly higher amounts than its E-isomer
(47:53, E:Z). However, this does not necessarily indicate that Z-4 is intrinsically more
stable; the observed ratio is probably the result of partial photoisomerisation caused by
exposure to ambient light during sample handling, since standard non-amberised NMR

tubes were used.
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Figure 31. '"H NMR spectra (500 MHz, CDsCN, 298 K) of ligand 4 under ambient light, after irradiation with
365 nm light (10 min, PSS 65% Z-4), and after irradiation with 405 nm light (10 min, PSS 76% E-4). Signals

marked with an asterisk correspond to Z-4.

Having established the photoswitching behaviour of ligand 4, its coordination to Pd(II)
was next examined to determine whether metal complexation affects its photoresponsive

properties similarly to bidentate ligand 2 or ligand 3.

Whereas tridentate ligand 1 forms only a single ML complex, the bidentate nature of
ligand 4 permits multiple isomeric assemblies. Even when reacted with Pd(Il) in a 1:1
ligand-to-metal ratio, three complexes are possible: the monoligated Pd4 complex, and

the bis-ligated cis-Pd(4). and trans-Pd(4), isomers (Scheme 38).
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Scheme 38. A schematic representation of ligand 4 highlighting its two coordination sites: A = N-pyridine,
and B = N-azo. Reaction of ligand 4 with Pd(CHsCN)(BF4)2 under a 1:1 stoichiometry can theoretically yield

three products: the monoligated Pd4 complex and the bis-ligated cis-Pd(4). and trans-Pd(4)2 isomers.

Following the synthetic procedure established for Pd1, equimolar amounts of ligand 4
and Pd(CH3CN)4(BF4)2 were combined in CD3CN and heated at 40 °C. ESI" mass
spectrometry revealed four assignable peaks corresponding to [Pd+4-H],
[Pd + 4 — H + CH3CNJ", [Pd + (4)2]*", and [Pd + (4)> + BF4]" (Section 4.6.3, Figure 60).
Notably, in contrast to the Pd(Il) complex of bidentate ligand 2, ligand 4 clearly formed
a bis-ligated species detectable by mass spectrometry, reminiscent of the behaviour

observed for ligand 3.

Comparison of the '"H NMR spectra of free ligand 4 (E:Z=47:53) and the solution
following Pd(IT) (Figure 32) demonstrated complete consumption of free ligand 4 and the
emergence of two distinct ligand environments (x and y) in a 45:55 ratio. Based on the
mass spectrometry data showing both mono- and bis-ligated complexes (Section 4.6.3,
Figure 60), one environment can be assigned to Pd4 and the other to Pd(4),. The bis-
ligated complex displays a single ligand environment, which could correspond to either
a trans arrangement (C2 symmetry) or a cis arrangement (inversion centre). However, the

steric bulk introduced by the OMe groups favours the trans configuration, as a cis
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arrangement would bring these substituents into close proximity, resulting in
unfavourable steric interactions. Although the formation of trans-Pd(4). prevents a direct
structural comparison with Pd1, irradiation experiments can still assess whether ligand 4

retains its photoisomerisation capability when coordinated.
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Figure 32. "H NMR spectra (500 MHz, CDsCN, 298 K) of ligand 4, its Pd(ll) complex, and the complex solution
following light irradiation with: 365 nm and 405 nm (5 min each). Two distinct ligand environments in the
complex are labelled as x and y; their assignment to specific complexes remains unresolved. Signals marked
with an asterisk correspond to free ligand Z-4. Peaks marked with a question mark indicate unassigned

resonances. Signals labelled M are tentatively attributed to decomposition products of MeCN.[5%

Upon light irradiation of the Pd(I) complex mixture at 365 nm, a wavelength known to
efficiently induce E—Z isomerisation in free ligand 4 (Figure 31), no changes were
detected in the relative ratio of environments x and y, nor were any additional signals

indicative of new species were observed (Figure 32).
Additional irradiation of the Pd(IT) complexes with 405 nm light produced no observable

changes in the 'H NMR spectra (Figure 32), suggesting that photoswitching is suppressed

upon coordination. Future in-situ 'H NMR studies could: (i) establish whether other
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wavelengths induce isomerisation, and (ii) exclude the possibility of rapid thermal

relaxation of the Pd(II) complexes.

Although the precise assignment of ligand environments x and y to mono- versus bis-
ligated complexes remains uncertain, the results suggest that Pd(II) coordination
supressed photoswitching of 4 under the conditions tested, as was also observed for

tridentate ligand 1 and bidentate ligand 3.

4.5 Outlook and conclusion

This chapter examined the influence of metal coordination on the photoswitching
properties of azobenzene-based ligands, using a tridentate quinoline—azo—pyridine
scaffold (ligand 1) and its bidentate derivatives (ligands 2-4) as model systems. The free
ligands exhibited distinct photophysical behaviours, summarised in Table 1. The Z-isomer
PSS values where very similar across the series, differing by no more than 6% (65-71%
Z-L). In contrast, the E-isomer PSS values showed greater variation: ligands 1-3 all
exceeded 90% E-L, whereas ligand 4 was significantly lower at 76%. The most
pronounced differences, however, were observed in the thermal half-lives (measured in
acetonitrile at 25 °C), which spanned several orders of magnitude from 1.3 min to 31 h.
Despite no clear trend being identified, these results underscore the importance of

substitution pattern in tuning both switching efficiencies and Z-isomer stabilities.

Coordination to Pd(II) had a substantial effect on photoswitching. In the case of tridentate
ligand 1, complexation yielded a single, exclusively E-Pd1 species that was inert to
photoisomerisation across a wide range of wavelengths and temperatures. This complete
suppression of photoswitching is likely a consequence of direct azo (N=N) coordination
combined with the strong chelating effect of the tridentate ligand. Attempts to restore
light-responsiveness through competitive ligand binding (pyridine or bipyridine)
produced minor and irreversible spectral changes, with no conclusive evidence of E—Z

isomerisation.

In contrast, bidentate ligand 2 formed Pd(II) complexes featuring two distinct ligand
environments in solution. Preliminary "H NMR irradiation experiments suggest that some

degree of isomerisation may occur, however, the precise assignment of these two ligand
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environments remains unresolved and will require further structural (e.g., ROESY NMR)

and photochemical analysis (in-situ UV-vis).

Ligands 3 and 4 formed mixtures of mono-ligated (ML) and bis-ligated (ML>)
complexes, complicating direct structural and photochemical comparison to parent model
Pd1. Although the '"H NMR assignment of the mono- and bis-ligated complexes remains
uncertain, the key observation holds: Pd(II) coordination inhibits photoswitching of both
4 and 3, as was also observed for tridentate ligand 1. To enable cleaner comparisons in
the future, cis-protected Pd(IT) metal salts (e.g., cis-Pd(DPPP)(CH3CN)2(BF4)2) should be

tested to ensure the exclusive formation of ML, species with ligands 2-4.

Overall, these results show that Pd(II) coordination can either partially or completely
inhibit the photoswitching of azobenzene derivatives, with the extent of suppression
influenced by ligand denticity, donor arrangement, and substitution pattern. Across
ligands 1-4, the results indicated that direct N=N—metal coordination should be avoided
if preserving the photoswitching capacity is essential. This principle forms the basis for
larger light-responsive metal-ligand assemblies, which are explored in the subsequent
chapters. In these assemblies, the deliberate avoidance of azo—metal binding enables the

photoswitching behaviour to be preserved in more complex supramolecular systems.

Table 1. Summarised photoswitching properties of ligands 1-4 and their respective complexes in acetonitrile.

Ligand E-is(i %) Z-is(i %) 7 (298 K) ML, ML, Complex switching
1 920 67° 3.7h v n.d. n.d.
2 >99 69¢ 1.3 min v n.d. v
3 91¢ 714 29 min v v n.d.
4 76¢ 65¢ 31h v v n.d.

4310 nm; ® 390 nm; © 405 nm; ¢ 550 nm; € 365 nm; n.d. = not detected by 'H NMR and/or ESI".
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4.6 Experimental

4.6.1 General information

Reagents and materials. Commercial solvents and reagents were purchased from abcr,
Acros Organics, Alfa Aesar, BLD-Pharm, Merck, Sigma Aldrich, TCI, Thermo Fisher

Scientific, and used as received unless otherwise stated.

Schlenk techniques. Reactions involving air-sensitive reagents were conducted under an
argon atmosphere using standard Schlenk techniques. When moisture sensitivity was also

a concern, all glassware was thoroughly heat-dried before use.

Column chromatography. Flash column chromatography was performed using a
puriFlash 5.020 system (Interchim) equipped with PuriFlash 15 pum Si HP cartridges

(Interchim).

NMR spectroscopy. NMR spectra were recorded on Bruker spectrometers operating at
400 MHz, 500 MHz, or 700 MHz (Avance I 400, Avance I 500, Avance IIT HD Prodigy
500, Avance III HD Ascend 700). Chemical shifts (3, in ppm) are referenced to residual
solvent peaks: CDsCN ('H: 1.94 ppm, *C: 1.32 ppm) or DMSO-ds (‘H: 2.50 ppm, '*C:
39.52 ppm). Reported data include chemical shift, relative integral, multiplicity, coupling
constants (in Hz), and assignment. Multiplicities are abbreviated as follows: s, singlet; d,
doublet; t, triplet; m, multiplet. Spectra were processed (phase and baseline corrections,
integration, peak assignment) using MestReNova 14.2.1 (Mestrelab) and TopSpin 4.1.3

(Bruker BioSpin), with all operations manually verified to ensure fidelity to the raw data.

Mass spectrometry. High resolution mass spectra were acquired on an Orbitrap XL
instrument (Thermo Fischer Scientific) and analysed using XCalibur 4.2 software

(Thermo Fischer Scientific).

UV-vis spectroscopy. UV-vis absorption spectra were measured on a Cary 60
spectrometer (Agilent) equipped with a flash lamp and temperature-controlled cuvette
holder. Data analysis and visualisation were performed using Spectragryph (v1.2.16.1)

and GraphPad Prism (v8.0.2).
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Light sources. /n-situ illumination during NMR and UV-vis measurements were

conducted using Prizmatrix FC5-LED fibre collimated multichannel LED sources.

Additional NMR illumination experiments with 365 nm and 405 nm light were performed

using a custom-built portable light source incorporating commercial Nichia LED chips:

NCSU275(T)-U365 (1.8 W) for 365 nm and NVSU233B(T)-U405 (1,4 W) for 405 nm.

Table 2. Light output of fibre coupled LEDs.

A [nm] 310 325 365 390

405 430 450 500 550 655 white

Output power [mW]
(1 m optical fibre) 1 8.6 170 220

260 160 440 165 165 140 74

4.6.2 Photoswitching studies

NMR LED irradiation. This method was previously described by our group.’* The

following description was added here for convenience: “Portable, in-house built light

sources fitted with custom 3D-printed adapters were used to irradiate NMR samples.

After the irradiation was completed, the samples were promptly subjected to

measurement.”

Figure 33. LED illumination setup with USB-powered homemade light sources using commercial LED chips

with 3D-printed adaptors for 2 mL GC vials and 5 mm NMR tubes.™ Reproduced from 4, © 2025 The

Authors, published under CC BY 4.0 license. No changes were made.
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In-situ NMR irradiation. This method was adapted from literature!!6>!%31 and
previously described by our group.['® The following description was added here for
convenience: “An NMR sample tube was fitted with an insert tube made of quartz glass,
and a quartz glass optical fibre was pushed down into the insert. The end of this fibre was
non-terminated, and the exposed surface had been roughened to ensure even and
omnidirectional illumination. This construction was lowered into the NMR device using
an aluminium rod to avoid damage to the fibre. The other end of the optical fibre was
connected to a fibre-collimated LED light source so the sample could be irradiated inside

the spectrometer.”

Figure 34. NMR sample with quartz glass insert and optical fibre for in-situ illumination during NMR
experiments.l'84 Reproduced from 74, © 2025 The Authors, published under CC BY 4.0 license. No changes

were made.

In-situ irradiation (UV-vis). This method was previously described by our group.* The
following description was added here for convenience: “Samples were irradiated
perpendicularly to the measurement axis within the UV-vis spectrometer using optical
fibres connected to an LED light source. To facilitate the irradiation of the cuvettes
perpendicularly to the spectrometer's measurement axis, a hole matching the diameter of
the quartz glass fibre was drilled at the centre of the Teflon stopper used to seal the UV-
vis cuvettes. This configuration enabled the connection of an optical fibre to the cuvette,

allowing the irradiation of the samples from above.”
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Figure 35. UV-vis in-situ illumination setup showing fibre collimated LED-sources connected to the cuvette
with open (left) and closed measurement chamber (right).¥ Reproduced from 4, © 2025 The Authors,

published under CC BY 4.0 license. No changes were made.

Photostationary state determination. The PSS of each photoswitch was quantified by
"H NMR spectroscopy. In line with literature guidelines,!>!%] the PSS was calculated for
each compound by integrating two well-resolved, non-overlapping signals corresponding

to the same proton and using their relative areas.

Thermal half-life determination. Thermal Z— FE isomerisation kinetics were determined
by UV-vis absorption spectroscopy. Samples of each ligand were first irradiated with an
appropriate wavelength of light to generate a Z enriched PSS. The solutions were then
kept in the dark at 25 °C while spectra were recorded at defined time. For each compound,
the wavelength exhibiting the largest change in absorbance between the E- and Z-isomers
was selected for analysis. The absorbance values at this wavelength were normalised to
the initial spectrum and plotted against time (¢). The resulting decay curves were fitted to
a first-order exponential function (Equation 1) to obtain the rate constant (k), from which

the thermal half-life (7:;) was then calculated as 7, = In(2)/k.

; A—A -
Anormallsed — ft7f0 _ e kt (1)
AO —Awo

85



4.6.3 Synthesis

(E)-2-(quinolin-8-yldiazenyl) pyridine-3,5-diol (1°H)

1) 6 M HCI
1.1 equiv. NaNO,, 0 °C
2) 1 M NaOH
N OH 5 d
, 1.0 equiv. | bl X e
1.0 equiv. A > f
N1
X OH 5
| > °N
H,O,0°Ctort,1h
N 23% L_OH
NH, N”IIs
h NS
5 g
OH

Quinolin-8-amine (100.6 mg, 693.6 pmol, 1.0 equiv.) was dissolved in HC1 (6 M, 10 mL)
and placed in an ice bath. Pyridine-3,5-diol (77.1 mg, 693.6 pmol, 1.0 equiv.) was
dissolved in NaOH (1 M, 20 mL) and placed in an ice bath. NaNO» (52.6 mg, 763.0 umol,
1.1 equiv.) was dissolved in 0 °C H2O (5 mL) and added to the quinolin-8-amine solution.
Subsequently, the quinoline solution was added dropwise to the pyridine-3,5-diol
solution. A colour change from yellow to dark red was observed. After stirring for 1 h at
room temperature, NaOH (1 M, 35 mL) was added until pH 5 was reached. Brown solid
precipitated which was filtered through gravity filtration, washed with HCI (107 M,
100 mL) and left to dry in the filter for 48 h to yield the desired product as a dark brown
solid (42.48 mg, 159.5 pmol, 23%).

Ci14aH10N4O2  266.26 g/mol
Ry value (CH>Cl2/ MeOH 95:5 (v/v)) = 0.26

TH NMR (500 MHz, DMSO-ds, 298 K) 81 [ppm] = 6.54 (d, J = 2.6 Hz, 1H, H-g), 7.71
(dd, J= 8.3, 4.2 Hz, 1H, H-b), 7.78 (t, J= 7.9 Hz, 1H, H-¢), 8.01 (d, J = 2.6 Hz, 1H, H-
h), 8.06 (dd, J= 8.2, 1.3 Hz, 1H, H-d), 8.17 (dd, J = 7.7, 1.3 Hz, 1H, H-f), 8.51 (dd, J =
8.4, 1.7 Hz, 1H, H-c), 9.06 (dd, J=4.2, 1.7 Hz, 1H, H-a).

13C NMR (126 MHz, DMSO-ds, 298 K) 8¢ [ppm] = 110.2 (C-g), 114.3 (C-f), 123.1 (C-
b), 127.6 (C-¢), 129.1 (C-d), 137.0 (C-c), 137.5 (C-h), 139.9 (C-2), 140.9 (C-1), 141.2
(C-3), 142.7 (C-4), 150.8 (C-5), 151.5 (C-a), 159.6 (C-6).

HRMS (ESI"): m/z (relative intensity) = 267.0873 (100%, [M+Na"], caled 267.0977).
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(E)-8-((3,5-dimethoxypyridin-2-yl) diazenyl) quinoline (1)

c ,d
X b \2 e
l N/ 1) 5.0 equiv. K,CO3 a l N/ f
2) 2.4 equiv. (CH3),S04 173
1.0equiv.  Ney - Nen
DMF, r.t.,, 19 h 4
N iIX~h
6
OH (O

Under an argon atmosphere, 1°H (102.0 mg, 383.1 umol, 1.0 equiv.) and dry K>COs
(264.9 mg, 1.917 mmol, 5.0 equiv.) were dissolved in dry DMF (18 mL) and stirred for
15 min. Dimethyl sulfate (115.7 mg, 917.3 ummol, 2.4 equiv.) was then added, and the
mixture was stirred overnight (19 h) at ambient temperature. Then, H,O (2 mL) was
added, and the mixture was filtered through a celite plug using acetone (~20 mL). After
the removal of acetone under reduced pressure, the remaining mixture was extracted with
CH2Cl> (3 x 15 mL), the combined organic layers were washed with brine (3 x 10 mL)
and dried over Na;SOj4. Residual solvents were removed under reduced pressure and the
residue was subjected to column chromatography (DCM/iPrOH, 100/0 (v/v) to
DCM/iPrOH, 0/100 (v/7v)). (E)-8-((3,5-dimethoxypyridin-2-yl) diazenyl) quinoline 1 was
isolated as a yellow-brown solid (16.91 mg, 57.46 umol, 15%).

Ci6H14aN4O2  294.31 g/mol
Rr value (CH2Cl>/ iPrOH 95:5 (v/v)) = 0.22

TH NMR (500 MHz, CDsCN, 298 K) 8y [ppm] = 3.98 (s, 3H, H-i), 4.03 (s, 3H, H-g),
7.18 (d,J=2.5 Hz, 1H, H-h), 7.59 (dd, J = 8.3, 4.1 Hz, 1H, H-b), 7.67 (s, 1H, H-f), 7.68
(d, J=12.9 Hz, 1H, H-¢), 7.91 (d, J = 2.5 Hz, 1H, H-j), 8.07 (m, 1H, H-d), 8.38 (dd, J =
8.3, 1.7 Hz, 1H, H-c), 9.03 (dd, J = 4.2, 1.8 Hz, 1H, H-a).

13C NMR (126 MHz, CD;CN, 298 K) 8¢ [ppm] = 57.2 (C-g), 57.2 (C-i), 107.4 (C-h),
116.5 (C-f), 123.1 (C-b), 127.6 (C-¢), 128.7 (C-j), 130.2 (C-2), 131.8 (C-d), 137.2 (C-c),
145.3 (C-3), 147.4 (C-5), 151.5 (C-1), 152.1 (C-a), 155.7 (C-4), 160.4 (C-6).

HRMS (ESI"): m/z (relative intensity) = 295.1185 (100%, [M+Na'], caled 295.1195).
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(E)-4-(quinolin-8-yldiazenyl) benzene-1,3-diol (2°H)

1) 6 M HCI
1 1 equiv. NaNO,, 0 °C
) 1 M NaOH
OH
) 1.0 equiv. b \ e
1.0 equiv. f
N 1
| S
N/ H,0, 0 %1t?/rt 15h : 4 OH
NH, ° 5
h
5 g

OH

Quinolin-8-amine (100.5 mg, 693.6 umol, 1.0 equiv.) was dissolved in HC1 (6 M, 10 mL)
and placed in an ice bath. Separately, resorcinol (77.9 mg, 693.6 umol, 1.0 equiv.) was
dissolved in NaOH (1 M, 20 mL) and placed in an ice bath. NaNO; (52.6 mg, 763.0 pmol,
1.1 equiv.) was dissolved in 0 °C water (5 mL) and added to the quinolin-8-amine
solution. Subsequently, the quinoline solution was added dropwise to the resorcinol
solution. A colour change from pale green to dark red was observed. After stirring for
1.5 h at ambient temperature, NaOH (1 M, 35 mL) was added until pH 5 was reached.
Red solid precipitated which was filtered through gravity filtration, washed with HCI
(10 M, 100 mL) and left to dry in the filter for 48 h to yield the desired product 2°H as
a dark yellow-brown solid (112.2 mg, 423.1 pmol, 61%).

CisHiuN3O2  265.27 g/mol
Ry value (CH2Cl>2/ MeOH 95:5 (v/v)) = 0.30

TH NMR (500 MHz, DMSO-ds, 298 K) 8u [ppm] = 6.28 (ddt, J = 6.3, 4.2, 2.3 Hz, 1H,
H-g), 6.53 (dd, J=9.0, 2.5 Hz, 1H, H-h), 7.72 (s, 1H, H-1), 7.77 — 7.84 (m, 2H, H-b, H-
d), 8.11 (d, /= 7.2 Hz, 1H, H-e), 8.23 (d, J= 8.5 Hz, 1H, H-c), 8.66 (s, 1H, H-), 9.11 (d,
J=6.4Hz, 1H, H-a).

13C NMR (126 MHz, DMSO-ds, 298 K) 8¢ [ppm] = 103.6 (C-g), 111.6 (C-h), 115.1 (C-
¢), 122.6 (C-b), 127.1 (C-i), 127.5 (C-d), 128.6 (C-2), 128.8 (C-¢), 133.9 (C-4), 138.4 (C-
f), 139.6 (C-3), 141.9 (C-1), 150.1 (C-a), 163.8 (C-5), 165.2 (C-6).

HRMS (ESI"): m/z (relative intensity) = 266.0924 (100%, [M+Na"], calcd 266.0924).
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(E)-8-((2,4-dimethoxyphenyl) diazenyl) quinoline (2)

c d

B 00
N/ 1) 5.0 equiv. K;CO4 a N/ f
2) 2.4 equiv. (CH3),S0, 173
> N.

1.0 equiv. Nay

N
acetone, 40 °C, 20 h 4
j h
"6

OH o

Under an argon atmosphere, 2°H (250.0 mg, 942.4 umol, 1.0 equiv.) and dry K>COs
(122.1 mg, 884.0 umol, 1.5 equiv.) were dissolved in dry acetone (18 mL) and stirred for
15 min. Dimethyl sulfate (292.6 mg, 2.320 mmol, 2.5 equiv.) was added and the mixture
was stirred overnight (20 h) at 40 °C. Then, H>O (2 mL) was added, and the mixture was
filtered through a celite plug using acetone. After the removal of acetone under reduced
pressure, the remaining aqueous phase was extracted with EtOAc (3 x 15 mL), the
combined organic layers were washed with brine (3 x 10 mL) and dried over Na>SOs.
Residual solvents were removed under reduced pressure and the residue was subjected to
column chromatography (CH>Cl/iPrOH, 100/0 (v/v) to CH2Cl2/iPrOH, 90/10 (v/v)).
Since purification was not achieved, the sample was further purified via high pressure
liquid chromatography with an isocratic eluent mixture of CH3CN and H2O ((v/v),
CH3CN/H20, 45/55) over 30 min with a flow rate of 15 mL/min and a pressure of 152 bar.
UV detection at 380 nm was used. (E)-8-((2,4-dimethoxyphenyl)-diazenyl) quinoline 2

was isolated as an orange solid (5.5 mg, 18.85 umol, 2%).

Ci7H15N302  293.33 g/mol
Rr value (cyclohexane / EtOAc 1:1 (v/v)) =0.22

TH NMR (500 MHz, CDsCN, 298 K) 8u [ppm] = 3.90 (s, 3H, H-g), 4.00 (s, 3H, H-i),
6.63 (dd, J = 8.9, 2.6 Hz, 1H, H-j), 6.74 (d, J = 2.5 Hz, 1H, H-h), 7.56 (dd, J = 8.3, 4.1
Hz, 1H, H-b), 7.61 (dd, J = 7.4, 1.6 Hz, 1H, H-f), 7.65 (t, J= 7.7 Hz, 1H, H-¢), 7.72 (d, J
=9.0 Hz, 1H, H-k), 8.00 (dd, J= 7.9, 1.6 Hz, 1H, H-d), 8.34 (dd, /= 8.3, 1.8 Hz, 1H, H-
¢), 9.01 (dd, J=4.1, 1.8 Hz, 1H, H-a).
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3C NMR (126 MHz, CDsCN, 298 K) &c [ppm] = 56.6 (C-g), 57.0 (C-i), 100.1 (C-h),
107.2 (C-j), 116.9 (C-f), 119.1 (C-k), 122.9 (C-b), 127.6 (C-¢), 130.1 (C-d), 130.8 (C-1),

137.1 (C-c), 138.5 (C-4), 145.0 (C-2), 151.2 (C-a), 151.8 (C-3), 160.3 (C-5), 165.3 (C-
6).

HRMS (ESI"): m/z (relative intensity) = 294.1235 (100%, [M+H"], calcd 294.1242).
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(E)-8-((2,4,6-trimethoxyphenyl) diazenyl) quinolin-7-ol (3°H)

1)1 M HCI
NaNO, (1.0 equiv.), 0 °C
1.0 equiv. 2) Na,COj (20.0 equiv. b 2 e
N I
.0 equiv. a
0 N N7 OH N 14 OH
- :N
H20,0°Ctort, 22 h o. J5 o
O\ 90% g \©% ~9
h
7
SN

2,4,6-trimethoxyaniline (198.1 mg, 1.081 mmol, 1.0 equiv.) was dissolved in HCI (1 M,
5.5. mL) and was left cooling at 0 °C for 15 min. A solution of NaNO> in HO (1 mL)
was added dropwise to the 2,4,6-trimethoxyaniline containing solution and was left
stirring at 0 °C for 30 min. Meanwhile, Na,COs3 (2.309 g, 21.79 mmol, 20.0 equiv.) and
7-hydroxyquinoline (158.0 mg, 1.082 mmol, 1.0 equiv.) were dissolved in H>O (12 mL)
and left to stir at 0 °C. After 30 min, 2,4,6-trimethoxyaniline solution was added to the 7-
hydroxyquinoline containing solution and an immediate colour change from yellow to
red was observed. The solution was left stirring at ambient temperature for 22 h. To
quench the reaction, HCI (6 M, 4 mL) was added to the reaction mixture until pH 7 was
reached. The reaction mixture was extracted with CH>Cl> (4 x 15 mL) and the organic
layers were washed with brine (4 x 15 mL). The combined organic phases were dried over
Na»SOs4 and the residual solvent was removed under reduced pressure. The product 301

was obtained as a red powder (332.5 mg, 972.6 pumol, 90%).

CisH17N304  339.35 g/mol
Rr value (CH>Cl> / MeOH 95:5 (v/v)) = 0.39

H NMR (500 MHz, DMSO-ds, 298 K) 8u [ppm] = 3.90 (s, 3H, H-i), 3.92 (s, 6H, H-g),
6.46 (s, 2H, H-h), 7.10 (d, J= 9.2 Hz, 1H, H-¢), 7.42 (dd, J = 8.0, 4.3 Hz, 1H, H-b), 7.91
(d, J=9.2 Hz, 1H, H-d), 8.21 (dd, J = 7.9, 1.8 Hz, 1H, H-c), 8.85 (dd, J = 3.8, 1.4 Hz,
1H, H-a), 16.41 (s, 1H, H-D).

13C NMR (126 MHz, DMSO-ds, 298 K) ¢ [ppm] = 55.6 (C-i), 56.6 (C-g), 92.3 (C-h),
119.0 (C-5), 119.7 (C-b), 122.1 (C-2), 123.6 (C-¢), 130.8 (C-4), 135.0 (C-d), 135.9 (C-c),
146.9 (C-1), 150.5 (C-a), 154.7 (C-6), 161.7 (C-7), 163.4 (C-3).

HRMS (ESI"): m/z (relative intensity) = 340.1288 (100%, [M+Na"], calcd 340.1292).
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Figure 44. '"H NMR spectrum (500 MHz, DMSO-ds, 298 K) of 3°H, Signals with an asterisk correspond to
Z-3OM,
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Figure 45. '3C NMR spectrum (126 MHz, DMSO-ds, 298 K) of 3°H. Signals with an asterisk correspond to
Z-3°M,

96



(E)-7-methoxy-8-((2,4,6-trimethoxyphenyl) diazenyl) quinoline (3)

c d
| A bl \2 e
P 1)5.0 equiv. Ag,0 al. 2 S f
N OH 2) 5.0 equiv. CHs| N"17Y2 ©
1.0equiv. NN oo Nay
6 g
h
7
(ONg O\

Under an argon atmosphere, 3°H (49.90 mg, 147.3 umol, 1.0 equiv.) and Ag>O (170.6 mg,
736.7 umol, 5.0 equiv.) were dissolved in dry DMF (8 mL) and stirred for 10 min. Methyl
iodide (104.6 mg, 736.7 umol, 5.0 equiv.) was added and the mixture was stirred
overnight (20 h) at 40 °C. The reaction mixture was filtered through a celite plug with
acetone. After the removal of acetone and methyl iodide under reduced pressure, the
residue was dissolved in H.O (5 mL) and CH2Clz> (15 mL). The aqueous phase was
extracted with CH2Clz (3 x 15 mL), the combined organic layers were washed with brine
(3x 10 mL) and dried over Na;SOs. Residual solvents were removed under reduced
pressure and the residue was subjected to column chromatography (silica gel, see Table 3
for solvent specifications). (E)-7-methoxy-8-((2,4,6-trimethoxyphenyl) diazenyl)
quinoline 4 was isolated as a red-brown solid (5.210 mg, 14.37 umol, 10%).

Table 3. Solvent mixtures used to purify 3 via flash column chromatography.

Column volume Cyclohexane CH:CL: EtOAc i-PrOH

0 80 0 20 0
12 20 10 70 0
18 0 10 70 20
22 0 10 0 90

Ci9H19N304  353.38 g/mol
Rr value (cyclohexane / EtOAc 1:1 (v/v)) = 0.28

TH NMR (500 MHz, DMSO-ds, 298 K) &u [ppm] = 3.77 (s, 6H, H-g), 3.88 (s, 3H, H-f),
3.89 (s, 3H, H-i), 6.39 (s, 2H, H-h), 7.39 (dd, J = 8.3, 4.1 Hz, 1H, H-b), 7.64 (d, J=9.1
Hz, 1H, H-d), 7.94 (d, J=9.1 Hz, 1H, H-¢), 8.33 (dd, J= 8.3, 1.8 Hz, 1H, H-c), 8.75 (dd,
J=4.1,1.8 Hz, 1H, H-a).
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13C NMR (126 MHz, DMSO-ds, 298 K) 8¢ [ppm] = 55.6 (C-i), 56.1 (C-g), 56.8 (C-9),
91.5 (C-h), 115.5 (C-d), 119.4 (C-b), 123.1 (C-2), 127.2 (C-¢), 127.2 (C-5), 135.6 (C-c),
138.9 (C-4), 140.9 (C-1), 148.7 (C-3), 150.7 (C-a), 154.7 (C-6), 162.0 (C-7).

HRMS (ESI'): m/z (relative intensity) = 354.1433 (80%, [M+H] *, caled 354.1448),
533.2031 (100%, [M+CoH 0NOs]", 533.2030).

chemicd shift[ppm]

Figure 46. '"H NMR spectrum (500 MHz, DMSO-ds, 298 K) of 3.
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Figure 47. *C NMR spectrum (126 MHz, DMSO-ds, 298 K) of 3.
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(E)-8-((3,4,5-trimethoxyphenyl) diazenyl) quinolin-7-ol (4°H)

1) 1 M HCI
1.0 equiv. NaNO,, 0 °C 4
1.0 equiv. 2) 20 equiv. Na,CO3 b 0\2 o
\ |
NH; 1.0 equi m\ (D\?’ f
.0 equiv. a
N oH N“1Y4 OH
v N:N
~0 o~ H,0,0°Ctor.t,68h 5
o 55% g
> ~ & _n
0" o
O

i
3.,4,5-trimethoxyaniline (500 mg, 2.73 mmol, 1.0 equiv.) was dissolved in HCI (1 M,
14.8 mL) and was left cooling at 0 °C for 20 min. A solution of NaNO; (189.0 mg,
2.73 mmol, 1.0 equiv.) in H>2O (1 mL) was added dropwise to the 3,4,5-trimethoxyaniline
solution and was left stirring at 0 °C for 30 minutes. Meanwhile, Na,COs (5.79 g,
54.58 mmol, 20.0 equiv.) and 7-hydroxyquinoline (396.2 mg, 2.73 mmol, 1.0 equiv.)
were dissolved in H,O (30 mL) and were left to stir at 0 °C. After 30 min, the 3,4,5-
trimethoxyaniline solution was slowly added to the 7-hydroxyquinoline solution and a
colour change from yellow to red was immediately observed. The solution was left
stirring at ambient temperature for 29 h. To quench the reaction, HCI (6 M, 25 mL) was
added to the reaction mixture and a red solid was formed at pH 7. The solid was washed
with H>O (40 mL). The aqueous phase was extracted with CH>Cl> (4 x 20 mL) and brine
(4 x 20 mL). The organic phase was dried over Na>SO4 and the residual solvent was
removed under reduced pressure to yield the desired product 4°M as a dark red solid

(509.4 mg, 1.50 mmol, 55%).

CisH17N304  339.35 g/mol

Rr value (CH2Cl2 / MeOH 95:5 (v/v)) =0.19

TH NMR (500 MHz, DMSO-ds, 298 K) 8u [ppm] = 3.76 (s, 4H, H-i), 3.91 (s, 8H, H-h),
7.18 (d,J=9.3 Hz, 1H, H-e), 7.33 (s, 2H, H-g), 7.50 (dd, J = 8.0, 4.5 Hz, 1H, H-b), 8.02
(d, J=9.3 Hz, 1H, H-d), 8.28 (d, /= 7.9 Hz, 1H, H-c), 8.93 (s, 1H, H-a), 15.72 (m, 1H,
H-f).

13C NMR (126 MHz, DMSO-ds, 298 K) 8¢ [ppm] = 56.2 (C-h), 60.3 (C-i), 98.3 (C-g),
120.6 (C-b), 122.8 (C-1), 123.2 (C-¢), 129.9 (C-4), 136.5 (C-d), 136.7 (C-c), 139.0 (C-
7), 142.9 (C-5), 146.8 (C-2), 151.2 (C-a), 153.7 (C-6), 163.5 (C-3).

HRMS (ESI"): m/z (relative intensity) = 340.1288 (100%, [M+H"], calcd 340.1292).
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Figure 48. 'H NMR spectrum (500 MHz, DMSO-ds, 298 K) of 4°H. Signals with an asterisk correspond to
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(E)-7-methoxy-8-((3,4,5-trimethoxyphenyl) diazenyl) quinoline (4)
c,d

» oINS
P 1) 1.5 equiv. K.CO3 a2 S _f
N OH " 2)1.0equiv. (CHs),80, N 1714 O
> .

1.0 equiv. Nay

DMF, r.t.,, 15h
15%
\O O/ \O 2 O/h

(O O..
i

'Z
<_’_IZ
(S2)(e]

Under an argon atmosphere, 4°H (200 mg, 589.4 pumol, 1.0 equiv.) and dry K>COs3
(122 mg, 884.0 umol, 1.5 equiv.) were dissolved in dry DMF (13 mL) and stirred for
15 min. Dimethyl sulfate (731.5 mg, 5.894 mmol, 10.0 equiv.) was added and the mixture
was stirred overnight (15 h) at ambient temperature. HoO (2 mL) was added and the
reaction mixture was then extracted with EtOAc (3 x 15 mL), the combined organic
layers were washed with brine (3 x 10 mL) and dried over Na;SO4. Residual solvents
were removed under reduced pressure and the residue was subjected to column
chromatography (silica gel, see Table 4 for solvent specifications). (E£)-7-methoxy-8-
((3,4,5-trimethoxyphenyl) diazenyl) quinoline 4 was isolated as a red solid (31.22 mg,
88.40 umol, 15%).

Table 4. Solvent mixtures used to purify 4 via flash column chromatography.

Column volume Cyclohexane EtOAc i-PrOH
0 40 60 0
5 25 75 0
8 0 80 20
10 0 50 50

CioH19N304  353.38 g/mol
Rr value (Cyclohexane / EtOAc 8:2 (v/v)) = 0.45

TH NMR{ (700 MHz, CD3CN, 298 K) 8y [ppm] = 3.43 (s, 6H, H-h*), 3.55 (s, 3H, H-i*),
3.83 (s, 3H, H-f*), 3.85 (s, 3H, H-i), 3.92 (s, 6H, H-h), 3.94 (s, 3H, H-f), 6.19 (s, 2H, H-
g*), 7.26 (s, 2H, H-g), 7.34 (dd, J = 8.6, 4.5 Hz, 1H, H-b*), 7.34 (d, J = 8.6, 1H, H-d*),
7.37 (dd, J=8.3,4.1 Hz, 1H, H-b), 7.61 (d,J= 9.1 Hz, 1H, H-d), 7.76 (d, /= 9.1 Hz, 1H,
H-e*), 7.93 (d, J= 9.1 Hz, 1H, H-¢), 8.17 (dd, J = 8.3, 1.8 Hz, 1H, H-c*), 8.26 (dd, J =
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8.3, 1.8 Hz, 1H, H-c), 8.76 (dd, J=4.1, 1.8 Hz, 1H, H-a), 8.82 (dd, J=4.2, 1.7 Hz, 1H,
H-a*).

BC NMRf (126 MHz, CD3CN, 298 K) éc [ppm] = 55.5 (C-h*), 55.9 (C-h), 56.0 (C-f*),
56.7 (C-f), 59.7 (C-i*), 60.1 (C-i), 96.1 (C-g*), 100.2 (C-g), 114.0 (C-d*), 115.2 (C-d),
119.7 (C-b), 119.7 (C-b*), 123.1 (C-2), 123.6 (C-2%), 127.5 (C-e*), 128.1 (C-¢), 135.8
(C-6%), 135.9 (C-c), 135.9 (C-c*), 136.7 (C-5%), 138.4 (C-1), 138.4 (C-1%*), 139.9 (C-4%),
141.1 (C-6), 141.5 (C-5), 145.1 (C-3%), 148.8 (C-4), 149.2 (C-3),151.4 (C-a), 151.4 (C-
a*), 152.7 (C-7%), 153.8 (C-7).

HRMS (ESI"): m/z (relative intensity) = 354.1449 (100%, [M+H"], calcd 354.1448).
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Figure 50. 'H NMR spectrum (700 MHz, CDsCN, 298 K) of 4. Signals with an asterisk correspond to Z-4.

+ Both E- and Z-isomers were assigned in the '"H and '3C NMR, the signals with an

asterisk correspond to the Z-isomer of 4.
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Figure 51. '*C NMR spectrum (126 MHz, CDsCN, 298 K) of 4. Signals with an asterisk correspond to Z-4.
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Complex Pd1

2+
| ~ l ~

\ BF
N/ N/ (BF4)2

1.1 equiv. Pd(CH3CN)4(BF4),

N. N.
1.0 equiv. N W pld/ °N
oL ) AP GANOL
"@/ 40°C, 16 h MeCN N7
NS NS
(ONg O«

Ligand 1 (2.9 mg, 9.85 pmol, 1.0 equiv.) was dissolved in CD3;CN (0.6 mL), followed by
the addition of PA(CH3CN)4(BF4)2 (4.8 mg, 10.84 pmol, 1.1 equiv.). The resulting dark
red solution was stirred at 40 °C for 16 h, after which it was allowed to cool to ambient

temperature. The sample was then used for analysis without further purification.

[PA(Ci6H14N4O2)(CH3CN)](BF4)2  615.05 g/mol

TH NMR (500 MHz, CDsCN, 298 K) 8y [ppm] = 4.20 (s, 3H, H-i), 4.29 (s, 3H, H-g),
7.49 (d,J = 2.4 Hz, 1H, H-h), 7.91 (dd, J= 8.6, 5.4 Hz, 1H, H-b), 7.93 (d, J=2.4 Hz, 1H,
H-j), 7.96 (t, J = 8.0 Hz, 1H, H-¢), 8.43 (d, J = 8.1 Hz, 1H, H-d), 8.48 (d, J= 7.9 Hz, 1H,
H-f), 8.87 (dd, J= 5.2, 1.3 Hz, 1H, H-a), 8.91 (dd, J = 8.5, 1.3 Hz, 1H, H-c).

13C NMR (126 MHz, CD3CN, 298 K) 8¢ [ppm] = 60.1 (C-i), 60.4 (C-g), 109.9 (C-h),
122.6 (C-f), 125.8 (C-b), 131.2 (C-e), 132.4 (C-3), 135.9 (C-d), 139.9 (C-)), 143.5 (C-c),
146.8 (C-1), 150.0 (C-2), 150.2 (C-4), 155.4 (C-a), 162.6 (C-5), 166.4 (C-6).

HRMS (ESI'): m/z (relative intensity) = 426.0207 (70%, [Pd + 1 + CNJ', caled
426.0182), 436.9842 (100%, [Pd + 1 + CI]", calcd 436.9832).
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Figure 52. 'H NMR spectrum (500 MHz, CDsCN, 298 K) of Pd1.
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Figure 53. '*C NMR spectrum (126 MHz, CDsCN, 298 K) of Pd1.
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Figure 54. High-resolution ESI* mass spectrum (CHsCN) of (a) complex sample Pd1, (b) experimental and

calculated isotope pattern of [Pd + 1 + CNJ]*, and (c) zoom-in of (a).
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Complex Pd2

X X 2+
| \? l N (BF4)2
I /N:N

1.1 GQUiV. Pd(CHgCN)4(BF4)2

N;
10equiv. N —
q - CDACN MeCN—Fd o
40°C, 16 h MeCN
(ONQ ON

Ligand 2 (2.58 mg, 8.8 umol, 1.0 equiv.) was dissolved in CD3CN (0.6 mL) followed by
the addition of PA(CH3CN)4(BF3)2 (4.3 mg, 9.68 pmol, 1.1 equiv.). The resulting dark red
solution was stirred at 40 °C for 16 h, after which it was allowed to cool to ambient
temperature. The sample was then used for analysis without further purification. Note that
no 'H NMR assignments could be made and no signals were observed in the 3*C NMR

due to low concentrations. See Section 4.4.1 for more information.

[PA(C17H15N302)(CH3CN)2](BF4)2  655.08 g/mol

HRMS (ESI"): m/z (relative intensity) = 425.0225 (100%, [Pd + 2 + CNJ', caled
425.0230), 439.0375 (60%, [Pd + 2 — H + CH:CNT", calcd 439.03808).
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Figure 55. '"H NMR spectrum (500 MHz, CDsCN, 298 K) of Pd2. See Section 4.4.1 for signal interpretations.
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Figure 56. High-resolution ESI* mass spectrum (CH3sCN) of (a) complex sample Pd2, and (b) experimental
and calculated isotope pattern of [Pd + 2 + CN]*.
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Complexes Pd3 & Pd(3)

1.0 equiv. 24 2+
~ = \ BF \ \ BF
| _ 1.1 equiv. | \ o (BF4)2 | S (BF4)2
N 0" Pd(CH3CN)4(BF,), 7 .
N:N W MeCN- Pd R
3 MeCN /Pd
14

trans-Pd(3),
Ligand 3 (1.5 mg, 4.64 pmol, 1.0 equiv.) was dissolved in CD3CN (0.6 mL) followed by
the addition of PA(CH3CN)4(BF4)2 (2.1 mg, 5.10 umol, 1.1 equiv.). The resulting dark red
solution was stirred at 40 °C for 16 h, after which it was allowed to cool to ambient
temperature. The sample was then used for analysis without further purification. Note that
no '"H NMR assignments could be made and no signals were observed in the *C NMR

due to low concentrations. See Section 4.4.2 for more information.

[PA(C19H19N304)(CH3CN)2](BF4)2  715.10 g/mol
[PA(Ci9H19N304)2](BF4),  986.18 g/mol

HRMS (ESI"): m/z (relative intensity) = 406.0915 (65%, [Pd + (3)2]*", calcd 406.0888),
485.0473 (100%, [Pd + 3 + CN]", calcd 485.0442), 899.1869 (20%, [Pd + (3)2 + BF4]",
calcd 899.1810).
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Figure 57. '"H NMR spectrum (500 MHz, CD3sCN, 298 K) of Pd3 and Pd(3).. See Section 4.4.2 for signal

interpretations.
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Figure 58. High-resolution ESI* mass spectrum (CHsCN) of (a) complex sample Pd3 and Pd(3)2, and (b)

experimental and calculated isotope pattern of [Pd + 3 + CNJ]*.
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Complexes Pd4 & Pd(4):

1.0 equiv. 2+
A S
| j B _ \ (BF4)2
N

1.1 equiv.
Pd(CH3CN)4(BF4)2

I .
Nay —_—— MeCN-Rd/N‘N +

CDsCN MeCN

40°C, 16 h
N v ~ v
° © © °

ON
Pd4

i R(\/@\ (BF4)2

N
N/P{j/

pos Rﬁ}

trans-Pd(4

Ligand 4 (2.2 mg, 6.23 pmol, 1.0 equiv.) was dissolved in CD3CN (0.6 mL) followed by
the addition of PA(CH3CN)4(BF4)2 (3.0 mg, 6.85 umol, 1.1 equiv.). The resulting dark red

solution was stirred at 40 °C for 16 h, after which it was allowed to cool to ambient

temperature. The sample was then used for analysis without further purification. Note that

no 'H NMR assignments could be made and no signals were observed in the ?*C NMR

due to low concentrations. See Section 4.4.3 for more information.

[PA(C19H19N304)(CH3CN)2](BF4)2  715.10 g/mol

[PA(C19H19N304)2](BFs)2  986.18 g/mol

HRMS (ESI"): m/z (relative intensity) = 406.0887 (80%, [Pd + (4).]*, calcd 406.0888),
459.0405 (5%, [Pd + 4]", calcd 459.0410), 499.0601 (100%, [Pd + 4 — H + CH3CN]",
calcd 499.0599), 899.1825 (45%, [Pd + (4)2 + BF4]", caled 899.1810).
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Figure 59. '"H NMR spectrum (500 MHz, CDsCN, 298 K) of Pd4 and Pd(4).. See Section 4.4.3 for signal

interpretations.
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Figure 60. High-resolution ESI* mass spectrum (CHsCN) of (a) complex sample Pd4 and Pd(4)z, and (b)

experimental and calculated isotope pattern of [Pd + 4 — H + CH3sCN]J*.
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5. Photoswitching of Co(ll)-based coordination cages

containing azobenzene backbones

Max B. Tipping, Lidon Prufionosa Lara, Atena B. Solea, Larissa K.S. von Krbek, and
Michael D. Ward

Chem. Sci., 2024, 15, 8488-8499.

The article was submitted on 6 March 2024 and was first published in Chemical Science
on 3 May 2024. An electronic version is available at DOI: 10.1039/D4SC01575D.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
Material from this publication is reused in accordance with Royal Society of Chemistry

guidelines, with appropriate acknowledgement.

5.1 Project summary

Self-assembled metal-organic cages, as described in Section 2.4, represent a versatile
class of supramolecular architectures capable of dynamic behaviour in response to
external stimuli.®] Amongst the possible stimuli employed, light is particularly
advantageous for its ability to provide precise, reversible, and non-invasive control over

(13 Incorporating photoswitchable units, such as those introduced

structure and function.
in Section 2.1, into cage-forming ligands is an attractive design strategy for making light-
responsive assemblies, as it directly couples molecular photoisomerisation with
supramolecular self-assembly.[? The ability of these systems to undergo reversible
changes in their structure and guest-binding properties has made them a focal point in the

development of responsive supramolecular architectures.!'¥]

A central challenge in designing such systems is ensuring that photoisomerisation at the
molecular-level reliably induces well-defined changes in the overall structure. As
demonstrated by McConnell, Herges and co-workers (see Section 2.4), even subtle
variations in ligand substitution patterns, e.g. meta versus para connectivity, can
significantly influence coordination vectors and, consequently, the resulting architectures
formed.” These effects are further amplified when combined with light-induced
configurational changes, leading to systems with orthogonal assembly preferences that

respond selectively to irradiation.
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Azobenzene, a well-established molecular photoswitch introduced in Section 2.4.1,
undergoes controllable and reversible £/Z isomerisation in response to light, resulting in
distinct structural transformations.!'>*%] Modifications to the azobenzene backbone allow
the fine-tuning of electronic properties and coordination geometry through changes in
ligand orientation and bite angles, making azobenzenes an ideal scaffold for investigating

how photoinduced changes in ligand structure trigger supramolecular reorganisation.

Herein, we report how changes in coordination vectors arising from both
photosiomerisation (E- versus Z-configuration) and ligand regioisomerism (meta versus

para connectivity) impact the self-assembly of Co(Il)-based cages.

In this project, photoswitchable azobenzene units were incorporated as spacers within
ditopic bridging ligands to enable light-induced modulation of ligand geometry. Two
regioisomeric ligands were synthesised, each bearing two pyrazolyl-pyridine
coordination sites linked by an azobenzene backbone. In ligand L?, the donor units are
connected at the para position relative to the N=N azo bridge, whereas in ligand L™ they
are attached at the meta position (Scheme 39). As expected for azobenzenes, both ligands
undergo reversible £/Z isomerisation: the thermodynamically stable E-isomer converts to
the metastable Z-form upon irradiation with UV light (340 nm), and the reverse process
occurs under blue light (450 nm) or via thermal relaxation. These two ligands therefore

provided distinct coordination vectors, leading to structurally diverse, light-responsive

assemblies.
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Scheme 39. Light-induced isomeric forms of ligands L? and L™ with associated PSS compositions.
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The self-assembly of L” with Co(Il) produced two distinct species, depending on the
azobenzene configuration (Scheme 40). With E-L2, a dinuclear helicate of composition
Coz(E-L?); and D3 symmetry was formed, consistent with linear coordination vectors
favouring small, discrete architectures.['®! Irradiation with UV light (340 nm) induced
E—Z isomerisation, which drove reorganisation into a larger C3-symmetric Cos(Z-L?)s
tetrahedral cage structure (Scheme 40). Reverse Z—FE isomerisation converted the
Co4(Z-LP)s structure back into the Cox(E-LP); helicate, either under white light or
thermally after five weeks. Photoisomerisation could be cycled over six times without
any detectable photodegradation. Thus, establishing a fully reversibly, light-driven

interconversion between two supramolecular assemblies of different nuclearity.

Coy(E-LP) Coy(Z-LP)s

Scheme 40. MM2-optimised model of the dinuclear, triple-helicate Coz(E-LP)s, and GFN-xTB generated
structure of the photoisomerised tetrahedral cage Cos(Z-L?)s. The pyrazolyl-pyridine coordination sites have
been stylised to highlight the configurational change of azobenzene and to aid interpretation. Adapted from

Tipping et al.?3

On the other hand, L™ exhibited a more intricate assembly profile. Crystallographic
analysis revealed that self-assembly with Co(II) formed a Co4(E-L™)s complex, in which
two dinuclear double helicates are connected by two additional bridging ligands (Scheme
41). This architecture reflects the bent coordination vectors imposed by the meta
connectivity. Studies of Co(Il) assemblies with Z-L™ revealed greater complexity than
those with Z-L». When Z-L™ was first generated by photoirradiating the free ligand and
then combined with Co(Il), a species consistent with Co4(Z-L™)s was obtained (Scheme
41). In contrast, irradiating pre-assembled Co4(E-L™)s with UV light to induce E—Z
isomerisation produced a more complex mixture of species, indicating that different

isomeric cages coexist under these conditions. Co4(LL™)¢ species can thus incorporate
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either E- or Z- ligands, allowing a series of mixed-ligand Co4(Z-L™)n(E-L™)s.n complexes
to exist without disrupting the overall stoichiometry. NMR titration experiments with
defined mixtures of FE-L™ and Z-L™ indicated that Cos(Z-L™)(E-L™)4 is a
thermodynamically favoured assembly. Additionally, time-resolved in-situ NMR studies
supported the formation of mixed assemblies with varying E:Z ratios. Importantly, these
experiments revealed that in order to obtain Co4(Z-L™)s as the major species, L™ must be
switched to the Z-form prior to assembly. Thermal relaxation of Co4(Z-L™)s occurred over
ten months, much slower than for the analogous Cos(Z-L”)s tetrahedral cage, and

proceeded through Cos(Z-L™)2(E-L™)4 as a long-lived intermediate.

+ C04(Z' Lm)n(E'Lm)G-n

Scheme 41. Molecular structure of Cos(E-L™)s from an X-ray crystal structure determination and a GFN-xTB
generated structure of Cos(Z-L™)s where the pyrazolyl-pyridine coordination sites have been stylised to aid
interpretation. GFN-xTB generated structure of mixed-ligand Co(Z-L™)n(E-L™)e.n complexes can be found in

the Supporting Information (Figure S57). Adapted from Tipping et al.>®!

Together, these results exemplify how the self-assembly behaviour of metal-organic
cages, in this case of Co(Il), can be significantly influenced by both the substitution
pattern and the photoisomeric state of the ligand. The para-substituted ligand (L”) enables
reversible interconversion between assemblies of different nuclearity, while the meta-
substituted ligand (L") produces a family of Co4(L™)s species in which assemblies
containing either exclusively E- or Z-ligands, or mixtures of both, can be present
depending on the irradiation pathway and assembly conditions. By incorporating
azobenzene photoswitches into the ligand backbone, we achieved light-induced

modulation of the ligand geometry, enabling reversible control over cage formation.
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5.2 Author contributions

The general conception of the project was developed by Max B. Tipping and Michael D.
Ward; the latter also supervised the research throughout. Max B. Tipping led the
experimental work, which included the synthesis of both azobenzene-based ligands (L™
and L?), the assembly of the Co(II)-based coordination cages, and their characterisation.
He also conducted in-depth photoswitching studies and interpreted the photochemical
behaviour and switching dynamics of the system, which formed the central focus of the

investigation.

Lidon Prufionosa Lara carried out in-situ "H NMR experiments, with data analysis and
interpretation performed jointly with Max B. Tipping. Due to differences in LED
equipment between institutions, she also conducted complementary photoswitching
experiments using UV-vis spectroscopy to determine the optimal irradiation wavelengths.
Additionally, she measured DOSY NMRs, including plotting the data and calculating
diffusion coefficients. All molecular simulations to support structural analysis were
carried out by Lidon Prufionosa Lara, while Larissa K. S. von Krbek rendered the

structural figures using PyMOL and supervised Lidon’s work.

Atena B. Solea was responsible for the X-ray crystallographic measurements and

structure refinement of all successfully crystallised ligand and cage assemblies.

The Supporting Information and manuscript were based on the doctoral thesis of Max B.
Tipping. Michael D. Ward then prepared the manuscript and Supporting Information for
journal submission, incorporating revisions and input from all the co-authors. All authors
contributed to discussions throughout the project and provided feedback on the final

manuscript.

The inclusion of this publication in the doctoral thesis has been approved by all of the co-

authors.
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6.1 Project summary

Metal-organic cages formed via coordination-driven self-assembly, as outlined in
Section 2.4, offer a versatile platform for constructing dynamic supramolecular
architectures.['''! These systems commonly operate under thermodynamic control,
whereby the final structure corresponds to the global free-energy minimum under the
given conditions.*) Such equilibrium assemblies have enabled the development of well-
defined cages with tailored guest-binding properties and have increasingly been

recognised as dynamic molecular platforms capable of supporting mechanical motion. 2!

Nonetheless, as discussed in Section 2.5, operating supramolecular systems away from
equilibrium allows access to structural outcomes that would otherwise be
thermodynamically unfavourable.!'*”) Out-of-equilibrium assemblies require continuous
energy input to maintain metastable states.?®! This energy can be supplied by external
stimuli; light, in particular, offers high spatial and temporal precision, reversibility, and is
non-invasive.l* When coupled to reaction networks that selectively link energy-
releasing and energy-consuming steps, light can bias molecular transformations and
sustain non-equilibrium behaviour. This concept is formalised in the framework of
molecular ratchets (see Section 2.6).1133 Molecular ratchets are reaction cycles that
proceed preferentially in one direction, typically through energy gradients (energy
ratchets) or kinetic asymmetry (information ratchets).[*®) While molecular ratchets have
been reported in diverse molecular systems, their integration into metallo-supramolecular

cages, particularly for autonomous operation, remains rare.?’!
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Photoswitchable ligands embedded within coordination assemblies (see Section 2.4) offer
a powerful approach to modulating structure and behaviour using light. Herein, we report
a light-powered molecular information ratchet embedded within a Pd(II)-based cage
system.!'"*! This ratchet mechanism is enabled by a photoswitchable azobispyrazole-
containing ligand (1), which undergoes reversible E/Z isomerisation with near-
quantitative conversions and excellent fatigue resistance (Scheme 42). Upon irradiation
with 365 nm light, ligand 1 achieves a PSS of 99% Z-1 in CD;CL. Reverse Z—F
isomerisation occurs either under 500 nm light (97% E-1) or via thermal relaxation, with
a half-life of 10 h at 60 °C in DMF. Azobispyrazoles photoswitches (Section 2.1.2) have
been scarcely explored in supramolecular systems and, to our knowledge, have not been

previously incorporated into metal-organic cages.

The conformational flexibility of ligand 1, arising from its pyrazole units, enables it to
adopt distinct geometries depending on the orientation of the pyrazole rings. These rings
can adopt either an anti or syn conformation, with protons H-a and H-b positioned either
on opposite sides or on the same side of the azo bridge, respectively (Scheme 42). In its
E-configuration, ligand 1 forms two discrete Pd(II) assemblies: a Pd3(£-1)s double-walled
triangle (E-T) and a Pd2(£-1)4 lantern (E-L), which coexist in a 78:22 equilibrium mixture
(Scheme 42). In E-T, the ligands adopt an anti-conformation, giving a coordination vector
angle of 60°, while in E-L they adopt a syn-conformation with an angle of 0°. These
distinct bite angles thus enable structurally divergent assemblies to be formed from the

same ligand.

N z
IfN 500 nm " /SN)\ @ Pd! (CH3CN)4(BF4),

N — > )
.. - 2 N'
365 nm DMSO-dg
1. 50 °C, 30 min
2.22°C,20h —
\/:“i anti syn /\:\\
99% Z-1 97% E-1 78% E-T

Scheme 42. Photoswitching of ligand 1 between its E- and Z-isomers. E-1 adopts either a syn or anti
conformation. Self-assembly of E-1 with Pd(CHsCN)4(BF4)2 yields 78% triangle E-T (GFN2-xTB optimised

structure) and 22% lantern E-L (X-ray structure). Reproduced from Prufionosa Lara et al.['%%
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Given the labile nature of the Pd(II)-pyridine bonds, E-T and E-L readily interconvert
and coexist in a dynamic equilibrium. As expected for an equilibrium between a larger
and a smaller species (see Section 2.3), diluting the complex mixture or increasing the

temperature shifts the equilibrium towards the entropically favoured lantern E-L.

Upon UV light irradiation (365 nm), both E-T and E-L undergo complete E—Z
isomerisation, resulting in a single Pd2(Z-1)4 lantern structure (Z-L) (Scheme 43). Minor
signals in the '"H NMR spectrum of Z-L are tentatively attributed to four additional
diastereomers, arising from the chiral nature of Z-1. DFT calculations revealed only small

energy differences between these diastereomers, supporting their coexistence in solution.

To gain insight into the thermal stability and relaxation pathway of Z-L, its time-
dependent changes were monitored. Z-L exhibits high thermodynamic stability, with a
thermal half-life of 21 min at 75 °C and a relaxation time of approximately one year at
room temperature. During thermal relaxation, a series of intermediates were observed.
Given the comparable solvodynamic diameters of Z-L and E-L, both lanterns appear
sufficiently flexible to accommodate mixed E/Z ligand configurations. Accordingly, these
intermediates were tentatively assumed to be Z,Z,Z,E-L, cis- and trans-Z,Z,E,E-L, and
Z,E,EE-L. — consistent with the stepwise E/Z isomerisation of the four ligands. This
assumption was supported by both experimental and computational data, the latter
revealing a systematic increase in free energy with each successive E—Z conversion,

consistent with the presence of mixed-ligand lantern intermediates.

Irradiating Z-L. with visible light (500 nm) induces complete Z—FE isomerisation.
However, instead of regenerating the original 78:22 E-T/E-L mixture, only the lantern
E-L is initially formed, bypassing the thermodynamically favoured E-T structure
(Scheme 43). Nevertheless, the initial equilibrium mixture can be restored by leaving the
sample to reach equilibrium at room temperature for at least 8 h. This light-induced
switching and subsequent thermal equilibration can be repeated over multiple cycles

without any detectable photodegradation.
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Scheme 43. Schematic representation of the molecular information ratchet. Irradiation of the E-T/E-L mixture
with 365 nm light yields Z-L exclusively. Subsequent irradiation with 500 nm light reverts Z-L to E-L, which
then equilibrates back to the original E-T/E-L ratio (78:22, respectively).

In-situ NMR studies confirmed that £-T and E-L convert to Z-L under 365 nm light
irradiation, while Z-L exclusively reverts to £-L when exposed to 500 nm light. Kinetic
modelling further supported these observations, revealing that the Z-L.—FE-L pathway is
markedly favoured over the Z-L—E-T pathway, and that the original E-T/E-L mixture
can only be regained through slow thermal equilibration. Together, these directional
switching behaviours establish that the system operates as a molecular information
ratchet, defined in Section 2.6.2. The kinetic asymmetry of the Z-L—FE-L and Z-L—E-T

back reactions result in the accumulation of the out-of-equilibrium E-L structure.

Remarkably, the molecular ratchet operates autonomously under white light or sunlight.
This autonomy arises because both E- and Z-isomers absorb within the visible spectrum,
ensuring that each state is repeatedly excited and interconverted, even under constant
irradiation. As a result, the system continuously cycles through the ratcheting process and
accumulates the out-of-equilibrium lantern E-L. Under steady-state irradiation, a 34:66
E-T/E-L ratio is reached after 5.5 h of white-light exposure, corresponding to a threefold
enrichment of E-L. A similar enrichment (36:64 E-T/E-L) is obtained under sunlight,
demonstrating that the system can temporarily convert light into stored chemical energy.
This process is fully reversible; the original 78:22 (E-T:E-L) equilibrium mixture is
restored when left in the dark at 22 °C.
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Together, these results present a striking example of an autonomous, light-powered
information ratchet integrated within a metallo-supramolecular cage. By embedding a
photoswitchable ligand with conformational flexibility into a Pd(II) coordination
framework, we demonstrate how kinetic asymmetry can be exploited to drive
supramolecular assemblies away from equilibrium. The transient storage of chemical
energy in a defined metastable structure opens up new possibilities for the developing

functional, light-responsive supramolecular devices.

6.2 Author contributions

Lidon Pruiionosa Lara carried out all experimental work, including the synthesis of ligand
1 and its precursors, the preparation and characterisation of the Pd(II)-based coordination
assemblies, and their detailed photoswitching studies. She also processed and interpreted
the data, which formed the core of this investigation, prepared the majority of the

Supporting Information, and wrote the first draft of the manuscript.

Larissa K. S. von Krbek supervised the project from start to finish, working closely with
Lidon to develop the study’s overall conception. Larissa K. S. von Krbek was
instrumental in assembling the publication, making the manuscript figures, and shaping

and refining the manuscript to its final polished form.

Benedikt Badorf, under the supervision of Stefan Grimme, performed all quantum-
chemical calculations to support the experimental structural analysis. Maximilian Notheis
fitted the kinetic data and contributed significantly to the interpretation and discussion of
the ratchet mechanism. Gregor Schnakenburg was responsible for the X-ray
crystallographic measurements and structure refinements of all successfully crystallised

ligands and coordination assemblies.

All authors contributed to discussions throughout the project and provided feedback on

the final manuscript.

The inclusion of this publication in the doctoral thesis has been approved by all of the co-

authors.
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7. Conclusion

This thesis set out to explore how light can be used not only to control, but ultimately to
drive, the behaviour of supramolecular assemblies. Specifically, it addressed three central
questions: (i) How does metal coordination influence the photochemical properties of
azobenzene ligands? (ii)) How do variations in coordination vectors determine the
geometry, responsiveness, and potential for concerted switching in photoswitchable
metal-organic cages? and (iii) Can continuous light input drive a metallo-supramolecular
system out of equilibrium, enabling autonomous, directional transformations via a
molecular ratchet mechanism that converts light into stored chemical energy? Each
project developed the work of the previous one, progressing from the photochemical
behaviour of mononuclear complexes to the design of increasingly complex light-driven

supramolecular assemblies.

The first project, investigated how metal coordination affects the intrinsic photoswitching
behaviour of azobenzene derivatives in mononuclear complexes. It was found that
coordination to Pd(II) substantially influences isomerisation behaviour, with direct N=N
coordination leading to the partial or complete suppression of photoisomerisation
depending on the ligand’s denticity and donor arrangement. These findings established
the design principle that preserving photoswitch function requires spatial separation
between the azo unit and the metal-binding sites. This principle guided the design of the
subsequent assemblies, ensuring that light responsiveness could be maintained in larger

supramolecular architectures.

Building on these findings, the second project investigated how subtle differences in
ligand connectivity and coordination vectors influence the geometry and
photoresponsiveness of self-assembled metal-organic cages. Comparative studies of
para- and meta-substituted azobenzene ligands revealed that small structural variations
can have a significant impact on the nuclearity and the concertedness of photoinduced
transformations in Co(Il)-based cages. The para-substituted ligand enabled the reversible
interconversion of well-defined assemblies of different nuclearity, whereas the meta-
substituted ligand led to a family of Cos(LL™)s species containing either E- or Z-ligands,

or a mixture of both. These results demonstrate that even subtle geometric changes in
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ligand structure and configuration can have a significant impact on the geometry and light

responsiveness of the resulting cages.

The third project extended these principles into out-of-equilibrium systems, showing that
a molecular ratchet mechanism can drive metallo-supramolecular assemblies away from
equilibrium with continuous light input. Pd(II)-based assemblies incorporating
azobispyrazole photoswitchable ligands were designed to undergo directional
transformations between discrete cage structures under sustained irradiation. As both the
E and Z states absorb visible light, the system remains responsive under continuous white
light or sunlight exposure, autonomously cycling between structural forms and
accumulating an out-of-equilibrium assembly. These findings demonstrate how kinetic
asymmetry and continuous light input can be harnessed to achieve autonomous, light-
driven operation and temporary chemical energy storage in supramolecular assemblies.
This represents a significant step towards the development of functional systems capable

of converting light energy into stored chemical energy.

Together, these three projects form a conceptual trajectory, progressing from an
understanding of how metal coordination controls photoswitching to the translation of
this knowledge into the design of responsive cages, and ultimately, the achievement of
light-driven, out-of-equilibrium behaviour in a self-assembled molecular ratchet.
Looking ahead, these findings open up new opportunities for developing light-responsive
supramolecular systems capable of storing and using light energy. Future work could
build on these concepts to create artificial molecular machines that are powered directly

by sunlight, mimicking nature’s strategies for light-driven energy storage and conversion.
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Inclusion of photoswitchable azobenzene units as spacers into ditopic bridging ligands L™ and LP,
containing two chelating pyrazolyl-pyridine termini, allows formation of metal complex assemblies with
Cof) that undergo a range of light-induced structural transformations. One notable result is the light-
induced conversion of a Co,(LP); dinuclear triple helicate (based on the E ligand isomer) to a Cs-
symmetric Co4(LP)s assembly, assumed to be an edge-bridged tetrahedral cage, based on the Z ligand
isomer. Another is the preparation of a series of Co4(L™)s complexes, of which Co4(E-L™)g was
crystallographically characterised and consists of a pair of Co,(L™), double helicates connected by an
additional two bridging ligands which span the pair of helicate units, giving a cyclic Coy4 array in which
one and then two bridging ligands alternate around the periphery. A set of Co4(L™)g complexes could be
prepared containing different ratios of Z: E ligand isomers (0:6, 2:4, 4:2 and 6:0) of which Coy(Z-
L™),(E-L™), was particularly stable and dominated the speciation behaviour, either during light-induced
switching of the ligand geometry in pre-formed complexes, or when ligand isomers were combined in
different proportions during the preparation. These examples of (i) interconversion between Co,ls
(helicate) and (i) Cosle (cage) assemblies with LP, and the interconversion between a series of Coyle
assemblies Co4(Z-L™M)A(E-L™e_, with L™, constitute significant advances in the field of photoswitchable
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Introduction

The ability of hollow metal-ligand coordination cages to
accommodate small-molecule guests inside their central cavity*
can be made more valuable and widely applicable if the host-
guest interactions can be controllably modulated, allowing for
switchable guest uptake/release in response an external stim-
ulus. These external stimuli may be chemical,> electro-
chemical,® or photochemical:* light, in particular, is perceived
as an excellent method for in situ manipulation of guest binding
because of the precise tunability of wavelength and intensity,
inherent cleanliness, and extreme ease of physical delivery.®
Many small molecules can undergo reversible structural
changes when exposed to light, with one wavelength triggering
a rearrangement and another wavelength triggering the reverse
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8488 | Chem. Sci, 2024, 15, 8488-8499

reaction — an obviously appealing way to modulate the struc-
tures of metal/ligand assemblies and hence control guest
binding. These may include bond breaking and bond forming
reactions that result in a significant chemical change in the unit
concerned as shown by the photochromic dithienyl-ethene
units from Irie and co-workers,® which undergo reversible 6-
electron cyclisation/cyclo-reversion reactions (ring-closing and
ring-opening) under light illumination at different wavelengths:
this has been exploited by Clever and co-workers to make
a Pd,L, cage with ‘open’ and ‘closed’ forms which display
different guest binding properties.”

Another popular photo-switching modality is provided by the
E/Z isomerisation of stilbenes and azo-benzenes which can be
exploited to allow control of the conformations of ligands where
those units are incorporated into the backbone.* The first light-
modulated coordination cage, based on azobenzene photo-
switching units, was a Pd;,L,, cage from Fujita's group: azo-
benzene units were bound to the concave side of each ligand
(i.e. were inwardly-directed into the cavity) to form a 24-fold,
endohedrally-functionalised ‘nanosphere’.® This enabled the in
situ manipulation of the hydrophobic interior surface of the
cavity under light irradiation, causing the switchable uptake of
the guest 1-pyrenecarboxaldehyde. Wu and co-workers prepared
an azobenzene-containing ligand with anion-binding bis-urea
end groups which, when combined with phosphate, formed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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an AL tetrahedron; irradiation with 380 nm light transformed
the E-ligand tetrahedron into a A,L; Z-ligand helicate, with
concomitant release of a cavity-bound guest; this example was
not reversibly photoswitchable however due to conformational
restrictions associated with the rigid supramolecular struc-
tures.® Beves and co-workers produced the first example of
a visible-light responsive azobenzene-containing cage -
a [Pd,L4]*" lantern-shaped cage based on square-planar Pd()
ions which, when exposed to red light, isomerised to 2 equiva-
lents of a PdL, mononuclear complex. While the process was
reversible with violet light, the photoisomerization yield and
stability of the Z-ligand isomer were shown to improve with
metal coordination.” McConnell's and Herges's groups
embedded the azobenzene photochromic unit into a cyclic
diazocine unit, in which steric strain ensures that the Z-azo
group is more stable; conformational changes induced by
photoswitching of this diazocine ring enabled self-sorting of
a mixture of regioisomers via formation and destruction of
M,L; helicates in the presence of Co(u) ions.*

In this paper, we report how incorporation of the well-known
azobenzene photochromic unit into our bis(pyrazolyl-pyridine)
ligand system™ can be used as a basis to control the course of
the self-assembly with metal ions. We have reported numerous
examples of coordination cage complexes with ligands from
this family,"”” including some in which dynamic equilibria
between cages of different nuclearity can be identified in solu-
tion."® Here, the inclusion of the photochromic unit provides an
additional light-based method to control the course of the self-
assembly and allows, unusually, (i) switching between different
complex forms such as dinuclear helicates and tetrahedral
cages; and (ii) switching between isomeric forms of assemblies
with the same composition.

Results and discussion

Synthesis, characterisation and photoswitching behaviour of
ligands

The ligands used are shown in Scheme 1. The bridging ligand LP
was reported several years ago and used to prepare an Ag(i)
metallamacrocycle: no photoswitching investigations were
performed at that time."* For this work we have also studied the
isomeric ligand L™, which was prepared using the same general
method as used for LP. Specifically, bromination of the methyl
groups of 3,3'-dimethyl-azobenzene with N-bromo-succinimide

N——/ =
¢ "\‘/\@ ) M\/@ 2N N M=
=N NcN N= =N N N* @/\w
/N N

E-Lm 1:99 (Z.E)

E-LP 1:99 (ZE)

450 T l 340 nm 450 nm T l 340 nm

N
N=N N7 N N=
S, C S0
= N N-N
N N _ =N N
2~ N ZLm 955 (ZE)
N Z-LP

Scheme 1 Ligands used in this paper and their isomeric forms.

94:6 (ZE)
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in acetonitrile afforded 3,3'-bis(bromomethyl)-azobenzene in
70% isolated yield: reaction of this with two equivalents of 3-(2-
pyridyl)pyrazole, under basic conditions to deprotonate the
pyrazole NH group and in the presence of tetrabutylammonium
iodide as a catalyst, afforded L™ in 75% isolated yield.

Crystals of L™ were grown by diffusion of hexane vapour into
a solution of the compound in ethyl acetate: the X-ray crystal
structure is in Fig. 1 and shows the expected approximately
transoid coplanar conformation of the pyrazolyl-pyridine as
well as the E configuration of the N=N bond (length 1.234 A).
Extensive -1 interactions are apparent between centrosym-
metric molecules of L™ in the stacked arrays.

Following synthesis of the two ligands, it was important to
confirm that they showed photo-switching behaviour. The UV/
Vis spectra of both of the ligands in acetonitrile exhibited
absorption bands at ca. 320 nm, corresponding to a T-7*
transition, with the low-energy tail of the absorbance extending
out to ca. 370 nm (Fig. 2a). Irradiation of 10 uM samples at 340
or 365 nm resulted in an immediate loss in intensity of the 7—
7* transition for the E isomer of each ligand, and an increased
intensity for the weaker symmetry-allowed n-m* transition of
the Z isomer of each ligand, at ca. 430 nm. Both azobenzene
ligands had reached photostationary states (PSS) following 30
minutes of irradiation. The process could be mostly reversed by
irradiation with white light, with a small difference in absor-
bance between the white-light-induced PSS and the thermally
relaxed samples. In addition, the light-induced switching could

Fig.1 Molecular structure of L™ from crystallographic data, including
the atomic labelling scheme and the packing arrangement.

(a) (b)
05 0.3
f ELPl | @ LP
—o-zLr| L™
E-L™| < | E forms
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H ®
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Fig.2 (a) Absorption spectra of 10 uM solutions of L™ and LP in MeCN,

pre (E form) and post (Z form) irradiation with 340 nm light. Arrows
indicate changes in absorbance maxima. (b) Switching reversibility
experiment monitoring absorbance of each ligand (10 uM) at 325 nm,
after alternating irradiation with 340 nm and white light.
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be repeated for several cycles with no appreciable photo-
bleaching (Fig. 2b).

NMR spectroscopy was used to quantify the PSSs of both
ligands, using the integration ratios of the methylene protons
which are well-separated from other signals (Fig. 3). Prior to
irradiation of the sample, a solution of LP in acetonitrile con-
tained a mixture of 1% Z and 99% E isomers (note, all ratios will
be presented as Z: E, with individual values to the nearest 1%).
Following irradiation at 340 nm overnight, the sample compo-
sition was 94 : 6 Z : E (Fig. 3b). Similarly, an initial solution of L™
in acetonitrile containing a 1:99 Z: E isomeric mixture prior to
irradiation switched to 95:5 Z: E post-irradiation (Fig. 3a).

Following determination of PSSs, photoconversion was
studied using NMR spectroscopy during in situ illumination
experiments whereby a quartz optical fibre was inserted into
a sample tube such that the solution could be irradiated inside
the spectrometer.” Spectra were recorded every 17 seconds
during both the forward and backward reactions. Due to the
limited availability of LEDs it was not possible to irradiate the
samples with 340 nm light during the NMR experiments,
however 365 nm and 325 nm sources were available, of which
the 365 nm source gave more photoswitching of LP whereas the
325 nm source gave more photoswitching of L™: both ligands
converted back from Z to E forms under 450 nm irradiation.
Advantageously, the 325 and 365 nm LEDs are also much more
powerful - 170 and 13 mW respectively - than the 1.7 mW
340 nm LED.

Fig. 4 shows the resulting changes in isomeric composition
of each ligand with time under irradiation as measured during
the in situ NMR experiments. After approximately 5 minutes of
irradiation with 365 nm light, isomerisation of L? showed no
further changes, with a PSS3¢5nm ratio of 79:21 Z: E being ob-
tained under these conditions. Subsequent exposure to 450 nm
light caused a fast return to the original composition, with 20
minutes of additional irradiation causing no further changes.
The much shorter timescale for the reverse reaction is likely due
to the higher power of the 450 nm LED (440 mW, compared to
170 mW for the 365 nm LED) and not necessarily to any
differences in isomerisation mechanisms.'® In a similar way
a solution of L™, after approximately 20 minutes of irradiation

(a) -95.4% Z
m
zL \ 1k ﬂ A 46%E L

98.8% E

EL™ 7[
a Wbl i ] e

.5 6.0 55 5.0

94.4% Z
5.6/% E I

99.5% E
JAMM i 1 A J 05%Z

7.0 5/ ppm 6.5 6.0 55 5.0

ELP
__h' T T
8.5 8.0 7.5

Fig.3 Stacked 'H NMR spectra (300 MHz, MeCN-ds, 10 pM, 298 K) of
(@) L™ and (b) LP showing changes between E forms (bottom) and
predominantly Z forms (top), following photoirradiation at 340 nm,
which generates a Z: E mixtures of 95:5 (L™) and 94 : 6 (LP).
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Fig.4 Changesin composition of Z/E mixtures of LP (blue and pink for
E and Z isomers, respectively) and L™ (orange and green for E and Z
isomers, respectively) measured by in situ illumination *H NMR (700
MHz, CD3CN, 298 K). A sample of £-L™ (2.0 mM) was irradiated with
325 nm light for ca. 17 minutes to induce the E to Z isomerisation;
followed by illumination with 450 nm light for ca. 17 minutes, to switch
the ligands back to the E configuration. A sample of E-LP (2.0 mM) was
irradiated with 365 nm light for ca. 20 minutes, with subsequent irra-
diation with 450 nm light for ca. 20 minutes. In both cases the slow
change to the Z isomer during the first 17-20 minutes with the UV
irradiation, and then the very fast change back to the E isomer
following visible light irradiation, are clear.

with 325 nm light, achieved a PSS3,5,m ratio of 85:15 Z:E
isomers under the same conditions. Again, the reverse reaction
with 450 nm light was fast with all changes complete after 17
seconds.

This sample did not return completely to its original state
however, instead consisting of a PSS,5onm ratio of 22 : 78 Z: E, so
for L™ the photo-isomerisation is not fully reversible under
450 nm light irradiation (Fig. 4).

Usefully, azobenzenes may also undergo specifically the Z to
E isomerisation by thermal relaxation. To test this, solutions of
L™ and LP in acetonitrile were first irradiated until PSSs were

(a) (b)

E V4 100
_)\A 14 hr E-L™
4 P
)\ . 12hr = 80 EL
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I\ A_4hr 9
2 204
2hr o
N 0 hr 0
T T T T \ ————
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Fig. 5 (a) 'H NMR spectra (400 MHz, CDsCN, 338 K) indicating the
change in the methylene proton signals of (predominantly) Z-L™ peaks
following heating at 65 °C in CD3CN to effect thermal relaxation back
to E-L™; (b) proportion of E-L™ and E-LP with time during this heating
process.
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reached, producing a 93:7 and 94:6 Z:E ratio, respectively.
Fig. 5 shows how the composition of isomers in solution varies
after heating this sample to 65 °C for 18 hours. Both ligands
showed complete conversion back to the E form with a thermal
half-life 7/, of 2.36 h for L™ and 1.38 h for LP, demonstrating an
alternative thermal method for isomerisation of the Z form back
to the E form.

Metal complexes with LP: synthesis and characterisation

Reaction of LP (1.5 equivalents) with 1 equivalent of an appro-
priate metal salt [Co(BF,), or Zn(BF,),] at 60 °C overnight in
MeOH afforded a precipitate which was washed with methanol,
CH,CI, and diethyl ether to remove any unreacted metal salts
and ligand. The 1.5:1 ligand : metal ratio reflects the generally
six-coordinate preference of the metal ion and the bis-bidentate
nature of the ligands, and this ligand : metal ratio routinely
appears in this family of complexes based on bis(pyrazolyl-
pyridine) ligands.*?

We denote the Co(u) complex that was prepared with the
(predominantly) E form of ligand as E-Co-LP. The high-
resolution electrospray ionisation (ESI) mass spectrum
showed a sequence of signals corresponding to the species
[CO,(LP)3(BF4)n]* ™" (n = 0, 1, 2) suggesting that the complex
formed is [Co,(LP);](BF,), with three bridging ligands spanning
two Co(u) centres to give a triple-stranded structure which could
be either a helicate or a mesocate.’” The 'H NMR spectrum,
characteristically dispersed over a range of nearly 200 ppm due
to the paramagnetism of high-spin Co(u), clearly contains major
and minor signals (Fig. 6): but the number of signals associated
with the major component is consistent with one half of one
ligand environment being unique, i.e. all three ligands are the
same and have twofold symmetry, which (in conjunction with
the ESI-MS data) is consistent with a dinuclear triple helicate
structure for E-Co-LP.

As no X-ray quality crystals could be obtained for E-Co-L™,
a minimume-energy structure was calculated using an MM?2
force-field (Fig. 7). The two metal centres possess fac tris-chelate
coordination geometries and the three ligands adopt contin-
uous spiral conformations, characteristic of helicates. The
resulting D; symmetry is consistent with the "H NMR spectrum
of the major solution species (Fig. 6) with one half of a ligand
environment being unique.

zcoL?
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p — 7T T

E-Col 54 53 52 51 50 49 48 ppmJW
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E?gpm 1‘0 (I) -10 -20 -C;O —4‘0 -5‘0 -éﬂ
Fig. 6 (Top)*H NMR spectrum (300 MHz, CDsCN, 298 K) of Z-Co-LP,
prepared by irradiation at 340 nm of a solution of £-Co-LP. (Bottom) 'H
NMR spectrum (300 MHz, CDzCN, 298 K) of E-Co-LP. An expansion of
the 47-54 ppm region makes clear the presence of two closely-
spaced signals: this is also apparent in the signal at —14 ppm.
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Fig. 7 MM2-optimised model of £E-Co-LP showing a dinuclear, triple-
helicate with Dz symmetry.

Close examination of the 'H NMR spectrum reveals that
some of the signals are split into two closely-spaced compo-
nents of comparable intensity (particularly the signals at ca.
—14, 48 and 53 ppm, see inset in lower part of Fig. 6 showing
expansions of the latter two), which could indicate the presence
of slightly different environments associated with a guest (such
as a counter-anion) binding to the helicate, possibly in the
central cavity,'® such that there are separate signals for ‘free’
and ‘guest-bound’ helicate. Indirect evidence for this sugges-
tion comes from preparing the analogous Zn(u) complex
E-Zn-LP which has the composition (from high-resolution ESI-
MS) [Zn,(LP);](BF,), and is likely to be isostructural to the Co(1)
analogue. The *°F NMR spectrum of E-Zn-LP (Fig. 8) showed
that the signals associated with the fluoroborate anions (sepa-
rate '°F signals for the '°B and ''B isotopomers are clearly
visible) are split into two closely-spaced components, consistent
with the anions being in two different environments: such
splitting is not present in the "’F NMR spectrum of Zn(BF,),
(Fig. 8).1 The two component spectrum suggests that BF,”
anions from E-Zn-LP are found free in solution or are associ-
ated with the [Zn,(LP);]*" core, with any free/bound anion

zzn-LP
Ezn-LP
Zn(BF,);
T T T T T T
-156.0 -156.1 -156.2 -156.3 -156.4 -156.5
6/ ppm

Fig.8 °F NMR spectra (400 MHz, CDsCN, 298 K) of (bottom) Zn(BF,)»
showing the presence of only one anion environment (the two
separate signals arise from the '°B and 'B isotopomers which give
slightly different chemical shifts for attached '°F atoms); (middle)
E-Zn-LP showing by the extra splitting the presence of two BF,~ anion
environments in the complex; and (top) Z-Zn-LP showing the presence
of only one anion environment.
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exchange being slow on the NMR timescale. We were unable to
obtain X-ray quality crystals of these complexes but the NMR
evidence for anion interaction with the complex cation is clear,
though the close overlap of the '°F signals precludes accurate
integration. Association of anions to the surface of cages
formed using ligands of this family has been firmly established
crystallographically and also underpins the solution catalytic
activity of this family of cages.">'® A possible (calculated)
structure for E-Co-LP containing one fluoroborate anion inside
the triple helicate is in ESI, Fig. S51.F

Metal complexes with LP: photoswitching

Irradiation of a CD3;CN solution of E-Co-LP with 340 nm light
results in the major component of the 'H NMR spectrum
becoming significantly more complex, with >30 new 'H signals
(the major component of the spectrum) appearing, indicating
formation of a new species with lower internal symmetry (Fig. 6,
top). Significantly, the sharp signals associated with E-Co-LP
are now completely absent. On the basis that irradiation at this
wavelength converts the E form of LP to the Z form, we denote
this new species Z-Co-LP. The high-resolution ESI-MS of this
solution revealed a new series of signals corresponding to the
species [Co,4(LP)s(BF,),J® ™" (n = 2, 3, 4, 5), suggesting that an
M,Le tetrahedral cage had formed. The number of new "H NMR
signals is consistent with the presence of two different ligand
environments, each with no internal symmetry: even if we
cannot observe all 48 expected signals (because some are over-
lapping, or paramagnetically highly broadened, or obscured by
residual solvent/water signals in the 0-10 ppm region) the
number is clearly larger than the 24 signals that would arise
from a structure associated with one independent, non-
symmetrical ligand environment. This, together with the ESI-
MS data, implies formation of an M,Ls cage that has C;
symmetry because one vertex is different from the other three
(which are equivalent) such that there is an M*M;® arrangement
of metal types. This can arise when one metal centre has a fac
tris-chelate coordination geometry and the other three have mer
tris chelate coordination geometries, as we have reported;* or it
can arise when one metal centre has A chirality and the other
three have A (or vice versa).”» We note in the NMR spectrum
(Fig. 6, top) the presence of a set of much weaker signals,
associated with a minor component. As the ES mass spectrum
of Z-Co-LP indicates the formulation Co,(LP)¢(BF,)s with no
evidence for other cage sizes, a plausible explanation for the
minor peaks is formation of an alternate cage isomer (7 and S,
isomers for tetrahedral cages are also possible).**

Fig. 9 shows the GFN-xTB optimised geometry*> of a C;
symmetric M,Le tetrahedral cage, Z-Co-L™, with one fac and
three mer vertices. The resulting structure possesses, as
required by the "H NMR spectrum, two distinct ligand envi-
ronments (with one ligand spanning fac and mer tris-chelate
metal vertices; and the other spanning two mer vertices but
with no internal symmetry due to the chirality of the cage),
which follows a previously-observed structure in this cage
family.”® Such C;-symmetric MyL¢ tetrahedra are less common
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Fig. 9 GFN-xTB generated structure of the Cs symmetric Mylg
tetrahedral cage Z-Co-LP. The structure contains two distinct ligand
environments, with one ligand environment spanning fac (top metal
ion in Figure) and mer (other three metal ions at base of Figure) metal
vertices, and the other spanning two mer vertices but with no internal
symmetry due to the cage chirality.

than T-symmetric MyL¢ tetrahedra in which all four metal
centres are identical and are usually fac tris-chelates.

We note that there is no splitting of signals indicative of
slow-exchange guest binding in the 'H NMR spectrum of
Z-Co-1P, or in the "F NMR spectrum of the Zn analogue
(Z-Zn-LP) (Fig. 8). This could be due to fluoroborate anions
binding to the more accessible cavity of the tetrahedron in fast
exchange on the NMR timescale,* or no binding occurring at all
due to restructuring of the assembly from helicate to tetrahe-
dron triggering guest release.

The photo-conversion of E-Co-LP to Z-Co-LP (Co,L; form to
Co,Le form) proceeded to completion within the detection

(a) (b)
0.8 0.5
E+CoeL?
~O—Z+«CorL?
E-LP
-0~ Z-LP

Absorbance

Absorbance @ 340 nm

"Q“O“O"b’*U*’O**O
Zform
0 T r T T T 7 0.0 T T T T T T
250 300 350 400 450 500 550 O 1 2 3 4 5 6 7
Wavelength / nm Cycles

Fig. 10 (a) UV/Vis spectra of E-Co-LP and Z-Co-LP (MeCN, 13 pg ml™3),
as well as E-LP and Z-LP (MeCN, 10 pM). (b) Switching stability
experiment monitoring the absorbance at 340 nm [black arrow in part
(a)] of a 13 pg ml~ sample after alternating irradiation with 340 nm for
30 minutes and then white light for 30 minutes, to switch between
E-Co-LP and Z-Co-LP complexes.
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limits of NMR spectroscopy, with complete loss of E-Co-LP.
This photoswitching is more effective (in terms of complete-
ness) than was observed for free LP in acetonitrile (Fig. 10),
which may be ascribed to the greater separation between the -
m* and n-m* bands in the absorption spectrum (13 pg ml™"
Co-LP and 10 pM LP)(Fig. 10a) and also, possibly, to a greater
steric barrier to relaxation when the ligand is incorporated into
a cage structure compared to being free. Similarly, the reverse
photoswitching of Z-Co-LP back to E-Co-LP (Co,Le form back to
Co,L; form) went to completion on irradiation with white light,
indicating complete chemically reversible photoswitching
between Co,L; (likely a triple helicate) and Co,Le (likely a Cs-
symmetric tetrahedral cage) species.

In situ NMR measurements during illumination were used to
probe the kinetics of this metal complex photoswitching, again
using a quartz optical fibre inserted into the sample in the NMR
cavity (Fig. 11 and S48/491)." "H NMR spectra were recorded
every 40 seconds for 20 minutes under irradiation with 365 nm
and subsequently 405 nm light. Given the high dispersion of
NMR signals arising from the paramagnetism of high-spin
Co(u), a relatively narrow NMR spectral width (50-75 ppm)
containing two (for E-Co-LP) or three (for Z-Co-LP) character-
istic signals was used to provide good resolution of the signals
in those selected windows. To help compensate for any uncer-
tainty in integration of the broad signals associated with para-
magnetism, integrals were recorded for all of the signals
associated with each compound in the relevant window, and
then averaged, with the resulting average being used to deter-
mine the ratio of isomers in solution.

Prior to irradiation, the sample of Co-LP used was prepared
using the as-isolated ligand LP (3:97, Z: E), i.e. predominantly
the M,L; complex containing the E form of the ligand, ie.
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Fig. 11 Photoswitching of a solution of £-Co-LP to Z-Co-L® and back,
using 365 nm and then 405 nm irradiation respectively, monitored by
in situ *H NMR spectroscopy (700 MHz, CDsCN, 298 K); see main text.
The light blue trace shows the initial solution containing 3:97 Z: E
complexes converting over several minutes to a PSS containing ca.
90:10 Z: E forms under UV irradiation, followed by rapid conversion
back to the starting composition under 405 nm light excitation.
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E-Co-LP. Following approximately 5 minutes of irradiation
a PSS was reached comprising 90:10 Z:E Co-LP (Fig. 11).
Subsequent exposure to 405 nm light showed complete rever-
sion to the original mixture after 3 minutes. Moreover, UV/Vis
spectroscopy could also be used to show cycling between the
two species (Fig. 10): the spectrum of E-Co-LP showed a small
blue shift of the ligand's mw—m* transition following coordination
to Co(u), from 327 nm to 305 nm, which ensured a better
separation from the n-m* transition for Z-Co-LP than is
possible for the free ligands. Light-induced switching between
the M,L; complex E-Co-LP (presumed triple helicate) and the
M,Le complex Z-Co-LP (presumed Cs-symmetric cage isomer)
could be repeated for many cycles with no appreciable photo-
bleaching (Fig. 10b).

Finally, we note that Z-Co-LP showed good thermal stability,
taking approximately 5 weeks to return to E-Co-LP in solution at
ambient temperature (Fig. 12): the high kinetic inertness of
coordination cages compared to mononuclear species, even
when based on individually labile metal complex vertices, is
well known.*®?* We also note that thermal relaxation is expected
to be slower than light-induced isomerisations which are -
effectively - performed under forcing non-equilibrium
conditions.**

Metal complexes with L™: synthesis and characterisation

These complexes were prepared in exactly the same way as the
complexes of LP, by reaction of 1.5 equivalents of L™ (in the as-
isolated 3:97 Z:E form) with one equivalent of Co(BF,), or
Zn(BF,), in methanol overnight. After evaporation of solvent to
give a solid product, any unreacted ligand and metal salt were
removed with ethyl acetate and diethyl ether washes. High-
resolution ESI-MS of the Co(u) product, which we denote
E-Co-L™, showed a sequence of signals for the species
[Co4(L™)6(BF,),]® ™" (n = 2, 3, 4, 5), suggesting that an M,L
complex (possibly, but not necessarily, a tetrahedral cage) had
formed. The mass spectra however also showed signals corre-
sponding to [Co,(L™);(BF,),]* ™" (n = 1, 2, 3, 4): and whilst
some of these will have the same m/z values as signals from
[Co4(L™)6(BF,),]® ™" and hence overlap (see ESIT), the different

Ecol? Lo I

25 Weeks

Z‘Co-L"A_L L | | I ' I

74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 50 58 57 56 55 54 53 52 51
5/ppm
Fig. 12 Series of *H NMR spectra (400 MHz, CDsCN, RT) showing the
slow thermal conversion of Z-Co-LP (bottom spectrum) back to
E-Co-LP (top spectrum) over 5 weeks. The top and bottom spectra
match those in Fig. 6.
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isotopic spacings make the presence of [Co,(L™);(BF,),,J* ™" in
the sample quite clear, though whether this is a separate species
or just a fragment induced by ESI conditions is not known. The
high-resolution ESI-MS of E-Zn-L™ showed a signal corre-
sponding to [Zn,(L™)e(BF,)s]*".

Slow cooling of a solution of E-Co-L™ in methanol afforded
X-ray quality crystals; the molecular structure of the complex is
shown in Fig. 13. The M L composition as shown by ESI-MS is
confirmed. The structure is not that of a conventional edge-
bridged tetrahedral cage, but consists of a pair of (crystallo-
graphically inequivalent) M,L, double helicate units which are
connected at each end by an additional bridging ligand span-
ning the two helicate units. The connectivity is therefore that of
a closed (non-planar) M, cycle with alternately 1 and then 2
bridging ligands spanning successive edges — a structural type
that has been reported before.*® The ligands are coloured as
three pairs in Fig. 13 for clarity, with one M,L, unit having
ligands coloured green, the other having ligands coloured
orange, and the cross-piece ligands connecting the helicates
coloured grey. Note that the same colouring does not imply
crystallographic equivalence as the complex molecule has no
internal crystallographic symmetry, with an entire molecule in
the asymmetric unit. All metal centres have a mer tris-chelate
coordination geometry and all have the same optical configu-
ration (A in the figure shown, with the enantiomeric assembly
also present in the other half of the P1 unit cell).

The flexibility of the ligands associated with the —-CH,-
spacer units, as well as rotation of the aromatic rings about the
Ph-N bonds, provide substantial conformational freedom. The
two ligands coloured green in Fig. 13 have a conformation in
which the internal twofold symmetry of each ligand is lost, i.e.
the ‘head’ and ‘tail’ ends are different, but the head-to-tail
disposition of the pair of similar (but not crystallographically
equivalent) ligands provides approximate local C, symmetry for
this helical unit (Fig. 14).

In contrast the pair of orange-coloured ligands in the other
M,L, helicate have a conformation in which both retain (non-
crystallographic) internal C, symmetry and are also very
similar to one another, giving this fragment local D, symmetry
(Fig. 15), though this is removed by one face of that helicate
being closer to the other M,L, unit, pointing ‘into’ the centre of

Fig. 13 Two views of the molecular structure of the MyLg complex
cation of £-Co-L™ from an X-ray crystal structure determination, with
different types of ligand environment highlighted in green or orange
(within the two ML, helicate units), or grey (cross-linking the two
helicate units).
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Fig. 14 Structure of the M,L, double-helicate unit coloured green in
Fig. 13, with approximate (non-crystallographic) C, internal symmetry
in which the two ligands are essentially identical but conformational
details two ends of each ligand are different (i.e. both adopt the same
‘nead to tail’ arrangement within the M,L, unit).

the complex, than the other which lies on the exterior surface.
In both M,L, helicate units we can see inter-ligand m-stacking
with phenyl rings of one ligand stacked with electron-deficient,
coordinated, pyrazolyl-pyridine units from other ligands. The
grey-coloured ligands connecting the two helicate fragments
have no internal symmetry. The Zn(u) analogue E-Zn-L™ was
also crystallographically characterised and is isostructural, but
provided significantly poorer quality data: accordingly it is not
included here but we just note that it is isostructural/
isomorphous to E-Co-L™.

In solution, allowing for adoption of formally higher
symmetry due to relaxation from what is observed in the crystal
structure, the cation of E-Co-L™ could display twofold

Fig. 15 Structure of the M,L, double-helicate unit coloured orange in
Fig. 14, with each ligand having approximate (non-crystallographic) C,
internal symmetry with each end the same: the two ligands are
essentially identical, giving local D, symmetry for the M,L, unit.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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symmetry, with a single C, axis bisecting the two helicates: this
would lead to three independent ligand environments - the
orange, green and grey ligand types shown in Fig. 14 - and, in
principle, 72 different "H NMR signals. The observed 'H NMR
spectrum (from redissolved crystals) reveals a complicated
mixture of signals of different intensities that is not susceptible
to simple analysis (Fig. 16a): there are clearly major and minor
components present whose relative intensities were concen-
tration dependent, with the weaker signals becoming relatively
more intense compared to the stronger signals at higher
concentrations, possibly indicating aggregation into a larger
structure. This is consistent with what would be expected for
a combination of M,L; and M,L (and perhaps other) species in
solution, cf. the ESI mass spectrum which revealed the presence
of both M,L; and M, L species, and it is to be expected on the
basis of the Le Chatelier principle that the larger assembly
dominates at the high local concentrations when crystal
nucleation occurs. We have seen concentration-dependence in
the speciation behaviour of other metal/ligand assemblies from
this general family of ligands,* and we note that McConnell and
Herges,” and Clever,” have similarly observed complex
mixtures of species forming in solution using bridging ligands
incorporating diazocene units into the spacers.

Metal complexes with L™: preparation and identification of
mixed-ligand-isomer complexes

Following photo-irradiation of E-Co-L™ with 340 nm light to
induce E to Z isomerisation of the ligands, ESI-MS showed that
signals corresponding to an M,Ls complex stoichiometry were
retained in Z-Co-L™; this photochemical switching is discussed
in more detail in the next section. In the absence of crystallo-
graphic data, the geometry of Z-Co-L™ was optimised using
GFN-XTB assuming a similar M, cyclic structure as for E-Co-L™
with (i) all metal centres possessing a mer tris-chelate coordi-
nation geometry and (ii) having same optical configuration as
one another (A, Fig. 17).

The structure adopts a similar conformation to E-Co-L™,
displaying two inequivalent M,L, helical units, connected at

E-Co-L™ redissolved crystals (a)

9 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80

ZL™ + Co(BF,), (b)

*

ECo-L™+340 nm, (c)

*
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Fig. 16 H NMR spectra (300 MHz, CDsCN, 298 K) of (a) redissolved
crystals of E-Co-L™; (b) Z-Co-L™ prepared by combination of Z-L™
with Co(BF4),; and (c) Z-Co-L™ prepared by irradiation of a sample of
E-Co-L™at 340 nm. Comparison of signals labelled * between parts (b)
and (c) show additional complexity in the spectrum of the sample
generated by photoswitching.
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Fig. 17 GFN-xTB generated structure of the M4Lg complex cation of
Z-Co-L™ comprising two ML, helicate units joined by two cross-
linking ligands, with no internal symmetry.

each end by two additional bridging ligands. This generated
structure of an isolated molecule of Z-Co-L™ is less compact
than the molecular structure observed in crystals of E-Co-L™,
which we attribute to the greater solid-state constraints asso-
ciated with crystal packing. In this calculated structure of
Z-Co-L™, inter-ligand 7-stacking was observed between rela-
tively electron-rich phenyl rings of one ligand and coordinated
pyrazolyl-pyridine units from other ligands which are relatively
electron-deficient due to their coordination to +2 ions. In
contrast to E-Co-L™, both helical units in the calculated
structure of Z-Co-L™ displayed local C, symmetry, which is
removed by the orientation of the two helical units with respect
to each other. This calculated M, cyclic structure therefore
possesses no symmetry elements, which would lead to 6 inde-
pendent ligand environments displaying 144 different "H-NMR
signals in solution.

Samples of Z-Co-L™ could be prepared by two procedures: (i)
reaction of Co(BF,), (7.0 mM) with a sample of Z-L™ (10.5 mM)
in acetonitrile; or (ii) irradiation of pre-formed E-Co-L™ in
acetonitrile with 340 nm light. Comparison of the observed 'H
NMR spectra of the two samples (Fig. 16b and c, respectively)
show that they are generally similar but contain major and
minor components, whose relative intensities were dependent
on the method by which the samples were prepared. The latter
method [direct reaction of Co(u) with photo-generated Z-L™,
Fig. 16b] afforded a "H NMR spectrum with a major component
of >100 signals, consistent with the optimised structure gener-
ated by GFN-XTB (Fig. 17). In contrast, irradiation of E-Co-L™ in
acetonitrile with 340 nm generated a more complex NMR
spectrum containing additional minor signals (compare the
features labelled * between Fig. 16b and c), implying formation
of a less clean mixture of multiple species by photoswitching of
pre-assembled E-Co-L™.

If cyclic MyLg species can form with the ligands in either E
(crystal structure, Fig. 13) or Z (calculated structure, Fig. 17)
geometries, this implies that other intermediate M,Ls struc-
tures might exist containing different proportions of Z- and E-
L™ ligands, viz. a series of My(E-L™),(Z-L™)s_,, species which can
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tolerate Z/E configurational changes to individual ligands
without disrupting the overall complex formulation, and that is
the focus of this section.

We investigated this possibility by combining Co(BF,), with
mixtures of Z and E forms of L™ in different proportions. Due to
the low solubility of free L™ in acetonitrile, 15% (v/v) chloroform
was added to aid dissolution. Two titrations were performed,
whereby the free ligand Z-L™ was gradually added to the
complex mixture E-Co-L™, and vice versa, with free E-L™ being
added to the complex Z-Co-L™ [prepared by addition of
Co(BF,), (4 mM) to Z-L™ (6 mM)]. The first titration, therefore,
had the starting composition Co(BF,), (4 mM) and E-L™ (6 mM),
to which was added aliquots of Z-L™ (0 — 6 mM): the second
titration, conversely, started with a mixture of Co(BF,), (4 mM)
and Z-L™ (6 mM), to which was added aliquots of E-L™ (0 — 6
mM). This meant that by the end of each titration it would be
possible for the solution to select whichever combination of
ligand isomers gave the most stable cage if one particular cage
was significantly favoured, or a mixture of species otherwise.
Any ligand not needed for the minimum-energy complex
assembly would be free in solution. Performing this titration in
both directions but to the same compositional end point (4 Co**
ions: 6 Z-L™: 6 E-L™) avoids any issues with one of the species
being particularly Kkinetically inert and thereby giving
a misleading impression of thermodynamic stability.
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Fig. 18 (a) *H NMR spectra [300 MHz, MeCN-ds/CDCls (85 : 15 v/v),
298 K] recorded during addition of 0—6 equivalents (from bottom up)
of Z-L™ to a solution of E-Co-L™. The spectrum labelled * (after
addition of two equivalents of Z-L™) signals the point at which
Co-L™-2,4 is the dominant species present with little change there-
after. (b) *H-NMR spectrum (300 MHz, MeCN-ds/CDCls (85:15 v/V),
298 K) of Co-L™-2,4 prepared separately in the same solvent mixture —
compare the 50-70 ppm region with the spectrum labelled * in
Fig. 18a.
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Fig. 18a shows the sequence of "H NMR spectra measured
during stepwise addition of portions of Z-L™ (1 mM) to E-Co-L™
in 85:15 (v/v) CD3CN/CDCl;. Addition of 1 equivalent of Z-L™
immediately resulted in appearance of a clear set of signals for
a new complex: these new signals grew in intensity as the
amount of Z-L™ increased to two equivalents (spectrum labelled
* in Fig. 18a) with little change thereafter, and this species
remains as the only metal complex structure following the
addition of further equivalents of Z-L™ up to 6 mM. The
pronounced appearance of this species after addition of two
equivalents of Z-L™, and its retention thereafter, implies the
formation of a complex with a 2:4 Z: E ligand ratio - which we
denote Co-L™-2,4, with the numerals indicating the numbers of
Z and E ligands respectively. Co-L™-2,4 therefore appears to be
a particularly thermodynamically favoured mixed-ligand
product. It could be prepared directly using the appropriate
mixture of ligand isomers and Co(BF,), in the required
proportions. The relatively simple and clean spectrum for
Co-L™-2,4 suggests a single species, with =40 signals clearly
resolved (Fig. 18b), consistent with the presence of two inde-
pendent ligand environments having no internal symmetry
which would give 48 distinct signals if all signals were clearly
resolved with no overlap.

A similar result was obtained from the second titration in the
opposite direction: on addition of portions of E-L™ to the
complex Z-Co-L™, signals for Co-L™-2,4 dominated the spectra
over a wide range of compositions (see ESIt). From this we can
conclude that Co-L™-2,4, with the composition M4(Z-L™),(E-
L™),, is the most stable of the ligand-isomer complex possi-
bilities and we assume that it has the same cyclic structure as
that observed for the crystal structure of E-Co-L™ but with two
of the six ligands adopting the Z geometry: possibly the two
‘crosslinking’ ligands, as isomerisation of these would not
disrupt the dinuclear helicate subunits.

Metal complexes with L™: photoswitching

UV/Vis spectroscopy (Fig. 19) was used to demonstrate repeated
cycling between complexes containing E-Co-L™ (M,Ls complex
possibly also containing other species such as M,L; as part of
a concentration-dependent equilibrium, see above) and the

(?;)0 0(g)
’ E«CoeL™| E form
zCol” ¢ p--A--h--A g A -2
E-L™ <
o
8 ZL" 3
§ ®
sg- 0.05 §
2 I [
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4!;0 500 2 77777777777777 - _B _
:'_-__-_—__-__-_—-_3 Zform
0.0 — . ; . : — 0.0 — . . . .
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Wavelength / nm Cycles
Fig. 19 (a) UV/Vis spectra of Z-Co-L™ and £-Co-L™ in MeCN (20 pg

ml™Y), as well as E-LP and Z-LP (MeCN, 10 pM). (b) Switching stability
experiment monitoring the absorbance of Co-L™ (20 ng ml™?) species
at 340 nm, after alternating irradiation with 340 nm for 30 minutes and
white light for 30 minutes.
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photoswitched Z-Co-L™ species whose mass spectrum indi-
cates an MyLs complex. As the UV/Vis spectra of the two forms
have good separation of key absorption features, selective irra-
diation can be applied, and light-induced switching could be
repeated over multiple cycles (Fig. 19b) with no appreciable
photobleaching. We emphasise that this is not complete
switching of the ‘molecule A converts to molecule B’ type, but
switching of the composition of two metal complex ensembles
in which the ligands are E to start with, but have the Z structure
after photo-switching. The UV/Vis spectra (Co-L™ 20 ug ml™;
and L™, 10 pM in acetonitrile) clearly confirm basically
complete disappearance of the lower-energy absorption
shoulder associated with the E form of L™ (Fig. 19a) following
irradiation at 340 nm. Indeed, the similarity to the UV/Vis
spectra associated with the E/Z switching of free L™ is striking
(Fig. 2a), implying that the PSS under the forcing conditions of
UV irradiation can be considered as approximately all-Z-Co-L™.
After irradiation of the PSS with white light, the system
completely reverted to the E-Co-L™ mixture of species, and the
process could be repeated reversibly over several switching
cycles.

We also used in situ illumination during NMR measure-
ments to study the photo-induced interconversions between the
set of complexes based on different ligand isomers, starting
from E-Co-L™. Spectra were recorded every 40 seconds for 20
minutes under 325 nm irradiation for the E to Z switching, and
then with 405 nm irradiation to reverse the ligand isomerisation
(Fig. 20). As in the earlier photoswitching experiments, a narrow
NMR spectral window (50-75 ppm) was selected in order to
maximise the frequency resolution of the signals in this region
and facilitate analysis.
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Fig. 20 'H NMR (700 MHz, CDsCN, 298 K) spectral changes during
illumination of E-Co-L™ (orange) with 325 nm light for 24 minutes,
with subsequent illumination with 405 nm light for 24 minutes.
Characteristic spectra of Z-Co-L™ (green) and Co-L™-2,4 (teal blue)
prepared by combination of stoichiometric quantities of Z and E-L™
with Co(BF,),, are shown for comparison. A third spectrum prepared
by combination of Z-L™, E-L™ and Co(BF4);ina 4 : 2 : 4 ratio shows the
presence of a fourth species (red) amongst signals associated with
Z-Co-L™ and Co-L™-2,4. For discussion of signals labelled with col-
oured arrows, see main text.
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Overlap of some 'H NMR signals due to the similarities
between NMR spectra of isomeric structures made determina-
tion of integrals unreliable even after attempts at deconvolu-
tion, and also made evolution of spectra during the
photoswitching difficult to follow with precision. However, it
was still possible to see some diagnostic changes in the NMR
spectra with time under irradiation. Starting with a solution of
E-Co-L™, which has a messy spectrum as mentioned earlier,
irradiation at 325 nm results in disappearance of some of the
starting signals (denoted with orange arrows in Fig. 20, at
around 67 and 71 ppm) over a period of =10 minutes. In
parallel with this, new signals appeared at different rates.
Signals labelled with a red arrow were not present in the starting
spectrum of E-Co-L™ but appeared quickly during the irradia-
tion, plateauing in intensity on a similar timescale to disap-
pearance of E-Co-L™. The signals indicated with a teal blue
arrow, in contrast, appeared to grow and then reduce in inten-
sity, being most intense at around the 4-6 minutes mark before
shrinking; and finally signals indicated with a green arrow were
slowest to appear but then persisted.

This behaviour is consistent with photoswitched species
containing different amounts of Z-L™ appearing in sequence,
with the first such complex likely being Co-L™-2,4 — which is
the complex that appears first and then disappears (teal blue
signals) as it is further converted to species containing a higher
proportion of Z-L™. Red signals seem to match numerous peaks
visible in spectra containing a Z: F ligand ratio of 4: 2. Litera-
ture precedents shows a tendency for cyclic bis-azobenzenes to
favour EE and ZZ states, leading us tentatively to suggest
concerted switching of pairs of azo-units i.e. two M,L, units and
the pair of cross-piece ligands connecting these helicates,**® as
suggested earlier. Given the obvious complexity/high overlap
between signals in these evolving spectra of mixtures we cannot
assign confidently the nature of the new photoswitched species
beyond that: we just note that (i) E to Z photoswitching occurs of
ligands within the complexes, without changing the overall
M,L¢ stoichiometry; and (ii) the appearance and then disap-
pearance of signals associated with Co-L™-2,4 is apparent as
the complex population shifts towards species containing
a higher proportion of the Z isomer under the forcing condi-
tions (prolonged UV irradiation). After 25 minutes, a PSS was
reached with no further significant changes in the "H NMR
spectra. Like the spectrum obtained following 340 nm irradia-
tion, incomplete switching to Z-Co-L™ was observed, showing
that in order to form Z-Co-L™ as the major species, L™ must be
switched to the Z form by photoirradiation prior to assembly. As
with the UV/Vis experiments, after 2 minutes of irradiation at
405 nm, the system completely reverted to the E-Co-L™ mixture
of species.

Finally, we note (again) that thermal relaxation, after pho-
toswitching, is slow. A solution subjected to photoswitching
using 340 nm irradiation, as described above, had partially
reverted after 2.5 weeks at ambient temperature with complete
loss of the photoswitched species Z-Co-L™. After this time "H
NMR signals associated with the particularly stable species
Co-L™-2,4 were present: but even after 5 weeks there was no
E-Co-L™, with the presence of stable intermediate species such
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as Co-L™-24 hindering relaxation. After 10 months the
complex had completely reverted to E-Co-L™.

Conclusions

The bis-bidentate bridging ligands LP and L™ contain two
chelating pyrazolyl-pyridine coordination sites separated by
photochromic azobenzene units based on para or meta substi-
tution patterns, respectively. The light-induced E — Z conver-
sion (under UV excitation) and subsequent reversion (under
visible excitation) was clearly established by in situ NMR spec-
troscopic measurements which established compositions of the
PSS as 94:6 Z:E and 95:5 Z: E for LP and L™ respectively in
MeCN.

The photochromic properties of the ligands could be
exploited to effect photoswitching between different complex
structures. The Co(u) complex with E-LP (denoted E-Co-LP) has
NMR and MS data consistent with the dominant structure being
a symmetric Co,L; helicate with all three ligands equivalent and
each ligand having twofold symmetry. Photoswitching
(complete within detection limits of NMR spectroscopy) to
Z-Co-LP shows appearance by MS of a new M,L¢ species whose
more complex NMR spectrum is consistent with two indepen-
dent ligand environments, characteristic of a Cs;-symmetric
isomer of an ML tetrahedral cage. The interconversion is fully
reversible, and whilst we were unable to obtain X-ray quality
crystals of these species, the combination of NMR and MS data
points to fully reversible photo-switching between a Co,L; hel-
icate and a Co,L¢ cage.

The Co(u) complex with E-L™ (denoted E-Co-L™) has an ill-
defined NMR spectrum indicative of a mixture of species, but
it contains at least Co,L; and Co,Lg species by ESI MS. It crys-
tallises as a CoyLe complex which is a pair of Co,L, dinuclear
double helicates crosslinked by two additional bridging ligands,
such that the cyclic array of four Co(u) ions has alternately one
or two bridging ligands along each edge. NMR titrations, to
examine the dominant speciation that occurred when Co(u)
ions could select from different proportions of Z-L™ and E-L™ in
solution, indicated that the most stable assembly of composi-
tion My(Z-L),(E-L)s_, has n = 2 (two Z ligands and four E
ligands, denoted Co-L™-2,4), which persisted over a wide range
of ligand isomer compositions. Photoswitching showed, by UV/
Vis spectroscopy, conversion of the ligands to the Z form to give
the species Z-Co-L™ amongst other Z-L™ complex species,
which - by ESI MS - retain MyLs compositions; in situ NMR
experiments to monitor the photoswitching could not be fully
interpreted but did show the appearance and then disappear-
ance of a photoswitched initial product which is likely to be
Co-L™-2,4 en route to eventual formation of Z-Co-L™. Thermal
relaxation of Z-Co-L™ was slow, with Co-L™-2,4 being the
dominant species after several weeks: complete reversion to
E-Co-L™ was complete by 10 months.

Overall the pair of ligands LP and L™ both display photo-
switching behaviour which translates into major structural
changes in their metal complex assemblies, with unusual
examples of (i) interconversion between Co,L; (helicate) and
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Co,Le (cage) assemblies with LP; and interconversion between
a series of Co,Lg assemblies Co4(Z-L™),(E-L™)_,, with L™.

Experimental

All experimental information (synthesis, characterisation data,
X-ray crystallography, photoswitching instrumentation and
methodologies, calculations of model structures and software
used) are in the ESL}
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Materials

Starting materials were purchased from the following commercial sources:
Fluorochem, Sigma-Aldrich, Fisher Scientific and Alfa Aesar and used as supplied. The
following materials were prepared using literature procedures: 3,3’-bis(bromomethyl)-
azobenzene and 4,4’-bis(bromomethyl)-azobenzene;* 3-(2-pyridyl)-1H-pyrazole;? LP.3

Methods

NMR Spectroscopy - *H NMR and 3C{*H} NMR spectra were recorded at 300, 400, 500
or 700 MHz (*H) and 125 MHz (*3C) respectively on Bruker Avance (300 MHz), Bruker Avance
[l HD (400 MHz), Bruker Avance Il HD (500 MHz), Bruke Avance | (500 MHz) or Bruker Avance
[1l HD Ascend (700 MHz) spectrometers. °F{*H} NMR were also recorded on a Bruker Avance
[ HD (400 MHz). All NMR spectra were measured at 25°C in the indicated deuterated solvents
unless stated otherwise. Proton and carbon chemical shifts (8§) are reported in ppm and
coupling constants (J) are reported in Hertz (Hz). The resonance multiplicity in the *H NMR
spectra are described as “s” (singlet), “d” (doublet), “t” (triplet), “q” (quartet), “dd”’ (doublet
of doublets), “ddd” (doublet of doublet of doublets) and “m” (multiplet) and broad
resonances are indicated by “br”. 2D homonuclear correlation 'H-'H COSY and 2D
heteronuclear correlation *H-3C HETCOR experiments (HSQC, HMBC) were used to confirm
NMR peak assignments.

Mass Spectrometry - Low resolution ESI mass spectrometry was performed using an
Agilent 6130B ESI-MS; high resolution ESI mass spectra were acquired on a Bruker Compact
ESI-Q-TOF.

UV/Vis Spectroscopy - recorded on an Implen C40 Nanophotometer and/or a Clariostar
Plus (BMG Labtech) plate reader.

IR Spectroscopy - recorded on a Bruker Alpha FTIR Spectrometer.

Light Sources - lllumination experiments were carried out using Prizmatrix fiber
collimated LEDs and a Thorlabs single colour UV LED (340 nm light source).

Table S1. Light output of LEDs used.

A/nm 310 | 325 | 340* | 365 | 390 | 405 | 450 | 500 | 550
Output power
(1 m optical fiber) / 1 8.6 1.7 170 | 220 | 260 | 440 | 165 | 230
mwW

* 340 nm is not a fibre collimated LED and, hence, output power is given directly at

the light source.
340 nm LEDs (only) were unavailable for in situ illumination NMR experiments, but
were used for endpoint experiments and synthesis.
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Preparations

L™: Aqueous KOH (5.5 M, 51 cm?, 280.5 mmol) was added to a stirred solution of 3-(2-
pyridyl)-1H-pyrazole (4.20 g, 28.9 mmol) in THF (250 cm?3). Once effervescence had ceased,
3,3’-bis(bromomethyl)-azobenzene (5.00 g, 13.7 mmol) was added along with a catalytic
guantity of tetrabutylammonium iodide and the solution heated to 74 °C for 20 h. Once cooled
to RT, the crude mixture was diluted with H,O and then reduced in volume by 50% under
reduced pressure. The crude product was extracted using DCM (3 x 50 cm3), dried over MgSO0a,
filtered and solvent removed by rotary evaporation. Column chromatography on silica
(THF/CHCI3, 1:9 v/v) yielded L™ as an orange powder (4.1 g, 61%). High-resolution ESI-MS:
m/z 497.2192; calcd. for CaoH2sNg* (M + H)*, 497.2197. IR: vmax/cm™ 3121w, 3048w, 2918m,
2850w, 1743w, 1707w, 1591m, 1564m, 1491m, 1459m, 1226m, 1143m, 1048m, 993m, 755s,
695s, 634m, 621m, 539m. *H-NMR (500 MHz, CDCls, RT): § 8.69 (2H, d, J 4.3 Hz, pyridyl H®);
7.96 (2H, d, ) 7.9 Hz, pyridyl H3); 7.84 (2H, d, J 8.0 Hz, phenyl H®), 7.81 (2H, s, phenyl H?), 7.71
(2H, td, J 7.9, 1.8 Hz, pyridyl H*), 7.49-7.47 (4H, m, pyrazole H*> and phenyl H°), 7.35 (2H, d, )
7.9 Hz, phenyl H*), 7.19 (2H, dd, J 6.9, 5.4 Hz, pyridyl H>), 6.96 (2H, d, J 2.1 Hz, pyrazole H%),
5.48 (4H, s, CH,). 3C-NMR (125 MHz, CDCls, RT): §152.7 (Phenyl C1), 152.0 Pyridyl C2), 151.7
Pyrazole C3), 149.2 (Pyridyl C®), 137.6 (Phenyl Cs), 136.7 (Pyridyl C*), 131.0 (Pyrazole C°), 130.2
(Phenyl C%), 129.6 (Phenyl C°), 122.7 (Phenyl C®), 122.4 (Pyridyl C°), 122.0 (Phenyl C?), 120.2
(Pyridyl C3), 105.1 (Pyrazole C*), 55.9 (CHa).

EeCoelL”: L? (50 mg, 101 umol) and Co(BF4)2.6H,0 (23 mg, 68 umol) were combined in
methanol (10 cm?3) and heated to 60 °C overnight. The suspension was centrifuged and the
solid washed with methanol, CH,Cl,, and diethyl ether. The resulting compound was dried in
air. Yield: 60 mg (91%). High-resolution ESI-MS: m/z 890.2472 (calcd. for {Coy(L?)3(BF4)2}**,
890.2554); 564.4983 (calcd. for {Coa(LP)s(BF4)}®*, 564.5021); 401.8743 (calcd. for {Coa(LP)s}*,
401.8761). 'H NMR spectra shown in Figure 6.

EeZnel? was prepared in the same way as EeCoeL?, but using Zn(BF4)2.xH,0 (21 mg, 68
pmol, assumed to be the hexahydrate) in place of Co(BF4)..6H,0. Yield: 58 mg (88%). High-
resolution ESI-MS: m/z 897.2521 (calcd. for {Zn,(L?)3(BF4).}?*, 897.2501); 569.1662 (calcd. for
{Zn,(LP)3(BF4)}3*, 569.1653); 405.1236 (calcd. for {Zn,(L?)3}**, 405.1229). 'H NMR spectra
shown in Figure S4.

ZeCoelP: A sample of EeCoelL? (10 mg) was dissolved in MeCN-d3 (1 cm3), transferred
to a quartz cuvette and irradiated with a 1.7 mW 340 nm LED overnight. High-resolution ESI-
MS: m/z 1216.3280 (calcd. for {Coa(LP)s(BF4)s}>*, 1216.3428); 890.4975 (calcd. for
{Coa(LP)s(BF4)a}**, 890.5060); 694.9983 (calcd. for {Coa(LP)s(BF4)s}>*, 695.0039); 564.6636
(calcd. for {Coa(LP)e(BF4)2}*, 564.6692). 'H NMR spectrum shown in Figure 6 and spectra
recorded during the interconversion are shown in Figure S45.

ZeZnelP: A sample of EeZneLP (10 mg) was dissolved in MeCN-ds (1 cm3), transferred
to a quartz cuvette and irradiated with a 1.7 mW 340 nm LED overnight. High-resolution ESI-
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MS: m/z 1224.6689 (calcd. for {Zna(LP)s(BF4)s}3*, 1224.6692). For *H NMR spectrum, see Figure
S6.

EeCoeL™: L™ (50 mg, 101 umol) and Co(BFa4)2.6H,0 (23 mg, 68 umol) were combined
in methanol and stirred at 60 °C overnight. After cooling to room temperature, the solvent
was removed via rotary evaporation. The resulting solid was washed with ethyl acetate and
diethyl ether. Yield: 60 mg, (91%). For *H NMR spectrum, see main text. High-resolution ESI-
MS: m/z 1216.2931 (calcd. for {Cos(L™)s(BFs)s}>*, 1216.3428); 890.4694 (calcd. for
{Coa(L™)s(BF4)a}**, 890.5060); 694.9746 (calcd. for {Coa(LP)s(BF4)s}>*, 695.0039). For 'H NMR
spectrum, see Figure 16.

EeZnelL™: this was prepared exactly as for EeCoeL™ but using Zn(BF4)2 (21 mg, 68 umol,
assumed to be the hexahydrate) in place of Co(BF4)..6H,0. Yield: 59 mg, (89%). High-
resolution ESI-MS: m/z 1225.0099 (calcd. for {Zna(L™)e(BF4)s}3*, 1225.0020). For 'H NMR
spectrum, see Figure S10.

ZeCoeL™: L™ (6.0 mg, 12 umol) was dissolved in MeCN (1 cm3) and irradiated with 340
nm overnight, to produce Z-L™. Co(BF4)2.6H.0 (19.2 mg, 56 umol) was dissolved in acetonitrile
(1 cm?3). Z-L™ solution (0.7 cm3) and Co(BF;), solution (0.1 cm3) were combined and vortexed.
High resolution ESI-MS: m/z 1867.9415 (calcd. for {Cos(L™)s(BF4)s}?*, 1868.0164); 1216.2930
(caled. for {Coa(L™)s(BFa)s}3*, 1216.3428); 890.4697 (calcd. for {Cos(L™)s(BF4)s}**, 890.5060);
694.9747 (calcd. for {Cos(L?)s(BF4)3}>*, 695.0039). 'H NMR spectrum shown in Figure 16 and
spectra recorded during the interconversion are shown in Figure 16 and Figure S48.
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Selected NMR Spectra
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Figure S1. 'H NMR spectrum (500 MHz, CDCls, 298 K) of E-L™.
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Figure S2. 13C{*H} APT NMR spectrum (125 MHz, CDCls, 298 K) of E-L™.
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Figure S3. 2D 1H-13C HSQC NMR spectrum (CDCls, 298 K) of E-Lm
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Figure S6. 'H NMR spectrum (500 MHz, MeCN-ds, 298 K) of ZeZneLr
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Figure S9. 'H NMR spectrum (300 MHz, CD3CN-ds, 298 K) of EeCoeL™ at various concentrations.
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Figure $10. 'H NMR spectrum (500 MHz, MeCN-ds, 298 K) of EeZneL™
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Mass Spectra
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Figure S14. HR-ESI-MS of [Coy(E-LP)3(BF4)4] [E*CoeL?] in CH3CN with signals corresponding to [Cox(E-LP)3(BF4)n] “"* (n =0, 1,

2). Expansion of [Coy(E-LP)3]** is inset.
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Figure S15. HR-ESI-MS of [Zny(E-LP)3(BF4)4] [E#ZneLr] in CH3CN with signals corresponding to [Zna(E-LP)3(BF4)n]@"* (n =0, 1,

2). Expansion of [Zn,(E-LP)s]** is inset.
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Figure S16. HR-ESI-MS of [Co4(Z-LP)s(BF4)s] [Z*CoeLP] in CH3CN with signals corresponding to [Cos(Z-LP)e(BF4)n]@®M* (n =1, 2,
3, 4, 5). Expansion of [Co4(Z-LP)s(BF4)3]°* is inset.
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Figure S17. HR-ESI-MS of [Zn4(Z-LP)s(BF4)s] [Z*ZneLr] showing expansion of [Zn4(Z-LP)s(BF4)s]3*.
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Figure S18. HR-ESI-MS of EeCoeL™ in CH5CN with peaks labelled for the M4 cyclic species [Coa(E-L™)s(BF4)n)]®™* (n = 3, 4, 5)
and the dinuclear triple helicate [Coa(E-L™)3(BF4)n]*"* (n =0, 1, 2, 3).
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Figure S19. (a) Expansion of [Co4(E-L™)e(BF4)3]* with simulated isotope distribution shown below for comparison. (b)
Expansion of [Co,(E-L™);3]4* with simulated isotope distribution shown below for comparison.
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Figure $20. HR-ESI-MS of EeZneL™ in CH3CN with peaks labelled for the My cyclic species [Zns(E-L™)g(BF4)n]®"* (n = 4, 5) and
the dinuclear triple helicate [Zny(E-L™)3(BF4)s]*"* (n =0, 1, 2).

In;ir:)szi (a) LPL59B.d: +MS, 0.0-2.4min #1-142)| In!ens5, (b) LPL59B.d: +MS, 0.0-2.4min #1-142|
x10
20] 3 405.1231
12243331 048234
[ 12253338 aoagray | 1057
1.59
' 2 405.6231
1223.3300 ‘ 404.3742
1.04 405.8731
L ‘ ‘ 406.1230
0.54 /\ f\ U J J ‘ ‘{ \ \ ‘ ‘ 406.3730
/ | ‘ | ‘ 406.6236
R iy R O 0 O O
Zn.C“.,HmNu(BF.); M, 1222.6680] anc,ﬂHnNm M, 404.1233
4+
12250020
20001 20001 405.1229
4+
404.6233
1500 1500
1000 10004
500- 500
4+
A A 406.6230
1221 1222 1223 1224 1225 1226 1227 1228 1229 m/z 404.0 404.5 405.0 405.5 406.0 406.5 4070 m/z

Figure S21. (a) Expansion of [Zna(E-L™)s(BF4)s]3* with simulated isotope distribution shown below for comparison. (b)

Expansion of [Zn,(E-L™)3]** with simulated isotope distribution shown below for comparison.
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Figure S22. HR-ESI-MS of ZeCoeL™ in CHsCN with peaks labelled for the M4 cyclic species [Co4(Z-L™)g(BF4),]®M* (n =3, 4, 5,
6) and the dinuclear triple helicate [Coa(Z-Lm)3(BF4)a]#"* (n =0, 1, 2).
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Figure S23. (a) Expansion of [Co4(Z-L™)¢(BF4)s]3+ with simulated isotope distribution shown below for comparison. (b)
Expansion of [Co,(Z-L™)3]4* with simulated isotope distribution shown below for comparison.
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Figure S24. HR-ESI-MS of CoeL™e2,4 in CH3CN with peaks labelled for the M, cyclic species [Cos(L™)s(BF4)n]@"* (n =3, 4, 5, 6)
and the dinuclear triple helicate [Co,(L™)s(BF4),]4"*(n =0, 1, 2).
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Figure S25. (a) Expansion of [Co4(L™)s(BF4)s]3* with simulated isotope distribution shown below for comparison. (b)
Expansion of [Co,(L™)3]4* with simulated isotope distribution shown below for comparison.
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UV/Vis Spectroscopy
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Figure S26. UV-vis spectra of L? (MeCN, 55.9 uM) at ambient temperature, after irradiation with different wavelengths (310,
325, 365, 390, 405, 430, 450, 500 and 550 nm, respectively) to determine the optimum wavelengths for photoswitching.
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Figure S27. UV-vis spectra of L™ (MeCN, 56.0 uM) after irradiation with different wavelengths (310, 325, 365, 390, 405, 430,
450, 500 and 550 nm, respectively) to determine the optimum wavelengths for photoswitching.
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Figure S28. UV-vis spectra of CoelL? (MeCN, 28.4 uM) after irradiation with different wavelengths (310, 325, 365, 390, 405,

450, and 500 nm, respectively) to determine the optimum wavelengths for photoswitching.
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Figure S29. UV-vis spectra of CoeL™ (MeCN, 14.2 uM) after irradiation with different wavelengths (310, 325, 365, 390, 405,

450, and 500 nm, respectively) to determine the optimum wavelengths for photoswitching.
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Variable Temperature NMR
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Figure S30. Variable Temperature *H-NMR spectra (400 MHz, MeCN-ds, 298, 338 K) of EeCoelr.
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Figure S31. Variable Temperature *H-NMR spectra (400 MHz, MeCN-ds, 298, 318, 338 K) of EeZnelLr.
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Figure S32. Variable temperature *H-NMR spectra (400 MHz, MeCN-ds, 298, 283, 263, 233 K) with a sodium triflate (2 mM)
internal standard of (a) EeZneLr and (b) ZeZneLr.
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Figure S33. Variable temperature °F-NMR spectra (400 MHz, MeCN-ds, 298, 283, 263, 233 K) with a sodium triflate (2 mM)

internal standard of (a) EeZneLr and (b) ZeZneLr.
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Thermal Relaxation NMR Experiments

Ligands

Ligands (5 mg, 10 umol) were dissolved in MeCN-ds (1 cm?3) and irradiated with 340 nm

light until a photostationary state was reached. Spectra were recorded every 30 minutes for

18 hours at 65 °C and every 30 minutes for 60 hours at 25 °C.

Z-LP 65 °C
P
" NP I B
1 M ” n A 8 hr
A A L R L 7hr
6 hr
I 1. O T | . j - Shr
1 P | J
A MUV N, Y | ) 3hr
1

”/ vgjﬂ‘i; L I‘;‘H‘ 2 hr
1hr

A ]

8:5 8:0 7:5 7{0 6!5 6!0 5!5 5.IO 4!5 ppm

Figure S34. 'H-NMR spectra (400 MHz, MeCN-ds, 338 K) of Z-L? over 8 hours.
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Figure $35. 1H-NMR spectra (400 MHz, MeCN-ds, 298 K) of Z-L™ over 56 hours.
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Figure $36. 1H-NMR spectra (400 MHz, MeCN-ds, 338 K) of Z-L™ over 16 hours.
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Figure S37. Thermal relaxation of L?in acetonitrile (2 mM, *H NMR) at 65 °C after irradiation at 340 nm overnight.
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Figure S38. (a) Thermal relaxation of L™ in acetonitrile (2 mM, 'H NMR) at 25 °C after irradiation at 340 nm overnight. (b)
Thermal relaxation of L™ in acetonitrile (2 mM, *H NMR) at 65 °C after irradiation at 340 nm overnight.

Table S2. Rate constants (k), mean lifetimes (t = k —-1), and half-lives (t) obtained by thermal relaxation experiments of L™
and L (65 °C, MeCN-ds, 2 mM) using NMR. Relaxation of L™ was also investigated at 25 °C (MeCN-ds, 2 mM).

L® (65 °C) L™ (25 °C) L™ (65 °C)
™ (hr) 1.38 326.36 2.36
t(hr) 1.99 470.84 3.40
k (hr) 0.504 0.002 0.294
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Cages

Cages — EeCoel? (2 mg, 1 mM) and EeCoeL™ (2 mg, 0.5 mM) —were dissolved in MeCN-
d3 (1 cm3) and irradiated with 340 nm light until a photostationary state was reached. Spectra
were recorded at a series of time points of 5 weeks, with the samples stored in darkness at
ambient temperature between time points.
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Figure $39. Series of H NMR spectra (400 MHz, CD3CN, MeCN-ds, RT) showing the slow thermal conversion of ZeCoeLr
(bottom spectrum) back to EeCoeLr (top spectrum) over 5 weeks.
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Figure S40. Series of 'H NMR spectra (400 MHz, CD3CN, MeCN-ds, RT) showing the slow thermal conversion of ZeCoeL™

(bottom spectrum) back to EeCoeL™ (top spectrum) over 5 weeks.
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Titrations

Mixed Ligand Cage Formation

E-L™ (30 mg, 60 umol) was dissolved in a CDCl3:MeCN-d3 (85:15 v/v, 6 cm?3) mixture. 3
cm? of the ligand solution was irradiated with 340 nm light until a photostationary state was
reached. A series of NMR tubes were prepared, containing 0.7 cm? of solution by combining
the two samples in various ratios and NMR spectra recorded. Co(BF4)2-6H,0 (16 mg, 47 umol)
was dissolved in CDCl3:MeCN-ds (85:15 v/v, 1 cm?). 0.1 cm? of metal salt solution was added
to each tube and spectra recorded.
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A bt L L l 42

l l 3:3
A WAl i AR A 1
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0:6 ZE
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Figure S41. A series of 1H-NMR spectra (300 MHz, MeCN-ds/CDCls (85:15 v/v), 298 K) recorded during the combination of E-
L™ (10 mM) and Z-L™ (10 mM) in the specified ratios.
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Figure S42. A series of 1H-NMR spectra (300 MHz, MeCN-ds/CDCl; (85:15 v/v), 298 K) recorded during the combination of a
series of mixtures, containing E-L™and Z-L™ in the specified ratios, with Co(BFa)s.
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Addition of Z-L™ to EeCoelL™

E-L™ (15 mg, 30 umol) was dissolved in CDCl;:MeCN-ds (85:15 v/v, 3 ¢cm?) and
irradiated with 340 nm light. EeCoeL™ (62.5 mg, 16 umol) was dissolved in CDCl3:MeCN-ds
(85:15 v/v, 2 cm?). 0.1 cm? of cage solution was added to a series of NMR tubes. Z-L™ solution
and CDCl3:MeCN-ds (85:15 v/v) were added to each tube in various ratios to form 0.7 cm3
samples containing excess ligand and NMR spectra recorded.
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Figure $43. 'H NMR spectra (300 MHz, MeCN-ds/CDCls (85:15 v/v), 298 K) recorded during addition of 0 — 6 equivalents (from
bottom up) of Z-L™ to a solution of EeCoeL™.
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Addition of E-L™ to ZeCoeL™

E-L™ (16 mg, 32 umol) was dissolved in CDCl3:MeCN-d; (85:15 v/v, 3.2 cm3) and
irradiated with 340 nm light overnight. Co(BF4)2:6H,0 (7.3 mg, 21 umol) was added to form
ZeCoeL™. 0.43 mL of ZeCoeL™ solution was added to a series of NMR tubes. E-L™ (18 mg,
36 umol) was dissolved in CDCl3:MeCN-d; (85:15 v/v, 3 cm3). E-L™ solution and CDCls:MeCN-
d3 (85:15 v/v) were added to the NMR tubes in various ratios to form 0.7 cm? samples such

that E-L™ was in excess and NMR spectra recorded.
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Figure S44. 'H NMR spectra (300 MHz, MeCN-ds/CDCls (85:15 v/v), 298 K) recorded during addition of 0 — 6 equivalents (from

bottom up) of Z-L™ to a solution of EeCoeL™.
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In situ NMR Spectra

We have adapted this method from literature* and described it previously.> We add
this description here for convenience:

The NMR sample used for the in-situ illumination experiments was fitted with an insert
tube made from quartz glass. A quartz glass optical fibre with a non-terminated end and its
exposed surface and the exposed surface roughened to ensure even and omnidirectional
illumination was subsequently inserted into the insert. In order to avoid damaging the fibre,
an aluminium rod was used to lower this construction into the NMR spectrometer. The
opposite end of the optical fibre was connected to the light source to allow for the irradiation
of the sample inside the spectrometer.*

Figure S45. Visual presentation of the in-situ NMR irradiation set up: An NMR sample with a quartz-glass insert and an optical
fibre.>
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Figure S46. Series of tH-NMR (700 MHz, CDsCN, 298 K) spectra during illumination of E-L? with 365 nm light for 17 minutes.
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Figure S47. Series of tH-NMR (700 MHz, CDsCN, 298 K) spectra during illumination of Z-L? with 450 nm light for 17 minutes.
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EeCoelP — 365 nm
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Figure $48. Series of 'H-NMR (700 MHz, CDsCN, 298 K) spectra during illumination of EeCoelP with 365 nm light for 20
minutes.
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Figure $49. Series of 'H-NMR (700 MHz, CDsCN, 298 K) spectra during illumination of ZeCoeLr with 405 nm light for 20
minutes.
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Figure S50. Series of tH-NMR (700 MHz, CDsCN, 298 K) spectra during illumination of E-L™ with 325 nm light for 17 minutes.
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Figure S51. Series of 'H-NMR (700 MHz, CDsCN, 298 K) spectra during illumination of Z-L™ with 450 nm light for 17 minutes.
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Figure S52. Series of 'H-NMR (700 MHz, CDsCN, 298 K) spectra during illumination of EeCoeL™ with 325 nm light for 24
minutes.
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Figure $53. Series of *H-NMR (700 MHz, CDsCN, 298 K) spectra during illumination of ZeCoeL™ with 405 nm light for 24
minutes.
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X-ray crystallography

Details of the crystals used, data collection and refinements are given in Table 1. The
structural determination of ligand L™ was performed on a Rigaku Supernova diffractometer.
The data was integrated and absorption corrections were applied using a Gaussian numerical
method using the CrysAlisPro software.®

The data collection for EeCoeL™ was performed in Experiment Hutch 1 of beamline I-
19 at the UK Diamond Light Source synchrotron facility,” using methodology, data processing
and software described previously.!" The structures were solved with Olex2,® using dual space
iterative methods (SHELXT)® and refined by a full-matrix least-squares algorithm (SHELXL).®

As is usual with crystallographic structure determinations of this kind of elaborate
supramolecular assemblies, for EeCoeL™ scattering is weak and refinement problems are
significant due to substantial disorder, principally of anions and solvent molecules, although
the Coals cage superstructure itself showed disorder of some ligand fragments over two
closely-spaced positions. These problems required (i) extensive use of restraints to ensure
geometrically reasonable structures (in particular: the geometries of pyrazole and pyridine
rings were fixed with AFIX commands due to high disorder, and rigid bond (RIGU) and
similarity (SIMU) restraints were applied to the anisotropic displacement parameters of all
atoms in the structure; and (ii) elimination of regions of diffuse electron density using the
solvent mask feature in OLEX leaving apparent voids in the lattices equating to 513 electrons
per complex molecule. Details pertaining to each structure are included in the individual CIFs.
Discussion of the structure of EeCoeL™ in the main text is accordingly at the level of
demonstrating the gross geometry of the complex with detailed discussion of structural
minutiae kept to a minimum.

Structure name L™ EeCoelL™

CCDC number 2301496 2301498

Empirical formula CsoH24Nsg B7.94C191.88C04F32.28H203.94N48.11017.88
Formula weight 496.57 4405.01

T/K 100 100

Radiation Cu Ka (A =1.54184) | Synchrotron (A = 0.6889 A)
Crystal system monoclinic triclinic

Space group P21/n P-1

a/A 12.4889(8) 20.35937(13)

b/A 4.8850(3) 21.05549(13)

c/A 20.2570(12) 23.94804(13)

o/° 90 93.3668(5)

B/° 92.563(6) 93.7613(5)

v/° 90 94.7042(6)

Volume/A3 1234.61(13) 10188.21(8)
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e A3

VA 2 2

Pcalc / g cm? 1.336 1.436

u/mm-t 0.664 0.393

Crystal size/mm?3 0.17 x 0.05 x 0.03 0.10 x 0.08 x 0.07
20 range for data 8.158 —154.29 1.88-45.00
collection/®

Reflections collected 10836 203895
Independent reflections 2364 / 0.1565 29237 / 0.0390
/Rint

Data/restraints/ 2364 /252 /225 29237 / 6264 / 2943
parameters

Goodness-of-fit on F2 1.092 1.073

Final Ry / wR> ? 0.0736/0.1982 0.0638 / 0.1986
Largest diff. peak/hole / 0.31/-0.35 0.90/-0.57

@ The value of R1 is based on ‘observed’ data with / > 2c(/); the value of wR2 is based on all data.
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Simulations

The geometries of the cages ZeCoeL?, EeCoeL™ ZeCoeL™, and (BFs ) @EeCoelL” (Figures
10 and 18, main text, S50, S51d, and S52) as well as potential structures for CoeL™2,4 and
CoeL™e4,2 (Figure S53) were optimised with a semi-empirical tight-binding quantum chemical
method denoted as GFN-xTB.'° For these geometry optimisations the stand-alone program
xtb was used.!!* The molecular mechanics simulations (MM2 force field) of EeCoelL” (Figure 7,
main text, and S51a) and (BFs")@EeCoel? (Figure S51b) were performed using SCiIGRESS
(version FQ 3.4.5, Build 1669.13197, Serial No. 1620809473902 (copyright 2008-2024, Fujitsu
Limited)).

Coel?

For ZeCoel” (Figures 9 and S50) two potential structures exist with C3
symmetry, arising from one metal centre with an opposing
A/A (ZeCoelPeA/A) or fac/mer (ZeCoeLPefm) tris-chelate coordination geometry to the other
three tris-chelate coordination geometries. The vertices and geometries of ZeCoeLPefm were
based on a previously published X-ray crystal structure of a Cs symmetric tetrahedron with the
same metal-ligand coordination motif.12 The one fac and three mer vertices were connected
by six Z-p-azobenzenes using Avogadro®3 (an open-source molecular builder and visualisation
tool, Version 1.2.0, http://avogadro.cc/) and the complete supramolecular structure subjected

to modelling in xtb.

The all fac MslLe tetrahedral isomer, ZeCoelLPeA/A (Figure S50b), was based on the
same previously published X-ray crystal structure.’? The A fac vertex was copied four times
and one of them mirrored using SCiGRESS (version FQ 3.4.5, Build 1669.13197, Serial No.
1620809473902 (copyright 2008-2024, Fujitsu Limited)). The one A and three A vertices were
connected by six Z-p-azobenzenes using Avogadro and the complete supramolecular structure
subsequently subjected to modelling in xtb.
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Figure S54. (a) GFN-XTB structures of two potential C; symmetric isomers of Myl structure ZeCoeLr: (a) an MsLg tetrahedron
with one fac (purple) and three mer vertices (teal) (ZeCoeLrefm) and (b) an ML tetrahedron with all fac vertices of different
chiralities, one A (purple) and three A (teal) (ZeCoeLreA/A).

For EeCoelL? (Figure 7, main text, and S51a), an MM2 force field was needed, because
dispersion interactions in GFN-xTB caused the helicate structure to collapse in order to allow
for r-stacking between two of the ligands. Since 'H NMR suggests approximate D; symmetry
of the EeCoelL” helicate in solution, we reverted to a model which does not take dispersion
interactions into account as strongly as GFN-xTB. The models of the vertices were based on
the fac vertex obtained from a previously published X-ray crystal structure.’? The cobalt(ll)
ions were set to octahedral geometry with sp3d? hybridization to maintain Co—N bond angles.
(BF2")@EeCoeL? was simulated with a MM2 model for comparison (Figure S51b), showing that
the flexibility of the ligands allows them to bend to accommodate the BF4~ guest thereby
reducing the Co—Co distance (Figure S51c). The MM2 coordinates for (BFs")@EeCoelL? were
also subjected to GFN-xTB which resulted in a similar geometry (Figure S51d).
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(d)

Figure S55. MM2 structures of (a) EeCoelP, (b) (BFs;-)@EeCoel?, and (c) the comparison of EeCoel? (blue) and
(BFs-)@EeCoelr (orange, with BF4~ in yellow) showing the flexible ligands to bend slightly to accommodate the BF,~ guest
thereby reducing the Co—Co distance. (d) GFN-XTB structure of (BF,-)@EeCoeLr.

Coel™

The models of the vertices for EeCoeLm and ZeCoeLm were based on the vertices
obtained from the X-ray crystal structure of EeCoeL™, which were connected by the respective
ligand structures using Avogadro and the complete supramolecular structures subsequently
subjected to modelling in xtb. The modelled structure of ZeCoeL™ is significantly expanded in
comparison with the X-ray crystal structure of EeCoeL™. To demonstrate that this is due to the
lack of crystal packing forces in the molecular model, we subjected the coordinates of EeCoeL™
obtained from its X-ray crystal structure to the same modelling method (GFN-xTB; Figure S52).
Comparing the GFN-xTB structure of EeCoeL™ to the X-ray crystal structure (Figure S52b)
shows that subjection of the crystal structure coordinates to the GFN-xTB method causes the
structure to unwind significantly, presumably due to the lack of crystal packing constraints.
The structure of EeCoeL™ seems to exhibit considerable flexibility, so that changing the ligand
configuration from E to Z does not cause significant changes in the Cos framework (Figure
S52c).

Figure S56. (a) GFN-xTB structure of EeCoeL™. Comparison of GFN-xTB structure of EeCoeL™ (blue) to (b) X-ray crystal
structure of EeCoeL™ (orange), that subjection of the crystal structure coordinates to the GFN-XTB method causes the
structure to unwind significantly, and (c) GFN-XTB structure of ZeCoeL™ (green), showing that the size of the Cos, metallacycle

barely changes upon E->Z isomerisation.
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In cyclic bis-azobenzenes, virtually concerted switching of both azobenzenes can be
observed,*! with the EZ state being considerably less stable than the EE and ZZ states,
respectively, leading to a short lifetime of the EZ state and a long thermal half-life of the ZZ
state.'® If the flexibility of the bis-azobenzene macrocycle is not sufficient, switching of the
azo-units can be prevented entirely.!® This literature precedence and the fact that we only
seem to observe discrete structures with Z/E ratios of 0:6, 2:4, and 6:0, with an apparent
fourth species likely possessing a 4:2 ratio, lead us to the assumption that the azo-units of
CoeL™ would switch in pairs, i.e. the two helicate subunits and the two parallel connecting
ligands, reducing the number of possible isomers for the structures with Z/E ligand mixtures,
CoeL™e2,4 and CoeL™e4,2, to three, respectively (Figure S53). We optimized the geometries
of those possible isomers with GFN-xTB. Structures highlighted in yellow seem more likely to

form.
(a)

ZIE
2:4

ZIE
4:2

Figure S57. Possible structures (GFN-xTB) of CoeL™e2,4 and CoeL™e4,2. Structures highlighted in yellow, seem more likely.
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Abstract

Using an energy source to drive chemical reactions away from equilibrium is essential
for life and remains a significant challenge in designing artificial out-of-equilibrium
nanosystems and molecular machines. Achieving autonomous operation of such

systems, as observed in nature, presents an even greater difficulty.

Here, we report Pd-mediated coordination capsules based on ligand 1 embedding an
azobispyrazole photoswitch. The more thermodynamically stable E-photoisomer
forms an equilibrium mixture of a Pd!3(E-1)s double-walled triangle and a Pdl,(E-1)4
lantern in a 78:22 ratio. UV-light irradiation transforms both structures into a Pd!;(Z-
1), lantern, which then reverts solely to the out-of-equilibrium Pd'(E-1); lantern
when exposed to visible light. The complete photoisomerisation proceeds through an
information ratchet mechanism that can operate autonomously under continuous
white light or sunlight exposure, selectively accumulating the out-of-equilibrium

Pdll;(E-1)4 structure.

This work demonstrates how autonomous, light-driven processes can be harnessed

to direct non-equilibrium behaviour in complex coordination assemblies.
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Introduction

Driving chemical systems away from equilibrium and harnessing endergonic
reactions are essential for powering molecular machinery and developing adaptive
materials.-4 One method to accomplish this is through molecular ratchets.[!.3-
8] Just as a mechanical ratchet allows movement in only one direction, a molecular
ratchet is a chemical reaction cycle, in which the components react exclusively in a
single  direction.[1.2,9] If this unidirectionality results from  kinetic
asymmetry,[10.11] where one intermediate along the reaction pathway reacts more
quickly than another, the ratchet is known as an information ratchet.[1-4.12-16] In
contrast, an energy ratchetll”-19 relies on the energy differences between
intermediates in the reaction cycle to determine its directionality.ll-*] Operating
molecular ratchets autonomously, like most natural processes, still presents a
significant challenge.[1,20.21] When operating molecular ratchets, light acts as an
advantageous stimulus for in-situ control, allowing precise spatial and temporal
regulation without producing unwanted side products.[22.23] Additionally, it can be
tuned to a specific wavelength, which activates both forward and reverse reactions,
potentially enabling autonomous operation of information and energy ratchets

alike.[1]

Harnessing light in molecular ratchets requires integrating photoswitches, such as
azobenzenes,2429  diazocines,[30-32]  crowded alkenes,33.34  imines[35.36]  or
dithienylethanes (DTE)[37-401 into the system components. Aligning multiple switches
inside a self-assembled supramolecular organic or metal-organic capsule can amplify
the switching effect. Despite this advantage, examples of molecular ratchets and out-
of-equilibrium structures in supramolecular capsules are still scarce.[!,26,30-
32,41] Feringa, Kathan, and colleagues(26l described a supramolecular organic capsule
that acts as a molecular ratchet, leveraging photoisomerisation and imine exchange
to create an out-of-equilibrium open capsule. In previous work,32 we demonstrated
how a diazocine-containing, triple-stranded bimetallic helicate can autonomously
operate as a molecular energy ratchet, furthermore using this mechanism to

accelerate regioselective metal cation exchange within the structure.

Here, we describe the formation of metallo-supramolecular capsules from a
bispyridine ligand 1 with an azo-bispyrazolel*2-461 backbone (Scheme 1). Azo-
bispyrazoles are photoswitches derived from azobenzene and arylazopyrazole, which
have been scarcely explored in supramolecular systems. The ligand exhibits

outstanding photophysical properties, with near-quantitative E—Z and Z—E



conversions and no appreciable photobleaching. Moreover, the pyrazole units offer
conformational flexibility, enabling the E-configuration of the ligand to self-assemble
both into a Pdli3(E-1)¢ double-walled triangle and a Pdl;(E-1)4 lantern structure in the
presence of Pd! ions. Photoswitching and subsequent capsule rearrangement occur
via a molecular information ratchet that drives the system away from thermodynamic
equilibrium. We elucidated the complex ratchet mechanism experimentally and
through quantum chemistry-based calculations, regarding its thermodynamics and
kinetics. Crucially, continuous white light or sunlight irradiation operates the
molecular ratchet autonomously, enriching the mixture with the out-of-equilibrium
Pdl,(E-1)s lantern. Our system exemplifies a rare autonomous, light-powered
molecular ratchet within a supramolecular structure: it exhibits directional
behaviour under constant illumination, continuously pushing the system out of
equilibrium without requiring alternating stimuli. This system could advance the
development of autonomous molecular ratchets, serving as an initial step toward
harnessing out-of-equilibrium systems for light-driven reaction cascades or

molecular machines.

Results and discussion
Synthesis and photoswitching of ligand 1

Photoswitchable azobispyrazole-containing ligand 1 was synthesised by Chan-Lam
coupling between (4-(pyridin-3-yl)phenyl)boronic acid and azobispyrazole
photoswitch (E)-1,2-bis(3,5-dimethyl-1H-pyrazol-4-yl)diazene (S4; SI Figure S1 and
Section S2.5)

At ambient conditions, ligand 1 predominantly exists in its thermodynamically more
stable E-configuration (85% E-1). This is supported by the DFT-computed free energy
difference* between E-1 and Z-1 of AG = +47.4 kJ mol-! in favour of E-1 (SI, Section
S8.2). Single crystals of ligand E-1 were grown by slow evaporation of solvent from a
CD.Cl, solution of 1. The X-ray crystal structure shows the expected E-configuration
of the N=N double bond (SI, Section S7).

Irradiation of 1 with 365 nm light causes E—Z isomerisation, reaching a
photostationary state (PSS) of 99% Z-1 (CD2Cl,, Scheme 1, left; SI, Section S4.2). This
process can be reversed either by exposing Z-1 to 500 nm light (97% E-1) or through
thermal relaxation, which has a half-life of ©, = 10 h at 60 °C in DMF (SI, Figure S59).

The photoswitching of ligand 1 is rapid and fully reversible, usually requiring less

3



than 1 minute of irradiation in either direction (24 uyM in DMF, 0.2 mW light power),
with no appreciable photobleaching over ten switching cycles (SI, Figure S57, right).
Notably, the photostationary states of ligand 1 were quite similar to those of the
parent photoswitch S4. However, ligand 1 exhibited a significant increase in thermal
half-life. This suggests that the 4-(pyridin-3-yl)phenyl substitution did not hinder
photoswitching. The substitution of other azo-based photoswitches is known to

impede photoswitching.47]

Synthesis of Pd" capsules

Mixing ligand 1 with Pd(CH3CN)4(BF4)2 in a 2:1 stoichiometric ratio in deuterated
dimethyl sulfoxide (DMSO-ds) at 50 °C yielded two Pd! complexes after 30 minutes:
a Pdl3(E-1)s double-walled triangle E-T and a PdU;(E-1); lantern E-L (Scheme 1).
Triangle E-T and lantern E-L equilibrated to a 78:22 ratio at 22 °C over 20 hours (SI,
Figure S43), and the mixture was characterised using single-crystal X-ray diffraction,
mass spectrometry, 'H NMR, and UV-vis spectroscopy (Figure 1; SI, Sections S2.6
and S7).

The pyrazole groups in ligand 1 can adopt either an anti or syn orientation, with
protons H-a and H-b positioned on opposite sides of the azo bridge or on the same
side. This conformational shift from anti to syn results in a change in the angle

between the pyridine nitrogens’ coordination vectors: 60° for anti and 0° for syn. This

I'(N 500 nm @ pdll (CHCN),4(BF ),
N

N*

-
XgN 365 nm DMSO-dg
N 1. 50 °C, 30 min

N-N 2.22°C,20h

22% E-L °

7 N /~anti
anti syn/ \N

/
N =
99% Z-1 97% E-1 78% E-T

Scheme 1. Left: Photoswitching between the two isomers of 1. Ligand E-1 exhibits two distinct conformations: syn
and anti. Right: Self-assembly of ligand E-1 and Pd(CHsCN)4(BFa)2 yielding 22% lantern E-L (containing syn-E-1,
single crystal X-ray structure shown) and 78% triangle E-T (containing anti-E-1; GFN2-xTB [ALPB:
DMSQ]“849+ structure shown). Hydrogens and counterions omitted for clarity; C: grey, N: blue, Pd": blue white.



notable conformational flexibility in ligand 1 enables the formation of both triangle
E-T and lantern E-L from the same ligand, despite the vastly different angles
required[S0-53] between the pyridine nitrogens’ coordination vectors. We could confirm
the anti-conformation of the ligands in triangle E-T using one-dimensional 'H ROESY
NMR, based on contacts between protons H-a and H-b, which are absent in lantern
E-L, in line with the expected syn-conformation of the ligands in E-L (SI, Section

S2.6).

Lantern E-L crystallised in the triclinic space group P1 (Scheme 1; SI, Section S7).
Four ligands 1 connect two PdI centres, with the crystallographic inversion centre
located in the centre of the capsule. The pyrazole groups in ligand 1 display the
expected syn-orientation, with protons H-a and H-b on opposite sides of the azo
bridge, enabling the pyridine units to have a 0° angle between their coordination
vectors, which is essential for lantern formation (SI, Section S2.6). This syn-ligand
conformation is not C, symmetric; therefore, the ligands can be oriented either
pointing “up” or “down” within the lantern structure (SI, Figure S13). The X-ray
crystal structure shows two ligands pointing upwards and two pointing downwards
in a cis-arrangement of the two ligand orientations. In theory, three additional and
downwards, three ligands pointing up and one pointing down, or all ligands pointing
in the same direction (SI, Figure S13). A large number of possible isomers were
computationally modelled, revealing only low relative energy differences of
6.3 kJ mol-! or less between these isomers (SI, Section S8.4), which suggests that
lantern E-L might exist in different isomers in solution. Our computationally
predicted structure, with the ligands arranged in a cis-configuration, shows excellent
agreement with the X-ray crystal structure, validating the computational approach#

(Figure 2; SI, Section S8.5).

The high-resolution electrospray ionisation (ESI) mass spectrum of the 78:22 triangle
E-T / lantern E-L mixture under light exclusion displayed two series of signals
corresponding to the species [T-n(BF4)]™ (n= 3, 4, 5, 6) and [L-n(BF4)]* (n= 2, 3, 4;
Figure 1c, top, SI, Figure S24), respectively. The 1H NMR spectrum exhibited two sets
of ligand signals in a 78:22 ratio (Figure 1d, top). The number of signals related to
the major and minor components is consistent with one-half of one ligand
environment being unique, meaning all ligands are identical and have twofold
symmetry. This fits well with a triangle and a lantern structure coexisting in solution.
Note that some very minor species were also observed, which we tentatively assign to

other possible isomers of lantern E-L (see above and SI Section S8.4), while we
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Figure 1. (a) The triangle E-T / lantern E-L mixture converts to lantern Z-L upon irradiation with 365 nm light.
Irradiation of lantern Z-L with 500 nm light reverts it to E-L, exclusively, which then equilibrates back to the original
triangle E-T / lantern E-L ratio over time. (b) Normalised UV-vis spectra of the triangle E-T / lantern E-L mixture and
ligand 1 (DMSO) before and after irradiation with 365 nm and 500 nm light for 1 min, respectively. Spectra of E-T /
E-L and 1 are normalised to 1.0 and 0.375, respectively, for clarity. (c,d) Triangle E-T / lantern E-L mixture before
and after irradiation with 365 nm and 500 nm light for 1 min, respectively, as well as after equilibration under light
exclusion at 22 °C for at least 21 h (top to bottom) monitored by (c) ESI mass spectrometry (DMSO/CH3CN) and
(d) *H NMR spectroscopy (700 MHz, DMSO-ds, 298 K), including *H DOSY NMR of the triangle E-T / lantern E-L
mixture before and after irradiation with 365 nm light (blue and green, respectively). Note that proton H-a of triangle
E-T is below the DMSO solvent signal, but can be observed by VT NMR (S|, Figure S46).

assume the major isomer to be the cis-isomer observed in the X-ray crystal structure.
UV-vis revealed a strong n—1* absorption band at Ar—r+ = 335 nm, reminiscent of the
n—1* absorption band in free ligand E-1 (Ar_+ = 350 nm), indicating that all ligands
are in their E-configurations in both metallo-supramolecular structures (Figure 1b).
1H DOSY NMR revealed, that the two species have clearly distinguishable diffusion
coefficients (Der=7.3 x 10-11and DgL=9.1 x 10-11 m?2 s71) corresponding to the major
and minor species in 'H NMR, respectively. This allowed us to identify the major
species as triangle E-T and the minor species as lantern E-L. The solvodynamic
diameters of der = 27.8 A and dgL = 22.4 A align well with the dimensions of the
computational structure of triangle E-T and the X-ray crystal structure of lantern E-
L (der = 25.2 A and dgL = 19.8 A, respectively; SI, Figures S23). UV-vis, NMR, and
ESI MS data are consistent with the coexistence of a double-walled triangle E-T and

a lantern E-L.



Figure 2. Overlay of the experimental structure of lantern E-L (orange) with the computationally obtained structure*
(C: grey, N: blue, Pd": blue white) from a CREST® conformational search, reoptimized at the wB97X-3c [CPCM:
DMSOQ] level of theory.5®! The structures have a permutation-invariant root-mean-square deviation (iRMSD)?! of
1.1A

Due to the lability of the Pd!-pyridine bonds, triangle E-T and lantern E-L exist in a
dynamic equilibrium. As expected for an equilibrium between a larger and a smaller
species, entropically favoured lantern E-L could be enriched in the mixture by
diluting the complex mixture solution (SI, Section S3.3). At ligand concentrations
below 7.0 mM, signals of free ligand E-1 began to appear, which is why all studies on
the triangle E-T / lantern E-L mixture were conducted at a ligand concentration
between 7.5-8.5 mM. Similarly, increasing the temperature of the triangle E-T /
lantern E-L mixture shifted the equilibrium towards the entropically favoured lantern
E-L (SI, Section S3.4). Van’t Hoff analysis showed that the enthalpic and entropic
contributions of the 3 E-L = 2 E-T equilibrium are AH = -50.6 = 7.7 kJ mol-! and AS
= =76.3 £ 29.9 J K-1 mol-1, respectively. These values correspond to a Gibbs free
energy difference of AG = -27.8 + 13.0 kd mol-!, consistent with a higher
thermodynamic stability of triangle E-T, and an equilibrium constant of K = 76,000 *

36,000 M-! at 298 K.

Photoswitching of Pd" capsules

Irradiation of the 78:22 triangle E-T / lantern E-L mixture in DMSO-ds with 365 nm
light produced a single component: a lantern with all ligands in their Z-
configurations, namely Z-L, which was characterised by mass spectrometry, NMR,
and UV-vis spectroscopy (Figure 1; SI Section S2.7). In 'H NMR, the proton signals of
triangle E-T and lantern E-L completely disappeared after irradiation with 365 nm
light, and a new set of signals appeared, consistent with one half of one ligand

environment being unique (Figure 1d, second from top). This suggests all ligands are
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identical and possess twofold symmetry, which would align with a lantern-shaped
structure. Protons H-a and H-b were high-field shifted by 0.22 and 1.09 ppm,
respectively, when comparing lanterns E-L and Z-L, indicating H-b to feel the
anisotropy of the neighbouring pyrazole ring, which would be expected, if the ligands
were in their Z-configurations (compare SI, Figures S51 and S55). Additionally,
ROESY contacts between protons H-a and H-b align with the Z-configurations of
ligands in Z-L (SI, Figure S30). UV-vis spectra after 365 nm irradiation showed a less
intense and blue-shifted n—n* absorption band (Ar—r+ = 310 nm), along with a new
n—1t* absorption band (An—+ = 435 nm), which resembles the UV-vis spectrum of
ligand 1 in its Z-configuration (Figure 1b). This further supports that the ligands in
lantern Z-L are all in their Z-states. High-resolution ESI mass spectrometry revealed
a series of signals corresponding to the species [L-n(BF4)]* (n = 2, 3, 4), indicating
the presence of a lantern-shaped capsule (Figure 1c, second from top). !H DOSY NMR
revealed a diffusion coefficient similar to that of lantern E-L, indicating a comparable
solvodynamic diameter of dz1 = 21.8 A, suggesting the presence of a lantern-shaped
capsule in solution as well. Hence, we conclude that 365 nm light irradiation of the

triangle E-T / lantern E-L mixture converts the structures to lantern Z-L.

Besides the main species observed in the 'H NMR spectrum of Z-L, several sets of
minor signals could be observed (SI, Figure S27), which are significantly more
pronounced than in lantern E-L (compare SI, Figure S15). Since the ESI mass
spectrum of lantern Z-L indicates clean formation of lantern Z-L and ligand 1 is chiral
in its Z-configuration, we tentatively assume these minor signals are caused by the
four additional possible diastereomers of lantern Z-L.8 We calculated* all possible
diastereomers and obtained only minor differences in their free energies (approx.

5.0 kJ mol-! or less), which supports our hypothesis (SI, Section S8.3).

Lantern Z-L demonstrates good thermodynamic stability with a thermal half-life of ©,
= 21 min at 75°C in DMSO, as determined by 'H NMR spectroscopy. At room
temperature, thermal relaxation takes approximately one year to complete (SI, Figure
S73). Over that period, several distinguishable intermediates were observed. We
tentatively assume these to be the four possible intermediates: Z,Z,Z E-L, cis- and
trans-Z,Z,E,E-L, and Z,E,E, E-L. These intermediates might occur during the stepwise
thermal relaxation of the four ligands from Z,Z,Z,Z-L to E,E,E,E-L (i.e. Z-L — E-L).
Since lanterns Z-L and E-L are similar in size, both lanterns are presumably flexible
enough to accommodate both E- and Z-ligands within the same capsule structure, as
has been observed for other capsules containing photoswitchable ligands.[38.39.57] By

mixing lanterns E-L and Z-L in various ratios, we could generate lanterns with mixed



ligand configurations (SI, Section S2.8), although not selectively, resulting in
mixtures of species. Nevertheless, these lantern mixtures exhibited comparable
IH NMR signals to those observed during thermal relaxation (SI, Figure S74),
supporting our assumption that the intermediates observed during thermal
relaxation could be Z,Z,Z E-L, cis- and trans-Z,Z,E,E-L, and Z,E,E,E-L. The computed
free energy differences* among the five states — Z,Z,Z,Z-L (Z-L), Z,Z,Z,E-L, Z,Z,E,E-L,
Z,E,E,E-L, and E,E,E,E-L (E-L) — further solidify this conclusion. These energy
differences show a systematic trend, in which each successive ligand change from E-
to Z-configuration increases the relative energy of the given lantern on average by AG
= +48 kJ mol-1, closely matching the computed E—Z isomerisation of a free ligand in

solution (+47.4 kJ mol-!).

Irradiating lantern Z-L with 500 nm light causes all ligands to switch back to their
respective E-configurations, resulting not in the reformation of the 78:22 triangle E-
T / lantern E-L mixture, but in the exclusive formation of lantern E-L as
demonstrated by mass spectrometry, 'H NMR, and DOSY NMR spectroscopy (Figure
1; SI Section S4.3). The initial 78:22 triangle E-T / lantern E-L mixture could be
regained by equilibrating the sample at 22 °C for at least 8 hours, usually overnight.
Furthermore, the light-induced switching and subsequent thermal equilibration
could be repeated for five cycles with no appreciable photobleaching (Figure 3a; SI,
Figure S68).

Since 78:22 E-T |/ E-L — Z-L switching under 365 nm light and Z-L — E-L switching
under 500 nm light are not entirely reversible, resulting in the accumulation of the
out-of-equilibrium structure lantern E-L, we propose, that the switching operates via

a molecular ratchet mechanism.

An information ratchet
To verify the operation of a molecular ratchet mechanism in the E-T / E-L — Z-L and

Z-L — E-L switching cycle, we investigated both processes via in-situ illumination

1H NMR spectroscopy (Figure 3b; SI, Section S4.3).

During 365 nm light irradiation (LED power reduced to 10%), both triangle E-T and
lantern E-L are converted to lantern Z-L. After approximately 15 min, the
transformation was complete with a PSS of 100% Z-L and no further changes were

observed. Subsequent irradiation with 500 nm light (LED power reduced to 2%)
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Figure 3. (a) Investigation of switching reversibility by *H NMR (500 MHz, DMSO-ds, 298 K) of triangle E-T, lantern
E-L, and lantern Z-L. A 78:22 triangle E-T / lantern E-L mixture was subjected to alternating light irradiation with
365 nm (5 min) and 500 nm (5 min), respectively. After irradiation with 500 nm light, the sample was left equilibrating
for 22 h in an amberised NMR tube wrapped in aluminium foil in an air-conditioned room (22 °C) to allow for
equilibration to the 78:22 triangle E-T / lantern E-L ratio. No apparent photodegradation was observed after five
switching cycles. (b) Changes in composition between triangle E-T, lantern E-L, and lantern Z-L measured by in-
situ illumination *H NMR (700 MHz, DMSO-ds, 298 K). A sample of 78:22 triangle E-T / lantern E-L was irradiated
with 365 nm light (LED power reduced to 10%) for approx. 17 min to induce E—Z isomerisation, followed by
illumination with 500 nm light (LED power reduced to 2%) for approx. 16 min.

caused the amount of lantern Z-L to decrease in favour of lantern E-L rapidly. Lantern
E-L, in turn, instantly begins equilibrating to triangle E-T, resulting in a maximum
population of 11:89 triangle E-T' / lantern E-L after 3 min of 500 nm light irradiation.
Lantern Z-L is entirely consumed after about 10 min of 500 nm light irradiation, after
which the gradual equilibration of lantern E-L to triangle E-T can be observed. A
maximum population of 2:98 triangle E-T / lantern E-L could be reached upon
500 nm light irradiation by increasing the LED power from 10% to 100% (SI, Figure
S65). In both processes, no half-assembled structures were observed within the
detection limits of NMR spectroscopy (SI, Figures S63 and S64). However, some
intermediates could be detected, which we tentatively assign to be the partly switched
lantern structures already observed in the thermal relaxation of lantern Z-L, i.e.
Z,2,Z,E-L, Z,Z,E,E-L, and Z,E,E,E-L (see above and SI, Figure S74). Since these
intermediates were minor and could not be clearly identified, we excluded them from

the kinetic investigation of the switching cycle.

To further strengthen our hypothesis, that a molecular ratchet mechanism operates
within the switching cycle of E-L + E-T — Z-L — E-L = E-T, we tentatively modelled
the kinetics of this intricate process to compare the orders of magnitude of the rate-

limiting steps using two independent kinetic models (Scheme 2; SI, Section S5.2).

The kinetic constants of the rate-determining steps of the switching cycle obtained
by both models support our previous qualitative observations, demonstrating the
molecular information ratchet mechanism at work (Scheme 2, values of Model II

provided; SI, Section S5.2):
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(i) Under 365 nm light irradiation, both triangle E-T and lantern E-L switch
to lantern Z-L with comparable rate constants (ker—zL =4 - 1073 s71; kg2
L= 10" s71).

(i) When irradiating lantern Z-L with 500 nm light, the slowest step is the Z—E
switching, which is, by definition, the same for both pathways (kzL = kzL =
8 - 10-3 s71; SI, Figure S75). The switched state then rapidly rearranges to
lantern E-L with a rate constant of kzL-r1L = 103 M-1s71, while the pathway
from lantern Z-L to triangle E-T is negligible (kzr—gr =5 - 105 M-1s71).

(ii)  Reformation of triangle E-T predominantly occurs via the equilibrium

between triangle E-T and lantern E-L, which is slow at room temperature.

Hence, this molecular information ratchet exploits the kinetic asymmetry in both the
thermal and photochemical Z-L—E-L and Z-L—E-T isomerisations (and subsequent
rearrangement) and can therefore be used to accumulate the out-of-equilibrium

structure E-L.

To fully elucidate the thermodynamics of the molecular ratchet, we calculated# the
energy difference between lantern Z-L and lantern E-L using a model system derived
from the crystal structure of lantern E-L. This model system features the respective
lantern with its cavity occupied by four DMSO solvent molecules. Additionally, two

BF4 anions coordinate to the Pd! cations’ octahedral positions outside the lanterns

5 5
= =5 =1 = \/
2 k=3-10"%s 2 181
O] TN s o L)
< k=10"3g"1 <
28—
0 AET O E-L g

AG [kJ mol™]
»
hor

W ® 7L

Scheme 2. Schematic representation of the molecular information ratchet governing the triangle E-T / lantern E-L
— lantern Z-L switching cycle, with the rate constants of the respective rate-determining steps obtained from one
of the kinetic models indicated alongside the reaction arrows. Next to each state, a schematic diagram of the
potential energy surface and its population is illustrated along with the respective energies — both experimental
and computed — of the three states (Z-states: blue; E-states: green).
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(SI, Section S8.6). From this model system, a free energy difference of AG =
-181.2 kJ mol-! was obtained. Along with the energy difference between triangle E-T
and lantern E-L of AG = -27.8 = 13 kJ mol-! determined via Van’t Hoff analysis, this

completes the thermodynamic picture of the ratchet.

Crucially, the molecular ratchet operates autonomously under continuous white light
irradiation, as minor proportions of both the E- and Z-states are constantly excited
by the white light spectrum (SI, Figure S93). The nature of the molecular ratchet then
causes the accumulation of the thermodynamically less stable lantern E-L (Figure 4;
SI, Section S6). White-light irradiation of the 78:22 triangle E-T / lantern E-L mixture
in situ in the 'H NMR spectrometer for 5.5 h results in a triangle E-T / lantern E-L
ratio of 34:66, indicating a threefold increase in lantern E-L population. After leaving
the sample at 22 °C in the dark for at least 8 hours, the initial 78:22 triangle E-T /
lantern E-L mixture is restored. The same threefold increase in lantern E-L
population can be reached by exposing the sample to sunlight for 7 hours, effectively

converting sunlight into chemical energy.
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Figure 4. (a) Continuous exposure to white light powers the ratchet autonomously, leading to the formation of
lantern E-L. (b) *H NMR spectra (700 MHz, DMSO-ds, 298 K) of the 78:22 triangle E-T / lantern E-L mixture under
light exclusion, after in-situ illumination with white light for 5.5 h (E-T / E-L 34:66), after exposing the sample to
sunlight on a sunny spring day for 7 h (E-T / E-L 36:64), and after equilibrating the sample under light exclusion at
22 °Cfor 22 h (E-T / E-L 78:22; top to bottom).
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Conclusion

In summary, azobispyrazol-based ligand 1 is an excellent photoswitch, exhibiting
near-quantitative E—~Z and Z—E conversions. Due to the conformational flexibility
provided by the five-membered pyrazole rings, the ligand can adopt two
conformations with coordination-vector bite angles of 0° and 60°, respectively, which
both lead to metallo-supramolecular architectures: a double-walled triangle E-T and
a lantern E-L. Since these structures require different ligand coordination vector bite
angles (60° and 0°, respectively), they are usually not accessible from the same ligand

structure.

Photoswitching of the equilibrated 78:22 triangle E-T / lantern E-L mixture occurs
via a molecular ratchet mechanism, which we have elucidated in terms of both
kinetics and thermodynamics, with the aid of quantum chemistry-based calculations:
irradiation with 365 nm light affords lantern Z-L exclusively, which then switches
back to lantern E-L exclusively. Triangle E-T subsequently forms from lantern E-L
through thermodynamic equilibration. Crucially, the molecular ratchet operates
autonomously under white light, effectively converting sunlight into an out-of-

equilibrium structure, i.e. chemical energy, and temporarily storing it.

After developing molecular ratchet mechanisms, the next step will be to couple their
energy-releasing step to molecular machines, thereby harnessing the stored energy

rather than releasing it as heat.

Methods

Further details regarding the methods can be found in the supplemental information.
The authors have cited additional references within the supplemental

information.[32,46,48,49,54-56,58-82]

Resource availability

Lead contact

Requests for further information and resources should be directed to the lead contact,

Larissa K. S. von Krbek (larissa.vonkrbek@uni-bonn.de).
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S1 General information

Reagents and materials. Commercial solvents and reagents were obtained from the
following suppliers and used without further purification unless specified otherwise:
abcr, Acros Organics, Alfa Aesar, BLD-Pharm, Merck, Sigma Aldrich, TCI, Thermo

Fisher Scientific.

Column chromatography. Column chromatography was carried out using a
puriFlash 5.020 (Interchim) flash chromatography machine with PuriFlash 15 ym Si
HP (Interchim) flash cartridges.

NMR spectroscopy. All NMR spectroscopic measurements were carried out using
400 MHz, 500 MHz or 700 MHz spectrometers (Bruker Avance I 400, Bruker Avance
I 500, Bruker Avance III HD Prodigy 500, Bruker Avance III HD Ascend 700). 'H and
13C NMR spectra are referenced to the residual solvent peak for CD3CN (!H: 1.94 ppm,
13C: 1.32 ppm), CD2Cl, (1H: 5.32 ppm, 13C: 53.5 ppm), DMSO-ds (1H: 2.50 ppm, 13C:
39.52 ppm) or DMF-d7 (H: 8.03 ppm, 13C: 163.15 ppm). NMR signals are reported in
terms of chemical shift () in ppm, relative integral, multiplicity, coupling constants
(in Hz), and assignment, in that order. The following abbreviations for multiplicity are
used: s, singlet; d, doublet. Spectra were processed (phase and baseline corrections,
integration, peak analysis), evaluated, and plotted using MestReNova 14.2.1
(Mestrelab) and TopSpin 4.1.3 (BrukerBioSpin). All processing operations were
manually checked to ensure that the processed spectra accurately represented the

raw data.

Mass spectrometry. Mass spectra were acquired using an Orbitrap XL (Thermo
Fischer Scientific) and evaluated and plotted using XCalibur 4.2 (Thermo Fischer

Scientific).

UV-vis spectroscopy. All UV-vis spectroscopy measurements were carried out using
a Cary 60 (Agilent) utilising a flash lamp style spectrometer with a temperature-

controlled sample holder.

Elemental analysis. Elemental analysis was carried out using a Vario Micro Cube
(Elementar). Approximately 2 mg of the compound were used, and all measurements

were carried out in triplicate.

Light sources. All illumination experiments with 500 nm and in-situ illumination
experiments (NMR and UV-vis) and were carried out using Prizmatrix fibre collimated

LEDs (Table S1, for further details see Section S4). Illumination experiments (NMR
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and MS) with 365 nm were carried out using a portable, self-built light source

incorporating a commercial 365 nm LED chip (Nichia, NCSU275(T)-U365, 1.8 W).

Table S1. Light output of fibre collimated LEDs.

A [nm] 310 325 365 390 405 430 450 500 white

Output power [mW]

(1 m optical fibre) 1 8.6 170 220 260 160 440 165 74
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S2 Synthesis

1) HySOy, 15 °C

1) EtOH, 0 °C
0 0 2)NaNO, O O 2)NyHgH0 HzN)Iv\é
SE— _ N
)j\/u\ H,0, rt, 3 h | 80°C,5h ”
91% N-oH 72%
S1 S2
1) AcOH, HCI, 0 °C, 30 min
2) NaNO,, H,0, 1 h
3) Hacac,NaOAc,
EtOH, H,0, 0 °C—>r.t, 3h
85%
_ O O
HN\'QI 1) EtOH, 15 min, 40 °C )l\(u\
2) NoHg'H,0 |
N, N.
N -« NH
84 °C,43 h
~N 55% ~N
N-NH N-NH
sS4 S3
CU(C020H3)2
HO, =N
o~ )~/
HO \_7 \
dry DMSO, O,
50 °C, 6 days
22% Y
N
N” N
N /
1
N, p

Scheme S1. Synthetic route to azobispyrazole-containing ligand 1.
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S2.1 3-(Hydroxyimino)pentane-2,4-dione (S1)

1) H,SO, (7 w%), 15 °C

ey OO 2) 1.8 equiv. NaNO, o o
.0 equiv. >
)I\/U\ H,O,rt, 3 h a)HI/U\b
91% N\OH
c
S1

3-(Hydroxyimino)pentane-2,4-dione (S1) was synthesised after a modified literature

procedure.

Pentane-2,4-dione (5.0 g, 49.94 mmol, 1.0 equiv.) was dissolved in sulfuric acid (7%,
S50 mL) at 15 °C. Subsequently, a solution of NaNO, (6.20 g, 89.89 mmol, 1.8 equiv.)
in water (30 mL) was added dropwise at 15 °C. After the slightly yellow reaction
solution was stirred at room temperature for 3 h, the product was extracted with
ethyl acetate (4 x 15 mL) and the combined organic layers dried over anhydrous
Na,S0O4. The solvent was removed under reduced pressure on a rotary evaporator and
the orange (slushy) solid was washed with cold toluene and later dissolved in
methanol. After removing residual solvents under reduced pressure, 3-
(hydroxyimino)pentane-2,4-dione (S1) was isolated as white crystals with a 91% yield
(5.85 g, 45.31 mmol).

C5H7N03 129.12 g/mol
Rr value (CH,Cl, / CH30H 95:5 (v/v)) = 0.67

1H NMR (400 MHz, CDsCN, 293 K) du [ppm]| = 2.26 (s, 3H, H-a/b), 2.32 (s, 3H, H-
a/b), 10.15 (s, 1H, H-c).

The obtained spectrum matches the literature data.lll

HRMS (ESI*): m/z (relative intensity) = 152.0320 (100%, [M+Na*|, calcd 152.0318).
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Figure S1. *H NMR spectrum (400 MHz, CD3CN, 298 K) of dione S1.
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S2.2 3,5-Dimethyl-1H-pyrazol-4-amine (S2)

b
o Q 1) EtOH, 0 °C H,N
1.0 equiv. )Hl)l\ 2) 2.1 equiv. NoHyH,0 | \,N
N. > N
OH 80°C,5h a H
S1 72%

3,5-Dimethyl-1H-pyrazol-4-amine (S2) was synthesised after a modified literature

procedure.!ll

Hydrazine monohydrate (0.8 mL, 19.52 mmol, 2.10 equiv.) was added dropwise to a
solution of dione 81 (1.0 g, 9.29 mmol, 1.0 equiv.) in ethanol (12 mL) at O °C. The
resulting turquoise solution was stirred at 80 °C. After 90 min, additional hydrazine
monohydrate (0.3 mL, 7.44 mmol, 0.8 equiv.) was added and the turquoise solution
was stirred for a further 3.5 h at 80 °C. After allowing the reaction to cool to room
temperature, water (20 mL) was added and the aqueous phase was extracted with
ethyl acetate (4 x 10 mL). The combined organic layers were washed with water
(1 x 10 mL) and dried over Na>SO4. The residual solvent was removed under reduced
pressure on a rotary evaporator. 3,5-Dimethyl- 1H-pyrazol-4-amine (S2) was obtained

as an off-white powder with a yield of 72% (618 mg, 5.56 mmol).

C5H9N3 111.15 g/mol
Rr value (CH2Cl, / CHs;OH 98:2 (v/v)) = 0.22

1H NMR (400 MHz, DMSO-ds, 293 K) 8u [ppm] = 1.99 (s, 6H, H-a/b), 11.37 (s, 1H,
NH).

The obtained spectrum matches the literature data.lll

HRMS (ESI¥): m/z (relative intensity) = 112.0870 (100%, [M+H+*], calcd 112.0869).
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Figure S2. *H NMR spectrum (400 MHz, DMSO-ds, 298 K) of pyrazole S2.
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S2.3 3-(2-(3,5-Dimethyl-1H-pyrazol-4-yl)hydrazineylidene)pentane-2,4-
dione (S3)

1)AcOH, HCI, 0 °C, 30 min

2)1.2 equiv. NaNO,, H,0, 1 h o 0
HoN 3)1.2 equiv. Hacac, 3.0 equiv. NaOAc, )H/U\d
1.0 equiv. W EtOH,H,0,0°C->rt, 3h c |\
, > ~
N NH
H 85%
a g N a
S2 N-NH
s3

3-(2-(3,5-Dimethyl- 1 H-pyrazol-4-yl)hydrazineylidene)pentane-2,4-dione (S3) was

synthesised after a modified literature procedure.[l]

A suspension of pyrazol amine $2 (100 mg, 899.70 umol, 1.0 equiv.) in glacial acetic
acid (1.3 mL) and conc. HCI (0.3 mL) was stirred at 4 °C for 30 min. Subsequently, a
solution of NaNO; (74.5 mg, 1.08 mmol, 1.2 equiv.) in water (1.0 mL) was added
dropwise and the resulting clear yellow solution stirred at 4 °C for 1 h. This cold
solution of the diazonium salt was added dropwise to a solution of acetylacetone
(0.1 mL, 1.0 mmol, 1.2 equiv.) and NaOAc (0.22 g, 2.70 mmol, 3.0 equiv.) in ethanol
(2.0 mL) and water (1.0 mL) at 4 °C. The resulting solution was warmed to room
temperature and stirred for an additional 3 h. The aqueous phase was then extracted
with ethyl acetate (4 x 20 mL). The combined organic layers were washed with water
(1 x 15 mL) and dried over Na;SO4. The residual solvent was removed under reduced
pressure on a rotary evaporator and the residue was subjected to column
chromatography (silica gel, CH.Cl,/EtOAc 100:0—-75:25 (v/v) over 15 column
volumes). Dione 83 was obtained as a yellow powder with an overall yield of 85%

(170 mg, 764.91 umol).

Ci0H14N4O2 222.25 g/mol
Rr value (CH,Cl, / CH30H, 95:5 (v/v)) = 0.55

1H NMR (400 MHz, CD3CN, 293 K) du [ppm] = 2.32 (s, 9H, H-a, H-b, and H-d/e), 2.49
(s, 3H, H-d/e), 10.6 (s, 1H, H-c), 15.07 (s, 1H, H-f).

The obtained spectrum matches the literature data.lll

HRMS (ESI¥): m/z (relative intensity) = 223.1191 (100%, [M+H?*], calcd 223.1190).
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Figure S3. *H NMR spectrum (400 MHz, CDsCN, 298 K) of S3.
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S2.4 (E)-1,2-Bis(3,5-dimethyl-1H-pyrazol-4-yl)diazene (S4)

O O HN-N
)H/U\ 1) EtOH, 15 min, 40 °C /K\P\
| 2) 1.1 eqUiV. N2H4'H20 N
1.0 equiv. N-NH > N
84°C,43h

\(V 55% bW ;
N-NH N-NH
S3 S4

(E)-1,2-Bis(3,5-dimethyl-1H-pyrazol-4-yl)diazene (S4) was synthesised after a

modified literature procedure.(!]

Dione 83 (3.7 g, 16.6 mmol, 1.0 equiv.) was dissolved in ethanol (150 mL) by stirring
the mixture for 15 min at 40 °C. Hydrazine monohydrate (890 pL, 18.3 mmol,
1.1 equiv.) was added and the solution was stirred under reflux (84 °C) for 43 h,
during which a colour change from yellow to orange was observed and a yellow
precipitate formed. After allowing the reaction mixture to cool down to room
temperature, water (150 mL) was added upon which more precipitate formed. The
formed precipitate was filtered via gravity filtration and washed with water (20 mL).
After allowing the solid to air dry for 5 d, (E)-1,2-bis(3,5-dimethyl-1H-pyrazol-4-
yl)diazene (S4) was obtained as a yellow solid in 55% yield (2.0 g, 9.16 mmol).

C10H14N6 21826 g/mol
Rr value (CH,Cl, / -PrOH 9:1 (v/v)) = 0.63

1H NMR (400 MHz, DMSO-ds, 298 K) 6u [ppm] = 2.34 (s, 3H, H-a/b), 2.40 (s, 3H, H-
a/b), 12.53 (s, 1H, NH).

The obtained spectrum matches the literature data.lll

HRMS (ESI¥): m/z (relative intensity) = 219.1349 (100%, [M+H?*], calcd 219.1353).
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Figure S4. 'H NMR spectrum (400 MHz, DMSO-ds, 298 K) of azobispyrazole photoswitch S4.

S14



L. Prufionosa Lara et al. Supporting Information

S2.5 (E)-1,2-Bis(3,5-dimethyl-1-(4-(pyridin-3-yl)phenyl)-1H-pyrazol-4-
yl)diazene (1)

HN-N 2.0 equiv. O D C—N:
\ .Oequiv. B

a
1.0 equiv. Ny 0.84 equiv. Cu(CO,CHs),
'
N dry DMSO, O,, N
N-NH 50 °C, 6 days N’/ N b
S4 N 1
22%
N )

Cu(CO2CH3)2 (160 mg, 885 umol, 0.84 equiv.) was added to a solution of
azobispyrazole photoswitch S4 (230 mg, 1.05 mmol, 1.0 equiv.) and (4-(pyridin-3-
yl)phenyl)boronic acid (839 mg, 4.22 mmol, 4.0 equiv.) in dry dimethyl sulfoxide
(25 mL). The reaction mixture was equipped with an oxygen balloon and was stirred
at 50 °C for 6 d, upon which a green solid precipitated. After allowing the reaction to
cool down to ambient temperature, the green solid was filtered via gravity filtration
and washed with water. After air drying the solid for 24 h, the green solid was
collected and the residue was subjected to column chromatography (silica gel, see
Table S2 for solvent specifications). The solid obtained after column chromatography
was further purified by liquid-liquid (dichloromethane/ethyl acetate) diffusion-
assisted crystallisation: The solid was dissolved in a minimum amount of
dichloromethane (1 mL) and the solution carefully layered with ethyl acetate (2 mlL)
upon which yellow crystals formed. The mixture was cooled to 4 °C overnight or

longer to afford ligand 1 as a yellow crystalline solid in 22% yield (125 mg, 238 umol).

Table S2. Solvent gradient used to purify ligand 1 via flash column chromatography.

Column volume EtOAc / NEt3 (97:3) CH2Cl2 i-PrOH
0 0 100 0
10 50 50 0
14 100 0 0]
16 100 0 0]
18 80 0 20
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Cs2H2sNs 524.63 g/mol
Rr value (EtOAc / NEts, 97:3 (v/v)) = 0.27

Elemental Analysis (C32H2sNs):
Calcd (%) C: 73.26 H: 5.38 N: 21.36
Found (%) C:73.43 H: 5.39 N: 21.25

1H NMR* (400 MHz, CD,Cl,, 298 K) 8u [ppm] = 1.89 (s, 3H, H-b?), 2.25 (s, 3H, H-a?),
2.56 (s, 3H, H-b), 2.69 (s, 3H, H-a), 7.41 (ddd, J= 7.8, 4.8, 0.9, 1H, H-g), 7.52 — 7.59
(m, 2H, H-c9, 7.63 - 7.69 (m, 2H, H-c), 7.73 — 7.78 (m, 2H, H-d), 7.92 (dd, J = 2.4,
1.6, 1H, H-h?), 7.96 (ddd, J = 7.9, 2.4, 1.7, 1H, H-h), 8.61 (dd, J = 4.8, 1.6, 1H, H-f),
8.88 (d, J= 1.6, 1H, H-e9), 8.90 (dd, J= 2.4, 0.9, 1H, H-e).

13C NMR (176 MHz, CD2Cly, 298 K) 8c [ppm] = 11.7 (C-a), 14.6 (C-b), 124.0 (C-g),
125.3 (C-c), 128.2 (C-d), 134.6 (C-h), 135.9 (C-6), 137.4 (C-1), 137.5 (C-5), 138.1 (C-
2), 139.8 (C-4), 143.3 (C-3), 148.6 (C-¢), 149.3 (C-f).

HRMS (ESI¥): m/z (relative intensity) = 525.2509 (100%, [M+H+*], calcd 525.2510).

* Signals with a Z represent Z-1. Not all signals of Z-1 are visible due to peak overlap with E-1 (Figure

S55). One dimensional 1H-ROESY spectra enabled the assignment of H-a, H-b, H-aZ, and H-bZ2.
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Figure S9. One-dimensional *H-ROESY NMR spectra (700 MHz, CD2Cl2, 298 K) of Z-1 for signals H-aZ, and H-b?.
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S2.6 Self-assembly of the triangle E-T / lantern E-L mixture

=N
N/
N-N
/%
1.1 equiv. Pd(CH3CN)4(BF,),
N:N
>
\A/ DMSO-dg
VN 1. 50 °C, 30 min
N-N 2.22°C, 20 h
2.0 equiv
7N
L —
N

Ligand 1 (2.53 mg, 4.82 umol, 2.0 equiv.) was suspended in DMSO-ds (522 uL) and
sonicated for 2 min. A solution of Pd(CHzCN)4(BF4)2 (77 uL, [1] = 8.0 mM, 1.18 mg,
2.65 umol, 1.1 equiv.) in DMSO-ds was added and the mixture was stirred at 50 °C
for 30 min. The reaction mixture, initially observed as a turbid suspension, became
a clear yellow solution after 5 min at 50 °C. The resulting complex solution was then
left to equilibrate at 22 °C for a minimum of 6 h (usually overnight, approx. 20 h),

resulting in a 78:22 E-T / E-L mixture.

In some instances, additional minor signals were observed in 'H NMR (Figure S15).
However, no other Pd species (e.g., Pd4Lg) nor partially self-assembled structures (e.g.,
Pd;Ls) were found in the ESI mass spectrum, which led us to tentatively assume that
these minor signals correspond to different lantern E-L isomers (Figure S24 and
Section S8.4). It was possible to reproducibly reduce the signals of these lantern E-L
isomers by irradiating the sample with 365 nm light for 10 min (forming Z-L) and
immediately heat it to 85 °C for 6 h. After allowing the mixture to cool to room
temperature and equilibrate overnight (approx. 20 h), 'H NMR revealed a clean 78:22
E-T / E-L mixture.

For more details on the equilibrium between E-T and E-L, see Section S3.

[Pd3(C3z2H2sNs)s](BF4)e 3987.82 g/mol

[PdQ(C32H28N8)4](BF4)4 265854 g/mol
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1H NMRt# (500 MHz, DMSO-ds, 298 K) 6u [ppm]| = 2.35 (s, 3H, H-b7), 2.45 (s, 3H, H-
bl), 2.77 (s, 3H, H-al), 7.67z - 7.79 (m, 4H, H-cT, dT), 7.82 — 7.98 (m, 6H, H-gT, gL, cL,
dh), 8.44 (s,1H, H-hT7), 8.46 (s,1H, H-hl), 9.36 (d, J= 6.6 Hz, 1H, H-{1),9.43 (d, J= 7.2
Hz, 1H, H-f1), 9.77 (d, J= 2.4 Hz, 1H, H-el), 9.87 (s, 1H, H-eT).

13C NMRS (176 MHz, DMSO-ds, 298 K) 8c [ppm] = 10.3 (C-aT), 11.8 (C-al), 13.2 (C-by),
15.1 (C-bT), 118.1, 124.6 (C-ct/dT), 125.1 (C-gT/gl/ct/dY), 128.1 (C-gt/gt/ct/dy),
128.3 (C-cT/dT), 136.5, 139.8, 140.3, 140.5, 148.3 (C-€T), 144.8, 149.2 (C-el), 149.7
(C-ft), 149.9 (C-f1).

19F NMR (470 MHz, DMSO-ds, 298 K) 6r [ppm] = —148.24, -148.18.

HRMS (ESI*, DMSO-ds/CH3CN, 298 K): m/z (relative intensity) = 542.2474 (15%,
[1]*, caled 542.2431), 577.7012 (100%, [T - 6 BF4]6* and [L - 4 BF4]*, calcd
577.6962), 710.6426 (20%, [T -5 BF4]5*, calcd 710.6363), 799.2692 (22%,
[L — 3 BF4]3*, caled 799.2630), 909.8038 (10%, [T —4 BF4]*, calcd 910.0465),
1242.4077 (8%, [T — 3 BF4J3* and [L — 2 BF4]2+, calcd 1242.3966).

t The 1H and 13C signals corresponding to E-T and E-T are depicted with a T and an L, respectively. One
dimensional 'H-ROESY spectra enabled the assignment of H-aT, H-bT, H-al, and H-bl (Figure S19).

t The H-aT singlet is underneath the DMSO-ds signal and can only be observed at higher temperatures,
see Section S3.4.

§ Not all 13C signals could be assigned unambiguously. C-H couplings for C-eT, C-eL, C-fi, and C-fT could
be observed in the HSQC (Figure S22). However, individual signals could not be observed in the 13C NMR
(Figure S16).
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Figure S13. Cartoon representations of the six different possible isomers of E-L: (u,u,u,u)-E-L and its enantiomer
(d,d,d,d)-E-L, (u,u,u,d)-E-L and its enantiomer (u,d,d,d)-E-L, (cis-u,u,d,d)-E-L, and (trans-u,u,d,d)-E-L. Ligand
orientations are labelled “up” (u) and “down” (d), respectively, with respect to the orientations of the azo groups: If
the N=N double bond of the azo bridge tilts slightly upward and points into the concave side of the ligand (orange
arrow), a ligand is assigned the “up” (u) orientation (black curved arrow); if it tilts slightly downward and points into
the concave side of the ligand (orange arrow), it is assigned the “down” (d) orientation (grey curved arrow).
Computations of these isomers are detailed in Section S8.4. Note that the X-ray crystal structure showed the (cis-
u,u,d,d)-E-L isomer (Section S7).
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Figure S14. 'H NMR spectrum (500 MHz, DMSO-ds, 298 K) of 78% E-T (denoted as T) and 22% E-L (denoted as
L).
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Figure S15. *H NMR spectrum (500 MHz, DMSO-ds, 298 K) of 78% E-T (denoted as T) and 22% E-L (denoted as

L) before (top) and after (bottom) “clean up”. Minor species highlighted with an asterisk.
S24



L. Prufionosa Lara et al. Supporting Information

IERY
DMSO SoZo
Y
‘s 8%s 0§ s 83 o | {
. oS © ©®  ©F s | ISN (Pd CH:CN
< <ttt ™ [s2} NN NN ~
I~ ~ ~ - ~ ~ — ~ — 1 h\~2¢€
: | N2 | N\ \/ | :
| ! d
| | c
1 1
| : a \N‘N
i g'lgHcH/d- : !
' £ l N b
: A | N
| cd/ N cTdT i A\
! 7 \ ! N
1 I \ 1 \N
1 1
1 1
: T T T T T T T T T T T T T T :
: 144 142 140 138 136 134 132 130 128 126 124 122 120 118
® bt
ZNPd) |,
1a
bTHaT

T T T T T T T T

1
150 140 130 120 i 110 100 90 80 70 60 50 40 30 20 10 0 -10
fmmmmmmmm e chemical shift [ppm]

Figure S16. 13C NMR spectrum (176 MHz, DMSO-ds, 298 K) of 78% E-T (denoted as T) and 22% E-L (denoted as
L).
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Figure S17. °F NMR spectrum (470 MHz, DMSO-ds, 298 K) of 78% E-T and 22% E-L showing the presence of

only one anion environment (the two separate signals arise from the °B and !B isotopomers).
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Figure S18. Graphical representation of the syn and anti-conformers of ligand 1 conformers within E-L and E-T,
respectively. H-a and H-b only show ROESY contacts in the anti-conformation present in E-T.
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Figure S19. One-dimensional 'H ROESY NMR spectra (700 MHz, DMSO-ds, 298 K) of 78% E-T (denoted with T)
and 22% E-L (denoted with L) for signals H-a-, H-b*, H-aT, and H-b". Clear couplings between H-a™ and H-b" confirm
ligand 1’s anti-conformation within E-T. As expected for the syn-conformation of ligand 1 in E-L, no cross peaks

were observed for H-a- and H-bt.
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Figure S20. 'H,'H ROESY NMR spectrum (700 MHz, DMSO-ds, 298 K) of 24% E-T (denoted as T) and 76% E-L
(denoted as L). This mixture enriched with E-L was obtained by irradiating Z-L with 500 nm light and measuring the
resulting spectrum immediately afterwards. This was necessary to obtain sufficiently intense signals of E-L, which
helped with the proton assignment of E-T and E-L. As expected for the syn-conformation of ligand 1 in E-L, no
cross peaks were observed for H-a- and H-b".
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Figure S21. 'H,'H COSY NMR spectrum (700 MHz, DMSO-ds, 298 K) of 78% E-T (denoted with T) and 22% E-L
(denoted with L).
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Figure S22. H,13C HSQC NMR spectrum (700/176 MHz, DMSO-ds, 298 K) of 78% E-T (denoted with T) and 22%
E-L (denoted with L).
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Figure S23. 2D-DOSY NMR spectrum (700 MHz, DMSO-ds, 298 K, D20 = 0.35 s) of 78% E-T (denoted with T) and
22% E-L (denoted with L). Calculated diffusion constants (D) and solvodynamic diameters (d = 2r) for each complex
are depicted in the spectrum. The crystal structure of E-L and the GFN2-xTB structure of E-T are shown with their

respective distances (Pd — Pd and Pd — Nazo) as calculated by Avogadro (Version 1.2.0).12
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Figure S24. (a) High-resolution ESI* mass spectrum (DMSO/CHsCN) of E-T and E-L. Experimental and calculated
isotope patterns of (b) [T = 5 BF4]°* and (c) [L — 3 BF4]**.
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S2.7 Formation of Z-L

The previously prepared 78:22 triangle E-T / lantern E-L mixture (8.0 mM, 0.6 mL)
was irradiated with 365 nm light for 5 min, and complete conversion to Z-L was
achieved. A slight colour change from yellow to dark yellow/orange was observed
upon irradiation. The sample was then kept in an amberised NMR tube wrapped in

aluminium foil to avoid any Z—E isomerisation under ambient light.

Additional minor signals were observed in 'H NMR (Figure S27a). However, no other
Pd species (e.g., Pd4Lg) nor partially self-assembled structures (e.g., PdsLs) were found
in the ESI mass spectrum, which led us to tentatively assume that these minor
signals correspond to the five other lantern Z-L diastereomers, due to Z-1 being chiral

(Figure S36 and Section S8.3).

[PdQ(C32H28N8)4](BF4)4 265854 g/mol

1H NMR* (500 MHz, DMSO-ds, 298 K) &u [ppm] = 1.36 (s, 3H, H-b), 2.55 (s, 3H, H-a),
7.81 - 7.86 (m, 2H, H-c), 7.87 — 7.93 (m, 1H, H-g), 7.94 — 7.98 (m, 2H, H-d), 8.54 (d,
J=8.1, 1H, H-h), 9.43 (d, J= 7.2, 1H, H-0), 9.71 (d, J= 1.7, 1H, H-e).

13C NMR (176 MHz, DMSO-ds, 298 K) 8¢ [ppm] = 10.7 (C-a), 13.7 (C-b), 124.6 (C-0),
127.6 (C-g), 127.9 (C-d), 133.2 (C-5), 135.3 (C-3), 137.6 (C-6), 138.3 (C-1/2), 138.6
(C-h), 139.8 (C-4), 148.4 (C-€), 149.9 (C-f).

19F NMR (470 MHz, DMSO-ds, 298 K) 6r [ppm] = —148.24, -148.18

HRMS (ESI*, DMSO-ds/CH3CN, 298 K): m/z (relative intensity) = 542.2485 (55%,
[1]*+, caled 542.2431), 577.7024 (100%, [L —4 BF4]**, calcd 577.6962), 799.2709
(20%, [L — 3 BF4]3+, caled 799.2630), 1242.4095 (5%, [L — 2 BF4]2*, calcd 1242.3960).

" One dimensional 1H-ROESY spectra enabled the assignment of H-a and H-b (Figure S30).
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(

(P,P,P,Py-Z-L (P,P,P,M)-Z-L (P.MMM)-Z-L (M,M,M,M)-Z-L

(trans-P,P,M,M)-Z-L

= Pd ( = (P)-Z-1 ( = (M)-Z-1

Figure S25. Top: Enantiomers of Z-1. Bottom: Cartoon representations of the six diastereomers of Z-L: M,M,M,M)-
Z-L and its enantiomer (P,P,P,P)-Z-L, (P,M,M,M)-Z-L and its enantiomer (P,P,P,M)-Z-L, (cis-P,P,M,M)-Z-L, and
(trans-P,P,M,M)-Z-L. Computations of these isomers are detailed in Section S8.3.
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Figure S26. 'H NMR spectrum (500 MHz, DMSO-ds, 298 K) of Z-L.
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Figure S27. Stacked *H NMR spectra (500 MHz, DMSO-ds, 298 K) of (a) Z-L and (b) Z-L + 7.0 equiv. tetra-N-
butylammonium A-TRISPHAT. Minor species highlighted with an asterisk.
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Figure S28. 13C NMR spectrum (176 MHz, DMSO-ds, 298 K) of Z-L.
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Figure S29. F NMR spectrum (470 MHz, DMSO-ds, 298 K) of Z-L showing the presence of only one anion

environment (the two separate signals arise from the °B and !B isotopomers).
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Figure S30. One-dimensional *H ROESY NMR spectra (700 MHz, DMSO-ds, 298 K) of Z-L for signals H-a and
H-b showing clear couplings between H-a and H-b, confirming ligand 1’s Z-configuration within Z-T.
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Figure S31. H,'H ROESY NMR spectrum (700 MHz, DMSO-ds, 298 K) of Z-L showing clear coupling between

H-a and H-b, confirming ligand 1’s Z-configuration within Z-T.
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Figure S32. 'H,*H COSY NMR spectrum (700 MHz, DMSO-ds, 298 K) of Z-L.

Lo
-
=0

aDMSO b

4° e

alll

9 Lis

([« 125

130

<@

A

o
chemical shift [ppm]

135
140
r145
r150

T T T T T

96 94 92 90 88 86 84 82

chemical shift [ppm]

Figure S33. 'H,13C HSQC NMR spectrum (700/176 MHz, DMSO-ds, 298 K) of Z-L.
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Figure S34. 2D-DOSY NMR spectrum (700 MHz, DMSO-ds, 298 K, D20 = 0.35 s) of Z-L. Calculated diffusion
constant (D) and solvodynamic diameter (d = 2r) are depicted in the spectrum. The GFN2-xTB structure of Z-L is

shown with its Pd — Pd distance, calculated using Avogadro (Version 1.2.0).12

C
d
N f h g

T T T T T T T

9.8 9.6 0.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6
chemical shift [ppm]

Figure S35. Stacked *H NMR spectra (500 MHz, DMSO-ds, 298 K) of Z-1 (top) and Z-L (bottom).
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Figure S36. (a) High-resolution ESI* mass spectrum (DMSO/CHsCN) of Z-L. (b) Experimental and calculated

isotope patterns of [L — 4 BF4]**.
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S2.8 Lantern scrambling between E-L and Z-L

To investigate whether assemblies with both ligand E-1 and Z-1 within the same
lantern structure, namely Z,E,E,E-L, cis-Z,Z,E,E-L, trans-Z,Z,E,E-L, Z,Z,Z E-L, are able
to form, as indicated by our computational studies (Section S8.2), lantern scrambling
experiments were performed by combining pre-assembled lanterns E-L and Z-L in
ratios of 1:3, 1:1, and 3:1 (E-L / Z-L). Direct mixing of isomeric ligands was not
feasible, because of free ligand 1’s low solubility in DMSO (the solvent used for cage

formation).

Z-L was obtained by irradiating a sample of E-T / E-L at 365 nm to induce E—Z
isomerisation. As complete thermal relaxation of Z-L requires approximately one year
(Figure S73), no significant relaxation was expected during the course of the
experiment. E-L was generated by irradiating a sample of Z-L at 500 nm. Due to the
equilibration between E-T and E-L (see Section S3), small amounts of E-T were

always present in the samples and increased within the course of the experiment.

Each sample was prepared using a freshly irradiated E-L solution and mixing it with
the Z-L solution in 1:3, 1:1, and 3:1 (E-L / Z-L) ratios. The samples were investigated
by 'H NMR spectroscopy immediately after mixing (2 min / 5 min), and the mixtures
were monitored over time (17 min / 20 min, 13 h, 7 d; Figure S37-S39). In all cases,
the lantern mixtures gave rise to new sets of signals (highlighted in yellow, orange,
and red, respectively, depending on whether they were predominantly found in the
1:3, 1:1 or 3:1 E-L / Z-L mixtures), which reached their maximum intensity after
13 h. While it was not possible to definitely assign the newly emerged signals to
specific lantern structures, namely Z,E,E,E-L, cis-Z,Z,E,E-L, trans-Z,Z,E,E-L, Z,Z,Z E-
L, we tentatively assume these signals to arise from the lanterns with mixed ligand
configurations, supporting our computational results that formation of such
structures should be possible (Section S8.2). After 7 d all mixtures had formed

significant amounts of triangle E-T, indicating its thermodynamic stability.

Some of the identified signals of lanterns with mixed ligand configurations can also
be observed during the thermal relaxation of Z-L (Figure S74), further supporting our
hypothesis regarding the identity of these signals.

S39



L. Prufionosa Lara et al. Supporting Information

(b) 2 min AN

@vm. A

(d) 13h A
__J\-_/\__J — —

(e) 7d jl\\
—_ N\~ —_— A_J\_

A JAN
() ET:EL
7822 Oﬂ O
100 99 98 97 96 95 94 93 92

chemical shift[ppm]

Figure S37. 'H NMR (700 MHz, DMSO-ds, 298 K) spectra of the lantern-scrambling experiment with E-L / Z-L (1:3)
after (b) 2 min, (c) 17 min, (d) 13 h, and (e) 7 d. For reference: (a) Z-L and (f) E-T / E-L mixture under light exclusion
(E-T/E-L, 78:22). E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®. Newly emerged signals
are tentatively highlighted in yellow, orange, and red, respectively, depending on whether they were predominantly

found in the 1:3, 1:1 or 3:1 E-L / Z-L mixtures.
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Figure S38. 'H NMR (700 MHz, DMSO-ds, 298 K) spectra of the lantern-scrambling experiment with E-L / Z-L (1:1)
after (b) 5 min, (c) 20 min, (d) 13 h, and (e) 7 d. For reference: (a) Z-L and (f) E-T / E-L mixture under light exclusion
(E-T/E-L, 78:22). E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®. Newly emerged signals
are tentatively highlighted in yellow, orange, and red, respectively, depending on whether they were predominantly
found in the 1:3, 1:1 or 3:1 E-L / Z-L mixtures.
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Figure S39. 'H NMR (700 MHz, DMSO-ds, 298 K) spectra of the lantern-scrambling experiment with E-L / Z-L (1:3)
after: (b) 2 min, (c) 17 min, (d) 13 h, and (e) 7 d. For reference: (a) Z-L and (f) E-T / E-L mixture under light exclusion
(E-T/E-L, 78:22). E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®. Newly emerged signals
are tentatively highlighted in yellow, orange, and red, respectively, depending on whether they were predominantly
found in the 1:3, 1:1 or 3:1 E-L / Z-L mixtures.
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S3 Investigation of the triangle E-T / lantern E-L equilibrium

All samples were prepared according to the experimental procedure outlined in
Section S2.6 and were stored in amberised NMR tubes wrapped in aluminium foil in
an air-conditioned room at 22 °C to prevent any disruption of the equilibrium caused

by either temperature or ambient light.

S3.1 Triangle E-T / lantern E-L equilibrium

The thermal interconversion between triangle E-T and lantern E-L was investigated
at 298 K and 348 K. For this, an NMR sample containing 78:22 triangle E-T / lantern
E-L mixture was irradiated with 365 nm light for 5 min to obtain Z-L. The sample
was then immediately irradiated with 500 nm light to obtain a sample that contains
almost exclusively E-L lantern (Figure S61). The equilibration between triangle E-T
and lantern E-L was followed over time by 'H NMR spectroscopy (500 MHz, DMSO-
ds, 298 K or 348 K, Figure S41 and Figure S42) and the triangle E-T / lantern E-L

composition plotted over time (Figure S40).
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Figure S40. At room temperature, Z-L was irradiated with 500 nm for approx. 5 min to induce Z—E isomerisation.
Left: AH NMR (500 MHz, DMSO-ds, 298 K) spectrum was measured every 5 min for 6 h to monitor the equilibrium
between E-T triangle and E-L at 298 K. Between 0 h and 1 h, every second data point was removed for clarity;
between 1 h and 6 h, only every third data point was plotted. Right: A *H NMR (500 MHz, DMSO-ds, 348 K)
spectrum was measured every 70 s for 45 min to monitor the equilibrium between E-T and E-L at 348 K. E-T is
denoted with A, E-L is denoted with O.
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Figure S41. 'H NMR (500 MHz, DMSO-ds, 298 K) spectra of the equilibration between E-T triangle and E-L at
298 K. A *H NMR spectrum was measured every 5 min for 6 h. The signals highlighted in blue were chosen to be
line-fitted and plotted to display changes in composition between E-T and E-L (Figure S40). E-T is denoted with A,
E-L is denoted with O.
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Figure S42. 'H NMR (500 MHz, DMSO-ds, 348 K) spectra of the equilibration between E-T triangle and E-L at
348 K. A 'H NMR spectrum was measured every 70 s for 45 min. The signals highlighted in blue were chosen to
be line-fitted and plotted to display changes in composition between E-T and E-L (Figure S40). E-T is denoted with
A, E-L is denoted with O.
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S3.2 Long-term stability of the triangle E-T / lantern E-L ratio

To test whether the triangle E-T / lantern E-L ratio of 78:22 indeed represented the
thermodynamic equilibrium of the mixture, 1H NMR spectra were measured for one
month (Figure S43). The spectra show that the ratio of 78:22 between E-T and E-L is
achieved after allowing the complex mixture to equilibrate for a minimum of 6 h

(usually overnight) and remains unchanged thereafter.
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Figure S43. Stacked *H NMR (500 MHz, DMSO-ds, 298 K) spectra of E-T (denoted with A) and E-L (denoted with
O) over 30 d. Four hours after the reaction turned from turbid to a clear yellow, indicating complex formation, the

ratio between E-T and E-L was 63:37. From day 1 onwards, the ratio between E-T and E-L remained at 78:22.
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S3.3 Concentration dependence

To assess the concentration dependence of the triangle E-T / lantern E-L equilibrium,
a total of 17 samples were prepared with concentrations ranging from 0.2 to 8 mM
and a 'H NMR spectrum was measured from each of them (Figure S44). The signals
highlighted in orange were chosen to be line-fitted and plotted against the
concentration to illustrate the concentration dependence of the E-T / E-L equilibrium
(Figure S45). This dilution series demonstrated that the complex sample of E-T and
E-L (78:22, respectively) has a critical self-assembly concentration of csac(l) =
1.75 mM. Additionally, the ligand concentration should be at least 7 mM to prevent

the presence of free ligand in solution and maintain the 78:22 E-T / E-L ratio.

E 1 1 1
0.2mM Ji| JL H I 1_,_JJU

chem|ca| sh|ft [ppm]

Figure S44. Stacked 'H NMR (700 MHz, DMSO-ds, 298 K) spectra of complexation mixtures at different
concentrations. E-T is denoted with A, E-L is denoted with O, E-1 is denoted with 1, and Z-1 is denoted with 1*.
The signals highlighted in orange were chosen to be line-fitted and plotted to display the concentration dependence
of E-T / E-L equilibrium (Figure S45).
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Figure S45. Plot of the percentage of triangle E-T, lantern E-L, and free ligand 1 as determined by 'H NMR
integration (Figure S44) against the concentration of 1, showing the concentration dependence of the equilibrium

between E-T and E-L.
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S3.4 Temperature dependence

The temperature dependence of the triangle E-T / lantern E-L equilibrium was
investigated using variable temperature 'H NMR (303 K, 313 K, 323 K, 333 K, 343 K;
Figure S46). By integrating the NMR signals corresponding to E-T and E-L, the
equilibrated concentrations for each assembly were calculated based on the initial
ligand concentration. Following Eq. 1, In K.y was calculated for all temperatures and
plotted against T-! (Figure S47). Fitting the data through linear regression and
applying the Van’t Hoff equation (Eq. 4) allowed for the determination of the
thermodynamic parameters AH, AS, and AG (Table S3).

3EL = 2ET

[E-T]?
AG =AH —TAS (2)
AG = —RT-InKq (3)
AGe AH, ASe
InKeg=—Z7 =~%7 t & (4)

Table S3. Thermodynamic data as obtained from Van’t Hoff analysis (Figure S46 and Figure S47). K, AG and T AS
are given for T = 298 K.

K AG AH AS T AS
[M-1] [kJ mol-1] [kJ mol-1] [J K- mol-!] [kJ mol-1]

76080 £ 36,000 -27.8+13.0 -50.6%x7.7 -76.3+239 -22.7+7.1
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Figure S46. 'H NMR spectra (500 MHz, DMSO-ds) of the equilibrium between E-T (denoted with A) and E-L
(denoted with O) at different temperatures (303 K, 313 K, 323 K, 333 K, 343 K). The signals highlighted in orange
were integrated to determine the respective concentrations at each temperature for Van't Hoff analysis (Figure

s47).
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Figure S47. Van’t Hoff plot of the equilibrium between E-T and E-L at different temperatures.
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S4 Photoswitching studies

LED irradiation (NMR and MS). This method was previously described by our

group.l34 The following description was added here for convenience:

A portable, built-in-house 365 nm LED light source using a commercial LED chip
and 3D-printed adapters was employed to irradiate NMR and MS samples. For
500 nm light irradiation, a fibre collimated LED light source was used. Following
irradiation, the samples were promptly subjected to measurement to reduce thermal

relaxation to a minimum.

Figure S48. LED illumination setup with USB-powered homemade light sources using commercial LED chips with
3D-printed adaptors for 2 mL GC vials and 5 mm NMR tubes.

In-situ irradiation (NMR). This method was adapted from literaturels:6l and
previously described by our group.34 The following description was added here for

convenience:

An NMR sample tube was fitted with an insert tube made of quartz glass, and a quartz
glass optical fibre was pushed down into the insert. The end of this fibre was non-
terminated, and the exposed surface had been roughened to ensure even and
omnidirectional illumination (Figure S49). This construction was lowered into the
NMR device using an aluminium rod to avoid damage to the fibre. The other end of
the optical fibre was connected to a fibre-collimated LED light source (see Section S1)

so the sample could be irradiated inside the spectrometer.
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Figure S49. NMR sample with quartz glass insert and optical fibre for in-situ illumination during NMR experiments.

In-situ irradiation (UV-vis). This method was previously described by our

group.34 The following description was added here for convenience:

Samples were irradiated perpendicularly to the measurement axis within the UV-vis
spectrometer using optical fibres connected to an LED light source (see Section S1).
To facilitate the irradiation of the cuvettes perpendicularly to the spectrometer's
measurement axis, a hole matching the diameter of the quartz glass fibre was drilled
at the centre of the Teflon stopper used to seal the UV-vis cuvettes. This configuration
enabled the connection of an optical fibre to the cuvette, allowing the irradiation of

the samples from above (Figure S50).

Figure S50. UV-vis in-situ illumination setup showing fibre collimated LED-sources connected to the cuvette with

open (left) and closed measurement chamber (right).
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Determination of the photostationary state (PSS). Photostationary states of the
photoswitches were determined using 'H NMR spectroscopy. For this purpose, two
signals corresponding to the same proton were integrated, and the PSS was
calculated based on the resulting integral ratios.l*l To ensure the highest accuracy,
well-separated and clearly resolved signals were selected for the analysis, as

recommended in the literature.[7:8]
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S4.1 Azobispyrazole photoswitch (S4)

To the best of our knowledge, the photoswitching properties of 84 have not been

previously investigated; therefore, we have included their investigation here for

convenience.
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Figure S51. In-situ *H NMR (700 MHz, DMF-d~, 298 K) of azobispyrazole photoswitch S4 under ambient light, after
irradiation with 365 nm light (1 min, PSS 95% Z-S4), and after irradiation with 500 nm light (3 min, PSS 98% E-S4).
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Figure S52. Left: UV-vis spectra of azobispyrazole photoswitch S4 (69 uM, DMSO, 25 °C) under ambient light and
after irradiation with 365 and 500 nm for 1 min, respectively. Right: UV-vis switching reversibility experiment of
azobispyrazole photoswitch S4 (69 uM, DMSO, 25 °C) showing the absorbance at 345 nm after alternating
irradiation with 365 nm (1 min) and 500 nm light (1 min), respectively. No apparent photodegradation was observed
over 10 switching cycles.

— Ambient
— 365 nm
— 500 nm
. 310 nm
325 nm
7 390 nm
T 405 nm
430 nm
450 nm

Absorbance [a.u.]
o
T

00T T
300 400 500 600

Wavelength [nm]

Figure S53. UV-vis spectra of azobispyrazole photoswitch S4 (69 uM, DMSO, 25 °C) before and after irradiation

with different wavelengths of light for 1 min each.
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Figure S54. Thermal relaxation of azobispyrazole photoswitch S4 (69 uM, DMSO, 25 °C). Left: UV-vis spectra of
azobispyrazole photoswitch S4 measured every 20 min in the dark after irradiating with 365 nm light. Right: Change
in absorption (At — A<) - (Ao — A«)™! plotted over time t following thermal relaxation of azobispyrazole photoswitch

S4 to provide its half-life, 1. = 69 min.
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Figure S55. 'H NMR (700 MHz, CD2Clz, 298 K) spectra of 1 under ambient light, after in-situ irradiation with 365 nm
light (20 min, PSS 99% Z-1), and after in-situ irradiation with 500 nm light (10 min, PSS 97% E-1).
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Figure S56. Changes in composition of Z-1/E-1 measured by in-situ illumination *H NMR (700 MHz, CD2Cl>, 298 K).
A sample of Z-1 was irradiated with 500 nm light (LED power reduced to 2%) for approx. 15 min to induce the Z—E
isomerisation, followed by illumination with 365 nm light (LED power reduced to 2%) for approx. 17 min to switch
the ligand back to the Z configuration.
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Figure S57. Left: UV-vis spectra of ligand 1 (24 uM, DMF, 25 °C) under ambient light and after irradiation with 365
and 500 nm for 1 min, respectively. Right: UV-vis switching reversibility experiment of 1 (24 uM, DMF, 25 °C)
showing absorbance at 350 nm after alternating light irradiation with 365 nm (1 min) and 500 nm (1 min),

respectively. No apparent photodegradation was observed over 10 switching cycles.
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Figure S58. UV-vis spectra of ligand 1 (28 uM, DMF, 25 °C) before and after irradiation with different wavelengths
of light for 1 min each.

IS

c
f— o
3 &
S, I ®
® N @
< 3
© ©
_E e]
o [0}
2 2
< £

S

Z

T T — T T 7.1
300 400 500 600
Wavelength [nm] Time [h]

Figure S59. Thermal relaxation of ligand 1 (24 uM, DMF, 60 °C). Left: UV-vis spectra of 1 measured every 30 min
in the dark after irradiating the sample with 365 nm light. Right: Change in absorption (At — A<) - (Ao — A<)™* plotted

over time t following thermal relaxation of 1 to provide its half-life, r. = 10 h.
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Figure S60. Left: UV-vis spectra of E-1 (24 uM, DMF, 25 °C) under constant light irradiation with 365 nm light
(2% LED power). A UV-vis spectrum was measured every 3 s for 1 min. Complete E—Z conversion was reached
after 1 min. The power of the LED was reduced to 2% to observe the transition. Right: UV-vis spectra of Z-1 (24 uM,
DMF, 25 °C) under constant irradiation with 500 nm light. A UV-vis spectrum was measured every 3 s for 30 s.
Complete Z—E conversion was reached after 30 s.
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S4.3 Switching between Pd" structures E-T, E-L, and Z-L
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Figure S61. 'H NMR (700 MHz, DMSO-ds, 298 K) under light exclusion (E-T: E-L, 78:22), after in-situ irradiation
with 365 nm light (14 min, 10% LED power) (Z-L), after in-situ irradiation with 500 nm light (6 min, 2% LED power)
(E-T: E-L, 12:88), and after 22 h equilibrating in an amberised NMR tube wrapped in aluminium foil in an air-
conditioned room (E-T: E-L, 78:22). E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®.
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Figure S62. Changes in composition between E-T, E-L, and Z-L measured by in-situ illumination 'H NMR
(700 MHz, DMSO-ds, 298 K) spectroscopy. (a) A sample of E-T / E-L (78:22, respectively) was irradiated with 365
nm light (LED power reduced to 10%) for approx. 17 min to induce E—Z isomerisation, followed by illumination with
500 nm light (LED power reduced to 2%) for approx. 16 min to induce Z—E isomerisation. The respective spectra
are depicted in Figures S63 and S64, respectively. (b) A sample of Z-L was irradiated with 500 nm light (LED power
100%) for less than 3 min.
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Figure S63. *H NMR (700 MHz, DMSO-ds, 298 K) spectral changes during in-situ illumination with 365 nm light
(10% LED power). The signals highlighted in blue and green were chosen to be line-fitted and plotted to display
changes in composition between E-T, E-L, and Z-L (Figure S62). E-T is denoted with A, E-L is denoted with O,
and Z-L is denoted with ®.
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Figure S64. 'H NMR (700 MHz, DMSO-ds, 298 K) spectral changes during in-situ illumination with 500 nm light
(2% LED power). The signals highlighted in blue and green were chosen to be line-fitted and plotted to display

changes in composition between triangle E-T, E-L, and Z-L (Figure S62). E-T is denoted with A, E-L is denoted

with O, and Z-L is denoted with ®.
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Figure S65. *H NMR (700 MHz, DMSO-ds, 298 K) spectra of Z-L prior (middle) and after in-situ irradiation with 500
nm light with two different LED powers (2% LED power and 100% LED power, top and bottom, respectively). Top:
When exposing Z-L to 500 nm light with a reduced 2% LED power, the maximum amount of E-L observed was
89% after 5.83 min of irradiation. Bottom: When exposing Z-L to 500 nm light with 100% LED power, the maximum
amount of E-L observed was 98% after 1.37 min of irradiation. The spectra with the highest % of E-L were chosen
to be displayed here, demonstrating the changes in composition when using different LED light powers. E-T is
denoted with A, E-L is denoted with O, and Z-L is denoted with ®.
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Figure S66. 'H NMR (700 MHz, DMSO-ds, 298 K) spectra under light exclusion (E-T / E-L 78:22; top) and after
irradiation with 500 nm light (5 min; E-T / E-L 78:22; bottom). No change in cage composition was observed after
irradiation with 500 nm light. E-T is denoted with A, E-L is denoted with O.
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Figure S67. UV-vis (18 mM, DMSO, 298 K) spectra of E-T / E-L mixture under light exclusion and after light
irradiation with 365 nm (i.e. Z-L) and 500 nm (i.e. E-L) for 1 min, respectively.
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Figure S68. Investigation of switching reversibility by *H NMR (500 MHz, DMSO-ds, 298 K) of E-T, E-L, and Z-L. A
78:22 E-T / E-L mixture was subjected to alternating light irradiation with 365 nm (5 min) and 500 nm (5 min),
respectively. After irradiation with 500 nm light, the sample was left equilibrating for 22 h in an amberised NMR tube
wrapped in aluminium foil in an air-conditioned room (22 °C) to allow for equilibration to the 78:22 E-T / E-L ratio.

No apparent photodegradation was observed after five switching cycles.
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Figure S69. 2D-DOSY NMR (700 MHz, DMSO-ds, 298 K, D20 = 0.35 s) spectra under light exclusion (E-T / E-L
78:22), after irradiation with 365 nm light (5 min) (Z-L), after irradiation with 500 nm light (5 min) (E-T / E-L 63:37),
and after 22 h equilibrating in an amberised NMR tube wrapped in aluminium foil in an air-conditioned room (22 °C;
E-T/E-L 78:22; top to bottom). E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®. Calculated
diffusion constants (D) and solvodynamic diameters (d = 2r) for each complex are depicted in the respective spectra.
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Figure S70. High-resolution ESI* mass spectra (DMSO/CHsCN) of an E-T / E-L mixture under light exclusion, after
irradiation with 365 nm light (5 min; i.e. Z-L), after irradiation with 500 nm light (5 min), and after 21 h equilibrating

at 22 °C (top to bottom). E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®.
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S5 Kinetic studies

S5.1 Thermal relaxation of Z-L

To investigate the thermal stability of lantern Z-L, an NMR sample containing E-T /
E-L mixture in a ratio of 78:22 was irradiated with 365 nm for 5 min to obtain lantern
Z-L. 'H NMR spectra were immediately measured over a period of 2 h at 75 °C (Figure
S72) and the change in % of Z-L was plotted over time t (Figure S71). Non-linear curve

fitting provided a half-life at 75 °C of 1, = 21 min.
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Figure S71. Thermal relaxation of Z-L (7.5 mM) investigated by *H NMR (500 MHz, DMSO-ds, 348 K). Change in
% of Z-L plotted over time t following thermal relaxation provides its half-life at 75 °C of 1. = 21 min.
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Figure S72. At the top 'H NMR (500 MHz, DMSO-ds, 298 K) spectrum of Z-L measured at 25 °C. The thermal
relaxation of Z-L to E-T and E-L was then followed by *H NMR (500 MHz, DMSO-ds, 348 K) at 75 °C under light
exclusion over a period of 120 min. The signals highlighted in blue and green were chosen to be line-fitted and
plotted to display changes in composition between triangle E-T, E-L, and Z-L (Figure S71). E-T is denoted with A,
E-L is denoted with O, and Z-L is denoted with ®. The signals for Z-L have been assigned twice due to a signal

shift at higher temperatures.
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To investigate the thermal stability of Z-L at room temperature, an NMR sample
containing E-T / E-L mixture in a ratio of 78:22 was irradiated with 365 nm for 5 min
to obtain Z-L. The sample was then stored in an amberised NMR tube wrapped in
aluminium foil in an air-conditioned room at 22 °C to prevent any disruption caused
by either temperature or ambient light. !H NMR spectra were measured at irregular

intervals over a period of more than one year (Figure S73).
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Figure S73. *H NMR (500 MHz, DMSO-ds, 298 K) spectra under light exclusion (E-T: E-L, 78:22) following
irradiation with 365 nm light (5 min; 0 d) to form Z-L and kept at 22 °C under light exclusion over a period of 370 d.
E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®.
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Comparison of the lantern-scrambling experiments presented in Section S2.8 and the
thermal relaxation of Z-L shown above (Figure S73) revealed some of the tentatively
assigned signals for lanterns with mixed ligand configurations, namely Z,E,E,E-L, cis-
Z,Z,E,E-L, trans-Z,Z,E,E-L, and Z,Z,Z,E-L, to be present as intermediates during

thermal relaxation.
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Figure S74. 'H NMR (500/700 MHz, DMSO-ds, 298 K) spectra of (a) Z-L and (e) E-T / E-L mixture under light
exclusion (E-T: E-L, 78:22) for reference and of lantern-scrambling experiment after 13 h with Z-L / E-L ratios of (b)
3:1, (c) 1:1, and (d) 1:3; thermal relaxation of Z-L at 22 °C after (f) 28 d, (g) 113 d, and (h) 259 d. E-T is denoted
with A, E-L is denoted with O, and Z-L is denoted with ®. Newly emerged signals are tentatively highlighted in
yellow, orange, and red, respectively, depending on whether they were predominantly found in the 1:3, 1:1 or 3:1
E-L / Z-L mixtures.
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S5.2 Kinetic investigation of the molecular ratchet
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Figure S75. Schematic representation of the molecular ratchet governing the E-T / E-L — Z-L switching cycle,
with the rate constants of the rate-determining steps indicated alongside the reaction arrows as determined by
(a) Model | and (b) Model II.

Clearly distinguishable signals for each species — triangle E-T, lantern E-L and
lantern Z-L — allowed the isomerisation kinetics of the complete photoisomerisation
cycle (Figure S75) to be investigated using 'H NMR spectroscopy (500 MHz or
700 MHz, DMSO-ds, 298 K or 348 K):

i) The triangle E-T / lantern E-L equilibrium.

ii) The photoswitching of the triangle E-T / lantern E-L mixture to lantern Z-
L under irradiation with 365 nm light.

iii) The photoswitching of lantern Z-L to lantern E-L under irradiation with
500 nm light and subsequent equilibration to the triangle E-T / lantern E-

L mixture.

While some intermediates could be detected, which we tentatively assigned to be the
partly switched lantern structures, i.e. Z,Z,Z, E-L, Z,Z E,E-L, and Z,E,E,E-L (see Figure
S74 and Section S8.2), these intermediates were minor and could not be clearly
identified. Hence, we excluded them from the kinetic investigation of the switching

cycle.
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Prior to investigation, all samples were stored in the dark in an air-conditioned room
at 22 °C to prevent any disruption caused by either temperature or ambient light, so
that the absolute concentrations of the species could be calculated from the !H NMR
integrals based on the initial amount of ligand in the NMR sample and the
assumption that all species were visible in 'H NMR. The resulting concentrations

were plotted against time and fitted using the software COPASI (version 4.44).19

Kinetic investigation of these processes is non-trivial, and similar systems have rarely
been investigated.[10-14] The kinetic data suggest that all transformations within the
photoswitching cycle (Figure S71) follow (pseudo-) first-order kinetics. However, the
transformation of triangle E-T to lantern E-L, for example, does formally require two
molecules of triangle E-T that form three molecules of lantern E-L. This reaction
would not follow first-order rate laws. Therefore, the apparent (pseudo-) first-order
kinetics for all transformations indicate that their rate-determining steps depend
solely on the concentrations of a single supramolecular species. We tentatively
assume these rate-determining steps to be either (partial) capsule opening, in case of
the equilibration between triangle E-T / lantern E-L, or photoswitch isomerisation
(both photochemically or thermally), in case of the photoswitch isomerisation steps.

All other processes involved in these transformations are not rate-limiting.

To account for these (pseudo-) first-order kinetics and fit the data to the correct
stoichiometries, we developed two independent models to determine the rate-

determining steps of the transformations:

(i) In Model I (Figure S75a), we deconstructed all triangle E-T to lantern E-L
rearrangements into two-step processes with “Pd1, pseudo-intermediates”
(Figure S76, Figure S78, Figure S79). We do not propose “Pd1,” as an actual
intermediate in the respective reaction mechanisms, which would be far
more complex, but instead use this pseudo-intermediate “Pd1,” to separate
the rate-determining pseudo-first-order reaction step from the complex
capsule rearrangement. We chose this model because it imposes the fewest
restrictions on the potential reaction mechanism, which is too complex to
resolve with the available data. However, this model results in second and
third-order reaction kinetics for all rearrangement steps of triangle E-T and
lanterns E-L and Z-L, respectively, which makes comparison of the rate
constants within the reaction cycle of the molecular ratchet difficult.

(ii) In Model II (Figure S75b), we again made use of the “Pdl, pseudo-
intermediates”, however, for all transformations involving triangle E-T, we

introduced lantern L as a second intermediate. Hiraoka and coworkers
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previously demonstrated,[13.14 that smaller supramolecular assemblies are
likely intermediates in the self-assembly of larger structures. Hence, we
believe this to be a reasonable restriction on the reaction mechanism.
Crucially, all transformation steps from triangle to lantern follow second-

order rate laws and can therefore be compared.

We chose to present both models here because, most importantly, they produce

similar results at a fundamental level.
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S5.2.1 Model |

The necessary first step to investigate was the thermal interconversion of triangle E-
T and lantern E-L at 298 K and 348 K. For this, an NMR sample containing 78:22
triangle E-T / lantern E-L mixture was irradiated with 365 nm light for 5 min to
obtain Z-L. The sample was then immediately irradiated with 500 nm light for 5 min
to obtain a sample that contains almost exclusively E-L lantern. The equilibration
between triangle E-T and lantern E-L was followed over time by !H NMR spectroscopy

(500 MHz, DMSO-ds, 298 K or 348 K; Figure S77).

Fixing the formation of triangle E-T or lantern E-L from pseudo-intermediate “Pd1,”
as an arbitrarily fast reaction (k = 106 or 108, close to the diffusion limit in DMSO)
allowed us to determine rate constants for the rate-determining steps that describe
the triangle E-T / lantern E-L equilibrium at 298 K and 348 K, respectively (Figure
S78 and Figure S79).

capsule opening rearrangement
(RDS) (fast)
2 ET — _— 6 “Pd(E-1)," ~ = 3 E-L
(fast) (RDS)
rearrangement capsule opening

Figure S76. Schematic overview of the simplified kinetic model (within Model 1) used for the interconversion
between E-T and E-L. Note that the “Pd(E-1)2" species is a pseudo-intermediate and not a real compound.
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Figure S77. At room temperature, Z-L was irradiated with 500 nm for ca. 5 min to induce Z—E isomerisation. Left:
IH NMR (500 MHz, DMSO-ds, 298 K) was measured every 5 min for 6 h to monitor the equilibrium between E-T
triangle and E-L at 298 K. Between 0 h and 1 h, every second data point was removed for clarity, between 1 h and
6 h, only every third data point was plotted (kinetic fitting in Figure S41). Right: *H NMR (500 MHz, DMSO-ds, 348 K)
was measured every 70 s for 45 min to monitor the equilibrium between E-T and E-L at 348 K (kinetic fitting in
Figure S42). E-T is denoted with A, E-L is denoted with O.
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Figure S78. Kinetic plot of the equilibrium between E-T and E-L at 25 °C. E-T is denoted with A and E-T is denoted

with O. The resulting reaction rates are provided within the reaction scheme on the right.
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Figure S79. Kinetic plot of the equilibrium between E-T and E-L at 75 °C. E-T is denoted with A and E-L is denoted
with O. The resulting reaction rates are provided within the reaction scheme on the right.
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To investigate the E—~Z and Z—E isomerisations of the capsules, a sample containing
78:22 triangle E-T / lantern E-L mixture was subjected to in-situ illuminated H NMR
spectroscopy (700 MHz, DMSO-ds, 298 K), using 365 nm (10% LED power) and later
500 nm light (2% LED power). The power of the LEDs had to be turned to a lower

setting to ensure enough data points could be measured (Figures S62-S64).

The data obtained from these experiments (Figure S62a) were fitted to a model using
three different “Pd1,” species (“Pd(E-1).”, “Pd(Z-1)2”, and “Pd(E-1)2*”) with the kinetic
data previously determined for the triangle E-T / lantern E-L equilibrium fixed within
the model (Figure S80). Just like before, the capsule rearrangement was separated
into two steps, in this case, a photoisomerisation (and capsule opening) step and a
rearrangement step from the pseudo-intermediates “Z-Pd1l,” and “E-Pd1,*”,

respectively.

(@ k=274-1075s"
6 “Pd(E-1),"
)
- -
”’ ~
6 “Pd(Z-1),”
l rearrangement
3 7L
(b) k=249 107451 k=108 M~ 1571
2 E—T - — 6 npd(E_1)2" B — 0 — - 3 E—L
k=108 M2s71 k=4.91s"1

photoisomerisation
and capsule opening

3 Z-L

Figure S80. Kinetic models (within Model 1) used for the fitting of the kinetic data of (a) E—Z photoisomerisation of
triangle E-T / lantern E-L mixture under irradiation with 365 nm light and (b) Z—E photoisomerisation of lantern Z-
L under irradiation with 500 nm light. Note that all “Pd1.” species are pseudo-intermediates and not real compounds.
The previously determined rate constants of the triangle E-T / lantern E-L equilibrium were fixed during fitting in (a),
whereas irradiation likely elevated the sample temperature in (b), which is why the rate constants were changed by

one order of magnitude to allow the fit to converge.
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For the in-situ irradiation of the triangle E-T / lantern E-L mixture using 365 nm
light, Model I suggests similar reaction rates for the photoswitching of triangle E-T
and lantern E-L, indicating that both structures can photoswitch on a similar time

scale to form the lantern Z-L (Figure S80a and Figure S81, also Section S4.3).
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Figure S81. Kinetic plot of the formation of Z-L over time under in-situ illumination with 365 nm light (10% LED
power) from a sample of E-T: E-L (78:22, respectively). E-T is denoted with A, E-L is denoted with O, and Z-L is
denoted with ®. The resulting reaction rates are provided within the reaction scheme on the right.
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The kinetic model for the irradiation of lantern Z-L with 500 nm light suggests that
the formation of lantern E-L from lantern Z-L is significantly faster than the formation
of triangle E-T from lantern Z-L (Figure S80b and Figure S82, also Section S4.3). The
fastest reaction pathway to form triangle E-T is via photoisomerisation from lantern
Z-L to lantern E-L and subsequent thermal equilibration from lantern E-L to triangle
E-T, indicating that lantern Z-L will only slowly (or not at all) form the triangle E-T
directly. For this fit to converge, it was necessary to give the model the freedom to
slightly modify the rate constants of the thermal isomerisation between triangle E-T
and lantern E-L. We assume that the irradiation needed to form lantern Z-L had
heated the sample slightly, which in turn changed the equilibrium slightly and,

hence, the corresponding rate constants.
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Figure S82. Kinetic plot of the formation of E-T and E-L over time under in-situ illumination with 500 nm light (2%
LED power) from a sample of Z-L. E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®. The
resulting reaction rates are provided within the reaction scheme on the right.
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The thermal relaxation of lantern Z-L to the triangle E-T / lantern E-L mixture was
investigated by 'H NMR spectroscopy (500 MHz, DMSO-ds, 348 K). An NMR sample
containing 78:22 triangle E-T / lantern E-L mixture was irradiated with 365 nm light
for 5 min to obtain lantern Z-L. The sample was then immediately inserted into the

NMR spectrometer at 348 K and a spectrum measured every 127 s (Figure S72).

The data obtained from these experiments were fitted to a model using two different
“Pd1,” species (“Pd(E-1)2” and “Pd(E-1).*”) with the kinetic data previously determined
for the triangle E-T / lantern E-L equilibrium fixed within the model (Figure S83).
Just like before, the capsule rearrangement was separated into two steps, in this
case, a thermal relaxation (and capsule opening) step and a rearrangement step from

the pseudo-intermediate “E-Pd1,*”.

Using the kinetic data of the E-T / E-L equilibrium at 348 K, which we fitted
previously (Figure S79), the model determined the main pathway of the thermal
relaxation of lantern Z-L to be the formation of the lantern E-L from lantern Z-L
(Figure S84). The fastest reaction pathway that forms triangle E-T is again the
isomerisation from lantern E-L, indicating that lantern Z-L will only slowly (or not at

all) form triangle E-T by thermal relaxation.

k=3.92-1073s7"
2 ET < 8= 6 “Pd(E-1),"
1

6 “Pd(E-1),""

thermal relaxation
348K T and capsule opening

3 ZL

Figure S83. Kinetic model (within Model 1) used for the fitting of the kinetic data of the thermal relaxation of lantern
Z-L at 348 K. Note that all “Pd1.” species are pseudo-intermediates and not real compounds. The previously

determined rate constants of the triangle E-T / lantern E-L equilibrium were fixed during fitting.
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Figure S84. Kinetic plot of the thermal relaxation of Z-L at 348 K. E-T is denoted with A, E-L is denoted with O, and
Z-L is denoted with ®. The resulting reaction rates are provided within the reaction scheme on the right.
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S5.2.2 Model Il

Model II was fitted to the same experimental data as Model I. The respective

experiments are detailed in the previous section.

For the equilibration between triangle E-T or lantern E-L, Model II assumes triangle
E-T to open into lantern E-L and pseudo-intermediate “Pd1,”. In contrast to Model I,
all involved reaction steps could be fitted and allowed us to determine rate constants
for the rate-determining steps that describe the triangle E-T / lantern E-L equilibrium

at 298 K and 348 K, respectively (Figure S85-87).

capsule opening rearrangement
(RDS) (fast)
2 ET — = 2 E-L + 2 “Pd(E-1)y” = ~ 3 E-L
(fast) (RDS)
rearrangement capsule opening

Figure S85. Schematic overview of the simplified kinetic model (within Model Il) used for the interconversion
between E-T and E-L. Note that the “Pd(E-1)2" species is a pseudo-intermediate and not a real compound.
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Figure S86. Kinetic plot of the equilibrium between E-T and E-L at 25 °C. E-T is denoted with A and E-T is denoted

with O. The resulting reaction rates are provided within the reaction scheme on the right.
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Figure S87. Kinetic plot of the equilibrium between E-T and E-L at 75 °C. E-T is denoted with A and E-L is denoted
with O. The resulting reaction rates are provided within the reaction scheme on the right.
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To investigate the E—Z and Z—E isomerisations, the data obtained from the
illumination experiments (Figure S62a) were fitted to a model using three different
“Pd1,” species (“Pd(E-1)2”, “Pd(Z-1)2”, and “Pd(E-1).*”) with the kinetic data previously
determined for the triangle E-T / lantern E-L equilibrium fixed within the model
(Figure S88). Just like before, the capsule rearrangement was separated into two
steps, in this case, a photoisomerisation (and capsule opening) step and a
rearrangement step from the pseudo-intermediates “Z-Pd1l,” and “E-Pd1,*”,
respectively. Additionally, in Model II, Z-L and E-L act as further intermediates for all

transformations involving triangle E-T.

(a) k=3.12-10%g1 k=727-10" M 157!
2 ET —~ = 2E-L + 2 “Pd(E-1),” <f—— 3 EL
k=3.63-10* M 15" k=1.40-103s""
\_/
” ~

%,
© 2 Z-L + 2 *Pd(Z-1)y”
l rearrangement
3 ZL
(b) k=1.27-10"s1 k=727 M 157!
2 BT ~——F== 2EL + 2 “Pd(E),” ~—=f=— 3 EL
k=1.06-10* M~ 15" k=184-10"%s"]

6 “Pd(E-1),""

photoisomerisation
500 nm T and capsule opening

3 Z-L

Figure S88. Kinetic models (within Model II) used for the fitting of the kinetic data of (a) E—Z photoisomerisation
of triangle E-T / lantern E-L mixture under irradiation with 365 nm light and (b) Z—E photoisomerisation of lantern
Z-L under irradiation with 500 nm light. Note that all “Pd12” species are pseudo-intermediates and not real
compounds. Starting from Z-L, E-T would be formed from 2 “Pd(E-1)>*" and 1 E-L via the direct reaction pathway.
The previously determined rate constants of the triangle E-T / lantern E-L equilibrium were fixed during fitting in (a),
whereas irradiation likely elevated the sample temperature in (b), which is why the rate constants were changed by

one order of magnitude to allow the fit to converge.
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For the in-situ irradiation of the triangle E-T / lantern E-L mixture using 365 nm
light, similar to Model I, Model II suggests similar reaction rates (deviating by one
order of magnitude) for the photoswitching of triangle E-T and lantern E-L, indicating
that both structures can photoswitch on similar timescales to form the lantern Z-L,
with E-L switching faster than Z-L by one order of magnitude (Figure S88a and Figure
S89, also Section S4.3).

0.002-
k 313x10% s k 727 x10" M’ s
_ 2E-L+2"Pd(EA), s——=—=
2 k 3.63x10* M's™ -140x103 !
S
£0.0014
S k=4.18x10°s" k=1.18x10"s"
S 2Z-L+2"Pd(Z1),
g ik=7.13x1021\/r1s'1
0.000—0 371

Time [min]

Figure S89. Kinetic plot of the formation of Z-L over time under in-situ illumination with 365 nm light (10% LED
power) from a sample of E-T: E-L (78:22, respectively). E-T is denoted with A, E-L is denoted with O, and Z-L is
denoted with ®. The resulting reaction rates are provided within the reaction scheme on the right.

S84



L. Prufionosa Lara et al. Supporting Information

As in Model I, Model II for the irradiation of lantern Z-L with 500 nm light suggests
that the formation of lantern E-L from lantern Z-L is significantly faster than the
formation of triangle E-T from lantern Z-L (Figure S88b and Figure S90, also
Section S4.3). The fastest reaction pathway to form triangle E-T 1is via
photoisomerisation from lantern Z-L to lantern E-L and subsequent thermal
equilibration from lantern E-L to triangle E-T, indicating that lantern Z-L will only
slowly (or not at all) form the triangle E-T directly. For this fit to converge, it was
necessary to give the model the freedom to slightly modify the rate constants of the
thermal isomerisation between triangle
E-T and lantern E-L. We assume that the irradiation needed to form lantern Z-L had
heated the sample slightly, which in turn changed the equilibrium slightly and,

hence, the corresponding rate constants.
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Figure S90. Kinetic plot of the formation of E-T and E-L over time under in-situ illumination with 500 nm light (2%
LED power) from a sample of Z-L. E-T is denoted with A, E-L is denoted with O, and Z-L is denoted with ®. The

resulting reaction rates are provided within the reaction scheme on the right.
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For the thermal relaxation of lantern Z-L to the triangle E-T / lantern E-L mixture,
the obtained data were fitted to a model using two different “Pd1,” species (“Pd(E-1).”
and “Pd(E-1),*") with the kinetic data previously determined for the triangle E-T /
lantern E-L equilibrium fixed within the model (Figure S87). Just like before, the
capsule rearrangement was separated into two steps, in this case, a thermal
relaxation (and capsule opening) step and a rearrangement step from the pseudo-
intermediate “E-Pd1l,*”. Additionally, in Model II, Z-L and E-L act as further

intermediates for all transformations involving triangle E-T.

Using the kinetic data of the E-T / E-L equilibrium at 348 K, which we previously
fitted (Figure S83), Model II identified the main pathway of the thermal relaxation of
lantern Z-L as the formation of lantern E-L from lantern Z-L (Figure S88), which was
also observed for Model I. The fastest reaction pathway that forms triangle E-T is
again the isomerisation from lantern E-L, indicating that lantern Z-L will only slowly

(or not at all) form triangle E-T by thermal relaxation.
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Figure S91. Kinetic model (within Model 1) used for the fitting of the kinetic data of the thermal relaxation of lantern
Z-L at 348 K. Note that both “Pd1.” species are pseudo-intermediates and not real compounds. Starting from Z-L,

E-T is formed from 2 “Pd(E-1)2*" and 1 E-L. The previously determined rate constants of the triangle E-T / lantern

E-L equilibrium were fixed during fitting.
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Figure S92. Kinetic plot of the thermal relaxation of Z-L at 348 K. E-T is denoted with A, E-L is denoted with O, and
Z-L is denoted with ®. The resulting reaction rates are provided within the reaction scheme on the right.
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S6 Autonomous energy ratchet

To investigate, whether the molecular ratchet could operate autonomously under
white light irradiation, two different experiments were conducted (Figure S94). In the
first experiment, an NMR sample of the 78:22 triangle E-T / lantern E-L mixture was
left next to a window on a sunny spring day for 7 h (Figure S94d). The second
experiment involved monitoring the changes in composition observed over time when
an NMR sample of the 78:22 triangle E-T / lantern E-L mixture was irradiated in situ
inside the NMR spectrometer with a white LED for 5.5 h (Figure S95 and Figure S96).

Both experiments yielded a mixture enriched with lantern E-L.

a.u.

0.5

0.0

300 400 500 nm

— E-T/E-L white
— Z-L light

Figure S93. UV-vis spectrum of the E-T / E-L mixture after irradiation with 365 nm (green: Z-L) and 500 nm light

(blue: E-T/E-L; 1 min each) with an overlay of the normalised emission spectrum of the white light LED (grey).
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Figure S94. 'H NMR (700 MHz, DMSO-ds, 298 K) of (c) an E-T: E-L mixture under light exclusion (E-T: E-L, 78:22),
(b) after in-situ irradiation with white light for 5.5 h (E-T: E-L, 34:66), (d) after leaving the initial NMR sample next to
a window on a sunny spring day for 7 h (E-T: E-L, 36:64), and (a/e) after 22 h equilibrating in an amberised NMR
tube wrapped in aluminium foil in an air-conditioned room (22 °C, E-T: E-L, 78:22). E-T is denoted with A, E-L is
denoted with O.
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Figure S95. Changes in composition of E-T and E-L upon irradiation with white light, measured by in-situ

illumination *H NMR (700 MHz, DMSO-ds, 298 K)

over 5.5 h (Figure S96). For the first 2.66 h a spectrum was

recorded every 6 min. At 2.9 h, a gap of 18 min is observed due to changes made to the NMR time parameters;

from 2.93 h onwards, a spectrum was measured every 10 min. E-T is denoted with A, E-L is denoted with O.
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Figure S96. 'H NMR (700 MHz, DMSO-ds, 298 K) spectral changes during in-situ illumination with white light. The
signals highlighted in blue were chosen to be line-fitted and plotted to display changes in composition between
triangle E-T and lantern E-L (Figure S95). E-T is denoted with A, E-L is denoted with O.
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S7 X-ray crystallography

Crystals of E-1 were obtained by slow solvent evaporation of a saturated solution in
dichloromethane at ambient temperature. Crystals of E-L were obtained by slow
diffusion of ethyl acetate into a DMSO solution of the 78:22 triangle E-T / lantern

E-L mixture.

A colourless plate-like specimen of E-1 (0.18 x 0.08 x 0.02 mm and a clear yellow
plate of E-L (0.16 x 0.03 x 0.02 mm were mounted on a Bruker D8 Venture 4-circle
Kappa-diffractometer equipped with a low-temperature device (100(2) K, Oxford
Cryostream 800er series, Oxford Cryosystems) by using Cu-K,-radiation (A =
1.54186 A, Helios mirror optics, E-1) or Mo-K,-radiation (A =0.71073 A, Helios mirror
optics, E-1) and a PHOTONIII/C14 CMOS detector system. Intensities were measured
by fine-slicing ¢@- and w-scans and corrected for background, polarisation and Lorentz
effects. A semi-empirical absorption correction from equivalent reflections (multi-

scan type) was performed using SADABS.[15]

Structure solution was done using intrinsic phasing methods included in the
SHELXT program systeml!l®l and refined by full matrix least-squares/difference
Fourier synthesis with ShelXL-2019/3).171 All non-hydrogen atoms were refined
anisotropically; hydrogen atoms were placed in geometrically calculated positions
and included using a riding model on the bound carbon atoms and relative isotropic
displacement parameters. Olex2 was used for graphical representations of the

molecular structures.[18]

CCDC numbers CCDC-2488074 (E-1), CCDC-2488075 (E-L) contain the
supplementary crystallographic data for this paper, which can be obtained free of
charge from the Cambridge Crystallographic Data Centre via

http:/ /www.ccdc.cam.ac.uk/data request/cif.
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Figure S97. Solid-state structure of E-1. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are set to 50%
probability level. The crystallographic inversion centre is located at the midpoint of the N3 — N3#1 bond.

Figure S98. Solid-state structure of E-L. Hydrogen atoms, co-crystallised solvent molecules and anions are omitted
for clarity. Thermal ellipsoids are set to 40% probability level. The crystallographic inversion centre is located at the
midpoint of the Pd — Pd#1 vector. The contribution of some solvent molecules and anions in the cage to the overall
scattering factor had to be modelled by using the squeezing methodology implemented in the Olex program

system.[19]
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Figure S99. Solid-state structure of E-L, including four BF4~ counterions and four DMSO solvent molecules located
within the capsule cavity. Hydrogen atoms and additional co-crystallised solvent molecules are omitted for clarity.
Thermal ellipsoids are set to 40% probability level. The crystallographic inversion centre is located at the midpoint
of the Pd—Pd vector. The contribution of some solvent molecules and anions in the cage to the overall scattering
factor had to be modelled by using the squeezing methodology implemented in the Olex program system.[19]
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S8 Computational studies

S8.1 Computational Details

Due to the extended system size and flexibility of the investigated structures, solvent
molecules and anions were not considered explicitly in the calculations unless stated
otherwise. Thus, the lantern structures carry a formal charge of +4, while the triangle
structures carry a charge of +6. These charges will not be indicated in subsequent

figures or tables unless they differ from the values stated above.

For all computed structures, the energetically most favourable conformer was
searched wusing meta-dynamics (MTD)-based?0) Conform-Rotamer Ensemble
Sampling Tool (CREST)RU (v. 3.0.2), employing the semi-empirical quantum
mechanical (SQM) method GFN2-xTB.[22.23] Solvation effects were accounted for

using the implicit solvation model ALPB (DMSO).124

The respective lowest conformers found were then optimised using the ®B97X-
3cl25] composite DFT method, while considering solvation effects using the CPCM
implicit solvation model.26] Final single-point calculations were performed using the
®B97X-3c method in combination with the more sophisticated SMD solvation
model.l27] For all structures, thermal corrections were computed at a GFN2-xTB
[APLB: DMSO] level of theory using the modified rigid-rotor-harmonic-oscillator
approximation (mRRHO)28 as implemented in the xTB software package (v.

6.6.1).129]

Gibbs-free energies were then computed as follows:

G = Egas + Gthermo + 0Gsolv

With Egs being the gas-phase electronic energy (using wB97X-3c), Ginermo being the
thermal corrections (using GFN2-xTB), and 6Gsov being the solvation contributions

(considered by SMD model).

All density functional calculations were performed using the ORCAI software
package (v. 6.0.1). Model systems were constructed using the Avogadro
program,l?l while the ChimeraXi3ll software suite was used for the visualisation of

structures in this section.

All structures discussed in the main manuscript and the supporting information can

be found in the file “structures.zip”.
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S8.2 Free Ligand & Lantern — E—Z Isomerisation

The free energy for the E—Z Isomerisation of the free ligand 1 (implicitly solvated by
DMSO) was computed to be:

AGg,; =G(15) — G(1;) = —47.4k]mol~! = —11.3 kcal mol™ 2.

The respective structures are depicted in Figure S100.

Figure S100. Lowest conformations found by CREST for the studied ligand 1 in E and Z (both enantiomers)

configuration, respectively. Structures are optimised at the wB97X-3c [CPCM: DMSO] level of theory. Atom colour
code: H (white), C (grey), N (blue).

Note that Z-1 is helically chiral. It can exist in either its P or M form.
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Since each lantern structure contains four ligands, each of which can adopt either
the E- or Z-configuration, E-1 and Z-1, respectively, a total of six distinct lantern
motifs can be constructed: E,E,E,E-L (or E-L), Z,E,E,E-L, cis-Z,Z,E,E-L, trans-Z,Z,E,E-
L, ZZZE-L, and ZZZZL (or Z-L; Figure S101). All six motifs were investigated
computationally. While only E-L and Z-L could be experimentally characterised in
detail, tentative '1H NMR evidence for the existence of Z,E,E,E-L, cis-Z,Z,E,E-L, trans-
Z,Z,E,E-L, and Z,Z,Z,E-L in solution could be obtained by mixing E-L and Z-L in
different ratios (Section S2.8) or during thermal relaxation of Z-L (Figure S74). The
obtained structures are depicted in Table S4. The computed free energies relative to
E-L reveal that each conversion of a ligand from the E- to the Z-configuration incurs
an energetic penalty. Dividing the relative energy differences of each lantern by the
number of ligands in Z configuration highlights this systematic trend, providing an
average penalty of 47.8 kJ mol-!. This value correlates closely with the computed free

energy difference between free ligand 1 in its E and Z configurations (47.4 kJ mol-1).

OF0K

E.EEE-L EEEZ-L EZZZ-L ZZZ27-L

trans-E,E,Z,Z-L

= Pd (55-1 (52-1

Figure S101. Cartoon representation of the six distinct lantern motifs derived from combining the two different ligand
configurations, E-1 and Z-1, within the same lantern structure: E,E,E,E-L (or E-L), Z,E,E,E-L, cis-Z,Z,E,E-L, trans-
ZZEE-L,Z2ZZE-L,and Z,2,Z,Z-L (or Z-L).
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Table S4. Side and top views of the lowest-energy conformers of all possible lantern motifs defined by the E/Z
configurations of the four ligands. The motifs shown (top to bottom) are: E,E,E,E-L (or E-L), Z,E,E,E-L, cis-Z,Z,E E-
L, trans-Z,Z,E,E-L, Z,Z,Z,E-L, and Z,Z,Z,Z-L (or Z-L). Relative free energies with respect to E-L (AGw.r.+. L) along
with values normalised by the number of ligands in the Z-configuration (AGw.rt. eL / # of Z). Energies are given in
kJ mol™L. Structures are optimised at the wB97X-3c [CPCM: DMSOQ] level of theory; free energies were computed
at the wB97X-3c [SMD: DMSO] level with thermal corrections obtained from GFN2-xTB [APLB: DMSO]. Atom
colour code: H (white), C (grey), N (blue), Pd (teal).

Structure Side View Top View AGurer ~ AGunpy /#0fZ

[kJ mol™] [kJ mol™"]
E,EEE-L 0.0 -
(E-L)
ZEEEL 39.6 39.6
cis-Z,Z,E E-L 97.0 48.5
trans-Z,Z,E,E-L 99.8 49.9
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S8.3 Isomers of Z-L

Six diastereomers of Z-L exist, differing in the chirality of their ligands 1, i.e. (P)-Z-1
and (M)-Z-1, respectively: (M,M,M,M)-Z-L and its enantiomer (P,P,P,P)-Z-L, (P,M,M,M)-
Z-L and its enantiomer (P,P,P,M)-Z-L, (cis-P,P,M,M)-Z-L, and (trans-P,P,M,M)-Z-L
(Figure S102).

(

> ( (cis-P,P,M,M)-Z-L
(P,P,P,P-Z-L (P,P,P,M)-Z ( ) (P,M,M,M)-Z-L  (M,M,M M)-Z-L

(trans-P,P,M,M)-Z-

= Pd ( = (P)-z-1 = (M)-Z-1

Figure S102. Cartoon representations of the six diastereomers of Z-L: (M,M,M,M)-Z-L and its enantiomer (P,P,P,P)-
Z-L, (P,M,M,M)-Z-L and its enantiomer (P,P,P,M)-Z-L, (cis-P,P,M,M)-Z-L, and (trans-P,P,M,M)-Z-L.

To help visualise these isomers systematically, the cage is oriented such that the Pd
atom with the lower index in the xyz file is placed at the bottom and the other at the
top. If the upper methyl group adjacent to the azo bridge (tilted downwards) points to
the left, the respective ligand is the M enantiomer (M)-Z-1; if it points to the right, it
is the P isomer (P-Z-1. This procedure is applied to all ligands in a structure to obtain
an unambiguous classification of each isomer. An example of the procedure is shown
in Figure S103. This convention is arbitrary and serves only to provide a consistent
differentiation between isomers. Based on this scheme, the following Z-L

configurations were constructed and investigated:

(M,M,M,M)-Z-L and its enantiomer (P,P,P,P)-Z-L, (P,M,M,M)-Z-L and its enantiomer
(P,P,P,M)-Z-L, (cis-P,P,M,M)-Z-L, and (trans-P,P,M,M)-Z-L.

The xyz-files of all isomers can be found in the file “structures.zip
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(FPPM)-Z-L

Pd Index: 69 Pd Index: 69
EORSY 7
Ligand turning right ("P") Ligand turning left ("M")

Figure S103. lllustration of the classification applied for (P)-Z-1 and (M)-Z-1 on two ligands within the structure of
(P,P,P,M)-Z-L. The Pd atom with the lower index is positioned at the bottom of the lantern, and the defining upper
methyl group adjacent to the azo bridge (tilted downwards, highlighted with a red circle) points either to the right (P
isomer) or to the left (M isomer). Atom colour code: H (white), C (grey), N (blue), Pd (teal).
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™

The computed relative free energies with respect to (M,M,M,M)-Z-L are summarised
in Table S5. The largest absolute difference is 5.0 kJ mol-!, which is likely within the
error margin of the computational approach. One limitation of the method is evident
in the energy differences between enantiomers, (M,M,M,M)-Z-L and its enantiomer
(P,P,P,P)-Z-L as well as (P,M,M,M)-Z-L and its enantiomer (P,P,P,M)-Z-L, respectively,
which ideally should be identical but deviate up to 1.0 kJ mol™* for the considered
pairs. Consequently, we focus on the general conclusion that all computed
configurations are energetically similar, indicating that multiple isomers could

coexist.

Table S5. Relative free energies of the investigated Z-L isomers with respect to (M,M,M,M)-Z-L (AGw.rt. (M,MM,M)-z-
L). Enantiomeric pairs are highlighted in blue or purple. Energies are computed at a wB97X-3c [CPCM: DMSO] //
wB97X-3c [SMD: DMSOQ] level of theory with thermal corrections obtained at the GFN2-xTB [APLB: DMSQ] level.
Energies are given in kJ mol™. The corresponding structures can be found in the file “structures.zip”.

Z-L Isomer AGuw ..t (mmmm-zL [KJ mol-1]

(M,M,M,M)-Z-L 0.0
(P,M,M,M)-Z-L -0.6
(cis-P,P,M,M)-Z-L -5.0
(trans-P,P,M,M)-Z-L -2.7
(P,P,P,M)-Z-L -0.1

(P,P,P,P)-Z-L -1.0
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S8.4 Isomers of E-L

As already mentioned in Section S2.6, lantern E-L can adopt six isomers, because

ligand E-1 is not C, symmetric (Figure S13 and Figure S104).

) ( (cis-u,u,d,d)-E-L
(u,u,u,u)- (u,u,u,d)-E-L ( > (u,d,d,d)-E-L (d,d,d,d)-E-L

(trans-u,u,d,d)-E-L

= Pd

Z
1]

=z
1]

Figure S104. Cartoon representations of the different possible isomers of E-L. Ligand orientations are labelled “up”
(u) and “down” (d), respectively, with respect to the orientations of the azo groups: If the N=N double bond of the
azo bridge tilts slightly upward and into the concave side of the ligand (orange arrow), a ligand is assigned the “up”
(u) orientation (black curved arrow); if it tilts slightly downward and into the concave side of the ligand (orange
arrow), it is assigned the “down” (d) orientation (grey curved arrow). Note that the X-ray crystal structure showed
the (cis-u,u,d,d)-E-L isomer (Section S7).

To systematically classify these isomers, the cage is oriented such that the Pd atom
with the lower index in the xyz-file is at the bottom, with the other Pd atom on top. If
the N=N double bond of the azo bridge points slightly upward and into the lantern, a
given ligand is assigned the “up” (u) orientation; if it points slightly downward and
into the lantern, it is assigned the “down” (d) orientation. This procedure is applied
to all ligands in a structure to obtain an unambiguous classification of each isomer

(Figure S105). These rules were arbitrarily chosen and serve solely to provide a
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consistent differentiation between isomers. According to this nomenclature, the six

possible isomers are:

(u,u,u,u)-E-L and its enantiomer (d,d,d,d)-E-L, (u,u,u,d)-E-L and its enantiomer

(u,d,d,d)-E-L, (cis-u,u,d,d)-E-L, and (trans-u,u,d,d)-E-L.

(d,d,d,u)-E-L

) Pd I‘ndex:\1 38’<
~ ', —

) .‘."4' ' "\

~\N /)
x: 138

FX . } o‘ -
Q ie
.‘-L"g I\ ¢ N
/4 R D d "
P& O Pd Index: 137 Pd Index: 137
O o~ JgYJ
Ligand pointing upwards ("u”) Ligand pointing downwards ("d")

Figure S105. lllustration of the nomenclature scheme of E-L isomers for two ligands within the structure of (d,d,d,u)-
E-L. The Pd atom with the lower index is positioned at the bottom of the lantern and the defining N=N double bond
of the azo bridge (highlighted with a red circle) points into the lantern and either upwards or downwards,
respectively. Atom colour code: H (white), C (grey), N (blue), Pd (teal).

The computed relative free energies with respect to (d,d,d,d)-E-L are summarised in
Table S6. The results closely resemble those of the Z-L isomers. With absolute relative
energy differences of up to 6.3 kJ mol™, all investigated isomers are predicted to be
similarly stable. The computed energy difference of 4.2 kJ mol* between the
enantiomers (d,d,d,d)-E-L and (u,u,u,u)-E-L further highlights the limitations of the
applied workflow, indicating that conclusions should be considered qualitative rather

than quantitative.
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Table S6. Relative free energies of the investigated E-L isomers with respect to (d,d,d,d)-E-L (AGw.rt. (d,d.d,d)-E-L).
Enantiomeric pairs are coloured blue or purple, respectively. Energies are computed at the wB97X-3c [CPCM:
DMSO] // wB97X-3c [SMD: DMSQ] level of theory, with thermal corrections obtained at the GFN2-xTB [APLB:

DMSOQ] level. Energies are given in kJ mol™. The corresponding structures can be found in the file “structures.zip”.

E-L isomer AGy 1.t (4,d,d,9}-EL [kKJ mol-1]
(d,d,d,d)-E-L 0.0
,d,a,u)- L —0.
(d,d,d,u)-E-L 6.3
(cis-d,d,u,u)-E-L 0.9
trans-d,d,u,u)-E- -6.
( d,d )-E-L 6.2
,u,u,u)-E- -3.
(d )-E-L 3.1
(u,u,u,u)-E-L 4.2
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S8.5 Comparison to the crystal structure of E-L

The experimentally obtained crystal structure provides a means to validate the
previously applied computational approach. In the crystal structure, all ligands adopt
the E-configuration, corresponding to E-L. Using the nomenclature introduced in
Section S8.4, the lantern is classified as the (cis-u,u,d,d)-E-L isomer. A comparison
of the crystal structure with the computationally predicted structure is shown in
Figure S106. Overall, good agreement can be observed between the two structures.
The Pd—Pd distance in the crystal is 20.6 A, which is slightly longer than the predicted
distance of 19.9 A, and some portions of the structure exhibit minor differences in
ligand orientation. Notably, the benzene rings adjacent to the azo bridges seem to
adopt two preferred orientations, rotated by approximately 60° relative to each other.
This can also partially be seen in the measured crystal structure, in which they
exhibit respective static site disorder. Cases where the predicted structure deviates
by a comparable rotation are still considered good agreement with the experiment.
Using a bleeding-edge version of the CREST program, a permutation-invariant root-
mean-square deviation (iRMSD) of 1.1 A was obtained between the two structures

(for more information, see 32]).

We conclude that the comparison demonstrates the computational approach is
sufficient to reliably predict lantern structures, despite the omission of explicit
solvent molecules or anions. This observation provides validation for the previously

presented data.
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Figure S106. Overlay of the X-ray crystal structure of E-L (blue) with the computationally obtained structure (red)
from CREST, reoptimized at the wB97X-3c [CPCM: DMSO] level of theory. Following the nomenclature introduced
in Section S8.4, the shown isomer is classified as (cis-u,u,d,d)-E-L. In the crystal structure, the benzene rings exhibit
site disorder (main layer 55% occupancy), rotated by approximately 60°; black circles mark cases where the
computed structure shows a similar rotation, which is therefore still considered good agreement. The structures

have a permutation-invariant root-mean-square deviation (iRMSD) of 1.1 A,
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S8.6 Lantern models based on crystal structure

Analysis of the experimental crystal structure provided valuable information on the
positions of solvent molecules and anions. A cutout of the crystal structure was used
to construct a more sophisticated (but computationally more demanding) model,
including four explicit DMSO molecules inside the lantern and two explicit BF4-
anions coordinating the Pd! cations in their octahedral positions outside the lantern.
The cutout was relaxed at the r2SCAN-3c [CPCM: DMSO] level of theory.[331 The lower
level of theory was necessary due to the extended system size to maintain feasible
computation times; nonetheless, only negligible structural changes were observed

upon relaxation.

Since no crystal structure could be obtained for Z-L, analogous model systems
containing four DMSO and two BF4~ anions in similar positions to those of E-L were

constructed for all possible isomers.

CREST was then employed to identify the lowest-energy conformer of each system,
utilising the “subrmsd” setting. Due to the increased model complexity, several
distinct low-lying conformers were manually selected and reoptimized at the r2SCAN-
3c [CPCM: DMSO] level of theory. The energetically most favourable conformer was
found to be a (M,M,M,M)-Z-L isomer model system, which was subsequently used for
further calculations. The resulting model systems for E-L and Z-L are shown in Figure

S107.

Free energies were computed at the usual level of theory, yielding the following energy

difference between E-L and Z-L:
AGgi—zL = G(E-L) — G(ZL) = 181.2K] mol™! = 43.3 kcal mol1 .

This value is 12% lower than the previously computed value of 209.3 kJ mol™*
(compare Table S4), which was obtained without explicit solvent molecules or anions.
This indicates that explicit interactions between the lantern and its environment have
a non-negligible effect, highlighting the limitations of the previously applied

approximate model system.

However, due to the larger system size, the computational cost for a geometry
optimisation increased from approximately 1 day to about 7 days, even with the use

of a more efficient composite DFT method for the structures.
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[(cis-u,u,d,d)-E-L x 4 DMSO x 2 BF,J**

Figure S107. Model systems of E-L and Z-L, including four DMSO molecules and two BF4~ anions. The E-L model
was extracted from the experimental crystal structure and relaxed at the wB97X-3c [CPCM: DMSQ] level of theory.
The given isomer is (cis-u,u,d,d)-E-L. The Z-L model was constructed analogously (for all isomers), and following
conformational sampling, the lowest-energy conformer was relaxed at the same theory level. The given isomer is
(M,M,M,M)-Z-L. Atom colour code: H (white), C (grey), N (blue), Pd (teal), O (red), S (yellow), F (green), B (pink).
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S8.7 Investigation of E-T and Z-T

Model systems for the triangle complex with either all E-configured ligands (E-T) or
all Z-configured ligands (Z-T) were constructed and conformationally sampled
following the same procedure as for the lantern structures. However, technical
difficulties arose, and the resulting low-lying conformers disagreed with the
experimental NMR data presented in Section S2.6. This suggests that the
combination of extended system size, flexibility, and high system charge (+6) renders

the previously applied workflow unsuitable for obtaining reliable structures.

Based on the predicted lowest conformer of E-T, we attempted to reproduce the
experimentally determined reaction energy for the transition of E-L to E-T
(-27.8 kd mol™?) but obtained a qualitatively incorrect result. The inclusion of six
explicit DMSO molecules and three BF4~ anions in the model did not help to resolve

this discrepancy.

Consequently, a model of E-T consistent with the experimental NMR data was
constructed and optimised at the GFN2-xTB [ALPB: DMSO] level of theory, which was
only used for visualisation of E-T in the figures of this study and to approximate
dimensions for comparison with the solvodynamic diameters obtained via DOSY NMR

(Figure S23).
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